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Foreword

� 7KLV� YROXPH� FRQVLVWV� RI� D� VHOHFWLRQ� RI� WKH� SHHU�UHYLHZHG� SDSHUV� SUHVHQWHG� DW� WKH� &RPSXWHU�
$SSOLFDWLRQV� DQG�4XDQWLWDWLYH�0HWKRGV� LQ� $UFKDHRORJ\� ����� FRQIHUHQFH� KRVWHG� E\� WKH� $UFKDHRORJLFDO�
&RPSXWLQJ�5HVHDUFK�*URXS�DW�WKH�8QLYHUVLW\�RI�6RXWKDPSWRQ��8.�EHWZHHQ���WK�DQG���WK�0DUFK�������
7KH�FRQIHUHQFH�LQFOXGHG����VHVVLRQV�GLYLGHG�EHWZHHQ�WKH�WKHPHV�RI�VLPXODWLQJ�WKH�SDVW��VSDWLDO�DQDO\VLV��
data modelling and sharing, data analysis, management, integration and visualisation, geospatial 
WHFKQRORJLHV��¿HOG�DQG�ODE�UHFRUGLQJ��WKHRUHWLFDO�DSSURDFKHV�DQG�WKH�FRQWH[W�RI�DUFKDHRORJLFDO�FRPSXWLQJ��
DQG� D� JHQHUDO� WKHPH�� ,Q� DGGLWLRQ� WKHUH� ZHUH� ��� ZRUNVKRSV�� $� WRWDO� RI� ���� SDSHUV� DQG� SRVWHUV� ZHUH�
SUHVHQWHG��DQG�WZR�NH\�QRWH�DGGUHVVHV��$ORQJVLGH�WKH�OLYHO\�FRQIHUHQFH�DWPRVSKHUH�DW�WKH�YHQXH�WKHUH�ZDV�
D�WKULYLQJ�VRFLDO�PHGLD�EDFN�FKDQQHO��,Q�DGGLWLRQ�WR�WKHVH�SURFHHGLQJV�WKHUH�LV�WKHUHIRUH�D�EURDG�UDQJLQJ�
PXOWLPHGLD�UHFRUG�RI�WKH�HYHQW��DFFHVVLEOH�YLD�WKH�FRQIHUHQFH�ZHEVLWH�
� 7KH�FR�RUJDQLVHUV�RI�&$$�����DQG�P\VHOI�ZRXOG�OLNH�WR�WKDQN�WKH�&$$�6WHHULQJ�&RPPLWWHH�IRU�
WKHLU�DGYLFH�DQG�DVVLVWDQFH��:H�DUH�DOVR�LQGHEWHG�WR�3URIHVVRU�$QQH�&XUU\��'HDQ�RI�)DFXOW\�RI�+XPDQLWLHV��
DQG� 3URIHVVRU� -RQDWKDQ� $GDPV� �+HDG� RI� $UFKDHRORJ\�� IRU� WKHLU� VXSSRUW� DQG� HQFRXUDJHPHQW�� 0DQ\�
LQGLYLGXDOV�DQG�RUJDQLVDWLRQV�LQ�6RXWKDPSWRQ�DQG�IXUWKHU�D¿HOG��LQFOXGLQJ�WKH�VSRQVRUV�DQG�H[KLELWRUV��
FRQWULEXWHG�WR�PDNLQJ�WKH�FRQIHUHQFH�VXFK�D�VXFFHVV��2I�FRXUVH�ZLWKRXW�WKH�PDQ\�GHOHJDWHV�WUDYHOOLQJ�IURP�
DFURVV�WKH�JOREH�DQG�R̆HULQJ�VXFK�H[FLWLQJ�FRQWULEXWLRQV�WKHUH�FRXOG�KDYH�EHHQ�QR�FRQIHUHQFH��DQG�ZH�DUH�
YHU\�JUDWHIXO�WR�WKHP�IRU�WKHLU�OLYHO\�FRQWULEXWLRQV�WR�DOO�DVSHFWV�RI�WKH�HYHQW��)LQDOO\��ZH�ZRXOG�OLNH�WR�R̆HU�
RXU�WKDQNV�WR�WKH�VXSHUE�WHDP�RI�YROXQWHHUV�WKDW�PDGH�&$$�����SRVVLEOH��7KH�$UFKDHRORJLFDO�&RPSXWLQJ�
5HVHDUFK�*URXS�DW�6RXWKDPSWRQ�ZDV�YHU\�SURXG�LQGHHG�WR�EH�DEOH�WR�KRVW�WKH���WK�&$$�FRQIHUHQFH�DQG�ZH�
NQRZ�WKDW�WKLV�ZDV�GHPRQVWUDWHG�E\�WKH�HQWKXVLDVP��GHGLFDWLRQ�DQG�SURIHVVLRQDOLVP�RI�WKH�SRVWJUDGXDWH�
DQG�XQGHUJUDGXDWH�VWXGHQWV�WKDW�JDYH�VR�PXFK�RI�WKHLU�WLPH�WR�WKH�HYHQW�
� ,�YHU\�PXFK�KRSH�WKDW�\RX�HQMR\�WKHVH�SURFHHGLQJV�DQG�DOO�WKH�PDQ\�UHODWHG�RXWSXWV�IURP�&$$������
DQG�,�ORRN�IRUZDUG�WR�VHHLQJ�\RX�DW�IXWXUH�&$$�FRQIHUHQFHV�

 

Graeme Earl

6RXWKDPSWRQ��8QLWHG�.LQJGRP��1RYHPEHU�����
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1. Established or Emergent?

In 1967 George Cowgill suggested that the 
earliest use of electronic data processing in European 
archaeology was by Peter Ihm and Jean-Claude 
Gardin in 1958/1959 and in the USA by James Deetz 
in 1960 (Cowgill 1967, 17). Since then, activity in 
archaeological computing has grown substantially, 
HVSHFLDOO\� VLQFH� WKH� ¿UVW� SHUVRQDO� FRPSXWHU�
revolution in the 1980s, and the annual Computer 
Applications in Archaeology (CAA) conference has 
been meeting since 1973. It is surprising, then, 
that a series of articles presenting examples of 
archaeological computing in a recent issue of the 
Institute of Electrical and Electronics Engineers 
(IEEE) Computer Society magazine Computer were 
GHVFULEHG� DV� FRPLQJ� IURP� ³WKH� HPHUJLQJ� ¿HOG� RI�
computational archaeology - the interface where 
archaeology meets computer science” (Bimber 
and Chang 2011, 31). Archaeological computing 
practitioners might be forgiven for thinking that 
work on this interface had been going on for over 
50 years. Why might this apparent disconnect have 
arisen? 

A simple reaction would be to suggest 
WKDW� WKH� SHUFHSWLRQ� RI� WKH� ¿HOG� DV� µHPHUJLQJ¶� LV�
simply mistaken. However, Bimber and Chang 
Corresponding author: jeremy.huggett@glasgow.ac.uk

are not alone their characterisation. For example, 
Marcos Llobera has argued for the creation 
of a new focus in archaeology, Archaeological 
Information Science (AISc), “... concerned with 
the generation, representation and manipulation 
of archaeological information within the context 
of information systems.” (Llobera 2011, 218). The 
8QLYHUVLW\� RI� :DVKLQJWRQ¶V� 'LJLWDO� $UFKDHRORJ\�
Research Lab where he is based describes itself 
as promoting the development of Archaeological 
,QIRUPDWLRQ� 6FLHQFH�� µDQ� HPHUJLQJ� ¿HOG� WKDW�
results from the intersection of Archaeology with 
Computer and Information Science, Engineering 
DQG� 0DWKHPDWLFV¶� �'LJ$5� /DE� ������� 3RSXODU�
presentations of archaeological computing on the 
ZHE�GHVFULEH�LW�DV�D�QRYHO�¿HOG��IRU�H[DPSOH��%U\DQW�
(nd) calls computational archaeology an “emerging 
facet” of archaeology) while Wikipedia describes 
Archaeological Information Science as “an emerging 
discipline that attempts to uncover, quantitatively 
UHSUHVHQW� DQG� H[SORUH� VSHFL¿F� SURSHUWLHV� DQG�
patterns of archaeological information” (Wikipedia 
contributors, nd) and has no page for archaeological 
computing.

Emergence therefore seems to be associated 
with computational archaeology and Archaeological 
Information Science, not archaeological computing 
per se�� :KHWKHU� WKHVH� DUH� VLJQL¿FDQWO\� GL̆HUHQW�

Disciplinary Issues: Challenging the Research and 
Practice of Computer Applications in Archaeology

Jeremy Huggett 
University of Glasgow, United Kingdom

Abstract:
An annual international conference on computer applications in archaeology (CAA) has been meeting 
annually for almost forty years, so one might expect that there would be a reasonable idea of the nature 
DQG�UROH�RI�DUFKDHRORJLFDO�FRPSXWLQJ��+RZHYHU��VRPH�FRPPHQWDWRUV�VHH� LW�DV�DQ�HPHUJLQJ�¿HOG�ZKLOH�
others suggest the need for a new archaeological speciality: Archaeological Information Science. Even the 
Wikipedia page on computational archaeology describes archaeoinformatics as an emerging discipline. 
,V�WKLV�D�VLJQ�RI�D�ODFN�RI�FRQ¿GHQFH�LQ�IRUW\�\HDUV�ZRUWK�RI�HQWHUSULVH�DQG�GHYHORSPHQW�RU�LV�LW�LQVWHDG�DQ�
LQGLFDWLRQ�RI�JURZLQJ�VHOI�DVVXUDQFH�LQ�WKH�VXEMHFW"�,Q�UHFHQW�\HDUV�RWKHU�¿HOGV��LQFOXGLQJ�*,6FLHQFH�DQG�
Information Systems, have sought to evaluate their intellectual core and identity; this paper suggests that 
it is time that archaeological computing does likewise.

Keywords:
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Archaeology, Anxiety Discourse, Grand Challenges
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This underlines the predominance of terms 
other than Archaeological Information Science and 
computational archaeology. However, it does not 
reveal whether the pattern of use has changed over 
time.

The same terms can be entered into the 
Google nGram viewer: this searches for phrases 
within a sample of over 5.2 million books scanned 
by Google up to 2009 and normalises the results 
by the number of books published each year 
(Michel et al. 2011). Limitations of the tool include 
a requirement that the ngram term must occur in 
at least 40 books, and searches are case-sensitive, 
unlike the examples discussed above. One outcome 
is that terms such as computational archaeology, 
archaeological informatics, and Archaeological 
Information Science generate null results. Of those 
terms that do appear (Fig. 2), it is apparent that 
computer archaeology has the longest pedigree, in 
use since the late 1950s, but having peaked in the 
late 1980s the term has been in decline and is now 
the least common of the three in use. The usage 
of archaeological computing picks up in the late 
1970s, quickly overtaking computer archaeology 
by the mid 1980s before declining after 1990. In 
contrast, digital archaeology appears around 1990 
and has been on a steady rise in use since then, with 
a noticeable jump in popularity since 2000. It would 
be interesting to speculate what caused the peaks 
in occurrence of archaeological computing and 

Figure 2. Trending terms associated with archaeological 
computing in Google's English corpus 1950-2008, 
incorporating upper and lower case variants. The graph 
is created from data extracted from the Google Ngram 
Viewer (http://books.google.com/ngrams) using the 
Engauge Digitizer software written by Mark Mitchell 
(http://digitizer.sourceforge.net/).

from archaeological computing is debateable - 
Archaeological Information Science can be seen 
as concerned with the fundamental computational 
structures underpinning archaeological information; 
computational archaeology has strong connotations 
of mathematical and computational modelling and 
DQDO\VLV��EXW�QHLWKHU�GH¿QLWLRQ� LV�D� VWUDQJHU� WR� WKH�
WUDGLWLRQDO�¿HOG�RI�DUFKDHRORJLFDO�FRPSXWLQJ��

2. Patterns of Use

A basic textual analysis demonstrates 
the shifting sands of the terms associated with 
archaeological computing. For example, searching 
Google for the phrases archaeological computing, 
archaeological informatics, computer archaeology, 
computational archaeology, archaeological 
information science, and digital archaeology 
demonstrates that digital archaeology is by far the 
most common term, with archaeological computing 
a long way behind in second place (Fig. 1). If the 
same search is carried out in Google Scholar, 
archaeological computing is the largest, followed 
by digital archaeology and computer archaeology 
(Fig. 1). If the Google Scholar search is restricted 
to titles only, digital archaeology comes to the 
fore, followed by archaeological computing and 
computer archaeology (Fig. 1). Of course, these 
searches take no account of the context in which the 
terms appear, and not all references will be strictly 
archaeological - terms such as digital archaeology 
DUH�XVHG� LQ�RWKHU�GLVFLSOLQHV� DQG�¿HOGV��%\�ZD\�RI�
comparison, the same searches were conducted on 
:HE�RI�.QRZOHGJH�DQG�JHQHUDWHG�RQO\�VLQJOH�¿JXUH�
results for each term.

Figure 1. Counts of terms associated with archaeological 
computing returned by Google and Google Scholar 
expressed as a percentage of total hits.
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computer archaeology in the late 1980s and their 
subsequent decline alongside the rise in the use of 
digital archaeology from 1990. A similar analysis 
could be undertaken for other languages, but the 
French, Spanish and German corpora used by the 
Google tool are much smaller and currently generate 
null results for equivalent terms.

In summary, it can be shown that terms 
such as archaeological computing and computer 
archaeology have a long pedigree, but their recent 
decline in use has been matched by an increase in 
the occurrence of digital archaeology, while the use 
of computational archaeology and Archaeological 
,QIRUPDWLRQ� 6FLHQFH� LV� WRR� UHFHQW� WR� ¿JXUH� LQ� WKH�
results. The pattern might suggest that we are at 
DQ�LQÀHFWLRQ�SRLQW��ZLWK�WUDGLWLRQDO�ODEHOV�GHFOLQLQJ�
and new ones arriving, hence the references to 
µHPHUJLQJ¶�¿HOGV�

,W�PD\�EH�WKDW�WKH�VLJQL¿FDQFH�RI�WKH�HPHUJLQJ�
terms is that they have a greater political value. 
For example, Kirschenbaum has characterised 
WKH� ODEHO� µGLJLWDO� KXPDQLWLHV¶� DV� D� WHUP� RI� WDFWLFDO�
convenience: it is employed to get things done, 
whether it is to capture funding, acquire a 
post, establish a curriculum, or launch a centre 
(Kirschenbaum 2012, 415). In much the same way, 
digital archaeology, Archaeological Information 
Science and computational archaeology may have 
a tactical purpose or value. Digital archaeology, the 
closer analogue of digital humanities, appears in the 
titles of books (for instance, Evans and Daly 2006), 
archaeological organisations (for example, Digitale 
Archäologie, based in Freiburg, the Center for Digital 
Archaeology (CoDA) at the University of California, 
Berkeley, the Laboratorio di Archaeologia Digitale 
at the University of Foggia, the Digital Archaeology 
Research Lab at the University of Washington, 
Seattle, and the Digital Archaeological Record 
(tDAR)), exhibitions which chart the development 
of the web (at Internet Week Europe in 2010 and 
Internet Week New York 2011), and is used in a 
wide variety of contexts as shorthand for activities 
such as forensic data recovery (for example, Ross 
and Gow 1999) and the investigation of digital 
media (for example, Wardrip-Fruin 2011). While 
digital archaeology as a term is increasingly widely 
employed both within and without the subject, 
computational archaeology and Archaeological 
Information Science are in less widespread use 

as yet but do appear as titles of organisations or 
as part of their mission statements (for example, 
the Computational Archaeology Laboratory at 
McGill University, the DigAR Lab at Washington 
University). 

3. What’s in a Name?

,Q� 6KDNHVSHDUH¶V� WHUPV�� QRQH� RI� WKLV�
PD\� EH� VLJQL¿FDQW� �� ZKDW� ZH� FKRRVH� WR� FDOO� WKH�
archaeological computing rose does not change its 
inherent qualities. On the other hand, the changing 
terms associated with a subject - the introduction of 
new labels and the decline of old ones - may reveal 
more fundamental changes within that subject. For 
H[DPSOH��WKH�LQFUHDVHG�XVDJH�RI�µGLJLWDO�DUFKDHRORJ\¶�
PD\� SDUDOOHO� D� GLVFXUVLYH� VKLIW� IURP� µKXPDQLWLHV�
FRPSXWLQJ¶� WR� µGLJLWDO� KXPDQLWLHV¶� REVHUYHG� E\�
Svensson (2009) and others, who point to the way in 
which naming is related to changes in institutional, 
disciplinary, epistemological, and social organisation 
�6YHQVVRQ�����������&HUWDLQO\�/OREHUD¶V�FDVH�IRU�WKH�
development of Archaeological Information Science 
is based on a dissatisfaction with the current impact 
and use of computer applications within archaeology 
(Llobera 2011, 216). 

The tensions evident in the process of naming 
and renaming can be seen as forming part of an 
µDQ[LHW\� GLVFRXUVH¶� VXUURXQGLQJ� DUFKDHRORJLFDO�
computing, one which questions the identity, nature 
DQG� DFDGHPLF� OHJLWLPDF\� RI� WKH� ¿HOG�� H[SUHVVLQJ�
concerns about the theoretical core, the rigour and 
relevance of the methodologies used, the usefulness 
and value of outputs generated, and the level 
RI� VLJQL¿FDQFH� DQG� UHFRJQLWLRQ� RI� FRQWULEXWLRQV�
made. This in itself is not unusual - for example, 
FULVHV� RI� FRQ¿GHQFH� KDYH� DULVHQ� LQ� DUHDV� VXFK� DV�
Information Systems (for instance, Hassan 2011; 
Sawyer and Winter 2011; King and Lyytinen 2004), 
Digital Humanities (for example, Berry 2011; 
Davidson 2008; Hall 2011), and Computing Science 
(Tedre 2011), and contributed to the creation of 
Geographical Information Science (Raper 2009); 
indeed, they can be seen as part of the process of 
discipline-building.

$� FKDUDFWHULVWLF� RI� ¿HOGV� ZKLFK� XQGHUJR� WKLV�
anxiety discourse is that they frequently meet their 
disciplinary challenges by drawing down concepts 
and methodologies from external subjects, and 
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have an intellectual centre primarily focused on 
praxis with theory being derived from outside (for 
example, Lyytinen and King 2004, 222). Since Dunn 
has characterised archaeology as “a disciplinary 
mashup, needing support from a range of 
technological infrastructures, at all levels of scale 
and complexity” (Dunn 2011, 98), while Daly and 
(YDQV�����������GH¿QHG�GLJLWDO�DUFKDHRORJ\�DV�³QRW�
so much a specialism, nor a theoretical school, but 
an approach - a way of better utilizing computers 
based on an understanding of the strengths and 
limits of computers and information technology as 
a whole”, it would be surprising if archaeological 
computing were not to experience some degree of 
uncertainty regarding its focus, its boundaries, and 
its relevance to the broader subject. Nor would it 
EH�DORQH�LQ�WKLV�UHJDUG��DQ�H[DPSOH�RI�DQRWKHU�¿HOG�
within archaeology which has recently experienced 
µDQ[LHW\�GLVFRXUVH¶� LV� WKH�DUFKDHRORJ\�RI�PRGHUQLW\�
(for example, see Gonzalez-Ruibal 2008; Harrison 
DQG�6FKR¿HOG��������

4. An Anxiety Discourse

An anxiety discourse for a subject which 
attracts hundreds of participants to its annual 
conference, a truly international event, may seem 
a strange undertaking, but wrapping ourselves in 
the warm blanket of CAA may disguise underlying 
issues or concerns. By way of demonstrating 
(or encouraging) a sense of anxiety concerning 
archaeological computing or digital archaeology, a 
number of observations can be made. 

As far as publication is concerned - the 
lifeblood of a discipline - there is only one journal 
of archaeological computing (Archeologia e 
Calcolatori) although arguably one of the strengths of 
the subject is the way that archaeological computing 
papers appear in mainstream archaeology journals 
DQG��WR�D�OHVVHU�H[WHQW��LQ�MRXUQDOV�RXWVLGH�WKH�¿HOG��
which implies a participation in archaeology more 
generally. There are no book series, and relatively 
IHZ� ERRNV� LQ� WKH� ¿HOG�� 7KH� PDLQ� SXEOLFDWLRQ�
remains the annual Computer Applications and 
Quantitative Methods in Archaeology proceedings, 
EXW�FRQFHUQV�UHJDUGLQJ�WKH�SUR¿OH�DQG�UHOHYDQFH�RI�
the proceedings have been a regular topic of debate 
at the annual general meetings although published 
proceedings in recent years have been more selective 
than in the past. 

More broadly, how would we measure 
WKH� µLPSDFW¶� RI� DUFKDHRORJLFDO� FRPSXWLQJ� ZLWKLQ�
archaeology more generally, and within those 
external disciplines which we draw upon such 
as Geographical Information Science? A citation 
analysis within digital humanities journals concluded 
that the humanities community more generally 
tended not to read or at least cite work published 
in humanities computing, suggesting that there was 
a failure to produce digital humanities scholarship 
RI� RXWVWDQGLQJ� LPSRUWDQFH� DQG� VLJQL¿FDQFH�ZLWKLQ�
WKH� EURDGHU� ¿HOG� �-XROD� ������ �������� *DXJLQJ�
the impact of the CAA proceedings using citation 
DQDO\VLV�LV�GL̇FXOW�EHFDXVH�RI�WKH�FKDQJLQJ�QDPHV�RI�
the proceedings as each conference seeks to stamp 
its own mark; however, the suspicion must be that 
WKH�VLJQL¿FDQFH�RI�WKH�SURFHHGLQJV�LV�ODUJHO\�LQWHUQDO�
WR�WKH�¿HOG�ZLWK�OLWWOH�LPSDFW�EH\RQG�

Archaeological scholarship more generally is 
already digital in many respects, but to what extent 
KDV�WKH�DUFKDHRORJLFDO�FRPSXWLQJ�¿HOG�VKDSHG�WKLV"�
What proportion of the outcomes of archaeological 
computing are used by the wider community? We 
FDQ� SRLQW� WR� WKH� WUDQVIRUPDWLYH� H̆HFW� RI� RQOLQH�
access to archaeological data, perhaps, or the 
development of excavation software, for example, 
but is a prerequisite of these the existence of a digital 
DUFKDHRORJ\�¿HOG"�,QGHHG��PRVW�RI�WKH�WRROV�ZH�XVH�
are borrowed from elsewhere (Schollar 1999, 8; Lull 
1999, 381). Does this compound a perception that 
archaeological computing tends to be practice-based 
and can consequently appear to be under-theorised 
which, amongst other things, leads to an under-
valuing of archaeological computing in research 
assessment terms? To what extent are the leading 
scholars in archaeological computing also leading 
in the archaeological community and beyond? 
Individual scholars may make contributions to 
ERUURZHG�¿HOGV��EXW�WKLV�WHQGV�WR�EH�RQ�DQ�LQGLYLGXDO�
basis, limiting the impact of archaeological 
computing more generally. As a subject area, digital 
archaeology receives rather than gives, which means 
that it is rarely perceived as a donor or reference 
¿HOG��:KHUH�DUH� WKH� µELJ� LGHDV¶� WKDW�DUH�JHQHUDWLQJ�
large-scale international projects which require 
SHWDÀRS�SHUIRUPDQFH�DQG�H[DE\WH�VWRUDJH��FUXFLDOO\�
DWWUDFW� ODUJH�VFDOH� ¿QDQFH�� DQG� ZKLFK� KDYH� WKH�
potential to transform the practice of archaeology 
and contribute to theories and methods in other 
disciplines? 
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,Q� SURSRVLQJ� D� QHZ� ¿HOG� RI� $UFKDHRORJLFDO�
,QIRUPDWLRQ� 6FLHQFH�� /OREHUD¶V� FULWLFLVPV� RI�
archaeological computing cut even deeper than this. 
For example, he argues that the impact of computer 
applications in archaeology is more quantitative 
than qualitative: 

“We are able to record information much more 
TXLFNO\�LQ�WKH�¿HOG�EXW�WR�ZKDW�GHJUHH�LV�WKLV�³QHZ�
information”? How much has it changed the way 
we conduct our analysis? We have the capacity to 
process and visualize information in novel ways but 
are we actually doing this? More importantly, are we 
even thinking about new possibilities? How do these 
new developments relate, if at all, with theoretical 
orientations currently found in archaeology? Has 
the introduction of information systems precipitated 
new ways of doing archaeology?” (Llobera 2011, 
217).

Worse still, he suggests that through ignorance 
and lack of training we fail to deal with the limitations 
inherent in the software appropriately: 

³,Q� VRPH� FDVHV�� DUFKDHRORJLVWV� EUXVK� R̆� DQ\�
FRQFHUQV� DERXW� WKHVH�GH¿FLHQFLHV� E\� FODLPLQJ� WKDW�
they are just archaeologists and not computer 
VFLHQWLVWV��7KH\�DUH�VLPSO\�DSSO\LQJ�ZKDW�LV�RQ�R̆HU�
and that is that. All that is needed then is to mention 
the limitation to make it right and to proceed as 
usual. Actively engaging in understanding the 
underpinnings of applications, let alone developing 
them, is generally not considered to be archaeology 
even among many of those trained in IT within the 
discipline.” (Llobera 2011, 217).

Consequently, he concludes that 
archaeological computing practitioners are little 
more than technicians (Llobera 2011, 218), and not 
very good ones at that.

Of course, anxiety discourses can rapidly 
become excessively negative and inward-looking, 
and that is not the objective here. Nor is it the 
intention to suggest that there is not a large amount 
of valuable, high quality research taking place in 
archaeological computing. An anxiety discourse 
can be seen as being associated with questions of 
disciplinarity, in the sense that it seeks validation for 
the methods of a particular intellectual community 
and its relationships with other disciplines (for 

example, Post 2009). At the same time, it can be 
seen as simply presenting a series of challenges to a 
VXEMHFW��¿HOG�RU�GLVFLSOLQH��7R�EH�YDOXDEOH��KRZHYHU��
an anxiety discourse, having drawn attention to 
a range of issues concerning role, methods and 
relationships, needs to develop into a positive 
discourse which actively addresses these concerns.

5. Grand Challenges?

One of the dangers for a subject area which 
derives much of its methods from other disciplines, 
ZKLFK� RSHUDWHV� RQ� WKH� ERXQGDULHV� RI� GL̆HUHQW�
disciplines, and which is seen as promoting 
technique and technology over theory, is that it is 
always seen as peripheral, ever playing a supporting 
role, and lacking a coherent central core which 
provides a clear-cut identity. The outcome of an 
anxiety discourse coupled with a positive response 
may be the strengthening of a formal discipline, 
RU� WKH� FUHDWLRQ�RI� DQ� µLQGLVFLSOLQH¶�ZKLFK� URXWLQHO\�
questions and disrupts practice (Post 2009, 761), 
RU� D� µVKDGRZ� GLVFLSOLQH¶� �&KDQGOHU� ������ �����
arising out of changing organisation and interests 
within archaeology and allied disciplines. Indeed, 
µGLVFLSOLQL¿FDWLRQ¶� PD\� EH� VHHQ� DV� WRR� ULJLG� DQG�
UHVWULFWLYH� IRU� D� ¿HOG� ZKLFK� WKULYHV� RQ� VKLIWLQJ�
practices and nimble knowledge-making (Biagioli 
2009, 819). Regardless, the fundamental question 
arising out of this discourse essentially concerns 
whether archaeological computing is capable of 
getting us to rethink archaeology, or whether we 
are content to see it absorbed as a methodology 
or series of techniques? Should archaeological 
computing continue to rely on core techniques and 
methodologies derived from other disciplines, or 
should there be a greater emphasis on developing 
new tools and approaches?

6XFK�TXHVWLRQV�PRYH�LQWR�WKH�UHDOPV�RI�µJUDQG�
FKDOOHQJHV¶���ZKLFK�KDYH�EHHQ�HVVHQWLDOO\�ODFNLQJ�LQ�
archaeological computing over the years. However, 
the opportunity for a grand challenges within a 
VXEMHFW�RQO\�DULVHV�RFFDVLRQDOO\��RQFH�D�¿HOG�UHDFKHV�
D� VẊFLHQW� OHYHO� RI�PDWXULW\� WR� EH� DEOH� WR� SUHGLFW�
and plan the direction of its future progress (Hoare 
2003, 63). The value of grand challenges lie in their 
intellectual aspiration and technical ambition, and 
their potential to transform not only the immediate 
VXEMHFW� DUHD�� EXW� PXOWLSOH� DFDGHPLF� ¿HOGV� DQG�
communities beyond. For example, Winter and 
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Butler suggest that “Engaging grand challenges helps 
mobilize requisite resources, provide legitimacy, and 
focuses economic, social, and research activities” 
(2011, 99). Grand challenges:

“seek to drastically alter the boundaries of 
existing knowledge, established disciplines, and 
available capabilities ... [they] require cooperation 
DQG� LQWHUDFWLRQ� EHWZHHQ� JURXSV� ZLWK� GL̆HULQJ�
perspectives over years and decades. New norms, 
structures, and practices must be developed to 
provide the support and incentives necessary to 
sustain these long-term, large-scale collaborative 
H̆RUWV�� $GGUHVVLQJ� JUDQG� FKDOOHQJHV� DOVR� UHTXLUHV�
PRELOL]DWLRQ�RI�VXEVWDQWLDO�UHVRXUFHV�DQG�VLJQL¿FDQW�
participation from members of many relevant 
academic, practitioner, and policy-oriented 
communities.” (Winter and Butler 2011, 100).

They use the example of the project to map 
WKH�KXPDQ�JHQRPH���D����\HDU�H̆RUW�E\�UHVHDUFKHUV�
in six countries and 20 research centres, which 
developed from a peripheral project to become 
critical infrastructure (Winter and Butler 2011, 
100). Where is the digital archaeology equivalent? 
A project in its early stages is the National Science 
Foundation (NSF) funded programme on Planning 
Archaeological Infrastructure for Integrative Science 
(NSF 2011; see also Kintigh 2012) which is using 
WKH� LGHQWL¿FDWLRQ� RI� µJUDQG� FKDOOHQJHV¶� LQ� RUGHU� WR�
develop proposals for major future NSF investment 
in cyberinfrastructures for archaeology. However, 
for the most part archaeological computing is 
implicit in, but largely unengaged with, a number of 
QDWLRQDO�DQG�LQWHUQDWLRQDO�VHWV�RI�FRPSXWLQJ�µJUDQG�
FKDOOHQJHV¶� DQG� FRQVHTXHQWO\� PDQ\� DUFKDHRORJLVWV�
will be blissfully unaware of them. 

For example, an initiative in the UK was 
launched in 2002 by the UK Computing Research 
Committee (UKCRC), supported by the National 
e-Science Centre and the Engineering and Physical 
Sciences Research Council (EPSRC). It sought to 
investigate possibilities for the advancement of 
computing research and identify ambitious long-
term research initiatives. By 2008, a total of eight 
JUDQG� FKDOOHQJHV� KDG� EHHQ� LGHQWL¿HG� �.DYDQDJK�
and Hall 2008, 1), with additional proposals under 
consideration in 2010 (Allan 2010, 2) although 
there seems to have been little further development. 
Of relevance to archaeological computing is grand 

challenge GC9: Bringing the Past to Life for the 
Citizen (Arnold 2008; Allan 2010, 15-16). Key areas 
ZKLFK�ZHUH�LGHQWL¿HG�IRU�UHVHDUFK��$OODQ�����������
were:

• an integrated data infrastructure for cultural 
KHULWDJH��UHTXLULQJ�WKH�GH¿QLWLRQ�RI�GDWD�IRUPDWV�
to allow interoperability of tools and data

• digitisation and preservation of collections

• intelligent interactive tools for non-expert use 
to enable cultural heritage professionals to work 
in their domain of expertise rather than struggle 
with general purpose tools

• modelling and visualisation systems which are 
FDSDEOH�RI�GL̆HUHQWLDWLQJ�EHWZHHQ�LQWHUSUHWDWLRQ�
and evidence supported by fact, to avoid 
PLVOHDGLQJ�SUHWWL¿HG�SUHVHQWDWLRQV

• management of very large data sets

• algorithms, data structures and systems for 
visualising very large animated and detailed 
multimedia data sets

• natural language technologies for interpreting 
historical accounts

These issues are essentially driven by 
computing science although it is noted that cultural 
heritage professionals may perceive the demands 
of computing science as being crass and insensitive 
(Allan 2010, 15). 

In parallel with the UK Computing Research 
&RPPLWWHH¶V�JUDQG�FKDOOHQJHV�LQLWLDWLYH��D�(XURSHDQ�
Network of Excellence was funded under the 
(XURSHDQ� 8QLRQ¶V� 6L[WK� )UDPHZRUN� 3URJUDPPH��
EPOCH - Excellence in Processing Open Cultural 
Heritage - involved 95 university-based and 
other research centres, commercial technology 
organisations, and public agencies and individual 
institutions responsible for cultural heritage (Arnold 
DQG� *HVHU� ������ ����� 7KH� REMHFWLYH� ZDV� WR� GH¿QH�
a common research agenda for the application of 
ICT to cultural heritage, with the focus being on 
support for the work processes of cultural heritage 
organisations (Arnold and Geser 2008, 22). In a 
lengthy report, a total of 65 recommendations are 
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made alongside a series of technological research 
topics and priorities (Arnold and Geser 2008, 63-
106). These include:

• data and metadata capture, including intelligent 
data capture tools and artefact/collection 
digitization,

• documentation of 3D digital objects, including 
WKH�GH¿QLWLRQ�RI�VXVWDLQDEOH�¿OH�IRUPDWV��PDUNXS��
and processing history,

• user-created cultural heritage content, ranging 
from personal records to tagging of collections,

• intelligent tools built using semantic domain-
VSHFL¿F� NQRZOHGJH� �DOWKRXJK� VRPH� UHVLVWDQFH�
amongst cultural heritage professionals is 
recognised (Arnold and Geser 2008, 77-78)),

• semantic and multi-lingual processing for content 
analysis, indexing , classifying and interrogating 
collections, and knowledge discovery,

• visualisation and presentation, covering 
reconstruction and recreation of objects, 
structures and environments, including their 
subsequent dissemination,

• systems for cultural heritage monitoring, risk 
assessment and damage prevention,

• distributed and mobile systems for site 
PRQLWRULQJ��H[FDYDWLRQ�DQG�¿HOGZRUN��LQFOXGLQJ�
the integration of GIS,

• mobile location-based, context-aware 
applications for visitor information services,

• augmented reality applications combining real 
and virtual scenes within a museum or site 
environment.

As with the UKCRC initiative, it is clear that 
archaeological computing practitioners are already 
working in a number of these areas, and a great deal 
RI� H̆HFWLYH�ZRUN�KDV� EHHQ� FDUULHG� RXW�� HYHQ� LI� QRW�
XQGHU� WKH� DXVSLFHV� RI� WKHVH� µJUDQG� FKDOOHQJHV¶� RU�
research agendas. For example, the Archaeology Data 
Service in the UK, and Open Context and the Digital 
Archaeological Record (tDAR) in the USA have been 

working in several of these areas, as have English 
Heritage and the Royal Commission on the Ancient 
and Historical Monuments of Scotland (RCAHMS), 
while a range of university-based research projects 
have been addressing other issues, as have a number 
of the larger archaeological units. However, both the 
UKCRC Grand Challenges and the EPOCH Research 
Agenda are largely developed outside archaeology, 
with few archaeologists involved in their creation 
(for example, see the acknowledgements in Arnold 
and Geser 2008, 24-25). Consequently, despite 
a certain sensitivity evident in both reports, they 
VX̆HU� IURP� D� µQRW� LQYHQWHG� KHUH¶� V\QGURPH� DQG�
address a range of issues which, as they are not 
derived from an archaeological perspective, may 
not meet the needs, requirements, or interests of 
archaeologists, whether computing experts or not. 
What these challenges do reveal is the diversity of 
archaeological computing - that fact that computing 
archaeologists can express an interest in or claim to 
EH� DFWLYH� LQ� WKHVH� GL̆HUHQW� DUHDV� XQGHUOLQHV� ZKDW�
FDQ�EH�ERWK�D�VWUHQJWK�DQG�D�ZHDNQHVV�RI�WKH�¿HOG��
Too much diversity can be as bad as too little: it may 
UHVXOW�LQ�D�GL̆XVH�ODFN�RI�IRFXV�RU�LW�PD\�UHGXFH�WKH�
potential for innovation and invention.

This is not to suggest that these grand 
challenges or research agendas have no value - they 
evidently deal with areas which are highly relevant 
to archaeological computing and in which there is 
already a good deal of activity. The argument instead 
LV� WKDW� GLJLWDO� DUFKDHRORJ\� VKRXOG� EH� GH¿QLQJ� LWV�
own grand challenges or research agendas rather 
WKDQ�UHO\LQJ�RQ�WKRVH�GH¿QHG�E\�RWKHUV��,Q�WKLV�ZD\��
WKH�¿HOG�FDQ�DGGUHVV�FRQFHUQV�DQG�LVVXHV�LGHQWL¿HG�
ZLWKLQ�LW��DQG�GH¿QH�DQG�GHWHUPLQH�LWV�UHODWLRQVKLS�
and contributions to the broader archaeological and 
other boundary disciplines.

6. Evaluating Challenges

7KH�¿UVW�VWDJH�LQ�LGHQWLI\LQJ�D�JUDQG�FKDOOHQJH�
is determining how it might best be characterised. By 
GH¿QLWLRQ��D�JUDQG�FKDOOHQJH�ZLOO�FRPPLW�UHVRXUFHV��
LQ� WHUPV� RI� SHRSOH�� WLPH�� ¿QDQFH�� HWF�� IRU� VHYHUDO�
years, so a means of recognising a valuable grand 
challenge and distinguishing it from the futile or the 
IDFLOH�LV�QHFHVVDU\��$�FKDOOHQJH�QHHGV�WR�EH�VẊFLHQWO\�
FRPSOH[�DQG�DW�WKH�VDPH�WLPH�VẊFLHQWO\�VLPSOH�WKDW�
LW�FDQ�EH�GH¿QHG�DQG�WKHUH�LV�D�UHDVRQDEOH�SURVSHFW�
of achieving it. It will also need to have an impact 
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on archaeological computing, on archaeology more 
generally, and beyond archaeology. 

A simple approach would be to adopt the 
60$57��6SHFL¿F��0HDVXUDEOH��$FKLHYDEOH��5HDOLVWLF�
DQG�7LPH�ERXQG�� FULWHULD�ZLGHO\�XVHG� IRU�GH¿QLQJ�
objectives, or one of its variants (for instance, 
SMARTER - including Evaluation and Review, or 
C-SMART - making the criteria Challenging). Useful 
though these are, they are not a comprehensive list 
DQG�DUH�LQVẊFLHQWO\�IRFXVHG�IRU�D�µJUDQG�FKDOOHQJH¶�
for archaeological computing. Fortunately, 
establishing these criteria from scratch is not 
necessary.

For example, the UK Computing Research 
&RPPLWWHH¶V� JUDQG� FKDOOHQJHV� LQLWLDWLYH� GH¿QHG� D�
series of criteria against which challenges could be 
measured. According to the their website (UKRC 
2009 - see also Hoare 2003, 63-64) a grand 
challenge should: 

• DULVH� IURP� VFLHQWL¿F� FXULRVLW\� DERXW� WKH�
fundamental aspects of the nature or the limits 
of the discipline,

• give scope for ambition to create something that 
is truly novel and innovative,

• provide a means of indicating the extent to which 
and when the challenge has (or has not) been 
met,

• have enthusiastic support from the research 
community, even those who do not participate 
DQG�GR�QRW�EHQH¿W�IURP�LW�

• have international scope and involvement,

• be comprehensible, so that it can attract the 
attention of those in other discipline and capture 
the imagination of the general public,

• be a long-standing issue,

• promise to go beyond what is initially possible, 
and ultimately requires the development of 
understanding, techniques and tools which are 
currently unknown,

• LQYROYH�SODQQHG�FR�RSHUDWLRQ�EHWZHHQ�GL̆HUHQW�

researchers and research teams,

• encourage competition among researchers and 
teams, with clear criteria on who is winning, or 
who has won,

• EH� FDSDEOH� RI� GHFRPSRVLWLRQ� LQWR� LGHQWL¿HG�
intermediate research goals, whose achievement 
LV� EHQH¿FLDO� HYHQ� LI� WKH� SURMHFW� DV� D� ZKROH�
ultimately fails,

• lead to radical paradigm shift,

• be unlikely to be met from evolutionary 
professional/commercial development.

No individual challenge was expected to meet 
all the criteria.

 Similarly, the EPOCH Research Agenda 
GH¿QHG� D� VHULHV� RI� FULWHULD� ZKLFK�ZHUH� FRQVLGHUHG�
in the selection of research priorities (Arnold and 
Geser 2008, 22-23):

• potential for new or enhanced technological 
capability rather than customising what is 
already available; technology transfer from other 
disciplines is considered to be low priority,

• relevance for cultural heritage organisations and 
their constituencies,

• SRWHQWLDO�ZLGHU�EHQH¿WV�IRU�DUHDV�VXFK�DV�WRXULVP��
cultural and creative industries, and regional 
regeneration,

• interdisciplinarity - collaboration with domain 
experts and non-professional user-groups.

In addition, a series of archaeological criteria 
KDYH� DOUHDG\� EHHQ� GH¿QHG� EXW� KDYH� QRW� UHFHLYHG�
wider consideration. An archaeological seminar, 
sponsored by the then Arts and Humanities Data 
Service was held in June 2006 as part of an AHRC-
funded e-Science Scoping Study which was intended 
to evaluate how e-Science might be exploited within 
the arts and humanities community (for example, 
Blanke et al. 2009; Blanke and Dunn 2006). 
Directly related archaeological outcomes included 
the Silchester-based Virtual Research Environment 
project (VERA) (Rains 2011), the ADS Archaeotools 
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project (Richards et al. 2011), and the Medieval 
Warfare on the Grid project at Birmingham 
8QLYHUVLW\¶V�,%0�9,67$�9LVXDOLVDWLRQ�ODE��&UDHQHQ�
et al. 2010). The archaeological e-Science seminar 
produced a series of generic principles on which 
archaeological e-Science projects should be judged 
(Kilbride 2006, 8-10). These can be summarised in 
terms of the following criteria:

• focus on the needs of archaeology, rather than 
being technology-driven, and be assessed on 
the basis of archaeological values, rather than 
the standards of the discipline which may have 
LQLWLDWHG�RU�LQYHQWHG�D�VSHFL¿F�DSSOLFDWLRQ�

• be considered to be fundamental research, 
pushing the boundaries in the use of ICT in 
research,

• involve and be embedded within the whole sector, 
not just the academic community, working with 
existing standards and professional groupings 
and including work on training and skills,

• be international, scalable, sustainable, 
implementable,

• JR� EH\RQG� UHVRXUFH� GLVFRYHU\�� ¿QGLQJ� DLGV��
extensions to existing metadata or ontological 
tools (in this respect, archaeology was distinct 
from the humanities more generally, where 
location and access were seen as being 
IXQGDPHQWDO� WR� WKH� µJUDQG� FKDOOHQJH¶� �%ODQNH�
and Dunn 2006)),

• distinguish between analysis and interpretation,

• measure success not simply in terms of successful 
outcomes: failure is not necessarily bad as long 
as lessons are learned.

On their own, each set of criteria has its 
weaknesses. Although comprehensive, the UK 
&RPSXWLQJ� 5HVHDUFK� &RPPLWWHH¶V� FULWHULD� DUH� E\�
GH¿QLWLRQ�IRFXVHG�RQ�FRPSXWLQJ�VFLHQFH��WKH�(32&+�
criteria are notable for not including basic SMART-
like elements; while the e-Science seminar group 
criteria were focused on how archaeology might 
contribute to the e-Science agenda more broadly 
DQG�DV�D�UHVXOW�SHUKDSV�GR�QRW�JR�VẊFLHQWO\�IDU�LQ�
terms of archaeological computing itself. However, 

there is some commonality between the three sets of 
criteria, suggesting that a combination of the three 
might have some success in capturing the range and 
richness of the criteria needed to evaluate potential 
grand challenges.

As Hoare emphasises (2003, 65), a putative 
grand challenge is not expected to satisfy all the 
criteria. The criteria are demanding since they need to 
distinguish between a typical research project and a 
JUDQG�FKDOOHQJH���ZKDW�PD\�EH�DGHTXDWH�DQG�VẊFLHQW�
for a research project will not measure up to a grand 
challenge. For example, a research project may well 
involve the transfer of concepts and technology from 
a donor discipline into an archaeological context, 
and this is quite commonplace; however, it does 
QRW� FRQVWLWXWH� D� JUDQG� FKDOOHQJH�XQOHVV� LW� LV� R̆VHW�
by a number of the other criteria. Furthermore, the 
extent of disciplinarity will be determined by the 
range of criteria which apply; so, for example, the 
requirement for developing theories, concepts and 
WHFKQLTXHV� ZLWKLQ� WKH� ¿HOG� UDWKHU� WKDQ� ERUURZLQJ�
them elsewhere has clear implications for the 
FKDUDFWHU� RI� WKH� VXEMHFW�� &OHDUO\�� WKH� LGHQWL¿FDWLRQ�
of challenges is not straightforward and is open 
WR� GHEDWH� DV� GL̆HUHQW� FKDOOHQJHV� DQG� FULWHULD� DUH�
SOD\HG�R̆�DJDLQVW�HDFK�RWKHU�DORQJ�ZLWK�EHOLHIV�DQG�
perceptions of the subject itself.

7. Rising to the Challenge

It would be hubristic to end with a series of 
proposals for grand challenges - however, some 
indication of what might constitute grand challenges 
might be useful by way of providing examples. The 
following suggestions are therefore no more than 
that - they are not recommendations or claims for 
pre-eminence in any subsequent discussion of grand 
challenges. Potential areas which might give rise to 
grand challenges include: 

Data mining: current semantic methods of 
data processing are still relatively novel and employ 
restricted ontologies. A challenge might therefore 
be to create methods which overcome the current 
limitations of data documentation and which can 
be applied to information extraction from very large 
FROOHFWLRQV� RI� GL̆XVH� DQG� GLVSHUVHG� GLJLWDO� GDWD��
maximising quality of returns and minimising false 
hits.
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Data capture: site recording using 
computers largely continues to record traditional 
forms of data in traditional ways and consequently 
the nature, quality and detail of those data are 
rarely greater than in the past. Developing tools and 
techniques which would allow high-resolution rapid 
capture of site data without recourse to expensive 
instrumentation, with simple incorporation of 
multiple categories of data, such as text, artefacts, 
samples etc. could radically transform the process 
of excavation.

Image processing: the large collections 
of satellite and aerial imagery, especially with 
the quality of international imagery increasingly 
available through Google Earth, are nevertheless 
notoriously slow and complex to process and record. 
A means of automatically identifying, classifying 
and extracting human activity from the imagery 
FRXOG�KDYH� VLJQL¿FDQW�EHQH¿WV�� LW� FRXOG� DOVR� HQWDLO�
the development of a crowd-sourcing tool to check 
DQG�FRQ¿UP�WKH�UHVXOWV��ZLWK�WKH�GDWD�IHHGLQJ�EDFN�
into the extraction process.

Whether these constitute grand challenges 
remains open to question. However, they have 
transformative potential, are interdisciplinary in 
RXWORRN� DQG� XQGHUWDNLQJ�� DUH� GL̇FXOW� WR� DFKLHYH�
and likely to represent a considerable degree of 
H̆RUW��DUH�QRW�VSHFL¿F�WR�WKH�QHHGV�RI�RQH�UHJLRQ�RU�
FRXQWU\��UHTXLUH�VLJQL¿FDQW�FRPSXWLQJ�FDSDFLW\��DUH�
DPHQDEOH�WR�GL̆HUHQW�DSSURDFKHV�DQG�KHQFH�FDSDEOH�
RI�EHLQJ�DGGUHVVHG�E\�GL̆HUHQW�UHVHDUFK�WHDPV��DQG�
so on.

However, there are two further Grand 
Challenges which underlie this discussion. First is 
simply the challenge that archaeological computing 
DV� D� ¿HOG� VKRXOG� FRQIURQW� WKH� WDVN� RI� FRQVWUXFWLQJ�
DQG� SXUVXLQJ� JUDQG� FKDOOHQJHV� LQ� WKH� ¿UVW� SODFH��
This undertaking requires community involvement, 
participation, and commitment if it is to have any 
meaning or value, and should not be simply devolved 
WR�DQ�µH[SHUW�SDQHO¶�EXW�GLVFXVVHG�DQG�GHEDWHG�ZLGHO\��
over a period of time, before coming to a collective 
decision. Secondly, there is the challenge to the 
VLJQL¿FDQFH�RI�WKH�¿HOG�RI�DUFKDHRORJLFDO�FRPSXWLQJ�
LWVHOI��,I�WKH�¿HOG�FDQQRW�FRPH�XS�ZLWK�D�VHW�RI�DJUHHG�
grand challenges, or cannot see the value in doing 
this, either archaeological computing is not yet 
VẊFLHQWO\�PDWXUH�DV�D�VXEMHFW��RU�LW�ZLOO�QHYHU�KDYH�

a clear identity and rise above a perception that it 
SURYLGHV�OLWWOH�PRUH�WKDQ�WHFKQLFDO�VXSSRUW�IRU�µUHDO¶�
archaeologists.

The prospect of developing grand challenges 
arose out of a concern for the identity, purpose and 
future of archaeological computing, initiated by 
evidence of shifting terminology and consequent 
meaning. To paraphrase Foster (2010), instead 
RI� DVNLQJ� ³ZKDW� LV� µGLJLWDO� DUFKDHRORJ\¶"´� �RU�
µDUFKDHRORJLFDO�FRPSXWLQJ¶��RU� µDUFKDHRLQIRUPDWLFV¶�
HWF���ZH�PLJKW�DVN�ZLWK�JUHDWHU�SUR¿W�³ZKDW�GR�\RX�
want from digital archaeology?” The challenge in the 
end is an intellectual one, and the answer depends 
on our beliefs, perceptions, ambitions and desires 
for the subject, and that is perhaps the greatest 
challenge of all. 
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1. Introduction

The Sangro Valley Project (hereafter 
abbreviated SVP) was founded in 1994 and is now 
managed by Oberlin College in collaboration with the 
Soprintendenza per i Beni Archeologici dell’Abruzzo 
and the University of Oxford. The project operates 
D�VXPPHU�¿HOG�VFKRRO�LQ�,WDO\�IRU�2EHUOLQ�DQG�RWKHU�
students; it employs a multi-disciplinary team of 
VSHFLDOLVWV�IURP�&DQDGD��,WDO\��WKH�8QLWHG�.LQJGRP��
and the United States. The project’s goal is to 
characterize and investigate the nature, pattern and 
dynamics of human habitation and land use in the 
longue durée within the context of a Mediterranean 
river valley system—the Sangro River valley of the 
$EUX]]R�UHJLRQ�RI�,WDO\��WKH�WHUULWRU\�RI�WKH�DQFLHQW�
Samnites (http://www.sangro.org).

2YHU�LWV�¿UVW�VL[WHHQ�\HDUV�WKH�693�HPSOR\HG�
various formats to record, store, manage, and 
analyse its data, with recording methods based on 
the Museum of London Archaeological Service’s site 
manual (Museum of London 1994). The opening 
of a new site in 2011 provided an opportunity to 
rethink the project’s data systems. The Pompeii 
Archaeological Research Project: Porta Stabia, 
directed by Professor Steven Ellis of the University of 
Cincinnati, pioneered the use of Apple’s iPad in 2010 
for paperless recording of basic excavation data as 
well as for drawing and other functions (Wallrodt and 
Ellis 2011; Porta Stabia 2011). Building upon their 
success, the SVP developed an integrated paperless 
recording system in FileMaker on both laptop 
Corresponding author: motzcf@mail.uc.edu

computers and iPads. The paperless system pushes 
GLJLWL]DWLRQ� RI� GDWD� LQWR� WKH� ¿HOG²WKLV� UHSODFHV�
traditional recording using paper forms, followed 
by subsequent transcription into computer systems, 
with direct data entry into the digital database (an 
unlocked public version of this database has been 
made available at www.paperlessarchaeology.com 
to assist others in developing similar systems).

6XFK�D�V\VWHP�KDV�PDQ\�EHQH¿WV��,Q�DGGLWLRQ�
to allowing for computerized analysis, it makes 
¿HOG� GDWD� HDVLHU� WR� DFFHVV� DQG� HOLPLQDWHV� HUURUV�
introduced when interpreting handwriting. When 
GHDOLQJ�ZLWK�SDSHU�UHFRUGV��WKH�QXPEHU�RI�GL̆HUHQW�
forms can be overwhelming and confusing. This, 
coupled with the sheer volume of records, can make 
¿QGLQJ�DQG�RUJDQL]LQJ�GDWD�GXULQJ�WKH�VHDVRQ�TXLWH�
GL̇FXOW�

2. Project Infrastructure

As a regional project, the SVP does not 
H[FDYDWH� DW� D� VLQJOH� VLWH�� ,QVWHDG�� H[FDYDWRUV�PRYH�
from site to site; the duration of study at each site 
depends on the amount of time required for a 
proper investigation. The SVP also employs survey 
and various other methods of data collection. 
Therefore the project’s infrastructure needs to be 
PRELOH� DQG� ÀH[LEOH�� DQG� UHVHDUFKHUV� FDQQRW� FRXQW�
on having access to anything other than what they 
EULQJ�LQWR�WKH�¿HOG��$PRQJ�RWKHU�WKLQJV��WKLV�PHDQV�
WKDW�DOO�¿HOG�HTXLSPHQW�PXVW�UXQ�RQ�EDWWHULHV�DQG�
must stay useable for at least 6 hours before needing 
to be recharged. Cellular 3G coverage in the area is 
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quite unreliable, so internet access is assumed not 
WR�H[LVW� LQ� WKH�¿HOG��7KH�693�RSHUDWHV�D�GLJ�KRXVH�
with temporary lab facilities located in the town of 
Tornareccio. The project’s computer lab, located in 
this building, operates on a local network with both 
wired and wireless access.

3. The SVP Database

The SVP has used paper, Microsoft Access, 
([FHO�� ¿OODEOH� 3')V�� DQG� QXPHURXV� RWKHU� GDWD�
formats throughout its history, but had not employed 
a fully integrated database until the 2011 season. 
This presented both challenges and opportunities 
when developing the paperless system. On one 
hand, recording practices could be completely 
UHGHVLJQHG� ZLWK� D� SDSHUOHVV� ZRUNÀRZ� LQ� PLQG��
and the database was designed to be used on iPads 
from the beginning. On the other hand, the lack of 
a pre-existing database meant that an entirely new 
system needed to be developed very quickly, with 
relatively little time for testing. Fortunately, the 
database worked mostly as planned and the project 
was able to work through minor bugs without much 
disruption to the excavation and survey teams.

3.1 Overview

'DWD� DERXW� HDFK� FRQWH[W�� VPDOO� ¿QG��
HQYLURQPHQWDO�VDPSOH��DQG�¿HOG�VXUYH\�XQLW��DPRQJ�
RWKHU�UHFRUG�W\SHV��ZHUH�FDSWXUHG�LQ�WKH�¿HOG�XVLQJ�
FileMaker Go on iPads. Specialists in the labs then 
entered more detailed information about small 
¿QGV�� SRWWHU\�� WLOH�� DQG� D� KDQGIXO� RI� RWKHU� LWHPV�
into the FileMaker Pro database hosted on the 
693¶V� ORFDO�0DF�0LQL� VHUYHU�� ,Q� DGGLWLRQ�� DQ� L3DG�
with FileMaker Go was given to each of two survey 
projects: one that was mapping and gathering data 
on agricultural terraces (see Countryman, Carrier 
DQG�.DQH�������DQG�DQRWKHU�WKDW�ZDV�¿HOG�ZDONLQJ�
in the area around the excavation site. 

Each iPad operated independently, since there 
ZDV�QR�ORFDO�QHWZRUN�LQ�WKH�¿HOG��GDWD�FRXOG�QRW�EH�
exchanged or synchronized between devices until 
they were brought back to the computer lab during 
lunch and at the end of the day. This necessitated 
the use of only one iPad per trench for entering 
information into the database. Each trench was also 
DVVLJQHG� RQH� L3DG� IRU� D� ¿HOG� QRWHERRN�� GUDZLQJ��
and photography. For the same reason, each survey 

team was assigned only one iPad for database entry. 
To communicate between the iPads and the main 
database hosted on the Mac Mini server, the SVP 
used the syncing method and scripts designed by 
John Wallrodt from the University of Cincinnati, 
with great success (Wallrodt 2011a; 2011b).

3.2 User interface

The decision was made early in the 
GHYHORSPHQW� SURFHVV� WR� SXW� VLJQL¿FDQW� H̆RUW� LQWR�
the database’s user interface, as the developers 
had become quite aware of the shortcomings of the 
FOXWWHUHG�SDSHU� IRUPV�XVHG� LQ�SUHYLRXV� VHDVRQV�� ,W�
was determined that the user experience would be 
far from merely cosmetic, and would have a major 
LPSDFW� RQ� WKH� ḢFLHQF\� RI� H[FDYDWLRQ� DQG� VXUYH\��
the quality and consistency of the data entered, and 
the degree of acceptance of the new system from 
the research team. Therefore, the database was 
designed to present all of the needed information in 
a way that was both understandable and usable.

Figure 1. iPad database home screen, showing colour-
coded record types.
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To be understandable, the database needed to 
KDYH�DQ�LQWXLWLYH�OD\RXW�DQG�QDYLJDWLRQ��,Q�DGGLWLRQ�
WR� WKH�FDUHIXO�DUUDQJHPHQW�RI�¿HOGV�RQ� WKH� VFUHHQ��
WKLV� ZDV� DFKLHYHG� ¿UVW� WKURXJK� FRORXU� FRGLQJ��
'L̆HUHQW� UHFRUG� W\SHV� ZHUH� LGHQWL¿HG� LQ� WKLV� ZD\�
�FRQWH[WV�� VXUYH\� IRUPV�� ¿QGV��� DQG� WKHVH� FRORXUV�
were kept consistent across the entire database 
�)LJ������,Q�DGGLWLRQ��ÀDJV�DQG�RWKHU�LGHQWL¿HUV�ZHUH�
colour coded. The second principle was minimizing 
scrolling, which was driven by a desire to avoid 
VLWXDWLRQV�ZKHUH�¿HOGV�GLG�QRW�JHW�¿OOHG�RXW�EHFDXVH�
H[FDYDWRUV�GLG�QRW�UHDOL]H�WKHUH�ZHUH�PRUH�LWHPV�R̆�
VFUHHQ��7KLV�PHDQW�WKDW�LI�DOO�RI�WKH�¿HOGV�GLG�QRW�¿W�
onto one screen, tabs or buttons were used to direct 
D�XVHU�WR�D�GL̆HUHQW�VFUHHQ�LQVWHDG�RI�H[WHQGLQJ�WKH�
form beyond the display (Fig. 2). Forms were greatly 
VLPSOL¿HG� IURP� WKHLU� SDSHU� SUHGHFHVVRUV�� DQG�
included only what each user needed to see: rather 
WKDQ� GLVSOD\LQJ� DOO� ¿HOGV� DV� RQ� WKH� HDUOLHU� IRUPV��
WKH� DSSURSULDWH� GDWD� HQWU\� ¿HOGV� ZHUH� GLVSOD\HG�
according to the context type (deposit, masonry, or 
FXW���H[FDYDWRUV�DQG�¿QGV�VSHFLDOLVWV�QHHGHG�WR�VHH�
GL̆HUHQW�DPRXQWV�RI�LQIRUPDWLRQ�RQ�VPDOO�¿QGV��VR�
only the essentials were provided to the excavators 

while the Specialists could enter much more 
information (Figs 3a and 3b).

To be usable, the database also needed to be 
easily readable in sunlight, and each button or other 
DFWLRQDEOH�REMHFW�QHHGHG�WR�ZRUN�WKH�¿UVW�WLPH�D�XVHU�
tried to interact with it. To deal with the sunlight, 
text was rendered in a large font size with special 
emphasis placed on the most important text; high-
contrast colour palettes were also employed. Buttons, 
FKHFNER[HV�� DQG� ¿HOGV� ZHUH� ODUJH�� LQFUHDVLQJ� WKH�
likelihood that they would be accurately tapped on 
WKH� XVHU¶V� ¿UVW� WU\�� WKLV� ZDV� HVSHFLDOO\� LPSRUWDQW�
when dealing with rows or columns of checkboxes. 
Automation also improved the database’s usability 
DQG�ḢFLHQF\��E\�DXWRPDWLFDOO\�¿OOLQJ�¿HOGV�EDVHG�
on previously entered or calculable information, the 
project reduced the number of items excavators had 
to enter and increased the accuracy of many routine 
¿HOGV�

4. Photography

,PDJH�WDJJLQJ�KDG�ORQJ�EHHQ�RQH�RI�WKH�OHDVW�
ḢFLHQW� DUHDV� RI� WKH� 693¶V� ZRUNÀRZ�� 3UHYLRXVO\��

Figure 2. Main context record form with tabbed 
navigation.

Figure 3a. Right. Small 
Find form (iPad layout for 
excavators). 3b. Below. 
Small Find form (computer 
layout for specialists).
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photos of the site taken during excavation were 
captured with digital cameras. At the end of the 
day, the excavators uploaded the digital images to 
D� FRPSXWHU�� ODEHOOHG� DQG� FDSWLRQHG� WKH� ¿OHV�� DQG�
VWRUHG�WKHP�RQ�WKH�SURMHFW¶V�ORFDO�VHUYHU��,Q�WKH�EHVW�
of circumstances this meant that an image taken 
early in the morning might be tagged 9-10 hours 
later, likely after numerous other similar photos had 
been taken.

For the 2011 season the captioning process 
ZDV�PRYHG�RXW�LQWR�WKH�¿HOG��2QH�RI�WKH�NH\�SLHFHV�
of technology that enabled this was the Eye-Fi 
&RQQHFW� ;��� DQ� 6'� FDPHUD� PHPRU\� FDUG� ZLWK�
built-in Wi-Fi. This technology enables direct 
communication between the cameras and iPads, 
allowing photographs to be immediately labelled 
DQG�FDSWLRQHG�LQ�WKH�¿HOG��DQG�HQDEOLQJ�D�VLJQL¿FDQW�
improvement in the accuracy of photo captions. 
The Eye-Fi card allowed excavators and surveyors 
to continue to use dedicated digital cameras, which 
currently produce images of a much higher quality 
than the cameras built into many tablets and mobile 
GHYLFHV��8VLQJ�(\H�)L¶V�'LUHFW�0RGH��HDFK�FDUG�DQG�
camera was paired with one iPad. After a photo was 
taken, the card automatically broadcasted a Wi-Fi 
network to which the iPad connected. The card then 
transferred images to the iPad, putting the photos 
directly into the Photos app. The Eye-Fi app on the 
iPad performed the actual transfer, but it can run 
in the background. The entire process took from 
30 seconds to 2 minutes, depending on the number 
of photos being transferred. Once the images were 
transferred, researchers began the process of adding 
captions and labels to the images’ metadata using the 
Photosmith app on the iPad (Fig. 4). The SVP used 
RQO\�WZR�PHWDGDWD�¿HOGV��title and caption. The title 
¿HOG�ZDV�XVHG�IRU�D�GHVFULSWLYH�VXEMHFW�FRGH��ZKLOH�
caption was for standard plain-text descriptions.

After the images had been tagged and the 
L3DGV�KDG�UHWXUQHG�IURP�WKH�¿HOG��WKH�LPDJHV�ZHUH�
then uploaded to the server. This was done by 
syncing Photosmith with Lightroom using Wi-Fi. 
Once the images were transferred to Lightroom, 
any necessary editing was performed and duplicates 
were removed. Next, a FileMaker Pro script was 
run to import the new photos into the database. 
The scripts created a thumbnail and ran some 
RWKHU�DFWLRQV�RQ�HDFK�¿OH��WKHQ�LPSRUWHG�WKHP�LQWR�
FileMaker Pro using the Troi File plugin. One of the 

key features of this plugin is its ability to import 
metadata along with the image itself. This allows 
the database to not only insert the metadata into 
¿HOGV�ZLWKLQ�)LOH0DNHU�VR�WKH\�FDQ�EH�UHDG�E\�XVHUV��
but also create and manipulate other data based on 
the information contained in that metadata. For 
example, the SVP’s scripts took the subject code 
that was entered earlier and parsed it in order to 
automatically link the photo with its subject. With 
WKH� ¿OH� UHQDPLQJ� DQG� UHORFDWLQJ� DELOLWLHV� RI� WKH�
7URL�SOXJLQ��DQ�LPDJH�¿OH�FRXOG�WKHQ�SRWHQWLDOO\�EH�
renamed automatically according to its subject and 
moved to a particular folder on the server for that 
subject, a step which the SVP hopes to add to the 
database in time for the 2012 season. By pushing 
WKH� WDJJLQJ� SURFHVV� RXW� LQWR� WKH� ¿HOG� DQG� XVLQJ�
structured tags, the image processing and importing 
ZRUNÀRZ�FDQ�SRWHQWLDOO\�EHFRPH�PXFK�HDVLHU��ZLWK�
little or no input required by the user beyond the 
LQLWLDO�WDJJLQJ�LQ�WKH�¿HOG�

5. Other Mobile Apps

,Q�DGGLWLRQ�WR�)LOH0DNHU�DQG�3KRWRVPLWK��WKH�
SVP used a handful of other iPad apps to assist with 
¿HOG� UHFRUGLQJ�� )LHOG�QRWHERRNV�ZHUH�ZULWWHQ�ZLWK�
Apple’s Pages, which allowed excavators to integrate 
both drawings and photos into their accounts. 
Several compass, calculator, and ruler utilities were 
tested in place of their more traditional counterparts, 
and Plaincode’s Clinometer app proved particularly 
useful to the terrace survey team in measuring the 
approximate angles of slopes.

Figure 4. Screenshot of the Photosmith app, showing the 
¿HOGV�XVHG�IRU�ODEHOOLQJ�LPDJHV�
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6. Alternative GPS Units

,Q�WKH�VXPPHU�RI������WZR�H[SHULPHQWV�ZHUH�
conducted with the goal of exploring the potential 
RI�WKH�693¶V�KDUGZDUH�DQG�VRIWZDUH��7KH�¿UVW�ZDV�D�
series of tests of the GPS chips that are built into the 
iPhone and the iPad Wi-Fi + 3G models (the Wi-Fi-
only iPad models do not contain a GPS chip). The 
major shortcoming of GPS apps for iOS is that they 
do not provide as much detailed information about 
accuracy as a dedicated GPS unit. For example, 
the SVP’s handheld Trimble GPS units report the 
QXPEHU� DQG� FRQ¿JXUDWLRQ� RI� VDWHOOLWHV� LQ� WKH� VN\��
while the iOS apps only report accuracy in terms 
of +/- X meters. Because all non-jailbreak GPS and 
*,6�DSSV� UHFHLYH� WKHLU� ORFDWLRQ�GDWD� WKURXJK� L26¶V�
Core Location framework, all apps are essentially 
equal in the accuracy of their recorded coordinates, 
and no app will have access to detailed information 
RQ� VDWHOOLWH� FRQ¿JXUDWLRQV� �$SSOH� ,QF�� �������$SSV�
GL̆HU� JUHDWO\�� KRZHYHU�� LQ� KRZ� WKH\� GLVSOD\� DQG�
organize this data.

The experiments that the SVP conducted have 
shown that the iPhone and iPad can consistently 
achieve 5-20 meter accuracy under a variety 
RI� FRQGLWLRQV� LQ� ,WDO\¶V� $SHQQLQH� PRXQWDLQV��
Professional GPS units can provide greater accuracy, 
EXW� WKH\� DUH� H[SHQVLYH�� RIWHQ� UHTXLUH� VLJQL¿FDQW�
training to use properly, and do not always function 
as well or as consistently as one might like. The 
EHQH¿WV�RI�LQH[SHQVLYHO\�HTXLSSLQJ�D�ODUJH�QXPEHU�
RI�WHDP�PHPEHUV�ZLWK�L3KRQHV�RU�L3DGV�PD\�R̆VHW�
any decrease in GPS accuracy. While each project 
must take its own needs into consideration, the 
researchers determined that in some cases these 
GHYLFHV�ZRXOG�EH�VẊFLHQW�IRU�EDVLF�VXUYH\�ZRUN�

7. Generating Harris Matrices

The second experiment was an attempt to 
automatically generate Harris Matrices from a 
FileMaker Pro database. The researchers wanted 
to create a system that would take the physical 
UHODWLRQVKLSV� UHFRUGHG� LQ� WKH� ¿HOG� DQG� ZRXOG�
produce a clean and accurate stratigraphic matrix. 
,W� ZDV� GHWHUPLQHG� WKDW� FUHDWLQJ� VXFK� D� V\VWHP�
entirely within FileMaker Pro would be extremely 
GL̇FXOW�RU�LPSRVVLEOH�JLYHQ�WKH�QRQ�G\QDPLF�QDWXUH�
of FileMaker layouts; therefore, integration with 
additional software was needed. Stefano Costa’s 

method for using Graphviz’s “tred” command to 
create clean Harris Matrices from manually entered 
physical relationship data provided the core of 
WKH� ZRUNÀRZ� �&RVWD� ������� 7KH� ¿UVW� VWHS� RI� WKH�
system was a FileMaker script that searched for all 
relationships within a given trench and created a 
.dot� ¿OH� FRQWDLQLQJ� DOO� RI� WKH� SK\VLFDO� UHODWLRQVKLS�
LQIRUPDWLRQ�� 7KLV� ¿OH� ZDV� WKHQ� DXWRPDWLFDOO\�
passed through one of the Graphviz components, 
D�81,;�FRPPDQG�FDOOHG�³WUHG�´�DQ�DEEUHYLDWLRQ�RI�
“transitive reduction.” This command removes all 
of the extra connections that are introduced when 
graphing the physical relationships and reduces 
the graph to only the stratigraphic relationships. 
The key advantage to incorporating such a system 
into a FileMaker database was the ability to press a 
button, wait a few seconds while the script ran, then 
be presented with a fully editable Harris Matrix in 
2PQL*UD̈H��7KLV�PDWUL[�FDQ�WKHQ�EH�H[SRUWHG�DV�DQ�
LPDJH�¿OH�DQG�HDVLO\�DGGHG�WR�WKH�WUHQFK�UHFRUG�LQ�
the database.

8. Cost

One of the drawbacks to much of the advanced 
technology used by archaeologists is that it can be 
very expensive. One of the goals of this project was 
to keep costs low, in the hope that whatever system 
WKH� 693� GHYHORSHG� ZRXOG� EH� D̆RUGDEOH� IRU� RWKHU�
archaeologists to implement. To replicate the SVP’s 
setup, the total cost would be around $5,000. The 
cost of FileMaker Pro can drop considerably or be 
eliminated entirely through volume pricing and 
site licenses held by many educational institutions. 
These prices also assume the purchase of previous-
generation iPads at a discount, which the researchers 
found worked just as well as the newest model.

9. Conclusions

The technology and systems described above 
quickly proved to have many advantages over 
traditional recording methods—much quicker 
H[FKDQJH�RI�LQIRUPDWLRQ�EHWZHHQ�WKH�¿HOG�SHUVRQQHO�
and specialists; immediate labelling and captioning 
RI� SKRWRV� WDNHQ� LQ� WKH�¿HOG�� D� VLJQL¿FDQW� GHFUHDVH�
in human error through automation; improved 
consistency of terminology, by using pull-down 
PHQXV� DQG� RWKHU� VWUXFWXUHG� ¿HOGV�� LQFUHDVHG�
ḢFLHQF\�E\�HOLPLQDWLQJ�WKH�QHHG�WR�VFDQ�DQG�GLJLWL]H�
paper records; an increase in the accessibility of 
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LQIRUPDWLRQ� WR� DOO� VWD̆� PHPEHUV�� DQG� LPSURYHG�
VHFXULW\�RI�¿HOG�GDWD�GXH�WR�WZLFH�GDLO\�V\QFLQJ�DQG�
backup.

The paperless system proved to be a 
UHVRXQGLQJ�VXFFHVV��,W�ZDV�XVHG�IRU�H[FDYDWLRQ��WZR�
survey projects, and recording by specialists. While 
WKHUH� ZHUH� VRPH� JURZLQJ� SDLQV�� WKH� EHQH¿WV� IDU�
outweighed the costs. For any large archaeological 
SURMHFW��GDWD�RUJDQL]DWLRQ� LV�FULWLFDO��7KH�ÀH[LELOLW\�
of both the hardware and software allowed the 
693� WR� ¿QDOO\� LQWHJUDWH� VHYHUDO� W\SHV� RI� UHVHDUFK�
into a single, cohesive database. This approach 
has enormous potential to revolutionize the way 
archaeological data is collected, managed, analysed, 
and disseminated.

10. Future Work

)XWXUH�H̆RUWV�ZLOO�IRFXV�RQ�WKH�QH[W�VWDJHV�RI�
implementing paperless recording systems, namely 
WKH� VLPSOL¿FDWLRQ�DQG� UH¿QHPHQW�RI� D� VXFFHVVIXOO\�
tested system. The system used in 2011 was highly 
H̆HFWLYH��EXW� UHTXLUHG�FRQVWDQW�DWWHQWLRQ� IURP� WKH�
GDWDEDVH� GHYHORSHU�� )XUWKHU� VLPSOL¿FDWLRQ� DQG�
VWUHDPOLQLQJ� RI� ¿HOG� UHFRUGLQJ� SURFHGXUHV� ZLOO�
lessen the burden on excavators, and a reduction 
in the maintenance and development workload will 
allow the system to be managed by a non-specialist. 
The desired outcome is a recording system that can 
be employed by archaeological projects that do not 
KDYH�FRQVWDQW�DFFHVV�WR�D�GHYHORSHU��,Q�DGGLWLRQ�WKH�
user interface will be completely redesigned with the 
goal of providing a more intuitive, consistent, and 
VLPSOL¿HG�H[SHULHQFH�WR�WKH�UHVHDUFKHUV�
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1.  Introduction

This paper presents the preliminary results of 
a tangible prototype interface for cultural heritage 
dissemination in a Mixed Reality (MR) environment. 
This research project was developed in parallel 
to our research work, which is related to several 
aspects of computer visualisation, interpretation 
and presentation of archaeological material, with 
the purpose to explore available MR platforms 
from a human and user-centred perspective. The 
design of this application, which utilises available 
technologies, was structured around three main 
research questions: a) How can we provide an 
intuitive user-friendly application for cultural 
heritage, which blends virtual imagery with the actual 
world, where users operate and interact with the 
LQIRUPDWLRQ"�E��+RZ�H̆HFWLYHO\�FDQ�DUFKDHRORJLFDO�
information and visual interpretations of the past 
be disseminated through such technologies? c) 
How can user evaluations in early stages inform 
archaeological interpretive design? Based on the 
principles of iterative design the prototype was 
GHVLJQHG�� HYDOXDWHG�� DQDO\VHG�� UH¿QHG� DQG� UH�
evaluated. This cyclic process will continue until any 
LVVXHV�LGHQWL¿HG�E\�SDUWLFLSDQWV�LQ�WKLV�UHVHDUFK�ZLOO�
be kept at a minimum. This project will also employ 
new technologies as they become available to the 
public, attempting to smoothly combine the natural 
process of reading with MR content. 

Corresponding author: a.chrysanthi@gmail.com

2. Background and Objectives of Tangible 
Pasts

$�VLJQL¿FDQW�QXPEHU�RI�FROODERUDWLYH�SURMHFWV�
have already started to exploit the real potential of 
MR technologies and develop new methodologies 
in interpretive archaeology, cultural heritage 
sites and museums (Noh et al. 2009; Champion 
2011). A considerable amount of work has also 
been undertaken on user evaluations for assessing 
the interpretive value and the technological 
development of applications, especially in museum 
FRQWH[WV��6RPH�RI�WKH�PRVW�VLJQL¿FDQW�OHVVRQV�OHDUQW�
in such visitor evaluations is that the interactivity 
of systems operating in MR environments scores 
highly (Danks and Rodriguez-Echavarria 2007) 
DQG�WKDW�QRYHO�LQWHUIDFHV�FDQ�RQO\�EHFRPH�H̆HFWLYH�
learning tools if the interface is easily understood 
by the users (Economou and Pujol-Tost 2007). 
However, there is little work on user evaluations 
for informing the actual interpretive design from 
the early development stages, despite the fact that 
such evaluations have admittedly played a crucial 
role for future revisions both on the interactivity of 
systems and their interpretive content (Danks and 
Rodriguez-Echavarria 2007).

In attempting to address this issue, we draw on 
the design methodologies from disciplines such as 
Human-Computer Interaction (HCI) and Computer 
Supported Cooperative Work (CSCW), where 
iterative design is adopted throughout the phases 
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RI� SURWRW\SLQJ�� WHVWLQJ�� DQDO\VLQJ�� DQG� UH¿QLQJ� D�
product or interface (Rogers et al. 2006). In those 
¿HOGV�� LWHUDWLYH�GHVLJQ�LV�PDLQO\�XWLOLVHG�IRU�WHVWLQJ�
design ideas and interactions with a system prior to 
developing its hardware and software components; a 
notion which was pointed out in the early surveys of 
Augmented Reality (AR) research due to the inherent 
technical complexities of implementing such 
applications (Azuma et al. 2001). Paper and more 
recently video prototyping (de Sá et al. 2011) have 
been used to inform the design of AR applications. 
In this project, the research objectives were mainly 
concerned with the design of heritage content and 
users’ responses to the modalities provided by the 
system for interacting with CH information rather 
than the system itself. For this reason, we used 
an AR commercial platform and prototyped the 
tangible interface to test some initial ideas. Drawing 
from previous work on MR and the intuitiveness of 
Tangible User Interfaces (TUI), such as the ‘Magic 
Book’ described in Billinghurst et al. (2001), this 
study explores an alternative and interactive mode of 
engaging the public with archaeological information. 
It focuses on a multimodal approach for enhancing 
Cultural Heritage (CH) experiences by combining 
the interpretive nature of physical books with virtual 
CH content (Wright and McCarthy 2010). 

Additionally, this work set out to investigate 
WKH�EHQH¿WV�RI�H[SORULQJ�DUFKDHRORJLFDO�LQIRUPDWLRQ�
LQ�D�05�HQYLURQPHQW�DQG��WR�GH¿QH�DQG�DVVHVV�WKLV�
environment in the virtuality continuum (Milgram 
and Kishino 1994). In this continuum, according to 
Milgram and Kishino, real environments are shown 
at one end and the virtual ones at the opposite. 
Augmented Reality and Augmented Virtuality (AV) 
are placed within the general area of MR, which is 
GH¿QHG�DV�WKH�HQYLURQPHQW�LQ�ZKLFK�µUHDO�ZRUOG�DQG�
virtual world objects are presented together within 
a single display, that is, anywhere between the 
extrema of the virtuality continuum’. Renevier and 
Nigay (2001) provided a clearer distinction between 
$5�DQG�$9�V\VWHPV��$FFRUGLQJ�WR�WKHLU�GH¿QLWLRQV��

• In AR, interaction with the real world is 
augmented by the computer.

• In AV, interaction with the computer is 
augmented by objects and actions in the real 
world.

Bearing in mind the above terminological 
GLVFXVVLRQ�� WKLV� SDSHU�ZLOO� GH¿QH� WKH� HQYLURQPHQW�
of this application and demonstrate why from an 
interpretative design point of view it is important to 
choose the suitable environment for each application 
(Drascic and Milgram 1996). 

3. Description and Content of ‘Tangible 
Pasts’

‘Tangible Pasts’ consists of 12 pages, which 
combine textual and visual information, three-
dimensional models and animations in a single 
tangible interface, enabling the user to experience 
two prehistoric sites of the Minoan period, by 
turning the pages of the book and seamlessly 
moving between physical and virtual content. The 
ERRN� LV� GLYLGHG� LQWR� WZR� VHFWLRQV�� 7KH� ¿UVW� RQH�
regards the Minoan settlement at Zominthos, Crete; 
the three-dimensional models and the renderings 
presented in this section were produced as part of 
Papadopoulos’ research project (Papadopoulos and 
Sakellarakis 2013) to simulate the impact of natural 
DQG�ÀDPH�LOOXPLQDWLRQ�LQ�WKH�FHUDPLFV�ZRUNVKRS�RI�
WKH�EXLOGLQJ��7KH�¿UVW�SDJH�SURYLGHV�XVHUV�ZLWK�EDVLF�
textual information for the archaeological site and 
the ceramics workshop, while the second includes 
two renderings of the settlement and the workshop 
as well as the marker that triggers the AR content 
(see methodology). This model employs basic 
illumination and textures due to the limitations of 
the AR platform used. However, it does not pose any 
constraints in understanding space and providing 
a sense of materiality. The third page provides a 
comparison between a photograph in the current 
state of preservation and the corresponding 3D 
model, while the fourth focuses on the potter’s wheel 
with both textual information and an AR model of a 
potter’s working bench, also including an animation 
of the turntable (Fig. 1). 

$OVR��D�GLJLWDO�PXVHXP�IRU�WKH�¿QGV�XQHDUWKHG�
in the ceramics workshop was constructed 
(Papadopoulos and Kefalaki 2010) in an attempt 
WR� ZRUN� RQ� GL̆HUHQW� GLVSOD\� FRPELQDWLRQV� IRU� WKH�
actual museum that will be erected in the future to 
KRXVH�WKH�¿QGV�RI�WKH�H[FDYDWLRQ��,Q�WKHVH�WZR�SDJHV�
users can read about and also see in AR two special 
objects. The second part is related to Gournia, a 
Minoan town in eastern Crete, which is examined 
by Chrysanthi in relation to visitors’ movement 
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and circulation patterns in archaeological sites. In 
this case as well, the principles of presentation are 
the same: basic textual information, photographs 
related to the site, and three-dimensional models, 
which were constructed by Frankland based on the 
principles of procedural modelling.

4. Methodology

4.1 Design

Our design methodology was based on the 
principles of iterative design (Buxton & Sniderman 
1980). The ‘Tangible Pasts’ prototype was developed, 
WHVWHG� DQG� UH¿QHG� LQ� RUGHU� WR� LPSURYH� LWV� TXDOLW\�
and functionality based on observations and users’ 
evaluations. The prototype consists of a tangible 
element, a book, and several intangible elements in 
the form of three-dimensional models, animation, 
video and sound. As far as the physical element is 
concerned, we attempted to create a usable book that 
would facilitate reading, as well as the presentation 
of the textual and visual information and the 
interaction of the users with the virtual content in 
D� VHDPOHVV� PDQQHU�� 'XULQJ� WKH� ¿UVW� GHVLJQ� F\FOH��
we used A5 sheets, devoting half of the pages to 
textual data and half to visual information and 
markers. The typeface used was Papyrus, intending 
to create a readable calligraphic hand-crafted look 
WKDW� ¿WWHG� WKH� WH[WXUHG� SDSHU� XVHG� WR� SULQW� WKH�
content. Texts’ length was 170 words on average 
attempting to provide the basic information needed 
to contextualise the AR content presented. As far as 
the visual content is concerned, most pages included 
either two images of similar size or one larger image 
and the relevant marker. Regarding the latter, the 
limitations of the software used, made us employ 
SUHFRQ¿JXUHG�EODFN�DQG�ZKLWH�PDUNHUV��ZKLFK�DUH�
obtrusive elements in the process of reading. 

Concerning the technical aspect of the 
prototype, 3dsMax 2012 was used for the production 
of the majority of the models and animations, while 
CityEngine was implemented for constructing 
alternative structural models of the Minoan houses 
at Gournia. The AR-Media 2.0 plugin for 3dsMax was 
employed to assign markers to the virtual models 
DQG� FRQ¿JXUH� WKH� VFHQHV� DFFRUGLQJ� WR� WKH� SDJH�
layout of the book. The prototype was initially tested 
by ourselves within the available functionalities of 
the plugin, while at the stage of user evaluation, 

the application was exported and presented by the 
standalone AR-Media Player developed by Inglobe 
Technologies. As far as the hardware is concerned, 
the workstation used had an Intel Xeon 2.67GHZ 
Quad CPU Processor, 512MB QuadroFX580 NVidia 
Graphics Card and 12GB RAM. The AR content was 
triggered by using a 1.3 megapixel webcam with auto-
adjustment for low lighting conditions, positioned 
on a stand at the level of the head of a seated user, 
several centimetres behind his/her back. Lastly, the 
AR content was projected on a plasma screen and 
a keyboard was used for basic interactivity with the 
models.   

Although AR-Media plugin could handle 
WH[WXUHV�DQG�D� VLJQL¿FDQW�DPRXQW�RI�SRO\JRQV�� WKH�
KLJK�¿GHOLW\�PRGHOV� DOUHDG\� SURGXFHG� IRU� DQRWKHU�
purpose had to be optimised for the needs of this 
prototype and the requirements of the development 
platform. All the physically accurate Mental Ray 
materials were replaced by standard textures, 
ZKLOH� WKH�SRO\JRQV�RI� WKH�VFHQHV�ZHUH�VLJQL¿FDQWO\�
reduced, not only by optimising objects and 
surfaces, but also by removing unnecessary details 
and high-polygon objects. For example, in the 
ceramics workshop model, the amount of pottery 
was limited to such an extent, so as the reader/
viewer would be able to understand the function of 
this space and the arrangement of objects within it. 
Also, an abstracted version of the architecture of the 
building was also created. In the case of Gournia 
houses, the models were produced particularly for 
this reason by employing procedural modelling, a 
script-based technique that uses ‘shape grammars’ 
to semantically describe 3D models (Müller et 
al. 2006). Based on this technique, we wrote a 

Figure 1. Pages 3 and 4 of the physical book.
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script that rapidly generated numerous 3D models 
WKDW� GHSLFWHG� GL̆HULQJ� OHYHOV� RI� FHUWDLQW\� LQ� WKH�
DUFKDHRORJLFDO� GDWD� DERXW� WKH� FRQ¿JXUDWLRQ� DQG�
morphological features of the structures. The shape 
grammars were created based on construction rules 
and materials of Minoan domestic architecture 
(Preziosi 1983, Palyvou 1999, Shaw 2009). To 
SUHVHQW�WKH�GL̆HUHQW�W\SHV�RI��'�PRGHOV�JHQHUDWHG�
we used a pop-up animation approach where 
consecutive models pop-up from the pages and 
sink back into the pages giving way to alternative 
versions (Fig. 2). 

4.2  Implementation and user-evaluation

It has been argued that the involvement of 
both expert-users and real-users in such early stage 
evaluations is ‘the most promising approach to 
evaluate interfaces of a complex kind, such as cultural 
heritage virtual interfaces’ (Karoulis et al. 2006). 
The evaluation of the prototype took place during 
the Open exhibition as part of the Visualisation in 
Archaeology Conference (ViA) at the University of 
Southampton (Fig. 3).  ViA conference was an ideal 
place for conducting this evaluation, since a great 
number of students, scholars and professionals in 
archaeological visualisation were gathered during 
the course of this event, therefore providing a 
VẊFLHQW� DQG� YDULHG� LQ� WHUPV� RI� H[SHUWLVH� VDPSOH�
for testing the functionality and the overall value of 
the prototype (Fig. 2). The evaluation was based on 
questionnaires, observations and discussions with 
the participants. The purpose of the evaluations was 
WR�WHVW�WKH�D̆HFWLYH�UHVSRQVH�RI�XVHUV�WR�WKH�WDQJLEOH�
interface and their interaction with the MR cultural 
heritage content in order to evaluate our initial 
design. We were also concerned with the possible 
obtrusiveness of the virtual elements over the 

Figure 2. Augmented scene with an interpretation of the 
Minoan houses generated by CityEngine.

physical and vice versa, trying to use the feedback 
to improve the design by leveraging physical and 
digital elements into a seamless experience.  

The questionnaire was divided in three 
VHFWLRQV�� ,Q� WKH�¿UVW� VHFWLRQ�� WKH�SDUWLFLSDQWV�ZHUH�
asked to give a general assessment of the prototype 
by describing the things that they liked the most 
and the least about this project. It was on purpose 
WKDW�ZH�GLG�QRW�SURYLGH�DQ\�SUHGH¿QHG�DQVZHUV��VR�
as to let users express their thoughts and describe 
DQ\�OLPLWDWLRQV�RU�DGYDQWDJHV�DV�WKH\�VHH�¿W��)RU�WKH�
qualitative analysis of our data we used a thematic 
analysis approach, which we found extremely useful 
DQG�ÀH[LEOH��,Q�WKH�QH[W�WZR�VHFWLRQV�WKH�XVHUV�ZHUH�
asked to rank the usability of the prototype and its 
overall interpretive value. The last section about 
the demographics of the sample was also important 
WR� DVVHVV� KRZ� GL̆HUHQW� DJH� JURXSV�� SURIHVVLRQV�
and people of varying education perceive such 
approaches to cultural heritage. All these three 
sections were necessary in order to draw some 
quantitative data for our research. 

In parallel to the questionnaires, we observed 
users’ interaction with the prototype. Observing a 
user’s interactions with a prototype in a lab study is 
a typical HCI evaluation methodology. Although we 
did not employ these methods rigorously to evaluate 
our design against certain usability criteria, we did 
focus our attention on understanding how users 
chose to manipulate the book, how they responded 
to the triggering of the AR content and how their 
attention varied between the textual information 
and the analogue and virtual visual content. After 
testing the prototype, we conducted informal 

Figure 3. Instance from demonstrating and conducting 
XVHU�HYDOXDWLRQV�RI�7DQJLEOH�3DVWV¶�¿UVW�SURWRW\SH�DW�WKH�
VIA Conference. 
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interviews with several of the participants, during 
which they freely described their experience and 
expressed their concerns. This also allowed us to 
follow up on the behaviours we observed the users 
engaged in, helping us to determine their intentions 
DQG�ZKHWKHU�RXU�SURWRW\SH�IXO¿OOHG�WKHP�

5. Results of the User-Evaluation

7KH� ¿UVW� XVHU� HYDOXDWLRQ� TXHVWLRQQDLUH� ZDV�
completed by 22 people ranging from undergraduate 
VWXGHQWV� WR� SURIHVVLRQDOV� LQ� YDULRXV� ¿HOGV� RI�
archaeological visualisation, with their ages ranging 
from 20 to 65. Although the sample was relatively 
small to draw safe conclusions about several aspects 
of this prototype, it was adequate to perform a 
prototype evaluation and inform the next stages of 
the design.

The users were asked to mention three things 
that they liked the most and three things they liked 
WKH�OHDVW�DERXW�WKH�SURMHFW��)URP�WKH�¿UVW�TXHVWLRQ�
we arrived at six principal themes representing 
participants’ positive comments and revealing the 
strengths of the Tangible Pasts prototype. People 
commented positively on the interactivity that the 
prototype provides, mainly because they were able 
to move the 3D models in real time with their own 
hands, play with the animations and the 3D models 
giving them the ability to interact with the system 
and its content. This issue brings us to the second 
point, the tangibility of the interface. For example, 
Participant #19 commented: ‘I’m the kind of person 
who wants to touch everything and therefore it’s 
fun!’ while quite a few mentioned that the physical 
book was an intimate object and friendly to the 
user who required no instruction of how to use the 
system.

In regard to blending real with virtual 
interpretive elements, participants also pointed out 
that they liked the fact that the prototype was not 
entirely computerised since it combined physical and 
virtual content. We also received many comments 
including words such as ‘mysterious’, ‘intriguing’ and 
‘magic’, referring to the intuitiveness of the system 
to provide interpretation in an unexpected manner 
making the whole experience ‘engaging’, ‘playful’, 
‘entertaining’ and ‘feeling like an exploration’. In 
terms of the technology employed, participants 
liked the way technology was appropriated to 

assist and stimulate interpretation via a common 
interpretive medium, a book, and referred to the 
use of technology as ‘intelligent’, ‘innovative’ and 
‘unexpected’ having a ‘low tech meet high tech 
feel’. In terms of the actual interpretive content, 
people commented on particular aspects of the 3D 
models and their interpretive value, the alternative 
reconstructions available and the fact that models 
were accompanied by textual interpretation in 
case someone wanted to explore in detail the 
DUFKDHRORJLFDO�VLWHV�RU�¿QGV��

On the other hand we obtained a valuable 
LQVLJKW�LQWR�WKH�FRQVWUDLQWV�DQG�ÀDZV�RI�WKH�SURWRW\SH�
in terms of its interactivity, design, technology and 
the actual interpretation provided. A serious issue 
picked up by the analysis of the questionnaire, as 
well as our observations, was that people tended to 
focus more on their interaction with the 3D models 
and ignore the textual and visual information 
provided in the book. This also explains participants’ 
suggestions to use less text and bigger fonts, as well 
as to incorporate descriptions and explanations 
within the virtual display. The interpretation of this 
observation as a manifested tendency, especially 
in younger participants, to replace any analogue 
means of knowledge communication with more 
interactive and pleasing digital formats would only 
present one side of the same coin. The fact that the 
ERRN� FRQWDLQHG� D� VLJQL¿FDQW� DPRXQW� RI� DQDORJXH�
content was a design decision, since one of the main 
purposes of creating this interface was to shift the 
attention from the virtual and digital content to the 
physical environment, where users operate with 
the system while constructing their interpretations. 
This decision however, was not leveraged by the 
implications of the component technologies used 
WR� LPSOHPHQW� WKLV� DSSOLFDWLRQ�� 0RUH� VSHFL¿FDOO\��
the use of the monitor as the display technology 
resulted by default in the shift of attention to the 
virtual environment (the monitor display) despite 
the fact that it depicted elements from the physical 
environment. The physical book and the user’s 
actions in the physical space are merely used to 
interact with the system (Renevier and Nigay 2001). 
Thus, it could be argued that the interaction takes 
place in the middle of the virtuality continuum, in 
D� 05� HQYLURQPHQW� ZKLFK� LV� GL̇FXOW� SHUFHSWXDOO\�
WR� GH¿QH� ZKHWKHU� LW� VWUHWFKHV� WRZDUGV� $9� RU� $5��
Nevertheless, had we used AR goggles as a display 
device our design decision would have been more 
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Some of the participants pointed out the importance 
to populate the virtual scenes with people and action 
in order to contextualise the sterilised and static 
interpretations.

Participants were also asked to evaluate the 
overall usability of the prototype both in terms of 
LQWHUDFWLRQ�DQG�LWV�H̆HFWLYHQHVV�LQ�FXOWXUDO�KHULWDJH�
dissemination. More than half of the sample stated 
WKDW�WKH\�IRXQG�LW�YHU\�VDWLVI\LQJ��ZKLOH�D�VLJQL¿FDQW�
percentage said that it was extremely satisfying as an 
interactive tool that can improve the dissemination 
of cultural heritage knowledge (Fig. 5).

It is also interesting to mention that men 
were in overall more enthusiastic than women 
and that only women answered that they found it 
neither satisfying nor disappointing. Lastly, it was 
important to canvass their responses regarding the 
interpretive values of the prototype (Fig. 4). The 
use of real and MR content, as well as the stirring of 
imagination and the evocation of senses was rated 
with 6 out of 7, while the mixture of text, images 
and 3d media and the storytelling aspect was rated 
lower with 5 out of 7. As this prototype was mostly 
visual, since tactility existed through the book itself, 
but not actual tactility related to the archaeological 
features shown, it is quite odd that a great number of 
participants ranked quite high the imagination and 
the arousal of the senses. As far as the mixture of 
the various media is concerned, the evaluation with 
5 out of 7 is reasonable as the text that accompanied 
the illustrations and the markers was quite long, and 
only few people read it through.

2XU� REVHUYDWLRQV�� DOVR� FRQ¿UPHG� WKDW�
participants were discouraged by the amount of 
textual information in the book. The majority of 

MXVWL¿HG� DQG� H̆HFWLYH� LQ� VKLIWLQJ� WKH� DWWHQWLRQ� WR�
the physical interface and the physical environment 
where the user handles a book with MR content. 

A few participants with a background in 
computer graphics commented on the graphical/
virtual design approach mentioning the simplicity 
of some models. However, as mentioned previously 
this was not a design issue, but a technical one since 
current available AR platforms cannot support high 
¿GHOLW\� PRGHOV� ZLWK� SK\VLFDOO\� DFFXUDWH� OLJKWLQJ�
and textures. Because of that, we decided to exploit 
this technological limitation to evaluate people’s 
responses to such 3D representations and address 
the long-debated discussions about photorealism 
and non-photorealistic rendering in archaeological 
interpretation (Frankland 2012). Finally, in terms 
of the interpretation we received some suggestions 
about how to enrich the narrative and include 
scenes from everyday life in a Minoan settlement. 

Figure 5. Tables with the results of the evaluation on the prototype’s a. usability and interaction b. ability and 
effectiveness in disseminating cultural heritage content.

Figure 4. Table with the results of the evaluation on the 
prototype’s interpretive value based on four criteria: 
1. Effectiveness of mixed media cultural heritage 
information dissemination, 2. The use of real and MR 
content, 3. Stirring imagination and evocation of senses, 
���$VVHVVPHQW�RI�WKH�VWRU\WHOOLQJ�ÀRZ�
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WKHP� ZHUH� UHDGLQJ� WKH� ¿UVW� FRXSOH� RI� VHQWHQFHV��
while others were skipping the longest pieces. This 
was especially apparent for the pages where the 
virtual content was more impressive than the rest. In 
overall, it was noticed that younger people were more 
hesitant to read the analogue interpretations, due to 
their fascination by the technologies employed and 
the monitor display, while older participants were 
spending equal time to read the content and interact 
with the models, possibly because of their greater 
familiarity with more static pieces of information. 

6. 5H¿QLQJ�DQG�5H�HYDOXDWLQJ�WKH�3URWRW\SH

7KH� ¿UVW� XVHU� HYDOXDWLRQ�� DV� ZHOO� DV� WKH�
observations and the discussions with the 
participants provided useful comments for the 
evaluation of our application in this initial stage. 
Their input was used for the improvement of the 
prototype in the second stage of development.

Participants’ positive responses concerning 
the ability of the application to stimulate the 

imagination and evoke the senses were a valuable 
¿QG��$V�D�QH[W�VWHS�ZH�LQFOXGHG�VRXQG��ERWK�LQ�WHUPV�
of narration and the sounds produced from the 
various features (e.g. potter’s wheel), contributing 
to a more sensory engagement with the datasets, as 
ZHOO�DV�HQKDQFLQJ�WKH�VWRU\WHOOLQJ�ÀRZ��,Q�DGGLWLRQ��
ZH� VLJQL¿FDQWO\� UHGXFHG� WKH� WH[WXDO� LQIRUPDWLRQ�
within the book, which was replaced by virtual 
annotations explaining various features in the 3D 
models (Fig. 6).

Finally, we incorporated a video presenting 
the process of traditional pottery making, running 
parallel to the potter’s wheel 3D animation (Fig. 7).

The triggering of the markers, which were 
reduced in size to limit their visual obtrusiveness, is 
still implemented by the use of a web camera and 
a computer monitor, especially due to the high cost 
and the inherent limitations of new head mounted 
devices, i.e. goggles that currently exist in the market. 
In the next stage, we are going to implement our 
application with other platforms that enable image 
reference AR and use the actual images included in 
the book as markers, since they were only serving 
illustrative purposes in the application’s current 
FRQ¿JXUDWLRQ��

We have already started testing the new 
YHUVLRQ� RI� WKH� SURWRW\SH� WR� D� GL̆HUHQW� DXGLHQFH�
to see the responses of people that are not by 
GH¿QLWLRQ�IDVFLQDWHG�E\�DQ\�PHDQV�RI�DUFKDHRORJLFDO�
visualisation. The second call for the evaluation of 
Tangible Pasts was made to everyone within the 
University of Southampton and was not limited 
to archaeology specialists or humanities students. 
Although it is quite early to quantify the results 
of this second round of evaluation, some of the 
participants provided valuable comments, which 
DUH�EULHÀ\�GLVFXVVHG�EHORZ�

The majority of them positively commented on 
the newly introduced features of sound and video. 
7KH\� SDUWLFXODUO\� OLNHG� WKH� PL[WXUH� RI� GL̆HUHQW�
media and the combination of conventional sources 
of information (e.g. sound) with virtual content. 
An interesting comment that was not pointed out 
in the previous evaluation was that the interaction 
with the book and its manipulation in front of the 
camera provided a sense of three-dimensionality, 
perspective and depth which is not perceptible by 

Figure 6. The augmented scene of the workshop with 
added annotations.

Figure 7. The augmented scene of the spinning potter’s 
wheel is enriched by the video of an ethnographic parallel 
of Cretan traditional pottery making.
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using conventional means of representation. This 
may be due to the seated position of the viewers that 
allowed a more comfortable posture to move the 
ERRN�� LQ�FRQWUDVW� WR� WKH�¿UVW�HYDOXDWLRQ��ZKHUH� WKH�
FRQ¿JXUDWLRQ� RI� WKH� H[KLELWLRQ� VSDFH� RQO\� DOORZHG�
D� VWDQGLQJ� SRVLWLRQ�� UHVXOWLQJ� LQ� VRPH�GL̇FXOW\� WR�
manipulate the book in relation to the camera and the 
computer monitor. However, it should be noted that 
a few of them found that the angle between the book 
and the camera as well as the constant adjustment 
of hands and posture in order to trigger the markers 
was uncomfortable and rather complicated. This 
also accrued from our observations during which 
we realised that users were often losing the markers 
IURP�WKH�FDPHUD¶V�¿HOG�RI�YLHZ�DQG�DV�D�FRQVHTXHQFH�
the AR scene was starting over. This was rather 
annoying for the narration and the video content 
WKDW� KDG� WR� UHVWDUW� HDFK� WLPH�� 7KH� GL̇FXOWLHV� WKDW�
participants faced were expected, since they had 
to balance the familiar practice of reading with a 
completely unusual process of moving the book and 
the body to trigger the markers and make the rest 
of the content appear. These problems would have 
been overcome by employing AR glasses, which 
would make the objects appear on the book and 
the users to follow the familiar process of reading 
without having to adjust their position to enable the 
virtual content. Therefore, the digital workspace 
would turn into a physical locus.

Our observations also pointed out that all 
participants were reading through the information 
LQ� WKH� ERRN�� LQ� FRQWUDVW� WR� WKH� ¿UVW� HYDOXDWLRQ� LQ�
which participants showed a preference for the 
virtual content. It should be noted that from a 
total of 22 people, only a few read the information 
provided. This is understandable, considering the 
fact that the second evaluation was undertaken in 
a controlled and noise-free environment, conversely 
WR�WKH�¿UVW��ZKLFK�WRRN�SODFH�LQ�DQ�H[KLELWLRQ�VSDFH�
with constant presence of people and buzz. 

7. Conclusions

The majority of the responses showed that the 
application of MR technologies for the improvement 
of users’ experience and the enhancement of 
books’ interpretive nature is a challenging pursuit. 
However, technological limitations, as well as non-
D̆RUGDEOH� $5� GHYLFHV� DQG� HQDEOLQJ� WHFKQRORJLHV�
have not taken this paradigm into mainstream 

adoption. According to Gartner’s hype-cycle Special 
Reports (Gartner 2010, 2011), where the maturity, 
EXVLQHVV�EHQH¿W�DQG�IXWXUH�GLUHFWLRQ�RI�WHFKQRORJLHV�
is assessed, in 2010 AR was at the highest level of 
expectations, while in 2011, the underlying issues 
had made apparent that the wider adoption of this 
WHFKQRORJ\�ZLOO�GHOD\�IRU�DERXW�¿YH�WR�WHQ�\HDUV��

Within the archaeological computing 
communities there have been vivid discussions 
concerning the virtual imagery produced as part of 
our research and the modes and technologies we 
employ for public outreach. Our role as humanities 
UHVHDUFKHUV�LV�WR�NHHS�ZRUNLQJ�RQ�KRZ�WR�ḢFLHQWO\�
make these technologies accessible to the public, 
while building a critical framework according 
to which such technological advancements are 
H[SORLWHG�IRU�WKH�EHQH¿W�RI�DUFKDHRORJLFDO�UHVHDUFK�
and dissemination. People’s responses seemed to 
encourage attempts of constructing aspects of the 
past and making them available to the public through 
novel computer methodologies. Our user testing and 
the feedback provided, showed that the continuous 
evaluation of such prototypes from a human and 
user-centred perspective, is an essential practice 
that can potentially prevent the risk of producing an 
application that is of little value to the users and the 
wider academic and cultural heritage community. 
Besides, we hope to have demonstrated that early 
stage user evaluations cannot only be used to assess 
technological components of CH applications but 
WR� VLJQL¿FDQWO\� LQIRUP� DUFKDHRORJLFDO� LQWHUSUHWLYH�
design via such user-centric approaches.  
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1. Introduction

According to V-Must, a Network of Excellence2 
funded by the 7th EU Framework Programme and 
purposefully devoted to the development of a 
VSHFL¿F�UHVHDUFK�¿HOG�DERXW�YLUWXDO�PXVHXPV��90���
these

“are personalized, immersive, interactive 
experiences that enhance our understanding of the 
world around us.” 

7KH� EURDGQHVV� RI� WKLV� GH¿QLWLRQ�� DORQJ� ZLWK�
the diversity of the included typology3, gives an 
idea of the disparity of concepts gathered under 
this label. The VM arose spontaneously from a 
mixing of traditional museum practices, semiotic 
modes, market tensions and diverse technological 
possibilities �/RUHQWH� DQG� .DQHOORV� �����. On the 
other hand, in most cases, the development was lead 
E\�WRR�WHFKQRORJ\�RULHQWHG�SHUVSHFWLYHV��.ZRQ�HW�DO��
�������$V�D�FRQVHTXHQFH��LW�KDV�EHFRPH�D�FRPSOH[�
QRWLRQ� WKDW� HVFDSHV� IURP� D� VKDUHG� GH¿QLWLRQ��
The same happens with the concept of Virtual 

Corresponding author: pujol.laia@gmail.com
�� �KWWS���ZZZ�Y�PXVW�QHW�

� � KW WS ���ZZZ�Y�PXVW �QHW�PHGLDBSXEV�Y�PXVWQHW �
GHOLYHUDEOH���

5HDOLW\��95���ZKLFK�VWDQGV�DW�WKH�FRQÀXHQFH�RI�WKH�
KLVWRULFDO�GHYHORSPHQW�RI�GL̆HUHQW�¿HOGV��$OWKRXJK�
VHYHUDO� GH¿QLWLRQV� DQG� WKHRUHWLFDO� IUDPHZRUNV�
have been proposed in the CH domain �%DUFHOy�
������ &KDPSLRQ� ������ )RUWH� �����, a standard 
GH¿QLWLRQ�KDV�QHYHU�EHHQ�H[SOLFLWO\�DJUHHG��,QVWHDG��
DQ� DVVLPLODWLRQ� ZLWK� 9LUWXDO� +HULWDJH� �9+�� ZDV�
VSRQWDQHRXVO\� DFFHSWHG� DQG� LWV� XVH� DV� D� VFLHQWL¿F�
simulation has been delayed several years4.

Polysemy of concepts is a well accepted 
characteristic of the Social Sciences and especially 
of the Humanities, which favours the advancement 
RI�NQRZOHGJH�LQ�WKHVH�¿HOGV��+RZHYHU��LQ�WKH�FDVH�RI�
DSSOLHG�UHVHDUFK�LW�PD\�EH�FRXQWHUSURGXFWLYH��LI�ZH�
GR�QRW�NQRZ�ZKDW�D�90�LV��LW�LV�GL̇FXOW�WR�GHWHUPLQH�
how successful individual projects are, and perhaps 
impossible to create evaluative methodologies across 
GL̆HUHQW�SURMHFWV�WKDW�VXSSRUW�IXQGLQJ�SROLFLHV��7KH�
goal of this paper is therefore to set the foundations 
IRU�WKH�HVWDEOLVKPHQW�RI�D�VWDQGDUG�GH¿QLWLRQ�RI�90��
2Q� WKH�RQH�KDQG�� WKH� WRS�GRZQ�DSSURDFK�UHTXLUHV�
D� FRPSOHWH� XQGHUVWDQGLQJ� RI� WKH� ¿HOG¶V� HYROXWLRQ��
emphasizes the adoption of a conscious structure 
RU� SODQQLQJ�� DQG� SURSRVHV� D� VSHFL¿F� GH¿QLWLRQ�
based on explicit grounds or goals. With regard to 
WKH� ODWHU�� D� GH¿QLWLRQ� EDVHG� RQ� WKH� HW\PRORJLFDO�
�� �&$$������LV�WKH�¿UVW�WLPH�D�VSHFL¿F�VHVVLRQ�LV�SXUSRVHIXOO\�
devoted to the simulative use of VR.
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meaning of “virtuality” and which takes into account 
WKH� FRPPRQ� SRLQWV� EHWZHHQ� ,QIRUPDWLRQ� DQG�
&RPPXQLFDWLRQ�7HFKQRORJLHV��,&7��DQG�WKH�FXUUHQW�
museological practices may help unfold the real 
SRWHQWLDO� RI� ,&7� IRU�PXVHXPV�ZKLOH� HQVXULQJ� WKH\�
FRPSO\�ZLWK�WKH�VSHFL¿F�UHTXLVLWHV�RI�WKLV�FRQWH[W�

2. The Roots of the Virtual Museum

Due to a series of social and economic 
FKDQJHV� GXULQJ� WKH� ��WK� FHQWXU\� (Hooper-Greenhill 

1994), the museum rethought its traditional 
role as a discipline-oriented, hierarchical, elitist 
institution aimed at the preservation of objects. 
7KH� HYROXWLRQ� LQ� WKH� GH¿QLWLRQ� RI� PXVHXP5 from 
����� WR� ����� UHÀHFWV� WKLV� WUDQVIRUPDWLRQ� VLQFH� WKH�
text moved the emphasis from the institution and 
LWV�REMHFWV� WR� VRFLHW\� DQG� FRPPXQLFDWLRQ� �+XGVRQ�
�������+RZHYHU�� WKH�PXVHXP� VWLOO� IXQFWLRQHG� DV� D�
PDVV� PHGLD� �6FKZHLEHQ]� ������� 7KH� SURJUHVVLYH�
incorporation of ideas coming from the formal 
OHDUQLQJ�HQYLURQPHQW�ZDV�JDWKHUHG�LQ�WKH�GH¿QLWLRQ�
RI�������LQ�ZKLFK�HGXFDWLRQ�QRZ�SUHFHGHG�WKH�VWXG\�
RI� REMHFWV� DV� SXUSRVH� RI� WKH�PXVHXP�� ,Q� SUDFWLFH��
the so called New Museology6 applies the basic 
principles of Constructivism, which among others 
state that the adaptation of contents to each person, 
the adoption of an active role by the learner, and 
the exchange with other people are paramount for 
OHDUQLQJ� �&VLNV]HQWPLKiO\L� DQG� +HUPDQVRQ� ������
)DON�DQG�'LHUNLQJ��������

Therefore, current museological practices and 
,&7�VKDUH�D�FRPPRQ�JURXQG��VLQFH�WKH�PDLQ�IHDWXUHV�
RI� ,&7� �PXOWLPHGLD�� LQWHUDFWLYLW\�� SHUVRQDOL]DWLRQ��
were already present in the development of the 
PXVHXP�� DOWKRXJK� XQGHU� VOLJKWO\� GL̆HUHQW� WHUPV�
and meanings �3XMRO� ������� ,Q� WKLV� VHQVH�� LW� LV�
LPSRUWDQW�WR�EH�DZDUH�WKDW�DOWKRXJK�,&7�DOORZHG�WKH�
accomplishment of utopias such as $QGUp�0DOUDX[¶V�
³LPDJLQDU\�PXVHXP´��.DQHOORV��������WKH\�are just 
RQH�SDUWLFXODU�ZD\��EDVHG�RQ�FRPSXWHUV��WR�FRQWLQXH�
developing the New Museology.

From an etymological and philosophical point 
of view, the meaning of the term “virtual” is related 
with the metaphysical debate and has slightly 

�� �KWWS���DUFKLYHV�LFRP�PXVHXP�KLVWBGHIBHQJ�KWPO�

�� �7KH�WHUP�DSSHDUHG�ṘFLDOO\�IRU�WKH�¿UVW�WLPH�LQ�������GXULQJ�
WKH�,&20�PHHWLQJ�LQ�6DQWLDJR�GH�&KLOH�

FKDQJHG�RYHU�WLPH��,Q�WKH���th�DQG���th centuries it 
ZDV�DVVRFLDWHG�ZLWK�VSHFL¿F�QRQ�YLVLEOH�HOHPHQWV�RU�
phenomena in Mechanics and Physics, respectively 
�:RROOH\� ������� ,Q� WKH� ��th century the word was 
XVHG� LQ� 2SWLFV�� LQ� UHODWLRQ� WR� UHÀHFWHG� LPDJHV�� DV�
synonym of visible but non-material �:RROOH\�
�������7KHVH�PHDQLQJV�DUH�WKH�UHVXOW�RI�WKH�VFLHQWL¿F�
UHYROXWLRQ� RI� WKH� ��th� DQG� ��th centuries, which 
GH¿QHG�UHDOLW\�DV�PDWHULDO�HQWLW\�WKDW�LV�XQGHUVWRRG�
through experimentation. This is opposite to the 
previous medieval scholastic perspectives, which 
used the concept as synonym of potential, that is, 
WKH� LQKHUHQW� TXDOLWLHV� JLYHQ� E\�*RG� WR� DOO� HQWLWLHV��
which allowed its intellectual understanding despite 
the existence of diverse empirical manifestations 
�+HLP� ������� 7KLV� GH¿QLWLRQ� ZDV� EDVHG� RQ� WKH�
original etymology of the concept, derived from the 
/DWLQ�WHUP�³uirtus´��D�PDVFXOLQH�TXDOLW\�WKDW�PHDQW�
strength or power �/pY\������.

From this point of view, “virtual” is not 
opposed to “real” or “material”, but to “actual” �/pY\�
����� and helps to better understand the nature and 
capacity of several communication technologies 
or systems invented by humans. For instance, 
computers constitute the ultimate example of 
virtualization because they have become a universal 
machine, capable of potentially performing 
functions that previously corresponded to other 
devices �/pY\� �����. The same general notion can 
be applied to exhibitions, since the experience of 
WKH� YLVLW� KDV� EHHQ� GH¿QHG� DV� D� SHUPDQHQW� GLDORJ�
between visitors, objects and mediators �)DON�
DQG�'LHUNLQJ� �����. Hence, the brick and mortar 
museum already possessed the virtuality that is also 
present in the concept and the technological basis of 
WKH�90��,Q�WKLV�VHQVH��some authors �'HORFKH������ 
consider there is no opposition or possibility of 
replacement between the physical museum and its 
possible technological versions, because they all are 
DVSHFWV�RI�WKH�VDPH�HQWLW\��WKH�³YLUWXDO�PXVHXP´�LV�
a concept previous to technology, which designates 
WKH�JOREDO�PXVHXP�¿HOG�

The opposite perspective �:HOJHU�%DUER]D�
����� in the current museological debate about the 
90�FRQVLGHUV�WKDW�YLUWXDOLW\�LV�D�FRQVHTXHQFH�RI�,&7�
applications, which aim at disseminating knowledge 
as wide as possible by means of digitalization. 
Therefore, the VM has no philosophical entity but 
arises from a change in the support. This position 
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is so far the most common amongst museum 
professionals. Yet, it is also the most limited 
because it does not allow the full deployment of 
FRPSXWHUV¶� SRWHQWLDO�� 7KH� SURJUHVVLYH� GLVFRYHU\�
RI� WKH� FRPPXQLFDWLRQDO� SRVVLELOLWLHV� RI� ,&7� DQG�
RI� WKHLU� VLPLODULWLHV� ZLWK� WKH� PXVHXP¶V� PRGHUQ�
SRVWXODWHV�VHHPV�WR�EH�PRYLQJ�WKH�¿HOG�WRZDUGV�WKH�
¿UVW�SHUVSHFWLYH�

3. &ODVVL¿FDWLRQ�RI�90V

,Q� RUGHU� WR� LQWHJUDWH� DOO� NLQGV� RI� SURMHFWV�
explicitly catalogued as VM by their authors, 
ZH� SURSRVH� WKHLU� FODVVL¿FDWLRQ� DFFRUGLQJ� WR� WZR�
orthogonal axes, which will be separately explained 
LQ�VHFWLRQV���DQG����

7KH� ¿UVW� D[H� �)LJ�� ��� IROORZV� 0LOJUDP� DQG�
.LVKLQR¶V��0LOJUDP�DQG�.LVKLQR�������GH¿QLWLRQ�RI�
VR, and places the museum within the continuum 
between the real and the virtual worlds. 

2Q�WKH�OHIW�VLGH�RI�WKH�KRUL]RQWDO�D[H�ZH�¿QG�
PC-based applications located in the physical world 
and aimed at enhancing the exploration of Cultural 
Heritage settings7�� 7KLV� VSHFL¿F� PXVHRJUDSKLFDO�
arrangement derives from the notion of VR as 
cognitive ecosystem, and has been meaningfully 
baptised by its authors �)RUWH�� 3LHWURQL�� DQG� 5XID�
����� as “the musealization of the virtual” to convey 
the idea that what makes the museum virtual is the 
LQWURGXFWLRQ�RI� WKLV� VSHFL¿F� VLPXODWLYH� WHFKQRORJ\��
2Q�WKH�ULJKW�VLGH�RI�WKH�FRQWLQXXP�ZH�¿QG�PXVHXPV�
that exist in the virtual world, either as totally 
immersive experiences8 or in the WWW.

7KH�DYDLODEOH�FODVVL¿FDWLRQV�RI�PXVHXP�RQOLQH�
UHVRXUFHV� �)LJ�� ���KDYH� HYROYHG� LQ�SDUDOOHO� WR� WKHLU�
GHYHORSPHQW�� $V� D� FRQVHTXHQFH�� ZKLOH� LQ� VRPH�
FDVHV�WKHUH�LV�D�FOHDU�LGHQWL¿FDWLRQ�EHWZHHQ�W\SHV��LQ�
others they are included or they intersect, depending 
on the taxonomical criteria.

7KH� ¿UVW� FDWDORJXLQJ� ZDV� GRQH� LQ� �����
�3LDFHQWH� ����� and broadly disseminated thanks 

7  For example, the Virtual Museum of the Ancient Via Flaminia 
�KWWS���ZZZ�YKODE�LWDEF�FQU�LW�ÀDPLQLD��LQGH[����KWPO���

�� � )RU� H[DPSOH�� WKH� 9LUWXDO� $UFKDHRORJLFDO� 0XVHXP�
RI� +HUFXODQXP� �KWWS���ZZZ�PXVHRPDY�LW�LQGH[�SKS"�
RSWLRQ FRPBFRQWHQW	YLHZ DUWLFOH	LG ��	,WHPLG ���	ODQJ 
HQ��

WR�LWV�SXEOLFDWLRQ�LQ�³0XVHXPV�	�WKH�:HE´��7HDWKHU�
DQG�:LOKHOP��������7KH�DXWKRUV�GL̆HUHQWLDWH� IRXU�
GL̆HUHQW� FDWHJRULHV�� HOHFWURQLF� OHDÀHWV� �PXVHXP�
LQIRUPDWLRQ��� UHFRQVWUXFWLRQ� RI� WKH� FHQWUH� �FRS\�
RI� WKH� SK\VLFDO� H[KLELWLRQV��� WUXH� LQWHUDFWLYHV�
�HGXFDWLRQDO� SHUVRQDOL]HG� UHVRXUFHV�� DQG� ELJ�
RQOLQH� GDWDEDVHV�� 7KLV� FODVVL¿FDWLRQ�ZDV� EDVHG� RQ�
the goal or content of the website. A new criterion 
ZDV� LQWURGXFHG� E\� 9LGDO� LQ� ����� �9LGDO� �����, 
who distinguished “showcases of real museums” 
�LQIRUPDWLRQ� DQG� FROOHFWLRQV��� ³ZHEVLWHV� RI�
RQOLQH� UHVRXUFHV´� �PXVHXPV� SRUWDO��� DQG� ³YLUWXDO�
PXVHXPV´� �H[FOXVLYHO\� GLJLWDO� $UW� ZRUNV��� ,Q� WKLV�
case, the emphasis was put in the relationship with 
the physical world.

6HHPLQJO\�� /RUHQWH� DQG� .DQHOORV� �/RUHQWH�
DQG� .DQHOORV� �����, discriminate between “real 
PXVHXP¶V�ZHEVLWHV´� �LQIRUPDWLRQ�DQG�FROOHFWLRQV���
³PHWD�PXVHXPV´��PXVHXPV�SRUWDO��DQG�³FRQFHSWXDO�
PXVHXPV´��H[FOXVLYHO\�GLJLWDO�$UW�ZRUNV���%XW�WKH\�
DGG� ³WKHPDWLF�PXVHXPV´� �ZRUNV� grouped under a 
WRSLF�� DQG� XVH� D� GL̆HUHQW� WHUPLQRORJ\� WKDW� UHÀHFW�
their emphasis on the museological aim. Finally, 
/DX]LNDV� �/DX]LNDV� IRUWKFRPLQJ� proposes a 
PRUH� GHWDLOHG� FODVVL¿FDWLRQ� EHFDXVH� KH� DOVR� WDNHV�
technology into account. Thus, he distinguishes 
EHWZHHQ� ³PXVHXP¶V� ZHEVLWH´� �LQIRUPDWLRQ� DERXW�
WKH� PXVHXP��� ³YLUWXDO� H[KLELWLRQ´� �GLJLWL]HG�
PXVHXP� FROOHFWLRQ��� ³YLUWXDOL]HG� UHDO� PXVHXP�
VSDFH´� �SDQRUDPLF� SKRWRV� RU� �'� VFDQQLQJ� RI� UHDO�
H[KLELWLRQV��� ³RQOLQH�PXVHXPV´� �H[FOXVLYHO\�GLJLWDO�
H[KLELWLRQV���³95�SURMHFWV´��VLPXODWLRQ�RI�WKH�UHDO�RU�
DQ�LPDJLQDU\�ZRUOG�FRQWDLQLQJ�REMHFWV���DQG�¿QDOO\�
³YLUWXDO� FROOHFWLRQ� RI� UHIHUHQFHV´� �WKHPDWLFDOO\�
VWUXFWXUHG�FROOHFWLRQ�RI�OLQNV�WR�RWKHU�ZHE�VLWHV��

Figure 1��&ODVVL¿FDWLRQ�RI�FXUUHQW�90V�
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4. Interpretation

7KH� VHFRQG� D[H� LQ� )LJXUH� �� UHÀHFWV� WKH�
FRPPXQLFDWLRQDO� �RU� PXVHRORJLFDO�� SDUDGLJP� RI�
the VM, more constructive or more instructive 
depending on the general goal, the content, the 
interaction style and the role assigned to the user. 

,Q�WKH�FODVVL¿FDWLRQV�SUHVHQWHG�LQ�WKH�SUHYLRXV�
VHFWLRQ�� WKH� 90� LV� DVVRFLDWHG� ZLWK� WZR� GL̆HUHQW�
FRQFHSWV��)RU�9LGDO��DQG�/RUHQWH�DQG�.DQHOORV��WKH�
“virtual” or “conceptual museum” contains works 
that have been created exclusively by computational 
PHDQV�� 7KLV� GH¿QLWLRQ� WDNHV� ³YLUWXDO´� DV� V\QRQ\P�
of “non-material” or “digital”. This is why it is also 
FDOOHG� ³GLJLWDO� PXVHXP´�� &DU\� .DUS� �.DUS� ����� 
SURYLGHG� DQ� H[SOLFLW� GH¿QLWLRQ� IRU� LW�� ZKLFK� LV�
EDVHG� RQ� WKH� ODWHVW� GH¿QLWLRQ� RI�PXVHXP� DQG� WKH�
decision to include digital heritage as part of human 
intangible heritage �81(6&2� �����. Accordingly, 
WKH� 90� GHVLJQDWHV� QRQ�SUR¿W� DQG� QRQ� SK\VLFDO�
institutions, permanently accessible to the public, 
in the service of society and its development, that 
DFTXLUH� FRQVHUYH�� UHVHDUFK�� FRPPXQLFDWH� DQG�
exhibit exclusively digital-born heritage for the 
purposes of education, study and enjoyment.

The other possibility is represented by 
/DX]LNDV��ZKR�DVVRFLDWHV�WKH�90�ZLWK�95�E\�PHDQV�
RI� WKH� FRPPRQ� WHUP� �³YLUWXDO´��� 7KLV� SXWV� WKH�
emphasis on the spatial, simulative dimension and 
PDWFKHV�WKH�ROGHVW�GH¿QLWLRQ�RI�90��7VLFKULW]LV�DQG�
*LEEV� �����, which considered it was a networked 
�'� PRGHO� RI� D� UHDO� RU� LQYHQWHG� PXVHXP� VHWWLQJ�
containing “active” contextualized objects. This 
is not an uncommon perspective, and is usually 
VXSSRUWHG�E\�UHVHDUFKHUV�ZRUNLQJ�LQ�WKH�¿HOG�RI�95��

The only problem is that, as previously mentioned, 
LQ� VRPH� FDVHV� LW� LV� GL̇FXOW� WR� GLVWLQJXLVK� WKH� 90�
from VH applications9. $FFRUGLQJ� WR� GL̆HUHQW�
studies, the advantage of VR-based VMs over pure 
multimedia is that exploration is more intuitive 
because it uses familiar metaphors �(FRQRPRX�DQG�
3XMRO�������*RUGRQ������. Moreover, there are also 
early examples of VM �/RḦHU� ������ 6KDZ� ����� 
that are based on Multi-user Virtual Environments 
�089(��DQG�2EMHFW�2ULHQWHG�0XOWL�8VHU�'XQJHRQV�
�022V��LQ�ZKLFK�XVHUV�FDQ�FRPPXQLFDWH�ZLWK�HDFK�
other from distance and even modify the virtual 
space �*RUGRQ������. This fully interactive capacity 
places them closer to the “Constructive” side of the 
YHUWLFDO�D[LV�LQ�)LJXUH����DQG�DOVR�FRPSOLHV�ZLWK�WKH�
¿UVW�SKLORVRSKLFDO�VWDQFH�SUHVHQWHG�LQ�VHFWLRQ����

Forte and Franzoni �)RUWH�DQG�)UDQ]RQL�������
����� SURSRVHG� D� GH¿QLWLRQ� WKDW� PDWFKHV���� ³%\�
virtual museum we understand a computational 
environment consisting of a hypertext and 
hypermedia structure and an interface system 
containing metaphors that use a more or less 
intuitive graphic representation. This allows the 
visitor to perform actions and therefore to navigate 
within the context, to interact with it or even to 
modify it.”

<HW�� LQ� VSLWH� RI� H[SHUWV¶� FODVVL¿FDWLRQV� DQG�
nomenclatures, current uses show there is a third 
possibility. This understands “virtual” as synonym 
RI�³GLJLWDOL]HG´��WKH�SKLORVRSKLFDO�VWDQFH�SUHVHQWHG�
LQ�VHFWLRQ�����DQG�GXH�WR�WKH�RYHUZKHOPLQJ�XQLYHUVDO�
spreading of the WWW, has associated the VM and 

�� �6HH��IRU�H[DPSOH��6\ODLRX�HW�DO��������6\ODLRX�HW�DO��������

��� �7KH�WUDQVODWLRQ�LV�RXUV��IURP�WKH�RULJLQDO�ZULWWHQ�LQ�,WDOLDQ�

Figure 2��&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�FODVVL¿FDWLRQV�RI�RQOLQH�PXVHXP�UHVRXUFHV�
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online resources �,YDUVVRQ� �����. With regard 
to digitalization, VMs correspond to multimedia 
hypertexts built upon databases of digitalized 
items, hence emphasizing the objectual dimension 
of the museum and keeping the VM subsidiary to 
the physical institution. These VM are located on 
WKH� ³,QVWUXFWLYH´� VLGH�RI� WKH� YHUWLFDO� D[LV� LQ�)LJXUH�
��� 7KH� FRQFHSW� DOVR� VWUHQJWKHQV� WKH� LQIRUPDWLRQDO�
dimension of the medium. This taken to the 
H[WUHPH�EOXUV�WKH�YHU\�VDPH�GH¿QLWLRQ�RI�PXVHXP�
as an institution preserving and disseminating 
PDWHULDO�FXOWXUH�VLQFH�LW�LV�DOVR�SRVVLEOH�WR�¿QG�90V�
where objects have been substituted by a theme11, 
a heritage place �%RQ¿JOL� DQG� *XLGD]]ROL� ������
%RQ¿JOL��*XLGD]]ROL��DQG�/LJXRUL������ or a whole 
country12� �VRPHKRZ�FRUUHVSRQGLQJ� WR�/RUHQWH� DQG�
.DQHOORV¶�³WKHPDWLF�PXVHXPV´�RU�/DX]LNDV¶�³RQOLQH�
PXVHXPV´��

The notion of VM as a digitalization of real 
LQVWLWXWLRQV�FDQ�EH� IRXQG� LQ�HDUO\�GH¿QLWLRQV��VXFK�
as �6FKZHLEHQ]�������

“The “virtual museum” is a logically related 
collection of digital objects composed in a variety 
of media and, because of its capacity to provide 
connectedness and various points of access, it 
lends itself to transcending traditional methods of 
communicating and interacting with the visitors 
EHLQJ�ÀH[LEOH� WRZDUGV� WKHLU�QHHGV�DQG� LQWHUHVWV�� LW�
has no real place or space, its objects and the related 
information can be disseminated all over the world.” 

Seemingly, �3DSDJHRUJLRX�������VD\V�

“Virtual museums provide simulations of 
real museums in computers. They are virtual 
environments that represent a plan of the museums 
along with its exhibits and are presented over the 
internet to a wide range of users. The purpose they 
satisfy is to provide access to museums from long 
distances all day long. Thus visitors are able to take 
a tour in the museum without having to travel and 
ZLWKRXW�EHLQJ� UHVWULFWHG�E\� WKH�PXVHXP¶V�RSHQLQJ�
hours. What is more a virtual replicate of the 

��� �)RU�H[DPSOH��WKH�7D[�+LVWRU\�0XVHXP��KWWS���ZZZ�WD[�RUJ�
0XVHXP�GHIDXOW�KWP���WKH�9LUWXDO�6KRHV�0XVHXP��KWWS���ZZZ�
YLUWXDOVKRHPXVHXP�FRP�YVP����RU�WKH�9LUWXDO�0XVHXP�RI�'DLO\�
OLIH��KWWS���PXYL�FLQHFD�LW���

��� � )RU� H[DPSOH�� 7KH� 9LUWXDO� 0XVHXP� RI� ,UDT� �KWWS���ZZZ�
YLUWXDOPXVHXPLUDT�FQU�LW�KRPH,7$�KWP��

museum could provide more information to the 
visitor allowing him to examine the artefacts and 
receive even multimedia information about it.” 

7KHVH� GH¿QLWLRQV� VHHP� YHU\� FORVH� WR� -DPLH�
0F.HQ]LH¶V� �0F.HQ]LH� �����, which has become a 
UHIHUHQFH�

“A virtual museum is a collection of electronic 
artefacts and information resources-virtually 
anything which can be digitized. The collection may 
include paintings, drawings, photographs, diagrams, 
graphs, recordings, video segments, newspaper 
articles, transcripts of interviews, numerical 
databases, and a host of other items which may be 
VDYHG� RQ� WKH� YLUWXDO� PXVHXP¶V� ¿OH� VHUYHU�� ,W� PD\�
DOVR� R̆HU� SRLQWHUV� WR� JUHDW� UHVRXUFHV� DURXQG� WKH�
ZRUOG�UHOHYDQW�WR�WKH�PXVHXP¶V�PDLQ�IRFXV�´

7DNHQ� DORQH� �DV� GRQH� E\� PRVW� UHVHDUFKHUV���
WKLV�GH¿QLWLRQ�KDV�WZR�RXWFRPHV��2Q�WKH�RQH�KDQG��
it presents no evident distinction from a database. 
The association with the museum is done by means 
of the presence of a “collection” of artefacts. On the 
other hand, the fact that any digital content can be 
part of a VM is at the origin of a second assimilation, 
WKLV�WLPH�EHWZHHQ�9+�DQG�WKH�90��,Q�WKLV�VHQVH��WKH�
9�0XVW�QHWZRUN¶V�ZHEVLWH�VD\V�

³7KH� WHUP� µ90¶� LV� D� JHQHUDO� RQH� WKDW� FRYHUV�
various types of digital creations including virtual 
UHDOLW\�DQG��'´�

7KLV� MXVWL¿HV� WKH� JDWKHULQJ� RI� VR� GLYHUVH�
projects and is very close to the most accepted 
GH¿QLWLRQ� RI� 9+�� ZKLFK� XQGHUVWDQGV� WKH� FRQFHSW�
as the digital recording, preservation or recreation 
of CH elements �6WRQH�DQG�2MLND������. However, 
0F.HQ]LH¶V� GH¿QLWLRQ�KDV� WR� EH� XQGHUVWRRG� LQ� WKH�
context of his whole proposal, in which “learning 
VMs” were the key element of educational 
partnerships between local museums and schools 
�0F.HQ]LH������. Thus, the collection of digitalized 
items, which was selected and arranged by students, 
was not an end but a means for constructivist 
learning and community building13.

Coming back to the recent association between 
the VM and the WWW, it has been gathered by the 
��� �$� VLPLODU�DSSURDFK� FDQ�EH� IRXQG� LQ� �:RUGHQ� ������-RQHV�
DQG�&KULVWDO�������
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ODWHVW�GH¿QLWLRQV��VXFK�DV�WKH�:LNLSHGLD¶V��ZKLFK�DOVR�
tries to keep the polysemy of the term by providing 
DQ�DOO�HQFRPSDVVLQJ�GH¿QLWLRQ�

“A virtual museum is a museum that exists 
only online. A virtual museum is also known as an 
online museum, electronic museum, hypermuseum, 
digital museum, cybermuseum or Web museum. 
The term used depends upon the backgrounds of the 
SUDFWLWLRQHUV�DQG�UHVHDUFKHUV�ZRUNLQJ� LQ�WKLV�¿HOG��
As with a traditional museum, a virtual museum can 
EH�GHVLJQHG�DURXQG�VSHFL¿F�REMHFWV��DNLQ�WR�DQ�DUW�
PXVHXP��QDWXUDO�KLVWRU\�PXVHXP��RU�DUFKLYH���RU�FDQ�
FRQVLVW�RI�QHZ�H[KLELWLRQV�FUHDWHG�IURP�VFUDWFK��DNLQ�
WR� WKH�H[KLELWLRQV�DW�VFLHQFH�PXVHXPV���0RUHRYHU��
a virtual museum can refer to the mobile or World 
:LGH�:HE� R̆HULQJV� RI� WUDGLWLRQDO� PXVHXPV� �H�J���
displaying digital representations of its collections 
RU�H[KLELWV���RU�FDQ�EH�ERUQ�GLJLWDO�FRQWHQW�´

However, this does not contribute to solve 
the ambiguity of the term, and therefore is of little 
epistemological and methodological use in order 
WR� HVWDEOLVK� DQ� RSHUDWLRQDO� GH¿QLWLRQ� RI� 90� XSRQ�
ZKLFK� WR�EXLOG� D� VSHFL¿F� LQWHJUDWHG� IUDPHZRUN� IRU�
design and evaluation. 

5. 'H¿QLWLRQ

With that aim in mind, we would like to 
SURSRVH�D�GH¿QLWLRQ�IRU�90��³'LJLWDO�PXVHXP´��WKH�
¿UVW�SRVVLELOLW\�GHGXFHG�IURP�WKH�DQDO\VLV�RI�RQOLQH�
resources, is becoming a widely accepted term 
VSHFL¿FDOO\�IRU�ZHEVLWHV�FRQWDLQLQJ�GLJLWDOO\�FUHDWHG�
works. The third possibility, “virtuality” understood 
as the simple “dematerialization” of the museum 
�WKH�VHFRQG�SKLORVRSKLFDO�SRVLWLRQ��SUHYHQWV�LW�IURP�
H[SORLWLQJ�RWKHU�DGYDQWDJHV�RI�,&7�DSDUW�IURP�EURDG�
dissemination of the physical institution through 
the WWW. Conversely, the second possibility takes 
³YLUWXDOLW\´� DV� V\QRQ\P� RI� SHUIRUPDQFH� �WKH� ¿UVW�
SKLORVRSKLFDO�SRVLWLRQ���ZKLFK�QRW�RQO\�LV�WKH�PDLQ�
feature of computers but also complies with the 
OHDUQLQJ�SULQFLSOHV��LQWHUDFWLRQ��RI�1HZ�0XVHRORJ\�

Hence, taking into account which was 
the oldest notion of VM �7VLFKULW]LV� DQG� *LEEV�
������� ZH� ZRXOG� SURSRVH� WR� GH¿QH� LW� DV� D� YLUWXDO�
environment reproducing a space, which 
FRQVWLWXWHV� D� UHFRQVWUXFWLRQ� RI� D� UHDO� SODFH� DQG�
or acts as a knowledge metaphor, where visitors 

can communicate between them, and explore, 
FUHDWH�RU�PRGLI\�VSDFHV�DQG��GLJLWDO�RU�GLJLWDOL]HG��
objects �:RUGHQ� �����. &RQVHTXHQWO\�� LWV� ORFDWLRQ�
in the WWW is not mandatory, as supported by 
�-RQHV� DQG� &KULVWDO� ������� EXW� MXVW� D� PDWWHU� RI�
the aimed dissemination�� $QRWKHU� FRQVHTXHQFH�
has to do with the role of the digital object. While 
in most VH examples, which are based in the 
second philosophical stance, it constitutes a 
simple surrogate of the physical object, that is, 
DQ� ³DQDORJLFDO� VXEVWLWXWH´� �'HORFKH�� ������� LQ� WKH�
SURSRVHG� GH¿QLWLRQ� RI� WKH� 90�� ZKLFK� LV� EDVHG� LQ�
WKH�¿UVW�SKLORVRSKLFDO�VWDQFH��WKH�REMHFW�FRQVWLWXWHV�
DQ� ³DQDO\WLFDO� VXEVWLWXWH´� �'HORFKH�� ������� WKDW� LV��
D� G\QDPLF� DQG�RU� LQWHUDFWLYH� LPDJH� WKDW� FDQ� EH�
PDQLSXODWHG�DQG�WKHUHIRUH�DFFRPSOLVKHV�D�VFLHQWL¿F�
or learning function.

Which is the advantage of this concept of VM 
ZLWK� UHJDUG� WR� WKH� UHDO� PXVHXP"� TKH� ÀH[LELOLW\�
SURYLGHG� E\� ,&7� FRPSXWDWLRQDO� YLUWXDOLW\�� ZKLFK�
DOORZV�UHFRQVWUXFWLQJ�GL̆HUHQW�VSDFHV�DQG�&+�SODFHV��
XVLQJ� GL̆HUHQW� LQWHUIDFHV� IRU� GL̆HUHQW� ORFDWLRQV�
�6\ODLRX�HW�DO���������RYHUFRPLQJ�WKH�OLPLWDWLRQV�RI�
the physical exhibition with regard to the number 
of objects and the approach to them �%HUQLHU�������
6\ODLRX� HW� DO�� ������� R̆HULQJ� DQ� H[SHULPHQWDO�
platform for the design of exhibitions �6\ODLRX�
HW� DO�� ������� SHUVRQDOL]LQJ� FRQWHQWV� DQG� IRUPDWV�
�%HUQLHU�������%RZHQ�DQG�)LOLSSLQL�)DQWRQL��������
establishing a real dialogue between museums 
DQG� DXGLHQFHV�� DWWUDFWLQJ� QHZ� DXGLHQFH� VHFWRUV�
�0F'RQDOG� ������� EXLOGLQJ� FRPPXQLW\� WKURXJK�
WKH�FRQWULEXWLRQ�WR�H[KLELWLRQV��SURYLGLQJ�D�JUHDWHU�
sense of presence �:LQQ�HW�DO���������DQG�¿QDOO\��DV�
LQ�WKH�FDVH�RI�9LUWXDO�/HDUQLQJ�(QYLURQPHQWV��9/(���
XVLQJ� D� FRQVWUXFWLYLVW� DSSURDFK�� ZKLFK� EHQH¿WV�
learning �%\UQH�������:LQQ������, especially in the 
FDVH�RI�VRPH�VSHFL¿F�VXEMHFWV��6FDQORQ�HW�DO�������.

6. Conclusions

%HOLHYLQJ�LQ�WKH�LPSRUWDQFH�RI�ZHOO�HVWDEOLVKHG�
VWDQGDUG�FRQFHSWV�IRU�WKH�GHYHORSPHQW�RI��DSSOLHG��
research, this article aimed to set the framework for 
D�VWDQGDUG�GH¿QLWLRQ�RI�90��,W�VWDUWHG�E\�H[DPLQLQJ�
the theoretical framework that links the museum 
ZLWK� ,&7� DSSOLFDWLRQV�� EHFDXVH� RI� DQ� RYHUODS� RI�
FRQFHSWV� DQG� DLPV�� ,&7� VHHP� WR� DFFRPSOLVK� VRPH�
of the ambitions of the so-called New Museology. 
Next, the paper examined current examples and 
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XVHV��DQG�VXJJHVWHG�D�FRPSUHKHQVLYH�FODVVL¿FDWLRQ�
EDVHG�RQ�WZR�D[HV��ORFDWLRQ��UHDO�YV��YLUWXDO�ZRUOG��
DQG� FRPPXQLFDWLRQDO� SDUDGLJP� �LQVWUXFWLYH� YV��
FRQVWUXFWLYH���

,W� WKHQ� UHYLHZHG� SUHYLRXV� FODVVL¿FDWLRQV� DQG�
GH¿QLWLRQV�RI�WKH�WHUP��7KLV�OHDG�WR�WKH�FRQFOXVLRQ�
WKDW� WKH� GH¿QLWLRQ� DQG� FRPPXQLFDWLRQDO� IHDWXUHV�
of the VM depend on the meaning attributed to the 
term “virtual”. The most usual is to understand it 
as a synonym of digitalization of real elements and 
provide a multimedia database of objects, where 
mainly unidirectional communication and strictly 
controlled learning processes take place. This 
GH¿QLWLRQ� SODFHV� WKH� 90� DV� D� VXEVLGLDU\� HOHPHQW�
with regard to the institution and evidences that the 
GH¿QLWLRQ� DQG� LPSOHPHQWDWLRQ� RI� WKH�90� UHYROYHV�
around its conceptual distance to the physical visit. 
$V� D� FRQVHTXHQFH�� WKH� UHDO� SRWHQWLDO� RI� ,&7� IRU�
museum communication and learning online cannot 
EH�FRPSOHWHO\�XQIROGHG��LI�ZH�H[WUDSRODWH�WKH�UHVXOWV�
IURP�WKH�ZHOO�VWXGLHG�9/(��GDWDEDVHV�VHHP�WR�KDYH�
OHVV�³D̆RUGDQFHV´�IRU�OHDUQLQJ��HVSHFLDOO\�LQ�WKH�FDVH�
of museums, where MOOs and MUVEs reproduce 
the real exhibition and its capacities with a greater 
degree of analogy than a hypertext.

&RQVHTXHQWO\��ZH�SURSRVH�WR�XVH�WKH�WHUP�90�
to refer to a digital spatial environment, located in 
the WWW or in the exhibition, which reconstructs 
D�UHDO�SODFH�DQG�RU�DFWV�DV�D�NQRZOHGJH�PHWDSKRU��
and in which visitors can communicate, explore and 
modify spaces and digital or digitalized objects. We 
believe this is the value of the VM, as a new museum 
resource that allows activities and dialogues in ways 
impossible both physically and institutionally for our 
JRRG�ROG�EULFN�DQG�PRUWDU�PXVHXP��,Q� WKLV�VHQVH��
the VM is deeply rooted in it, but it is something 
GL̆HUHQW�� DW� WKH� FURVVURDGV� RI� GLVWDQFH� OHDUQLQJ��
constructivism and technology, and should develop 
a totally new theoretical framework, based on the 
integration of a user-centred design with the three 
DIRUHPHQWLRQHG� ¿HOGV��:KLOH� LW� ZDV� QRW� WKH� VFRSH�
of this paper, we hope that the present review will 
constitute a foundation upon which the new “bit and 
pixel” museum is solidly built.
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1. Introduction

)XOO\�GLJLWDO�¿HOG�GDWD�UHFRUGLQJ�KDV�\HW�WR�EH�
DGRSWHG� E\� WKH� YDVW�PDMRULW\� RI� DUFKDHRORJLVWV��$V�
KDV� EHHQ� WKH� FDVH� IRU� PDQ\� \HDUV�� DUFKDHRORJLVWV�
RSHUDWH� D� K\EULG� UHFRUGLQJ� HQYLURQPHQW� ZKHUH�
VRPH� RI� WKH� LQIRUPDWLRQ� LV� ERUQ� GLJLWDO� DQG� WKH�
UHVW� LV� FDSWXUHG�RQWR�SDSHU� �0D\�����E���$V�FLWHG�
HOVHZKHUH� �$QGUHZ� ������ %DFNKRXVH� �������
WKLV� VHSDUDWHV� H[FDYDWLRQ� GDWD� FROOHFWLRQ� IURP�
LWV� LQWHUSUHWDWLRQ�� 'LJLWDO� V\VWHPV� VXSSRUWHG� E\�
DSSURSULDWH�SURFHGXUHV�FDQ�HQKDQFH�LQWHUSUHWDWLRQ�
LQ� WKH� ¿HOG�� LPSURYH� GDWD� TXDOLW\� DQG� DFFHOHUDWH�
SURMHFWV� WR� FRPSOHWLRQ�� +RZHYHU�� WKH� EHQH¿WV� RI�
DQ\�V\VWHP�ZLOO�EH�GL̇FXOW� WR�UHDOLVH�ZLWKRXW�JRRG�
FRPPXQLFDWLRQ��7KLV�SDSHU�ZLOO�H[SORUH�WKHVH�LVVXHV�
E\� ORRNLQJ� DW� WKH� LPSOHPHQWDWLRQ� RI� WKH� ,QWUDVLV�
$UFKDHRORJLFDO� 6SDWLDO� 'DWDEDVH� 6\VWHP� �,QWUDVLV�
������ZLWKLQ�(QJOLVK�+HULWDJH�

,Q� $SULO� ������ (QJOLVK� +HULWDJH� SURFXUHG�
WKH� ,QWUDVLV� V\VWHP� IURP� WKH� 6ZHGLVK� 1DWLRQ�
+HULWDJH� %RDUG�� ,Q� DGYDQFH� RI� WKLV� D� VXUYH\� RI�
WKH� GL̆HUHQW� V\VWHPV� ZDV� FRQGXFWHG� DQG� ,QWUDVLV�
Corresponding author: hugh.corley@english-heritage.
org.uk

ZDV� LGHQWL¿HG� DV� WKH� DSSURSULDWH� V\VWHP� EHFDXVH�
LW� PHW� WKH� GDWD� FROOHFWLRQ� DQG� VWUXFWXUH� �&ULSSV�
������ QHHGV� LGHQWL¿HG� LQ� WKH� 5HYHODWLRQ� 5HSRUW��
5HYHODWLRQ� KLJKOLJKWHG� WKH� SUHVHQFH� RI� FRSLRXV� DG�
KRF�DQG�EHVSRNH�DUFKDHRORJLFDO�V\VWHPV�ZLWKLQ�WKH�
RUJDQLVDWLRQ�� 6\VWHPV� GHYHORSHG� WR� PHHW� VSHFL¿F�
PHWKRGRORJLFDO� QHHGV� RI� WKH� GHVLJQHU�� EXW� ZLWK�
QR� XQGHUVWDQGLQJ� RI� WKH� QHHGV� RI� RWKHUV� RU� KRZ�
GDWD� ZRXOG� EH� LQWHJUDWHG� EHWZHHQ� V\VWHPV� �0D\�
����D��� 7KH� YHU\� DLP� RI� DGGUHVVLQJ� WKLV� LVVXH� E\�
DGRSWLQJ�D�VLQJOH�GLJLWDO�UHFRUGLQJ�V\VWHP�UHÀHFWHG�
DQ�DZDUHQHVV�RI� WKH�QHHG� IRU� ORQJHU� WHUP�WKLQNLQJ�
DERXW�RXU�GDWD�FROOHFWLRQ�DQG�PDQDJHPHQW�VWUDWHJLHV�
�%DFNKRXVH� ������� .H\� WR� DFFRPSOLVKLQJ� WKLV� ZDV�
PDQDJHPHQW� VXSSRUW�� QRW� MXVW� YHUEDO� VXSSRUW� DQG�
WKH�¿QDQFHV�QHHGHG�WR�SURFXUH�DQG�RSHUDWH�,QWUDVLV��
EXW�DOVR�WKH�WLPH�WKDW�ZRXOG�EH�HVVHQWLDO�WR�UHYLHZ�
SURFHGXUHV� WR� FUHDWH� DQ� HQYLURQPHQW� IRU� DQ\� QHZ�
V\VWHP�WR�VXFFHHG�

2. Procedural Review

7KH� DGRSWLRQ� RI� ,QWUDVLV� SURYLGHG� DQ�
RSSRUWXQLW\�IRU�D�UHYLHZ�DQG�XSGDWH�RI�RXU�ZRUNLQJ�
SURFHGXUHV�� 7KLV� UHYLHZ� FRQVLGHUHG� WKH� UROH� RI�
,QWUDVLV��KRZ�GL̆HUHQW�WHDPV�UHODWH�WR�RQH�DQRWKHU��

Can you Hack (the) Communication?

Hugh Corley 
English Heritage, United Kingdom

Abstract:
Existing practice presents a far greater challenge to the adoption of innovative technology than does 
the rain, the wind and the mud. Archaeologists do not like change. With cheaper more robust consumer 
technology we must turn our attention to the greater challenge - successful adoption. Communication is 
fundamental to overcoming this challenge. In April 2008 English Heritage purchased the hardware and 
software necessary to implement the Intrasis archaeological information management system. This was 
only the beginning. Many of our procedures were incompatible with Intrasis others were simply out of 
date. The adoption of Intrasis presented the opportunity to review these procedures. Implementing this 
change has led to a higher quality record, and we are seeing faster assessments and analyses. Ultimately, 
the greatest cost was not the hardware or software, but the time spent adapting to change. This paper will 
discuss the integration of Intrasis into our working practices at English Heritage. It will explore how the 
V\VWHP�ZDV�LQWURGXFHG�WR�RXU�VSHFLDOLVW�WHDPV��WKH�LPSDFW��WKH�FRVWV�DQG�WKH�EHQH¿WV�WKDW�ZHUH�HYHQWXDOO\�
realised. The hope is that the lessons we have learned will persuade other archaeologists to persevere to 
overcome the technical, organisational and human pitfalls inherent in such change. So you’ve discovered 
the greatest archaeological tool since the trowel but can you hack the communication required to get 
archaeologists to use it?

Keywords:
Communication, Change Management, Excavation Recording
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HQVXUHG� WKDW� ZH� KDG� XS� WR� GDWH� SURFHGXUHV� WKDW�
ZHUH� XQGHUVWRRG� E\� WKH� ZKROH� WHDP� DQG� DOLJQHG�
WR�0R53+(��(QJOLVK�+HULWDJH��������7R�EH�FOHDU��
WKLV�ZDV�QRW�WKH�DOWHULQJ�RI�SUH�H[LVWLQJ�SUDFWLFH�DQG�
SURFHGXUHV�WR�PHHW�WKH�QHHGV�RI�WHFKQRORJ\�ZDUQHG�
DERXW� HOVHZKHUH� �:DUZLFN� ������� LW� ZDV� UHYLVLQJ��
UHSDLULQJ� DQG�� LQ� VRPH� LQVWDQFHV�� GHYHORSLQJ�
VWURQJHU� SURFHGXUHV� µWR� VXSSRUW� WKH� FRPSOH[�
QHHGV� DQG� ZRUN� SDWWHUQV� RI� DUFKDHRORJLFDO� WHDPV�
LQ� WKH� ODE� DQG� WKH� ¿HOG¶�0D\� ����D��� $OWKRXJK�
WKLV� GLG� DGG� WR� WKH� WUDQVLWLRQ� UHTXLUHG�� LW� ODLG� WKH�
IRXQGDWLRQ� IRU� VXFFHVVIXO� LPSOHPHQWDWLRQ� DQG�
EHWWHU�FRPPXQLFDWLRQ��

5HYLHZ� RI� SURFHGXUHV� ZDV� DFFRPSOLVKHG�
WKURXJK� VHYHUDO� IRUPDO� DQG� LQIRUPDO� PHHWLQJV�
EHWZHHQ�DOO�RI�WKH�WHDPV�LQYROYHG��'L̆HUHQW�SDUWV�RI�
DQ�DUFKDHRORJLFDO�SURMHFW�IURP�LQFHSWLRQ�WKURXJK�WR�
DUFKLYH�FRPSOHWLRQ�ZHUH�FRQVLGHUHG� LQ�JUHDW�GHWDLO�
WR�LOOXPLQDWH�DUHDV�ZKHUH�SUDFWLFH�ZDV�LQDGHTXDWH�RU�
QHHGHG�FODUL¿FDWLRQ��%UHDN�RXW�JURXSV�ZHUH�IRUPHG�
DQG� GL̆HUHQW� SURFHGXUHV� ZHUH� GHYHORSHG� WKDW�
HQDEOHG� FOHDUHU� FRPPXQLFDWLRQ� DQG� LGHQWL¿FDWLRQ�
RI� WKH� SURFHVVHV� WKH� WHDPV� XQGHUWDNH�� $V� D� UHVXOW�
GL̆HUHQW� FKHFNOLVWV� DQG� ZULWWHQ� LQVWUXFWLRQV� ZHUH�
GHYHORSHG� WKDW� FODULI\�ZKR� LV� UHVSRQVLEOH� IRU�ZKDW�
DQG� ZKHQ� DQG� ZKDW� WDVNV� DUH� UHTXLUHG� WR� PRYH�
IURP� RQH� VWDJH� WR� WKH� QH[W�� 7KHVH� KDYH� SURYHQ� WR�
EH� LQYDOXDEOH� WRROV� IRU� RXU� WHDPV� DV� SURMHFWV� DUH�
GHYHORSHG�DQG�ZRUNHG�WKURXJK�WR�FRPSOHWLRQ�

3. Intrasis in the Field

,W�ZDV�FOHDU�IURP�WKH�RXWVHW�WKDW�ZKLOH�,QWUDVLV�
ZRXOG�EH�XVHG� LQ� WKH�¿HOG� LW�ZRXOG�QRW�EH�XVHG� LQ�
WKH� WUHQFK�� ,QLWLDO� DWWHPSWV� WR� XVH� ,QWUDVLV� LQ� WKH�
WUHQFK�SURYHG�LPSUDFWLFDO��$V�KDV�EHHQ�GHWHUPLQHG�
HOVHZKHUH��:DUZLFN��������GHOLYHULQJ�ZKDW�PRVW�RI�
XV�ZRXOG�FRQVLGHU� µVWDQGDUG¶�,7�EHFRPHV� µH[WUHPH¶�
FRPSXWLQJ� LQ� DUFKDHRORJLFDO� FRQGLWLRQV�� DQG� HYHQ�
EHIRUH�\RX�DGG�WKH�GLUW�DQG�PXG��

7R� XQGHUVWDQG� KRZ� ,QWUDVLV� ZRXOG� ZRUN� LQ�
WKH�¿HOG�LW�LV�ZRUWK�ORRNLQJ�DW�ZKDW�GDWD�LV�FROOHFWHG�
RQ� VLWH� DQG� KRZ� LW� LV� XVHG�� � 7KH� 5HYHODWLRQ� ZRUN�
GLVFRYHUHG�WKUHH�W\SHV�RI�LQIRUPDWLRQ��

• ,QIRUPDWLRQ�QHHGHG� WR� H[FDYDWH�DQG� UHFRUG� WKH�
VLWH�

• ,QIRUPDWLRQ�QHHGHG�IRU�RQVLWH�LQWHUSUHWDWLRQ�

• ,QIRUPDWLRQ� QHHGHG� IRU� µSRVW�H[FDYDWLRQ¶� ZRUN�
�0D\�����D��

,W� ZDV� ZLWK� WKHVH� W\SHV� RI� LQIRUPDWLRQ� LQ�
PLQG� WKDW� µDLGH� PHPLRUH¶� ZHUH� GHYHORSHG�� 7KH�
µDLGH�PHPLRUH¶�DUH�SDSHU�IRUPV��GHVLJQHG�WR�FRQYH\�
WKHLU� LPSHUPDQHQW� VWDWH�� 7KHVH� ZRXOG� DOORZ� WKH�
DUFKDHRORJLVWV�WR�KDYH�WKH�LQIRUPDWLRQ�WKH\�QHHGHG�
ZKHUH� WKH\�QHHGHG� LW�RQ�SDSHU�ZKLOH�VWLOO�HQVXULQJ�
WKDW� WKH� LQIRUPDWLRQ� IRU� RQVLWH� LQWHUSUHWDWLRQ� DQG�
SRVW�H[FDYDWLRQ� ZRUN� ZDV� FDSWXUHG� LQ� ,QWUDVLV��
$OWKRXJK�WKH�UHFRUGLQJ�PLJKW�VWDUW�RQ�WKH�SDSHU�LW�
ZDV�QRW�WKH�SULPDU\�UHFRUG��EXW�UDWKHU�LQWHQGHG�DV�D�
YHKLFOH�IRU�FDSWXULQJ�LQIRUPDWLRQ�EHIRUH�LW�LV�HQWHUHG�
LQWR�,QWUDVLV��7R�EH�FOHDU�� WKH�GDWD�HQWU\�SURFHVV� LV�
QRW�D�PHQLDO�WDVN��WKH�HQWHULQJ�RI�GDWD�LQWR�,QWUDVLV�
LV�SDUW�RI�WKH�FDSWXUH�DQG�LQWHUSUHWDWLYH�SURFHVV�

,QWUDVLV�LV�FDSDEOH�RI�WDNLQJ�GDWD�WKDW�LV�ERUQ�
GLJLWDO� �IURP� 7RWDO� 6WDWLRQ�� 'L̆HUHQWLDO� *36� 	�
GLJLWDO� FDPHUDV�� DQG� GDWD� WKDW� LV� HQWHUHG� GLUHFWO\�
E\� XVHUV� DQG� FDSWXULQJ� KRZ� WKH\� UHODWH�� 'DWD� �IRU�
H[DPSOH�� GHVFULSWLRQ� RI� D� FRQWH[W�� LV� HQWHUHG� LQWR�
,QWUDVLV�RQ�D�ORFDOO\�QHWZRUNHG��RQ�VLWH�ODSWRS�E\�WKH�
H[FDYDWRU��'XULQJ�GDWD�HQWU\��WKH\�PXVW�HQVXUH�WKDW�
VSDWLDO�DQG�RWKHU�GDWD��IRU�H[DPSOH��LPDJHV��VDPSOH�
DQG� ¿QGV� LQIRUPDWLRQ�� DUH� FRUUHFWO\� UHODWHG��2QFH�
WKH\�DUH�VDWLV¿HG�WKDW�WKH\�KDYH�FRUUHFWO\�FRPSOHWHG�
WKH�UHFRUG�WKH\�PDUN�LW�DV�UHDG\�WR�EH�FKHFNHG��7KH�
VXSHUYLVRU�WKHQ�FKHFNV�WKLV�GLJLWDO�UHFRUG�WR�FRQ¿UP�
LW� KDV� WKH� FRUUHFW� LQIRUPDWLRQ� �ERWK� WDEXODU� DQG�
VSDWLDO��DQG�UHODWLRQVKLSV��

0DNLQJ� FHUWDLQ� WKDW� WKH� V\VWHP�ZRUNV� LQ� WKH�
¿HOG�UHTXLUHV�ZH�¿UVW�FDSWXUH�WKH�ERUQ�GLJLWDO�GDWD�
LQ�,QWUDVLV�DQG�WKDW�HYHU\WKLQJ�LV�VDIHO\�EDFNHG�XS��
7R�DFFRPSOLVK�WKLV�ZH�GHYHORSHG�QHZ�SURFHGXUHV�IRU�
GRZQORDGLQJ� VXUYH\� DQG� SKRWRJUDSK\� HTXLSPHQW�
LQWR�,QWUDVLV��6LQFH�WKH�LQWURGXFWLRQ�RI�WKLV�NLW��LW�KDV�
FRPPRQO\�EHHQ�ZRUNLQJ�SUDFWLFH�WKDW�LQIRUPDWLRQ�LV�
GRZQORDGHG�IURP�WKH�HTXLSPHQW�LQ�WKH�HYHQLQJ�EDFN�
DW�WKH�DFFRPPRGDWLRQ��+RZHYHU��WKLV�LV�FRQVLGHUHG�
EDG� SUDFWLFH� DQG�ZH�ZDQWHG� WR� HQVXUH� WKDW� LW� ZDV�
GRQH� GXULQJ� ZRUNLQJ� KRXUV�� 7R� DFFRPSOLVK� WKLV��
DOO� VXUYH\�DQG�SKRWRJUDSK\�HTXLSPHQW�QRZ�FRPHV�
R̆�VLWH�RQH�KRXU�EHIRUH�WKH�HQG�RI�WKH�ZRUNLQJ�GD\�
WR� KDYH� WKH� GDWD� ORDGHG� LQWR� ,QWUDVLV�� � 7KLV� DOVR�
DOORZV� WKH�QHWZRUN�DQG� WKH� ODSWRSV� WR�EH�SURSHUO\�
VKXW�GRZQ�DQG�SDFNHG�DZD\�EHIRUH� WKH�HQG�RI� WKH�
ZRUNLQJ�GD\��
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7R� SURSHUO\� UHVRXUFH� SURMHFWV� WKDW� DUH� DEOH�
WR� H̆HFWLYHO\� FRPSOHWH� H[FDYDWLRQV� DQG� OHDYH� WKH�
¿HOG�ZLWK�FRPSOHWH�DQG�FKHFNHG�UHFRUG�LQ�,QWUDVLV��
ZH� QHHGHG� WR� DGRSW� D� µIURQW�ORDGLQJ¶� DSSURDFK�
�$QGUHZ��������ZLWK� DGGLWLRQDO� VWD̆�DQG� WLPH� IRU�
RXU�¿HOGZRUN��7KLV�DGGLWLRQDO�UHVRXUFH�IRU�¿HOGZRUN�
KDV� DOORZHG�RXU�SURMHFWV� WR� OHDYH� WKH�¿HOG�ZLWK� DOO�
FRQWH[WXDO�� ¿QGV� DQG� HQYLURQPHQWDO� GDWD� HQWHUHG�
DQG� FKHFNHG� LQ� ,QWUDVLV�� $GGLWLRQDO� VXSHUYLVLRQ� LV�
SURYLGHG� WR� HQVXUH� DOO� RI� WKH� GDWD� LV� GRZQORDGHG��
FKHFNHG� DQG� EDFNHG� XS� DV� VRRQ� DIWHU� D� FRQWH[W� LV�
H[FDYDWHG�DV�SRVVLEOH��$V�D�UHVXOW�ZH�KDYH�VHHQ�RXU�
SURMHFWV� PRYH� PXFK� IDVWHU� WR� DUFKLYH� FRPSOHWLRQ�
DQG� LQWR� DQDO\VLV� LQ� DFFRUGDQFH� ZLWK� 0R53+(�
�(QJOLVK�+HULWDJH������

4. The Cost of Change

$V�WKH�SUHYLRXV�VHFWLRQ�VWDUWHG�WR�LQGLFDWH��WKH�
FRVW�RI�KDUGZDUH�DQG�VRIWZDUH� LV�RQO\�D�VPDOO�SDUW�
RI� DGRSWLQJ� DQG� LPSOHPHQWLQJ� D� GLJLWDO� UHFRUGLQJ�
V\VWHP�� 3URSHU� FRQVLGHUDWLRQ� RI� WKH� QHHGV� RI� WKH�
KDUGZDUH�� VRIWZDUH� DQG� LWV� XVHUV� VKRXOG� DOO� EH�
FDUHIXOO\� FRQVLGHUHG� DV� HDUO\� LQ� WKH� SURFHVV� DV�
SRVVLEOH��)DLOXUH� WR�SURSHUO\�GHWHUPLQH�WKHVH�FRVWV�
ZLOO�QRW�RQO\�MHRSDUGLVH�WKH�DGRSWLRQ�RI�DQ\�V\VWHP��
EXW� PRUH� FULWLFDOO\� FRXOG� MHRSDUGLVH� DQ\� FROOHFWHG�
GDWD�

7XUQLQJ� RXU� DWWHQWLRQ� WR� FRVWV�� LW� LV� ZRUWK�
EHJLQQLQJ� ZLWK� WKH� FRVW� RI� WKH� LQIUDVWUXFWXUH� IRU�
WKLV� W\SH� RI� V\VWHP�� :H� LPSOHPHQWHG� ,QWUDVLV� E\�
XVLQJ� ODSWRSV� LQVLGH� VLWH� SRUWD�FDELQV�� ,QLWLDOO\��
ZH�KDG�KRSHG�WR�UXQ�WZR�FRQFXUUHQW�SURMHFWV�HDFK�
ZLWK��� ODSWRSV� �DQG��� IXUWKHU� ODSWRSV�KHOG�EDFN� LQ�
FDVH�RI� IDLOXUH���+RZHYHU�� LW�EHFDPH�DSSDUHQW� WKDW�
WKLV�FDXVHG�ERWWOHQHFNV�DQG�DOO����PDFKLQHV��ZRXOG�
EH� QHHGHG� RQ� HDFK� VLWH�� ,W� DOVR� EHFDPH� DSSDUHQW�
WKDW� RXU� ¿QGV� DQG� HQYLURQPHQWDO� VWD̆� ZHUH� DEOH�
WR�HQWHU�GDWD�GLUHFWO\�LQWR�,QWUDVLV�ZLWKRXW�DQ�µDLGH�
PHPRLUH¶��7KLV�PHDQW�WKDW�VSDFH�ZRXOG�EH�UHTXLUHG�
IRU� �� ODSWRS� ZRUNVWDWLRQV�� QHWZRUN� KDUGZDUH� DQG�
DQ� RQVLWH� SULQWHU��:H� WKHUHIRUH� QHHGHG� WR� UHQW� DQ�
DGGLWLRQDO� ṘFH� SRUWD�FDELQ� IRU� RXU� H[FDYDWLRQV�
DQG�UXQ�QHWZRUN�ZLULQJ�WKURXJK�SURWHFWLYH�FRQGXLWV�
IRU� WKH� UHPDLQLQJ� WZR� ODSWRSV� LQ� WKH� ¿QGV� DQG�
HQYLURQPHQWDO�SRUWD�FDELQ�V���7KH�FRVW�RI�DOO�RI�WKLV�
JHDU�DORQJ�ZLWK�VHW�XS�DQG�EUHDNGRZQ�WLPH�PXVW�EH�
WDNHQ�LQWR�DFFRXQW�

5. Training

(DVLO\�WKH�ODUJHVW�DQG�ORQJHVW�UXQQLQJ�FRVW�WR�
LPSOHPHQWLQJ� D� GLJLWDO� V\VWHP� LV� WUDLQLQJ�� $OO� RXU�
VWD̆�UHFHLYH�WUDLQLQJ�LQ�WKH�XVH�RI�,QWUDVLV�DV�GR�DOO�
WHPSRUDU\�H[FDYDWLRQ�VWD̆�IRU�HDFK�SURMHFW��0DNLQJ�
FHUWDLQ� WKDW� HYHU\RQH� LV� FRQ¿GHQW� WR� FDUU\� RXW� DOO�
RI� WKH� WDVNV� WKDW� WKH\�DUH� UHTXLUHG� WR�XQGHUWDNH� LV�
FULWLFDO�WR�VXFFHVVIXO�DGRSWLRQ��)LVKHU��������

$� FRUH� WHDP� RI� ,QWUDVLV� XVHUV� ZHUH� WUDLQHG�
LQ� WKH�XVH�RI� ,QWUDVLV�RYHU� WKH�FRXUVH�RI�D�ZHHN�E\�
WKH�6ZHGLVK�1DWLRQDO�+HULWDJH�%RDUG��7KLV�WHDP�RI�
µVXSHU�XVHUV¶� WDNH� UHVSRQVLELOLW\� IRU� WUDLQLQJ� ERWK�
WKHLU�FROOHDJXHV�DQG�WKH�WHPSRUDU\�H[FDYDWLRQ�VWD̆��
$�VXSHU�XVHU�LV�DVVLJQHG�WR�HDFK�SURMHFW��UHVSRQVLEOH�
IRU� DGGUHVVLQJ� DQ\� LVVXHV� DQG� FXVWRPLVDWLRQ� RI�
,QWUDVLV� WKDW�PD\� EH� UHTXLUHG�� 7KH\� DUH� RQVLWH� IRU�
WKH� ¿UVW�ZHHN� RI� WKH� H[FDYDWLRQ� SURYLGLQJ� ,QWUDVLV�
WUDLQLQJ�DQG�PDNH�VHYHUDO�RWKHU�WULSV�WR�VLWH�RYHU�WKH�
FRXUVH�RI�WKH�SURMHFW�WR�DGGUHVV�DQ\�LVVXHV�WKDW�DULVH��
DQG�RI�FRXUVH�WKH\�DUH�DYDLODEOH�WR�DQVZHU�TXHVWLRQV�
RYHU�WKH�SKRQH��$GGLWLRQDOO\��DOO�VWD̆�DUH�HQFRXUDJHG�
WR�SKRQH�WKH�,QWUDVLV�KHOSGHVN�LQ�6ZHGHQ��D�VHUYLFH�
R̆HUHG�ZLWK�WKH�SXUFKDVH�RI�WKH�V\VWHP���

7KH�WUDLQLQJ�SURYLGHG�E\�WKH�VXSHU�XVHUV�R̆HUV�
D� JRRG� LQWURGXFWLRQ�� KRZHYHU�� WKRVH�ZKR� LQYHVWHG�
WLPH� DQG� UHDOO\� XVHG� WKH� V\VWHP� EHFDPH� WKH�PRVW�
FRQ¿GHQW� DQG� FDSDEOH� XVHUV� DQG� SHHU� LQVWUXFWRUV��
$V�WKLV�FRQ¿GHQFH�JUHZ�WKH\�ZHUH�DEOH�WR�EH�PRUH�
GHPDQGLQJ� RI� WKH� V\VWHP� DQG� DVN� IRU� SDUWLFXODU�
FXVWRPLVDWLRQV�

6. Capturing Communication

2QH� RI� WKH� NH\� HOHPHQWV� WKDW� ZH� KRSHG� WR�
FDSWXUH� ZLWK� ,QWUDVLV� ZDV� IHHGEDFN�� DERXW� GDWD�
TXDOLW\��WKH�GDWDEDVH�LWVHOI��XVHU�H[SHULHQFH�DQG�GDWD�
DQDO\VLV��%\�KDYLQJ�,QWUDVLV�FDSWXUH�DOO�RI�WKH�GDWD�XS�
WR�VLWH�DUFKLYH�FRPSOHWLRQ��LQ�D�VLQJOH�V\VWHP�ZH�KROG�
DOO� RI� WKLV� LQIRUPDWLRQ� DORQJVLGH� LQWHUSUHWDWLRQV��
%\� GHYHORSLQJ� ,QWUDVLV� WR� VXLW� RXU� QHHGV� ZH� ZHUH�
DEOH�WR�IHHGEDFN�LQIRUPDWLRQ�DERXW�LVVXHV�ZLWK�WKH�
GDWD� DV� ZHOO� DV� FDSWXUH� VXJJHVWHG� LPSURYHPHQWV�
DQG�FXVWRPLVDWLRQV�WR�HQVXUH�ZH�DUH�UHFRUGLQJ�WKH�
FRUUHFW�GDWD�LQ�WKH�FRUUHFW�ZD\�

5HFRUGLQJ� UHTXHVWV� IRU� DOWHUDWLRQV� WR� WKH�
GDWDEDVH�EHFDPH�D�FULWLFDO�SDUW�RI�WKH�LPSOHPHQWDWLRQ�
SURFHVV�� ,QLWLDOO\�� ZH� FDSWXUHG� RXU� UHFRUGLQJ�
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V\VWHP�DV�LW�H[LVWHG�SULRU�WR�LPSOHPHQWLQJ�,QWUDVLV�
DQG� PLQLPLVHG� FKDQJHV� WR� RQO\� WKRVH� WKDW� ZHUH�
XQDYRLGDEOH��+RZHYHU��RQFH�WKH�V\VWHP�ZDV�SXW�LQWR�
XVH�DQG�XVHUV�EHFDPH�PRUH�IDPLOLDU�DQG�FRQ¿GHQW�
ZLWK�WKH�V\VWHP�IXUWKHU�FKDQJHV�ZHUH�QHFHVVDU\�

7R� PDQDJH� WKHVH� FKDQJHV� D� FKDQJH� UHTXHVW�
V\VWHP� �&56�� ZDV� GHYHORSHG� XVLQJ� 0LFURVRIW�
6KDUHSRLQW� �0LFURVRIW� ������� 7KLV� EDVLF� V\VWHP�
DOORZV� WKH� FROOHFWLRQ� RI� FKDQJH� UHTXHVWV�� WDNHQ�
IURP�SHUVRQDO�FRPPXQLFDWLRQ�DQG�IHHGEDFN�ZLWKLQ�
WKH�GL̆HUHQW� ,QWUDVLV�GDWDEDVHV��&KDQJHV�ZHUH�QRW�
RQO\� UHTXLUHG� WR� WKH�GDWD�VWUXFWXUH�RI� ,QWUDVLV��EXW�
DOVR�FODUL¿FDWLRQV� LQ� WUDLQLQJ�PDWHULDO��SURFHGXUHV��
GRFXPHQWDWLRQ� DQG� VXJJHVWLRQV� IRU� LPSURYHPHQWV�
WR�,QWUDVLV��

,W� LV� ZRUWK� H[SORULQJ� WKH� LPSDFW� RI� WKLV�
V\VWHP� D� ELW� IXUWKHU� DV� LW� KHOSV� WR� XQGHUVWDQG�
KRZ� FULWLFDO� FDSWXULQJ� WKLV� LQIRUPDWLRQ� FDQ� EH�
WR� VXFFHVVIXO� LPSOHPHQWDWLRQ�� )LUVWO\�� FDSWXULQJ�
IHHGEDFN� DERXW� D� V\VWHP� IURP� LWV� XVHUV� FDQ� EH�
H[WUHPHO\� EHQH¿FLDO� WR� GHWHUPLQLQJ� ZKHUH� IXUWKHU�
WUDLQLQJ�PD\�EH�UHTXLUHG��$OVR�XVHUV�ZKR�IHHO�WKHLU�
FRQFHUQV� DUH� EHLQJ� DGGGUHVVHG� WR� ZLOO� SXW� XS� OHVV�
UHVLVWDQFH��0RUH�LPSRUWDQW�WKDQ�WKLV�WKRXJK��LV�WKH�
RSSRUWXQLW\�LW�SURYLGHV�WR�KLJKOLJKW�PHWKRGRORJLFDO�
FRQÀLFWV� EHWZHHQ� GL̆HUHQW� DUHDV� RI� DUFKDHRORJLFDO�
LQYHVWLJDWLRQ�� 3ULRU� WR� WKH� &56�� SURMHFW� PDQDJHUV�
RU� VSHFLDOLVWV� ZRXOG�PDNH� D� UHTXHVW� IRU� D� FKDQJH��
ZKLFK�PLJKW�JHW�FKDOOHQJHG�RU�XQGRQH�E\�D�GL̆HUHQW�
SURMHFW� PDQDJHU� RU� VSHFLDOLVW� RQ� WKH� QH[W� SURMHFW��
5HFRUGLQJ�WKH�FKDQJH�DQG�GRFXPHQWLQJ�ZK\�LW�ZDV�
UHTXLUHG� HQFRXUDJHV� PRUH� FROODERUDWLYH� ZRUNLQJ�
E\�PDNLQJ�FROOHDJXHV�ZLWK�GL̆HUHQW�PHWKRGRORJLHV�
DQG�GLVFLSOLQHV�ZRUN�WRJHWKHU�WR�FDSWXUH�WKH�FRUUHFW�
GDWD�� $QRWKHU� VLJQL¿FDQW� DGYDQWDJH� WR� FDSWXULQJ�
FKDQJHV�DQG�H[SODQDWLRQV�EHKLQG�WKHP�LV�WKDW�WKH\�
ZLOO�SURYLGH�LQYDOXDEOH�PHWDGDWD�WR�DQ\RQH�UHXVLQJ�
RXU�GDWD�DQG�H[DPLQLQJ�RXU�GDWD�VWUXFWXUH��

7. The Digital Reality

7KH� IRFXV� RI� WKH� GLVFXVVLRQ� KDV� EHHQ� RQ� WKH�
LGHDO� RU� KRZ� LW� VKRXOG� ZRUN�� +RZHYHU�� WKH� UHDOLW\�
LV� WKDW� GHVSLWH� WKH� LQFUHGLEOH� SRWHQWLDO� EHQH¿WV� RI�
GLJLWDO�UHFRUGLQJ��ZH�HQFRXQWHUHG�DQG�VWLOO�HQFRXQWHU�
D� JUHDW� GHDO� RI� UHVLVWDQFH� DQG� LPSOHPHQWDWLRQ�
LVVXHV�� 5HVLVWDQFH� LV� LQHYLWDEOH�� HYHQ� DPRQJ� WKRVH�
UHVSRQVLEOH� IRU� LPSOHPHQWLQJ� D� V\VWHP�� � $W� VRPH�
SRLQW�ZKHQ�LQVWLJDWLQJ�FKDQJH�RQ�WKH�VFDOH�RI�GLJLWDO�

UHFRUGLQJ�\RX�ZLOO�UXQ�XS�DJDLQVW�SUREOHP�DV�XQLTXH�
DV� WKH� LQGLYLGXDOV� ZLWK� WKHP�� ,GHQWLI\LQJ� WKHVH�
SUREOHPV�DQG�GHWHUPLQLQJ�DSSURSULDWH�UHVROXWLRQV�
LV�IXQGDPHQWDO�WR�VXFFHVVIXO�LPSOHPHQWDWLRQ�

%\� FDSWXULQJ� VRPH� GDWD�ZLWK� µDLGH�PHPLRUH¶�
ZH�DUH�DUJXDEO\�GRXEOH�KDQGOLQJ��SDUWLFXODUO\�LQ�WKH�
H\HV�RI�WKH�SHUVRQ�ZKR�KDV�WR�ZULWH�LW�GRZQ�DQG�WKHQ�
ODWHU� HQWHU� LW� LQWR� ,QWUDVLV��+HOSLQJ� WKH� H[FDYDWRUV�
XQGHUVWDQG� WKH� EHQH¿WV� RI� WKLV� DGGLWLRQDO� ZRUN� LV�
HVVHQWLDO�DQG�VRPHWKLQJ�WKDW�ZH�GLG�QRW�DOZD\V�JHW�
ULJKW�� 7KH� EHQH¿W� RI� WKLV� DGGLWLRQDO� UHFRUGLQJ� WR�
WKH� H[FDYDWRU�PXVW� EH� D� JUHDWHU� XQGHUVWDQGLQJ� RI�
WKH�VLWH�DQG�KRZ�LW�DOO�UHODWHV�WRJHWKHU�WKDW�KDYLQJ�D�
VWUXFWXUHG�GLJLWDO�V\VWHP�FDQ�SURYLGH��7KLV�UHTXLUHV�
WKH�H[FDYDWRU� WR�KDYH�DGGLWLRQDO� VNLOOV�DQG� WLPH� WR�
TXHU\�WKH�V\VWHP�DQG�ORRN�DW�GL̆HUHQW�UHODWLRQVKLSV�
LQ�WKH�GDWD�ERWK�WDEXODU�DQG�VSDWLDO�

'HVSLWH�KLULQJ�KLJKO\�VNLOOHG�DQG�H[SHULHQFHG�
VWD̆�ZH�VWLOO�FRQIURQWHG�LVVXHV�LQ�XVH�RI�WKH�V\VWHP��
7KH� WLPH� UHTXLUHG� WR� FKHFN� GDWD� ZDV� URXWLQHO\�
XQGHUHVWLPDWHG� DQG� FRQFHUQ� DERXW� WKH� DPRXQW�
RI� WLPH� WKLV� ZDV� WDNLQJ� DURVH�� $QHFGRWDO� UHSRUWV�
RI� VXSHUYLVRUV� FKHFNLQJ� SDSHU� UDWKHU� WKDQ� WKH�
SULPDU\� GLJLWDO� UHFRUGV��ZHUH� UHFHLYHG�� ([FDYDWRUV�
ZHUH� UHOXFWDQW� WR� JLYH� XS� VXUYH\� DQG�SKRWRJUDSK\�
HTXLSPHQW�VR�LW�FRXOG�EH�GRZQORDGHG�LQWR�WKH�V\VWHP�
EHIRUH� WKH� HQG� RI� WKH� GD\�� $OO� RI� WKHVH� FKDQJHV� WR�
SUDFWLFH�FDQ�EH�GL̇FXOW�WR�PDQDJH�DQG�ZH�FRQWLQXH�
WR� EH� YHU\� UHOLDQW� RQ� RXU� SURMHFW� DUFKDHRORJLVWV� WR�
IROORZ� WKH� QHFHVVDU\� SURFHGXUHV� IRU� WKH� V\VWHP� WR�
FRQWLQXH�WR�ZRUN���

'LJLWDO� V\VWHPV� DUH� QRW� D� SDQDFHD� WKDW� ZLOO�
VROYH�DOO�RI�RXU�SUREOHPV�� µ)URQW�ORDGLQJ¶�D�SURMHFW�
FDQ�EH�KD]DUGRXV��,Q�P\�H[SHULHQFH�DUFKDHRORJLVWV�
DUH� IUHTXHQWO\� UXQQLQJ�RXW�RI� WLPH�DW� WKH� HQG�RI� D�
SURMHFW�� 3URYLGLQJ� WKHP� ZLWK� PRUH� VWD̆� DQG�RU�
PRUH� WLPH� ZLWKRXW� SURSHU� RYHUVLJKW� ZLOO� OHDG� WR�
PRUH�KROHV�DQG�D� ODUJH�EDFNORJ�RI�GDWD� WR�SURFHVV��
*RRG�DQG�FOHDU�SURFHGXUHV�FDQ�KHOS�DYRLG�WKLV��DQG�
PDNLQJ� LW� FOHDU�ZKDW� LV� H[SHFWHG�RI� WKLV� DGGLWLRQDO�
UHVRXUFH�LV�YLWDO���

)RU� ,QWUDVLV� DQG� RXU� QHZ� SURFHGXUHV�
WR� GHPRQVWUDWH� PD[LPXP� EHQH¿W� ZH� QHHGHG�
H[FDYDWLRQV�WKDW�UDQ�IRU�VHYHUDO�PRQWKV��QRW�VHYHUDO�
ZHHNV��7KH�UHDO�EHQH¿W�RI�WKLV�DSSURDFK�ZLOO�EH�RQ�
VLWHV� WKDW�UXQ�IRU� ORQJHU�ZLWK�VWD̆�WKDW�DUH� WUDLQHG�
DQG�DUH�XVLQJ�WKH�V\VWHP�IRU�VHYHUDO�PRQWKV��
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8. Conclusions

'LUHFW�GLJLWDO�FDSWXUH�RI�H[FDYDWLRQ�GDWD�LV�QRW�
D� VLPSOH� WDVN�� ,W� LV� FRVWO\�� WLULQJ�� DJJUDYDWLQJ� DQG�
IUDXJKW�ZLWK�GL̇FXOW\��6R�ZK\�GR�ZH�ZDQW�WR�GR�LW"�
:K\� GRQ¶W� ZH� MXVW� VWLFN� ZLWK� WKLQJV� WKH� ZD\� WKH\�
DUH"� %HFDXVH� SURSHUO\� VWUXFWXUHG� GLJLWDO� GDWDVHWV�
FRQWDLQLQJ�KLJK�TXDOLW\�GDWD�PD\�VDYH�XV�DOO��,Q�WKHVH�
WLPHV�RI�VKULQNLQJ�EXGJHWV�DQG�UH�DOLJQHG�SULRULWLHV�
ZH�PXVW�DOO�SURYH�RXU�YDOXH��

'LJLWDO� GDWDVHWV� WKDW� FDQ� EH� VHPDQWLFDOO\�
PDSSHG� ZLOO� HQKDQFH� FURVV� VHDUFKLQJ� VLWHV�
DORQJVLGH� JUH\� OLWHUDWXUH� UHSRUWV� �$QGUHZ� ������
7XGKRSH� ������� 7KH� JUHDW� SRWHQWLDO� RI� VHDUFKLQJ�
DFURVV�GDWDVHWV�FRXOG�LQFUHDVH�WKH�SUHVVXUH�IRU�GDWD�
VWDQGDUGV��5LFKDUGV�������DQG��LQ�WXUQ��FRQWLQXH�WR�
LQFUHDVH�WKH�TXDOLW\�RI�H[FDYDWLRQ�GDWD��:H�PXVW�QRW�
RQO\�GHPRQVWUDWH� WKDW�ZH�FDQ�FDSWXUH�GLJLWDO�GDWD��
EXW�WKDW�WKH�GLJLWDO�GDWD�ZH�FDSWXUH�LV�RI�WKH�TXDOLW\�
WKDW�ZH�DV�D�GLVFLSOLQH�VKRXOG�H[SHFW�

$V�VXJJHVWHG�E\�(OOLV���������WDEOHW�FRPSXWHUV�
DQG� SDUWLFXODUO\� WKH� L3DG� KDYH� QRZ� HQDEOHG�
GLUHFW�� WUHQFK� VLGH� GLJLWDO� H[FDYDWLRQ� UHFRUGLQJ��
,PSOHPHQWDWLRQ� LQ� WKH� UHVHDUFK� HQYLURQPHQW�
RI� 3RPSHLL� FOHDUO\� GHPRQVWUDWHV� WKH� SRWHQWLDO�
IRU� EURDGHU� XVH� RI� WKLV� WHFKQRORJ\� DQG� FHUWDLQO\�
DSSHDUHG� WR� HQFRXQWHU� PXFK� OHVV� UHVLVWDQFH� WKDQ�
ZH� H[SHULHQFHG�� 7KH� SRWHQWLDO� IRU� DOO� VLWH� VWD̆� WR�
FROOHFW�DQG�FKHFN�DOO�VLWH�GDWD�GLJLWDOO\�DW�WKH�WUHQFK�
HGJH�PD\�KDYH�DUULYHG��5HSOLFDWLRQ�RI�WKLV�SURMHFW¶V�
VXFFHVV�ZLWK� L3DGV��ZLOO� RQO\� EH� VXFFHVVIXOO\� LI� WKH�
IXOO�FRVWV�DUH�FRQVLGHUHG��UHVLVWDQFH�LV�PDQDJHG�DQG�
DSSURSULDWH�SURFHGXUHV�DUH�GHYHORSHG�DQG�IROORZHG��
2WKHUZLVH� WUHQFK�VLGH� FRPSXWHUV�ZLOO� RQO\�HYHU�EH�
H[SHQVLYH�WR\V�IRU�H[FDYDWRUV�WR�EUHDN���

+DYLQJ� QRZ� ZRUNHG� ZLWK� VHYHUDO� ,QWUDVLV�
GDWDVHWV� RYHU� WKH� SDVW� IHZ� \HDUV�� LW� LV� FOHDU� WKDW�
GLJLWDO� HUURUV�DUH�PXFK�HDVLHU� WR�¿QG�DQG� LGHQWLI\��
WKDQ�WKRVH�EXULHG�LQ�SDSHU�V\VWHPV��7KHUHIRUH��ZKHQ�
PRYLQJ�WR�GLJLWDO�V\VWHPV�LW�LV�PRUH�LPSRUWDQW�WKDQ�
HYHU�WKDW�HUURUV�DUH�LGHQWL¿HG�DQG�FRUUHFWHG�DV�HDUO\�
LQ�WKH�SURFHVV�DV�SRVVLEOH��)DU�WRR�RIWHQ�D�µKDUPOHVV¶�
VKRUWFXW�LQ�WKH�¿HOG�EHFRPHV�D�FRVWO\�GHOD\�LQ�ODWHU�
VWDJHV� RI� WKH� SURFHVV� �%DFNKRXVH� ������� WKHVH�
PXVW�EH� LGHQWL¿HG�DQG�DYRLGHG��(YHU\�VWDJH�RI� WKH�
DUFKDHRORJLFDO� SURFHVV� PXVW� FRQVLGHU� KRZ� LW� FDQ�
KHOS�WR�HQVXUH�WKDW�ZH�SURGXFH�WKH�KLJKHVW�TXDOLW\�
GDWDVHWV�� IURP� WKH� H[FDYDWRU� WKURXJK� VXSHUYLVRUV��

VSHFLDOLVWV�� PDQDJHUV�� LQVSHFWRUV� DQG� FXUDWRUV��
HYHU\RQH� PXVW� VWDUW� WR� GHYHORS� VNLOOV� VR� WKH\� FDQ�
HQJDJH�ZLWK�GLJLWDO�GDWD�

,I� ZH� DUH� WR� WUXO\� VHH� WKH� EHQH¿WV� RI� µIURQW�
ORDGLQJ¶� RXU� SURMHFWV� DQG� LQFOXGH� H[FDYDWRUV� LQ�
WKH� LQWHUSUHWDWLYH� SURFHVV�� ZH� PXVW� DFNQRZOHGJH�
WKH� FRVWV�� ,I� VLWH� VXSHUYLVRUV� FRQWLQXH� WR� H[SHFW�
WR� H[FDYDWH�� VLWH� H[FDYDWRUV� VKRXOG� H[SHFW� WR� KDYH�
WLPH� WR� H[SORUH� GDWDVHWV�� 'RLQJ� WKLV� ZLOO� UHTXLUH�
PRUH� H[FDYDWRU� DQG� VXSHUYLVRU� WLPH� DZD\� IURP�
WKH� WUHQFK�� QRW� MXVW� HQWHULQJ� DQG� FKHFNLQJ� GDWD��
EXW� FRQWH[WXDOLVLQJ� WKH� ZRUN� WKH\� DUH� GRLQJ� DQG�
LQWHUSUHWLQJ� QRW� MXVW� WKHLU� VPDOO� DUHD� LQ� LVRODWLRQ��
EXW�WKH�ZKROH�VLWH�

0DQ\� RI� WKH� OHVVRQV� OHDUQHG� IURP� WKH�
LPSOHPHQWDWLRQ� RI� ,QWUDVLV� DUH� PRUH� EURDGO\�
DSSOLFDEOH� WR� GL̆HUHQW� GDWDEDVH� V\VWHPV�� 0RUH�
DUFKDHRORJLVWV� QHHG� WR� GHYHORS� WKH� GLJLWDO� VNLOOV� WR�
TXLFNO\�DGDSW�WR�D�YDULHW\�RI�GL̆HUHQW�V\VWHPV��DV�QHZ�
V\VWHPV� DUH� VWLOO� EHLQJ� GHYHORSHG� DQG� LQWURGXFHG��
:H�QHHG�WR�¿QG�ZD\V�WR�EHFRPH�PRUH�IDPLOLDU�DQG�
DW�HDVH�ZLWK�D�YDULHW\�RI�GL̆HUHQW�V\VWHPV�DQG�ZRUN�
WRJHWKHU�WR�GHYHORS�DQG�DGDSW�V\VWHPV�WKDW�HQVXUH�
ZH�DUH�ZRUNLQJ�LQ�LQWHJUDWHG�DQG�VWUXFWXUHG�ZD\V�
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1. Introduction. Traceability in the 
Archaeological Work

When traceability is present in a productive 
process, it means that, at every step in the process, 
information about every product is collected and 
attached to it without ambiguity. We know all the 
SURGXFWLRQ�SDUDPHWHUV�RI�D�VSHFL¿F�LWHP�RU�JURXS�RI�
items and also who is responsible for this information 
and when and where these data were collected. This 
knowledge is always available because it is precisely 
documented.

Archaeological research is divided in several 
steps. It is also a chain process that, in the context we 
ZRUN��VWDUWV�DW�WKH�H[FDYDWLRQ�VLWH�ZKHUH�WKH�¿QGLQJV�
are unearthed. These elements are moved to the 
laboratory in order to be cleaned and inventoried. 
In the next phase, the reconstruction of ceramic 
SLHFHV� LV� DGGUHVVHG�� 7KHVH� SLHFHV� PXVW� ¿QDOO\� EH�
catalogued and sent to a museum. At every step, 
archaeologists must record information about the 
Corresponding author: lopeztor@unizar.es

excavated artefacts. These data must accompany the 
items in order to assure their provenance, control the 
validity of the archaeological work and conclusions, 
and facilitate information exchange. Traceability is 
essential in the work of an archaeologist, usually 
following a recording manual where the data to 
EH� WDNHQ�� WKH�ZD\� WKH� LWHPV�DUH� LGHQWL¿HG�DQG� WKH�
FROOHFWLRQ� SURWRFRO� DUH� SUHFLVHO\� GH¿QHG� �3DUNV�
Canada 2005, 129). The information is initially 
UHFRUGHG�LQ�D�¿HOG�QRWHERRN��LQ�SDSHU�RU�HOHFWURQLF�
format, and later transferred to an inventory or 
database. In any of these information repositories, 
the link between data and artefacts must be clear 
DQG�WUDFHDEOH��6DQGV�������

As will be explained below, in a traceability 
system any item or group of items must be precisely 
LGHQWL¿HG� WR� WUDFH� LWV� HYROXWLRQ� WKURXJK� WKH� FKDLQ�
SURFHVV��7KH�LGHQWL¿FDWLRQ�FRGH�LQ�DUFKDHRORJ\�FDQ�
EH� GLUHFWO\� DWWDFKHG� WR� WKH� HOHPHQW� �DOSKDQXPHULF�
FRGHV� KDQGZULWWHQ� RU�4XLFN� 5HVSRQVH� �45�� FRGHV�
stuck on it �0DUWtQH]�0RUHQR�� *RQ]iOH]� 0DUFpQ��
DQG�0RUD�7RUFDO� ������ ��������) or can be stored 
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ZLWK� LW� �D� SDSHU� FDUG� RU� VKHHW� VDYHG� LQ� WKH� VDPH�
container). The information related to each artefact 
that is going to be measured and recorded can be 
LQ¿QLWH��DQG�PXVW�EH�VHOHFWHG�LQ�WHUPV�RI�UHOHYDQFH�
to the research. The aims of the excavation work will 
GH¿QH�ZKLFK�GDWD� IURP�D�KXJH�QXPEHU�RI�SRVVLEOH�
observations will be collected and associated with 
WKH� LGHQWL¿FDWLRQ� FRGH�� 7KH� JDWKHUHG� LQIRUPDWLRQ�
FDQ�EH�XVHG�ZLWK�D�FODVVL¿FDWLRQ�SXUSRVH�IROORZLQJ�
NQRZQ� DQG� ¿[HG� FULWHULD�� %XW� GL̆HUHQW� HOHPHQWV�
can also be grouped on the basis of more subjective 
criteria, established dynamically in the course of 
the research process. The analysis unit can change 
from a phase to the next one and new data are 
incorporated into the description of these units.

Any traceability system must be integrated to 
the work procedure of the archaeological research 
group. In our case, this system is going to be 
LPSOHPHQWHG� DW� WKH� H[FDYDWLRQ� VLWH� DW� 6HJHGD� LQ�
6SDLQ��

This paper continues with an overview of the 
concept of traceability and a basic description of 
WKH� UDGLRIUHTXHQF\� LGHQWL¿FDWLRQ� WHFKQRORJ\� DQG�
its main advantages. Next, the context where the 
system is going to work is introduced. In section 
5, the design of the traceability system is detailed. 
Finally, the main conclusions and future steps are 
set out.

2. Elements of a Traceability System

The basic elements of a traceability system are 
WKH�LGHQWL¿FDWLRQ�WHFKQRORJ\��WKH�WUDFHDELOLW\�VWHSV��
the management information system and the quality 
evaluation procedure.

7R�GHYHORS�D�WUDFHDELOLW\�V\VWHP��ZH�PXVW�¿UVW�
choose the technology used to identify the objects. 
In order to trace the evolution of an object through 
D� FKDLQ� SURFHVV�� LW� PXVW� EH� SUHFLVHO\� LGHQWL¿HG��
7KH�LGHQWL¿FDWLRQ�FRGH�FDQ�EH�PDQXDOO\�ZULWWHQ�RQ�
D�SDSHU� WDJ�RU�RQ� WKH� HOHPHQW� LWVHOI� �WKHVH� DUH� WKH�
LGHQWL¿FDWLRQ�PHWKRGV�XVHG� VR� IDU� DW� 6HJHGD� VLWH���
$�GL̆HUHQW�DSSURDFK�LV�WKH�XVH�RI�RQH�GLPHQVLRQDO�
RU�WZR�GLPHQVLRQDO�FRGH�EDUV�WKDW�DUH�DXWRPDWLFDOO\�
read by means of a scanner �0DUWtQH]�0RUHQR��
*RQ]iOH]�0DUFpQ��DQG�0RUD�7RUFDO���������������. 
,Q�RXU�V\VWHP��UDGLRIUHTXHQF\�LGHQWL¿FDWLRQ��5),'��
tags are used. These elements will be described later 

LQ�WKLV�SDSHU��$OVR�WKH�OHYHO�RI�LGHQWL¿FDWLRQ�PXVW�EH�
GH¿QHG��$�FRGH�FDQ�VWDQG�IRU�D�VLQJOH�HOHPHQW��RU�D�
JURXS�RI�HOHPHQWV�FDQ�VKDUH�WKH�VDPH�LGHQWL¿FDWLRQ�
QXPEHU�� 7KLV� LGHQWL¿FDWLRQ� OHYHO� FRUUHVSRQGV� WR�
the analysis unit established at every stage in the 
research.

2QFH�WKH�LWHPV�DUH�LGHQWL¿HG��ZH�FDQ�FRQWURO�
their progress in the traceability chain. The 
WUDFHDELOLW\� FKDLQ�GH¿QHV� WKH� FRQWURO� SRLQWV� RI� WKH�
system:

• At which places the data are going to be collected.

• When the data collection takes place.

• Which data are going to be collected

• How the data are taken and transmitted to the 
LQIRUPDWLRQ�UHSRVLWRULHV��ZKDW�LV�GLUHFWO\�UHODWHG�
WR�WKH�LGHQWL¿FDWLRQ�WHFKQROogy)

• Who is responsible for the collected information.

The information storage repositories must be 
established and the way the information is saved 
GH¿QHG�� 7KH� GDWD� FDQ� EH� VWRUHG� LQ� RQH� RU� VHYHUDO�
sites and formats. This redundancy guarantees 
the information recovery if one of the repositories 
fails and also makes it possible to read the data in 
GL̆HUHQW�ZD\V��E\�YLVXDO�LQVSHFWLRQ��XVLQJ�D�VFDQQHU�
or accessing to a digital database.

The collected data can be used to take 
decisions about the process, but generally, the 
purpose is to document and trace the activity 
done. Communication channels must be carefully 
GH¿QHG�� ,W� LV�HVSHFLDOO\� LPSRUWDQW�ZKHQ�WKH� WUDFHG�
DUWHIDFWV� DUH� WUDQVIHUUHG� WR� GL̆HUHQW� ORFDWLRQV� RU�
HYHQ� VWXGLHG� E\� GL̆HUHQW� LQVWLWXWLRQV�� 7UDFHDELOLW\�
FDQ� KDYH� GL̆HUHQW� VFRSHV�� %DFNZDUGV� WUDFHDELOLW\�
GHVFULEHV� WKH�SDVW�KLVWRU\�RI� HYHU\� LGHQWL¿HG� LWHP��
,QWHUQDO� WUDFHDELOLW\� GH¿QHV�ZKDW� SURFHVVHV� IROORZ�
the elements at one location. Forward traceability 
GHDOV� ZLWK� WKH� GH¿QLWLRQ� RI� WKH� IXWXUH� VLWXDWLRQ�
of the elements: where the items are going to be 
moved, how they are going to be carried and when 
the transfer is planned. The documentation must be 
clear and precise and, in some cases, it is important 
WR�HVWDEOLVK�D�UROH�EDVHG�DFFHVV�FRQWURO�IRU�GL̆HUHQW�
users.
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Finally, the quality of the traceability system 
must be systematically measured in order to 
undertake improvement and correction actions. A 
JURXS�RI�PHDVXUDEOH�LQGLFDWRUV�PXVW�EH�GH¿QHG�WR�
determine whether the traceability system meets the 
required performance criteria.

3. 5DGLRIUHTXHQF\�,GHQWL¿FDWLRQ��5),'�

5DGLRIUHTXHQF\�LGHQWL¿FDWLRQ��5),'��EHORQJV�
WR� WKH� JURXS� RI� DXWRPDWLF� LGHQWL¿FDWLRQ� DQG� GDWD�
FDSWXUH��$,'&��WHFKQRORJLHV�� OLNH�FRGH�EDUV��VPDUW�
FDUGV� RU� WHFKQLTXHV� RI� ELRPHWULF� LGHQWL¿FDWLRQ��
,W� LV� EDVHG� RQ� WKH� XVH� RI� D� XQLTXH� LGHQWL¿FDWLRQ�
code for every element. This code is known as 
8QLTXH� ,GHQWLI\LQJ� 'LJLW� �8,'�� DQG� LW� LV� VWRUHG�
LQ� WKH� LQWHUQDO� PHPRU\� RI� D� 5),'� WDJ�� ,Q� RUGHU�
WR� DXWRPDWLFDOO\� LGHQWLI\� RQH� LWHP�� D� 5),'� WDJ� LV�
DWWDFKHG�WR�LW��7KH�8,'�WKDW�VWDQGV�IRU�WKLV�WDJ�DQG�
for the object can be read and communicated to a 
FRQWURO� V\VWHP� E\� PHDQV� RI� DQ� 5),'� UHDGHU� WKDW�
interrogates the tag using an electromagnetic wave 
of the radio wave frequency band. The tag answers 
with its own radiofrequency signal. In this way, we 
NQRZ� WKDW� RQH� VSHFL¿F� LWHP� KDV� SDVVHG� WKURXJK�
WKH�UHDG�UDQJH�RI�WKH�5),'�UHDGHU�LQ�D�NQRZQ�WLPH�
interval. The process is outlined in Figure 1. No 
SUHFLVH�DOLJQPHQW�EHWZHHQ�WKH�UHDGHU�DQG�WKH�5),'�
WDJ� LV� UHTXLUHG�� ,I� WKH� UHDGHU� LV� FRQ¿JXUHG� WR� VFDQ�
for tags continuously, it is possible to control which 
elements have passed near the reader’s position 
without any human interaction.

7KH�EDVLF�HOHPHQWV�RI�DQ�5),'�V\VWHP�DUH�WKH�
5),'�WDJ�� WKH�5),'�UHDGHU�DQG�WKH�5),'�VRIWZDUH�
NQRZQ� DV� PLGGOHZDUH� �*ORYHU� DQG� %KDWW� �������
7KH�5),'� WDJ�DFWV�DV� WKH� LGHQWL¿FDWLRQ�HOHPHQW�DV�
mentioned above. It is formed by an electronic chip, 
an antenna and a storage memory. This memory has 
DOZD\V�UHVHUYHG�EORFNV�ZKHUH�WKH�XQLTXH�FRGH�8,'�
LV�VDYHG��7KHVH�VSHFL¿F�EORFNV�FDQQRW�EH�PRGL¿HG�VR�
WKH�LQWHJULW\�RI�WKH�LGHQWL¿FDWLRQ�FRGH�LV�JXDUDQWHHG��
This basic memory can be extended to save more 
information. There is reserved space for storing 
access passwords, error detection and correction 
FRGHV� �DV� WKH� &\FOLF� 5HGXQGDQF\� &RGH� &5&�� RU�
3URWRFRO�&RQWURO�ELWV��7KH�DGGUHVV�RI� WKHVH�GDWD� LQ�
WKH�PHPRU\�PDS�LV�V\VWHP�GH¿QHG��)LQDOO\��WKH�WDJ�
PHPRU\� FDQ� KDYH� D� EDQN�� WKH� XVHU�PHPRU\� ]RQH��
ZKHUH�QHZ�GDWD�FDQ�EH�ZULWWHQ��UHDG�DQG�PRGL¿HG�
ZLWK�WKH�5),'�UHDGHU��7KH�IRUPDW�DQG�VL]H�RI�WKH�GDWD�

DUH�XVHU�GH¿QHG��,Q�WKLV�ZD\��SDUW�RI�WKH�WUDFHDELOLW\�
parameters can be dynamically saved inside the 
LGHQWL¿FDWLRQ� HOHPHQW� DQG� WUDYHO� ZLWK� WKH� REMHFW�
LGHQWL¿HG��7KH�WDJV�FDQ�DSSHDU�LQ�PXOWLSOH�SK\VLFDO�
IRUPDWV�WKDW�FDQ�DGDSW�WR�GL̆HUHQW�DSSOLFDWLRQV�DQG�
work environments.

7KH�5),'� UHDGHUV� KDYH� VHYHUDO� IXQFWLRQV�� ,Q�
most cases, they provide to the tags with the energy 
they need to transmit their radiofrequency signals 
�WKRXJK� WKHUH� DUH� DFWLYH� WDJV� WKDW� KDYH� D� EDWWHU\���
7KH\�FRPPXQLFDWH� WR� WKH� WDJV� WKURXJK�UDGLR�ZDYH�
signals and get, for example, the Unique Code that 
LGHQWL¿HV� WKH� LWHP�� 7KLV� LQIRUPDWLRQ� LV� VHQW� IURP�
the reader to the information system. The control 
system can be the origin of additional information 
that is saved in the user memory of the tag. The 
UHDGHU�ZULWHV��UHDGV��DQG�PRGL¿HV�WKHVH�GDWD�LI�WKH�
tag has a user memory bank.

7KH�UHDGHUV�FDQ�EH� LPSOHPHQWHG� LQ�GL̆HUHQW�
formats. There are handheld readers and readers 
WKDW� DUH� DWWDFKHG� WR� FRPSXWHUV�� 6RPH� UHDGHUV� DUH�
simple and inexpensive, while others are more 
complex and robust devices that can work in very 
harsh environments. In some cases the tags are 
ZULWWHQ�LQVLGH�WKH�UHDGHU��OLNH�LQ�5),'�SULQWHUV��EXW�
JHQHUDOO\� WKH� WDJV� MXVW�QHHG� WR�EH� LQVLGH� WKH�5),'�
UHDGHU�UHDG�UDQJH��7KH�VL]H�RI� WKLV�FRPPXQLFDWLRQ�
DUHD� GHSHQGV� RQ� WKH� IUHTXHQF\� RI� WKH� UDGLR�ZDYH�
VLJQDOV� XVHG� DQG� RQ� WKH� VL]H� RI� WKH� DQWHQQDV� RI�
readers and tags.

7KH� WKLUG�HOHPHQW�RI� WKH�5),'�V\VWHP� LV� WKH�
5),'� PLGGOHZDUH� RU� VRIWZDUH� WKDW� FRQYHUWV� ORZ�

Figure 1. An RFID tag and a reader communicate by 
means of electromagnetic waves.
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OHYHO� 5),'� KDUGZDUH� LQIRUPDWLRQ� IURP� WKH� UHDGHU�
into information useful to the system. The data 
can be used in an event driven process or merely 
can be saved in a system database. Though there 
are commercial middleware, the versatility of 
5),'�V\VWHPV� LV�EDVHG�RQ�WKH�SRVVLELOLW\�RI�GHVLJQ�
DSSOLFDWLRQ�VSHFL¿F�SURJUDPPHV�

There are several parameters that determine 
WKH�EHKDYLRXU�RI�DQ�5),'�V\VWHP��:H�KLJKOLJKW�KHUH�
the importance of the frequency of the waves use 
to communication. There are several frequencies 
DYDLODEOH� IRU�5),'� V\VWHPV�� /RZ� IUHTXHQF\� �������
.+]���+LJK�)UHTXHQF\��������0+]��DQG�8OWUD�+LJK�
)UHTXHQF\� EDQGV� ����� 0+]� DQG� �������� 0+]���
6RPH�5),'�DSSOLFDWLRQV��OLNH�DQLPDO�LGHQWL¿FDWLRQ��
FDQ�RQO\�XVH�RQH�EDQG��/)���7KH�PDLQ�SHUIRUPDQFH�
GL̆HUHQFH�LV�WKH�LQFUHPHQW�RI�WKH�UHDGHU�UDQJH�ZLWK�
frequency. If the elements to be tagged are metallic 
or have a high water content, only HF system can be 
used to prevent detection failures.

• 5),'�WHFKQRORJ\�R̆HUV�VHYHUDO�DGYDQWDJHV�RYHU�
RWKHUV�DXWRPDWLF�LGHQWL¿FDWLRQ�WHFKQRORJLHV�OLNH�
code bars or biometric techniques when used in 
a traceability system:

• 7KH� UHDG� RI� WKH� LGHQWL¿FDWLRQ� FRGH� LV� DOPRVW�

instantaneous and can take place even without 
human interaction. It is not necessary to align 
SUHFLVHO\� D� VFDQQHU�ZLWK� WKH� LGHQWL¿FDWLRQ� LWHP�
�DV� LQ�WKH�FDVH�RI�EDU�FRGHV�RU�GLJLWDO�SULQWV�� WR�
JHW�WKH�LQIRUPDWLRQ��%HLQJ�FORVH�WR�D�5),'�UHDGHU�
is enough. 

• 5),'�WDJV�FRQWDLQV�D�XQLTXH�FRGH��GL̆HUHQW�IURP�
the case of code bars) There are no identical 
5),'�WDJV�

• 5),'� WDJV� FDQ� G\QDPLFDOO\� VWRUH� H[WUD�
information from the traceability process. These 
GDWD�FDQ�EH�PRGL¿HG�DW�DQ\�WLPH�

• 5),'�V\VWHPV�DUH�ÀH[LEOH�DQG�YHUVDWLOH�GXH�WR�WKH�
SRVVLELOLW\� RI� IUHTXHQF\� VHOHFWLRQ�� WKH� GL̆HUHQW�
physical support for the tags or the middleware 
design.

4. Segeda Site

7KH� YHUVDWLOLW\� RI� 5),'� WHFKQRORJ\� PDNHV�
possible to adapt the traceability system to 
the current working methodology of the group 
UHVHDUFKLQJ�WKH�DUFKDHRORJLFDO�VLWH�RI�6HJHGD����

³6HJHGD�,´�LV�ORFDWHG�LQ�WKH�1RUWKHDVW�RI�6SDLQ�
FORVH� WR� WKH� YLOODJH� RI� 0DUD� LQ� =DUDJR]D� SURYLQFH�
�)LJ������7KLV�VLWH�LV�VLWXDWHG�FORVH�WR�WKH�EDVLQ�RI�WKH�
(EUR�5LYHU��QHDU�LWV�FRQÀXHQFH�ZLWK�WKH�-DOyQ�5LYHU��
6HJHGD�ZDV�D�FHOWLEHULDQ�FLW\�VWDWH�� WKH� ODUJHVW�RQH�
LQ� QRUWKHUQ� RI� 6SDLQ�� H[WHQGLQJ� RYHU� ��� KHFWDUHV��
It played an important role in the Roman Wars in 
ZKLFK�WKH�,EHULDQ�3HQLQVXOD�ZDV�FRQTXHUHG��'XULQJ�
WKH�&HOWLEHULDQ�:DUV������DQG�����%&��6HJHGD�ZDV�
devastated by roman soldiers. It is possible to put 
WKH�GDWH�����%&�OLNH�³WHUPLQXV�DQWH�TXHP´�IRU�DOO�WKH�
PDWHULDOV�IRXQG�LQ�WKLV�VLWH��%XULOOR����������������

$UFKDHRORJLFDO�ZRUN�EHJDQ�DW�6HJHGD�LQ�������
%HWZHHQ������DQG������VXUIDFH�SURVSHFWLRQV�ZHUH�
undertaken to delimit the site. From 2000 year until 
QRZ� ������� DUFKDHRORJLFDO� H[FDYDWLRQV� KDYH� EHHQ�
FDUULHG�RXW�LQ�GL̆HUHQW�DUHDV�RI�WKH�VLWH��)LJ�����

5. Design of the RFID based traceability 
system

As outlined above, the design of a traceability  
V\VWHP� LPSOLHV� WKH� VHOHFWLRQ� RI� DQ� LGHQWL¿FDWLRQ�

Figure 2. Segeda site is localized in the North-East of 
Spain.
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WHFKQRORJ\�� WKH�GH¿QLWLRQ�RI� WKH� WUDFHDELOLW\�FKDLQ��
the information repositories and communication 
FKDQQHOV�DQG��¿QDOO\�WKH�ZD\�WKH�V\VWHP�LV�HYDOXDWHG��
Our work is based on a number of premises:

• Full integration with the traceability methods 
XVHG�VR�IDU�E\�WKH�6HJHGD�UHVHDUFK�JURXS�

• Increase the automation of data collection and 
recovery 

• Reduce uncertainty regarding provenance.

�����,GHQWL¿FDWLRQ�WHFKQRORJ\

:H� XVH� 5),'� WDJV� RSHUDWLQJ� LQ� WKH� 8+)�
EDQG�WR�LGHQWLI\�WKH�¿QGLQJV�RI�WKH�VLWH��7KHVH�WDJV�
KDYH� D� XVHU�PHPRU\� RI� ���� ELWV�� D� VL]H� RI� ��� [� ���
mm and are attached to an adhesive inlay. Their 
SULFH� LV� ��� HXUR� FHQWV� HDFK�� IRU� DQ� RUGHU� RI� �����
XQLWV�� *UHDWHU� TXDQWLWLHV� RUGHUV� DOORZ� IRU� ORZHU�
XQLW� SULFHV�� 7KH� LGHQWL¿FDWLRQ� OHYHO� UHVHPEOHV� WKH�
WUDFHDELOLW\�SURWRFRO�XVHG�VR�IDU�DW�6HJHGD��,QLWLDOO\��
JURXS� LGHQWL¿FDWLRQ� LV� DGGUHVVHG�� )UDJPHQWV� WKDW�
DUH� IRXQG� WRJHWKHU� VKDUHG� D�5),'� WDJ��2QO\�ZKHQ�
a whole piece is found or after reconstruction of a 
FHUDPLF�HOHPHQW��VLQJOH�LGHQWL¿FDWLRQ�OHYHO�LV�XVHG�

5.2. Traceability chain

The traceability chain consists of four steps 
�)LJ�� ���� 7KH� ¿UVW� SODFH� ZKHUH� LQIRUPDWLRQ� LV�
collected is at the excavation site, at the moment 
an artefact is found. The artefacts are moved to the 
archaeological laboratory where they are cleaned and 
inventoried and, afterwards, follow a reconstruction 

process if possible. Finally, some of these pieces are 
transferred to a museum.  These four control points 
will be described in more detail below. The data 
that are going to be traced and saved are the same 
RQHV�WKDW�KDYH�EHHQ�UHFRUGHG�VR� IDU�E\�WKH�6HJHGD�
research group. 

5.3. Information repositories

7KH� LQIRUPDWLRQ� LV� VDYHG� LQ� IRXU� GL̆HUHQW�
IRUPDWV��DQ�HOHFWURQLF�GDWDEDVH��WKH�5),'�WDJ�XVHU�
memory, on the archaeological item itself with an 
LQN�PDUN�� DQG� KDQGZULWWHQ� RQ� WKH�5),'� WDJ�� 7KLV�
redundancy is intended to keep the old storage 
formats and the new ones working together in the 
test period. Not all the data are saved in the four 
formats.

The traceability system is intended to an 
internal use. All members of the research group 
have unlimited access to the information saved 
LQ� WKH� GDWDEDVH� DQG� WKH� 5),'� WDJV�� ,I� QHFHVVDU\��
both repositories can be protected with an access 
SDVVZRUG�� $� 5),'� WDJ� FDQ� EH� ORFNHG� VR� WKDW� RQO\�
DXWKRUL]HG�XVHUV�FDQ�UHDG�WKH�VWRUHG�LQIRUPDWLRQ�

5.4. Evaluation of the traceability system

In order to evaluate the performance of the 
traceability system, several items must be measured. 
$V�LQLWLDOO\�WKH�5),'�V\VWHP�LV�JRLQJ�WR�ZRUN�WRJHWKHU�
ZLWK�WKH�ROG�LGHQWL¿FDWLRQ�DQG�FRQWURO�PHWKRGV��LW�LV�
possible to compare aspects like:

Figure 3. Excavation areas at Segeda site.

Figure 4. Check points of the traceability system.
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• Wrong data.

• /RVW�GDWD�

• Time requirements.

Additionally, information from the users 
�DUFKDHRORJLFDO� UHVHDUFKHUV� DQG� FROODERUDWRUV��
must be analysed. Opinions about the ease of use, 
the robustness of the devices or the clarity of the 
software must be taken into account to implement 
improvements to the system. 

5.5 The traceability checkpoints

This section details the characteristics of 
each checkpoint of the traceability chain. First, the 
actions that must be carried out at each location 
are described. Then, we explain how these activities 
DUH�PRGL¿HG�EHFDXVH�RI�WKH�LQWHJUDWLRQ�RI�WKH�5),'�
technology. Finally, the required hardware is listed.

6WHS����([FDYDWLRQ�VLWH�

7KH� ¿UVW� SRLQW� IRU� GDWD� FROOHFWLQJ� LV� WKH�
excavation site. When similar items are found in the 
VDPH�VWUDWLJUDSKLF� OHYHO�DQG�]RQH�� WKH\�DUH�EDJJHG�
together. A paper card is used to write information 
about the date of recollection, the physical location 
and the material of the artefacts. This card is saved 
inside the bag. The data included in this card 
are shown on Table 1. These bags are sent to the 
archaeological laboratory.

In the new system, the paper card attached 
WR� HDFK� EDJ� LV� UHSODFHG� E\� D� 5),'� WDJ� DQG� WKH�
information saved in the memory of this tag. As this 
tag has a paper inlay, the handwritten information 
can be kept.

6RPH�RI�WKH�GDWD�WR�EH�VDYHG�DW�WKH�H[FDYDWLRQ�
site are common to all the elements found on the 
VDPH�GD\��6RPH�JHRJUDSKLF�DQG�WHPSRUDO�GDWD�DUH�
known in advance, so we have decided to record 
WKHP� LQ� D�QXPEHU�RI�5),'� WDJV�EHIRUH� DUULYLQJ� WR�
WKH�¿HOG��,I�WKHVH�WDJV�DUH�QRW�XVHG��WKH�GDWD�FDQ�EH�
PRGL¿HG�EHFDXVH� WKH� WDJ�PHPRU\� LV� UHZULWDEOH�� ,Q�
this way, recording work at the site is reduced. The 
data are provided by the user through the touch 
LQWHUIDFH�RI�D�KDQGKHOG�5),'�UHDGHU��)LJ������7KHQ�
the tag is recorded just by clicking a button. The 
LQIRUPDWLRQ� VDYHG� FDQ� EH� FKHFNHG� RU� PRGL¿HG� DW�
any time.

The information is also stored in a local 
database inside the device. At the end of the day, it is 
transferred to the global traceability database. This 
database has the same structure as the one used so 
IDU�E\�6HJHGD¶V�UHVHDUFK�JURXS��7KH�RQO\�GL̆HUHQFH�
LV�WKDW�D�QHZ�¿HOG��FRQWDLQLQJ�WKH�WDJ�8,'��PXVW�EH�
added to the tables of the database.

The hardware required at this location is an 
5),'�UHDGHU��D�FRPSXWHU�DQG�D�SULQWHU��LI�WKH�FDUG�

Figure 5. 
Handheld RFID 
reader.

EXCAVATION SITE

Geographic information ����=RQH��
����/RW��

  • Area  
��6HFWRU
��6SDFH

��6WUDWLJUDSKLF�XQLW
��6TXDUH

• Total station coordinates
• Height

Chronological information   • Campaign  
����'DWH��

Element information ��0DWHULDO
��%DJ�QXPEHU

Table 1. Data to be collected at the excavation site. 
Common data are shaded.
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used so far is going to be created) before excavation 
DQG� D� KDQGKHOG� 5),'� UHDGHU� GXULQJ� H[FDYDWLRQ��
7KH�5),'�UHDGHU�FDQ�EH�WKH�VDPH��DV�WKH�KDQGKHOG�
reader can communicate to a computer.

6WHS����$UFKDHRORJLFDO�ODERUDWRU\�

Once in the laboratory, the fragments are 
cleaned and marked with a number that is shared 
by all the elements of the same bag. This internal 
LGHQWL¿FDWLRQ�FRGH��NQRZQ�DV�³VLJOD´��LV�WKH�RQH�XVHG�
in inventory and contains information about the 
\HDU�DQG�DUHD�RI�ZRUN��WZR�GLJLWV���D�FRGH�DVVLJQHG�
E\� WKH�PXVHXP� WR� WKH� H[FDYDWLRQ� �WZR�GLJLWV��� WKH�
LQYHQWRU\�QXPEHU��D�FRUUHODWLYH�QXPEHU�IRUPHG�E\�
IRXU�GLJLWV� WKDW�GL̆HUHQWLDWHV�WKH�EDJV�ZLWK�VLPLODU�
data) and a character that indicates the material of 
the fragments inside the bag. Its structure is shown 
LQ�)LJXUH���

%HVLGHV�� WKH� FRQWHQW� RI� WKH� EDJ� LV� DQDO\VHG��
The fragments that seem to be part of the same 
piece are packaged in a second bag. A new card is 
created for this new bag with the same information 
that contains the card of the original bag. This new 
EDJ�LV�VDYHG�LQVLGH�WKH�LQLWLDO�EDJ��)LJ�����

In our system, the inventory number should 
be the new information that must be added to the 
5),'� WDJ��+RZHYHU�� VRPH�RI� WKH�GDWD� WKDW� IRUPHG�
SDUW� RI� WKH� ³VLJOD´� DUH� DOUHDG\� UHFRUGHG� LQ� WKH� WDJ�
memory so, it is not necessary to save the whole 
FRGH��)XUWKHU��WKH�5),'�VRIWZDUH�FDQ�DXWRPDWLFDOO\�
calculate the codes that are going to be written on 
the fragments.

:KHQ� WKH� HOHPHQWV� RI� WKH� EDJ� DUH� FODVVL¿HG��
LW� LV� WKH� PRPHQW� WR� FRQ¿UP� WKHLU� PDWHULDO� DQG�
correct it if necessary. The number of sherds is 
FRXQWHG� DQG� DGGHG� WR� WKH� 5),'� WDJ� DQG� DOVR� WKH�
QXPEHU�RI�HOHPHQWV�QRW�LGHQWL¿HG���,I�LW�LV�QHFHVVDU\�
WR�GXSOLFDWH�WKH�WDJ��WKH�5),'�UHDGHU�MXVW�UHDGV�WKH�
original tag and records its data in a second tag at 
the same time that saves it in the database. Table 2 

gathers the information to be collected at this step of 
the traceability system.

The hardware elements required to implement 
the traceability system in the laboratory are the 
same that those used in the excavation site.

6WHS����5HFRQVWUXFWLRQ�

The third control point is the reconstruction 
ODERUDWRU\� WKDW� FDQ� EH� WKH� VDPH� RU� GL̆HUHQW� WKDQ�
the previous one. The aim is to join fragments in 
order to obtain a new element. This piece will be 
LGHQWL¿HG�ZLWK�D�QHZ�QXPEHU�DQG�D�QHZ�FDUG��7KH�
SUHYLRXV�FODVVL¿FDWLRQ�LQ�EDJV�PDNHV�WKH�WDVN�HDVLHU��
7KH�XQLGHQWL¿HG�DUWHIDFWV�DUH�OHIW�LQ�WKH�RULJLQDO�EDJ�
whose information card is destroyed.

7KH�5),'�V\VWHP�PXVW�FUHDWH�D�QHZ�WDJ�WR�EH�
attached to the piece, but also it is going to update 
the tag of the original bags that is not going to be 
eliminated.

Figure 6. Structure of the internal code or “sigla” used 
by Segeda group.

Figure 7�� :KHQ� VRPH� IUDJPHQWV� DUH� LGHQWL¿HG� DV�
belonging to the same ceramic piece they are bagged 
together. The new bag is saved inside the original one. 
Both bags contain cards with the same data.
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7KH�QHZ�5),'�WDJ�VSHFL¿F�IRU�WKH�UHFRQVWUXFWHG�
SLHFH�PXVW� VWRUH� WKH� FRGH� WKDW� LGHQWL¿HV� LW�� ,Q� WKH�
inventory and database the link between this code 
DQG� WKH� ³VLJOD´� RI� WKH� RULJLQDO� VKDUGV� LV� FUHDWHG��
In the tag memory the numbers that identify the 
source bags are recorded. This data will help to 
follow backwards traceability without consulting the 
inventory or database.

At the same time, the existent tag is updated. 
The information added indicates that a number of 
fragments from the bag are part of a piece with a 
known number. In this way forward traceability 
is fed back. All the new information is gathered in 
7DEOH���

When a new piece is reconstructed, we leave 
WKH� JURXS� LGHQWL¿FDWLRQ� OHYHO� �RQH� WDJ� IRU� D� JURXS�
RI�IUDJPHQWV��DQG�DVVXPH�VLQJOH�LWHP�LGHQWL¿FDWLRQ�
level.

The required hardware is the same as the used 
in the previous phase.

6WHS����0XVHXP�WUDQVIHU�

When an artefact is transferred to a museum, 
it must be accompanied by a record including all 
the relevant information in the format set by this 
institution. Assuming the museum agrees to use 
WKH�5),'�V\VWHP��LW�PD\�EH�QHFHVVDU\�WR�DGG�PRUH�
GDWD�� EXW� QRW� WR� PRGLI\� WKH� ¿HOGV� DOUHDG\� VWRUHG��
:H� ZRXOG� KDYH� WR� DGDSW� WKH� 5),'� DSSOLFDWLRQ�

WR� YLVXDOL]H� WKH� LQIRUPDWLRQ� ¿HOGV� IROORZLQJ� WKH�
PXVHXP�UHTXLUHPHQWV��7KH�5),'�WDJV�EHORQJLQJ�WR�
the traceability system should be updated with the 
date of the departure of the piece. At this moment, 
there is no contact with any host museum.

5.6. Software interface

The software application developed to read 
DQG�ZULWH�LQIRUPDWLRQ�IURP�WKH�5),'�WDJV�KDV�EHHQ�
created using the programming language Visual C#. 
This language eases the creation of visual interfaces 
WKDW�VLPSOLI\�WKH�XVHU�RSHUDWLRQ��%HVLGHV��WKH�5),'�
devices can be controlled with a set of functions 
written in this language that can also easily 
communicate with databases. The basic events that 
can be controlled with the application software are 
tracing tags, reading and writing tags and deleting 
WDJV��)LJ�����

7R� LQWHUDFW� ZLWK� DQ� 5),'� WDJ�� ZH�PXVW� ¿UVW�
EH�VXUH�WKDW�LW�LV�LQVLGH�WKH�UHDGHU�UDQJH��6R��EHIRUH�
writing or reading a tag it is necessary to trace which 
tags are near the reader. 

7KH� 8,'¶V� RI� WKHVH� WDJV� DUH� OLVWHG� RQ� WKH�
LQWHUIDFH��)LJ������,Q�WKLV�ZD\�ZH�FDQ�VHOHFW�WKH�WDJ�
we are going to work with. Choosing the read menu, 
DOO�WKH�GDWD�VWRUHG�LQVLGH�WKH�5),'�WDJ�DUH�GLVSOD\HG�
in an interface that has been designed in order to 
UHVHPEOH�WKH�)LOHPDNHU�UHFRUGLQJ�¿OHV�XVHG�VR�IDU��
as shown on Figure 10.

ARCHAEOLOGICAL LABORATORY: Cleaning and inventory

2ULJLQDO�EDJ��WDJ�FUHDWHG�DW�WKH�H[FDYDWLRQ�VLWH� • Inventory number that completes sigla code.
��1XPEHU�RI�IUDJPHQWV�LGHQWL¿HG�WR�EHORQJ�WR�D�SLHFH

• Number of amorphous

6HFRQGDU\�EDJ��WDJ�GXSOLFDWHG�IURP�WKH�RULJLQDO�
RQH�DW�WKH�ODERUDWRU\�

��$OO�WKH�GDWD�IURP�WKH�RULJLQDO�5),'�WDJ
• Number of fragments.

Table 2. Data to be collected at the archaeological laboratory. Cleaning and inventorying phase.

ARCHAEOLOGICAL LABORATORY: Reconstruction

([LVWLQJ�WDJV�DUH�XSGDWHG� ��,GHQWL¿FDWLRQ�FRGH�V�RI�WKH�SLHFH�V�FUHDWHG�IURP�IUDJPHQWV�IURP�WKLV�EDJ�

New piece RFID tag ��,GHQWL¿FDWLRQ�FRGH�RI�WKH�SLHFH�
• ,GHQWL¿FDWLRQ�FRGH��VLJOD��IURP�WKH�EDJV�WKDW�KDYH�FRQWULEXWHG�WR�WKH�SLHFH�

Table 3. Data to be collected at the archaeological laboratory. Reconstruction phase.
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All the important data are included and can be 
FRPSOHWHG�RU�PRGL¿HG�IURP�D�WRXFK�VFUHHQ�RU�IURP�
a keyboard. When the write option is clicked, the 
data are added or updated in the tag memory, but 
DOVR�LQ�WKH�GDWDEDVH��7KH�¿HOG�WKDW�JXDUDQWHHV�WKDW�
WKH� LQIRUPDWLRQ�VDYHG�LQ�WKH�5),'�WDJ� LV� WKH�VDPH�
DV�LQ�WKH�GDWDEDVH�LV�WKH�XQLTXH�LGHQWL¿FDWLRQ�FRGH�
of the tag. This number is read from the tag when 
any action is done on it and compared to the codes 
LGHQWLI\LQJ�DQ\�UHFRUG�LQ�WKH�GDWDEDVH��,I�DQ�8,'�LV�
not present in the database, a new record is created.
If a tag is deleted, the associated record in the 
database is not eliminated but marked as deleted. 

All these actions are carried out almost 
LQVWDQWDQHRXVO\�� 7KH� VRIWZDUH� DOVR� YHUL¿HV� WKDW�
the data to be recorded agree with the established 
format and sends an error message otherwise.

6. Conclusions

In this paper, a traceability system, based on 
5),'�WHFKQRORJ\��LV�SUHVHQWHG��7KLV�FRQWURO�V\VWHP�
has been specially designed to be integrated to the 

UHVHDUFK� ZRUN� GHYHORSHG� DURXQG� WKH� 6HJHGD� VLWH�
LQ� 6SDLQ�� WKRXJK� LW� FDQ� EH� DGDSWHG� WR� D� GL̆HUHQW�
DUFKDHRORJLFDO� UHVHDUFK� JURXS� DQG� GL̆HUHQW�
DUWHIDFWV��,I�WKH�DUWHIDFWV�DUH�ODUJH�HQRXJK��WKH�5),'�
codes can be directly attached to them. The system 
prototype has been partially implemented and 
successfully tested in the reconstruction laboratory 
step. The whole prototype is going to be tried out in 
summer 2012.

7KH� XVH� RI� 5),'� WHFKQRORJ\� HDVHV� DQG�
automates the process of data collection. The 
information can be updated simultaneously in the 
5),'� WDJ� DQG� LQ� DQ� HOHFWURQLF� GDWDEDVH� ZLWKRXW�
DPELJXLW\�� 7KH� VWRUDJH� FDSDELOLW\� RI� WKH� 5),'�
tags makes it possibly to access to the relevant 
information of the artefacts without a network 
connection to the database. It is not possible with 
RWKHU� DXWRPDWLF� LGHQWL¿FDWLRQ� WHFKQRORJLHV� OLNH�
FRGH�EDUV�� EHFDXVH� WKHLU� VWRUDJH� FDSDELOLW\� LV�
YHU\� ORZ�� 'DWDPDWUL[� DQG� 4XLFN� 5HVSRQVH� FRGHV�
have greater storage possibilities, but once the 
information code is created there is no possibility of 
adding or modifying the data saved. The memory of 

Figure 8. Top Left. Basic actions of the RFID software.  
Figure 9. Left. After selecting the tracing option, the list of tags are shown on 
the screen.        
Figure 10. Top Right. Screen of data associated to an RFID tag.
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DQ�5),'�WDJ�FDQ�EH�UHZULWWHQ�PRUH�WKDQ�D�KXQGUHG�
times. 

,QIRUPDWLRQ�WUDQVPLVVLRQ�E\�PHDQV�RI�UDGLR�
wave signal does not require a perfect alignment 
EHWZHHQ� 5),'� WDJV� DQG� UHDGHUV�� $Q� 5),'� UHDGHU�
placed at the exit door controls which elements 
OHDYH� RU� HQWHU� D� URRP�� $Q� 5),'� UHDGHU� FDQ� HYHQ�
scan items inside a closed drawer or box, without 
the need to open it to see what is inside.

Finally, traceability implementation forces us 
to clarify and thoroughly understand what happens 
at every step in the process and what information 
LV�UHDOO\�UHOHYDQW��,W�KHOSV�WR�RSWLPL]H�WKH�FROOHFWLRQ�
and management of data, reduces uncertainty 
DQG�PLVWDNHV��DQG�RSWLPL]HV�RXU�NQRZOHGJH�RI� WKH�
present and past locations of the artefacts. 
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1. Discovering a World Heritage 
Rupestrian Site Through the Use of 
Mobile Technologies

Matera Città Narrata project has been realized 
in 2009-2011 by  CNR ITABC and it was supported 
by the Regional Promotion Agency (APT) and 
the Basilicata Regional Government. Its aim is to 
provide the tourists visiting the city with cultural 
contents  related to the places, the history and 
the intangible heritage in order to enhance their 
cultural experience and encourage them to remain 
and spend a longer time in this wonderful city and 
in the surrounding landscape. 

Matera seems, or better is, an enormous 
sculpture, a city modeled in the calcareous rock of 
the deep canyon called Gravina, where thousands of 
natural caves have been used by men and women 
WR� ¿QG� SURWHFWLRQ� DQG� RUJDQL]H� WKHLU� OLIH�� IURP�
12.000 years ago until now (Fonseca et al. 1999). 
The territory in fact is plenty of rupestrian sites: 
prehistorical settlements (paleolithic and neolithic 
age) rupestrian churches, caves used as houses, 
pastoral villages excavated in the calcareous rock,   
jazzo’s (spaces destined to animals and surrounded 
by a dry stone wall), medieval manor farms, 
rupestrian monasteries.  

Corresponding author: eva.pietroni@mlib.itabc.cnr.it

During the Neolithic Age (around 8000 – 
5000 B.C) man did not live in the grottos. After 
the discovery of the agriculture, he began to live in 
IRUWL¿HG� DQG� VKHOWHUHG� YLOODJHV� HQFLUFOHG� E\�PRDWV�
that  had the function to isolate and protect the group 
of primitive huts. Here the community lived, worked, 
and cultivated the land. The grottos close to the 
village were destined to sanctuaries and cemeteries.  
Later men began to occupy and live in grottos in a 
PRUH� V\VWHPDWLF�ZD\�� HVSHFLDOO\� WR� ¿QG� SURWHFWLRQ�
IURP�WKH�EDUEDULDQ�GDQJHU�GXULQJ�WKH�¿UVW�PHGLHYDO�
age (Fonseca, 1979). In the same period many pre-
H[LVWLQJ� FDYHUQV�ZHUH�PRGL¿HG�RU�KROORZHG�RXW� VR�
as to be dedicated to worship and they were often 
decorated with  notable mural paintings. In the 
Rupestrian Churches Park, (about 8,000 hectares 
in Matera and Montescaglioso territory) more than  
150-200 rupestrian churches have been counted 
DQG�WRGD\�WKHLU�GLVFRYHU\�DQG�LGHQWL¿FDWLRQ��LV�VWLOO�
in progress.  Most part of these rupestrian sites 
continued to be used in the successive times, up 
until the half of the 20th century; the grottos were 
used as dwellings, animal shelters, places of worship 
and burial grounds and for religious ceremonies.

The most famous areas of the city are called 
“Sassi” (Sasso Barisano and Sasso Caveoso) where 
the frontages of the houses are built with calcareous 
bricks obtained excavating the inner caverns, just to 
protect the entrances.  In most parts of the Sassi the 

Matera Città Narrata Project: a Multimedia and 
Multi-Platform Guide for Mobile Systems

Eva Pietroni 
CNR Institute of Technologies Applied to Cultural Heritage, Italy
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Figure 1. Matera, view of the Sasso Barisano and 
Gravina river, (2010).

streets are located on the rooftops of other houses 
�/DXUHDQR� ������ DQG� VXFK� D� VSDWLDO� FRQ¿JXUDWLRQ�
VWLPXODWHG� IDPRXV� ZULWHUV�� ¿OP� GLUHFWRUV�� DUWLVWV�
to bring to Matera their art. Coming to Matera and 
discovering its caves is something like to re-discover 
the wormth of the mather, an ancestral feeeling. 

People lived inside the Sassi until 1950s,  with 
animals and in really bad conditions. At this time 
the Italian Government decided to evacuate the 
LQKDELWDQWV�RI�0DWHUD��GH¿QHG�³QDWLRQDO��GLVJUDFH´��
deporting  them forcefully in the new buildings 
designed by famous Italian architects (Quaroni, 
Piccinato, De Carlo, Fiorentino, Lenci), built outside 
the ancient city. So Matera became a laboratory 
of the most advanced tendencies of the Neorealist 
urbanism linked with Italian Rationalism.  In the 
new districts people started to live in much better 
conditions but they lost that ancestral status 
based on communal life all around open spaces.  
Today, after a period of abandon, the Sassi of Matera 
have been revaluated.  In 1993 the city became 
Unesco World Heritage and many caverns have 
been restored (even if some work is still needed) 
to host craft activities, hotels, shops; also some 
families have come back to live in their ancestor’s 
caves (Fig. 1).

In 2009 the Regional Promotion Agency 
(APT), in collaboration with CNR IRAT, collected 
some statistic data on tourist presence in Matera 
and on the time they usually spend in the place in 
UHODWLRQ� ZLWK� WKH� KXJH� DPRXQW� RI� VLWHV� R̆HUHG� E\�
the context. What came out from this investigation 
was that until today the visit of Matera has been 
usually included in wider package tours (from the 
Adriatic and Ionic coasts) and people visit this place 
LQ�IHZ�KRXUV��UHDOO\�DQ�LQVẊFLHQW�WLPH�WR�HQMR\�DQG�
understand the place and its extraordinary cultural 
heritage. Moreover the visit is often accompanied 
by local physical guides, (some sites and excursions 
cannot be found and experienced without them). 
This is why the Basilicata Region decided to 
promote and support this project for which CNR 
ITABC has been involved as coordinator.   From 
the begin we tried to  plan a system that could not 
enter in competition with local guides (many people 
base their job and subsistence on this activity), and 
that could be perceived as an added value to what 
LV� DOUHDG\� H[LVWLQJ� LQ� WHUPV� RI� FXOWXUDO� R̆HU�� :H�
didn’t want to make a traditional guide, describing 

monuments and telling who made them and when. 
This kind of contents remains in the background 
while a novel  approach in storytelling was the real  
issue we decided to follow (Antinucci, 2004 and 
2007). For instance we decided to orient a great 
H̆RUW�WR�WKH��'�UHFRQVWUXFWLRQ�RI�WKH�ODQGVFDSH�DQG�
RI�WKH�XUEDQ�HYROXWLRQ�LQ�HLJKW�GL̆HUHQW�DJHV��IURP�
WZR�PLOOLRQV�\HDUV� DJR�XQWLO� WRGD\�� WKLV� LV� WKH�¿UVW�
time such a work has been developed and presented 
to the public and we believe it is something very 
important in order to understand and communicate 
the essence of Matera. Moreover this kind of contents 
cannot be transmitted and shown to the public by 
physical guides without the aid of something visual.  
For the same reason we decided to involve local 
people, inhabitants, children or artists to give their 
particular and original interpretation of Matera’s 
story and life, through their own memories and  
experiences.  

2. Usability and Inclusivity

The contents, organized in an online database, 
are accessible, for free, from a variety of mobile 
technologies. 

The project is quite pioneering as the  state 
RI� WKH� DUW� LQ� WKLV� ¿HOG� LV� VWLOO� VFDQW� DQG� RXU� ¿UVW�
attempt  has been to create something new not 
only, and not necessarly, from a technological 
point of view but also and especially in the general 
infrastructure, in the design of the applications, in 
its robustness and possibilities to be maintained 
by the local administrations and, of course, in the 
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choice of the cultural contents, as of the proper 
communicative formats. This is the right approach 
to let such a project survive, to make it accessible 
and usable for more than a brief initial promotional 
launching. In the last years many projects realized 
to provide the tourists with cultural guides on 
mobile devices are died after few months from their 
opening. Sometimes this was due to the extremely 
sophisticated technological solutions that have been 
employed, requiring for instance the combination 
RI� VHYHUDO� LQWHU�GHSHQGHQW� VHUYLFHV� �ZL�¿�� *36�
localization, bluetooth) that make the general 
infrastructure very delicate and fragile.  We wanted 
to built something more robust, that could be able 
WR�ZRUN�HYHQ� LQ�DEVHQFH�RI�D�*36�VLJQDO�RU�D�ZL�¿�
connection (we provide these systems but visitor are 
not totally dependent from them). In fact the urban 
spaces of Matera are often very narrow and places 
are located one above the other, so GPS could not 
be always precise (Wagner et al.2005; Takacs et al. 
2008).

7KXV�ZH� WULHG� WR� FDOLEUDWH�DQG�¿W� WKH�SURMHFW�
to the  real needs of the people visiting Matera. If 
solidity and stability of the system are fundamental, 
accessibility and facility for public to use the 
platform are imperative. One of the keyword of 
the project is “inclusivity”; this means that all 
kinds of visitors can enjoy in some way of the 
available cultural contents, using the  more or less 
advanced technology they own. Contents, in fact, 
KDYH� EHHQ� DGDSWHG� WR� � GL̆HUHQW� IRUPDWV� WKDW� FDQ�
be accessed as multimedia contents on a website 
(www.materacittanarrata.it declined  for desktop 
systems and also for smartphones) or as stand alone 
applications to be downloaded on  smartphone  and 
tablet (iOS, Android, Java). Also a simple audio 
guide has been implemented, for old generation call 
phones, and a  .pdf version of the guide that can be 
printed and brought  while visiting the places. We 
DOVR�SURYLGHG�D�ZL�¿�LQIUDVWUXFWXUH�WR�FRYHU�WKH�PRVW�
DWWHQGHG�SODFHV�LQ�WKH�6DVVL�QHLJKERXUKRRGV����ZL�¿�
hotspot in total, each one with a range of about 100 
mt). Here people can easily access the website for 
free or download applications and contents in local, 
using them afterwards while continuing the visit. 
,Q�WKH�SODFHV�QRW�FRYHUHG�E\�WKH�ZL�¿�LQIUDVWUXFWXUH�
users can access the on line contents using the 
telephonic connection according to their pay plan. 
The project, coordinated by ITABC and realized also 
through the collaboration of private companies, has 

been concluded and now it is open to public. At the 
moment all the contents are given for free,   APT 
Basilicata and Matera Municipality will support the 
costs in the next months and then they will decide 
KRZ�WR�PDQDJH�WKH�VHUYLFHV�LQ�WKH�IXWXUH��2XU�H̆RUW��
in the digital platform design, was oriented also 
in keeping the costs of maintenance as lower as 
possible.

3. Contents and Accessibility

Before visiting Matera the user can access the 
website  from home, school or every other static base 
DQG�KH�¿QGV�FXOWXUDO�FRQWHQWV�RUJDQL]HG�LQ�GL̆HUHQW�
multimedia sections. He can explore on line or  
GRZQORDG� FRQWHQWV� LQ� GL̆HUHQW� IRUPDWV� ��PS���
�SGI�� VWDQG�DORQH�DSSOLFDWLRQV� IRU�VPDUWSKRQHV�RU�
tablet) in order to use these materials during the 
successive visit of Matera, without the need to connect 
again to the internet. Standalone applications for 
VPDUWSKRQH� KDYH� EHHQ� LPSOHPHQWHG� � LQ� GL̆HUHQW�
versions for the most common operative systems: 
iOS, Android, Java.

Figure 2. Sign put in front of the monument with all the 
information to access the cultural contents.
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While visiting Matera the user can use his 
device to access contents in the following ways:

1) “Database” access while moving through 
the site: the visitor stops in front of a monument 
DQG�¿QGV�D�VLJQ�ZLWK�LWV�QDPH�DQG�LWV�,'��D���GLJLW�
number), together with  a toll free number or a URL. 
He has some possibilities (Fig. 2): he can connect 
WR� WKH� LQWHUQHW� �WKH� SODFH� LV� LQ� D� ZL�¿� DUHD� RU� KH�
uses his own pay plan) he can access the web site 
and, keying in the ID, he reaches information about 
the monument and other related contents. He can 
also download a stand alone application if he owns 
a smartphone, in order to avoid to connect to the 
internet in the successive steps of the visit. 

On the contrary, if he has not a connection 
to the  internet, he can call the toll free number 
indicated on the sign. In this case  a synthetic voice 
(IVR, Interactive Voice Response) will answer 
asking to choose the preferred language (Italian, 
English, German); after  it will ask the monument 
,'�DQG�¿QDOO\�LI�WKH�XVHU¶V�SUHIHUHQFH�LV�IRU�DQ�DXGLR�
guide (2-3 minutes)  or a MMS (30”- 40” audio 
explanation and 5 images). After this third choice 
the proper content will be sent. 

2) “Guide” access while moving through 
the site: the user is in front of the monument 
and he has just received the information about 
it. After this and in relation with this, the visitor 
can enjoy thematic itineraries, witnesses, video 
clips with personal stories or memories told 
by local people related to that monument.  
The website has been realized in Flash (for desktop 
platforms) and in html (for mobile phones). It 
IROORZV�D�VSHFL¿F�QDUUDWLYH�VW\OH�DQG�RQO\�DFFUHGLWHG�
authors can apply updates and changes in order to 
preserve the general approach. But we also added a 
separate section open to external contributes from 
local cultural operators, in which texts, images, 
movies can be uploaded.

Moreover APT Basilicata, in collaboration with 
Matera Superintendency, is now planning to open a 
local multimedia urban centre in the undergrounds 
of Piazza Vittorio Veneto (a strategic square of 
Matera from which the main itineraries through the 
Sassi and up to the Civita develop), where the tourists 
ZLOO� ¿QG� LQIRUPDWLRQ� DERXW� WKH� SURMHFW�� ,Q� WKHVH�
caves some large projections will give the public a 

suggestive overview of the most original contents 
that have been realized: 3d reconstructions,  stories 
by local inhabitants, performances and comments 
left by the artists, visions of the sites before and after 
1950 and so on.  

In the urban centre visitors will also have the 
SRVVLELOLW\�WR�¿QG�D�IDVW�LQWHUQHW�FRQQHFWLRQ�LQ�RUGHU�
to download cultural contents from the web site to 
their own devices before continuing the visit. 

So the general aim is to realize an integrated 
multi-disciplinary and multi-dimensional  cultural 
project, a virtual heritage network able to ideally 
connect  contents, places, ages, authors and users, 
real worlds and virtual cyberspaces. According 
to this approach (and following a more general 
tendency of the actual time) the border line between 
RQ�DQG�R̆� OLQH� � FRQWHQWV�DFFHVV�EHFRPH�PRUH�DQG�
more blurred, as people begin to live in a continuous 
interchange with local and remote experiences.

4. Sections and Technical Development

In the following paragraph the main contents 
are going to be explained.

*XLGH�

The guide is one of the main sections of the 
project, available in all outputs. As mentioned 
before, our goal was not to create a guide following 
the traditional descriptive approach of monuments 
and sites. Each place/story is told through a movie 
(or, in the case of the iPad application, through a 
slide-show with an audio comment ) composed by 
10-15 images; if the user is in front of the real place 
he doesn’t need an oversized multimedia format. 
The  guide can be accessed in two modes: single sites 
or itineraries. In single site mode you can access 
one site at a time, by choosing it  on a map or by 
keying in its ID. Itineraries provide also a narrative 
connection  among several sites.  There are four of 
them: two in the Sassi neighbourhoods, one up to 
the Civita and one in the territory outside Matera, 
along the Gravina.

Fly on the territory: 

This section (available only in the iPad 
application) aims at the real time 3D exploration 
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of the territory all around Matera. It is an “holistic” 
vision of the context where the user has the possibility 
to visualize and locate the main typologies of cultural 
heritage distributed all over the area (Fig. 3). 

The DEM was generated from topographical 
VXUYH\V� ZLWK� GL̆HUHQW� UHVROXWLRQV�� ����������
��������� ������ �WKDQNV� WR� 8̇FLR� 6DVVL� RI�0DWHUD��
DQG� LWV� ¿QDO� UHVROXWLRQ� LV� �� PW�� ,W� LV� PDQDJHG�
through many LODs (level of details), in fact for the 
real time visualization in the iPad 1 (considered as 
basic standard) we needed to limit the geometry 
to 20-25.000 polygons. The 3D model, divided in 
many tiles according to the level of detail  adopted, 
was mapped with Quickbird satellite photos (80 
cm resolution), and with an IGM map where the 
ORFDWLRQ� DQG� LGHQWL¿FDWLRQ�RI� DOO� WKH� WRSRJUDSKLFDO�
themes is easier. The virtual exploration is controlled 
by a third person camera: moving and tapping the 

iPad the user can guide a Lesser Kestrel (a typical 
little hawk living in Basilicata)� À\LQJ� DOO� RYHU� WKH�
territory; it can loose or gain altitude and speed, 
turn left and right acting the proper animations. The 
user decides the direction to apply to his  movement 
but the bird keeps a certain degree of autonomy. 
In fact the camera has not a rigid constraint and a 
¿[HG� GLVWDQFH� IURP� WKH� DYDWDU�KDZN� EXW� D� ÀH[LEOH�
EHKDYLRU�WKDW�SURGXFHV�D��QLFH�H̆HFW��

The user can modify the textures of the 
territory choosing the map or the satellite image, 
he can also visualize some thematic layers, as 3D 
icons located on the landscape: prehistorical sites, 
rupestrian churches, shepherd’s settlements, manor 
farms, new urban districts, towns near Matera and 
so on. Some of these icons are interactive and let the 
user access to more detailed information (movies) 
DERXW�VSHFL¿F�VLWHV��)LJ�����

The GIS project integrates also data connected 
with the reconstruction of the potential ancient 
landscape (Forte 2008) of Matera, (vegetation and 
soils map, geological and paleo-botanic data) that 
we propose in  another section of the project. 

%URZVH�WKURXJK�WKH�$JHV��

The section, available in all outputs, is 
dedicated to the evolution of the landscape and of 
the urban context of Matera through the time. This 
evolution process is described through video clips 
based on 3D rendering showing the context in eight 

Figure 3. Fly on the territory main interface, iPad 
application.

Figure 4. 3D reconstruction of Matera in the Norman 
period (IX-XI century AD), (rendering in Vue by Raffaele 
Carlani & Stefano Borghini).

Figure 5. iconographic sources used for the 
reconstruction of Matera during the Renaissance period 
and info-graphics.
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GL̆HUHQW�DJHV���WKH�HPHUVLRQ�RI��ODQGV�IURP�WKH�VHD�
more than two millions years ago,  the terrain and 
³*UDYLQD´� FDQ\RQ� IRUPDWLRQ�� � WKH�ELUWK�RI� WKH�¿UVW�
neolithic entrenched settlements (5000-4000 B.C.),  
WKH�GL̆XVLRQ�RI�OLIH�LQ�QDWXUDO�FDYHV��WKH�FRQVWUXFWLRQ�
RI��WKH�³EXLOW´�DQG�IRUWL¿HG�VSDFH�LQ�WKH�0LGGOH�$JHV��
the expansion from the Civita to  the  Sassi suburbs, 
from Sassi to the planar area where the modern and 
contemporary city has developed. 

$�JUHDW�H̆RUW�KDV�GRQH�WR�PRGHO�LQ��'�0DWHUD�
and its landscape in eight chronological phases. The 

main purpose of these reconstructions is to show the 
general transformation and the growth of the whole 
VKDSH� RI� WKH� FLW\� UDWKHU� WKHQ� IRFXVLQJ� RQ� � VSHFL¿F�
buildings or monographies. 

The 3D models have been realized in 3D Studio 
Max and Vue, starting from the topographical data 
given by the Urbanistic Department of Matera 
Municipality (CAD data mainly), from historical 
documentation, iconography, literary citations (Figs 
4 and 5) (Volpe 1818, Gattini 1882, Tropeano 2003, 
Demetrio ������DQG�¿QDOO\� IURP�WKH�DUFKDHRORJLFDO�
investigations and studies carried on by CNR IBAM 
and  the Basilicata Superintendency. 

No further topographical acquisitions have 
been made by our team. A critical info-graphic 
apparatus was also elaborated in order to highlight,  
on the actual images of the town, the interpretative 
process followed and the correspondences between 
the 3D reconstructions of the past and what is still 
visible today.

Virtual Exploration  through the Ages:

The 3D reconstructions of the past 
chronological phases have been used also in this 
section, available in the web site and in the iPad 
application, in order to create an “augmented” 
experience. The user can explore some views of 
the urban and natural landscape and observe 
them in their process of historical evolution and 
transformation. Six main views (indicated on the 
map with orange icons),  are panoramas in 3D, 
reconstructed in eight  chronological phases, from 
2 millions years ago until today. In  each of them 
the real actual image and the 3D reconstructions 
of the past ages are perfectly overlapping and it is 
possible to switch among them, perceiving and 
understanding the whole chronological progression. 
A cursor allows to modify the transparency of the 
active level in order to have more possibilities of 
comparison with the actual  landscape (Fig. 6).

Other views consist in historical images (most 
of them belonging to Giuseppe Buonsanti’s archive) 
taken inside the Sassi areas (blue icons on the map). 
Every couple of images shows the life and the place 
before and after the depopulation of 1950s or its 
successive restoration (Fig. 7).

Figure 7. Hystorical photos are compared to show how the 
Sassi have been changed through the time: in 1949 people 
were still living there, after 1950 they were moved in the 
new buildings and the Sassi were abandoned and closed.

Figure 6. web site with the 3D reconstruction of Matera 
seen from Belvedere della Murgia in different ages: 
actual, pleistocene, neolithic and norman period.
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Personal stories:

A lot of people have been involved in this 
project: they have narrated the places of the city and 
of the territory on the basis of their own memories 
and encounters, their own visions, discoveries and 
life experiences. Also many children from the local 
VFKRROV� RI� 0DWHUD� KDYH� EHHQ� LQYROYHG�� ¿QDOO\� WHQ�
well-known artists gave their contribution, bringing 
their art to Matera.

,Q� RXU� DSSOLFDWLRQ� WKHVH� ZLWQHVVHV� DUH� ¿[HG�
in video clips, each one two- three minutes long. 
The section is available in the web site and in the 
iPad application. In order to avoid to make the iPad 
application too heavy, we included in local only ten 
personal stories (witnesses) while the other ones 

DUH� DYDLODEOH� � WKURXJK� D�ZL�¿� LQWHUQHW� FRQQHFWLRQ��
This section is of fundamental importance for 
us as it allows to multiply the points of view, the 
expressive registers and the cognitive and aesthetic 
perspectives from which the city is considered.

Finally some numbers: 86 movies, 30 slide-
show, 8 chronological phases reconstructed in 3D, 
6 panoramas for “augmented” visualization, a VR 
HQYLURQPHQW�� ��� VRXQG� WUDFNV�� $� ÀDVK�PXOWLPHGLD�
web site, a html website for cellphones, MMS, audio 
guides in IVR, guides in .pdf, an iPad application 
(1GB), multi-platform applications for  smartphone 
(among which a Treasure Hunt “O’ Munaciedd” for 
children realized by CNR ITD in Palermo available 
IRU�L3KRQH���D�ZL�¿�GRUVDO�LQ�WKH�6DVVL�QHLJKERXUKRRG�

The iPad application is one of the most advanced 
output  we realized (1 GB, AppStore, category 
Education) . For this application we used Unity 3D 
for iOS as developer platform. The main reasons that 
led us to this choice are:  the short development time 
consuming in relation with the complexity of the 
application, the strength and stability of the engine 
and its well written documentation. The target of 
WKLV�DSSOLFDWLRQ�ZDV�WKH�L3DG�¿UVW�JHQHUDWLRQ�EXW� LW�
runs also on iPad2 and iPad3 (Fig. 8).

5. Conclusions

Despite the Basilicata region is one of the 
richest territory in Italy, but also in the world, in terms 
of Cultural Heritage, it is still partially unexplored 
in comparison with the wider touristic and cultural 
circuits. The absence of proper infrastructures for 
mobility (railways,  airports, public transports) 
causes problems of accessibility to the cultural and 
naturalistic sites. This situation is due also to the 
fact that the Italian Government has always limited 
the economic and cultural investments in this 
territory (except for the petrol extraction) and thus 
it still remains quite “marginal”. For this reason one 
of the primary need  of the project was to give a new 
evidence and  coherence to these cultural paths.

“Matera Città Narrata” project aims at 
enhancing  the cultural experience of Matera and 
of its territory, (Unesco World Heritage since 
1993) providing contents about the physical and 
intangible heritage of this unique city, where 
men established since 12.000 years ago, living in 

Figure 8. iPad application developed in Unity 3D 
(programmer Claudio Rufa, E.V.O.CA.): main menu and 
map - interface.
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caves.  We didn’t want to confuse the instruments 
(new technologies subjected to fast obsolescence) 
ZLWK� WKH� ¿QDO� SXUSRVH�� FXOWXUDO� GLVVHPLQDWLRQ��
innovative models for the Cultural Heritage fruition. 
For this reason we decided to invest mainly on 
the  capitalization of the  intangible heritage, in 
order to strengthen the unicity of this territory.  
The actual generation of people living in Matera that 
are about 50 -60 years old is the last one carrying 
on the direct experience of the life within caverns, 
they are depositary of the long and uninterrupted 
experience of rupestrian civilization. Today children 
and young people start to look at this patrimony in 
D�GL̆HUHQW�ZD\�DV�WKHLU�OLIH�DQG�XVHV�KDYH�FKDQJHG��
they speak about Sassi as something belonging to 
their ancestor.  In the next years Matera’s Sassi are 
going to become a “musealized” site, more and more 
open to  tourism. We cannot know if in the future 
they will risk to loose the identity that actually can 
be still strongly perceived.  

The main components of the platform are:  
1) the web site,  accessible in remote from home 
or school but also adapted for smartphone (Fig. 
9), where it is possible to enjoy narratives, to 
PDNH� VSHFL¿F� UHVHDUFKHV� RU� WR� GRZQORDG� GL̆HUHQW�
materials useful during the visit of the city;  2) 
cultural contents and applications for mobile 
devices (old style mobile phones, smartphones, 
L3DG��DGDSWHG�WR�GL̆HUHQW�RSHUDWLYH�V\VWHPV�

Every user can reach cultural contents in 
a simple way, he can choose the  communicative 
format he prefers which will be supported by the 
technology he owns.

Another imposing aspect of the project has 
EHHQ� WKH� �'� UHFRQVWUXFWLRQ� RI�0DWHUD� LQ� GL̆HUHQW�
ages, realized by CNR ITABC, that obliged us 
to collect, study and interpret a huge amount of 
historical and iconographic sources.

The project has been concluded from a 
technical point of view and the applications are 
already available in the web. Now we are waiting 
for the opening of the documentation centre in the 
undergrounds of Piazza Vittorio Veneto (in charge 
of APT Basilicata, Matera Superintendency and 
CNR IRAT) that will represent a further opportunity 
to support and promote the project.

In conclusion we hope the project can produce 
VRFLDO�DQG�FXOWXUDO�EHQH¿WV�DQG�LQ�SDUWLFXODU��

• to improve the quality of the cultural and touristic  
VHUYLFHV�R̆HUHG�LQ�WKH�WHUULWRU\�

•  to improve and enforce the presence of italian 
and foreign visitors in Matera and support 
them providing cultural information that can 
be accessed through a variety of devices and 
formats;

•  to involve the people living in Matera in the 
processes of promotion and communication  of 
their  regional culture;

• to contribute to the creation of new development 
models in the domain of cultural heritage, in 
order to improve the citizens’  life quality;

• to determine preservation actions of the 
GL̆XVHG�� WDQJLEOH� DQG� LQWDQJLEOH� KHULWDJH�� DV� D� 
consequence  of the enhancement of the cultural 
and productive identity of the citizens.

A fundamental activity is the public’s 
monitoring (thanks to CNR IRAT) that has been 
concluded in these days.  The elaboration of the 
¿QDO�UHVXOWV�LV�QRZ�LQ�SURJUHVV�DQG�XQIRUWXQDWHO\�LW�
is not available at the moment of this writing. We 
are going to refer about it in a next paper that will 
be presented together with the colleagues of CNR 
IRAT.

The future maintenance and management of 
the system will be responsibility of APT Basilicata 

Figure 9�� WKH� ¿UVW� WKUHH� LPDJHV� DUH� UHIHUUHG� WR� WKH�
smartphone website interfaces (Netagency and 
Imagimotion s.r.l.). The last image is related to the 
application “O’ Munaciedd” developd by CNR ITD-
Palermo.
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and Matera Municipality. We really hope they will 
be able to support, enforce, improve, update the 
platform and its contents also in the next years.  
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1. Introduction

Evaluation activities are highly useful since 
they can improve and enhance the research domain. 
7KLV� LV� WUXH� DOVR� RI� WKH�QHZO\�ERUQ�¿HOG� RI�9LUWXDO�
Museums. Developing a good framework for analysis 
DQG� HYDOXDWLRQ� FDQ� KDYH� D� VLJQL¿FDQW� LPSDFW� RQ�
the production phases of a virtual museum so that 
certain outcomes, such as knowledge exchange, 
cognitive improvement, and cultural heritage 
communication can be better achieved. Up to now, 
WKH�¿HOG�KDV�SURGXFHG�LQVẊFLHQW�H[WHQVLYH�VWXGLHV�
RQ� WKH� H̆HFWLYHQHVV� RI� VXFK� YLUWXDO� DSSOLFDWLRQV�
analysed on the basis of cross-comparative methods 
of evaluation; nothing really explicative has been 
done that has taken into account all of the complex 
YDULDEOHV� WKDW� DUH� LQKHUHQW� LQ� D� 90� SURMHFW�� :H�
still have to rely only upon visitors’ surveys and 
researches focused on web sites or user interface 
design analysis are provided by laboratories and 
&RUUHVSRQGLQJ�DXWKRU��VR¿D�SHVFDULQ#LWDEF�FQU�LW

FXOWXUDO�LQVWLWXWLRQV��&RQVHTXHQWO\��LW�LV�YHU\�GL̇FXOW�
IRU� XV� WR� EXLOG� XS� D� UHOLDEOH� DQG� H̆HFWLYH� JULG� RI�
indicators that would be helpful for analysing, 
studying and communicating with specialists and 
academics, thus, limiting the potential for a real 
improvement of the research. Therefore, our main 
goal is to study the criteria and parameters that 
could be used as reference for generally evaluating 
virtual museums, considering what kind of method, 
if one exists, we should adopt. 

To move towards solving these issues, a 
(XURSHDQ� SURMHFW� IRFXVHG� RQ� YLUWXDO� PXVHXPV��
9�0XV7�QHW� �ZZZ�Y�PXVW�QHW��� IRUPHG� DQ�
entire work package dedicated to qualitative 
and quantitative evaluations through a range of 
interactive laboratory experiments. Although a 
SUHYLRXV�DWWHPSW�KDG�EHHQ�FDUULHG�RXW� LQ�WKLV�¿HOG�
GXULQJ� WKH� H[KLELWLRQ� ³%XLOGLQJ� 9LUWXDO� 5RPH´�
������ LQ� 5RPH� >�@�� WKH� UHVXOWV� RI� WKDW� VWXG\� GLG�
not reach enough detail, due to a lack of strategy 
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Abstract:
November 2011 saw the opening of the exhibition “Archeovirtual” organized by CNR ITABC and V-MusT 
Network of Excellence, in Paestum, Italy, under the general direction of BMTA (BMTA is the Mediterranean 
Expo on Archaeological Tourism directed by Ugo Picarelli and organised by Salerno Province). The event, 
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employed to examine user behaviour and usability of the interfaces, plus understanding the gap between 
user expectation and experience. First analyses revealed that the impact of interactive applications on the 
user seems to depend on the capability of technology to be “invisible” and to allow a range of possibilities 
for accessing content. To achieve this, virtual museums need a more integrated approach between cultural 
contents, interfaces and social and behavioural studies. 
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and complexity required for evaluating and 
FRPSDULQJ� GL̆HUHQW� W\SHV� RI� GLJLWDO� DSSOLFDWLRQV��
$�VHFRQG�DWWHPSW�DW�90�HYDOXDWLRQ�ZDV�FRQGXFWHG�
LQ�1RYHPEHU� �����GXULQJ� WKH� H[KLELWLRQ� RI� YLUWXDO�
DUFKDHRORJ\�� ³$UFKHRYLUWXDO´� �ZZZ�DUFKHRYLUWXDO�
LW���KHOG�LQ�3DHVWXP��,WDO\��ZLWKLQ�WKH�0HGLWHUUDQHDQ�
([SR�RI�$UFKDHRORJLFDO�7RXULVP��)LJ�����

Throughout this paper, we will present the 
IUDPHZRUN�LQ�ZKLFK�9�0XVW�DFWV��WKH�PRVW�UHOHYDQW�
PHWKRGV�RI� HYDOXDWLRQ�RI�90�DSSOLFDWLRQV��GLVFXVV�
their peculiarities and weaknesses, and present 
the strategy that we used to formulate our own 
approach to evaluation. The latter is the result of a 
V\QHUJ\� EHWZHHQ� ODERUDWRULHV�� HDFK� ZLWK� GL̆HUHQW�
experiences and methods.

2. V-Must.net Context and the VM 
Evaluation 

$� VLJQL¿FDQW� QXPEHU� RI� SURMHFWV� DQG�
applications used in virtual heritage are often born 
and die in digital labs, without being experimented 
RU� WHVWHG�ZLWK� UHDO��¿QDO�XVHUV��7KHVH� ³SURWRW\SHV´�
– that is how they actually have to be called, 
VLQFH� D� ³SURGXFW´� LV�QRW� YHUL¿HG�XQWLO� LW� HQWHUV� WKH�
market and starts to be used – are the result of 
experts, technicians, and academic knowledge, 
combined together to give birth to multidisciplinary 
and avant-garde outputs. Since most of the time 
these experiments concern the collective cultural 
heritage and aim at reaching the widest audience, 
it is necessary to consider how the target audience 
ZLOO� H[SHULHQFH� WKH� 90�� )RU� H[DPSOH�� ZKDW� LI� WKH�
³FRPPRQ´� XVHU� FRXOG� QRW� RSHUDWH� WKHP� SURSHUO\"�

Could it be a problem of content understanding or a 
XVDELOLW\�LVVXH"�)XUWKHUPRUH��KRZ�FDQ�ZH�PDNH�WKHP�
DYDLODEOH�DQG�XVDEOH�IRU�DOO�NLQGV�RI�WDUJHW�JURXSV"�
7R� EHJLQ� DQVZHULQJ� WKHVH� TXHVWLRQV�� WKH� 9�0XV7��
9LUWXDO� 0XVHXP� 7UDQVQDWLRQDO� 1HWZRUN� �ZZZ�Y�
PXVW�QHW��� ZDV� IXQGHG� DV� D� (XURSHDQ� SURMHFW� DQG�
representing a Network of Excellence dedicated to 
9LUWXDO�0XVHXPV�ZLWK�WKH�JRDO�RI�PDNLQJ�WKHLU�QH[W�
generation:

• More communicative in terms of availability of 
their connection to certain locations and for the 
W\SH�RI�LQIRUPDWLRQ��WDLORUHG�RQ�WKH�¿QDO�XVHU�

• 0RUH� H̆HFWLYH� UHIHUULQJ� WR� WKH� DXGLHQFH¶V�
VDWLVIDFWLRQ�DQG�OHDUQLQJ�EHQH¿WV�

• More sustainable in terms of reusability and 
H[FKDQJHDELOLW\� RI� FRQWHQW� XQLWV� RQ� GL̆HUHQW�
medium;

• 0RUH�DFFHVVLEOH�LQ�WHUPV�RI�SODWIRUPV��SF��WDEOHW��
L3DG��PRELOH�SKRQH��VLWH�VSHFL¿F�SURMHFWLRQ��HWF���
DQG� XVHU� LQWHUIDFHV� �GHVNWRS�EDVHG� LQWHUDFWLRQ��
GHYLFH�EDVHG�LQWHUDFWLRQ��QDWXUDO�LQWHUDFWLRQ��

• More visible in public spaces and on line.

+HUH� ZH� KDYH� WR� PDNH� D� VSHFL¿FDWLRQ�� IRU�
³YLUWXDO�PXVHXP´�ZH�PHDQ�WKH�YLUWXDO�UHFRQVWUXFWLRQ�
of environments and exhibitions, which contain 
FXOWXUDO�KHULWDJH�REMHFWV�HLWKHU�GDPDJHG�RU�GHVWUR\HG��
)URP�D�WKHRUHWLFDO�YLHZSRLQW��KRZHYHU��WKH�QHZ�WHUP�
stands as a new model of communication that aims 
at creating a personalized, immersive, interactive 
way to enhance our understanding of the world 
DURXQG�XV��7KH�WHUP�90�LV�DQ�DFURQ\P�WKDW�FRYHUV�
³YDULRXV�W\SHV�RI�GLJLWDO�FUHDWLRQV´�WKDW�DUH�DYDLODEOH�
³RQOLQH��LQ�PXVHXPV�DQG�RQ�KHULWDJH�VLWHV´2. 

Thus the four-year long European program, 
LQFOXGLQJ� ��� SDUWQHUV� IURP� ��� GL̆HUHQW� FRXQWULHV��
aims to provide the heritage sector with the tools and 
support needed to develop virtual opportunities that 
DUH�HGXFDWLRQDO��HQMR\DEOH��ORQJ�ODVWLQJ�DQG�HDV\�WR�
PDLQWDLQ��7R�DFKLHYH�WKH�JRDOV�VHW�IRUWK�LQ�9�0XV7�
net, is fundamental to develop a grid of indicators, 
which we can use to guide evaluation or refer to 
when designing a virtual museum. Until now, few 
�� 'H¿QLWLRQ� DYDLODEOH� DW�� ZZZ�Y�PXVW�QHW�YLUWXDO�PXVHXPV�
what-virtual-museum.

Figure 1��(QWUDQFH�RI�$UFKHRYLUWXDO�H[KLELWLRQ��3DHVWXP��
,WDO\�
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H[DPSOHV� RI� HYDOXDWLRQ� RI� 90� VKRZV� WKH� ODFN� RI�
commitment of virtual laboratories or specialists in 
WKH�¿HOG�WR�FROOHFWLYHO\�GHYHORS�D�¿QDO�UHIHUHQFH�³OLVW´�
that could be used to both plan virtual prototypes 
DQG�HYDOXDWH�WKHLU�H̆HFWLYHQHVV�DQG�YDOLGLW\��GHVSLWH�
WKH� YDOXH� LW� FRXOG� KDYH� IRU� UHVHDUFK� LQ� WKH� ¿HOG��
Besides, most of the attention has been put more 
on the usability features of the systems employed in 
HDFK�YLUWXDO�SURMHFW�DQG�RQ�XVHU�H[SHULHQFH��PHDQLQJ�
WKHLU� VDWLVIDFWLRQ� DQG� RYHUDOO� LQYROYHPHQW��� UDWKHU�
WKDQ�IRFXVLQJ�RQ�WKHRUHWLFDO�LVVXHV��H�J��FRQQHFWLRQ�
EHWZHHQ� GHYHORSHUV� DQG� EURDG� DXGLHQFH¶V� DLPV��
and social abilities of the addressing target sample. 
Usability evaluation, i.e. a process that aims at 
WHVWLQJ�WKH�GHJUHH�WR�ZKLFK�D�SURGXFW�PHHWV�VSHFL¿F�
XVDELOLW\�FULWHULD� >��@��KDV�PDQ\�GL̆HUHQW�PHWKRGV�
for performing usability testing: 

• User tests, which involve observing and 
measuring the performance and behaviour of a 
user who attempts to solve one or several tasks 
with the evaluated product. 

• User interviews, which can be open-ended 
questions or quick positive-negative questions.

• Questionnaires, which are good for quickly 
collecting large sets of data in a laboratory setting 
DV� ZHOO� DV� RQ� WKH� ¿HOG�� 7ZR� H[DPSOHV� LQFOXGH�
Software Usability Measurement Inventory 
�680,�� >�@� DQG� The Questionnaire for User 
Interaction Satisfaction �48,6��>�@�

• Expert reviews, which see an evaluator assesses 
a product’s usability against a set of heuristics 
or best practice guidelines. Two examples are 
Jakob Nielsen’s ten usability heuristics >�@�DQG�
WKH�XVDELOLW\�SULQFLSOHV�IRXQG�LQ�WKH�,62�VWDQGDUG�
Ergonomics of human system interaction - Part 
110: Dialogue principles >�@���

5HFHQWO\�� WKH� FRQFHSW� RI� ³XVHU� H[SHULHQFH´��
i.e. how a user feels about using a product, system 
or service, has gained acceptance too. Despite the 
IDFW� WKDW� XVHU� H[SHULHQFH� LV� VXEMHFWLYH�� FRQWH[W�
GHSHQGHQW� DQG� G\QDPLF� RYHU� WLPH� >�@�� VHYHUDO�
theoretical grids of values have been developed, 
VXFK�DV�WKH�HPRWLRQDO�GHVLJQ�PRGHO�>��@��-RUGDQV¶V�
SOHDVXUH� PRGHO� >�@� DQG� +DVVHQ]DKO¶V� PRGHO� RI�
SUDJPDWLF�DQG�KHGRQLF�TXDOLW\�>�@��

All of the above testimonies are helpful for 
XQGHUVWDQGLQJ� KRZ� LPSRUWDQW� LW� LV� WR� XVH� VSHFL¿F�
evaluation tools when designing, producing or 
DVVHVVLQJ� YLUWXDO� SURMHFWV� IRU� WKH� SXEOLF�� 'HVSLWH�
the provided examples, which were not primarily 
developed to apply to virtual museums, they can 
EH�H̆HFWLYHO\�XVHG�DQG�FRPELQHG�WRJHWKHU�WR�VWXG\�
WKH� PDWWHU� LQ� GHSWK� DQG� IURP� VHYHUDO� GL̆HUHQW�
SHUVSHFWLYHV��3UHOLPLQDU\�HYDOXDWLRQV��LQWHUPHGLDWH�
WHVWV�� DQG� ¿QDO� LQTXLULHV� HQDEOH� 90� GHYHORSHUV� WR�
EHWWHU� VKDSH� WKH� ¿QDO� ³SURGXFW´�� EHIRUH�� GXULQJ�
and after its making. These serve technicians, 
communication managers and virtual heritage 
VSHFLDOLVWV�WR�FUHDWH�HODERUDWH�DQG�H̆HFWLYH�SURMHFWV�
LQ�WKH�¿HOG�RI�&XOWXUDO�+HULWDJH�DV�ZHOO�DV�&RPSXWHU�
Sciences, Software Engineering and Media & 
Entertainment.

3. Archeovirtual 2011: Evaluation 
Approaches     

7KH�PRQWK�RI�1RYHPEHU������VDZ�WKH�RSHQLQJ�
RI�WKH�H[KLELWLRQ�³$UFKHRYLUWXDO�����´�RUJDQL]HG�E\�
&15� ,7$%&� �� 9LUWXDO�+HULWDJH� /DE� �� DQG�9�0XV7�
Network of Excellence, within the Mediterranean 
([SR�RI�$UFKDHRORJLFDO�7RXULVP��KHOG� LQ�3DHVWXP��
,WDO\��ZZZ�DUFKHRYLUWXDO�LW������RI�WKH�EHVW�ZRUOGZLGH�
SURMHFWV�ZHUH� VHOHFWHG� DQG�SUHVHQWHG� LQ� LQGLYLGXDO�
URRPV� FRQQHFWHG� WKURXJK� D� ZHOFRPLQJ� FRUULGRU� ��
)LJ�� ���� HTXLSSHG� ZLWK� DQ\� WHFKQLFDO� RU� SUDFWLFDO�
UHTXLUHPHQWV� IRU� WKH� EHVW� SUHVHQWDWLRQ� RI� WKH� 90�
applications. They concerned both tangible cultural 
KHULWDJH� REMHFWV� DQG� HQYLURQPHQWV� SDUWLFXODUO\�
VWXGLHG�LQ�VSHFL¿F�KLVWRULFDO�SHULRGV��7KH\�ZHUH��

• Multimedia products - Tiro El Cementerio Fenicio 
de Al Bas; El Barco Fenicio de Mazarron2; The 
Roman Gallery3; 

�� �,QIR�DW�KWWS���PDUTDOLFDQWH�FRP�� � � �

Figure 2. $UFKHRYLUWXDO� H[KLELWLRQ� ZLWK� LQGLFDWLRQ� RI�
URRPV�DQG�YLUWXDO�PXVHXP�DSSOLFDWLRQV�
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• 6WHUHRVFRSLF� �'� DQLPDWLRQV� ZLWK� GHYLFH�EDVHG�
interaction - Alejandria, el sueno de Alejandro4; 
Apa5; The Turnback time cave�; 

• 9LUWXDO�UHFRQVWUXFWLRQV�RI�EXLOGLQJV�DQG�DUWHIDFWV�
with desktop-based interaction - Spatial analysis 
of the Cathedral of Santiago de Compostela7; 
Plassac – La Villa du lle siècle8, AR-Etruschi9; 
Iconography of the Medical School of Salerno10; 

• 9LUWXDO� UHFRQVWUXFWLRQV� RI� DUFKDHRORJLFDO� VLWHV�
with natural interaction - Acquae Patavinae11; 
Etruscanning 3D12; 

• Augmented reality with device-based interaction 
- AR for the Presentation of CH Objects in 
Museums13; 

• Mobile solutions for cultural contents with 
device-based interaction - The Lombards on 
Ipad14; Rome MVR15.   

During the exhibition, visitors could hear 
stories from Etruscan nobles, visit ancient Bologna 
with a character named Apa, experience the dream 
of Alexander the Great visiting Alexandria, explore 
the architectural intricacies of the Cathedral of 
Santiago de Compostela, and much more. 

7KH� DSSURDFK� WR� 90� HYDOXDWLRQ� WKDW� ZDV�
GHYHORSHG� IRU� $UFKHRYLUWXDO� ����� XVHG� IRXU� WRROV�
for evaluation: observations, visitor questionnaires, 
XVHU�LQWHUYLHZV�DQG�90�GHYHORSHU�LQWHUYLHZV��7KHVH�
tools were selected to achieve our predetermined 
goals of evaluation, described earlier, and took into 
DFFRXQW� WKH� EURDG� UDQJH� RI� 90� DSSOLFDWLRQV� DQG�
formats included in the Archeovirtual exhibition. 

�� �,QIR�DW�KWWS���HOUDQFKLWR�HV�
�� �,QIR�DW�KWWS���FLQHFD�LW�
�� �,QIR�DW�KWWS���YLUWXDOZDUH�HV�
�� �,QIR�DW�KWWS���YLGHDODE�XGF�HV�
�� �,QIR�DW�KWWS���SODVVDF�JLURQGH�IU�
�� �,QIR�DW�KWWS���QRUHDO�LW�
���  Info at mariapiadib@gmail.com; capone@unisa.it

��� �,QIR�DW�KWWS���DTXDHSDWDYLQDH�OHWWHUH�XQLSG�LW�
��� �,QIR�DW�KWWS���UHJROLQLJDODVVL�ZRUGSUHVV�FRP�
��� �,QIR�DW�KWWS���IUDXQKRIHU�GH�
���  Info at d.depadova@gmail.com; mara.pontisso@gmail.

com

��� �,QIR�DW�KWWS���DOWDLU��FRP�

:H� DGRSWHG� D� VWUDWHJ\� WKDW� LQFOXGHG� D� YDULHW\� RI�
HYDOXDWLRQ� WRROV� WR� UHÀHFW� WKH� UDQJH� RI� SXUSRVHV�
we aimed to achieve with our evaluation, which 
included collecting both quantitative and qualitative 
UHVXOWV�RI�YLVLWRU�DQG�90�GHYHORSHU�UHVSRQVHV�

To gather information on the user 
demographics and the length of user interaction with 
WKH�90�DSSOLFDWLRQV��D�QRQ�LQWHUDFWLYH�DSSURDFK�RI�
observation was employed, yielding quantitative 
UHVXOWV� DERXW� WKH� DXGLHQFH�� 2EVHUYDWLRQ� ZDV� DOVR�
used to identify technical issues and environmental 
requirements that could improve the presentation 
RI�WKH�90�DSSOLFDWLRQV��

Visitor questionnaires also provided 
qualitative results about the users, including their 
familiarity with computers, their experience of the 
immersion and interaction, and the ease at which 
FRQWHQW�LV�DFFHVVHG�LQ�WKH�90�DSSOLFDWLRQV��

,Q�RUGHU� WR�JDXJH� WKH�GL̆HUHQFH�EHWZHHQ� WKH�
NLQGV� RI� H[SHULHQFH� WKDW� 90� GHYHORSHUV� LQWHQGHG�
and the actual user experience, we conducted 
brief interviews�ZLWK�ERWK� WKH�90�GHYHORSHUV�DQG�
WKH� XVHUV� ZKR� H[SHULHQFHG� WKH� 90� DSSOLFDWLRQV�
at Archeovirtual. This allowed us to compare the 
responses of the developers and users to identify 
ZKHWKHU�RU�QRW�WKH�H[SHFWDWLRQV�RI�WKH�90�GHYHORSHUV�
we met by the experiences of the users.

4. 3UHOLPLQDU\�5HVXOWV

During the three days evaluation conducted 
DW� $UFKHRYLUWXDO�� ZH� ZHUH� DEOH� WR� FROOHFW� ���
REVHUYDWLRQ�UHSRUWV������ZULWWHQ�TXHVWLRQQDLUHV�����
XVHU� LQWHUYLHZV� DQG� ��� 90� GHYHORSHU� LQWHUYLHZV��
:KLOH�WKHVH�QXPEHUV�DUH�VXEVWDQWLDO�DQG�SURGXFHG�
D� VLJQL¿FDQW� DPRXQW� RI� GDWD� WR� DQDO\VH�� WKH\� IHOO�
short of the results we were hoping to achieve for 
HDFK� RI� ��� 90� DSSOLFDWLRQV�� ,W� ZDV� RXU� KRSH� WR�
FROOHFW� ��� REVHUYDWLRQ� UHSRUWV�� ��� TXHVWLRQQDLUHV�
DQG��� LQWHUYLHZV� IRU�HDFK�90�DSSOLFDWLRQ� IRU�HDFK�
day of the exhibition. Unfortunately we were not 
able to reach our target participation numbers due 
WR� D� OLPLWHG� QXPEHU� RI� DWWHQGHHV�� WKH� LQVẊFLHQW�
number of questionnaires available, and the need 
IRU�HYDOXDWLRQ�VXSHUYLVRUV�WR�EH�LQ�WKH�¿HOG��ERWK�WR�
FRQGXFW�WKH�VXUYH\V��DQG�SURWHFW�DQG�FRQWURO�WKH�90�
presentation spaces. 
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$UFKHRYLUWXDO� UHVXOWV� KHOSHG� ¿UVW� WR� GH¿QH�
WKH� YLVLWRU¶V� SUR¿OH� E\� FRPSDULQJ� DQG� RYHUODSSLQJ�
the data obtained by all the type of surveys. The 
average user ZDV� D� IHPDOH� ����� ZRPHQ� DQG� ����
PHQ� LQTXLUHG��� DGXOW�� EHWZHHQ� ��� DQG� ��� \HDUV�
old, mainly academic or working as archaeologist 
and engineer. She was European, mainly coming 
from the surroundings of where the exhibition was 
held. She visited the show with school, alone or 
ZLWK�KLV� IDPLO\�� VSHQGLQJ�PLQLPXP����PLQXWHV� LQ�
HDFK�SURMHFWV¶�DUHD��6KH�KDG�VRPH�NQRZOHGJH�DERXW�
Archaeology and Cultural Heritage and used a lot 
WKH�FRPSXWHU�QRW�RQO\�IRU�SURIHVVLRQDO�MREV�EXW�DOVR�
in the free time. 

)RU� ZKDW� FRQFHUQV� REVHUYDWLRQV�� RXWFRPHV�
pertained the visitors’ behaviour and attitudes. 
About the overall involvement, visitors seemed really 
participative since they comments at the applications 
�����PXFK������D�ELW������QR��DQG�LQWHUDFWHG�D�ORW�
ZLWK� WKHP� �����PXFK�� ���� D� ELW�� ���� QR��� 7KH\�
seemed to understand what they are experiencing, 
as they did not ask for more information. About 
WKH� SURMHFWV� WKHPVHOYHV�� YLVLWRUV� GLG� QRW� VHHP� WR�
KDYH�SUREOHPV�DFFHVVLQJ�WKH�FRQWHQWV������RI�WKHP�
GHFODUHG�WR�GR�QRW�KDYLQJ�SUREOHP�RI�DFFHVVLELOLW\��
so demonstrating quite good usable systems without 
SDUWLFXODU� WHFKQLFDO� FRQFHUQV� �RQO\� ���� RI� WKHP�
declared to have encountered technical problems; 
����WR�KDYH�KDG�XVDELOLW\�FRQVWUDLQWV��

5HJDUGLQJ� YLVLWRU� TXHVWLRQQDLUHV�� ZKDW� FDPH�
out about users’ expectations and experience was 
that content of applications appeared innovative, 
well structured and captivating. These comments 
were directly linked to the positive aesthetical 
experience had by visitors who considered the 
SURMHFWV� IRU� WKHLU� SOHDVDQW� LQWHUIDFHV�� LQYLWLQJ�
and creative in the design and motivating by the 
environment. Nevertheless, contrasting results 
arose about the usability of applications: practical, 
VLPSOH� DQG� XQGHPDQGLQJ� SURMHFWV� DOORZHG� WR� JDLQ�
PHGLXP�KLJK� VHQVH� RI� LPPHUVLRQ� EXW� D� ZLWK� ORZ�
³SHUFHSWLRQ´�RI�LQWHUDFWLYLW\��7KLV�LV�D�VWUDQJH�UHVXOW�
also because of the feedback coming from the 
observations: as said above, that users interacted 
a lot with the applications without encountering so 
much problems of usability and technical issues! 
3UREDEO\� WKDW� ZDV� GXH� WR� D� PLVXQGHUVWDQGLQJ� RQ�
WKH� PHDQLQJ� RI� ³XVDELOLW\´� E\� ERWK� REVHUYHUV� DQG�
visitors.

5HIHUULQJ� WR� EULHI� LQWHUYLHZV�� ZKDW� ZDV�
pointed out was that the most appreciated features 
in applications were: realism, contents, storytelling, 
�'� UHFRQVWUXFWLRQV� DQG� LQWHUDFWLYLW\�� 8VHUV� DOVR�
ḊUPHG�WKDW�DOPRVW�DOO�RI�WKH�DSSOLFDWLRQV�ZHUH�HDV\�
to use; they positively met the starting expectations; 
LQ�GH¿QLWLYH��WKH\�ZHUH�FRQVLGHUHG�D�SRZHUIXO�ZD\�WR�
enhance the learning of cultural contexts.

Comparing then experts and developers on 
the involvement evocated by applications, some 
contrasting results concerned both the sense of 
immersion, considered high by users and medium-
ORZ�E\�H[SHUWV�FUHDWRUV�DQG�WKH�LQWHUDFWLYLW\�RI�WKH�
systems, considered low by users and medium-high 
E\�H[SHUWV�FUHDWRUV�

5. Comparison of Evaluation Approaches: 
Etruscanning 3D

7KH� (WUXVFDQQLQJ� �'� SURMHFW�� D� (XURSHDQ�
SURMHFW� �&XOWXUH� ������ DLPHG� DW� LPSURYLQJ�
FROODERUDWLRQ� LQ� 90� GHYHORSPHQW�� SURGXFHG� D�
90� DSSOLFDWLRQ�� ZKLFK� YLUWXDOO\� UHFRQVWUXFWHG�
WKH� 5HJROLQL� *DODVVL� WRPE� DQG� DOORZHG� XVHUV� WR�
experience the tomb through the use of a natural 
LQWHUDFWLRQ� LQWHUIDFH�� 7KH� 9LUWXDO� 5HFRQVWUXFWLRQ�
RI� WKH� 5HJROLQL� *DODVVL� 7RPE�� DV� LW� LV� FDOOHG�� KDV�
EHHQ�SUHVHQWHG�LQ�DVVRFLDWLRQ�ZLWK�D�MRLQW�(WUXVFDQ�
exhibition presented in the Netherlands at both the 
$OODUG�3LHUVRQ�0XVHXP��LQ�$PVWHUGDP��DQG�DW�WKH�
5LMNVPXVHXP�YDQ�2XGKHGHQ��LQ�/HLGHQ��EXW�LW�ZDV�
DOVR�SUHVHQWHG�DW�WKH�$UFKHRYLUWXDO������H[KLELWLRQ�
LQ� 3DHVWXP�� ,WDO\�� 'XULQJ� DOO� SUHVHQWDWLRQ� SHULRGV�
DQG�LQ�HDFK�ORFDWLRQ��WKH�9LUWXDO�5HFRQVWUXFWLRQ�RI�
WKH� 5HJROLQL� *DODVVL� 7RPE� ZDV� HYDOXDWHG� XVLQJ� D�
variety of evaluation approaches to achieve a range 
RI�SXUSRVHV��DV�SUHVHQWHG�LQ�7DEOH���

During the evaluation of the application at the 
$OODUG�3LHUVRQ�0XVHXP��$30��DQG�WKH�5LMNVPXVHXP�
YDQ�2XGKHGHQ��502���WZR�SULPDU\�DSSURDFKHV�ZHUH�
used in parallel: observation and visitor interviews. 
6HSDUDWHO\��DW�WKH�$30��ZH�DOVR�UDQ�D�VKRUW�$�%�6WXG\�
on the integration of the application into the wider 
(WUXVFDQ�H[KLELWLRQ��DQG�DW�WKH�502�D�JURXS�RI����
DUFKDHRORJ\�VWXGHQWV�IURP�WKH�8QLYHUVLW\�RI�/HLGHQ�
completed a questionnaire about their experience 
and opinions of the application. At Archeovirtual, 
we also used observation and visitor interviews, as 
well as a short written survey that was completed by 
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both the visitors to the exhibition and the developers 
RI�WKH�90�DSSOLFDWLRQ�

The approaches to observation and user 
LQWHUYLHZV� FRQGXFWHG� DW� WKH� $30� DQG� 502� ZHUH�
done using a consistent, pre-set methodology, 
which employed the use of template observation 
forms and open interview questions. The purpose 
of the observation approach was to observe the 
user demographics, the environment into which the 
DSSOLFDWLRQ� ZDV� SUHVHQWHG�� LQFOXGLQJ� YLVLWRU� ÀRZ��
lighting and safety, and to determine the technical 
functionality and reliability of the application. 
2EVHUYDWLRQ� ZDV� FRQGXFWHG� ��� WLPHV� EHWZHHQ� WKH�
$30� DQG� 502�� XVLQJ� WKH� REVHUYDWLRQ� WHPSODWHV�
and ensuring there was no interaction by the 
observer with the application or its users. The 
XVHU� LQWHUYLHZV� ZHUH� FRQGXFWHG� ��� WLPHV� EHWZHHQ�
WKH� $30� DQG� 502� XVLQJ� D� VHW� RI� SUH�GH¿QHG�
questions that provided qualitative data about the 
user experience of interaction and immersion in 
the application, as well as the museum context 
into which the application was presented and some 
user demographic information. The results of the 
observation and interview approaches were returned 
WR� WKH� 90� GHYHORSHUV� WKURXJKRXW� WKH� HYDOXDWLRQ�
period so that new versions of the application could 
be created to remove any observed technical issues 
and improve the interaction technique.

$Q�$�%�6WXG\�ZDV�DOVR�FRQGXFWHG�DW�WKH�$30�
XVLQJ� WZR� JURXSV� RI� SDUWLFLSDQWV�� �� LQ� HDFK�� WR�
examine the integration of the application into the 
wider Etruscan exhibition, but also to evaluate the 
content, the use of interaction and immersion, the 
added value of including the application with the 
H[KLELWLRQ�� 3DUWLFLSDQWV� RI� WKLV� VWXG\�ZHUH� GLYLGHG�
into two groups; Group A would experience the 
application before the exhibition, while Group B 
would visit the exhibition before experiencing the 
application. Throughout the study, participants 
ZRXOG�¿OO�LQ�D�VHULHV�RI�TXHVWLRQQDLUHV��ZKLFK�ZRXOG�
later be analysed and compared to determine the 
PHULWV� RI� HPEHGGLQJ� WKH� 90� DSSOLFDWLRQ� LQWR� WKH�
exhibition.

,Q� DGGLWLRQ� WR� WKH� RWKHU� HYDOXDWLRQ�
DSSURDFKHV� XVHG� DW� WKH�$30�DQG�502�� D� FODVV� RI�
��� DUFKDHRORJ\� VWXGHQWV� IURP� WKH� 8QLYHUVLW\� RI�
/HLGHQ�DOVR�FRPSOHWHG�TXHVWLRQQDLUHV�EDVHG�RQ�WKH�
user interview template, but tailored for an expert 

audience. This approach was used to collect data 
from an audience which already has knowledge 
of the Etruscan civilization and the traditional 
archaeological method used for presenting 
reconstructions, but the student responses also 
extended into their personal experiences with the 
interaction and immersion used in the application, 
DV�ZHOO� DV� KRZ� WKH�90� DSSOLFDWLRQ�ZDV� LQWHJUDWHG�
with their experience of the exhibition and the 
physical museum.

:KLOH� WKH� DSSURDFKHV� IRU� 90� HYDOXDWLRQ� DW�
the Archeovirtual were similar to those applied 
DW� WKH� $30� DQG� 502�� WKH� PHWKRGRORJ\� DQG� WKH�
SXUSRVH�RI�WKH�DSSURDFKHV�XVHG�ZHUH�GL̆HUHQW�DQG�
yet complementary to the techniques used and 
UHVXOWV� REWDLQHG� DW� WKH� $30� DQG� 502�� $V� ZLWK�
WKH� DSSURDFKHV� XVHG� DW� WKH� $30� DQG� 502�� WKH�
purpose of observation at Archeovirtual was also 
intended to observe the visitor demographics, to 
PRQLWRU� WKH� HQYLURQPHQW�� LQFOXGLQJ� YLVLWRU� ÀRZ��
lighting and safety, and to assess the technical 
functionality and reliability of the application. The 
results of observation at Archeovirtual and at the 
$30� DQG� 502� FOHDUO\� LGHQWL¿HG� WKH� LPSDFW� WKDW�
the physical environment had on the quality of the 
90� SUHVHQWDWLRQ�� ZKLFK� PD\� QRW� KDYH� EHHQ� IXOO\�
understood if we had only conducted observation 
LQ�RQH�ORFDWLRQ��7KHVH�UHVXOWV�ZHUH�FRQ¿UPHG�E\�WKH�
application’s users in their responses to questions 
about their experience in both the questionnaires 
and the user interviews from all evaluation locations.

The product of those cumulative approaches 
IRU� WKH� HYDOXDWLRQ� RI� WKH� 9LUWXDO� 5HFRQVWUXFWLRQ�
RI� WKH� 5HJROLQL� *DODVVL� 7RPE� DUH� D� EOHQG� RI�
ERWK� TXDQWLWDWLYH� DQG� TXDOLWDWLYH� UHVXOWV�� :KLOH�
observation in all evaluation locations and the 
written surveys conducted at Archeovirtual provided 
quantitative results for visitor demographics and 
the technical reliability of the application, the 
TXHVWLRQQDLUHV� DQG� LQWHUYLHZV� XVHG� DW� WKH� $30�
DQG� 502�� ERWK� LQ� WKH� $�%� 6WXG\� DQG� ZLWK� WKH�
8QLYHUVLW\�RI�/HLGHQ�DUFKDHRORJ\�VWXGHQWV��SURYLGHG�
D� VLJQL¿FDQW� DPRXQW� RI� TXDOLWDWLYH� GDWD�� R̆HULQJ�
greater insight into the opinions and attitudes of 
the application users. Naturally, using such a range 
of evaluation approaches requires an equally wide 
range of approaches to data analysis, which can be 
challenging and time consuming, however, clearly 
GH¿QLQJ� WKH� JRDO� RU� SXUSRVH� RI� WKH� HYDOXDWLRQ�
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and selecting the most appropriate approach to 
evaluation that will yield the type of results desired 
�TXDQWLWDWLYH�RU�TXDOLWDWLYH��FDQ�UHGXFH�WKH�DPRXQW�
of evaluation and data analysis required. Although 
some of the results of the methods used to evaluate 
WKH� 9LUWXDO� 5HFRQVWUXFWLRQ� RI� WKH� 5HJROLQL� *DODVVL�
7RPE� PD\� KDYH� RYHUODSSHG�� WKH� GL̆HUHQFHV� LQ�
the range of approaches applied also amounted 
to a wider range of user responses, giving a more 
complete understanding of the impact of the 
DSSOLFDWLRQ�WKDQ�MXVW�RQH�HYDOXDWLRQ�PHWKRG�ZRXOG�
have been able to provide.

6. Assessment of Evaluation Methods    
  

Aside from both timing and organizational 
constraints, several interesting and useful 
considerations emerged from the Archeovirtual 
HYDOXDWLRQ� H[SHULHQFH�� 3ULPDULO\� ZH� FDQ� ḊUP�
that among the collected data, the results were 
occasionally missing the convergence of pairing 
results, which means that despite having the same 
questions asked, using the same investigative tools, 
ZH�H[SHULHQFHG�GL̆HUHQW�DQVZHUV��,W�FRXOG�EH�HLWKHU�
a problem of data collection, or a methodological 
issue in conducting the interviews, or perhaps it is 
VLPSO\� D� QDWXUDO�� \HW� XQSUHGLFWDEOH� RXWFRPH�� 2QH�
of the reasons for this might be that the visitors at 
the exhibition were quite heterogeneous, ranging 
LQ� DJH� DQG� H[SHULHQFH�� )XUWKHUPRUH�� FRQWUDVWLQJ�
results appeared when we investigated usability 
LVVXHV��ZKLFK�PD\�EH�D�SUREOHP�RI�PHDQLQJ��YLVLWRUV�
GR� QRW� IXOO\� JHW� RU� PLVLQWHUSUHW��� RI� LQFDSDFLW\� RI�
LQWHUYLHZHUV� �WR� H[SODLQ� ZKDW� XVDELOLW\� LV� DERXW��
or of a misunderstanding during the observation 
sessions. Some results were also not discernible, 

possibly due to the unpredictable development 
RI� WKH� HYDOXDWLRQ� H[SHULHQFH�� 5HJDUGLQJ� WKH� IRXU�
evaluation tools we applied, we can comment that:

Observation sessions, in their completeness, 
DUH� GL̇FXOW� DFWLYLWLHV� WR� FRQGXFW�� VLQFH� LW� LV� QRW�
always clear whether what the observer highlights 
and recognizes corresponds to the real intentions 
DQG� DWWLWXGHV� RI� SDUWLFLSDQWV�� 7KH� PDMRULW\� RI� WKH�
time, the observer is detached from the situation, 
relying upon his own perceptions, which may be 
LQDFFXUDWH�RU� LQÀXHQFHG�E\�SHUVRQDO� H[SHULHQFH�� D�
lack of strategy in facing the activity, or by distractors, 
which may separate him from the established 
starting observation goals. The observation 
method inevitably involves human factors such 
as the psychological state of the participant, his 
emotional reactions at certain external inputs, and 
individual abilities and preferences developed by 
WKH�SDUWLFLSDQW��:KDW�KDV�WR�EH�¿UVW�KLJKOLJKWHG�LQ�
the Archeovirtual case is that, despite the observers 
were facilitated in addressing observations, thanks 
WR�D�SUHGH¿QHG�SURWRFRO�� WKH\�PD\�KDYH�PLVVHG�RU�
misinterpreted something. That could be due to 
the fact that they did not have a strong academic 
background in human psychology or study of 
collective behaviours. The attitudes and behaviours 
of visitors could also depend on their individual 
characters and psychological qualities, therefore, 
not knowing the participants in advance makes 
the reading their behaviours and personal features 
much more complicated.

Visitor questionnaires generally allow 
participants to speak about themselves and directly 
H[SUHVV� WKHLU� RZQ� RSLQLRQV� DQG� SRLQWV� RI� YLHZ�� ,Q�
the Archeovirtual case, these surveys saw problems 
RI� LQWHUSUHWDWLRQ�� YLVLWRUV� UHSRUWHG� WKH�GL̇FXOW\� LQ�
fully understanding some questions or words of the 
SURYLGHG�SURWRFRO��OLNH�³LPPHUVLRQ´��³LQYROYHPHQW´��
³XVDELOLW\´� DQG� ³LQWHUDFWLRQ´�� 1HYHUWKHOHVV�� WKH�
VWD̆� JDYH� WKHP� WKH� IXUWKHU� GHWDLOV� UHTXHVWHG� LQ�
order to let them answering correctly. Moreover, 
some participants refrained from answering certain 
questions because of their incapability to express an 
opinion or because they attended only part of the 
exhibition.

User interviews are always double-face 
tools, since generating valid and reliable data is 
GH¿QLWLYHO\�QRQ�WULYLDO��7KDW� LV�GXH� WR� WKH� IDFW� WKDW�

Table 1. &RPSDULVRQ� RI� HYDOXDWLRQ� PHWKRGV� XVHG� DW�
$UFKHRYLUWXDO�DQG�$30�502�
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WKH� SDUWLFLSDQW¶V� UHVSRQVH� LV� VXEMHFWLYH�� FRQWH[W�
dependent and dynamic over time. Due to a lack of 
time to get into depth with each interview and reach 
the desired result numbers, not all Archeovirtual 
visitors answered all of the questions included 
ZLWKLQ� WKH� SURWRFRO�� ZKLFK� ZDV� LQÀXHQFHG� E\� WKH�
special attention that each user gave to some 
questions over others, dwelling on certain topics. 
,Q�DGGLWLRQ��WKH�VWD̆�ZDV�QRW�DOZD\V�DERXW�WR�IROORZ�
the consequentiality of the protocol, since they 
preferred to go along the logic of the speech dictated 
E\� WKH� LQWHUYLHZHH�� )URP� D� FRQWHQW� SRLQW� RI� YLHZ��
VRPHWLPHV�VXJJHVWLRQV�LQÀXHQFHG�WKH�UHVSRQVHV�RI�
users, either formulating various hypotheses while 
answering or anticipating issues; thus, participants 
were guiding the interview through their responses. 
:H� DOVR� QRWLFHG� WKDW� \RXQJHU� YLVLWRUV� ZHUH� IXOO� RI�
enthusiasm and open to new learning experiences, 
contemplating the use of new virtual technologies 
in supporting Cultural Heritage, while those visitors 
who were a bit older, and perhaps more experienced, 
revealed an opposite attitude.

VM developer interviews, most of the time, 
helped us in understanding the starting goals of 
WKH� 90� DSSOLFDWLRQ�� WKH� SURMHFW¶V� GHVLJQ� DQG� WKH�
FUXFLDO�VWHSV��ZKLFK�ZRXOG�EULQJ�WKH�³SURGXFW´�DZD\�
IURP� WKH� ODERUDWRU\� WR� PHHW� ZLWK� WKH� ¿QDO� XVHUV��
,Q�WKH�$UFKHRYLUWXDO�FDVH��WKH�GHYHORSHU¶V�DLPV�GLG�
QRW� DOZD\V� ¿W�ZLWK� XVHU� H[SHULHQFH�� VXFK� DV� JUDGH�
of sensory immersion in the application, type of 
content interaction, quality of user interfaces, and 
VR� RQ�� 7KHVH� GL̆HUHQFHV� PD\� EH� D� UHVXOW� RI� WKH�
FRPPXQLFDWLYH� OHYHO� RI� WKH� SURMHFW� VHW� XS� DW� WKH�
beginning of its design. Some applications that are 
born in digital labs, where merely experts in the 
¿HOG� DQG� VSHFLDOL]HG� WHFKQLFLDQV�ZRUNHG� RQ� WKHP��
FRQWULEXWH�WR�WKH�FUHDWLRQ�RI�FRPSOH[�DQG�VWUDWL¿HG�
FRQWHQW�LQWHUIDFH�WHFKQRORJ\��

7. Conclusions 

,Q� FRQFOXVLRQ� RI� RXU� FROOHFWLYH� H̆RUWV�� ZH�
FDQQRW� UHSRUW� DW� WKLV� SRLQW� ¿QDO� VWDWHPHQWV� LQ�
WKH� ¿HOG� RI� LQWHUDFWLRQ�UHODWLRQV� DPRQJ� YLUWXDO�
HQYLURQPHQWV�� YLUWXDO� FRQWHQW��PXVHXPV� DQG� ¿QDO�
users. Alternatively, it is possible to provide some 
suggestions to start creating a grid of indicators 
useful when designing and producing a virtual 
museum - in its multiple forms.

)URP� D� methodological point of view, the 
combination of several evaluation tools to collect 
both quantitative and qualitative data is proved to be 
worthy. This will give investigators the opportunity 
WR� VWXG\� WKH� H̆HFWV� RI� YLUWXDO� HQYLURQPHQWV� DQG�
exhibitions towards the public in depth, including the 
SRVVLELOLW\�WR�WDUJHW�VSHFL¿F�XVHU�JURXSV�DQG�GHYHORS�
ad-hoc strategies for evaluating and analysing 
their social behaviours. The methods selected for 
HYDOXDWLQJ� 90� ZRXOG� LGHDOO\� EH� GLFWDWHG� E\� WKH�
desired kind of results or evaluation outcomes that 
DUH�WR�EH�DFKLHYHG��:LWK�WKLV�LQ�PLQG��LW�LV�LPSRUWDQW�
WR�HYDOXDWH�90�XVLQJ�D�UDQJH�RI�WHFKQLTXHV�LQ�RUGHU�
to get the most complete understanding of the 
LPSDFW�RI�WKH�90��

)URP�D�content perspective, instead, the kind 
of information a user expects from a virtual museum 
experience relates to the application development 
process, the storytelling or narrative which ties 
together the application, the accuracy of the 
YLUWXDO�DQG��'�UHFRQVWUXFWLRQV��DQG� WKH�SRVVLELOLW\�
WR� LQWHUDFWLYHO\� TXHU\� GL̆HUHQW� FRQWHQW� XVLQJ� WKH�
system. Another important issue to take into account 
ZKHQ�SURMHFWLQJ�D�YLUWXDO�PXVHXP�DQG�LWV�¿QDO�LPSDFW�
on the users, it is to carefully consider the use of 
interactive or non-interactive interfaces. The former 
VHHP�SRVLWLYHO\�D̆HFWLQJ�WKH�IHHGEDFN�RI�XVHUV�LI�WKH�
WHFKQRORJ\� HPSOR\HG� UHPDLQV� ³LQYLVLEOH´� WR� WKHP��
allowing them to be engaged with the system but, at 
the same time, not being intrusive, overriding and 
complicated. Moreover, the technology employed 
has to allow for a wide range of possibilities in 
FRQWHQW� DFFHVV�� )XUWKHUPRUH�� LW� KDV� EHHQ� SURYHQ�
WKDW�D� VRUW�RI� ³JXLGH�´�PDLQO\� VLPLODU� WR�D�SK\VLFDO�
JXLGH�RU�D�PXOWLPHGLD�¿JXUH�FDQ�HQKDQFH�WKH�YLVLWRU�
H[SHULHQFH��,Q�WKH�¿UVW�FDVH��WKH�DLG�RI�D�UHDO�SHUVRQ�
- who knows the application, how it works and what 
LWV� VWRU\� LV�DERXW�±�JXDUDQWHHV� WKH�H̆HFWLYHQHVV�RI�
WKH�XVHU¶V�VDWLVIDFWLRQ�ZKLOH�KH�LV�³SOD\LQJ�´

,Q�WKH�HQG��WR�SURYLGH�PRUH�REMHFWLYH�FULWHULD�
WR� FUHDWH� D� FRPSOHWH� JULG� RI� LQGLFDWRUV� IRU� 90�
evaluation, further studies should be undertaken 
and focused towards advanced digital technologies 
D̆HFWLQJ�KXPDQ�EHKDYLRXU��WKH�JHQHUDO�³VFKHPD´�RI�
interconnectedness between computing inputs and 
human feedback is not completely clear yet. More 
evaluation and statistics are indeed necessary and 
VKRXOG�EH�UHTXLUHG�E\�SURMHFW�OHDGHUV�DQG�GHFLVLRQ�
makers at the beginning of the work.
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1.  Introduction

Much of what is known today about prehistoric 
periods derives from the study of stone artifacts 
manufactured during the Paleolithic period that 
spans over 99.5% of human history. The gradual 
evolution of stone technology from rough and 
VLPSOH� IRUPV� WR� KLJKO\� VRSKLVWLFDWHG� DQG� UH¿QHG�
objects marks the cognitive evolution of the human 
brain, as well as the development of manual, 
technical and social skills. Prehistoric stone tools 
ZHUH�PDQXIDFWXUHG�E\�NQDSSLQJ�ÀDNHV�IURP�D�VWRQH�
core and creating a scared surface. The surface that 
LV�FUHDWHG�DIWHU�UHPRYLQJ�D�ÀDNH�LV�FDOOHG�D�scar and 
the boundary of the scar a ridge��$V�PRUH�ÀDNHV�DUH�
removed, ridges become borders between adjacent 
scars on the lithic artifact (Fig. 1).

7KH�PRVW� LPSRUWDQW� DQG� GL̇FXOW� WDVN� RI� WKH�
archaeologist is to decipher the mute messages 
embedded in the shapes and forms of the lithic 
DUWLIDFWV� DQG� WKXV� OHDUQ� DERXW� GL̆HUHQW� DVSHFWV�
of the lithic industry. Of prime importance are 
questions related to the production technology of 
the artifacts. The very nature of the irreversible 
process of knapping implies that the producer of a 
VWRQH�DUWLIDFW�KDG�D�FOHDU� LGHD�QRW�RQO\�RI� WKH�¿QDO�
product he/she had aimed at, but also of the chain 
of operations which should be followed to achieve 
the desired goal. Hence, the mental process is 
engraved in the morphology of artifacts retrieved 
Corresponding author: eitan.richardson@gmail.com

from prehistoric sites, which include the waste and 
WKH�¿QDO�SURGXFWV�RI�NQDSSLQJ���WKH�WRROV��7KLV�LV�WKH�
UHDVRQ�ZK\�D�PDMRU�H̆RUW�LQ�SUHKLVWRULF�UHVHDUFK�LV�
devoted to the study of knapped stone morphology, 
aiming to deduce from the observed features the 
chain of actions and considerations involved in 
WKH� SURGXFWLRQ� �%DU�<RVHI� DQG� 9DQ� 3HHU� ������
%RHGD�HW�DO��������6HOOHW��������7KH�PRVW�SURPLQHQW�
morphological feature of the stone tool surface is the 
distribution and hierarchy of scars and ridges which 
decorate it. They provide the only direct evidence 
IRU�WKH�VXFFHVVLRQ�RI�ÀDNH�UHPRYDOV��7KLV�LV�ZK\�WKH�
study of the apparent scars and the ridges that form 
their boundaries was always considered of supreme 
LPSRUWDQFH�LQ�SUHKLVWRU\��6FDUV�DQG�ULGJHV�SURYLGH�
direct clues for the various phases in handling the 
raw material of the knapper and also hint to his/her 
technological skill.

In the present work we utilize a high precision 
RSWLFDO��'�VFDQQHU�WKDW�EULGJHV�EHWZHHQ�DUFKDHRORJ\�
and computer graphics/vision methods enabling 
FRPSXWHU�EDVHG� DQDO\VLV� RI� WKH� PRUSKRORJ\� RI�
prehistoric stone tools. This work relies on previous 
work that was aimed at positioning and extracting 
PHDVXUHPHQWV�RI�OLWKLF�DUWLIDFWV�XVLQJ��'�VFDQQLQJ�
PRGHOV� �*URVPDQ� HW� DO�� ������ *URVPDQ� HW� DO��
�������:H�SUHVHQW�DQ�DOJRULWKP�IRU� LGHQWLI\LQJ� WKH�
ridge and scar pattern on the surface of the object. 
It enables the introduction of quantitative and 
intrinsic measures such as the number of scars, their 
surface area, depth and mean curvature. 

Extracting Scar and Ridge Features from 
3D-scanned Lithic Artifacts

Eitan Richardson, Leore Grosman, Uzy Smilansky and Michael Werman
The Hebrew University of Jerusalem, Israel

Abstract:
We propose a method for computer analysis of 3D-scanned lithic artifacts. It provides a detailed description 
of the scars and ridges that were left on the surface of the stone tool while it was produced by knapping. 
Traditional documentation and research methods are based on hand drawn images of stone tools and 
manual measurements. Our algorithm enables automatic, objective and precise documentation of the tool 
surface, together with a quantitative analysis of the scar and the ridge networks. The proposed algorithm 
detects ridges on the surface of the scanned object, segments the surface to scars and calculates features 
that can be used for clustering and classifying lithic artifacts. We demonstrate our method on various 
lithic artifacts, present the extracted features and compare the results to traditional hand drawings.
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The presentation is arranged along the 
IROORZLQJ�OLQHV��6HFWLRQ���RI�WKH�SDSHU�GLVFXVVHV�SULRU�
ZRUN�� ERWK� LQ� WKH� ¿HOG� RI� SUHKLVWRULF� DUFKDHRORJ\�
DQG� LQ� FRPSXWHU� YLVLRQ�� ,Q� VHFWLRQ� ��� ZH� SURYLGH�
a detailed description of the scar segmentation 
algorithm. The extracted features are described in 
section 4 and some results are presented in section 
5, including comparison to hand drawings and 
to other mesh segmentation methods. In the last 
section, we discuss the results and possible future 
work. 

2. Related Prior Work

Most of the archaeological research which 
focused on scars and ridge patterns has been rather 
LQWXLWLYH� DQG� GHVFULSWLYH�� 6HYHUDO� DWWHPSWV� ZHUH�
made to explain prehistoric assemblage variability by 
trying to quantify the extent, nature and variability 
RI�WKH�UHGXFWLRQ�FKDLQ��H�J��'DYLV�	�6KHD�������(UHQ�
HW�DO��������(UHQ�	�6DPSVRQ�������.XKQ��������

$WWHPSWV�WR�TXDQWLI\�ÀDNH�VFDU�SDWWHUQLQJ�ZHUH�
based primarily on two dimensional projections (e.g. 
&RQUDG�HW�DO���������GUDZLQJ�WKH�VFDUV�PDQXDOO\�DQG�
subjectively, thus failing to capture the complexity 
RI� WKH� �'� QDWXUH� RI� VWRQH� NQDSSLQJ�� 5HFHQWO\�
&ODUNVRQ� HW� DO�� ������� VXJJHVWHG� D� �'� DQDO\VLV� RI�
ÀDNH� VFDUV� XVLQJ� D� �'�PHDVXUHPHQW� WRRO�� 7KH� �'�
data was recorded manually and the scars were 
described in terms of directed lines (vectors) which 
connect the extreme points of the scar – a rather 
incomplete description which fails to convey the 
complexity and detail of the network of scars and 
their characteristics. 

6FDU� GHWHFWLRQ�� IURP� WKH� FRPSXWHU� JUDSKLFV�
vision point of view, belongs to the intensively 
VWXGLHG�¿HOG�RI�LPDJH�VHJPHQWDWLRQ��,Q�UHFHQW�\HDUV��
ZLWK�WKH�LQFUHDVHG�DYDLODELOLW\�RI�WKUHH�GLPHQVLRQDO�
data, there has been much research in the area of 
�'�VXUIDFH�VHJPHQWDWLRQ��2QH�RI� WKH�FKDOOHQJHV� LQ�
VXUIDFH� �RU� ³PHVK´�� VHJPHQWDWLRQ� LV� WR� GH¿QH� WKH�
criteria for evaluating the quality of the resulting 
segmentation. In most cases there is no objective 
principle which establishes a correct or preferred 
VHJPHQWDWLRQ�� ,Q� �6KDPLU� ������� WKH� DXWKRU�
GH¿QHV� WZR� W\SHV� RI�PHVK� VHJPHQWDWLRQ�PHWKRGV��
ZKLFK�DLP�WR�DFKLHYH�WZR�GL̆HUHQW�JRDOV��Part-type 
VHJPHQWDWLRQ�PHWKRGV�DLP�WR�VHJPHQW�WKH��'�REMHFW�
into meaningful parts, for example, segmenting 
D� �'� KXPDQ� ¿JXUH� LQWR� KHDG�� DUPV�� OHJV� HWF�� 7KH�
goal in surface-type segmentation is to segment 
the surface of the object into patches according 
to some criteria. The problem of segmenting the 
scanned lithic artifact belongs clearly to the latter 
type. In addition, the underling knapping process, 
ZKLFK� LGHDOO\� FUHDWHV� ZHOO�GH¿QHG� VXUIDFH� VFDUV��
should provide proper criteria for the success of a 
given segmentation: it should be consistent with the 
expert archaeological evaluation. 

6XUIDFH�W\SH� PHVK� VHJPHQWDWLRQ� DOJRULWKPV�
DUH� EDVHG� RQ� YDULRXV� VXUIDFH� DWWULEXWHV�� 6RPH�
examples are surface curvature and geodesic 
distances, which we discuss in more detail in section 
���2WKHU�SRVVLEOH�DWWULEXWHV�DUH�WKH�QRUPDO�GLUHFWLRQV�
of the triangular faces, the dihedral angle between 
adjacent faces and the planarity and convexity of 
the segments. A popular family of segmentation 
PHWKRGV� LV� :DWHUVKHG� �0DQJDQ� DQG� :KLWDNHU�
������� D� UHJLRQ�JURZLQJ� PHWKRG� WKDW� VWDUWV� ZLWK�
ORFDO�PLQLPD� SRLQWV� RI� VRPH� DWWULEXWH� IXQFWLRQ� RI�
WKH� PHVK� DQG� JURZV� UHJLRQV� XQWLO� ORFDO�PD[LPD�
points are reached. In section 5, we compare the 
UHVXOWV�RI�RXU�PHWKRG�WR�WKRVH�RI�:DWHUVKHG�

Methods for detecting ridges and valleys 
RQ� D� VXUIDFH� HPEHGGHG� LQ� �'�GUDZ�RQ� WHFKQLTXHV�
developed for the related problem of edge detection 
LQ� LPDJHV�� ,Q� RXU� ZRUN�� ZH� XVH� DQ� H[LVWLQJ� ULGJH�
GHWHFWLRQ�PHWKRG��<RVKL]DZD�HW�DO���������$SSO\LQJ�
a ridge detection method to the surface of a scanned 
stone tool does not solve the scar segmentation 
problem by itself, the method does not detect all 
WKH� VFDU�ULGJHV�� DQG� RQ� WKH� RWKHU� KDQG�� LW� GHWHFWV�
many false ridges. The reason for this failure is that 

Figure 1. Lower Paleolithic Handaxe from the site NBA 
(after Grosman et al. 2011). (a) A photograph of the stone 
tool (b) A traditional hand drawing with indication of a 
scar and a ridge (c) Rendering of the 3D-scanned tool.
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ULGJHV�RQ�VWRQH�WRROV�KDYH�D�VSHFL¿F�DUFKDHRORJLFDO�
GH¿QLWLRQ�±� WKH\�DUH� WKH� LQWHUVHFWLRQ�RI� WZR� VFDUV��
In our method, we utilize ridge detection as an 
intermediate step towards the scar segmentation as 
GHVFULEHG�LQ�VHFWLRQ������

3. Detecting Scars and Ridges

����)RUPDO�GH¿QLWLRQ�RI�WKH�VHJPHQWDWLRQ�SUREOHP

The main goal of our algorithm is segmenting 
the surface of the scanned tool into scars. The stone 
WRRO�LV�VFDQQHG�XVLQJ�D�VWUXFWXUHG�OLJKW��'�VFDQQHU��
JHQHUDWLQJ� D� WULDQJXODU� PHVK� �)LJ�� ���� ZKLFK� LV�
D� VXUIDFH� LQ� WKUHH�GLPHQVLRQV� GH¿QHG� E\� VPDOO�
triangles – a set V of n vertices v1...vn in R3 and a 
set F of m triangular faces f1...fm��HDFK�IDFH�GH¿QHG�
by an ordered set of three vertices. The goal of the 
segmentation task is to divide the set F of m faces into 
k disjoint sets F1..Fk, such that each Fi corresponds to 
a single scar on the surface of the object. It should be 
noted that the number of segments k is not an input 
to our algorithm – it is detected automatically. Once 
the mesh has been segmented into scars, the ridges 
FDQ� EH� GH¿QHG� DV� WKH� ERUGHUV� EHWZHHQ� VFDUV� �WKH�
polygons connecting the ordered set of vertices that 
form the border of each segment). For rendering 
purposes, these polygons can be smoothed to form a 
smooth ridge curves.

3.2 Outline of the algorithm

Our method is based on the importance 
RI� KLJK�FXUYDWXUH� ULGJHV� IRU� LGHQWLI\LQJ� ERUGHUV�
between scars and on the other hand on the need 
for a robust method that will ensure the spatial 
consistency of the scars. 

The surface curvature value at each point is 
¿UVW� FDOFXODWHG�� 7KLV� YDOXH�PHDVXUHV� KRZ� VWURQJO\�
the surface bends at each point. Curvature ridges 
are then detected. These are continuous lines on 
the surface which follow local maximum points of 
WKH� FXUYDWXUH� YDOXH�� 7KH� FXUYDWXUH�ULGJHV� PRVWO\�
FRLQFLGH�ZLWK�WKH�DFWXDO�VFDU�ULGJHV��7KH�FXUYDWXUH�
values and ridges are then utilized in a clustering 
process which breaks the surface of the object into 
VPDOO�VXE�VFDUV��7KH�FOXVWHULQJ�SURFHVV�LV�GRQH�LQ�D�
way that ensures that a single cluster will not cross 
D�KLJK�FXUYDWXUH� DUHD� RU� D� ULGJH�� ,Q� WKH�QH[W� VWHS��
the border between each adjacent pair of clusters is 

analyzed, clusters with a weak border between them 
are merged together. At the end of this process, 
WKH� VPDOO� VXE�VFDUV� KDYH� EHHQ� PHUJHG� WR� EHFRPH�
FRPSOHWH� VFDUV�� $� ¿QDO� RSWLPL]DWLRQ� VWHS� LV� WKHQ�
SHUIRUPHG�WR�¿QH�WXQH�WKH�VHJPHQWDWLRQ��$W�WKH�HQG�
RI�WKH�RSWLPL]DWLRQ�VWHS��WKH�¿QDO�VFDUV�DUH�GH¿QHG�
and the border between each adjacent pair of scars 
LV�GH¿QHG�DV�D�ULGJH�

The list below outlines the main steps in 
RXU�DOJRULWKP��(DFK� VWHS� LV� IXUWKHU�GHWDLOHG� LQ� WKH�
VHFWLRQV� EHORZ�� )LJXUH� �� VKRZV� WKH� LQWHUPHGLDWH�
results.

���3UHSURFHVV�WKH�PHVK������

���(VWLPDWH�WKH�PD[LPXP�SULQFLSDO�FXUYDWXUH�DW�DOO�
YHUWLFHV������

��� 'HWHFW� FXUYDWXUH�ULGJHV� �ORFDO�PD[LPD� OLQHV� RI�
WKH�SULQFLSDO�FXUYDWXUH��������

���3HUIRUP�LQLWLDO�JHRGHVLF�FOXVWHULQJ�LQWR�VXE�VFDUV��
XVLQJ�UDQGRP�VHHGV������

5. Merge adjacent clusters that have a weak border 
�����

��� )LQH� WXQH� WKH� VHJPHQWV� XVLQJ� JUDSK�FXW�
RSWLPL]DWLRQ������

Figure 2. A close-up look on a scanned object, represented 
as a three-dimensional triangular mesh.
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XVLQJ��&RKHQ�6WHLQHU�DQG�0RUYDQ��������$V�FDQ�EH�
seen in Figure 4(c), the maximum curvature value 
(k1) is high along the ridges.

3.5 Curvature-ridges detection

:H� DSSO\� D� ULGJH�GHWHFWLRQ� PHWKRG�
�<RVKL]DZD� HW� DO�� ������ WR� GHWHFW� FXUYDWXUH�ULGJHV�
RQ� WKH� VXUIDFH� RI� WKH� REMHFW�� &XUYDWXUH�ULGJHV� DUH�
GH¿QHG�DV� ORFDO�PD[LPXP�SRLQWV�RI� WKH�PD[LPXP�
principal curvature value (k1) in the principal 
FXUYDWXUH�GLUHFWLRQ��.RHQGHULQN��������:H�XVH�WKH�
WHUP�³FXUYDWXUH�ULGJHV´�WR�GL̆HUHQWLDWH�WKHVH�ULGJHV�
from the stone artifact ridges or “scar ridges”, which 
DUH�WKH�JRDO�RI�RXU�PHWKRG��7KH�GL̆HUHQFHV�DUH�

&XUYDWXUH� ULGJH� GHWHFWLRQ� LGHQWL¿HV� PDQ\�
minor ridges, which are caused by imperfections 
in the shape of the object. Most of these ridges are 
irrelevant to our work and are considered false 
detection.

In some cases, parts of the boundary of a scar 
ZLOO�QRW�EH�GHWHFWHG�DV�D�FXUYDWXUH�ULGJH��2XU�JRDO�LV�
to detect the entire boundary of each scar.

1RWH�WKDW��<RVKL]DZD�HW�DO��������DOVR�GHWHFWV�
valley lines on the mesh, which are points of negative 
curvature. Our method does not use the valleys. 
Figure 5 shows the detected ridge lines.

3.6 Geodesic clustering

$V�D�¿UVW� VWHS� WRZDUGV�VHJPHQWLQJ� WKH�VFDUV��
we perform initial clustering of the mesh faces. 

Figure 4. (a) The original scanned object. (b) The 
minimum principal curvature value - k2 (not informative 
for detecting the ridges.) (c) The maximum principal 
curvature value - k1.

���'H¿QH�WKH�ULGJHV�DV�WKH�ERUGHUV�RI�WKH�VHJPHQWV�
�����

3.3 Mesh preprocessing

$UWLIDFWV�FDQ�EH�VFDQQHG�DW�GL̆HUHQW�OHYHOV�RI�
GHWDLO�� RU� UHVROXWLRQ�� $V� D� SUH�SURFHVVLQJ� VWHS�� ZH�
DSSO\� D�PHVK� VLPSOL¿FDWLRQ� WHFKQLTXH� �6LHN� HW� DO��
������WR�EULQJ�WKH�UHVROXWLRQ�RI�DOO�SURFHVVHG�WRROV�
to a common value. In addition, we use Principle 
&RPSRQHQW�$QDO\VLV� �-DFNVRQ� ������ -ROOL̆H� ������
WR� SRVLWLRQ� WKH� REMHFW� LQ� �'� VR� WKDW� WKH�PDLQ� D[LV�
of the tools is parallel to the x axis etc. This step is 
required for the proper calculation of the object’s 
dimensions.

3.4 Principal curvature estimation

The principal curvature values and directions 
at each point on a smooth surface embedded in a 
WKUHH�GLPHQVLRQDO�VSDFH�DUH�PDWKHPDWLFDOO\�GH¿QHG�
as the two eigenvalues (k1, k2) and corresponding 
eigenvectors of the shape tensor at that point. The 
principal curvature on a triangular mesh is estimated 

Figure 3. Intermediate steps results. (a) Estimated 
maximum principal curvature (b) Detected ridge lines (c) 
Geodesic clustering (segments indicated by colors) and 
SRVW�PHUJLQJ��LQGLFDWHG�E\�EODFN�ERUGHUV����G��7KH�¿QDO�
scar-ridges after graph-cut optimization.



 Extracting Scar and Ridge Features from 3D-scanned Lithic Artifacts 
Eitan Richardson et al.

87

If we consider the original mesh as a clustering in 
which each face forms a cluster, our goal is to reduce 
WKH� QXPEHU� RI� FOXVWHUV� IURP� DQ� RUGHU� RI� ���.� WR�
several hundred. In addition, we require clusters to 
be connected component and we want the borders 
between adjacent clusters to be consistent with the 
FXUYDWXUH�ULGJHV��

A clustering process assigns to one cluster 
elements that are close to each other according to 
VRPH� GLVWDQFH� IXQFWLRQ�� )LJXUH� �� GHPRQVWUDWHV�
WKUHH� YHUWH[� GLVWDQFH� IXQFWLRQV�� 7KH� (XFOLGHDQ�
distance causes points on opposite sides of the 
mesh to be close and therefore is not suitable for 
mesh clustering. The geodesic distance measures 
GLVWDQFHV� RQ� WKH� VXUIDFH� RI� WKH�PHVK��:H� XVH� WKH�
)DVW�0DUFKLQJ�PHWKRG� �6HWKLDQ� ������ WR� HVWLPDWH�
the geodesic distance between a starting point to all 
RWKHU�SRLQWV�RQ�WKH�PHVK��:H�XVH�QRQ�XQLIRUP�HGJH�
weights, based on the maximum curvature value at 

each vertex, thus increasing the geodesic distance 
EHWZHHQ�D�SDLU�RI�SRLQWV�RQ�WKH�WZR�VLGHV�RI�D�KLJK�
curvature ridge, as can be seen on the right column 
RI� )LJXUH� ��� 7KLV� HQFRXUDJHV� ORZ�FXUYDWXUH� DUHDV�
to be clustered together and the border between 
FOXVWHUV�WR�FRLQFLGH�ZLWK�WKH�FXUYDWXUH�ULGJHV�

Our clustering method proceeds along the 
following line: For each vertex we maintain three 
SURSHUWLHV� ��D�ERROHDQ�ÀDJ� LQGLFDWLQJ�ZKHWKHU� LW� LV�
a part of a cluster, the assigned cluster (label) and 
the geodesic distance value to the segment center 
�RU� VHHG�� SRLQW�� :H� VWDUW� ZLWK� DOO� YHUWLFHV� EHLQJ�
XQRFFXSLHG�DQG�KDYLQJ�DQ�³LQ¿QLW\´�GLVWDQFH� IURP�
D�VHHG��:H�FKRRVH�D�UDQGRP�YHUWH[��UDQGRP�VHHG��
on the mesh and calculate its weighted geodesic 
GLVWDQFH� WR� DOO� RWKHU� YHUWLFHV�� :H� WKHQ� PDUN� WKH�
geodesic neighborhood of the seed (all vertices whose 
geodesic distance from the seed is smaller than a 
SUHGH¿QHG�WKUHVKROG��DV�RFFXSLHG��:H�DVVLJQ�WR�WKH�
new seed all vertices that are geodesically closer to it 
WKDQ�WR�WKHLU�FXUUHQW�VHHG��:H�WKHQ�FKRRVH�WKH�QH[W�
random seed that is not occupied and does not lie on 
D�KLJK�FXUYDWXUH�ULGJH��7KH�SURFHVV�FRQWLQXHV�XQWLO�
there are no available vertices.

Note that although the above method clusters 
the set of vertices and not the faces, it is easy to 
GH¿QH�D�FOXVWHULQJ�RI�WKH�IDFHV�EDVHG�RQ�WKH�YHUWLFHV�
FOXVWHULQJ��:H�XVH�PDMRULW\�YRWLQJ�RI�WKH�FOXVWHUV�RI�
the three vertices. In rare cases, the three vertices 
RI� D� WULDQJXODU� IDFH� ZLOO� EHORQJ� WR� WKUHH� GL̆HUHQW�
clusters. In this case, we choose the cluster of the 
¿UVW�YHUWH[�

Figure 5. Detected 
curvature ridges.

Figure 6. Distance functions. 
Each column shows the distance 
between the point marked by a red 
arrow in the top image to all other 
points on the object, according to a 
distance function. The distances are 
indicated using blue-to-red color 
coding. The objects on the bottom 
row are rotated to show the other 
side. (a) Euclidean distance. Note 
that points on the other side of the 
object are close to the marked point. 
(b) Geodesic distance. (c) Geodesic 
distance with a weight function 
based on the maximum curvature.
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Figure 7. Geodesic clustering and post-merging. (a) The 
original object. (b) The geodesic clustering result. (c) 
Post-merging: The colors indicate the original geodesic 
clustering and the black borders indicate the result of the 
post-merging (random borders removed).

3.7 Post merging

7KH�JHRGHVLF�FOXVWHULQJ�SKDVH�JHQHUDWHV�VXE�
scar clusters. These clusters (or segments) represent 
RYHU�VHJPHQWDWLRQ� RI� WKH� VXUIDFH� RI� WKH� PHVK��
KRZHYHU��WKH�VHJPHQWV�GR�QRW�FURVV�WKH�VFDU�ULGJHV��
The border between a pair of adjacent segments 
contains points that have equal geodesic distances to 
the two seeds. These borders fall into two categories 
�� ERUGHUV� WKDW� VWURQJO\� GHSHQG� RQ� WKH� UDQGRPO\�
chosen seeds of the clusters, and stable borders that 
do not depend on the exact location of the seeds. 
2Q� ÀDW� DUHDV� �RU� DUHDV� ZLWK� QHJDWLYH� FXUYDWXUH���
the points in which the geodesic distances from the 
two seeds are equal strongly depend on the selected 
random seed. However, if the two seeds fall on the 
WZR�VLGHV�RI�D�KLJK�FXUYDWXUH�ULGJH��WKH�GHSHQGHQF\�
ZLOO�EH�PXFK�ORZHU��5DQGRPL]HG�&XWV��*RORYLQVNL\�
DQG�)XQNKRXVHU�������LV�D�PHWKRG�WKDW�XWLOL]HV�WKLV�
feature to identify meaningful borders, by running 
the clustering algorithm multiple times and keeping 
RQO\� WKH� UHSHDWLQJ� �RU� VWDEOH�� ERUGHUV�� :H� IRXQG�
WKDW� LQ� RXU� SUREOHP�� LW� LV� VẊFLHQW� WR� LGHQWLI\� WKH�
meaningful borders by calculating the median 
PD[LPXP�FXUYDWXUH� YDOXH� DORQJ� WKH� ERUGHU� DQG�
PHUJLQJ� DGMDFHQW� VHJPHQWV� ZLWK� D� ORZ�FXUYDWXUH�
ERUGHU�� )LJXUH� �� VKRZV� WKH� UHVXOWV� RI� WKH� JHRGHVLF�
FOXVWHULQJ�DQG�SRVW�PHUJLQJ�

3.8 Graph-Cut optimization

*UDSK�FXW� LV� D� IDPLOLDU� PHWKRG� IRU� LPDJH�
and for mesh segmentation (Boykov and Jolly, 
�������:H�XVH�JUDSK�FXW�DV�D�¿QDO�SRVW�SURFHVVLQJ�
segmentation phase. Because we want to improve 
the quality of the border between the segments 
in addition to improving the segmentation, we 
XVH� JUDSK�FXW� DW� WKH� LQGLYLGXDO� WULDQJXODU� IDFHV�
OHYHO�� 7KH� JUDSK�FXW� DOJRULWKP� VROYHV� WKH� PLQ�FXW�
optimization problem of partitioning a graph into 
two disjoint groups of vertices while cutting edges 
with a minimal total weight. In our case, we use 
D� YDULDQW� RI� JUDSK�FXW� �DOSKD�H[SDQVLRQ��� ZKLFK�
allows partitioning the graph into a larger number 
RI�VHJPHQWV��7KH�LQSXW�WR�JUDSK�FXW�LV�WKH�ZHLJKWHG�
IDFH�DGMDFHQF\� JUDSK�� (DFK� IDFH� IRUPV� D� QRGH� LQ�
the graph and an edge connects each adjacent pair 
RI� IDFHV� �FUHDWLQJ� D���UHJXODU� JUDSK���:H�QRZ�DGG�
a node for each segment label and an edge between 
HDFK�IDFH�QRGH�WR�LWV�LQLWLDOO\�DVVLJQHG�VHJPHQW��7KH�
ZHLJKWV�RI�WKH�HGJHV�FRQQHFWLQJ�IDFH�QRGHV�DUH�WKH�

smoothness terms��7KH\�GH¿QH�WKH�FRVW�RI�FXWWLQJ�WKH�
mesh into two segments at each edge. The weights 
EHWZHHQ� WKH� IDFH�QRGHV� WR� WKH� VHJPHQW�QRGHV� DUH�
the data term and represent the cost of changing 
the original assignment of a face to a segment. In 
our method, we base the smoothness term on the 
PD[LPXP�FXUYDWXUH� DQG� RQ� WKH� GHWHFWHG� ULGJHV��
An edge that passes through a detected ridge line 
will have zero smoothness term (thus encouraging 
JUDSK�FXW� WR� VHJPHQW� WKH� PHVK� DW� WKHVH� HGJHV���
Other edges will have a weight that is proportional 
WR���PD[�FXUYDWXUH��VR�WKDW�WKH�FRVW�RI�SDUWLWLRQLQJ�
DW�D�ÀDW�DUHD�LV�KLJK�

����'H¿QLQJ�WKH�ULGJHV

7KH�¿QDO�VFDU�ULGJHV�DUH�WKH�ERUGHUV�EHWZHHQ�
VFDUV��:H�GH¿QH�WKH�ERUGHU�EHWZHHQ�HDFK�DGMDFHQW�
SDLU�RI�VFDUV�DV�D�ULGJH�OLQH��:H�DVVLJQ�D�ZHLJKW�WR�HDFK�
ULGJH� OLQH�� EDVHG� RQ� WKH�PHGLDQ�RI� WKH�PD[LPXP�
curvature along the ridge line. This weight can be 
used to visually emphasize major scars by drawing 
them with a thicker line. In addition, we apply a 
VPRRWKLQJ�IXQFWLRQ�WR�WKH�ULGJH�OLQHV��)LJXUH���VKRZV�
WKH�¿QDO�ULGJHV��ZKLFK�DUH�WKH�UHVXOW�RI�WKH�JUDSK�FXW�
RSWLPL]DWLRQ�DQG�WKH�ULGJH�GH¿QLWLRQ�SKDVHV�

4. Feature Extraction

As presented in section 1, one of the goals 
of our work is to calculate features that can be 
XVHG� IRU� DXWRPDWLF� FODVVL¿FDWLRQ� DQG� FOXVWHULQJ�
RI� VFDQQHG� DUWLIDFWV�� &OXVWHULQJ� DQG� FODVVL¿FDWLRQ�
algorithms require features that are descriptive and 
GLVFULPLQDWLYH� �FDQ� GL̆HUHQWLDWH� EHWZHHQ� FODVVHV�
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RI�REMHFWV����7DQJHOGHU�DQG�9HOWNDPS�������GH¿QH�
VHYHUDO� FDWHJRULHV� RI� �'� VKDSH�PDWFKLQJ�PHWKRGV��
for example, global descriptors and local features. 
Both these methods “take into account only the pure 
geometry of the shape”. In contrast, graph based 
methods “attempt to extract a geometric meaning 
IURP�D��'�VKDSH�XVLQJ�D�JUDSK�VKRZLQJ�KRZ�VKDSH�
components are linked together”. 

In the case of lithic artifacts, proper 
segmentation of the surface into meaningful scars 
DOORZV� JHQHUDWLQJ� D� JUDSK�EDVHG�GHVFULSWRU��ZKLFK�
is rich and descriptive on one hand and with a 
reasonable dimensionality (k) on the other hand. 
Figure 9 shows the scar adjacency graph diagram 
VXSHU�LPSRVHG� RQ� WKH� GUDZLQJ� RI� WKH� REMHFW��1RWH�
that each scar node can contain several attributes of 
each scar, such as:

• Area of the scar,
• 3DUDPHWHUV�RI�EHVW�¿WWLQJ�SODQH��SODQDULW\�YDOXH�
• Mean normal direction,
• +LVWRJUDP�RI�FXUYDWXUH�YDOXHV���'�RU��'��
• 6KDSH�RI�VFDU��XVH�VRPH�VKDSH�IHDWXUH����RI�ULGJH�

In addition, edges can hold information about 
the borders between scars, for example, the mean 
FXUYDWXUH� YDOXH� DORQJ� WKH�ERUGHU��8VDJH� RI� JUDSK�
EDVHG�GHVFULSWRUV�UHTXLUH�D�GH¿QLWLRQ�RI�D�PHWULF�DQG�
some graph matching algorithm such as (Melnik et 
DO��������LQ�WKH�FODVVL¿FDWLRQ�RU�FOXVWHULQJ�SKDVH�

,Q�DGGLWLRQ�WR�WKH�VFDUV�JUDSK�EDVHG�GHVFULSWRU��
global features such as the ones described in 

�7DQJHOGHU� DQG�9HOWNDPS������� FDQ�EH� FDOFXODWHG�
for the entire object:

• 7KH��'�VKDSH�KLVWRJUDP��DV�GH¿QHG�E\��2WDJLUL�
HW�DO��������

• Histogram�RI�WKH�SULQFLSDO�FXUYDWXUH���'�RU��'��

• Histograms of normal distances from centroids,

• The volumetric moments of inertia (Zhang and 
&KHQ�������

5. Results

)LJXUH����VKRZV�WKH�RXWSXW�RI�RXU�PHWKRG�RQ�
���GL̆HUHQW� VWRQH� WRROV�� 7KH�¿JXUH� VKRZV� WKH� VFDU�
ridges (the borders between the detected scars).

1H[W�� ZH� FRPSDUH� RXU� UHVXOWV� WR� KDQG�
drawings (Fig. 11). As can be seen, our method 
created a segmentation which is quite similar to the 
VHJPHQWDWLRQ�WKDW�LV�H[SUHVVHG�LQ�WKH�KDQG�GUDZLQJ��
although in some cases, our method broke a single 
scar to two or more parts. This is further discussed 
LQ�VHFWLRQ���

Figure 8.� 7KH� ¿QDO�
scars and ridges.

Figure 9. Lithic artifact represented as an adjacency 
graph of the scars. Size of the scar nodes in the drawing 
(blue circles) is proportional to the diameter of the scar. 
Edges (red) connect adjacent scars. The edges connecting 
to main scar on the back of the object are not shown.
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:H�FRPSDUHG�WKH�SHUIRUPDQFH�RI�RXU�PHWKRG�
WR�:DWHUVKHG��0DQJDQ�DQG�:KLWDNHU��������ZKLFK�
is considered to be one of the more robust mesh 
VHJPHQWDWLRQ�PHWKRGV��:H�UDQ�DQ�LPSOHPHQWDWLRQ�
RI�:DWHUVKHG�WKDW�XVHV�WKH�SULQFLSDO�FXUYDWXUH�YDOXH�
DV�D�KHLJKW�IXQFWLRQ��$V�FDQ�EH�VHHQ�LQ�)LJXUH�����WKH�
RXW�RI�WKH�ER[� SHUIRUPDQFH� RI�:DWHUVKHG� LV� TXLWH�
good, but compared to our method, it produces less 
accurate ridges and fails to segment some of the 
scars.

6. Discussion and Future Work

The surface scars and ridges of stone tools 
are highly valuable for morphological study and 
IRU� GRFXPHQWDWLRQ�� :H� SUHVHQWHG� D� PHWKRG� IRU�
automatic detection of the scars and ridges on 
�'�VFDQQHG� OLWKLF� DUWLIDFWV� DQG� IRU� H[WUDFWLRQ� RI�
TXDQWLWDWLYH�JOREDO�DQG�VFDU�UHODWHG�IHDWXUHV��ZKLFK�
FDQ� EH� XVHG� IRU� FOXVWHULQJ� DQG� FODVVL¿FDWLRQ� RI�
prehistoric artifacts. As presented in section 5, the 
scar segmentation result is consistent with prior 
methods, however, it is not always identical to the 
manual segmentation, which is expressed by the 
hand drawing. For example, our method might 
segment a scar into two parts because of some 
irregularity of the scar surface, while in the manual 
VHJPHQWDWLRQ��WKH�DUFKDHRORJLVW�FDQ�GHFLGH�WR�GH¿QH�

Figure 10. Scar segmentation results. Figure 11. Segmentation results compared to traditional 
hand drawings (our results shown on the right.) Tools 
are from the Neolithic site of Abu-Gosh, excavated by 
Ianir Milevski, Drawn by Leonid Zeiger, Israel Antiquity 
Authority.

Figure 12. Segmentation results compared to Watershed. 
(a) The original objects. (b) Watershed results. The result 
is less consistent with the actual scars (e.g. on the right 
side of the object on the top row, at the top of the object in 
the second row). (c) Our method.
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D�VLQJOH�VFDU�GXH�WR�VRPH�KLJKHU�OHYHO�DUFKDHRORJLFDO�
considerations such as the position of the point of 
percussion. For the purpose of quantitative research 
�IRU� H[DPSOH�� FOXVWHULQJ� DQG� FODVVL¿FDWLRQ� RI� WRROV�
from several assemblages), which is the main goal 
of our work, we believe that the quality of our scar 
VHJPHQWDWLRQ� LV� VẊFLHQW�� VLQFH� LW� LV� SHUIRUPHG�
in an objective and consistent manner on all 
scanned objects and it is mostly consistent with the 
DUFKDHRORJLFDO�VFDUV�DQG�ULGJHV�GH¿QLWLRQ��

:H� DUH� QRZ� LQWHJUDWLQJ� WKH� DXWRPDWLF�
segmentation algorithm in a computer code 
which will be used for documenting lithic tools in 
archaeological reports and articles. The purpose 
is to enable the archaeologist to mark selected 
VFDUV� DQG� ULGJHV� RQ� WKH� �'� PRGHO�� DQG� SURGXFH�
�'�YLHZV�RI�WKH�DUWLIDFWV�ZKLFK�LQFOXGH�WKH�PDUNHG�
IHDWXUHV��7KH�PDUNLQJV�VKRXOG�UHÀHFW�WKH�GHJUHH�RI�
FRQ¿GHQFH�RU�LPSRUWDQFH�DWWULEXWHG�WR�WKH�IHDWXUH��
such as i.e., using thicker lines to delineate the 
more outstanding ridges. Moreover, it will enable 
the archaeologist to introduce his/her judgment 
in cases of archaeologically uncertain situations as 
for example when two neighboring scars should be 
merged to a single one. 

Future work can aim at enhancing the 
scar segmentation by introducing constraints or 
regularization terms on the shape of the scars (for 
example, requiring each scar to be convex) or by 
DQDO\]LQJ�WKH�VXUIDFH�RI�HDFK�VFDU��'HWHFWLRQ�RI�WKH�
conchoidal ripples on the surface of the scars can be 
performed by means of Fourier analysis. This can 
enhance both the quantitative description of the 
scar and the generated drawing.

As a next step towards utilization of the 
quantitative scar and ridge features, we plan to 
apply machine learning methods to automatically 
cluster and classify stone tools from several sites 
and from several periods.
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1. Introduction

7KH� ¿UVW� SLRQHHUV� VHWWOHG� LQ� WKH� )LQQLVK�
UHJLRQ� FLUFD� ������� %3� IROORZLQJ� WKH� UHWUHDW� RI�
WKH� FRQWLQHQWDO� LFH� VKHHW� DIWHU� WKH� ODVW� JODFLDWLRQ��
$FFRUGLQJ� WR� DUFKDHRORJLFDO� ¿QGV�� WKH� UHJLRQ� KDV�
EHHQ� FRQWLQXRXVO\� LQKDELWHG� HYHU� VLQFH�� )LQODQG¶V�
SUHKLVWRULF�SRSXODWLRQ�HYHQWV�DQG�VHWWOHPHQW�KLVWRU\�
KDYH� EHHQ� VWXGLHG� E\� D� QXPEHU� RI� DUFKDHRORJLVWV�
�H�J�� 6LLULlLQHQ� ������ 0HLQDQGHU� ������ 1XxH]�� 0��
������+XXUUH�������������/DYHQWR�������������������
&DUSHODQ�����D������E��(GJUHQ�������+DOLQHQ�������
������ 1XxH]� 	� 2NNRQHQ� ������ 0|NN|QHQ� ������
������3HVRQHQ�������������7DNDOD�������5DQNDPD�
	� .DQNDDQSll� ������ 6DLSLR� ������ 7DOODYDDUD��
3HVRQHQ�	�2LQRQHQ�������7DOODYDDUD�	�6HSSl�������

2Q� WKH� RWKHU� KDQG�� JHQHWLFLVWV� KDYH� FDUULHG�
RXW� � QXPHURXV� VWXGLHV� FRQFHUQLQJ� WKH� SRSXODWLRQ�
JHQHWLFV� DQG� WKH� RULJLQV� RI� )LQQV� �H�J��1HYDQOLQQD�
������&DYDOOL�6IRU]D�HW�DO��������6DMDQWLOD�HW�DO��������
������/DKHUPR�HW�DO�������������/DKHUPR�������'H�
OD� &KDSHOOH� 	� :ULJKW� ������ 'H� OD� &KDSHOOH� ������
.LWWOHV� HW� DO�� ������ ������ 6DYRQWDXV� 	� /DKHUPR�
������ 1RULR� ������ ������ 3HOWRQHQ� HW� DO�� ������
9DULOR� HW� DO��������������.HUH�������8LPDUL� HW� DO��
Corresponding author:  WDUMD�VXQGHOO#KHOVLQNL�¿

������/DSSDODLQHQ�HW�DO��������������/DSSDODLQHQ�
������ � 6DOPHOD� HW� DO�� ������ ������ 6HUYLFH� HW� DO��
������+HGPDQ�HW�DO��������+DQQHOLXV�HW�DO��������
-DNNXOD�HW�DO��������0F(YR\�HW�DO��������3DOR�HW�DO��
�������)LQQV�DUH��ZKHQ�FRPSDUHG�WR�:HVW�(XURSHDQ�
SRSXODWLRQV��DQ�RXWOLHU��/DR�HW�DO���������(VSHFLDOO\�
LQ� WKH� PDOH�PHGLDWHG� <� FKURPRVRPH� GLYHUVLW\�
LV� UHGXFHG� DQG� WKHUH� DUH� VLJQL¿FDQW� GL̆HUHQFHV�
EHWZHHQ�HDVWHUQ�DQG�ZHVWHUQ�)LQODQG��7KH�JHQHWLF�
GLYHUVLW\� UHGXFWLRQ� DQG� WKH� VSHFL¿F� µ)LQQLVK�
'LVHDVH� +HULWDJH¶� �1RULR� ����D�� ����E�� ����F���
WKH�HQULFKPHQW�RI�UDUH�HQGHPLF�JHQHWLF�GLVHDVHV�LQ�
)LQODQG��LV�H[SODLQHG�E\�D�SURIRXQG�IRXQGHU�H̆HFW�RU�
D�ERWWOHQHFN�LQ�WKH�SDVW�

$GHTXDWHO\� SUHVHUYHG� RUJDQLF� UHPDLQV�
IURP� WKH� 0HVROLWKLF� DQG� 1HROLWKLF� \LHOGLQJ� '1$�
DUH� SUDFWLFDOO\� QRQ�H[LVWHQW� LQ� )LQODQG� GXH� WR�
WKH� QDWXUDOO\� DFLGLF� VRLO�� 7KXV�� ZH� FDQQRW� REWDLQ�
GLUHFW� HYLGHQFH� RI� KDSORW\SHV� RU� GLYHUVLWLHV� LQ�
'1$� RI� WKH� DQFLHQW� LQKDELWDQWV�� 7KHUHIRUH�� ZH�
FRPELQH� NQRZOHGJH� IURP� WZR� GL̆HUHQW� ¿HOGV� RI�
VFLHQFH� WR� UHFRQVWUXFW� SUHKLVWRULF� GHPRJUDSKLF�
HYHQWV�� SRSXODWLRQ� VL]H� HVWLPDWHV� EDVHG� RQ�
DUFKDHRORJLFDO� GDWD� DQG� SRSXODWLRQ� JHQHWLF�
VLPXODWLRQV�� 'LVHQWDQJOLQJ� SDVW� SRSXODWLRQ� HYHQWV�
LV�D�FRPSOH[�WDVN�WKDW�EHQH¿WV�IURP�WKH�V\QWKHVLV�RI�

Retracing Prehistoric Population Events in 
Finland Using Simulation

Tarja Sundell, Juhana Kammonen, Martin Heger, Jukka U. Palo and Päivi Onkamo
University of Helsinki, Finland

Abstract: 
Due to Finland’s low population density, geographical location and gradual settlement history, 
the country has been a genetic isolate. Genetic diversity is still slightly reduced among the Finns, 
HVSHFLDOO\�LQ�WKH�HDVWHUQ�SDUW�RI�WKH�FRXQWU\��7KLV�GLYHUVLW\�UHGXFWLRQ�DQG�WKH�VSHFL¿F� µ)LQQLVK�
'LVHDVH�+HULWDJH¶�DUH�H[SODLQHG�E\�IRXQGHU�H̆HFWV�DQG�ERWWOHQHFNV�DQG�WKHUH�LV�DUFKDHRORJLFDO�
HYLGHQFH�IRU�SURIRXQG�ÀXFWXDWLRQ�RI�SRSXODWLRQ�VL]HV�LQ�WKH�SDVW��+HUH��ZH�DSSO\�IRUZDUG�WLPH�
SRSXODWLRQ�VLPXODWLRQV�LQFOXGLQJ�DUFKDHRORJLFDOO\�MXVWL¿HG�SRSXODWLRQ�VL]H�HVWLPDWHV�WR�GHWHFW�
past demographic events. Our results indicate that simulation models beginning with serial 
IRXQGHU�H̆HFWV�KDYH�FOHDUO\�UHGXFHG�JHQHWLF�GLYHUVLW\�LQ�HDUO\�SUHKLVWRU\��&RPSDUHG�ZLWK�RXU�
SUHYLRXV�VLPXODWLRQV��WKH�JHQGHU�VSHFL¿F�PLJUDWLRQ�EULQJV�WKH�VLPXODWHG�JHQHWLF�GLYHUVLW\�FORVHU�
to the observed contemporary genetic diversity in Finland. Additionally, the simulation scenarios 
ZLWK�WHPSHUDWH�FRQVWDQW�JHQH�ÀRZ�SURGXFH�<�FKURPRVRPDO�GLYHUVLW\�PHDVXUHV�VLPLODU�WR�WKRVH�
REVHUYHG�LQ�SUHVHQW�GD\�)LQQLVK�SRSXODWLRQ��

Keywords:
Prehistoric Population, Population Simulation, Population Bottleneck, Stone Age, Early Metal 
Period, Finland
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DUFKDHRORJLFDO�DQG�JHQHWLF�GDWD��,Q�WKLV�FRQWULEXWLRQ�
ZH� EXLOG� XSRQ� RXU� SUHYLRXV� ZRUN� �6XQGHOO� HW� DO��
������DQG�HYDOXDWH�WKH�H̆HFWV�RI�DQ�LQLWLDO�IRXQGHU�
H̆HFW�YV��VHULDO�IRXQGHU�H̆HFWV��LQWHUQDO�DQG�JHQGHU�
VSHFL¿F�PLJUDWLRQV�DV�ZHOO�DV�PLJUDWLRQ�ZDYHV�DQG�D�
1HROLWKLF�SRSXODWLRQ�ERWWOHQHFN�RQ�WKH�)LQQLVK�JHQH�
SRRO�

1.1 Archaeological background 

:KHQ�DVVHVVLQJ�SRSXODWLRQ�VL]H�WKH�SULQFLSDO�
DVVXPSWLRQ� LV� WKDW� WKH� DUFKDHRORJLFDO� VLJQDO��
HYLGHQFHG� E\� H�J�� UDGLRFDUERQ� GDWH� GLVWULEXWLRQ��
FRUUHODWHV� ZLWK� WKH� SRSXODWLRQ� VL]H�� WKH� VWURQJHU�
WKH�GHWHFWHG�DUFKDHRORJLFDO�VLJQDO�LV��WKH�ODUJHU�WKH�
SRSXODWLRQ� WKDW� OHIW� WKH� VLJQDO�KDV�EHHQ��7KLV�GRHV�
QRW� \LHOG� DQ� DEVROXWH� YDOXH� RI� WKH� SRSXODWLRQ� VL]H�
DW� D� JLYHQ� WLPH�EXW�� LQVWHDG�� HVWLPDWHV� WKH� UHODWLYH�
SRSXODWLRQ�VL]HV�EHWZHHQ�FRQVHFXWLYH�WLPH�SHULRGV�

7KH� DUFKDHRORJLFDO� UHFRUGV� IURP� DOO� RI� WKH�
H[FDYDWLRQV� FRQGXFWHG� LQ� )LQODQG� KDYH� EHHQ�
GRFXPHQWHG�LQ�WKH�5HJLVWU\�RI�$QFLHQW�0RQXPHQWV��
D� QDWLRQDO� GDWDEDVH� RI� WKH� 1DWLRQDO� %RDUG� RI�
$QWLTXLWLHV� �KWWS���NXOWWXXUL\PSDULVWR�QED�¿�
QHWVRYHOOXV�UHNLVWHULSRUWDDOL�PMUHNL�UHDG�DVS�UB
GHIDXOW�DVS[���

$FFRUGLQJ� WR� WKH�5HJLVWU\� WKHUH� DUH� �LQ� -XQH�
������ ������� GZHOOLQJ� VLWHV� RQ� PDLQODQG� )LQODQG�
WKDW�EHORQJ�WR�WKH�6WRQH�$JH��FD������������FDO%&��
ZKLOH�RQO\�����EHORQJ�WR�WKH�(DUO\�0HWDO�3HULRG�������
FDO%&����$'���7KHUH�VHHPV�WR�EH�D�FOHDU�GL̆HUHQFH�
EHWZHHQ� WKH�QXPEHUV�RI� VHWWOHPHQW� VLWHV� LQ� LQODQG�
FXOWXUH�ZKHQ�WXUQLQJ�IURP�WKH�1HROLWKLF�WR�WKH�(DUO\�
0HWDO� 3HULRG� �/DYHQWR� ������ ������ 6DLSLR� �������

7KH� (DUO\� 0HWDO� 3HULRG� GZHOOLQJ� VLWHV� DUH� XVXDOO\�
VPDOOHU�DQG�VSDWLDOO\�GL̆HUHQWO\�GLVWULEXWHG�WKDQ�LQ�
WKH�SUHYLRXV�SHULRG��7KH�VPDOO�QXPEHU�RI�VWUXFWXUHV�
IRXQG� DQG� WKH� VPDOOHU� VL]HV� RI� VLWHV� FRXOG� VXJJHVW�
WHPSRUDU\� VLWHV�� SRVVLEO\� DVVRFLDWHG� ZLWK� KXQWHU�
JDWKHULQJ�SRSXODWLRQ�DQG�WKHLU�VHDVRQDO�VHWWOHPHQW�
PRGHO�� $FFRUGLQJ� WR� WKH� DUFKDHRORJLFDO� VLJQDO�� WKH�
QXPEHU� RI� LQKDELWDQWV� VHYHUHO\� GHFOLQHG� IURP� WKH�
SHULRGV�ZKHQ�ODUJH�YLOODJHV�ZHUH�VHWWOHG�LQ�6DLPDD��
FD�� ���������� FDO%&� �/DYHQWR� ������� $OWKRXJK� LW�
FDQ�EH�DUJXHG�WKDW�(DUO\�0HWDO�3HULRG�GZHOOLQJ�VLWHV�
DUH�PRUH�GL̇FXOW�WR�¿QG��WKH�WDSKRQRPLF�SURFHVVHV�
�6XURYHOO� DQG� %UDQWLQJKDP� ������ 6XURYHOO� HW� DO��
������ZRXOG��KRZHYHU��KDYH�PRUH�LPSDFW�RQ�ROGHU�
6WRQH� $JH� VLWHV� DQG� VKRXOG� FDXVH� D� VDPSOLQJ� ELDV�
IDYRXULQJ�WKH�(DUO\�0HWDO�3HULRG�VLWHV��

'HVSLWH� WKH� XQFHUWDLQWLHV� LQ� GH¿QLQJ� ZKDW�
FRQVWLWXWHV� D� GZHOOLQJ� VLWH�� WKH� GL̆HUHQFH� EHWZHHQ�
WKH�QXPEHUV�RI�6WRQH�$JH�DQG�(DUO\�0HWDO�3HULRG�
VLWHV� DSSHDUV� VXEVWDQWLDO�� 7KH� DERYH�PHQWLRQHG�
IDFWV� PD\� WKXV� UHÀHFW� D� JHQXLQH� GHFUHDVH� LQ�
SRSXODWLRQ�VL]H�� LQ�JHQHWLF� WHUPV�D�ERWWOHQHFN��7KH�
DUFKDHRORJLFDO� HYLGHQFH� �VHH� DERYH�� VXJJHVWV� WKDW�
WKLV� PD\� KDYH� EHHQ� HVSHFLDOO\� QRWDEOH� LQ� HDVWHUQ�
)LQODQG� EHWZHHQ� WKH� /DWH� 1HROLWKLF� DQG� WKH� (DUO\�
0HWDO�3HULRG�

,Q� DGGLWLRQ� WR� WKH� GLVFUHSDQF\� EHWZHHQ�
WKH� QXPEHUV� RI� GZHOOLQJ� VLWHV� IURP� SUHFHGLQJ�
HUDV�� DUFKDHRORJLFDO� HYLGHQFH� WHOOV� DERXW� RWKHU�
GHPRJUDSKLF� SURFHVVHV� ZKLFK� FDQ� EH� XVHG� DV�
SULRU� NQRZOHGJH� LQ� WKH� VLPXODWLRQV�� H�J�� SRVVLEOH�
PLJUDWLRQ� IURP� QHLJERXULQJ� DUHDV�� 7KH� VSUHDG� RI�
7\SLFDO�&RPE�:DUH��7&:��FXOWXUH�LQWR�)LQODQG�FD��
����������FDO%&�LV�DSSDUHQW�DQG�EULQJV�VLJQL¿FDQW�
FKDQJHV� LQWR� DUFKDHRORJLFDO� ¿QGV��7RJHWKHU�ZLWK� D�
QRYHO�VW\OH�RI�FHUDPLFV��WKHUH�LV�D�QRWDEOH�ULVH�LQ�WKH�
IUHTXHQF\� RI� QHZ� UDZ� PDWHULDOV� VXFK� DV� ÀLQW� DQG�
DPEHU� DV� ZHOO� DV� D� QHZ� KRXVH� EXLOGLQJ� WUDGLWLRQ�
�H�J�� 9XRULQHQ� ������ 0HLQDQGHU� ������ &DUSHODQ�
����D��+DOLQHQ�������3HVRQHQ�������(GJUHQ��������
)XUWKHUPRUH��WKH�SRSXODWLRQ�UHDFKHV�D�PD[LPXP�DW�
WKDW�WLPH��7DOODYDDUD�HW�DO���������

7KH� SRSXODWLRQ� SHDN� LV� DOVR� HYLGHQW� WKURXJK�
D�%D\HVLDQ�VSDWLDO�DQDO\VLV�RI�DUFKDHRORJLFDO�UHFRUG�
IURP� WKH� WLPH� SHULRG� �.DPPRQHQ� HW� DO�� �������
0RUHRYHU��WKH�ZHDNHU�DUFKDHRORJLFDO�VLJQDO�IROORZLQJ�
WKH�SRSXODWLRQ�SHDN�DW�����������FDO%&�LQGLFDWHV�D�
VXEVHTXHQW�GHFOLQH�RI�WKH�SRSXODWLRQ��7KLV�KDV�EHHQ�

Figure 1. The actual total population size (N, dark grey) 
and theoretical effective population size (Ne, black). 
The effective population size has been calculated as the 
harmonic mean of the actual population size.
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UHQGHUHG�DV�SURRI�RI�D�SODXVLEOH�1HROLWKLF�SRSXODWLRQ�
ERWWOHQHFN� �/DYHQWR� ������ 6XQGHOO� HW� DO�� ������ LQ�
)LQODQG�� $GGLWLRQDOO\�� WKH� VSUHDG� RI� &RUGHG�:DUH�
�&:��FXOWXUH��FD������������FDO%&��KDV�LQÀXHQFHG�
WKH�UHSHUWRU\�RI�DUFKDHRORJLFDO�¿QGV�LQ�WKH�FRXQWU\�
�H�J�� (GJUHQ� ������ &DUSHODQ� ����D��� $JDLQ�� D� QHZ�
VW\OH� LQ� FHUDPLFV� WRJHWKHU� ZLWK� QHZ� DUWLIDFWV� DQG�
QHZ�VHWWOHPHQW�SDWWHUQV�DV�ZHOO�DV�EXULDO�SUDFWLFHV�

1.2 Population genetic simulations

3RSXODWLRQ� JHQHWLF� VLPXODWLRQ� WRROV� FDQ� EH�
XVHG�WR�VWXG\�WKH�H̆HFWV�RI�SRSXODWLRQ�GHPRJUDSK\�
RQ�JHQHWLF�GLYHUVLW\�RYHU�FHQWXULHV�RU�HYHQ�PLOOHQQLD��
7KH�GDWD�VHWV�VLPXODWHG�XQGHU�GL̆HUHQW�SRSXODWLRQ�
KLVWRULF� VFHQDULRV� FDQ� EH� FRQWUDVWHG� ZLWK� WKH�
REVHUYHG� JHQHWLF� YDULDWLRQ� DW� WKH� VWXGLHG� ORFL� DQG�
WKXV�VXSSRUW�RU�UHIXWH�FHUWDLQ�VFHQDULRV��

,Q� RXU� VLPXODWLRQ�� HDFK� LQGLYLGXDO� FDUULHV�
D� PLWRFKRQGULDO� JHQRPH� DQG�� LI� PDOH�� DOVR� D� <�
FKURPRVRPH��7KHVH�JHQRPHV�DUH�D̆HFWHG�E\�VLPLODU�
HYROXWLRQDU\� IRUFHV� DV� QDWXUDO� FKURPRVRPHV�� WKH\�
DUH�WUDQVPLWWHG�IURP�JHQHUDWLRQ�WR�JHQHUDWLRQ��WKH\�
DUH�SURQH� WR�PXWDWH�DQG� WKHLU� IUHTXHQFLHV�GULIW�E\�
FKDQFH�� +RZHYHU�� ZKHQ� FRQWUDVWHG� WR� DXWRVRPDO�
FKURPRVRPHV�� WKHVH� PROHFXOHV� DUH� KDSORLG� DQG�
XQLSDUHQWDOO\�LQKHULWHG��DQG�DV�D�FRQVHTXHQFH�KDYH�
ORZHU�PROHFXODU�H̆HFWLYH�VL]HV��+HQFH�WKH\�UHVSRQG�
PRUH�UDSLGO\�WR�FKDQJHV�LQ�SRSXODWLRQ�GHPRJUDSK\�
WKDQ� DXWRVRPHV�� ,Q� DGGLWLRQ�� FKDUDFWHULVWLF�
GHPRJUDSKLF�SURFHVVHV�H�J��SRSXODWLRQ�JURZWK�DQG�
GHFOLQH��SRSXODWLRQ�VXEGLYLVLRQ�DQG�PLJUDWLRQ��FDQ�
EH�LQFRUSRUDWHG�LQWR�WKH�PRGHOV��

2XU�VLPXODWLRQV�EHJLQ�DW��������%3�ZKHQ�WKH�
¿UVW� SRVWJODFLDO� SLRQHHUV� VHWWOHG� WKH� FRXQWU\�� � 7KH�
SRSXODWLRQ� JURZWK� LV� VLPXODWHG� DFFRUGLQJ� WR� WKH�
VWUHQJWK�RI� WKH�DUFKDHRORJLFDO�VLJQDO��7DOODYDDUD�HW�
DO���������:H�HPSOR\�WZR�DUFKDHRORJLFDOO\�MXVWL¿HG�
ERWWOHQHFNV�� RQH� DW� ���������� %3� DQG� DQRWKHU�
DW� ���������� %3�� :H� VSOLW� WKH� SRSXODWLRQ� LQWR�
JHRJUDSKLF� VXE�SRSXODWLRQV�� DGG� JHQGHU�VSHFL¿F�
LQWHUQDO�PLJUDWLRQ�DV�ZHOO� DV�PLJUDWLRQ�ZDYHV� DQG�
FRQVWDQW�JHQH�ÀRZ�IURP�QHLJKERXULQJ�SRSXODWLRQV��
FRPSDWLEOH�ZLWK�DUFKDHRORJLFDO�SKHQRPHQD��

2. Materials and Methods

:H� XVHG� VLPX323� �3HQJ� 	� .LPPHO� �������
D� IRUZDUG�WLPH� SRSXODWLRQ� JHQHWLFV� VLPXODWLRQ�

HQYLURQPHQW�� )RUZDUG� VLPXODWLRQV� FDQ� EH� XVHG� WR�
FUHDWH�YLUWXDO�SRSXODWLRQV�ZKLFK�DUH�WKHQ�VLPXODWHG�
WKURXJK�HQWLUH�VLPSOL¿HG�PRGHO�KLVWRULHV��6LPX323�
FRQVLVWV�RI�D�QXPEHU�RI�FRPSRQHQWV�IURP�ZKLFK�XVHUV�
DVVHPEOH� D� VXLWDEOH� VLPXODWRU�� 7KHVH� FRPSRQHQWV�
DUH�RSHUDWHG�WKURXJK�3\WKRQ�VFULSW�¿OHV��

7KH� VLPXODWLRQ� PRYHV� IRUZDUG� LQ� WHQ�\HDU�
VWHSV�� 7KH� VLPXODWHG� SRSXODWLRQ� LV� DJH�VWUXFWXUHG�
L�H�� JHQHUDWLRQV� RYHUODS�� 5HSURGXFWLYH� DJHV� DUH�
VHW� DW� ������ \HDUV� IRU� PDOHV� DQG� ������ \HDUV� IRU�
IHPDOHV�� 7KH� PD[LPXP� OLIHVSDQ� LV� ��� \HDUV� DQG�
WKH� QDWXUDO� PRUWDOLW\� UDWH� LV� ��� �� SHU� WHQ� \HDUV���
7KH�PDWLQJ� RI� LQGLYLGXDOV� DV� ZHOO� DV� WKH� VHOHFWLRQ�
RI� WKRVH� LQGLYLGXDOV� ZKR� GLH� LV� EDVHG� RQ� UDQGRP�
VDPSOLQJ�� (DFK� PDWLQJ� SURGXFHV� �� WR� 1� R̆VSULQJ�
DFFRUGLQJ� WR� D� ]HUR�WUXQFDWHG�3RLVVRQ�GLVWULEXWLRQ�
(Ǌ  �����2̆VSULQJ�LV�SURGXFHG�XQWLO�LW��WRJHWKHU�ZLWK�
WKH� VXUYLYLQJ� SDUW� RI� WKH� SRSXODWLRQ�� UHDFKHV� WKH�
SRSXODWLRQ�VL]H�DW�WKH�QH[W�VLPXODWLRQ�VWHS��

7KH� VLPXODWLRQV� IRFXV� RQ�PLWRFKRQGULDO� DQG�
<� FKURPRVRPDO� YDULDWLRQ�� 0LWRFKRQGULDO� '1$�
�PW'1$��LV�PDWHUQDOO\�LQKHULWHG�DQG�VLPXODWHG�DV�D�
����ES�'1$�VHTXHQFH��FRUUHVSRQGLQJ�WR�+96�,�DQG�
+96�,,�RI�WKH�PW'1$�FRQWURO�UHJLRQ��$Q\�QXFOHRWLGH�
DW�DQ\�SRVLWLRQ�FDQ�PXWDWH�FUHDWLQJ�QHZ�YDULDWLRQ��
7KH� PXWDWLRQ� UDWHV� �ǋ�� IROORZ� WKH� ��SDUDPHWHU�
PRGHO� RI� .LPXUD� �������� GLVWLQJXLVKLQJ� EHWZHHQ�
WUDQVLWLRQV� �ǋ�  � �����������ORFXV���� \UV�� DQG�
WUDQVYHUVLRQV��ǋ� ������������ORFXV����\UV���7KH�<�
FKURPRVRPH�LV�VLPXODWHG�DV�D�KDSORW\SH�FRQVLVWLQJ�
RI�DOOHOHV�IURP�OLQNHG�675�ORFL��HDFK�DOOHOH�H[SUHVVLQJ�
WKH�QXPEHUV�RI�VKRUW�WDQGHP�UHSHDWV�SHU�ORFXV��7KH�
PXWDWLRQ� PRGHO� LV� VWHSZLVH�� WKXV� QHZ� YDULDWLRQ�
LV� LQWURGXFHG� E\� PXWDWLRQV� WKDW� HLWKHU� GHFUHDVH�
RU� LQFUHDVH� WKH� QXPEHU� RI� UHSHDWV� LQ� D� ORFXV�� 7KH�
PXWDWLRQ� UDWH� LV� �������ORFXV���� \HDUV�� 2XU� DLP�
LV� WR� REVHUYH� KRZ� GL̆HUHQW� VLPXODWLRQ� VFHQDULRV�
D̆HFW� WKH�JHQHWLF�GLYHUVLW\�DQG�ZKHWKHU�DQ\�RI� WKH�
PRGHOV�SURGXFH�GLYHUVLW\�PHDVXUHV�VLPLODU�WR�WKRVH�
SHUFHLYHG�LQ�SUHVHQW�GD\�)LQQV�

7KH�SRSXODWLRQ�LV�VLPXODWHG�WKURXJK�LWV�HQWLUH�
KLVWRU\� �)LJV� �� DQG� ���� 7KH� VLPXODWLRQ� VWDUWV� DW�
������� %3� ZLWK� D� VPDOO� LQLWLDO� SLRQHHU� SRSXODWLRQ�
RI����� IHPDOHV� DQG�����PDOHV� WKDW� LV�GLYLGHG� LQWR�
WZR� VXESRSXODWLRQV�� 6DDPL� DQG� 2WKHU� )LQODQG��
7KLV� LV� UXQ� IRU�����VWHSV��RU������\HDUV�� WR�FUHDWH�
D� PRUH� QDWXUDO�� KLJKO\� LQWHUUHODWHG� VPDOO� IRXQGHU�
SRSXODWLRQ��:H�HPSOR\� WZR�GL̆HUHQW� VFHQDULRV� IRU�
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WKLV� LQLWLDO� SKDVH�� D� VWDEOH� VWDUWLQJ� SRSXODWLRQ� LV�
FRPSDUHG�ZLWK�D�ÀXFWXDWLQJ�VWDUW�L�H��VHULDO�IRXQGHU�
H̆HFWV��,Q�WKH�VWDEOH�VWDUWLQJ�SRSXODWLRQ�PRGHOV��WKH�
SRSXODWLRQ�VL]H�UHPDLQV�FRQVWDQW�DW�����LQGLYLGXDOV�
�6DDPL� ����� 2WKHU� )LQODQG� ������ ZKHUHDV� LQ�
WKH� VHULDO� IRXQGHU� H̆HFW� PRGHOV�� WKH� SRSXODWLRQ�
ÀXFWXDWHV�EHWZHHQ����������6DDPL����������2WKHU�
)LQODQG���������UHVSHFWLYHO\���%RWK�VXESRSXODWLRQV�
KDYH� WKH� VDPH� VL]H� FKDQJH� UDWH�� ZLWK� SRSXODWLRQ�
PLQLPD�UHDFKHG�FD��HYHU\�����\HDUV��

7KH� WRWDO� SRSXODWLRQ� VL]H� LV� VHW� WR� JURZ�
H[SRQHQWLDOO\� IURP� ����� %3� �VLPXODWLRQ� VWHS�
����� RQZDUG� XQWLO� WKH� QH[W� ERWWOHQHFN� RFFXUV��
,PPHGLDWHO\�DIWHU������%3��VLPXODWLRQ�VWHS�������
DQG� DW� D� VL]H� RI� ������� LQGLYLGXDOV�� WKH� 2WKHU�
)LQODQG� VXESRSXODWLRQ� LV� GLYLGHG� LQWR� WZR�� WKH�
6RXWK�ZHVWHUQ��6:��VXESRSXODWLRQ�DQG�WKH�1RUWK�
HDVWHUQ��1(��VXESRSXODWLRQ��7KH�UHVSHFWLYH�VL]HV�IRU�
WKHVH�VXESRSXODWLRQV�DUH�������DQG���������5DWKHU�
WKDQ�D�GUDVWLF�SRSXODWLRQ�HYHQW�WDNLQJ�SODFH�GXULQJ�
D�VLQJOH�VLPXODWLRQ�VWHS��WKLV�VSOLW�HYHQW�LV�QHFHVVDU\�
WR� ODWHU� HQDEOH� LQWHUQDO� PLJUDWLRQ�� ,Q� VLPXODWLRQ�
VFHQDULRV� ZLWK� LQWHUQDO� JHQGHU�VSHFL¿F� PLJUDWLRQ��
WKH� 6:� DQG� 1(� VXESRSXODWLRQV� DUH� DOORZHG� WR�
H[FKDQJH�LQGLYLGXDOV�

:H� LQFOXGH� WZR� PLJUDWLRQ� ZDYHV� IURP�
QHLJKERXULQJ� SRSXODWLRQV�� WKH� 7&:� PLJUDWLRQ�
ZDYH� DW� DURXQG� ����� %3� �VLPXODWLRQ� VWHSV� �����
����DQG������DQG�WKH�&:�PLJUDWLRQ�ZDYH�DW�DURXQG�
�����%3��VLPXODWLRQ�VWHSV����������DQG�������7RWDO�

SRSXODWLRQ� LV� VHW� WR� UHDFK� D� PD[LPXP� RI� �������
VKRUWO\� EHIRUH� ����� %3� �VLPXODWLRQ� VWHS� ������ WKH�
6WRQH�$JH�SRSXODWLRQ�SHDN��7KH�H[SRQHQWLDO�JURZWK�
VORZV� GRZQ� EHIRUH� WKLV� DQG� WKH� SRSXODWLRQ� VL]H�
UHPDLQV�DSSUR[LPDWHO\� WKH�VDPH�IRU�D�EULHI�SHULRG�
DIWHU�WKLV�WLPH�SRLQW��$IWHU������%3�WKH�SRSXODWLRQ�
EHJLQV�WR�JUDGXDOO\�GHFOLQH�RYHU������\HDUV�WRZDUGV�
WKH� 6WRQH�$JH�ERWWOHQHFN��$IWHU� WKH� ERWWOHQHFN� WKH�
SRSXODWLRQ�UHFRYHUV��IROORZHG�E\�D�OHVV�VHYHUH�VHFRQG�
ERWWOHQHFN� DW� ����������%3��'XULQJ� WKH� ODVW� �����
\HDUV�WKH�SRSXODWLRQ�VL]H�LV�VHW�WR�JURZ�WR�����������
LQGLYLGXDOV��WKH�¿QDO�SRSXODWLRQ�VL]H�

2.1 The genetic diversity in the background 
populations

$� IHZ� PLJUDWLRQ� ZDYHV� KDYH� EHHQ� DOOHJHG�
WR� KDYH� HQWHUHG� )LQODQG� IURP� QHLJKERXULQJ�
SRSXODWLRQV� �VHH� H�J�� &DUSHODQ� ����D�� /DYHQWR�
������� ,Q� DGGLWLRQ� WR� WKHVH�� WKHUH� KDV� SUREDEO\�
EHHQ�PLQRU��PRUH� RU� OHVV� FRQVWDQW�� JHQH�ÀRZ� LQWR�
WKH� FRXQWU\�� 7R� DOORZ� IRU� WKHVH� SKHQRPHQD�� ZH�
IRUPHG� WKUHH� EDFNJURXQG� SRSXODWLRQV�� $UFKDLF�
(XURSHDQ�� $UFKDLF� 6FDQGLQDYLDQ� DQG� %DFNJURXQG�
6DDPL�� )URP� WKHVH�� LQGLYLGXDOV� PLJUDWH� LQWR� WKH�
)LQQLVK�VXESRSXODWLRQV�ZLWK�UDWHV�GHVFULEHG�EHORZ��
:H�KDYH�VHOHFWHG�DFWXDO�DQFLHQW�PW'1$�KDSORW\SHV�
WR� IRUP�WKHVH� WZR�DUFKDLF�EDFNJURXQG�SRSXODWLRQV�
�+DDN�HW�DO��������5XGEHFN�HW�DO��������0HOFKLRU�HW�
DO��������������%UDPDQWL� HW� DO��������0DOPVWU|P�
HW� DO�� ������ 6NRJOXQG� HW� DO�� ������� 6LQFH� WKHUH� LV�
QR� LQIRUPDWLRQ� RI� DQFLHQW� 6DDPL� '1$�� ERWK� WKH�
6DDPL� VXESRSXODWLRQ� DQG� WKH� %DFNJURXQG� 6DDPL�
SRSXODWLRQ�ZHUH� LQLWLDOL]HG�ZLWK� DQ� DSSUR[LPDWLRQ�
RI�SUHVHQW�GD\�6DDPL�KDSORW\SH�FRPSRVLWLRQ��

7KH� $UFKDLF� (XURSHDQ� EDFNJURXQG�
SRSXODWLRQ� LQFOXGHV� ������� LQGLYLGXDOV�� WKH�
$UFKDLF� 6FDQGLQDYLDQ� ������� LQGLYLGXDOV� DQG� WKH�
%DFNJURXQG�6DDPL�������LQGLYLGXDOV��7KH�VL]HV�KHUH�
DUH�VXJJHVWLYH�DV�ZH�PHUHO\�ZLVK�WR�HYDOXDWH�LI�JHQH�
ÀRZ� IURP� RWKHU� SRSXODWLRQV� ZRXOG� KDYH� GUDPDWLF�
H̆HFWV�RQ� WKH�YDULDWLRQ�RI�)LQQLVK�VXESRSXODWLRQV��
7ZR� VL]HV� RI� PLJUDWLRQ� ZDYHV� ZHUH� WHVWHG� �VHH�
7DEOH����VFHQDULRV�(��/���� WHPSHUDWH�DQG�VPDOO�� ,Q�
WKH� WHPSHUDWH�PLJUDWLRQ�ZDYHV�� WKH� 7\SLFDO� &RPE�
:DUH�PLJUDWLRQ�ZDYH�UHSODFHV�FD�����RI�WKH�QRUWK�
HDVWHUQ� VXESRSXODWLRQ�ZLWK�$UFKDLF�(XURSHDQ�DQG�
WKH� &RUGHG�:DUH� PLJUDWLRQ� ZDYH� UHSODFHV� FD�� ���
RI� WKH� VRXWK�ZHVWHUQ� VXESRSXODWLRQ� ZLWK� $UFKDLF�
(XURSHDQ�� :LWK� VPDOOHU� PLJUDWLRQ� ZDYHV� WKH�

Figure 2.  The general demographic model. The width 
of the cone represents the relative population size (not to 
scale) at the time before present depicted on the x axis.
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SHUFHQWDJHV�DUH�GLYLGHG�E\�IRXU��L�H��DSSUR[�����DQG�
������UHVSHFWLYHO\��7KH�YROXPHV�RI�PLJUDWLRQ�ZHUH�
FKRVHQ�EDVHG�RQ�RXU�SUHYLRXV�ZRUN� �6XQGHOO� HW�DO��
������

,Q� DGGLWLRQ� WR� VSHFL¿F� PLJUDWLRQ� ZDYHV��
WHPSHUDWH�FRQVWDQW�JHQH�ÀRZ�UHSODFHV�������RI�WKH�
SRSXODWLRQ� ZLWK� $UFKDLF� (XURSHDQ� HYHU\� ��� \HDUV�
GXULQJ�WKH�HQWLUH�VLPXODWLRQ��$GGLWLRQDOO\���������
RI� WKH� 6DDPL� DQG� QRUWK�HDVWHUQ� VXESRSXODWLRQ� LV�
UHSODFHG� ZLWK� %DFNJURXQG� 6DDPL� JHQH� ÀRZ� HYHU\�
��� \HDUV� DQG� DIWHU� ����� %3� ������ RI� WKH� VRXWK�
ZHVWHUQ� VXESRSXODWLRQ� LV� UHSODFHG� ZLWK� $UFKDLF�
6FDQGLQDYLDQ�HYHU\� ���\HDUV��/RZHU� FRQVWDQW� JHQH�
ÀRZ� LV� RQH� WHQWK� RI� WKH� DERYH� UDWHV�� L�H�� ��������
�������� DQG� �������� UHVSHFWLYHO\� �VHH� 7DEOH� ���
VFHQDULRV�(��/����,Q�RXU�SUHYLRXV�VWXG\��6XQGHOO�HW�
DO��������ZH�XVHG�KLJKHU�JHQH�ÀRZ�UDWHV�DQG�FDPH�WR�
WKH�FRQFOXVLRQ�WKDW�ORZHU�JHQH�ÀRZ�UDWHV�VKRXOG�EH�
H[SORUHG��7KH�UDWHV�XVHG�WKHUH�DSSDUHQWO\�IRUFHG�WKH�
VLPXODWHG�SRSXODWLRQV¶�GLYHUVLW\�WR�FKDQJH�WRZDUGV�
WKH�EDFNJURXQG�SRSXODWLRQV¶�

7HFKQLFDOO\�� HDFK� EDFNJURXQG� SRSXODWLRQ�
HYROYHV� VHSDUDWHO\� IRU� ������� \HDUV�� $� VQDSVKRW� LV�
VDYHG�HYHU\������\HDUV��7KH�VQDSVKRW�SRSXODWLRQV�
DUH�WKHQ�XVHG�DV�SRROV�IRU�PLJUDWLRQ�LQ�WKH�ERWWOHQHFN�
VLPXODWLRQV� RYHU� D� SHULRG� RI� ����� \HDUV� HDFK�� VR�
WKDW� DQ� DSSUR[LPDWLRQ� RI� HYROYLQJ� EDFNJURXQG�
SRSXODWLRQV� LV� UHDFKHG�ZLWKRXW� KDYLQJ� WR� VLPXODWH�
WKHP�LQ�SDUDOOHO�ZLWK�WKH�)LQQLVK�VXESRSXODWLRQV�

2.2 Simulation scenarios

7KH� VLPXODWLRQV� ZHUH� FDUULHG� RXW� ZLWK� ���
VHSDUDWH� VFHQDULRV� �$��/���� 7KH� ��� VFHQDULRV�
LQFOXGH� DOO� SRVVLEOH� SHUPXWDWLRQV� RI� WKH� IROORZLQJ�
SDUDPHWHUV�� SRSXODWLRQ� JURZWK� ¿UVW� ����� \HDUV��
ERWWOHQHFN�VL]H��LQWHUQDO�PLJUDWLRQ��PLJUDWLRQ�ZDYHV�
DQG�FRQVWDQW�JHQH�ÀRZ��)LJ������

2.3 Population genetic analysis

:H�HPSOR\HG� WZR�EDVLF� LQGLFDWRUV�RI�JHQHWLF�
GLYHUVLW\�� WKH� QXPEHU� RI� KDSORW\SHV� �$�� DQG�
KDSORW\SH�GLYHUVLW\��Ŗ��LQ�D�VDPSOH��7KH�¿UVW�LV�VLPSO\�
D�GLUHFW�FRXQW�RI�WKH�QXPEHU�RI�GL̆HUHQW�KDSORW\SHV�
�L�H�� GL̆HULQJ� LQ� DW� OHDVW� RQH� QXFOHRWLGH� SRVLWLRQ�
RU�PLFURVDWHOOLWH� ORFXV��� Ŗ� �1HL� ������ LV� EDVHG� RQ�
KDSORW\SH�IUHTXHQFLHV�LQ�D�SRSXODWLRQ�DQG�PHDVXUHV�
WKH� SUREDELOLW\� RI� REVHUYLQJ� GL̆HUHQW� KDSORW\SHV�

ZKHQ�VDPSOLQJ�WZR�UDQGRP�FKURPRVRPHV�RU��DV�LQ�
WKLV� FDVH�� KDSORLG� LQGLYLGXDOV�� IURP� D� SRSXODWLRQ��
+DSORW\SH�GLYHUVLW\�ZDV�FDOFXODWHG�ZLWK�WKH�IRUPXOD�
Ŗ�  � Q����[L����Q���� ZKHUH� Q� LV� WKH� QXPEHU� RI�
LQGLYLGXDOV� DQG� [L� WKH� KDSORW\SH� IUHTXHQF\� RI� WKH�
iWK� KDSORW\SH��:KHQ�Ŗ� LV� ORZ� LW� LV� OLNHO\� WKDW� WZR�
UDQGRPO\� GUDZQ� FKURPRVRPHV� DUH� LGHQWLFDO�� DQG�
YLFH�YHUVD�

3. Results 

)LUVW�� FRPSDUHG� ZLWK� RXU� SUHYLRXV�
VLPXODWLRQV�� JHQGHU�VSHFL¿F� LQWHUQDO� PLJUDWLRQ�
EULQJV�WKH�VLPXODWHG�PLWRFKRQGULDO�JHQHWLF�GLYHUVLW\�

Figure 3��0LWRFKRQGULDO�KDSORW\SH�GLYHUVLW\��ƨ��LQ�¿QDO�
population (0 BP).

Figure 4.  Mitochondrial (left) and Y-STR (right) genetic 
diversity in the Other Finland/SW subpopulation at 
checkpoints in all models with bottleneck size of 1000 
individuals.
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Table 2. Bottom. Simulation checkpoints. In every checkpoint, a random sample of 1000 individuals is extracted 
from the population extant at the time. If total population size at this point is smaller than 1000, all individuals in the 
population are included in the sample. 

Scenario 3RSXODWLRQ�VL]H�¿UVW
2000 years

Bottleneck size at 
4100-3800 BP

Internal 
migration between 

subpopulations

Migration 
waves (TCW 

and CW)

Constant gene 
ÀRZ

$� VWDEOH ���� QR � �

$� VWDEOH ��� QR � �

%� VWDEOH ���� \HV � �

%� VWDEOH ��� \HV � �

&� ÀXFWXDWLQJ ���� QR � �

&� ÀXFWXDWLQJ ��� QR � �

'� ÀXFWXDWLQJ ���� \HV � �

'� ÀXFWXDWLQJ ��� \HV � �

(� VWDEOH ���� QR VPDOO WHPSHUDWH

(� VWDEOH ��� QR VPDOO WHPSHUDWH

)� VWDEOH ���� \HV VPDOO WHPSHUDWH

)� VWDEOH ��� \HV VPDOO WHPSHUDWH

*� ÀXFWXDWLQJ ���� QR VPDOO WHPSHUDWH

*� ÀXFWXDWLQJ ��� QR VPDOO WHPSHUDWH

+� ÀXFWXDWLQJ ���� \HV VPDOO WHPSHUDWH

+� ÀXFWXDWLQJ ��� \HV VPDOO WHPSHUDWH

,� VWDEOH ���� QR WHPSHUDWH VPDOO

,� VWDEOH ��� QR WHPSHUDWH VPDOO

-� VWDEOH ���� \HV WHPSHUDWH VPDOO

-� VWDEOH ��� \HV WHPSHUDWH VPDOO

.� ÀXFWXDWLQJ ���� QR WHPSHUDWH VPDOO

.� ÀXFWXDWLQJ ��� QR WHPSHUDWH VPDOO

/ ÀXFWXDWLQJ ���� \HV WHPSHUDWH VPDOO

/� ÀXFWXDWLQJ ��� \HV WHPSHUDWH VPDOO

Checkpoint Time BP Simulation steps

� 6WDUWLQJ�SRLQW ������ �

� 3RSXODWLRQ�VWDUWV�WR�JURZ ����� ���

� 6DPSOLQJ�EHIRUH�WKH�SRSXODWLRQ�VSOLW ����� ���

� 2QH�VWHS�DIWHU�WKH�SRSXODWLRQ�VSOLW ����� ���

� 3RSXODWLRQ�SHDN ����� ���

� %HIRUH�WKH�¿UVW�ERWWOHQHFN ����� ���

� ,PPHGLDWHO\�DIWHU�WKH�SRSXODWLRQ�PLQLPXP ����� ���

� 6HFRQG�SRSXODWLRQ�SHDN ����� ���

� ,Q�WKH�PLGGOH�RI�WKH�VHFRQG�ERWWOHQHFN ����� ���

�� 3UHVHQW�WLPH��¿QDO�JHQHUDWLRQ � ����

Table 1.  Top. A reference matrix of different simulation scenarios (A1-L2). In addition to different simulation starts and 
ERWWOHQHFN�VL]HV��WKH�RWKHU�SDUDPHWHUV�DUH�LQWHUQDO�DQG�JHQGHU�VSHFL¿F�PLJUDWLRQ�EHWZHHQ�VXESRSXODWLRQV��PLJUDWLRQ�
ZDYHV�IURP�7\SLFDO�&RPE�:DUH��7&:��DQG�&RUGHG�:DUH��&:��DQG�FRQVWDQW�JHQH�ÀRZ�IURP�QHLJKERXULQJ�SRSXODWLRQV�
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RQ� WKH� VXESRSXODWLRQ� OHYHO� FORVHU� WR� WKH� REVHUYHG�
FRQWHPSRUDU\�JHQHWLF�GLYHUVLW\�LQ�)LQODQG��)LJ�����

6HFRQG�� RXU� UHVXOWV� LQGLFDWH� WKDW� VLPXODWLRQ�
PRGHOV�EHJLQQLQJ�ZLWK�VHULDO�IRXQGHU�H̆HFWV�FOHDUO\�
UHGXFH�JHQHWLF�GLYHUVLW\�DW�WKH�¿UVW�FKHFNSRLQW�DIWHU�
WKH�LQLWLDO�SKDVH��)LJ������

)LQDOO\�� WKH� VLPXODWLRQ� VFHQDULRV� ZLWK�
WHPSHUDWH� FRQVWDQW� JHQH� ÀRZ� SURGXFH� <�
FKURPRVRPDO� GLYHUVLW\� PHDVXUHV� VLPLODU� WR� WKRVH�
REVHUYHG�LQ�SUHVHQW�GD\�)LQQLVK�SRSXODWLRQ��)LJV���
DQG����

4. Discussion

7KH� XOWLPDWH� DLP� RI� WKHVH� VLPXODWLRQV� LV� WR�
GHWHUPLQH� ZKLFK� SRSXODWLRQ� VFHQDULRV� DUH� PRVW�
OLNHO\� WR� EH� WUXH� E\� DVVHVVLQJ� ZKHWKHU� DQ\� RI� WKH�
PRGHOV� SURGXFH� GLYHUVLW\� PHDVXUHV� VLPLODU� WR�
WKRVH� SHUFHLYHG� LQ� SUHVHQW�GD\� )LQQV�� 3UHYLRXVO\�
ZH� VLPXODWHG� )LQODQG� DV� RQH� ODUJH� SRSXODWLRQ�
ZLWKRXW� VXEVWUXFWXUH�� ,Q� WKLV� UH¿QHG� PRGHO� ZH�
GLYLGHG�WKH�SRSXODWLRQ�LQWR�VXESRSXODWLRQV��ZKLFK��
LQ� DGGLWLRQ� WR� EHLQJ� PRUH� UHDOLVWLF�� DOVR� HQDEOHV�
JHQGHU�VSHFL¿F� LQWHUQDO� PLJUDWLRQ�� 3RSXODWLRQ�
VXEGLYLVLRQ�DOVR�DOORZV�JHQHWLF�GULIW�WR�RSHUDWH�PRUH�
UHDOLVWLFDOO\��,Q�FRPSDULVRQ�ZLWK�RXU�SUHYLRXV�VWXG\��
WKH�JHQGHU�VSHFL¿F�PLJUDWLRQ�EULQJV� WKH�VLPXODWHG�
PLWRFKRQGULDO� JHQHWLF� GLYHUVLW\� FORVHU� WR� WKH�
REVHUYHG�FRQWHPSRUDU\�JHQHWLF�GLYHUVLW\�LQ�)LQODQG��
<�FKURPRVRPHV�LQ�WKHVH�VLPXODWLRQV�PXWDWH�IDVWHU��
ZKLFK�REVFXUHV�WKH�H̆HFW�RI�PLJUDWLRQ�

2XU� UHVXOWV� LQGLFDWH� WKDW� VLPXODWLRQ� PRGHOV�
EHJLQQLQJ�ZLWK�VHULDO�IRXQGHU�H̆HFWV�FOHDUO\�UHGXFH�
JHQHWLF� GLYHUVLW\� DW� WKH� ¿UVW� FKHFNSRLQW� DIWHU� WKH�
LQLWLDO�SKDVH��,Q�ODWHU�SKDVHV��KRZHYHU��RWKHU�IDFWRUV�
VHHP� WR� REVFXUH� WKLV� H̆HFW�� 7KHUHIRUH� ZH� FDQQRW�
GLVWLQJXLVK�LQ�WKLV�VWXG\�ZKHWKHU�PRGHOV�EHJLQQLQJ�
ZLWK� RU� ZLWKRXW� VHULDO� IRXQGHU� H̆HFWV� ¿W� REVHUYHG�
FXUUHQW�JHQHWLF�GLYHUVLW\�EHWWHU�

,Q� RXU� SUHYLRXV� VWXG\� �6XQGHOO� HW� DO�� ������
ZH� XVHG� KLJKHU� JHQH� ÀRZ� UDWHV� DQG� FDPH� WR� WKH�
FRQFOXVLRQ� WKDW� ORZHU� JHQH� ÀRZ� UDWHV� VKRXOG� EH�
H[SORUHG��7KH�UDWHV�XVHG�WKHUH�DSSDUHQWO\�IRUFHG�WKH�
VLPXODWHG�SRSXODWLRQV¶�GLYHUVLW\�WR�FKDQJH�WRZDUGV�
WKH� EDFNJURXQG� SRSXODWLRQV¶�� 7KH� VLPXODWLRQ�
VFHQDULRV� ZLWK� WHPSHUDWH� FRQVWDQW� JHQH� ÀRZ�
SURGXFH�<�FKURPRVRPDO�GLYHUVLW\�PHDVXUHV�VLPLODU�
WR�WKRVH�REVHUYHG�LQ�SUHVHQW�GD\�)LQQLVK�SRSXODWLRQ��
,QGHHG�� DOO� WKH� PRGHOV� ZLWK� WHPSHUDWH� FRQVWDQW�
JHQH� ÀRZ� UHVXOW� LQ� GLYHUVLW\�PHDVXUHV� FRPSDWLEOH�
ZLWK� )LQQLVK� JHQHWLF� GLYHUVLW\�� LQGLFDWLQJ� WKDW� WKH�
EDFNJURXQG�JHQH�ÀRZ�LV�DFWXDOO\�D�PRUH�LPSRUWDQW�
IDFWRU� WKDQ� LQLWLDO�ERWWOHQHFN�VL]H��DW� OHDVW�ZLWK� WKH�
ERWWOHQHFN�VL]HV�ZH�XVHG�

3.1 Subsistence

7KH� GHJODFLDWLRQ� RI� WKH� UHJLRQ� WRRN� VHYHUDO�
WKRXVDQG� \HDUV�� GXULQJ� ZKLFK� WKHUH� ZHUH� PDMRU�
FKDQJHV� LQ� WKH� VXEVLVWHQFH� FRQGLWLRQV� RI� SLRQHHU�
VHWWOHUV�� 3RSXODWLRQ� VL]H� ÀXFWXDWLRQ� GXULQJ� WKH�
SLRQHHULQJ�VWDJH�FDXVHG�E\�VHULDO�IRXQGHU�H̆HFWV�FDQ�
EH�DUJXHG�WR�PRUH�UHDOLVWLFDOO\�PRGHO�WKH�FRQGLWLRQV�

Figure 5�� <�675� KDSORW\SH� GLYHUVLW\� �ƨ�� LQ� ¿QDO�
population (0 BP) in a sample of 907 individuals. The 
reference line represents the value observed in the present 
(Palo et al. 2009).

Figure 6�� 1XPEHU� RI� <�675� KDSORW\SHV� �$�� LQ� ¿QDO�
population (0 BP) in a sample of 907 individuals. The 
reference line represents the value observed in the present 
(Palo et al. 2009).
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LQ� WKH� UHJLRQ�GXULQJ� WKLV�SKDVH�RI� VHWWOHPHQW�� ,W� LV�
KLJKO\�SODXVLEOH� WKDW� VRPH� VPDOO� JURXSV�PLJUDWLQJ�
LQWR�WKH�FRXQWU\�KDYH�QRW�SHUVLVWHG��7KH�UHSURGXFWLRQ�
UDWH� KDV�PRVW� OLNHO\� EHHQ� H[WUHPHO\� ORZ� DW� WLPHV��
EDUHO\�VẊFLHQW�IRU�LQKDELWDWLRQ�WR�FRQWLQXH��,Q�WKH�
%RUHDO� FOLPDWH� ]RQH� OLYHOLKRRG� SUHFRQGLWLRQV� DUH�
OLPLWHG�DQG�VPDOO�FKDQJHV�LQ�FOLPDWLF�FRQGLWLRQV�FDQ�
DOUHDG\�EH�VLJQL¿FDQW�LQ�GHWHUPLQLQJ�WKH�VXFFHVV�RI�
GL̆HUHQW�VXEVLVWHQFH�PRGHOV�

3.2 Limitations of simulations

6LPXODWLRQV� DUH� D� XVHIXO� WRRO� LQ� VWXG\LQJ�
SRSXODWLRQ�SURFHVVHV�XQUHDFKDEOH�E\�RWKHU�PHDQV��
7KH\�PD\� KHOS� XV� WR� ¿QG� WKH� GHPRJUDSKLF�PRGHO�
FDSWXULQJ� WKH� LPSRUWDQW� IHDWXUHV� WKDW� VKDSHG�
JHQHWLF� GLYHUVLW\��+RZHYHU�� VLPXODWLRQV� KDYH� WKHLU�
OLPLWDWLRQV�� 6LPXODWLRQ� PRGHOV� FDQ� QHYHU� EH� DQ�
H[DFW�UHSOLFDWLRQ�RI�WKH�FRPSOH[�UHDOLW\��EXW�LQVWHDG��
DUH� PRUH� XVHIXO� DV� HYLGHQFH� WKDW� D� FHUWDLQ� PRGHO�
PD\� GHSLFW� UHDOLW\� EHWWHU� WKDQ� DQRWKHU�� +RZHYHU��
RQH�PXVW�DOVR�QRWH�WKDW�WKH�VLPLODULWLHV�EHWZHHQ�WKH�
PRGHOOHG� DQG� REVHUYHG� GLYHUVLWLHV� GR� QRW� GLUHFWO\�
SURYH� FDXVDOLW\�� 7KHUHIRUH�� VLPXODWLRQV� FDQ� EH�
FRQVLGHUHG� WR� SHUIRUP� EHVW� ZKHQ� UHIXWLQJ� VRPH�
K\SRWKHVHV��)XUWKHUPRUH��GL̆HUHQW�PRGHOV�FUHDWHG�
E\� GL̆HUHQW� VLPXODWLRQ� VHWWLQJV� PD\� UHSOLFDWH� WKH�
REVHUYHG� SDWWHUQV� RI� GLYHUVLW\� HTXDOO\� ZHOO�� WKXV�
OHDYLQJ� XV� ZLWK� VHYHUDO� SRVVLELOLWLHV�� ,Q� DGGLWLRQ��
ZLWK� DQ� LQFUHDVH� LQ� SDUDPHWHUV�� VLPXODWLRQ� FDQ�
EHFRPH�YHU\�FRPSOH[��L�H��PRGHOOLQJ�ZLWK�WRR�PDQ\�
YDULDEOH�SDUDPHWHUV�PD\�REVFXUH�RWKHUZLVH�MXVWL¿HG�
FRQFOXVLRQV��

1HYHUWKHOHVV�� VLPXODWLRQV� DUH� EHQH¿FLDO� LQ�
HYDOXDWLQJ� WKH� FUHGLELOLW\� RI� GL̆HUHQW� VFHQDULRV��
2QH�RI�WKH�SULQFLSDO�EHQH¿WV�RI�D�VLPXODWLRQ�PRGHO�
LV� WKDW�\RX�FDQ�EHJLQ�ZLWK�D�VLPSOH�DSSUR[LPDWLRQ�
RI� D� SURFHVV� DQG� JUDGXDOO\� UH¿QH� WKH� PRGHO� DV�
\RXU� XQGHUVWDQGLQJ� RI� WKH� SURFHVV� LPSURYHV�� 7KLV�
DOORZV� DFKLHYLQJ� JRRG� DSSUR[LPDWLRQV� RI� YHU\�
FRPSOH[� PRGHOV�� $GGLWLRQDOO\�� VLPXODWLRQV� DOORZ�
UDQGRPQHVV� DQG� DUH� DQ� HUURU�WROHUDQW� DSSURDFK�
HQDEOLQJ� UHSHDWDELOLW\�� $V� D� UHVXOW�� PRGHOV� ZLWK�
VHYHUDO�LQWHUUHODWLQJ�SDUDPHWHUV�ZLOO�DOZD\V�EHQH¿W�
IURP� XVLQJ� VLPXODWLRQ�� 'HVSLWH� WKH� ZHDNQHVVHV�
HQWDLOHG�LQ�VLPXODWLRQV��WKH�LPSRUWDQFH�RI�DFTXLULQJ�
FUHGLEOH� PRGHOV� E\� VLPXODWLQJ� LV� HYLGHQW�� $V�
VWDWLVWLFLDQ�*HRUJH�(��3��%R[�SXW�LW�ZKHQ�H[SORULQJ�
WKH�UHODWLRQVKLSV�EHWZHHQ�LQWHUGHSHQGHQW�YDULDEOHV��
³(VVHQWLDOO\�� DOO� PRGHOV� DUH� ZURQJ�� EXW� VRPH� DUH�

XVHIXO´��%R[�DQG�'UDSHU�������

3.3 Future prospects

,QFRUSRUDWLRQ� RI� DXWRVRPDO� ORFL� LV� RQH� RI�
RXU� IXWXUH� JRDOV�� � $GGLQJ� WKHP� ZRXOG� EULGJH� WKH�
JDS� EHWZHHQ� WKH� H̆HFWV� RI� PDWHUQDO� DQG� SDWHUQDO�
LQKHULWDQFH�� )XUWKHUPRUH�� VWXG\LQJ� SRSXODWLRQ�
DGPL[WXUH� LQ� PRUH� GHWDLO� ZRXOG� DOVR� EH� KLJKO\�
LQWHUHVWLQJ�� *HQHWLF� FRQVHTXHQFHV� RI� SRSXODWLRQ�
DGPL[WXUH�� JLYHQ� WKDW� WKH� VRXUFH� SRSXODWLRQV� DUH�
VRPHZKDW� GL̆HUHQW�� FDQ� EH� REVHUYHG� LQ� DOOHOH�
IUHTXHQFLHV� H�J�� PW'1$� DQG� <� FKURPRVRPH�
GLVWULEXWLRQV� DQG� PDUNHU�WR�PDUNHU� OLQNDJH�
GLVHTXLOLEULXP� �/'�� SDWWHUQV�� ,QWHUHVWLQJO\�� QHZ�
UHVHDUFK� RQ� QDWXUDO� DQG� VH[XDO� VHOHFWLRQ� LQ� D�
KLVWRULFDO� )LQQLVK� SRSXODWLRQ� KDV� EHHQ� SXEOLVKHG�
YHU\� UHFHQWO\� �&RXUWLRO� HW� DO�� ������� LW� ZDV� VKRZQ�
WKDW�HYHQ�LQ�KLVWRULFDO�WLPHV��PDOHV�KDYH�KDG�KLJKHU�
YDULDQFH�LQ�UHSURGXFWLYH�VXFFHVV�WKDQ�IHPDOHV��7KLV�
FRXOG�EH�DGGHG�WR�RXU�PDWLQJ�PRGHO�WR�HYDOXDWH�KRZ�
PXFK�LW�ZRXOG�D̆HFW�WKH�<�FKURPRVRPDO�GLYHUVLW\�
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1. Introduction

Modern humans, not only archaeologists, 
are intrigued by questions about our origins. One 
of those questions is simply put: “how did modern 
humans colonize Europe around 40.000 years 
ago?”. It is one of those key fundamental questions in 
paleoanthropology and paleolithic archaeology (Roe 
2009, 5). It seems a question that is easily answered 
but upon closer inspection one that generates a 
P\ULDG� RI� RWKHU� TXHVWLRQV� DERXW� WKH� LQÀXHQFH�
of paleoclimates, possible routes into Europe, 
seafaring capabilities, Neanderthals, extinction 
of multiple large animal species, the need for and 
XVH� RI� ODQJXDJH�� WKH� ÀH[LELOLW\� DQG� H̆HFWLYHQHVV�
of toolsets, and about the working of the human 
mind. Unfortunately, archaeological data is so far 
LQVẊFLHQW�WR�DQVZHU�DOO�DVSHFWV�RI�WKDW�OLWHUDO�³KRZ´�
TXHVWLRQ��,W�LV�XQNQRZQ�ZKHQ�PRGHUQ�KXPDQV�¿UVW�
WRXFKHG�(XURSHDQ�VRLO��KRZHYHU�\RX�GH¿QH�(XURSH��
and which route was taken afterwards…

7KH� DLP� RI� WKLV� UHVHDUFK� LV� WR� GHOLYHU� D�
VLPXODWLRQ�WRRO�DEOH�WR�FRPSDUH�DOWHUQDWLYH�VFHQDULRV�
IRU�PRYLQJ�LQWR�(XURSH��7KH�VLPXODWRU��FRQYHQLHQWO\�
FDOOHG� 6WHSSLQJ,Q�� FDQ� FDOFXODWH� ZLWK� VHYHUDO�
PRGHO� SDUDPHWHUV� DQG� VKRZ� WKHLU� H̆HFWV� RQ� WKH�
JHRJUDSKLFDO�PRYHPHQW�RI�RXU� VSHFLHV��6LPXODWLRQ�
Corresponding Author: f.scherjon@umail.leidenuniv.nl /
fulco.scherjon@xs4all.nl

WHFKQLTXHV� KDYH� SUHYLRXVO\� EHHQ� XVHG� WR� DQDO\VH�
LPSRUWDQW� HYHQWV�� OLNH� 6WHSSLQJ2XW� ZLWK� Homo 
erectus OHDYLQJ� $IULFD� �0LWKHQ� DQG� 5HHG� �������
EXW� DOVR�1LNLWDV� DQG�1LNLWD� ��������� WKH� DUULYDO� RI�
PRGHUQ� KXPDQV� LQWR� WKH� $PHULFDV� �6WHHOH� HW� DO. 
1998), or the settlement patterns in the spreading 
agricultural way of life around the Mediterranean 
(Falconer 2005). SteppingIn will represent modern 
KXPDQV� DV� DXWRQRPRXV� DJHQWV� ZLWK� LQGLYLGXDO�
SUHIHUHQFHV� LQ�FRSLQJ�ZLWK�WKH�GL̆HUHQW�FKDOOHQJHV�
R̆HUHG�E\�WKH�(XURSHDQ�HQYLURQPHQW�IURP�URXJKO\�
50.000 to 30.000 before present (BP).

7KHUH� DUH� VHYHUDO� SRVVLEOH� DQG� FRQWHVWHG�
dispersal colonization patterns as interpreted from 
¿QG�GLVWULEXWLRQV�� VLWH� ORFDWLRQV�DQG�GDWLQJ�UHVXOWV�
�+R̆HFNHU��������$OWHUQDWLYHV�LQFOXGH�IROORZLQJ�WKH�
'DQXEH�ULYHU�V\VWHP��&RQDUG�DQG�%ROXV�������1LJVW�
2006), colonization along the Mediterranean coast 
�'DYLGVRQ� HW� DO. 2006), coming from the Russian 
SODLQV�SDVVLQJ�QRUWK�RI�WKH�%ODFN�6HD��$QLNRYLFK�HW�
al.� ������ ������ RU� GLUHFWO\� IURP�$IULFD�� FURVVLQJ� DW�
*LEUDOWDU��9DQ�$QGHO�DQG�'DYLHV�����������RU�6LFLO\�
�9LOOD� ������ ������0RVW� SUHKLVWRULF� FRDVWOLQHV� KDYH�
GLVDSSHDUHG�DQG�ZLWK�LW�DQ\�VLWHV�WKDW�FRXOG�SURYLGH�
LQIRUPDWLRQ�RQ�FRDVWOLQH�K\SRWKHVHV��%DLOH\��:HDYHU�
and Hublin 2008). The easiest crossing at Gibraltar 
LV�HYHQ�ZLWK�D�ORZHUHG�VHD�VXUIDFH�RQ�WKH�IDU�$WODQWLF�
VLGH�DQG�PRUH� WKDQ�����NP�ORQJ��&ORVH�����������
and with a dangerous turbulence (Straus 2001, 92-
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93). Within the model for SteppingIn crossing at 
Gibraltar is possible and occurs but experiments 
with SteppingIn will focus on the Danube corridor 
hypothesis (see below).

7KH� PDLQ� GULYH� EHKLQG� PRYHPHQW� LQ� WKH�
6WHSSLQJ,Q� PRGHO� LV� WKH� DYDLODELOLW\� RI� ZDWHU�� ,I�
possible, the modelled humans will try to head 
IRU� RU� IROORZ� ULYHUV� �VPDOO�� PHGLXP� DQG� ODUJH���
ODNHV�DQG�FRDVWOLQHV��:DWHU� UHVRXUFHV�KDYH�SURYHG�
essential in population dispersals in later periods 
(Bertuzzo et al.�������'DYLVRQ�HW�DO��������DQG�WKH�
hypothesis in SteppingIn is that water was no less 
important in palaeolithic times. The model takes 
$XULJQDFLDQ� VLWHV� DV� SUR[LHV� �LQGLFDWRUV�� IRU� WKH�
SUHVHQFH� RI� PRGHUQ� KXPDQV� �%DLOH\�� :HDYHU� DQG�
+XEOLQ�������0HOODUV������������1LJVW������������
Verpoorte 2005). In each simulation a set of agents 
ZLWK� GL̆HUHQW� SUHIHUHQFHV� IRU� WKHLU� HQYLURQPHQW�
PRYH� WKURXJK� JHRJUDSKLFDO� VSDFH�� 6WHSSLQJ,Q�ZLOO�
DOORZ� WKH� XVHU� WR� GH¿QH� H[DFWO\� ZKDW� SDUDPHWHUV�
are important and which ones are not. Then the 

V\VWHP�ZLOO� VKRZ�ZKDW� WKH�H̆HFWV�RI� WKHVH�VHWWLQJV�
are on the modelled system, in what routes are taken 
by the agents and how fast colonization occurs. 
&KHFNSRLQWV� ZLWK� NQRZQ� ORFDWLRQ� DQG� FKURQRORJ\�
VHUYH�WR�FRPSDUH�VLPXODWLRQ�UHVXOWV�ZLWK�HDFK�RWKHU�
and with the archaeological reality. The chosen 
routes in the simulations are plotted on maps and 
WKRVH� FDQ� VHUYH� DV� UXGLPHQWDU\� SUHGLFWLYH�PRGHOV�
indicating where archaeology can be expected. 

$JHQW�EDVHG�0RGHOOLQJ��$%0��IRFXVHV�RQ�WKH�
EHKDYLRXU�RI�DQ�LQGLYLGXDO�HQWLW\�WKDW�DFWV�DFFRUGLQJ�
to certain rules. It enables the study of how system-
OHYHO� DQG� LQGLYLGXDO�OHYHO� SDWWHUQV� HPHUJH�ZLWKRXW�
FHQWUDO�FRQWUROOHU�DQG�KRZ�WKH�V\VWHP�HYROYHV�RYHU�
WLPH� �%RQDEHDX� ������� $JHQWV� LQWHUDFW� LQ� UXOH�
EDVHG�ZD\V��$Q�DJHQW�SHUFHLYHV�DQG�DFWV�XSRQ�KHU�
HQYLURQPHQW�� +HU� EHKDYLRXU� GHSHQGV� SDUWLDOO\�
on her own experience and she herself decides 
ZKDW� DFWLRQV� DUH� QHHGHG� WR� VDWLVI\� KHU� REMHFWLYHV��
.H\� FKDUDFWHULVWLFV� RI� WKH� DJHQWV� LQ� $%0� DUH�
LQGLYLGXDOLW\�� LQWHUDFWLRQ� ZLWK� WKH� HQYLURQPHQW��

Preference name Abbreviation Meaning

#0# ,6B&/26(5B����0(7(5 d1000m Preference for points closer than 1000 meter.

#1# ,6B&/26(5B����0(7(5 d2000m Preference for points closer than 2000 meter.

#2# ,6B&/26(5B����0(7(5 d3000m Preference for points closer than 3000 meter.

#3# ,6B&/26(5B����0(7(5 d4000m Preference for points closer than 4000 meter.

#4# ,6B&/26(5B����0(7(5 d5000m Preference for points closer than 5000 meter.

#5# ,6B&/26(5B�����0(7(5 d10000m Preference for points closer than 10000 meter.

#6# IS_ON_RIVER ULYHU 3RLQWV�WKDW�DUH�ORFDWHG�RQ�D�VPDOO�RU�PHGLXP�ULYHU�V\VWHP�

#7# ,6B21B6$0(5,9(5 same 3RLQWV�WKDW�DUH�ORFDWHG�RQ�WKH�VDPH�ULYHU�DV�WKH�FXUUHQW�GHVWLQDWLRQ�

#8# ,6B21B0$,15,9(5 drain
3RLQWV� WKDW� DUH� ORFDWHG� RQ� D� PDLQ� GUDLQDJH� V\VWHP� �PDLQ� ULYHU��
estuary or coastal line).

#9# ,6B$:$<B)520B25,*,1 factory
Preference for points that are further away from the point of 
origin (for instance a factory or starting location) than the current 
destination.

#10# ,6B6$0(B/21*,78'( long Points that are on the same longitude as the point of origin.

#11# ,6B6$0(B/$7,78'( lat Points that are on the same latitude as the point of origin.

#12# ,6B6$0(B',5(&7,21 samedir
Points that are in the same direction as the direction followed when 
heading for the current destination.

#13# ,6B21B&2$67 coast Points that are on the coast.

#14# IS_NOT_IN_TERRITORIUM no territory
Not implemented yet, but intended as points that are not occupied. 
$OO�SUHIHUHQFH�YDOXHV�DUH�H̆HFWLYHO\���

#R# random
9DOXHV� IRU� DOO� SUHIHUHQFHV� DERYH� DUH� UDQGRPO\� JHQHUDWHG� DW� WKH�
beginning of each simulation.

## 500 $OO�SUHIHUHQFHV�KDYH�D�YDOXH�RI�����

Table 1. Implemented Preferences and their meaning as used in SteppingIn.
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DJHQWV�WKDW�DUH�DXWRQRPRXV��DJHQWV�WKDW�DUH�ÀH[LEOH�
LQ� WKDW� WKH\� FDQ� OHDUQ� DQG�DGDSW�� DQG�D� ORFDO� YLHZ�
IRU�HDFK�DJHQW�RI�WKH�HQYLURQPHQW��0DFDO�DQG�1RUWK�
2005). Due to these properties agents form a natural 
VSHFL¿FDWLRQ�RI�WKH�FRQFHSWV�LQ�PDQ\�VRFLDO�SUREOHPV�
�%DQNHV� ������ ������� $%0� KDV� EHHQ� H[WHQVLYHO\�
used in ecology, biology, and the social sciences. 
,Q� DUFKDHRORJ\� $%0� KDV� EHHQ� XVHG� WR� LQYHVWLJDWH�
a number of research questions. Examples are the 
0$*,&$/�SURMHFW�ZLWK�DJHQWV�KDUYHVWLQJ�UHVRXUFHV�
�/DNH��������(1.,0'8�VLPXODWLQJ�0HVRSRWDPLDQ�
VHWWOHPHQW� V\VWHPV� �&KULVWLDQVHQ� DQG� $OWDZHHO�
2005) and the Prehistoric Patagonia model where 
hunter-gatherers become farmers (Barceló, del 
&DVWLOOR� DQG� 0DPHOL. 2008, with in chapter 3 an 
RYHUYLHZ�RI�$%0�LQ�DUFKDHRORJ\��

The 5(FXUVLYH� 3RURXV� $JHQW� 6LPXODWLRQ�
Toolkit� �5HSDVW� 6LPSKRQ\� ���� EHWD� YHUVLRQ�� LV�
XVHG�DV�WKH�GHYHORSPHQW�HQYLURQPHQW�IRU�EXLOGLQJ�
SteppingIn (Macal and North 2009). Repast was 
selected because it is open source software and has 
D� ODUJH� DQG� DFWLYH� XVHU� FRPPXQLW\�� 3URJUDPPLQJ�
LQ�5HSDVW�FDQ�EH�GRQH�LQ�-DYD�DQG�PDQ\�H[DPSOHV�
DUH� DYDLODEOH�� 7KH� 6WHSSLQJ,Q� PRGHOOLQJ� V\VWHP�
is implemented in a bottom-up, pattern based 
approach. In this approach, a pattern in the real 
ZRUOG� LV� REVHUYHG� DQG� ZLWKLQ� WKH�PRGHO� YDULDEOHV�
and processes are included to enable (but not force) 
that pattern and others to emerge in the simulations 
(Grimm et al. 2005, 987). In the real world one 
can see hunter gatherers explore their territories 
QDYLJDWLQJ�ULYHU�V\VWHPV��LQ�6WHSSLQJ,Q�ERWK�ULYHUV�
and the possibility to follow these are built in. This 
WHFKQLTXH� LV� ERWWRP�XS� LQ� WKDW� DW� WKH� LQGLYLGXDO�
OHYHO� DJHQWV� DUH� JLYHQ� FHUWDLQ� FKDUDFWHULVWLFV�� 7KH�
HPHUJLQJ� V\VWHP� OHYHO� SURSHUWLHV� DQG�SDWWHUQV� DUH�
DQDO\VHG��$OWKRXJK�WKH�GHVLJQ�DQG�LPSOHPHQWDWLRQ�
RI�6WHSSLQJ,Q�GR�QRW�VWULFWO\�IROORZ�WKH�VWDQGDUG�$%0�
SURWRFRO�RI�2YHUYLHZ��'HVLJQ�FRQFHSWV�DQG�'HWDLOV�
�2''�� PRVW� HOHPHQWV� KDYH� EHHQ� LPSOHPHQWHG��
SXUSRVH� RI� WKH� PRGHO�� SURFHVV� RYHUYLHZ�� GHVLJQ�
FRQFHSWV��VFKHGXOLQJ��VWDWH�YDULDEOHV�DQG�LQSXW�DQG�
output (Grimm et al. 2006).

2. The Model

In the spatiotemporal model of dispersal 
through the landscape the modern humans in 
SteppingIn will determine their next destination 
according to an attraction function. This function 

selects from all possible destination points the 
PRVW�DWWUDFWLYH�RQH�DV� WKH�QH[W�GHVWLQDWLRQ� IRU� WKH�
group. The attraction function is implemented 
using genetic algorithm techniques. In particular 
each group has an array of real numbers indicating 
the importance of each attraction characteristic to 
that group: their preferences (see Table 1 for an 
RYHUYLHZ�RI� LPSOHPHQWHG�SUHIHUHQFHV���(DFK�SRLQW�
has indicators for any attraction characteristic if it is 
implemented in that area. For instance, an attraction 
SRLQW�ORFDWHG�RQ�D�ULYHU�KDV�,6B21B5,9(5�DV�WUXH�
DQG� WKXV� IRU� WKH� JURXSV�ZLWK�SUHIHUHQFH� IRU� ULYHUV�
D� KLJKHU� DWWUDFWLRQ� YDOXH� WKDQ� IRU� RWKHU� JURXSV��
7KH� SUHIHUHQFH� YDOXH� RI� D� SRLQW� LV� WKH� VXP� RI� DOO�
preferences that apply to that point. The selection 
of destinations is according to the ‘ideal free 
distribution’ model, where “colonists entering 
the region […] occupy the highest-ranked patch 
¿UVW´� �%LUG� DQG�&RQQHOO� ������ ������7KH�PRGHOOHG�
KXPDQV� WKXV� VLPSO\� KHDG� IRU� WKH� PRVW� DWWUDFWLYH�
point. The scanning range or searching radius that 
is used to locate the possible destinations can be 
FRQ¿JXUHG��7KH�ODUJHU�WKH�VHOHFWHG�UDQJH�WKH�IDVWHU�
WKH�FRORQL]DWLRQ�SURFHVV��$�YDOXH�RI�����GHJUHHV�RU�
a���NLORPHWUHV� LV� FKRVHQ�DV�GHIDXOW��EXW�DQ\�YDOXH�
can be selected by the user.

The decision making process of an agent (Fig. 
���LV�DV�IROORZV��LI�WKH�FXUUHQW�SRVLWLRQ�LV�RQ�D�ULYHU��
WKH�JURXS�ZLOO� WU\� WR� IROORZ�WKDW�ULYHU�VFDQQLQJ�WKH�

Figure 1. Decision tree to determine the next destination.
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Locality Coordinates 14C Age BP OxCal 4.1 (95.4%) )DLUEDQNV��������ı�

$UEUHGD 42° 9‘39.60“N 
2°44‘49.20“E

38307 ±552 -41772 -39993 -41813 -40799

Isturitz 43°22‘0.12“N 
1°11‘46.00“W

37180 ±420 -40705 -39430 -40740 -39994

Willendorf 48°19’22.80”N 
15°23’56.40”E

36937 -40186 -39586 -40304 -39956

Oase 45° 2’60.00”N 
21°49’0.01”E

34950 +990/-890 -40072 -35861 -39274 -37380

Renne 47°35’28.03”N 
3°45’53.96”E

34950 -38660 -37505 -38528 -38180

Fumane 45°37’47.64”N 
10°55’54.12”E

34947 -38657 -37502 -38521 -38177

&ORFKHWWH 47°07’49.45”N 
5°34’13.77”E

34605 -38241 -37032 -38197 -37845

.HQW¶V�&DYHUQ 50°28’12.00”N 
3°31’48.00”W

34050 -37314 -36660 -37622 -37310

&RYD�*UDQ 41°55’11.78”N 
0°49’25.14”E

33061 -36531 -35205 -36666 -36360

Vogelherd 48°33’22.00”N 
10°11’25.80”E

32986 -36451 -35060 -36587 -36283

0ODGHþ 49°42’0.00”N 
17°1’0.12”E

31150 ±210 -34394 -33122 -34815 -34311

Muierii 45°35’39.12”N 
25°17’36.60”E

29940 ±166 -33071 -32182 -33603 -33197

Kostenki 51°23’24.92”N 39° 
2’5.02”E

29882 -32861 -32536 -33479 -33219

3DYLODQG 51°34’0.12”N 
4°16’59.88”W

29133 ±137 -32540 -31345 -32797 -32403

&LRFORYLQD 45°41’0.31”N 23° 
4’59.95”E

28755 -31537 -30959 -32347 -32063

2[&DO��KWWSV���F���DUFK�R[�DF�XN�R[FDO�2[&DO�KWPO��DIWHU�ORJLQ��5HVXOW�DV�XQ�PRGHOOHG�%&�$'�\HDU��&DLUEDQNV��KWWS���
UDGLRFDUERQ�OGHR�FROXPELD�HGX�FJL�ELQ�UDGFDUEFDO��)URP�WKH�UHVXOWV�������%3��LV�VXEWUDFWHG�DQG�WKHQ�WKH�YDOXHV�DUH�FRQYHUWHG�

LQWR�D�UDQJH�VR�WKH�YDOXHV�FDQ�EH�FRPSDUHG�WR�WKH�2[&DO�UHVXOWV��/LQNV�IRU�2[&DO�DQG�)DLUEDQNV�YHUL¿HG�����������

HQYLURQPHQW� IRU�SRLQWV� IURP�WKLV� ULYHU��8S� WR� IRXU�
times the normal scanning range is used for this 
VFDQQLQJ�SURFHVV��PDNLQJ�VXUH�WKDW�QR�ULYHU�SRLQWV�
are missed. If then no possible new destinations are 
IRXQG��WKH�HQYLURQPHQW�LV�VFDQQHG�IRU�GHVWLQDWLRQV�
LQ�GUDLQDJH�DUHDV�DQG�RQ�RWKHU�ULYHU�V\VWHPV��7KLV�
is done in steps, increasing the scanning range each 
WLPH�XQWLO� YDOLG�SRLQWV�DUH� IRXQG��7KHQ�SUHIHUHQFH�
YDOXHV� DUH� FDOFXODWHG�� 7KH� GHVWLQDWLRQ� ZLWK� WKH�
KLJKHVW� SUHIHUHQFH� YDOXH� IRU� WKLV� JURXS� LV� VHOHFWHG�

DV� WKH� QH[W� GHVWLQDWLRQ�� $OO� RWKHU� GHVWLQDWLRQV� DUH�
ÀDJJHG� DV� visited, indicating that this group 
KDV�VHHQ� WKHVH�SRLQWV��5LYHU�SRLQWV� WKDW�KDYH�EHHQ�
ÀDJJHG�FDQQRW�EH�YLVLWHG�DJDLQ��WKH�ODUJHU�GUDLQDJH�
SRLQWV�FDQ�EH�YLVLWHG�WZLFH�

7KH�PRYHPHQW�SURFHVV�LWVHOI�LV�VWUDLJKWIRUZDUG��
WKH� DJHQW� PRYHV� D� VSHFL¿F� GLVWDQFH� DORQJ� WKH�
calculated angle towards the next destination. Each 
WXUQ� HDFK� DJHQW� FDQ�PRYH� XS� WR� ��� VWHSV� RI� HDFK�

Table 2. Overview of selected checkpoints with calibrated calendar ages, ordered on radiocarbon age. Years BC 
calculated using OxCal and Fairbanks online calibration.
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QRW� SUHVHQW�� OLNH� WKH� 1RUWK� $IULFDQ� FRDVW� EHWZHHQ�
(J\SW� DQG� 7XQLVLD� �&ORVH� �������� DOWKRXJK� WKLV�
YLHZ� LV� KLJKO\� GLVSXWHG��� 6RPH� 1R*R� DUHDV� DUH�
implemented as borders�� $JHQWV� FURVVLQJ� WKHVH�
ERUGHUV�DUH�UHPRYHG�IURP�WKH�VLPXODWLRQ��DVVXPHG�
WR�OHDYH�WKH�JHRJUDSKLFDO�DUHD�RI�LQWHUHVW��%RUGHUV�DUH�
located along the eastern edge of Europe and along 
WKH� QRUWKHUQ� HGJH� WRZDUGV� 6FDQGLQDYLD�� $QRWKHU�
climate related feature is the latitude preference 
IRU� DJHQWV�� RQH� RI� WKH� SRVVLEOH� IDFWRUV� WKDW� GH¿QH�
PRYHPHQW� LV� SUHIHUHQFH� IRU� D� VSHFL¿F� ODWLWXGH��
normally the latitude of origin. This assumes that 
ODWLWXGH� LQÀXHQFHV� ORFDO� FOLPDWH� VLJQL¿FDQWO\� �9DQ�
$QGHO�DQG�'DYLHV������������.HOO\�����������EXW�VHH�
Gamble (1995, 283)).

3. The Implemented System

The design and implementation of SteppingIn 
LV�KLJKO\�PRGXODU��%RWK�WKH�GDWD�ÀRZ�DV�ZHOO�DV�WKH�
-DYD�LPSOHPHQWDWLRQ�RI�WKH�SURJUDPPLQJ�ORJLF��7KH�
most important data modules of the SteppingIn 
modelling system are shown in Figure 2. The 
controlling element in the SteppingIn simulation 
system is the Repast framework. The central object 
in a Repast simulation is the Context class, which 
stores agents and maintains the relationships 
between agents (called ‘projections’). The 
ContextBuilder stores the information on the 
DJHQWV� LQ� WKH� &RQWH[W�� 5HSDVW� XVHV� FRQ¿JXUDWLRQ�
¿OHV� �model.score and scenario.xml) to 
specify the roles of the classes in a simulation model, 
to identify the Contextbuilder class and to 
GH¿QH�WKH�GHIDXOW�FRQWH[W��&ROOLHU�DQG�1RUWK��������
6HWWLQJ�¿OHV�DQG�RWKHU�FRQ¿JXUDWLRQ�SDUDPHWHUV�IRU�
WKH�(FOLSVH�GHYHORSPHQW�DQG�UXQWLPH�HQYLURQPHQW�
include context.xml, parameters.xml, scenario.xml, 

����PHWHU��ZLWK�D�PD[LPXP�RI�¿YH�GHVWLQDWLRQV�SHU�
WXUQ�� $�PRYLQJ� JURXS� ZLOO� WKXV� FRYHU� DQ� GLVWDQFH�
of around 1-5 kilometres each turn. Demographic 
functions (growing, reproduction, merging and 
G\LQJ�� KDYH� EHHQ� LPSOHPHQWHG� LQ� 6WHSSLQJ,Q� EXW�
KDYH� EHHQ� GLVDEOHG� LQ� WKH� VLPXODWLRQ� H[SHULPHQWV�
OLPLWLQJ� WKH� QXPEHU� RI� YDULDEOHV� WR� DOORZ� ḢFLHQW�
analysis of the results (following Grimm (1999)).

There are two other types of agents that may 
SHUIRUP�DFWLRQV�HDFK�WXUQ��WKH�&KHFNSRLQWV�LQ�6SDFH�
DQG�7LPH��&67V��DQG�WKH�0RGHUQ�+XPDQ�)DFWRULHV��
7KH�&67V�DUH�WKH�FRQWURO�SRLQWV�WR�YHULI\�WKH�PRGHO�
against archaeological data when the simulation 
KDV� ¿QLVKHG�� 7KH\�PRQLWRU� WKH� V\VWHP�E\� NHHSLQJ�
D�UHFRUG�RI�DOO�JURXSV�YLVLWLQJ�WKHLU�DUHD��(DFK�WXUQ�
they scan for groups of modern humans within 
VFDQQLQJ� UDQJH� �FRQ¿JXUDEOH� EXW� LPSOHPHQWHG� DV�
���� GHJUHHV� RU� DURXQG� ��� NP��� $Q\� JURXS� ZLWKLQ�
UDQJH�LV�DVVXPHG�WR�KDYH�YLVLWHG�WKLV�FKHFNSRLQW�DQG�
is stored in the database. It is possible that a group 
of modern humans passes the area of a checkpoint 
without staying in that area. These groups are 
DVVXPHG� QRW� WR� KDYH� YLVLWHG� WKH� &67�� 6HH� 7DEOH�
�� IRU� DQ� RYHUYLHZ� RI� LPSOHPHQWHG� DUFKDHRORJLFDO�
FKHFNSRLQWV�DQG�WKHLU�FDOFXODWHG�GDWH�RI�¿UVW�DUULYDO��
Points are included based on their undisputed 
DVVRFLDWLRQ� ZLWK� $XULJQDFLDQ� DUFKDHRORJ\�� :KHQ�
points are located geographically together (like 
WKH� $XULJQDFLDQ� VLWHV� LQ� WKH� 6ZDELDQ� -XUD�� RQO\�
one checkpoint is created. The other agent type is 
Modern Human Factory which, when included in 
the simulation, will produce new groups during 
the simulation. These will then start to explore 
WKH� HQYLURQPHQW�� 3URGXFWLRQ� RI� QHZ� JURXSV� LV�
a stochastic process, mimicking a continuous 
migration from these points. Preferences for newly 
created groups are either the Factory defaults or 
UDQGRPL]HG�YDOXHV�

&OLPDWH�LV�QRW�GLUHFWO\�PRGHOOHG�LQ�6WHSSLQJ,Q��
,QGLUHFWO\� WKHUH� DUH� KRZHYHU� WZR� FOLPDWH�UHODWHG�
IHDWXUHV� WKDW� DUH� LPSOHPHQWHG�� 1R*R� $UHDV� DUH�
geographical locations where no attraction points 
DUH�SUHVHQW��(̆HFWLYHO\�WKLV�SUHYHQWV�WKH�DJHQWV�WR�JR�
into these regions. Examples are the higher regions 
RI�WKH�$OSV��WKH�3\UHQHHV�DQG�WKH�&DXFDVXV��'XULQJ�
the period of interest (Oxygen Isotope Stage 3) there 
ZHUH�DOVR�JODFLHUV�SUHYHQWLQJ�DFFHVV�WR�FHUWDLQ�DUHDV��
7KH�1R*R�$UHD�IHDWXUH�LV�XVHG�WR�LPSOHPHQW�WKHVH�
DUHDV�EXW�DOVR�WR�H[FOXGH�UHJLRQV�ZKHUH�$0+�ZHUH�

Figure 2. Data modules in the SteppingIn Simulation 
System.
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user_Path.xml and the SteppingIn Model.launch 
EDWFK�¿OH��1RUWK�HW�DO. 2005).

7KH�5HSDVW�HQYLURQPHQW�R̆HUV�PRVW�HOHPHQWV�
RI�D� VLPXODWLRQ�V\VWHP��/DZ�DQG�.HOWRQ�����������
V\VWHP�VWDWH�YDULDEOHV��D�VLPXODWLRQ�FORFN��DQ�HYHQW�
OLVW�� LQLWLDOL]DWLRQ� DQG� WLPLQJ� URXWLQHV�� HYHQW� DQG�
HUURU� URXWLQHV�� DQG� GL̆HUHQW� RXWSXW� OLEUDULHV�� 7KH�
GHYHORSHU� ¿OOV� LQ� WKHVH� VWXEV� DQG� WKHQ� DGGV� WKH�
objects of interest, each in her own context and 
with attributes and programmed logic. The main 
URXWLQH� PXVW� DOVR� EH� EXLOW� DQG� WKH� HQYLURQPHQW�
for the agents constructed (type and geographical 
GDWD���7KH�IROORZLQJ�VRXUFH�¿OHV�LPSOHPHQW�WKH�-DYD�
classes for SteppingIn:

• 6WHSSLQJ,Q�MDYD� ±� PDLQ� FODVV�� LQLWLDOL]DWLRQ��
scheduling

• &RQVWDQWV�MDYD�±�JOREDO�FRQVWDQWV

• 'HVWLQDWLRQ�MDYD�±�LQIRUPDWLRQ�SHU�GHVWLQDWLRQ

• 0RGHUQ+XPDQ�MDYD�±�JURXS�RI�PRGHUQ�KXPDQV�
(agent)

• 0RGHUQ+XPDQ&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
ModernHuman class

• +XPDQ)DFWRU\�MDYD� ±� WKH� IDFWRULHV� WKDW� FDQ�
produce new groups of modern humans

• +XPDQ)DFWRU\&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
HumanFactory class

• &KHFNSRLQW�MDYD�±�WKH�&KHFNSRLQW� LQ�6SDFH�DQG�
Time

• &KHFNSRLQW&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
&KHFNSRLQW�FODVV

• Geographical classes:

• 0DS&RQWH[W�MDYD� ±� SODFHKROGHU� IRU� DOO�
geographical contexts

• 5LYHU3RLQW�MDYD� ±� WKH� VPDOO� DQG� PHGLXP� ULYHU�
points of interest

• 5LYHU3RLQW&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
5LYHU3RLQW�FODVV

• 'UDLQDJH3RLQW�MDYD� ±� WKH� PDLQ� GUDLQDJH� DUHD�
and coast line points of interst

• 'UDLQDJH3RLQW&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
DrainagePoint class

• 1R*R$UHD�MDYD�±�QR�JR�DUHDV��32,V�DUH�UHPRYHG�
from these areas

• 1R*R$UHD&RQWH[W�MDYD� ±� SODFHKROGHU� IRU�
1R*R$UHD�FODVV

Geography in SteppingIn is implemented as 
3RLQWV� RI� ,QWHUHVW� �32,V�� DV� RSSRVHG� WR� DQ� HYHQO\�
spaced grid with properties for each cell. These 
POIs are not regularly spaced but are the nodes 
taken from the polygons in the original GIS layers. 
:KHQ� FRQYHUWLQJ� *,6� OD\HUV� WR� ¿HOGV� ZLWK� 32,V�
geographical information and accuracy is lost. The 
scanning function for the agents is designed to 
partly compensate these losses. The geographical 
LQIRUPDWLRQ�DERXW�WKH�HQYLURQPHQW�LV�H[WUDFWHG�IURP�
WKH�$'&�:RUOGPDS�GDWD�� 7KLV� GDWD� LV� LQ�0DS,QIR�
format and stored as points, lines and polygons. 
6HOHFWLRQ�RI�WKH�6WHSSLQJ,Q�32,V�LQYROYHV�VHOHFWLQJ�
only those layers and areas of interest, creating 
points from the polygons using Vertical Mapper, 
UHPRYLQJ�GXSOLFDWHV��DVVLJQLQJ�DWWULEXWHV��LQVHUWLQJ�
QHZ� REMHFW� ORFDWLRQV� DQG� FRQYHUWLQJ� DOO� GDWD� LQWR�
VKDSH� ¿OHV� XVLQJ� WKH� 8QLYHUVDO� 7UDQVODWRU� 7RRO��
&XUUHQWO\�� WKUHH� W\SHV�RI�32,V�DUH� LPSOHPHQWHG� LQ�
SteppingIn:

• 5LYHU� SRLQWV� ±� QRGHV� IURP� VPDOO� DQG� PHGLXP�
VL]H�ULYHUV�

• 'UDLQDJH� SRLQWV� ±� QRGHV� IURP� GUDLQDJH� DUHD¶V�
OLNH�HVWXDULHV��ODUJH�ULYHU�V\VWHPV�DQG�ODNHV�

• &RDVWDO� SRLQWV� ±� WKHVH� DUH� DFWXDOO\� 'UDLQDJH�
points with an extra isCoastal attribute.

• 7KH� *,6� GDWD� LQSXW� ¿OHV� IRU� WKH� 6WHSSLQJ,Q�
system are the following:

• (85$6'1$BSWSBSRLQW�VKS�±�WKH�PDLQ�GUDLQDJH�
SRLQWV�DQG�PDMRU�ULYHUV�

• (85$6'1/��BSWSBSRLQW�VKS� ±� WKH� VPDOO� DQG�
PHGLXP�ULYHU�SRLQWV�

• (85&KHFNSRLQWV�VKS�±�WKH�&KHFNSRLQWV�LQ�6SDFH�
DQG�7LPH�

• (85+XPDQ)DFWRULHVBUHJLRQ�VKS�±�WKH�PRGHUQ�
KXPDQ�IDFWRULHV�
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• (85+XPDQVBSRLQW�VKS� ±� VWDUWLQJ� ORFDWLRQV� RI�
PRGHUQ�KXPDQ�JURXSV�

• (851R*RBUHJLRQ�VKS� ±� QR� JR� DUHDV�� RYHUOD\V�
IURP�ZKHUH�DOO�32,V�DUH�UHPRYHG�

The results of each run are written into 
NPO� RXWSXW� ¿OHV� DW� VSHFL¿F� WLPH� VWHSV�� ,Q� WKHVH� ¿OHV�
for all groups of modern humans the paths they 
IROORZHG� DUH� VWRUHG�� 6XFK� ¿OHV� FDQ� EH� GLVSOD\HG�
using Google Earth (GE). In GE each route can be 
VKRZQ�LQGLYLGXDOO\�RU�LQ�FRPELQDWLRQ�ZLWK�DQ\�RWKHU�
URXWH�V��DW�DQ\�FKRVHQ�]RRP�OHYHO��9LVXDOO\�WKH�PRVW�
LPSUHVVLYH� IHDWXUH� RI� *(� LV� WKH� tour possibility. 
:KHQ� \RX� VHOHFW� DQ� LQGLYLGXDO� URXWH� LW� LV� SRVVLEOH�
WR�PRYH�DORQJ�WKLV�SDWK�IURP�EHJLQQLQJ�WR�HQG��DW�D�
selectable height and speed.

$QDO\VLV� RI� $%0� VLPXODWLRQ� GDWD� FDQ� EH�
GRQH� RQ� PLFUR�� DQG� PDFUROHYHO�� 2Q� PLFUR� OHYHO�
RQH� YDOLGDWHV� WKH� PRYHPHQW� RI� WKH� LQGLYLGXDO�
JURXSV� �)LJ�� ���� RQ� PDFUROHYHO� HPHUJLQJ� V\VWHP�
SDWWHUQV� EHFRPH� YLVLEOH�� 7KH� PLFUR�OHYHO� DQDO\VLV�
LV�PRVWO\� GRQH�ZKHQ�EXLOGLQJ� WKH�PRGHO�� WR� YHULI\�
the correct implementation of certain preferences. 
0DFUR�OHYHO� SDWWHUQV� EHFRPH� YLVLEOH� GXULQJ� DQG�
after the simulation run. Executing a run could 
take from a few minutes to days (depending on 
the number of groups, how many time steps, the 
number of geographical elements and the capacity 
of the computer). Therefore results and statistics 
DUH�SURGXFHG�DIWHU�HDFK�UXQ�LQ�ORJ�¿OHV��,QIRUPDWLRQ�
include the execution time in milliseconds, the 
number of groups and the size of each group 
(total number of modern humans), the number of 
GHVWLQDWLRQV�YLVLWHG�DQG�WRWDO�OHQJWK�RI�WKH�WUDYHOOHG�
path, the preferences before and after each run (when 
the learning capability is included), and a list of all 
WKH�YLVLWV�WR�DOO�WKH�&67V��$�VHSDUDWH�'HOSKL�SURJUDP�
has been written to compile and analyse the results 
from multiple runs. Optional Debug information is 
ORJJHG�DW�WKH�GHVLUHG�OHYHO�LQ�D�GHEXJ�¿OH�

4. Simulations Results

,Q� WKH� 6WHSSLQJ,Q� PRGHO� WKH� DJHQWV� PRYH�
DFFRUGLQJ�WR�LQGLYLGXDO�SUHIHUHQFHV��7R�DQDO\VH�WKH�
H̆HFW� RI� WKRVH� SUHIHUHQFHV� VFHQDULRV� DUH� XVHG�� $�
VFHQDULR�LV�GH¿QHG�DV�DOO�WKH�VHWWLQJV��FRQ¿JXUDWLRQ�
parameters and input data needed to run a single 
simulation. The simulation within a scenario will 

EH� H[HFXWHG� VHYHUDO� WLPHV� WR� UHYLHZ� WKH� VWRFKDVWLF�
nature of the model. Each simulation is time based, 
meaning the simulation will run for a set time frame 
WKDW� LV� FRQ¿JXUDEOH� EXW� SHU� GHIDXOW� VHW� DW� �������
WXUQV�� DV� E\� WKDW� WLPH� WKH� ODUJHU� SDWWHUQV� KDYH�
EHFRPH� YLVLEOH� DQG� UHFRJQL]DEOH�� $� VFHQDULR� KDV�
been set up to simulate modern humans coming into 
Europe from the Black Sea, the Singleton Danube 
VFHQDULR��ZKLFK�VHUYHV�WR�WHVW�WKH�XVHIXOQHVV�RI�WKH�
SteppingIn simulation system in the context of the 
colonization of Europe.

$OO� JURXSV� VWDUW� IURP� WKH� VDPH� VLQJOH�
geographical location in the Danube estuary. Each 
modern human group in this scenario is named 
'DQ�"���ZLWK�WKH�TXHVWLRQ�PDUN�UHSUHVHQWV�YDOXHV�
from {0-14, [], R}. In the Singleton Danube scenario 
VRPH�IHDWXUHV�DUH�WXUQHG�R̆�WR�EH�DEOH�WR�IRFXV�RQ�WKH�
H̆HFWV�RI�WKH�SUHIHUHQFHV�RQO\��WHUULWRULHV��IDFWRULHV��
landscape learning, merging, dying and generating 
R̆VSULQJ�DUH�DOO�GLVDEOHG��)RU�WKH�6LQJOHWRQ�'DQXEH�
VFHQDULR�WKH�IROORZLQJ�JHRJUDSKLFDO�FRQ¿JXUDWLRQ�LV�
used:

• 5LYHU3RLQW&RQWH[W��� �������5LYHU�SRLQWV

• 'UDLQDJH3RLQW&RQWH[W���������'UDLQDJH�SRLQWV

• &KHFNSRLQW�&RQWH[W���� ���&KHFNSRLQWV

• 1R*R$UHD&RQWH[W��� � ��1R*R�DUHDV

• GUDLQDJH�SRLQWV��� � �������UHPRYHG

• ULYHU�SRLQWV���� �������UHPRYHG

• 0RGHUQ+XPDQ&RQWH[W��� � ���DJHQWV

Figure 3. Close-up of the Danube river valley with rainfall 
runoff channels in the satellite picture of Google Earth 
overlain by the chosen routes. Three checkpoints are 
visible with Cioclovina and Mueirii in the mountainous 
area visited by many agents, and Oase less so. 
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Eight simulations were run in the Singleton 
Danube scenario. The results are presented in the 
following two tables. In Table 3 for each run the 
QXPEHU� RI� YLVLWV� SHU� FKHFNSRLQW� DQG� WKH� QDPHV�
RI� WKH� YLVLWLQJ� JURXSV� DUH� JLYHQ�� 7DEOH� �� SUHVHQWV�
the chronology of these runs. For each group is 
LQGLFDWHG�LI�DQG�ZKHQ�FKHFNSRLQWV�DUH�YLVLWHG��$V�WKH�
FKHFNSRLQW�FROXPQV�DUH�JLYHQ�LQ�FKURQRORJLFDO�RUGHU�
this table is used to compare the simulation results 
with the archaeological data. These simulation 
results will be discussed in the next section.

5. Discussion

The SteppingIn application not only 
implements a model of the early modern humans who 
DUULYHG� LQ� (XURSH�� LW� DOVR� DOORZV� SDUDPHWHULVDWLRQ�
RI� WKDW�PRGHO��7KLV�H̆HFWLYHO\� LPSOHPHQWV�D� UDQJH�
RI�PRGHOV�� )RU� LQVWDQFH�� YDULDWLRQ� RI� WKH� VFDQQLQJ�

# CST -1- -2- -3- -4- -5- -6- -7- -8-

9 Mladec #13#, #5# #2#, #4# #6# #8# #13# #11#,#13#

10 Fumane #11#, #7# #5# #6# #13# #8# #9# # 1 4 # , 
#11#, #2#

6 Renne #11#, #7#, 
#R#

#2# #R# #R#

5 &RYD�*UDQ ##, #R# #8# #R# #R#

15 Oase #13#, #1# #10# #2#, #11#, 
#8#, #6#

#8# #7# #9# #R# #11#,#10#, 
#4#,#7#

11 Willendorf ##, #1# #4# #6# #8# #2# #5#, #R# # 1 0 # , 
#13#, #R#

10 Isturitz ##, #R# #6# ##, #0# #8# #2#, #9# #R# #R#

7 Vogelherd ## #5# #8# #2# #R# #14#, #2#

5 Kents 
&DYH

##, #R# ## #2# #R#

31 Muierii #11#, #7#, 
#13#, #5#, 
#6#, #1#

#3#, #11#, 
#4#, #7#, 

#6#

#2#, #11#, 
#10#

#8#, #0#, 
#1#

#6# #10#, #4#, 
#5#, #1#

#3#, #11#, 
#1#, #R#

#2#, #11#, 
#10#, #8#, 
#7#

27 &LRFORYLQD #8#, #7#, 
#13#, #5#, 

#1#

#11#, #6# #3#, #2#, 
#11#, #10#, 

#8#, #6#

#0# #14#, #4#, 
#6#, #1#

#11#, #4#, 
#8#

#2#, #5#, 
#R#

# 1 1 # , 
#10#, #4#

5 Kostenki #14# #14# #10#, #13# #5#

5 3DYLODQG ##, #R# ## #2# #R#

10 &ORFKHWWH #11#, #7# #5# #13# #8# #2# #14#, #2#, 
#11#, #R#

3 $UEUHGD #R# #8# #R#

Table 3��9LVLWLQJ�DJHQWV�SHU�FKHFNSRLQW�DQG�SHU�VLPXODWLRQ�UXQ��7KH�¿UVW�FROXPQ�LV�WKH�WRWDO�QXPEHU�RI�WLPHV�D�FKHFNSRLQW�
is visited in all eight runs combined.

The Singleton scenarios get their names from 
to the fact that all modern human groups start the 
simulation from the same geographical location. The 
DJHQWV�DUH�VSHFLDOL]HG��PHDQLQJ�WKDW�WKH\�KDYH�RQO\�
one preference set to maximum and all others set 
to zero (see Table 1). Exceptions are the #R# group, 
ZLWK�UDQGRP�YDOXHV�IRU�DOO�SUHIHUHQFHV��DQG�WKH����
JURXS��ZLWK�D�VHW�YDOXH�RI�����IRU�HDFK�SUHIHUHQFH��
These two groups could be designated as being 
JHQHUDOLVWV�� $OVR� ����� FDQ� EH� FDOOHG� D� JHQHUDOLVW��
EHFDXVH�KHU�SUHIHUHQFH� �WR�DYRLG� WHUULWRULHV�� LV�QRW�
implemented in this scenario and thus this group 
selects each time a new destination completely at 
UDQGRP��ZLWK�QR� VSHFL¿F�SUHIHUHQFH� DW� DOO��+DYLQJ�
DOO� YDOXHV� RI� ]HUR� LV� GL̆HUHQW� IURP� DOO� YDOXHV� ����
as most points satisfy multiple preferences and 
WKH�¿QDO�DWWUDFWLRQ�YDOXH� LV� WKH�VXP�RI�DOO� VDWLV¿HG�
SUHIHUHQFH�YDOXHV��



 SteppingIn - Modern Humans Moving into Europe - Implementation 
Fulco Scherjon

113

UDQJH�XVHG�E\�WKH�DJHQWV�WR�GHWHFW�IDYRXUDEOH�SRLQWV�
RI�LQWHUHVW�H̆HFWLYHO\�LPSOHPHQWV�D�GL̆HUHQW�PRGHO�
IRU� HDFK� FKRVHQ� YDOXH�� 6HQVLWLYLW\� DQDO\VLV� RI� WKH�
RXWSXW� SDUDPHWHUV� �LQ� WKLV� FDVH� YLVLWHG� &67V� DQG�
the geographical spread throughout Europe) to 
WKH�FKRVHQ�LQSXW�YDOXHV�FDQ�EH�SDUW�RI�D�YDOLGDWLRQ�
process of a model (Pitt, Box and Knowlton 2003, 
114-117). For SteppingIn such a rigorous analysis 
has not yet been attempted and instead a modest 
VWDWLVWLFDO�DQDO\VLV�RI�WKH�UHVXOWV�LV�SUHVHQWHG�KHUH��$�
µYDOLG¶�PRGHO�ZRXOG�KDYH�QR�LQWHUQDO�LQFRQVLVWHQFLHV�
DQG� KDYH� QR� ÀDZV� �HUURUV��� EXW� µYHUL¿FDWLRQ¶� RI� DQ�
open model like SteppingIn is impossible (Malleson 
et al. ������ Oreskes, Shrader-Frechette, and 
Belitz  1994, 642).

,Q� 6WHSSLQJ,Q� WKH� JURXSV� PRYH� WKURXJK� WKH�
ODQGVFDSH�XVLQJ�WKHLU�LQGLYLGXDO�SUHIHUHQFHV�WR�VHOHFW�
WKH�QH[W�GHVWLQDWLRQ��&LUFXPYHQWLQJ�ODUJH�PRXQWDLQ�
FKDLQV� OLNH� WKH�$OSV�� WKH�3\UHQHHV�RU� WKH�&DXFDVXV�
poses no problem for the simulated humans and 
LVODQGV�OLNH�&\SUXV��6DUGLQLD�RU�WKH�8QLWHG�.LQJGRP�
DUH� YLVLWHG� LQ� PRVW� VLPXODWLRQ� UXQV�� /DUJHU� ZDWHU�
bodies are also crossed, for instance from Sicily to 
7XQLVLD��DPRQJ�WKH�*UHHN�,VODQGV�RU�RYHU�WR�,UHODQG��

$QG�*LEUDOWDU�LV�UHJXODUO\�XVHG�WR�FRORQL]H�0RURFFR��
EXW�DOVR�VHYHUDO�WLPHV�WKH�RWKHU�ZD\�DURXQG��YLVLWLQJ�
Spain from the south. Interestingly the middle of 
Germany remains sparse with few traces of humans. 
,QVSHFWLRQ�RI� WKHVH� VSDUVH�DUHDV� UHYHDOV�QR�VSHFLDO�
circumstances with water resources abound.

$QDO\VLQJ�WKH�FKRVHQ�JHRJUDSKLFDO�URXWHV�RQH�
of the most eye-catching emerging patterns is the 
general tendency to head north. Many preferences 
KDYH�JURXSV�HQG�XS�DJDLQVW�WKH�JODFLHU�LFH�FRYHULQJ�
QRUWKHUQ� (XURSH�� $Q� H[SODQDWLRQ� IRU� WKLV� DSSHDUV�
upon closer inspection. For instance the character 
RI�WKH�&DUSDWKLDQ�0RXQWDLQV�LQ�5RPDQLD�FUHDWHV�D�
VRXWK�QRUWK�RULHQWHG�YDOOH\�V\VWHP�QHDU�WKH�'DQXEH�
5LYHU��VHH�)LJXUH���ZKLFK�LV�DOVR�D�JRRG�LOOXVWUDWLRQ�RI�
ZK\�FHUWDLQ�VLWHV�DUH�PRUH�RIWHQ�YLVLWHG�WKDQ�RWKHUV���
7KURXJK� WKHVH� YDOOH\V� ZDWHU� UXQV� GRZQKLOO�� 7KH�
&DUSDWKLDQV�KDYH�PRUH�RU�OHVV�WKH�VDPH�RULHQWDWLRQ�
DV�WKH�$OSV�DQG�WKH�RWKHU�PDMRU�PRXQWDLQV�UDQJHV��
WKH�3\UHQHHV�DQG�WKH�&DXFDVXV��7KH\�DUH�FDXVHG�E\�
WKH� VDPH� SKHQRPHQRQ�� QDPHO\� $IULFD� WHFWRQLFDOO\�
PRYLQJ� LQWR� WKH� (XUDVLDQ� SODWH�� 7KLV� SXVKHV� WKH�
mountains up and creates an east-west orientation 
of the ranges. Together they create many north-

Arbre. Isturitz Willen. Oase Renne Fuma Cloch. Kents C. Gran Vogel. Mladec Muierii Kost. Pavila. Cioclo. # C S

38,3ka 37,2ka 36,9ka 35,0ka 35,0ka 34,9ka 34,6ka 34,1ka 33,1ka 33,0ka 31,2ka 29,9ka 29,9ka 29,1ka 28,8ka

#14# 4256 8237 11313 4281 919 5 4 3

#13# 6387 17130 12155 13501 6089 2027 9825 18559 8 14 3

#12# 0 0 0

#11# 2172 15457 10736 11870 4829 305 540 7 6 2

#10# 18858 1411 1259 4678 8100 5 5 3

#9# 2107 563 19568 3 2 2

#8# 7905 9140 1016 517 4736 7000 8113 18160 5664 372 757 11 23 5

#7# 4395 8475 6835 10039 1143 1277 6 6 2

#6# 12862 9532 7865 10354 9064 1019 1018 7 2 2

#5# 1925 2945 19251 19845 7067 2181 3260 2240 8 14 4

#4# 13031 8062 14799 1859 2980 5 3 2

#3# 688 2127 2 1 2

#2# 19878 4480 6474 7871 8209 8717 11604 5753 3305 2240 15492 1984 12 25 6

#1# 10619 7696 571 604 4 1 2

#0# 19814 2879 3450 3 1 2

#R# 11328 9748 719 358 2044 18712 3843 10370 1091 139 4109 292 12 24 3

## 11511 3483 15992 15742 4381 15556 6 8 2

Table 4��7KH�FKURQRORJ\� LQ�6WHSSLQJ,Q��*LYHQ� LV� WKH�¿UVW�VLPXODWLRQ� WXUQ�DQ\�RQH�JURXS�ZLWK�D�VSHFL¿F�SUHIHUHQFH�
arrives at any CST. The column ‘#’ contains a count of these visits, the ‘C’ column the number of visits that are in 
chronological order and the ‘S’ column has the maximum series of visits in chronological order.
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VRXWK�RULHQWHG�ULYHU�V\VWHPV��)ROORZLQJ�WKH�ULYHU�LV�
one of the characteristics of the modelled humans in 
6WHSSLQJ,Q��VR�ZKHQ�WKH\�IROORZ�WKHVH�ULYHU�V\VWHPV�
some head south towards the Mediterranean but 
HYHQWXDOO\�PRVW� KHDG� QRUWK. Other causes for this 
orientation are the watering systems from (earlier) 
glaciers systems and (further north) the physical 
WUDFHV� RI� WKH� PRYHPHQW� RI� WKRVH� JODFLHUV� LQ� WKH�
landscape.

When looking at the chosen routes for the 
LQGLYLGXDO� SUHIHUHQFHV� LW� EHFRPHV� FOHDU� WKDW� HYHU\�
so often the stochastic circumstances allow large 
GLVWDQFHV� LQ� (XURSH� WR� EH� FRYHUHG� �FRORQL]HG�� LQ�
a short time (for preferences Dan#R#, Dan#0#, 
Dan#2#, Dan#5# or Dan#9# one or more groups 
head far west and reach Morocco, Spain or England 
ZLWKLQ�WKH�JLYHQ�WLPH�IUDPH���7KHVH�UHVXOWV�VXSSRUW�
WKH� REVHUYDWLRQ� RI�1LNLWDV� DQG�1LNLWD� ������� ����
603) that ‘simulation models […] estimate the 
probability of the earliest distribution of hominins 
throughout Eurasia’ but cannot ‘JLYH�¿QDO�DQVZHUV�
to what exactly happened’. What exactly had 
happened could be one of the possible outcomes of 
the model.

In SteppingIn, chronological data is compared 
WR�WKH�FRPSLOHG�GDWD�IURP�WKH�YLVLWV�WR�WKH�&67V�WR�
DVVHVV�WKH�YDOLGLW\�RI�WKH�LPSOHPHQWHG�PRGHO��<RXQJ�
������������7KH�¿UVW�YLVLW�RI�HDFK�DJHQW�W\SH�WR�DQ\�&67�
is collected for all eight simulations and presented 
in Table 4. For example, the earliest moment in 
any simulation that a group with preference #13# 
(prefers coastal routes) reaches Willendorf is after 
6387 turns. To compare this timing information 
with the archaeological data, the uncalibrated 14&�
GDWHV�DV�JLYHQ�LQ�7DEOH���DUH�XVHG��7KH�FROXPQV�DUH�
RUGHUHG� FKURQRORJLFDOO\��ZLWK� WKH� ROGHVW� �$UEUHGD��
¿UVW�� 7KUHH� VWDWLVWLFDO� YDULDEOHV� DUH� XVHG�� WKH� WRWDO�
QXPEHU�RI�YLVLWV��WKH�WRWDO�QXPEHU�RI�YLVLWV�WKDW�DUH�
in chronological order, and the longest series of 
YLVLWV�WKDW�DUH�LQ�FKURQRORJLFDO�RUGHU��WKH�ODVW�WKUHH�
columns in Table 4). $Q� H[DPSOH�� ����� YLVLWV� ¿YH�
&67V��)XPDQH��)��DW�WLPHVWHS�������&KORFKHWWH��&K��
at 8237, Vogelherd (V) 11313, Kostenki (K) 4281 
DQG� &LRFORYLQD� �&L�� DW� ����� 7he archaeologically 
HVWLPDWHG�GDWH�RI�)�LV�FKURQRORJLFDOO\�EHIRUH�&K��9�
DQG�.��DQG�&K�LV�GDWHG�EHIRUH�9�JLYLQJ�D�WRWDO�RI�IRXU�
FKURQRORJLFDOO\�RUGHUHG�YLVLWV��2I�WKHVH��)��&K�DQG�9�
IRUP�D�FRQVHFXWLYH�VHULHV�RI�WKUHH��WKH�YDOXH�LQ�WKH�
last column.

8VLQJ�WKHVH�WKUHH�YDULDEOHV��WKUHH�SUHIHUHQFHV�
seem best to match the archaeological order: #8# 
(preference for main drainage systems), #2# 
(preference for new destinations found closer than 
����P��DQG��5���LQLWLDOL]HG�ZLWK�UDQGRP�YDOXHV�IRU�
DOO�SUHIHUHQFHV���2I�WKHVH������DQG�����KDYH�VHULHV�
RI� �� DQG� �� RUGHUHG� YLVLWV� UHVSHFWLYHO\�� ZKHUH� �5��
KDV�D�PD[LPXP�OHQJWK�RI���RUGHUHG�YLVLWV��7KH�ODUJH�
QXPEHU� RI� FKURQRORJLFDOO\� RUGHUHG� YLVLWV� IRU� �5��
����� LV� FDXVHG�E\� YLVLWV� WR� VRPH�RI� WKH�ROGHVW� VLWHV�
early on (Willendorf and Oase). #R# matches the 
archaeological order less than #8# and #2# based 
on the length of chronological sequences, especially 
since there are quite a few others with series of 3 or 
HYHQ����,QWHUHVWLQJO\��WKH�UDQGRPO\�JHQHUDWHG�YDOXHV�
for the preferences of three groups in #R# that 
YLVLWHG�PRVW� &67V� LQFOXGHG� ODUJH� YDOXHV� IRU� GUDLQ��
ORQJLWXGH��G��������DQG�ULYHU��7KH�H[DFW�LQÀXHQFH�RI�
WKHVH�VSHFL¿F�FRPELQDWLRQV�RI�SUHIHUHQFHV�IRU��5��
LV�QRW�LQWXLWLYH�DQG�QHHGV�IXUWKHU�UHVHDUFK��$OVR��the 
uncertainties in 14&� GDWHV� DUH� VXFK� WKDW� JUHDW� FDUH�
must be taken when ordering these dates, especially 
ZKHQ�GDWHV�QHDU� WKH�PD[LPXP�UDQJH�DUH� LQYROYHG�
�%RFTXHW�$SSHO�DQG�'HPDUV�������

'XULQJ� WKH� GHYHORSPHQW� RI� WKH� 6WHSSLQJ,Q�
model it appeared that the scanning range which the 
agents use to search for new destinations has major 
LQÀXHQFH�RQ�WKH�GLVWDQFH��DQG�WKXV� WKH�QXPEHU�RI�
WXUQV�� LW� WDNHV� WR�PRYH� WKURXJK� DQ� DUHD�� ,Q� RWKHU�
words, with a scanning range that is doubled 
Europe is colonized twice as fast, although not as 
thoroughly. This can be explained by the fact that 
ZKHQ�PRUH�GHVWLQDWLRQ�SRLQWV�LQ�DQ�DUHD�DUH�YLVLWHG��
WKH�SDWK�WDNHQ�ZLOO�EH�ORQJHU�DQG�WUDYHUVDO�ZLOO�WDNH�
more turns. It would be interesting to compare this 
SDWWHUQ�WR�WKH�WKHRU\�DERXW�PRYLQJ�GLVWDQFH��IRUDJLQJ�
UDQJH�DQG� ORJLVWLF� UDGLXV� �%LQIRUG������� ����*URYH�
2009, 222). Binford has shown that the logistic 
radius is largely determined by the contribution of 
hunting to the diet of the group and the dependence 
RI�ORJLVWLF�PRELOLW\��/RJLVWLF�UDGLXV�LV�QRW�LQFOXGHG�LQ�
SteppingIn, and Palaeolithic information on diet and 
logistic mobility is not abundant. Foraging radius is 
GH¿QHG�E\�KDELWDW�TXDOLW\��DQG�WKDW�LV�D�VWDWLVWLF�WKDW�
FDQ�EH�LQFOXGHG�LQ�D�IXWXUH�YHUVLRQ�RI�WKH�PRGHO�

6. Conclusions

SteppingIn was built to create a framework in 
which real geographical information on a large scale 
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is used to model dispersals that happened in the 
distant past. One of the more important dispersals 
in archaeology is the colonization of Europe by 
PRGHUQ�KXPDQV��6WHSSLQJ,Q�XVHV�WKLV�PDMRU�HYHQW�
in human history as a test case to model migration 
PRYHPHQWV�� 7KH� 6WHSSLQJ,Q� IUDPHZRUN� XVHV�
agent-based modelling as a technique and Repast 
6LPSKRQ\�DV�DQ�LPSOHPHQWDWLRQ�WRRO��$JHQWV�PRYH�
from one point of interest to the next, with water 
UHVRXUFHV� FRQYHUWHG� LQWR� SRLQWV� RI� LQWHUHVW�� )URP�
the archaeology it is known that 60kya there were 
no modern humans in Europe and that around 
��N\D�PRGHUQ�KXPDQV�ZHUH�EDVLFDOO\� HYHU\ZKHUH��
SteppingIn models this colonization.

The implemented Danube corridor test 
case shows that the implemented framework is a 
powerful modelling system, able to simulate real 
ZRUOG� HYHQWV�� ,W� LV� DOVR� D� ÀH[LEOH� V\VWHP� WR� ZKLFK�
extensions like colonisation modes, additional 
preferences, or demographic features are easily 
DGGHG�� &DXWLRQ� PXVW� EH� WDNHQ� ZKHQ� DGGLQJ� WRR�
much additional functionality in that the results 
must still represent the intended reality and that 
the resulting system does not become too complex 
to analyse. In SteppingIn it is therefore possible to 
WXUQ� VSHFL¿F� IXQFWLRQDOLW\� R̆. Because part of the 
output is in kml format the analytic power of Google 
Earth is included in the SteppingIn framework. This 
HQDEOHV� FORVH� REVHUYDWLRQ� RI� SDWWHUQV�� ERWK� DW� WKH�
PLFUR�OHYHO��WR�YDOLGDWH�LQGLYLGXDO�JURXS�PRYHPHQW��
DV�DW�WKH�PDFUR�OHYHO��WR�LGHQWLI\�JOREDO�FRORQL]DWLRQ�
patterns).

From the discussion of the results it appears 
WKDW� VLPSOH� EHKDYLRXUV� OLNH� IROORZLQJ� ULYHUV� FDQ�
indeed generate population distributions and 
GLVSHUVDOV� SDWWHUQV� VLPLODU� WR� WKRVH� REVHUYHG� LQ�
the archaeological record. Especially the results for 
SUHIHUHQFHV�'$1�����ZKLFK�LPSOHPHQWV�VHDUFKLQJ�
for new destinations in the scanning range of 2.000 
PHWUHV�� DQG�'$1�����KHDGLQJ� IRU�PDMRU�GUDLQDJH�
points, appear to match the archaeological data. But 
the stochastic nature of the implementation plays an 
important part in route selection, as the results for 
'$1�5��LOOXVWUDWH��$OVR�DQ�LQWHUHVWLQJ�UHVXOW�LV�WKH�
IDFW�WKDW�PDQ\�JURXSV�KHDG�QRUWK�GXH�WR�WKH�VSHFL¿F�
JHRJUDSKLFDO� VWUXFWXUH� RI�(XURSH��&RPELQHG� WKHVH�
UHVXOWV� VXJJHVW� WKDW� IROORZLQJ� WKH� ULYHUV�PLJKW� QRW�
KDYH�EHHQ� WKH�RQO\�PRWLYDWLRQ�RI�PRGHUQ�KXPDQV�
PRYLQJ�LQWR�(XURSH�
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1. Introduction1

Cultural heritage plays an important role in 
understanding and shaping our past, present, and 
IXWXUH� DQG� LQÀXHQFHV� LGHQWLW\�� FRPPXQLW\�� DQG�
SROLWLFDO� DQG� VRFLDO� SURFHVVHV�� )RU� WKHVH� UHDVRQV��
DPRQJ�RWKHUV��LW�LV�LPSRUWDQW�WR�HQJDJH�DQG�HGXFDWH�
WKH�SXEOLF�DERXW�WKH�SDVW��&XOWXUDO�KHULWDJH�LQFOXGHV�
ERWK� WKH� WDQJLEOH� �H�J�� DUWHIDFWV�� DUFKLWHFWXUH��
DQG� ODQGVFDSHV�� DQG� LQWDQJLEOH� �H�J�� FRVPRORJ\��
IRONORUH�� DQG� RUDO� KLVWRULHV�� H[SUHVVLRQV� RI� KXPDQ�
FXOWXUH� �9HFFR� ������� 7KHUH� DUH� PDQ\� ZD\V� WR�
HQJDJH� WKH� SXEOLF� LQ� FXOWXUDO� KHULWDJH�� LQFOXGLQJ�
RQ�VLWH� YLVLWV� WR� PRQXPHQWV� DQG� DUFKDHRORJLFDO�
VLWHV��YLGHRV��GRFXPHQWDULHV��ERRNV�DUWLFOHV��VRQJV��
JDPHV��DQG�UH�HQDFWPHQWV�DV�ZHOO�DV�ZHEVLWHV��EORJV��
DQG� HYHQ� YLUWXDO� ZRUOGV�� ,Q� WKH� ODVW� WZR� GHFDGHV��
Corresponding author: hmrichards@fbk.eu

YLUWXDO� KHULWDJH²WKH� DSSOLFDWLRQ� RI� FRPSXWHU�
YLVXDOLVDWLRQ�� YLUWXDO� UHDOLW\� �95��� DQG� LQIRUPDWLRQ�
DQG� FRPPXQLFDWLRQ� WHFKQRORJLHV� �,&7�� WR� FXOWXUDO�
KHULWDJH²LV� LQFUHDVLQJO\� FRPPRQSODFH� �)RUWH� DQG�
6LOLRWWL��������

9LUWXDO� KHULWDJH� UDQJHV� IURP� YLUWXDO� GLVSOD\V�
DW� WUDGLWLRQDO�PXVHXPV� WR� ZHE�EDVHG� DSSOLFDWLRQV�
�LQFOXGLQJ� RQOLQH� PXVHXPV�� WR� PRELOH� GHYLFHV�
�,RDQQLGHV� HW� DO�� ������� 7KHVH� GL̆HUHQW� FRQWH[WV�
LQFOXGH� GLYHUVH� PHGLD� VXFK� DV� LPDJHV�� PRYLHV��
maps, and 3D models and use a variety of 
YLVXDOLVDWLRQ� DQG� LQWHUDFWLRQ� WRROV� WR� HQJDJH� DQG�
HGXFDWH�WKH�SXEOLF��%HXVLQJ�DQG�3RVOXVFKQ\�������
3HVFDULQ�HW�DO��������3XMRO�DQG�/RUHQWH�������9LUWXDO�
0XVHXP�7UDQVQDWLRQDO�1HWZRUN��������,Q�RUGHU�WR�
UHDFK� EURDGHU� DXGLHQFHV� DQG� WR� IRVWHU� UHVSHFW� IRU�
FXOWXUDO�GLYHUVLW\�� DUFKDHRORJLVWV�� FXOWXUDO� UHVRXUFH�
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PDQDJHUV�� DQG� PXVHXP� FXUDWRUV� LQFUHDVLQJO\� XVH�
GLJLWDO� WRROV� �'DZVRQ�� /HY\�� DQG� /\RQV� ������ GH�
%\O� DQG� .KDQ� ������ )LVFKHU� ������� ,Q� ������ WKH�
0D\D$UFK�'�3URMHFW�EHJXQ�WR�GHYHORS�D�SURWRW\SH�
�'�*,6� WRRO²FDOOHG�4XHU\$UFK�'²WKDW� LQWHJUDWHV�
*HRJUDSKLF� ,QIRUPDWLRQ� 6\VWHPV� �*,6��� PXOWL�
UHVROXWLRQ� �'� PRGHOV�� DQG� 95� IRU� DUFKDHRORJLFDO�
UHVHDUFK� LQ� WKH� DQFLHQW� $PHULFDV� �$JXJLDUR� HW� DO��
�������,Q�������SURMHFW�PHPEHUV�EHJDQ�WR�FROODERUDWH�
ZLWK� WKH� +80ODE�� 8PHn� 8QLYHUVLW\� LQ� 6ZHGHQ�
�+80ODE�������WR�GHYHORS�D�JHVWXUH�EDVHG�V\VWHP�
XVLQJ�WKH�4XHU\$UFK�'�WRRO�DQG�0LFURVRIW¶V�.LQHFW�
WKDW�FRXOG�EH�XVHG�WR�FUHDWH�D�YLUWXDO�KHULWDJH�H[KLELW�
WR� HQJDJH� WKH�SXEOLF� LQ�DQFLHQW�0D\D�DUFKDHRORJ\��
7KH�V\VWHP�LV�ORZ�FRVW�DQG�SRUWDEOH�DQG�FDQ�HDVLO\�
EH� VHW�XS� LQ� FODVVURRPV�� FRPPXQLW\� FHQWUHV�� RU�
WUDGLWLRQDO�PXVHXPV��7KH�H[KLELW�XVHV�WZR�W\SHV�RI�
LQWHUDFWLRQ�WHFKQRORJLHV�DQG�WZR�OHYHOV�RI�LPPHUVLRQ�
WR�DSSHDO�WR�GL̆HUHQW�DXGLHQFHV�DQG�OHDUQLQJ�VW\OHV�

2. Interactivity and Immersion 

7KH� HDUOLHVW� DSSOLFDWLRQV� RI� YLUWXDO� KHULWDJH�
ZHUH� RIWHQ� QRQ�LQWHUDFWLYH� ZLWK� XVHUV� VLPSO\�
ZDWFKLQJ�D�YLGHR�RU�ORRNLQJ�DW�VWDWLF�WH[W�RU�SKRWRV�
�6W\OLDQL�HW�DO���������KRZHYHU��WKH�XVH�RI�LQWHUDFWLYH�
WHFKQRORJLHV�WR�SURPRWH�FXOWXUDO�KHULWDJH�KDV�EHHQ�
LQFUHDVLQJ� IRU� WKH� SDVW� WZR� GHFDGHV�� ,QWHUDFWLYH�
WHFKQRORJLHV� ³GHPDQG´� XVHUV� WR� REVHUYH�� SHUFHLYH��
DQG� PDQLSXODWH� REMHFWV� DQG�RU� WKHLU� DFWLRQV�
WKURXJK� WKHLU� RZQ� GHFLVLRQV� DQG� VXEVHTXHQW�
PRYHPHQWV��R̆HULQJ�D�³PRUH�QDWXUDO�DQG�LQVWLQFWLYH�
ZD\�RI� OHDUQLQJ´� WKDQ�QRQ�LQWHUDFWLYH� WHFKQRORJLHV�
�&DUUR]]LQR�DQG�%HUJDPDVFR������������

,QWHUDFWLRQ� WHFKQRORJLHV� DUH� RIWHQ� FODVVL¿HG�
DV� HLWKHU� GHYLFH�EDVHG� RU� QDWXUDO�� 7KH�PDMRULW\� RI�
YLUWXDO� KHULWDJH� DSSOLFDWLRQV� HPSOR\� GHYLFH�EDVHG�
LQWHUDFWLRQ� V\VWHPV� WKDW� W\SLFDOO\� XVH� D� PRXVH��
MR\VWLFN��NH\ERDUG��RU�WRXFK�VFUHHQ�WR�LQWHUDFW�ZLWK�
FRQWHQW��,Q�FRQWUDVW��QDWXUDO�LQWHUDFWLRQ�V\VWHPV�XVH�
JHVWXUH�EDVHG�RU�VSHHFK�EDVHG�LQWHUDFWLRQ�V\VWHPV��
PDQLSXODWLQJ� FRQWHQW� ZLWK� ERG\� PRYHPHQWV� RU�
VSHHFK�� 8VLQJ� JHVWXUHV� VHHPV� WR� FUHDWH� D� VHQVH� RI�
HPERGLPHQW� DQG� VSDWLDO� DZDUHQHVV� WKDW� SURYLGHV�
XVHUV�ZLWK�D�EHWWHU�VHQVH�RI�VSDFH�DQG�FRQVHTXHQWO\�
D�EHWWHU�VHQVH�RI�SODFH��*HQHUDOO\�VSHDNLQJ��JHVWXUH�
EDVHG� QDYLJDWLRQ� R̆HUV� D� GL̆HUHQW� SHUVSHFWLYH� RU�
IUDPH� RI� UHIHUHQFH� �IURP�GHYLFH�EDVHG� QDYLJDWLRQ��
WR�H[SORUH�FXOWXUDO�KHULWDJH��

5HODWHG� WR� LQWHUDFWLRQ� WHFKQRORJ\� LV� WKH� OHYHO�
RI� LPPHUVLRQ��GH¿QHG�KHUH�DV� WKH�GHJUHH� WR�ZKLFK�
XVHUV� IHHO� SDUW� RI� D� VLPXODWHG� HQYLURQPHQW�� 7KUHH�
OHYHOV�RI�LPPHUVLRQ�KDYH�EHHQ�GH¿QHG�E\�&DUUR]]LQR�
DQG� %HUJDPDVFR� �������� 1RQ�,PPHUVLYH�� /RZ�
,PPHUVLRQ�� DQG�+LJK� ,PPHUVLRQ��Non-immersive 
DSSOLFDWLRQV�FRPPXQLFDWH�FXOWXUDO�KHULWDJH�FRQWHQW�
XVLQJ�� IRU� H[DPSOH�� D� GHVNWRS�ODSWRS� FRPSXWHU� RU�
PRELOH� GHYLFHV� �H�J�� VPDUW� SKRQHV� RU� WRXFKSDGV���
Low immersion� V\VWHPV� LQFOXGH� KDQG�LPPHUVLYH�
ZRUNEHQFKHV� WKDW� XVH� KDSWLF� KDUGZDUH� �VXFK� DV�
JORYHV�RU�JODVVHV��DQG�VWHUHR�GLVSOD\�WHFKQRORJLHV�WR�
HQDEOH�XVHUV�WR�³VHH´�DQG�³WRXFK´�YLUWXDO��'�REMHFWV��
7KH\�DOVR� LQFOXGH�$XJPHQWHG�5HDOLW\� V\VWHPV� WKDW�
XVH� KHDG�PRXQWHG� RU� KDQGKHOG� GHYLFHV� WR�PRGLI\�
DQG�HQKDQFH�UHDO�ZRUOG�HQYLURQPHQWV�E\�RYHUOD\LQJ�
GLJLWDO�LQIRUPDWLRQ��VXFK�DV�YLGHRV���'�JUDSKLFV��HWF���
RQ�WKH�UHDO�ZRUOG��1RK��6XQDU��DQG�3DQ��������6XFK�
ORZ� LPPHUVLRQ� V\VWHPV�� KRZHYHU�� GR� QRW� SHUPLW�
users to employ a full-range of body movements 
WR� FRQWURO� LQWHUDFWLRQ� ZLWK� FRQWHQW�� DQG� WKH\� GR�
QRW� IXOO\� LPPHUVH� XVHUV� LQ� WKHLU� VXUURXQGLQJV��
High immersion� V\VWHPV� VXFK� DV� D� &$9(� �FDYH�
DXWRPDWLF�YLUWXDO�HQYLURQPHQW���KRZHYHU��FRPELQH�
VWHUHRVFRSLF�SURMHFWLRQ��RQ�IRXU�WR�VL[�VXUIDFHV����'�
FRPSXWHU�JUDSKLFV��DQG��'�VRXQG�WR�FUHDWH�D�VHQVH�RI�
IXOO�ERG\�SUHVHQFH�LQ�D�YLUWXDO�HQYLURQPHQW��$FHYHGR�
HW�DO���������2QH�H[DPSOH�LV�WKH�FROODERUDWLYH�V\VWHP�
IRU� 7HOHLPPHUVLYH� $UFKDHRORJ\� GHYHORSHG� E\� WKH�
8QLYHUVLW\�RI�&DOLIRUQLD��0HUFHG��DQG�WKH�8QLYHUVLW\�
RI� &DOLIRUQLD�� %HUNHOH\� WKDW� DOORZV� XVHUV�� DV� �'�
DYDWDUV�� WR� LQWHUDFW� LQ� WKH� VDPH� F\EHUVSDFH� ZLWK�
PRGHOV� RI� DUWHIDFWV�� PRQXPHQWV� DQG� VLWHV� �)RUWH�
DQG�.XULOOR��������

2.1 Virtual heritage in archaeology: some 
advantages

:KLOH� YLUWXDO� KHULWDJH� FRQWHQW� LV� QRW� OLPLWHG�
WR� WKH� SDVW�� WKLV� SDSHU� IRFXVHV� RQ� DUFKDHRORJLFDO�
DSSOLFDWLRQV�� 7KH� XVH� RI� FRPSXWHU� YLVXDOLVDWLRQ��
YLUWXDO� UHDOLW\� �95��� DQG� LQIRUPDWLRQ� DQG�
FRPPXQLFDWLRQ�WHFKQRORJLHV��,&7��LV�LGHDOO\�VXLWHG�
WR�HQJDJLQJ�WKH�SXEOLF�LQ�DUFKDHRORJ\��6RPH�UHDVRQV�
LQFOXGH�

• :HE�EDVHG� DSSOLFDWLRQV� FDQ� UHDFK� EURDGHU� DQG�
PRUH�GLYHUVH�DXGLHQFHV�WKDQ�ERRNV�RU�HYHQ�¿OPV��

• 0XOWL�PHGLD�H[KLELWV��PXVHXP��ZHE�EDVHG��DQG�
RWKHUV�� FRPSULVLQJ� GLJLWDO� SKRWRV�� PDSV�� DQG 
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YLGHRV�DV�ZHOO�DV��'�YLVXDOLVDWLRQV�DOORZ�SHRSOH�WR�
YLUWXDOO\� ³YLVLW´� DUFKDHRORJLFDO� VLWHV²VRPHWKLQJ�
UDUHO\�SRVVLEOH�IRU�PRVW�SHRSOH��

• 0XVHXP�H[KLELWLRQV�KDYH�VSDFH�FRQVWUDLQWV�DQG�
FDQ� GLVSOD\� RQO\� D� OLPLWHG� QXPEHU� RI� REMHFWV²
YLUWXDO�H[KLELWV�FDQ�VWRUH�DQG�GLVSOD\�PDQ\�PRUH�
REMHFWV�

• $UFKDHRORJLFDO�PDWHULDOV�VXFK�DV�FHUDPLFV��ERQH�
WRROV��DQG�WH[WLOHV�DUH�RIWHQ�WRR�IUDJLOH�RU�GHOLFDWH�
WR�SXW�RQ�SXEOLF�GLVSOD\��ZKLOH�GLJLWDO�UHSOLFDV�DUH�
QRW�

• $UFKDHRORJLFDO� VLWHV� GR� QRW� DSSHDU� DV� WKH\� GLG�
LQ� WKH� SDVW²RYHUOD\LQJ� �'� GUDZLQJV� DQG� �'�
UHFRQVWUXFWLRQV� RQWR� UHDOLW\�EDVHG� LPDJHV� �RI�
VLWHV�DV�WKH\�ORRN�WRGD\��KHOSV�SHRSOH�XQGHUVWDQG�
KRZ�VLWHV�ORRNHG�LQ�WKH�SDVW��

• 'LJLWDO� WRROV� FDQ� EH� XVHG� WR� WXUQ� RQ� DQG� R �̆
WHPSRUDO� OD\HUV� WR� SURYLGH� D� VHQVH� RI� FKDQJH�
WKURXJK�WLPH��

• 5HPRWH�VHQVLQJ� WHFKQRORJLHV� VXFK� DV�
SKRWRJUDPPHWU\� DQG� ODVHU� VFDQQLQJ� FDQ� EH�
XVHG� WR� FDSWXUH� UHDOLW\�EDVHG��'�GDWD� WR� FUHDWH�
�'� GLJLWDO� REMHFWV� WKDW� WKH� SXEOLF� FDQ� YLUWXDOO\�
H[SORUH��5HPRQGLQR�������

95� FDQ� VLPXODWH� DQFLHQW� FLWLHV� DQG� WKHLU�
ODQGVFDSHV�WR�SURYLGH�FRQWH[W�IRU�QDUUDWLYHV�FUHDWLQJ�
D� VHQVH� RI� VSDFH� DQG� SODFH� IRU� DQFLHQW� FXOWXUHV�
�%DUFHOR��)RUWH��DQG�6DQGHUV�������)RUWH�DQG�6LOLRWWL�
������)ULVFKHU�DQG�+LOG��������

,Q� VXP�� YLUWXDO� KHULWDJH� KDV� WKH� SRWHQWLDO�
WR� UHDFK� EURDG� DXGLHQFHV�� XVH� PXOWLPHGLD� WR�
FRPPXQLFDWH�DUFKDHRORJLFDO�LQIRUPDWLRQ�WR�DGGUHVV�
GL̆HUHQW� OHDUQLQJ�VW\OHV��DQG�IDFLOLWDWH� LQWHUDFWLYLW\�
DOORZLQJ� XVHUV� WR� DFTXLUH� DQG� FUHDWH� NQRZOHGJH�
DV� WKH\� WDNH� WKH� OHDG� LQ� OHDUQLQJ� �3DQWDQR� DQG�
7DYHUQLVH�������5RXVVRX��������

2.2 Virtual heritage in archaeology: device-based 
interaction vs. natural interaction 

7KH�XVH�RI��'�WHFKQRORJLHV�DQG�YLVXDOLVDWLRQV�
IRU�FXOWXUDO�KHULWDJH�HGXFDWLRQ�LV�UDSLGO\�LQFUHDVLQJ�
DQG� WKH�ZD\V� LQ�ZKLFK�SHRSOH�DUH� LQWHUDFWLQJ�ZLWK�
YLUWXDO� KHULWDJH� DUH� FKDQJLQJ� DV� PXOWLPHGLD� LV�
LQWHJUDWHG� ZLWK� QHZ�� GLYHUVH� WHFKQRORJLHV�� 2QH�
H[DPSOH�LV�&RORQLDO�:LOOLDPVEXUJ��D�OLYLQJ�PXVHXP�
LQ� 9LUJLQLD� �86$��� ZKLFK� XVHV� D� UDQJH� RI� GLJLWDO�
WHFKQLTXHV�DQG�WRROV�WR�HQJDJH�WKH�SXEOLF�LQ�FXOWXUDO�
KHULWDJH��SRGFDVWV���'�YLVXDOLVDWLRQV��YLGHRV��RQOLQH�
H[KLELWV�� RQVLWH� JDPHV� ZLWK� 3'$V�� HWF�� �)LVFKHU�
�������$QRWKHU� H[DPSOH� LV� WKH�(WUXVFDQ�3URMHFW�RI�
)%.�7UHQWR�� ,WDO\�ZKHUH� UHDOLW\�EDVHG��'�GDWD�DUH�

Figure 1. The Etruscan Tombs-Panoramic Virtual Tours Exhibit illustrating use of diverse 3D technologies in a single 
exhibit; (left) using stereo glasses to view reality-based 3D models of artefacts; (middle) photo panoramas of modern 
landscape; (right) interactive, reality-based 3D reconstruction of Etruscan tomb (Photos courtesy of 3DOM, FBK). 

Figure 2. Temple 22 in main 
civic-ceremonial complex at 
Copan, Honduras (left). Map 
showing location of Copan, 
Honduras (right). 



 Geospatial Virtual Heritage: A Gesture-Based 3D GIS to Engage the Public with Ancient Maya Archaeology 
Heather Richards-Rissetto et al.

121

XVHG� DV� PXOWLPHGLD� PDWHULDO� WR� H[KLELW� KHULWDJH�
WKDW�LV�QRW�IXOO\�YLVLEOH�DQG�DFFHVVLEOH�WR�WKH�SXEOLF�
�5HPRQGLQR� HW� DO�� �������8VHUV� FDQ�PRYH� WKURXJK�
SDQRUDPDV� RI� WKH� SUHVHQW�GD\� ODQGVFDSH�� REVHUYH�
����GHJUHH�YLHZV�DW�VHW�SRLQWV��DQG�HQWHU�DQG�H[SORUH�
VHYHUDO� IUHVFRHG� WRPEV� DQG� XVH� DQ� $XJPHQWHG�
5HDOLW\�SODWIRUP�WR�LQWHUDFW�ZLWK�GLJLWL]HG�DUWHIDFWV�
ORFDWHG�LQ�RWKHU�PXVHXPV��)LJ������

$OO� RI� WKH� DERYH�PHQWLRQHG� H[DPSOHV� R̆HU�
GHYLFH�EDVHG� LQWHUDFWLRQ²WKH� QRUP� LQ� YLUWXDO�
KHULWDJH�� 7KLV� LV� EHFDXVH� WKH� WHFKQRORJ\�QHFHVVDU\�
IRU�V\VWHPV�WKDW�XVH�QDWXUDO�LQWHUDFWLRQ��JHVWXUH�RU�
VSHHFK�EDVHG�V\VWHPV��ZDV�H[SHQVLYH�DQG�UHTXLUHG�
H[SHUWLVH� LQ� FRPSXWHU� SURJUDPPLQJ�� )RU� WKH� SDVW�
IHZ�\HDUV��KRZHYHU��VLQFH�WKH�UHOHDVH�RI�0LFURVRIW¶V�
.LQHFW��LQ�1RYHPEHU�������DQG�RWKHU�ORZ�FRVW�PXOWL�
SXUSRVH�VHQVRUV��H�J��$[X�;WLRQ��WKDW�DOORZ�WRXFKOHVV�
UHPRWH�FRQWURO� WR� LQWHUDFW�ZLWK�D�FRPSXWHU��/DQJH�
HW�DO��������6XPD�HW�DO��������DSSOLFDWLRQV�WKDW�XVH�
QDWXUDO� LQWHUDFWLRQ� DUH� LQFUHDVLQJ�� $UFKDHRORJLVWV�
DUH� H[SORULQJ� WKHLU� SRWHQWLDO� IRU� YLUWXDO� KHULWDJH�
DSSOLFDWLRQV� �$EDWH� HW� DO�� ������ *LOHV� ������
9LOODURPDQ�� 5RZH�� DQG� 6ZDQ� ������� 2QH� H[DPSOH�
LV�WKH�$TXDH�3DWDYLQDH�3URMHFW��ZKLFK�XVHV�D�UDQJH�
RI�LQWHUDFWLRQ�WHFKQRORJLHV�LQFOXGLQJ�D�ZHE�FDPHUD�
IRU�JHVWXUH�EDVHG�LQWHUDFWLRQ�LQ�D�YLUWXDO�ODQGVFDSH�
RI� $TXDHD� 3DWDYLQDH�� ,WDO\� �$TXDH� 3DWDYLQDH�
������� %RWK� GHYLFH�EDVHG� DQG� QDWXUDO� LQWHUDFWLRQ�
WHFKQRORJLHV� R̆HU� LPSRUWDQW� RSSRUWXQLWLHV� WR�
HQJDJH�WKH�SXEOLF�LQ�YLUWXDO�KHULWDJH��

3. MayaArch3D Project: The Case Study at 
Copan, Honduras

7KH� 0D\D$UFK�'� 3URMHFW� LV� H[SORULQJ� ERWK�
GHYLFH�EDVHG� DQG� QDWXUDO� V\VWHPV� IRU� HGXFDWLRQ�
DQG� UHVHDUFK� RQ� WKH� DQFLHQW� 0D\D� FLW\� RI� &RSDQ��
+RQGXUDV��0D\D$UFK�'�������YRQ�6FKZHULQ�HW�DO��
������� &RSDQ�� ORFDWHG� RQ� WKH� VRXWKHUQ� SHULSKHU\�
RI� WKH� 0D\D� FLYLOL]DWLRQ� ����� %�&�� �� $�'�� �������

ZDV� DQ� LPSRUWDQW� FHQWUH� IRU� FRPPHUFLDO� DQG�
FXOWXUDO�H[FKDQJH��)LJ������&RSDQ�LV�RQH�RI�WKH�PRVW�
WKRURXJKO\�H[FDYDWHG�0D\D�VLWHV��DQG�LWV�ORQJ�KLVWRU\�
RI� H[FDYDWLRQ� DQG� UHVHDUFK� SURYLGHV� YROXPLQRXV�
data that form the basis for many interpretations 
DERXW�WKH�DQFLHQW�0D\D��$QGUHZV�DQG�)DVK��������
,Q�������&RSDQ�EHFDPH�D�81(6&2�:RUOG�+HULWDJH�
Site and is one of the top tourism destinations in 
+RQGXUDV�IRU�LQWHUQDWLRQDO�YLVLWRUV��7KH�PRUH�WKDQ�
�������� YLVLWRUV� HDFK� \HDU� WR� WKH� DUFKDHRORJLFDO�
SDUN� FDQ� VHQVH� WKH� FLW\¶V� SDVW� JUDQGHXU�� KRZHYHU��
EHFDXVH�PXFK�RI�WKH�DQFLHQW�FLW\�GRHV�QRW�IDOO�ZLWKLQ�
SDUN�ERXQGDULHV��LW�LV�GL̇FXOW�IRU�YLVLWRU�WR�LPDJLQH�
&RSDQ¶V� VL]H� DQG� FRPSOH[LW\�� DQG� IRU� FXOWXUDO�
KHULWDJH� PDQDJHUV� LW� LV� GL̇FXOW� WR� FRQYH\� WKLV�
LQIRUPDWLRQ� WKURXJK� WUDGLWLRQDO�PHDQV�� 7R� FRQYH\�
D�VHQVH�RI�WKH�FLW\¶V�VSDFHV�WR�SHRSOH�ZKR�QHYHU�YLVLW�
WKH�VLWH��LV�HYHQ�PRUH�GL̇FXOW��$�SURPLVLQJ�DYHQXH�
to provide both onsite and virtual visitors a sense 
RI� WKH� VFDOH� DQG� VL]H� RI� WKH� FLW\� DV� ZHOO� DV� HQJDJH�
YLVLWRUV�LQ�WKH�DUFKDHRORJ\�RI�WKH�DQFLHQW�0D\D�DUH�
LQWHUDFWLYH��'�YLVXDOLVDWLRQV��

7R�H[SORUH�WKH�SRVVLELOLWLHV�RI��'�GLJLWDO�WRROV�
DQG�*,6�IRU�DUFKDHRORJLFDO�DQG�DUW�KLVWRULFDO�UHVHDUFK�
RQ� DQFLHQW�0D\D� DUFKLWHFWXUH� DQG� ODQGVFDSHV�� WKH�
0D\D$UFK�'�SURMHFW�EHJDQ�LQ������WR�EULQJ�WRJHWKHU�
DUW� KLVWRULDQV� DQG� DUFKDHRORJLVWV� ZLWK� FRPSXWHU�
VFLHQWLVWV�DQG�UHPRWH�VHQVLQJ�VSHFLDOLVWV�WR�GHYHORS�
D� SURWRW\SH� �'�:HE*,6� WRRO� FDOOHG� 4XHU\$UFK�'�
�$JXJLDUR� HW� DO�� ������ YRQ� 6FKZHULQ� HW� DO�� �������
4XHU\$UFK�'�LV�D�YLVXDOLVDWLRQ�DQG�TXHU\�WRRO�WKDW�
OLQNV�PXOWL�UHVROXWLRQ��'�PRGHOV�WR�DUFKDHRORJLFDO�
GDWD� WKDW� DUH� DFFHVVHG� ZKLOH� QDYLJDWLQJ� LQ� D� 95�
HQYLURQPHQW�� 7KH� SURWRW\SH� WRRO� FRQWDLQV� D�
YLUWXDO� ODQGVFDSH�RI�&RSDQ�WKDW�FRYHUV����NP� and 
FRQWDLQV��'�VFKHPDWLF�PRGHOV�RI�RYHU�������DQFLHQW�
VWUXFWXUHV��,W�DOVR�FRQWDLQV�D��'�6WXGLR�0D[�PRGHO�
RI�DQ��th�FHQWXU\�WHPSOH��DQG�UHDOLW\�EDVHG�PRGHOV�RI�
VFXOSWXUHV�DQG�VWHODH� OLQNHG� WR�DUFKDHRORJLFDO�GDWD�
�)LJ������7KH�SURWRW\SH�LQWHJUDWHV�WKUHH�WHFKQRORJLHV��

Figure 3. Views of QueryArch3D tool. a) aerial view with LoD1 models b), Queries on geometric models) and c) LoD3 
ZLWK�LQWHULRU�ZDOOV�URRPV�DQG�VRPH�VLPSOL¿HG�UHDOLW\�EDVHG��'�HOHPHQWV�
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���*HRJUDSKLF�,QIRUPDWLRQ�6\VWHPV��*,6������WKUHH�
GLPHQVLRQDO�GLJLWDO�PRGHOV��DQG����YLUWXDO�UHDOLW\��

���� 7KH� 4XHU\$UFK�'� WRRO�� EHQH¿WV� RI� �'� *,6� WR�
archaeology

%\�FRQQHFWLQJ��'�PRGHOV�LQ�D�95�HQYLURQPHQW�
ZLWK�D�*,6��L�H��VSDWLDO�GDWDEDVH����'�*,6²RI�ZKLFK�
WKH� 4XHU\$UFK�'� WRRO� LV� RQH²R̆HU� D� QXPEHU� RI�
EHQH¿WV�WR�DUFKDHRORJLVWV�DQG�DOVR�PXVHXP�YLVLWRUV��
7KH�DGYDQWDJH�RI�VXFK�D�V\VWHP�LV�WKDW�XVHUV�FDQ�PRYH�
WKURXJK�D�YLUWXDO�ODQGVFDSH�DQG�TXHU\�DQG�LQWHUDFW�
ZLWK� �'� PRGHOV� RI� REMHFWV� DQG� WKHLU� DVVRFLDWHG�
DUFKDHRORJLFDO� GDWD�� 7KLV� QHZ� FDSDELOLW\� DOORZV�
XVHUV� WR� DFWLYHO\� DQG�PRUH� LQWXLWLYHO\� HQJDJH�ZLWK�
DUFKDHRORJLFDO� LQIRUPDWLRQ�� DQG� WKHUHE\� JHQHUDWH�
QHZ�NQRZOHGJH��7R�JR�EULHÀ\�LQWR�PRUH�GHWDLO�

7KLV� V\VWHP� KDV� WKH� DELOLW\� WR� SURYLGH� WKH�
XVHU�ZLWK�DFFHVV�WR�GL̆HUHQW�W\SHV�RI��'�PRGHOV�RI�
LQGLYLGXDO�REMHFWV�RU�ZKROH�DUFKDHRORJLFDO�VLWHV�YLD�
DQ�LQWHUDFWLYH��YLUWXDO�HQYLURQPHQW��7KH�DGYDQWDJHV�
LQFOXGH�

• DFFHVV�WR�YLUWXDO�DUWHIDFWV�ZKHQ�RULJLQDO�DUWHIDFWV�
FDQQRW�EH�WUDQVSRUWHG�RU�KDQGOHG�GXH�WR�IHDU�RI�
GDPDJH�

• D�VHQVH�RI�PDVV�DQG�VSDFH�

• DQDO\VLV� RI� REMHFWV� IURP� PXOWLSOH� SHUVSHFWLYHV�
�H�J��ELUG¶V�H\H��H[WHULRU�YV��LQWHULRU�YLHZ��DQWHULRU�
YV��SRVWHULRU�YLHZ���

• LQWHUDFWLRQ� ZLWK� UHDOLW\�EDVHG� �'� PRGHOV²
GHULYHG�IURP�WHFKQRORJLHV�VXFK�DV�ODVHU�VFDQQLQJ�
DQG� SKRWRJUDPPHWU\²WKDW� LOOXVWUDWH� ZKDW� FDQ�
EHHQ� VHHQ� WRGD\� RI� DQ� DUFKDHRORJLFDO� VLWH� RU�
LQGLYLGXDO�DUWHIDFWV��0DQIHUGLQL�DQG�5HPRQGLQR�
������

• LQWHUDFWLRQ� ZLWK� �'� PRGHOV� JHQHUDWHG� XVLQJ�
FRPSXWHU� JUDSKLFV� �EDVHG� RQ� KLVWRULFDO� DQG�
DUFKDHRORJLFDO� GDWD�� WKDW� SURYLGH� DOWHUQDWLYH�
UHFRQVWUXFWLRQV� RI� KRZ� LQGLYLGXDO� EXLOGLQJV��
DUFKLWHFWXUDO� FRPSOH[HV�� DQG� HQWLUH� FLWLHV� PD\�
KDYH�D�ORRNHG�LQ�WKH�SDVW��DQG�DW�GL̆HUHQW�WLPH�
SHULRGV��� ZKLFK� LV� XVHIXO� IRU� DUFKDHRORJLFDO�
LQYHVWLJDWLRQV� DQG� WR� HGXFDWH� WKH� SXEOLF� DERXW�
DUFKDHRORJLFDO� PHWKRGV� DQG� WKHRULHV� �6DQGHUV�
������

• FRPSDULVRQV� RI� � GDWD� DQG� K\SRWKHWLFDO�
UHFRQVWUXFWLRQV�

• PHWULF�DQG�TXDQWLWDWLYH�DQDO\VLV�

%HFDXVH� WKLV� V\VWHP� OLQNV� WKHVH� �'� PRGHOV�
ZLWK�D�*,6��XVHUV�DOVR�KDYH�WKH�FDSDELOLW\�WR�RYHUOD\�
DQG� OLQN� GDWDVHWV�� DQG� WKHUHIRUH� D� UDQJH� RI� QHZ�
ZD\V� WR� LQWHUDFW� ZLWK� DUFKDHRORJLFDO� GDWD�� � :KLOH�
DUFKDHRORJLVWV� FDQ� XVH� WKH� GDWDEDVH� EDFN�HQG�
feature of the tool to bring together buildings, 
VFXOSWXUH��DQG�DUWHIDFWV�LQWR�DQ�LQWHJUDWHG�ODQGVFDSH�
to reveal relationships, patterns, and trends that are 
QRW� HYLGHQW� ZKHQ� XVLQJ� WUDGLWLRQDO� �QRQ�VSDWLDO��
GDWDEDVHV� �&RQROO\� DQG� /DNH� ������:KHDWOH\� DQG�
*LOOLQJV� ������� D�PRUH� VLPSOH� LQWHUIDFH� LV� R̆HUHG�
WR�WKH�SXEOLF�VR�WKDW�WKH\�FDQ�LQWHUDFW�ZLWK�WKH�GDWD�
FRQQHFWHG�WR�WKH��'�PRGHOV�LQ�WKH�IROORZLQJ�ZD\V�

• VHDUFK�XVLQJ�SUH�VHW�TXHULHV�VXFK�DV�³VKRZ�PH�DOO�
H[FDYDWHG�WHPSOHV´�

• WXUQ� OD\HUV� RI� LQIRUPDWLRQ� RQ�R̆�� IRU� H[DPSOH��
YHJHWDWLRQ� OD\HUV� WR� LOOXVWUDWH� GL̆HUHQW� SDOHR�
HQYLURQPHQWDO�LQWHUSUHWDWLRQV�

• XVH� WLPH� VOLGHUV� WR� YLVXDOLVH� FKDQJHV� WKURXJK�
WLPH��IRU�H[DPSOH��WKH�FRQVWUXFWLRQ�FDPSDLJQV�RI�
GL̆HUHQW�UXOHUV��=HUQHNH�HW�DO��������

• FOLFN� RQ� �'� PRGHOV� WR� DFFHVV� WH[W�� � �'� PHGLD�
VXFK�DV�SKRWRJUDSKV�DQG�PDSV��RU�YLGHRV��+XN��
6WHLQNH�DQG�)ORWR�������

2YHUDOO�� WKH� PRVW� LPSRUWDQW� EHQH¿W� RI� D�
�'*,6�IRU�PXVHXP�YLVLWRUV�LV�WKDW�WKH�4XHU\$UFK�'�
WRRO� FDQ� VLWXDWH� �'�PRGHOV� RI� REMHFWV� RU� EXLOGLQJV�
LQ� WKHLU� ODUJHU� VSDWLDO� FRQWH[WV� ZLWKLQ� D� YLUWXDO�
HQYLURQPHQW��WKHUHE\�H[WHQGLQJ�WKH�VFDOH�RI�DQDO\VLV�
DQG�H[SHULHQFH��7KLV�R̆HUV�D�VHQVH�RI�HPERGLPHQW�
LQ�DUFKLWHFWXUH�RU�ODQGVFDSH��VHQVH�RI�SODFH���)RUWH�
DQG�%RQLQL��������DQG�LQFUHDVHV�DZDUHQHVV�RI�VSDWLDO�
UHODWLRQVKLSV� EHWZHHQ� REMHFWV� DQG� DVVRFLDWHG� GDWD�
�)ULVFKHU� DQG� +LOG� ������� DQG� PRVW� LPSRUWDQWO\��
KHOSV�WKH�SXEOLF�WR�EHWWHU�XQGHUVWDQG�DUFKDHRORJLFDO�
LQIRUPDWLRQ�

3.2 Beta-testing results of QueryArch3D Tool 

)LUVWO\��WKH�SURMHFW�ZDQWHG�WR�XQGHUVWDQG�DQG�
evaluate the advantages and limitations of virtual 



 Geospatial Virtual Heritage: A Gesture-Based 3D GIS to Engage the Public with Ancient Maya Archaeology 
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KHULWDJH� LQ� WHUPV� RI� HQJDJHPHQW� DQG� HGXFDWLRQ�
�&KDPSLRQ�� %LVKRS�� DQG� 'DYH�� ������ )ODWPDQ��
&KLGHVWHU� DQG� *DGVE\� ������� )RU� WKLV� UHDVRQ�� LQ�
6HSWHPEHU�2FWREHU������� WKH�0D\D$UFK�'�3URMHFW�
FRQGXFWHG�EHWD�WHVWLQJ�RI�WKH�4XHU\$UFK�'�WRRO�DW�
¿YH�XQLYHUVLWLHV²8QLYHUVLW\�RI�1HZ�0H[LFR��86$���
8QLYHUVLW\� RI� 0HUFHG� &DOLIRUQLD� �86$��� &DOLIRUQLD�
6WDWH� 8QLYHUVLW\� 6WDQLVODXV� �86$��� 8QLYHUVLW\� RI�
%RQQ� �*HUPDQ\��� DQG�8PHn�8QLYHUVLW\� �6ZHGHQ���
0RVW� SDUWLFLSDQWV� ZHUH� DQWKURSRORJ\� DQG� DUW�
KLVWRU\� VWXGHQWV� �JUDGXDWHV� DQG� XQGHUJUDGXDWHV��
EHWZHHQ�WKH�DJHV�RI��������ZKR�KDG�OLWWOH�H[SHULHQFH�
ZLWK� �'� PRGHOV� DQG� ZHUH� LQWHUHVWHG� LQ� WKH� WRRO�
IURP� DQ� HGXFDWLRQDO� VWDQGSRLQW�� )LYH� SURIHVVRUV�
RI� DQWKURSRORJ\� DQG� DUFKDHRORJ\� DOVR� SDUWLFLSDWHG�
LQ� WKH� EHWD�WHVWV�� 3DUWLFLSDQWV� ZHUH� SURYLGHG� ZLWK�
EDFNJURXQG� LQIRUPDWLRQ� DERXW� WKH� 0D\D$UFK�'�
3URMHFW� DQG� WKH� 4XHU\$UFK�'� WRRO� DQG� UHFHLYHG�
LQVWUXFWLRQV�RQ�KRZ�WR�RSHQ�DQG�QDYLJDWH�WKH�WRRO��
7KH\�VSHQW�DSSUR[LPDWHO\����PLQXWHV�H[SORULQJ�WKH�
WRRO�DQG�WKHQ�¿OOHG�RXW�D�VXUYH\��7KH�VXUYH\�LQFOXGHG�
��� TXHVWLRQV� DERXW� XVHU� GHPRJUDSKLFV� �L�H�� DJH��
JHQGHU�� ZRUN� DUHD��� FRPSXWHU� VSHFL¿FDWLRQV� �H�J��
SODWIRUP� �0$&� RU� 3&��� EURZVHU�� 5$0���PRVW� DQG�
least popular features, and most important features 
IRU�LPPHGLDWH�GHYHORSPHQW��7KH�VXUYH\�DOVR�DVNHG�
SDUWLFLSDQWV�� :KDW� GLG� \RX� OHDUQ� IURP� WKH� WRRO"�
$QG�� KRZ�ZDV� WKLV� GL̆HUHQW� IURP� \RXU� WUDGLWLRQDO�
FODVVURRP�VWXGLHV"��

)LJXUH���VKRZV�WKDW�WKH�PRVW�SRSXODU�IHDWXUHV�
ZHUH�WKH�³YLVXDOL]DWLRQ�DQG�URWDWLRQ�RI�REMHFWV´�DQG�
WKH�³H[SHULHQFH�RI�&RSDQ¶V�VSDFHV�DQG�DUFKLWHFWXUH´��
+RZHYHU� SDUWLFLSDQWV�ZRXOG� KDYH� SUHIHUUHG� WR� VHH�
PRUH�WH[WXUHG�DQG�OHVV�EORFN\�PRGHOV��$ORQJ�WKHVH�
OLQHV�� WKH\� DOVR� ZDQWHG� D� WUDQVSDUHQF\� IHDWXUH� WR�
LQGLFDWH� WKH� GHJUHH� RI� FHUWDLQW\� LQ� WKH� �'�PRGHOV�
�L�H��SURFHGXUDO�YV���'�6WXGLR�0D[�YV��UHDOLW\�EDVHG���
:LWK�UHVSHFW�WR�OHDUQLQJ��SDUWLFLSDQWV�FLWHG�D�EHWWHU�

XQGHUVWDQGLQJ� RI� WKH� VL]H� DQG� VFDOH� RI� &RSDQ� DQG�
of the heights and spatial relationships of buildings 
WKDQ� IURP� �'� SKRWRV� DQG� WH[WERRNV�� 7KH\� DOVR�
PHQWLRQHG� WKDW�ZKLOH� WKH�95�JDYH� WKHP� WKH� VHQVH�
WKDW�&RSDQ�ZDV�D�ODUJH�FLW\��DQG�QRW�VLPSO\�D�ULWXDO�
FHQWUH��WKH�ODFN�RI�SHRSOH�DQG�REMHFWV�PDGH�WKH�FLW\�
VHHP�XQUHDOLVWLFDOO\� YDFDQW�� 7KH� SDUWLFLSDQWV� OLNHG�
EHLQJ� DEOH� WR� DFFHVV� LQIRUPDWLRQ� LQ� WKH� GDWDEDVH�
YLD� WKH� �'�PRGHOV�� KRZHYHU�� WKH\�PHQWLRQHG� WKDW�
more data are needed in the database before they 
FRXOG�DGHTXDWHO\�DVVHVV�WKH�YDOXH�RI�WKLV�IHDWXUH�IRU�
HGXFDWLRQDO� SXUSRVHV�� 7KH� 4XHU\� )XQFWLRQV� ZHUH�
WKH�OHDVW�SRSXODU��7KHVH�DUH�WKH�IXQFWLRQV�DW�/2'���
ZKHUH�XVHUV�FDQ�VHOHFW�� IRU�H[DPSOH��DOO� VWHODH� WKDW�
ZHUH�HUHFWHG�E\�UXOHU����DQG�WKH\�ZLOO�EH�KLJKOLJKW�
LQ�WKH�95��7KLV�PD\�EH�EHFDXVH�WKHVH�ZHUH�GHVLJQHG�
ZLWK�UHVHDUFKHUV�LQ�PLQG�

)LJ����LOOXVWUDWHV�WKDW��DFFRUGLQJ�WR�EHWD�WHVWHUV��
the most important feature needing immediate 
GHYHORSPHQW� LV� ³LQWHUIDFH� DQG� QDYLJDWLRQ´�� ,Q�
UHVSRQVH� WR� WKLV� TXHVWLRQ�� VHYHUDO� SDUWLFLSDQWV�
VXJJHVWHG�WKDW�WKH�DGGLWLRQ�RI�DYDWDUV�DQG�RU�PRUH�
UHDOLVWLF� PRYHPHQW� ZLWKLQ� WKH� 95� ZRXOG� HQKDQFH�
XVHU� H[SHULHQFH�DQG�HQJDJHPHQW. %XLOGLQJ�RQ� WKLV�
IHHGEDFN�� ZH� UHYLHZHG� WKH� VWDWH�RI�WKH�¿HOG� IRU�
YLUWXDO� KHULWDJH� HPSOR\LQJ�PDSV�� *,6�� DQG� �'� ]V��
DQG� LQYHVWLJDWHG� GHYLFH�EDVHG� DQG� JHVWXUH�EDVHG�
YLUWXDO�KHULWDJH��%DVHG�XSRQ�RXU�¿QGLQJV��ZH�EHJDQ�
D� FROODERUDWLYH� SURMHFW� ZLWK� WKH�+80ODE� DW� 8PHn�
8QLYHUVLW\� �6ZHGHQ�� WR� OLQN� WKH�4XHU\$UFK�'� WRRO�
WR�0LFURVRIW¶V�.LQHFW�LQ�RUGHU�WR�R̆HU�DQ�DOWHUQDWLYH�
ZD\�IRU�XVHUV�WR�QDYLJDWH�WKH�4XHU\$UFK�'�WRRO�

4. QueryArch3D-Kinect: System 
Components, Development and Set Up 

7KH�JHVWXUH�EDVHG��'�*,6�V\VWHP�LV�ORZ�FRVW�
DQG�SRUWDEOH�UHTXLULQJ�IRXU�LWHPV�

Figure 4. Most popular features in QueryArch3D tool. Figure 5. Development Needs in QueryArch3D tool
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• 4XHU\$UFK�'� WRRO�� IUHH� DQG� DYDLODEOH� RQOLQH�
XVLQJ�D�IUHH�8QLW\��'�SOXJ�LQ�RU�R̈LQH�

• .LQHFW�

• VWDQGDUG�GHVNWRS�ODSWRS�

• GLVSOD\�GHYLFH�

4XHU\$UFK�'�XVHV�D�'%06�IRU�GDWD�PRGHOOLQJ�
and storage, and 3D visualisation to link multi-
UHVROXWLRQ� �'� PRGHOV� WR� DUFKDHRORJLFDO� GDWD� WKDW�
DUH�DFFHVVHG�ZKLOH�QDYLJDWLQJ�LQ�D�95�HQYLURQPHQW��
7KH�'%06�FRQVLVWV�RI�3RVWJUH64/�ZLWK�WKH�3RVW*,6�
H[WHQVLRQ� WR� UHGXFH� GDWD� KHWHURJHQHLW\� DQG� DOORZ�
VWRUDJH� RI� ERWK� QRQ�VSDWLDO� DQG� VSDWLDO� GDWD�� )RU�
WKH� LQWHUDFWLYH� QDYLJDWLRQ� DQG� �'� YLVXDOLVDWLRQ��
WKH�WRRO�XVHV�8QLW\�'��D�JDPH�HQJLQH�GHYHORSPHQW�
WRRO� IRU� WKH� FUHDWLRQ� RI� �'� LQWHUDFWLYH� FRQWHQWV�
DFFHVVHG�R̆�OLQH�DQG�RQ�OLQH�XVLQJ�D�IUHH�ZHE�SOD\HU�
SOXJLQ��)LQDOO\��D�3+3�LQWHUIDFH�OLQNV�8QLW\��'�DQG�
3RVWJUH64/� DOORZLQJ� WKH� GDWD� UHWULHYDO� IURP� WKH�
GDWDEDVH�DQG�WKH��RQOLQH��YLVXDOLVDWLRQ��

7KH� LQLWLDO� GHYHORSPHQW� RI� 4XHU\$UFK�'�
SURJUDPPHG� PRYHPHQWV� ZLWK� PRXVH� QDYLJDWLRQ��
7R� DOORZ� JHVWXUH�EDVHG� FRQWURO� RI� 4XHU\$UFK�'��

ZH� VHOHFWHG� 0LFURVRIW¶V� .LQHFW²D� PRWLRQ� VHQVLQJ�
LQSXW� GHYLFH� FRPSRVHG� RI� GL̆HUHQW� VHQVRUV� �5*%�
FDPHUD�� LQIUDUHG� GHSWK� VHQVRU�� PRWRUL]HG� WLOW�
IXQFWLRQ�� DQG� D� PLFURSKRQH� DUUD\�� WKDW� HQDEOHV�
XVHUV� WR�FRQWURO�DQG� LQWHUDFW�ZLWK�YLGHR�JDPHV� �RU�
3&V��ZLWKRXW� WKH�QHHG� WR� WRXFK�D�JDPH�FRQWUROOHU��
2ULJLQDOO\�GHVLJQHG�DV�PRWLRQ�VHQVLQJ�LQSXW�GHYLFH�
IRU� SOD\LQJ� YLGHRV� JDPHV� ZLWK� 0LFURVRIW¶V� ;%2;�
�����GHYHORSHUV�DQG�UHVHDUFKHUV�DUH�QRZ�H[SORULQJ�
DOWHUQDWLYH� DSSOLFDWLRQV� IRU� WKH� .LQHFW� EH\RQG� LWV�
RULJLQDO�HQWHUWDLQPHQW�SXUSRVH��*LOHV��������7KHUH�
DUH� FXUUHQWO\� IRXU� RSWLRQV� WR� XVH� .LQHFW� ZLWK� WKH�
4XHU\$UFK�'� WRRO�� ���� HPSOR\� WKH� )OH[LEOH� $FWLRQ�
DQG�$UWLFXODWHG� 6NHOHWRQ�7RRONLW� �)$$67��� ���� XVH�
WKH�='.�8QLW\�'�ELQGLQJV�LQ�WKH�=LJIX�'HYHORSPHQW�
.LW� �ZRUNV� ZLWK� 2SHQ1,�1,7(� DQG� WKH� 0LFURVRIW�
.LQHFW�6'.��EXW�LW�LV�QRW�IUHH�������GHYHORS�D�FXVWRP�
LQWHUIDFH� LQ� WKH� �1(7� IUDPHZRUN� XVLQJ� .LQHFW� IRU�
:LQGRZV� 6'.�� RU� ���� GHYHORS� D� FXVWRP� LQWHUIDFH�
LQ�WKH�2SHQ1,�IUDPHZRUN��)RU�RXU�LQLWLDOV�WHVWV�ZH�
KDYH�VHOHFWHG�WKH�)$$67�RSWLRQ�EHFDXVH� LW� LV�RSHQ�
VRXUFH� DQG� TXLFNO\� DQG� HDVLO\� FXVWRPL]DEOH�� 7KH�
PRXVH� QDYLJDWLRQ� FRPPDQGV�� LQ� 8QLW\� �'�� ZHUH�
UHSURJUDPPHG� WR� NH\ERDUG� FRPPDQGV� DQG� WKHQ�
WKH� NH\ERDUG� FRPPDQGV� ZHUH� FRUUHODWHG� WR� ERG\�
SRVWXUH� DQG� VSHFL¿F� JHVWXUHV� �7DEOH� ���� $W� WKLV�

Keyboard Command Onscreen movement Kinect gestures

W 0RYH�)RUZDUG 5LJKW�DUP�IRUZDUG

S 0RYH�%DFNZDUG /HIW�DUP�IRUZDUG

4 /HIW�7XUQ 5RWDWH�ERG\�OHIW

( 5LJKW�7XUQ 5RWDWH�ERG\�ULJKW

Y /RRN�8S /HDQ�EDFNZDUGV

+ /RRN�'RZQ /HDQ�)RUZDUGV

7 6WDUW�ZDONWKURXJK�RU�HQWHU�/2'� 5LJKW�DUP�GRZQ

2 2SHQ�LQIRUPDWLRQ��DFFHVV�GDWDEDVH� 5LJKW�DUP�XS

, Close information /HIW�DUP�XS

Keyboard Command Queries/Interaction with high-resolution 3D objects Kinect gestures

= =RRP�LQ 5LJKW�DUP�IRUZDUG�

; =RRP�RXW /HIW�DUP�IRUZDUG

ĸ  5RWDWH�REMHFW�OHIW /HIW�DUP�RXW

ĺ 5RWDWH�REMHFW�ULJKW 5LJKW�DUP�RXW

Ĺ 5RWDWH�REMHFW�XS /HDQ�EDFNZDUGV

Ļ 5RWDWH�REMHFW�GRZQ /HDQ�IRUZDUGV

2 2SHQ�LQIRUPDWLRQ 5LJKW�DUP�XS

, Close information /HIW�DUP�XS

Table 1. Keyboard commands and Kinect gestures for the gesture-based 3D GIS. 
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SRLQW�� WKHVH�FRPPDQGV�FDQ�EH�HPXODWHG�XVLQJ� WKH�
)OH[LEOH� $FWLRQ� DQG� $UWLFXODWHG� 6NHOHWRQ� 7RRONLW�
�)$$67�� DOORZLQJ� IRU� JHVWXUH�EDVHG� FRQWURO� RI� WKH�
4XHU\$UFK�'�WRRO��6XPD�HW�DO���������

7KH�V\VWHP�VHW�XS�LV�VLPSOH�DQG�VWUDLJKWIRUZDUG�
�)LJV���DQG����

• 'RZQORDG�)$$67�RQWR�D�3&�

• &RQQHFW�.LQHFW�WR�WKH�3&�YLD�D�86%�DGDSWHU�

• 2SHQ� WKH� 4XHU\$UFK�'� WRRO� RQ� ZZZ�
0D\D$UFK�'�XQP�HGX��IRU�¿UVW�XVH�WKH�8QLW\��'�
SOXJ�LQ�PXVW�EH�LQVWDOOHG�RQ�WKH�3&���

• ,Q� )$$67�� RSHQ� WKH� FRQ¿JXUDWLRQ� ¿OH� ��FIJ��
WKDW� LQGLFDWHV�KRZ�WKH�NH\ERDUG�FRPPDQGV�DUH�
WUDQVODWHG�WR�ERG\�SRVWXUH�DQG�JHVWXUHV�

• )$$67�SHUIRUPV�D�VNHOHWRQ�FDOLEUDWLRQ��VSHFL¿F�
WR�WKH�XVHU��

• %HJLQ�JHVWXUH�EDVHG�QDYLJDWLRQ�RI�4XHU\$UFK�'�
WRRO�

4.1 The interactive display(s) set-up: interaction 
and immersion

)RU�D�SXEOLF�GLVSOD\�H[KLELW��¿YH�RSWLRQV�EDVHG�
RQ�GL̆HUHQW�LQWHUDFWLRQ�DQG�LPPHUVLRQ�WHFKQRORJLHV�
ZHUH�LGHQWL¿HG��

Non-immersive/Device-based �� 7KLV� RSWLRQ�
XVHV� GHYLFH�EDVHG� LQWHUDFWLRQ� WHFKQRORJLHV�� L�H���
YLVLWRUV� XVH� D� PRXVH� DQG� NH\ERDUG� WR� FRQWURO� WKH�
4XHU\$UFK�'�WRRO��7KH�GLVSOD\�GHYLFH�FRQVLVWV�RI�D�
ODUJH�PRQLWRU�RU�D�SURMHFWRU�DQG�VFUHHQ�ZDOO�

Non-immersive/Natural-based ��7KLV�RSWLRQ�
XVHV� QDWXUDO�EDVHG� LQWHUDFWLRQ� WHFKQRORJLHV�� L�H��
YLVLWRUV�XVH�JHVWXUHV��YLD�WKH�.LQHFW�DQG�)$$67��WR�
FRQWURO� WKH� 4XH\U$UFK�'� WRRO�� 7KH� GLVSOD\� GHYLFH�
FRQVLVWV�RI�D�SURMHFW�DQG�VFUHHQ�ZDOO�

Non-immersive/Device and Natural-based 
�� 7KLV� RSWLRQ� XVHV� ERWK� GHYLFH�EDVHG� DQG� QDWXUDO�
EDVHG�WHFKQRORJLHV��L�H��WZR�VWDWLRQV�DUH�VHW�XS��)RU�
H[DPSOH�� D� GHVNWRS� ZLWK� PRQLWRU� IRU� WKH� GHYLFH�
EDVHG� LQWHUDFWLRQ� DQG� D� ODUJH� VFUHHQ�ZDOO� ZLWK�
SURMHFWRU�IRU�JHVWXUH�EDVHG�LQWHUDFWLRQ��7KLV�RSWLRQ�
better serves the needs of diverse visitors and their 
GL̆HUHQW�OHDUQLQJ�VW\OHV�

Low-immersion/Device-based �� 7KLV�
RSWLRQ� XVHV� D� �'� VWHUHR� GLVSOD\�ZLWK� GHYLFH�EDVHG�
LQWHUDFWLRQ�ZLWK�WKH�PRXVH�DQG�NH\ERDUG�UHTXLULQJ�
VWHUHRVFRSLF� GULYHU� VRIWZDUH� DQG� JODVVHV�� 7KH�
GLVSOD\�GHYLFH�FRQVLVWV�RI�D�VFUHHQ�RU�SURMHFWRU�DQG�
RQH�RU�WKUHH�VFUHHQV��7KLV�RSWLRQ�LV�PRUH�H[SHQVLYH��
EXW� DOORZV� YLVLWRUV� WR� VHH� VWHUHRVFRSLF� �'� REMHFWV��
SURYLGLQJ�D�PRUH� UHDOLVWLF� VHQVH�RI� VSDFH� IRU�XVHUV�
DV�WKH\�QDYLJDWH�DQG�H[SORUH�&RSDQ¶V�DUFKLWHFWXUH��

Figure 6. The system set-up, with the Kinect recording the human movements and FAAST emulating the keyboard input 
to control the QueryArch3D tool.

Figure 7. Set-up of the gesture-based platform to control the 3D environment. 
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Low-immersive/Natural-based�� 7KH� VHW� XS�
IRU� WKLV�RSWLRQ� LV� WKH� VDPH�DV�RSWLRQ�����KRZHYHU��
WKH� V\VWHP� XVHV� WKH� .LQHFW� DQG� )$$67� LQVWHDG�
RI� D� PRXVH� DQG� NH\ERDUG�� 8VLQJ� JHVWXUH�EDVHG�
LQWHUDFWLRQ�JLYHV�YLVLWRUV�D�VHQVH�RI�XVLQJ�WKHLU�RZQ�
ERG\� WR� ZDON� WKURXJK� WKH� DQFLHQW� FLW\� RI� &RSDQ��
R̆HULQJ�D�VHQVH�RI�HPERGLPHQW�WKDW�PD\�EH�ODFNLQJ�
ZLWK�GHYLFH�EDVHG�LQWHUDFWLRQ��

4.2 Practical factors to consider for the gesture-
based 3D GIS exhibit

:KLOH� WKH� V\VWHP� VHW�XS� LV� VWUDLJKWIRUZDUG��
WKHUH�DUH�VHYHUDO�IDFWRUV�WR�EH�FRQVLGHUHG�IRU�ZKHQ�
XVLQJ�WKH�JHVWXUH�EDVHG�V\VWHP�IRU�D�SXEOLF�H[KLELW�

:KLOH� WKH� UDQJH� OLPLWV� RI� WKH� .LQHFW� DV� D�
KDQGV�IUHH� FRQWUROOHU�DUH� ���±����PHWHUV��RXU� WHVWV�
LQGLFDWH�WKDW�WKH�SHUIRUPDQFH�RI�WKH�JHVWXUH�EDVHG�
V\VWHP�LQFUHDVHV�WKH�FORVHU�WKH�XVHU�LV�WR�WKH�.LQHFW��
+RZHYHU��WKH�VPDOO�¿HOG�RI�YLHZ��)29��RI�WKH�.LQHFW�
PLJKW�QRW�HQWLUHO\�FDSWXUH�D�XVHU�ZKR�VWDQGV�WRR�FORVH�
WR�WKH�VHQVRU��7KXV��ZKHQ�VHWWLQJ�XS�D�SXEOLF�H[KLELW��
PDUNHUV�QRWLI\LQJ�XVHUV�RI� DSSURSULDWH�GLVWDQFH� WR�
VWDQG�IURP�WKH�GLVSOD\�GHYLFH�VKRXOG�EH�PDGH��7KH�
LGHDO�GLVWDQFH�WKDW�D�YLVLWRU�VWDQGV�IURP�WKH�GLVSOD\�
GHSHQGV�RQ�XVHU�KHLJKW��)RU�H[DPSOH��ZKLOH�FKLOGUHQ�
QHHG�WR�VWDQG�FORVHU�WR�WKH�GLVSOD\��WDOOHU�DGXOWV�PXVW�
VWDQG�IXUWKHU�DZD\�WR�HQDEOH�WKH�.LQHFW�WR�SHUIRUP�
WKH�VNHOHWDO�FDOLEUDWLRQ�DQG�JHVWXUH�UHFRJQLWLRQ��7R�
DFFRPPRGDWH� DQG� RYHUFRPH� WKHVH� SUREOHPV�� ZH�
SURJUDPPHG� DQG� WHVWHG� )$$67� IRU� WZR� VNHOHWRQ�
PRGHV������)XOO�%RG\�DQG�����8SSHU�%RG\��2XU�WHVWV�
LQGLFDWH�WKDW�D�VROXWLRQ�WR�SRRU�V\VWHP�SHUIRUPDQFH�
GXH�WR�GLVWDQFH�FDQ�EH�RYHUFRPH�E\�XVLQJ�WKH�8SSHU�
%RG\�PRGH�

)$$67� UHTXLUHV� WKDW� GL̆HUHQW� ERG\�
PRYHPHQWV�EH�SURJUDPPHG�WR�FHUWDLQ�GLVWDQFHV�RU�
GHJUHHV�WR�WULJJHU�VSHFL¿F�NH\ERDUG�FRPPDQGV��7KLV�
IDFWRU�FRUUHVSRQGV�GLUHFWO\�WR�WKH�DQJOH�RI�WKH�.LQHFW�
DQG�WKXV��WKH�RSWLPDO�KHLJKW�SODFHPHQW�RI�WKH�.LQHFW�
LV� DW� WKH� WRUVR� OHYHO� RI� WKH�XVHU��7KH� ODWHVW� YHUVLRQ�

RI�)$$67��Y������LQFOXGHV�D�PDQXDO�SLWFK��XS�GRZQ�
DQJOH��IXQFWLRQ�IRU�WUDFNLQJ�XVHUV�LQ�RUGHU�WR�DFFRXQW�
IRU� SHRSOH� RI� GL̆HUHQW� KHLJKWV�� $GGLWLRQDOO\�� WKH�
DFWLRQV�LQ�)$$67�DUH�SURJUDPPHG�WR�EH�WULJJHUHG�DW�
VSHFL¿F�GLVWDQFHV��IRU�H[DPSOH��DQ�LQIRUPDWLRQ�WDEOH�
FDQ�EH�SURJUDPPHG�WR�EH�RSHQHG�ZKHQ�D�XVHU�UDLVHV�
KLV�KHU�DUP����LQFKHV�DERYH�WKH�KHDG��KRZHYHU��LI�D�
FKLOG�RU�SHUVRQ�RI�VPDOO�VWDWXUH�LV�XVLQJ�WKH�V\VWHP��
WKH�DFWLRQ�ZLOO�QRW�EH�WULJJHUHG�LI�KH�VKH�FDQQRW�UDLVH�
KLV�KHU�DUPV�KLJK�HQRXJK�DERYH�WKH�KHDG�

7KH� V\VWHP¶V� SHUIRUPDQFH� LQFUHDVHV� ZKHQ�
WKH�XVHU�GLUHFWO\�IDFHV�WKH�.LQHFW��YLFH�YHUVD��ZKHQ�
WKH� .LQHFW� LV� SRVLWLRQHG� R̆�FHQWUH�� PD\EH� GXH� WR�
URRP�VL]H� FRQVWUDLQWV�� WKH� V\VWHP¶V� SHUIRUPDQFH�
GHFUHDVHV�� 7R� DYRLG� WKLV� SUREOHP��PDUNHUV� VKRXOG�
DOVR�EH�XVHG�LQGLFDWLQJ�ZKHUH�XVHUV�VKRXOG�VWDQG��,Q�
RWKHU�ZRUGV��D�³ERXQGDU\�ER[´��SHUKDSV�WDSH�RQ�WKH�
ÀRRU�� LGHQWLI\LQJ� WKH� LGHDO�GLVWDQFH�DQG�SODFHPHQW�
RI�YLVLWRUV�VKRXOG�EH�PDUNHG�WR�IDFLOLWDWH�PD[LPXP�
SHUIRUPDQFH� RI� WKH� JHVWXUH�EDVHG� V\VWHP�� $ORQJ�
WKHVH� OLQHV��PDUNHUV� LQGLFDWLQJ� WKH� LGHDO� GLVWDQFH�
SODFHPHQW� RI� FKLOGUHQ� FRPSDUHG� WR� DGXOWV� DUH�
DOVR� LPSRUWDQW�� :H� VXJJHVW� D� VHW�XS� WHVW� WKDW�
DOORZV�YLVLWRUV�WR�LGHQWLI\�WKH�RSWLPDO�GLVWDQFH�DQG�
SODFHPHQW�IURP�WKH�GLVSOD\�

$FFRUGLQJ� WR� RXU� WHVWV�� WKH� V\VWHP¶V�
SHUIRUPDQFH� LQFUHDVHV� ZKHQ� XVHU� JHVWXUHV� DUH�
UHODWLYHO\� VORZ� DQG� ZHOO�GH¿QHG�� :H� VXJJHVW� WKDW�
WKH� VHW�XS� WHVW� DOVR� JXLGHV� YLVLWRUV� WKURXJK� HDFK�
RI� WKH� JHVWXUHV� UHTXLUHG� WR� QDYLJDWH� WKH� V\VWHP��
SURYLGLQJ�WKHP�ZLWK�IHHGEDFN�RQ�WKH�VXFFHVV�RI�WKHLU�
PRYHPHQWV��,Q�RWKHU�ZRUGV��WKH�VHW�XS�WHVW�VKRXOG�
inform them on the range of movement and speed 
UHTXLUHG�WR�RSWLPDOO\�XVH�WKH�V\VWHP�

7KH� XSSHU� RU� HQWLUH� VNHOHWRQ� LGHQWL¿FDWLRQ�
DQG� JHVWXUH� UHFRJQLWLRQ� DUH� IXOO\� DXWRPDWHG�
SURFHGXUHV�� WKHUHIRUH�� WKH� LOOXPLQDWLRQ� FRQGLWLRQV�
RI� WKH� HQYLURQPHQW� DUH� FUXFLDO� IRU� FRUUHFW� JHVWXUH�
LGHQWL¿FDWLRQ� DQG� FRPPDQG� WUDQVPLVVLRQ�� )RU�
H[DPSOH�� RXU� WHVWV� LQGLFDWH� WKDW� WKH� V\VWHP¶V�

Figure 8. Using gestures to navigate and query information in the QueryArch3D tool
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SHUIRUPDQFH� GHFUHDVHV� ZLWK� ODUJHU� DPRXQWV� RI�
DPELHQW�OLJKW��L�H��QDWXUDO�OLJKW��DQG�LW�DOVR�GHFUHDVHV�
LQ� WKH�SUHVHQFH�RI�KLJKO\� UHÀHFWLYH�REMHFWV� VXFK�DV�
JODVV��,W�LV�VXJJHVWHG�WKDW�WKH�GLVSOD\�EH�KRXVHG�LQ�D�
UHODWLYHO\�GDUN�VSDFH�ZLWK�IHZ�REMHFWV��

,Q� VXPPDU\�� WKH� JHVWXUH�IUHH� GLVSOD\� VKRXOG�
EH�PRXQWHG�LQ�D�VHSDUDWH�URRP�ZLWK�ÀRRU�PDUNHUV�
WHOOLQJ�XVHUV�RI�GL̆HUHQW�KHLJKWV�ZKHUH�WR�VWDQG��DQG�
LQFOXGH�D�VHW�XS�WH[W�IRU�HDFK�XVHU�RU�WUDLQLQJ�VHVVLRQ�
RU� ³JDPH´�RU� ³WHVW´� LQ�ZKLFK� WKH\�EULHÀ\� OHDUQ� WKH�
SURSHU�JHVWXUHV�

4.3 Exhibit content: sample experiences

An important advantage of virtual heritage is 
WKH�DELOLW\� WR� LQFOXGH�PDQ\�W\SHV�RI�PHGLD�VXFK�DV�
SKRWRV� �LQFOXGLQJ� SDQRUDPDV��� GUDZLQJV�� YLGHRV��
PDSV��DQG��'�YLVXDOLVDWLRQV²WKH�4XHU\$UFK�'�WRRO�
QRW�RQO\�GRHV� WKLV� LQ�D�VLQJOH��QDYLJDEOH�95��EXW� LW�
DOVR� DOORZV� XVHUV� WR� SHUIRUP� DWWULEXWH� TXHULHV� E\�
FOLFNLQJ�RQ��'�YLUWXDO�REMHFWV��L�H��VWHODH��EXLOGLQJV��
DQG�VFXOSWXUH��DQG�FDOO�XS�SKRWRV��PDSV��GUDZLQJV��
DQG�WH[WXDO�GHVFULSWLRQV�WKDW�DUH�VWRUHG�LQ�D�VSDWLDO�
GDWDEDVH��0RUHRYHU�� EHFDXVH� WKH� WRRO� LV� D� �'�*,6�
LW� DOVR� DOORZV�XVHUV� WR� SHUIRUP� VSDWLDO� TXHULHV�� IRU�
H[DPSOH��WKH\�FDQ�VHOHFW�DOO�VWUXFWXUHV�EHORQJLQJ�WR�
D� VSHFL¿F� VXE�FRPPXQLW\� ZLWKLQ� WKH� DQFLHQW� FLW\�
RI� &RSDQ� DQG� WKHVH� VWUXFWXUHV� ZLOO� EH� KLJKOLJKWHG�
LQ� WKH� 95� �)LJ�� ���� &RXSOHG� ZLWK� WKH� DELOLW\� WR�
VLPXOWDQHRXVO\�TXHU\��'�PRGHOV��WKH�LQWHJUDWLRQ�RI�
�'�*,6�DQG�FRQWUROOHU�IUHH�LQWHUDFWLRQ�WHFKQRORJLHV�
R̆HU�D�XQLTXH�DQG�LQQRYDWLYH�WR�HQJDJH�DQG�HGXFDWH�
WKH� SXEOLF� DERXW� WKH� DQFLHQW� 0D\D� �VHH� YLGHR� DW�
KWWS���YLPHR�FRP�����������

Another advantage of virtual heritage is that 
LW� LV� HDVLHU� DQG� OHVV� H[SHQVLYH� WR� GHYLVH� GL̆HUHQW�
ZD\V� WR� FRPPXQLFDWH� FXOWXUDO� KHULWDJH� FRQWHQW� WR�
WKH�SXEOLF��:H�R̆HU�IRXU�RSWLRQV�WKDW�R̆HU�GL̆HUHQW�
OHYHOV�RI�LQWHUDFWLYLW\�

Non-interactive Narration��9LGHRV�DUH�SOD\HG�
WKDW�SUHVHQW�D�VWRU\OLQH��RU�QDUUDWLYH��WKDW�ZDV�FUHDWHG�
IURP� WKH� 95� HQYLURQPHQW� LQ� 4XHU\$UFK�'� WRRO��
YLVLWRUV�DUH�QRW�IUHH�WR�H[SORUH�WKH�95�HQYLURQPHQW��

Interactive Narration�� VHOI�JXLGHG� YLUWXDO�
WRXUV�ZKHUH�D�VWRU\OLQH��RU�QDUUDWLYH��LQ�FKURQRORJLFDO�
RU�VHTXHQWLDO�RUGHU�XQIROGV�DV�YLVLWRUV�³ZDON´�DORQJ�
SUH�VHW�SDWKV��YLVLWRUV�DUH�IUHH�WR�H[SORUH�WKH�SUH�VHW�
SDWK�DW�WKHLU�RZQ�SDFH��

Hot-spots:�YLVLWRUV�VHOHFW�KLJKOLJKWHG�ORFDWLRQV�
IURP� RYHUYLHZ� PDS� WR� H[SORUH�� DW� HDFK� RI� WKHVH�
ORFDWLRQV� D� VSHFL¿F� WKHPH�V��� H�J�� FRVPRORJ\�� DUH�
GHVFULEHG� WKURXJK� LQWHUDFWLRQ� �H�J�� URWDWLRQ� RI� �'�
YLUWXDO�REMHFWV�VXFK�DV�D�VWHODH�WR�³UHDG´�KLHURJO\SKV��

Unguided exploration—visitors move around 
IUHHO\�DQG�FOLFN�RQ�DQ\�REMHFW�WR�UHWULHYH�GDWD�IURP�
GDWDEDVH��WKLV�RSWLRQ�DOORZV�YLVLWRUV�WR�PRYH�WKURXJK�
WKH�FLW\�DW�WKHLU�RZQ�SDFH��LQVSHFW�VSHFL¿F�IHDWXUHV��
RU�UHDG�KLHURJO\SKLF�WH[WV��QHZ�NQRZOHGJH�FUHDWLRQ�
LV�OLNHO\��

$Q� H[KLELW²EDVHG� RQ� WKH� 4XHU\$UFK�'� WRRO�
DQG� WKH� FDVH� VWXG\� RI� &RSDQ²FRXOG� EH� XVHG� WR�
HQJDJH� DQG� HGXFDWH� WKH� SXEOLF� DERXW� WKH� DQFLHQW�
0D\D��DQG�DUFKDHRORJ\�PRUH�JHQHUDOO\��6RPH�WRSLFV�
LQFOXGH�

• ([SODLQ� DUFKDHRORJLFDO� PHWKRGV� DQG� WKHRULHV�
XVLQJ� WKH� �'� GLJLWDO� PRGHOV� RI� EXLOGLQJV� ZLWK�
OLQNHG� H[FDYDWLRQ� SKRWRV�� GUDZLQJV�� HWF�� WR� WHOO�
WKH�KLVWRU\�RI�DUFKDHRORJLFDO�UHVHDUFK�DW�&RSDQ��
)RU�H[DPSOH��H[FDYDWLRQV�FRXOG�EH�VHOHFWHG�DQG�
KLJKOLJKWHG�EDVHG�RQ�\HDU�H[FDYDWHG�WR�LOOXVWUDWH�
EURDGHU�FKDQJHV�LQ�WKH�GLVFLSOLQH�RI�DUFKDHRORJ\�
IURP� IRFXV� RQ� FLYLF�FHUHPRQLDO� FHQWUHV� WR�
VHWWOHPHQW�SDWWHUQV��

• 8VH� WKH� UHDOLW\�EDVHG� DQG� �'� 6WXGLR� 0D[�
PRGHOV� WR� LOOXVWUDWH� DQFLHQW�0D\D� FRQVWUXFWLRQ�

Figure 9. East Court as 
it looks today (left) and 
3D digital reconstruction 
of East Court in 
QueryArch3D showing 
now collapsed buildings 
(right).
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WHFKQLTXHV�DQG�PDWHULDOV��

• 9LVXDOLVH� EXLOGLQJV� WKDW� KDYH� EHHQ� FRPSOHWHO\�
GHVWUR\HG�LQ�D�ODQGVFDSH�FRQWH[W��)LJ�����

• ([SODLQ� DQFLHQW� 0D\D� LQGLJHQRXV� FRQFHSWV�
VXFK� DV� FRVPRORJ\�� DVWURQRP\�� WLPH� �0D\D�
FDOHQGDUV���VRFLDO�RUJDQL]DWLRQ��RU�GLYLQH�NLQVKLS��
)RU�H[DPSOH��H[FDYDWLRQV�LQ�WKH�FLW\¶V�PDLQ�FLYLF�
FHUHPRQLDO� FRPSOH[� �3ULQFLSDO� *URXS�� KDYH�
XQFRYHUHG�OD\HUV�RI�DUFKLWHFWXUH�ZLWK�VFXOSWXUH��
LPDJHU\�� DQG� KLHURJO\SKV� VKRZLQJ� WKDW� &RSDQ�
KDG� D� G\QDVW\� RI� VL[WHHQ� NLQJV� WKDW� UXOHG� RYHU�
¿YH� FHQWXULHV� �$�'�� ��������� �$QGUHZV� DQG�
)DVK��������9LVLWRUV�FRXOG�D�JXLGHG�YLUWXDO�WRXU�
WKDW� WUDFHV� WKH� FLW\¶V� G\QDVWLF� KLVWRU\� XVLQJ� WKH�
WHPSOHV�DQG�RWKHU�PRQXPHQWV�WKDW�FLW\¶V�YDULRXV�
NLQJV�FRPPLVVLRQHG��

5. Conclusions and Future Direction

7KLV� SDSHU� KDV� H[SORUHG� WKH� SRWHQWLDO� RI�
LQWHUDFWLYH� WHFKQRORJLHV� WR� IDFLOLWDWH� WHDFKLQJ� DQG�
OHDUQLQJ� E\� OLQNLQJ� WZR� WHFKQRORJLHV�� �'� *,6� DQG�
JHVWXUH�EDVHG� LQWHUDFWLRQ�� IRU� WKH� SXUSRVHV� RI�
GHYHORSLQJ� D� QHZ� V\VWHP� WR� HQJDJH� WKH� SXEOLF� LQ�
DQFLHQW� 0D\D� DUFKDHRORJ\�� %H\RQG� WKH� SUDFWLFDO�
UHTXLUHPHQWV� RI� VHWWLQJ� XS� D� SXEOLF� JHVWXUH�EDVHG�
�'�*,6�H[KLELW��LW�LV�LPSRUWDQW�WR�HVWDEOLVK�OHDUQLQJ�
REMHFWLYHV� DQG� WDNH� LQWR� DFFRXQW� GLYHUVH� OHDUQLQJ�
VW\OHV�� HGXFDWLRQDO� EDFNJURXQG�� DQG� LQIRUPDWLFV�
VNLOOV� �+VX� ������� %\� R̆HULQJ� GL̆HUHQW� LQWHUDFWLRQ�
�GHYLFH� YV�� QDWXUDO�� DQG� LPPHUVLRQ� WHFKQRORJLHV�
FRPELQHG� ZLWK�PXOWLPHGLD� DQG� GL̆HUHQW� OHYHOV� RI�
LQWHUDFWLYLW\� �UDQJLQJ� IURP� D� SDVVLYH� H[SHULHQFH�
VXFK�DV�ZDWFKLQJ�YLGHRV�WR�D�KLJKO\�DFWLYH�H[SHULHQFH�
using the gesture-based system for unguided 
H[SORUDWLRQ� WKURXJK� WKH� DQFLHQW� FLW\� RI� &RSDQ��
H[KLELWLRQ� FXUDWRUV� FDQ� HQJDJH� D� UDQJH� RI� YLVLWRUV�
LQ� WKH� FXOWXUDO� KHULWDJH� RI� WKH� DQFLHQW� 0D\D�� 7KH�
JHVWXUH�EDVHG� V\VWHP� LV� VXLWHG� WR� WRGD\¶V� \RXWK²
YLVXDO�OHDUQHUV�ZKR�DUH�LQWULJXHG�E\��DQG�SUR¿FLHQW�
LQ�XVLQJ�LQWHUDFWLYH�DQG�G\QDPLF�WHFKQRORJLHV��7KH�
V\VWHP� LV� DOVR� ZHOO�VXLWHG� WR� LQGLYLGXDOV� ODFNLQJ�
H[SHULHQFH� ZLWK� FRPSXWHUV� �VSHFL¿FDOO\� XVLQJ�
PRXVH�DQG�NH\ERDUG��RU�KDYH�SK\VLFDO� FRQVWUDLQWV�
EHFDXVH� LW� FDQ� EH� SURJUDPPHG� LQ� PXOWLSOH� ZD\V�
WR� KDYH� ERG\� PRYHPHQWV� FRUUHVSRQG� WR� D� UDQJH�
RI� GL̆HUHQW� JHVWXUHV� �XSSHU� ERG\� YV�� IXOO�ERG\�
LQWHUDFWLRQ���,Q�WKH�IXWXUH��WKH�SURMHFW�ZLOO�FRQWLQXH�
to evaluate the advantages and disadvantages of 

XVLQJ� D� WRXFKOHVV� FRQWURO� V\VWHP� WR� QDYLJDWH� D� �'�
*,6�IRU�DUFKDHRORJLFDO�RXWUHDFK��NHHSLQJ�DQ�H\H�RQ�
WHFKQRORJLFDO�GHYHORSPHQWV�DQG�H[SORULQJ�WKH�UDQJH�
RI�EHQH¿WV�IRU�FXOWXUDO�KHULWDJH��
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1. Introduction

Computer Graphics has completely converted 
the traditional archaeological recording system. 
Currently, “Digital Archaeology” would be the 
best term to refer to it (Earl et al. 2012). Whether 
the information concerns spatial data or physical 
remains, drawings or pictures of the sites, they are 
archived and processed as digital information. 

Thanks to the scholars involved in the process 
of preservation and conservation of the site, the 
archaeological data derived from the Roman Baths 
of Edeta have been recorded following this digital 
methodology. The work has culminated with the 
introduction of realistic virtual restoration of 
WKH� HGL¿FHV�� SULQFLSDOO\� IRFXVLQJ� RQ� HGXFDWLRQDO�
purposes.

The hypothetical restoration has been 
generated taking advantage of accurate spatial data 
Corresponding author: porcelli.v@gmail.com

captured through 3D Laser Scanning. The use of 
WKLV� WHFKQRORJ\� DV� ZHOO� DV� RWKHU� VLJQL¿FDQW� GLJLWDO�
information of the site, has likely turned realistic 
3D virtual models of Roman buildings into useful 
data. In fact, the visualisations might be appreciated 
not just by amateurs of history or inexpert users, 
but also by scientists involved in the analysis of the 
archaeological evidence.

Virtual development of raw geometry, 
traditionally recorded using photogrammetry, CAD 
drawings or even 3D Laser Scanning, has never 
been performed without criticism by experts (Lock 
2003). However, visual representations as drawings 
or paintings of ancient buildings have often been 
produced to support the conservation of cultural 
heritage. Examples of them might be seen in several 
old publications, even though most of them were 
produced for public dissemination. The 3D virtual 
model of the Roman Baths of Edeta, together with all 
the recent virtual reconstructions of archaeological 
sites, should be considered as a transition from 
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those 2D sheets to a modern approach for recording, 
measuring and visualising information in a 3D 
virtual world. 

2. Edeta, the Iberian and Roman Village

Llíria is a small village of 20.000 inhabitants 
lying on the river Turia’s plain, approximately 25km 
northwest of Valencia (Spain). 

On the nearby hill, next to the village Tossal 
de Sant Miquel, the Iberian settlement (Pre-Roman) 
continued to develop and expand from the VIII 
century BC. until the II BC. In the course of the I 
century BC. the new Iberian village was founded on 
the river Turia’s plain and took the name of Edeta, 
DOUHDG\� FRQYH\LQJ� 5RPDQ� LQÀXHQFHV. Afterwards, 
in the Augustan Age, it was converted into a 
Municipium under the Latin Rights (Ius Latinum). 
During the rest of the Roman Empire, the village was 
expanded until it covered more than 20.000m². This 
extension included the central area of the oracular 
sanctuary and the baths (Escrivá Torres and Vidal 
Ferrús 1995:238). In the late phase of the empire 
this important area began to be neglected. The 
ground was reoccupied during the Visigothic Age, 
whereupon a monastery was built and consequently 
abandoned from the second half of the VII century 
AD onwards. 

7KH�¿UVW�H[FDYDWLRQ�FDPSDLJQV�EHJDQ�LQ�WKH�ODVW�
century, during the 70s, discovering the sanctuary 
with the lateral Aedicula and part of the Hospitium. 
Subsequently, the excavations restarted in the 90s 

and in 1994 the male and female baths were found. 
The male baths were extensively excavated, with the 
full structure revealed during the actual excavation 
campaign. The next step for work at this site, regards 
the minor female baths, which will be excavated and 
analysed in the coming years (Escrivá Torres and 
Vidal Ferrús 1995, 238-239).

7KH� PDOH� 5RPDQ� EDWKV� FRQVLVW� RI� VWDLUV� R �̆
of the public street for access into the Basilica 
Thermarum. This building was composed of two 
ÀRRUV�ZLWK� D�SRUWLFR� VXUURXQGLQJ� D� FHQWUDO� DWULXP�
and a small Taberna on the northern side (Fig. 1). 
On the eastern side a central door allowed access 
into the other rooms, in the following sequence: 
Apodyterium – changing room, Frigidarium – cold 
pool, Destrictarium or Unctorium – cold room, 
Laconicum� ±� GU\� VZHDWLQJ� URRP� DQG� ¿QDOO\�� WKH�
Caldarium – hot room. This latter room was arranged 
with a labrum – basin containing cold water, in the 
apse and opposite to it an Alveus – long warmed 
pool, next to high windows positioned at the shortest 
northern wall. Between the Apodyterium and the 
Caldarium, on the northern side, there was the 
Praefurnium, the central structure for the heating 
system of the rooms. The level of conservation is 
excellent, above all, zones of the hypocausts, in 
particular the one beneath the Caldarium (Fig. 2). 

In the last few years, thanks to a desire to 
improve and preserve the facilities in the urban area 
of Llíria, a project of restoration and consolidation 
of the Roman buildings has been carried out. As 
a result, the area has been thoroughly analysed, 
recorded and is currently being converted into 

Figure 1. Photograph. Current view of the Roman Baths 
of Edeta. The cella of the temple (on the left) and the 
Basilica Thermarum are shown. Photograph coming 
from the archive of the project.

Figure 2. Photograph. Current northern view of the 
Hypocaustum of the Caldarium. Photograph coming 
from the archive of the project.
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a museum. The attractive room dedicated to the 
visitors will include videos, panels and an interactive 
virtual 3D model of the Roman Baths, along with 
other devices designed to test augmented reality of 
the archaeological remains. 

3. Data Acquisition

The data used for the project has been 
DFTXLUHG� GXULQJ� WKH� ODVW� \HDUV� XWLOLVLQJ� GL̆HUHQW�
PHWKRGV� ZKLFK� UHÀHFW� WKH� QHZ� WHFKQRORJLHV� DQG�
methodologies in archaeology, computer science 
and topography. 

The 3D reconstruction of the Roman Baths 
has certainly been the main purpose of the entire 
project. However, given other subsequent aims, 
such as the future production of rendered images 
and virtual animations, the model could not be 
composed of a large amount of polygons, rather it 
needed to be particularly light to remain easy to 
handle in the future. 

To make a distinction between the two 3D 
objects, the one generated from 3D Laser Scanning 
and the other modelled with low resolution polygons 
in 3dsMAX, this paper introduces the term of 
“3D mesh”. This term is a standard one, generally 
applied to both types of object, signifying a simple 
3D cube as well as a 3D model generated by means 
of point clouds and often, consisting of millions of 

faces. In this case, to avoid misunderstandings, the 
term “3D mesh” will be cited exclusively for the high 
resolution meshes from 3D Laser Scanning.

With regard to the 3D Laser Scanning of the 
site, the point clouds have been captured using the 
3D Laser Scanner FARO FOCUS 3D. It is compact 
and light, capturing up to 976.000 points/sec and 
reaching a distance up to 120m. Though these 
values are dependent on the features of the objects 
captured, the area and the atmospheric conditions. 
The point clouds were concentrated on the zone 
of the male Roman Bath and the external Temple, 
along with some adjacent buildings. In addition, a 
VLJQL¿FDQW�DPRXQW�RI�DUFKDHRORJLFDO�¿QGV�LQ��'�KDV�
been digitally stored, recognising amongst them: 
capitals, portions of columns, cornices and stones 
from the collapsed naves of the buildings (Fig. 3).

The 3D meshes are extremely useful for 
producing a 3D virtual reconstruction. They 
precisely represent geometric information of the 
archaeological features and often have helped with 
the complete restoration of small objects. Many 
studies have focused on these kinds of projects and 
have ended with high resolution results, therefore 
large optimisation of the meshes is not needed (Patay 
Horváth 2011). These meshes might also represent 
large sites and used as base-plan for restoring 
hypothetic upper shapes. Nevertheless, in order to 
easily handle them, particularly in this case, they have 
to be optimised. This process still takes much more 

Figure 3. Image. View in SCENE of the point cloud of the 
VLJQL¿FDQW�¿QGV� UHFRUGHG�ZLWK��'�/DVHU�6FDQQLQJ��7KH�
shown sphere on the tripod is a common point used for 
matching the others captured point clouds.

Figure 4. Orthophoto. Plan of the Caldarium produced 
ZLWK�SKRWRJUDPPHWU\��'DWD�FRPLQJ� IURP� WKH�DUFKLYH�RI�
the project.
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Figure 5. Image. View of the reconstructed Basilica Thermarum in 
ZLUHIUDPH��+\SRWKHWLF�UHORFDWLRQ�RI�WKH��'�PHVKHV�RI�D�FRUQLFH�DQG�
LWV�WH[WXUHG�YLHZ�LQ�0HVK/DE�

time than starting the model from scratch, 
as, for instance, using simple 2D extruded 
SRO\JRQV�� $QG�� IXUWKHUPRUH� D� VLJQL¿FDQW�
reduction of the resolution implies, in any 
case, loss of spatial information. Hence, 
this paper will describe alternative uses of 
them, explained in detail in the following 
paragraphs.

The 3D Laser Scanning has been 
contemporary with the 3D reconstruction 
of the site. Hence, the data collected 
has not been entirely used to elaborate 
the solids in 3D. In association, general 
photos, photogrammetry and CAD plans 
recorded during previous excavation 
campaigns have supported the 3D reconstruction 
process, occupying a secondary position. The CAD 
plans were drawn from the digital orthophotos. 
The original close-range photos were acquired and 
RUWKR�UHFWL¿HG�XVLQJ�FRPPRQ�SRLQWV�LGHQWL¿HG�ZLWK�
coloured pins placed on the terrain. Apart from 
their use for mapping and matching the photos, the 
pins were placed in order to record their real spatial 
position in the global coordinate system using the 
Total Station. In this case, the Universal Transverse 
Mercator coordinate system. (Fig. 4). Therefore, 
in the few zones where 3D Laser Scanning was not 
yet used, the 3D objects have been modelled from 
the polylines manually drawn in CAD system from 
the orthophotos. Those produced in the described 
manner still conserve signs of human error, 
completely removed by means of the digital process 
performed by the 3D Laser Scanner. Nevertheless, 
the high resolution orthophotos remain useful to 
LGHQWLI\� FKDUDFWHULVWLFV� RI� WKH� ¿HOG� RU� WR� TXLFNO\�
measure distances on the plan in CAD or in a scaled 
printed version.

As detailed, the visual imagery including 
orthophotos and standard photos, supply a visual 
aid in the 3D reconstruction. For this reason, 
several other pictures have been captured in the 
archaeological site to support the project. They allow 
volumetric analysis of the building, recognising 
some existent features on the ground and on the 
walls. They are also helpful to elaborate textures 
subsequently applied on the 3D model. 

Finally, to support the  3D reconstructions, 
other archives have been obtained. Such as, 

photographs coming from other paralleled 
archaeological sites, In particular, Pompeii, 
Perga and Herculaneum. Furthermore, academic 
publications concerning the Roman architecture 
have been consulted, with the intent of knowing 
and understanding it as much as possible. Among 
them, the analysis and research conducted by Peter 
Connolly, Stefano Giuntoli and Maurizio Martinelli 
(Connolly 1994; Giuntoli and  Martinelli 1989).

4. Methodology of the Digital 
Reconstructions

4.1 Spatial interpretation

The 3D reconstruction of the Roman Baths of 
Lliria has been mainly achieved thanks to the experts 
involved in the project. They helped understanding 
the archaeological remains preserved in the area 
and respecting the limits set by the interpretation of 
the ancient architecture. 

The 3D scans of the archaeological remains 
have been relocated in the virtual reconstruction, 
to make hypothesis of their likely ancient position 
and to support rebuilding the collapsed structures. 
For instance, the size of some stones discovered 
in the Hypocaustum of the Caldarium, useful to 
reconstruct the barrel vault. The ancient cornices 
VXSSRUWLQJ�WKH�EHDPV�RI�WKH�¿UVW�ÀRRU�LQ�WKH�Basilica 
Thermarum, retrieving both the dimensions of the 
beams and the distance among them (one cubitus), 
suggesting a bipedalis� ÀRRU� �)LJ�� ���� $GGLWLRQDOO\��
the height of its columns, composing and matching 
together their 3D meshes with their bases and 
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capitals. Another example is the restoration of the 
frame surrounding the monumental gate accessing 
the baths.

The recreated shapes of the perimeter walls 
are undoubtedly correct, as they have been extruded 
from the plans derived from 3D scans. However, the 
height of the restored walls mainly depends on the 
kind of stones employed in the past, on the Roman 
techniques applied, which kept transforming during 
the centuries and also, on similar and contemporary 
buildings. 

One of the main issues have obviously 
concerned the height of the structures, whether 
they had to follow, the example of the Forum Baths 
in Pompeii still well conserved insitu and of the 
same age. Its barrel vault of the Caldarium, clearly 
shows width and height of the building having equal 
measures. In fact, the barrel vault is ½ of the height 
RI� WKH�EXLOGLQJ� �)LJ������7KH�¿UVW�K\SRWKHVLV�PDGH�
for the Caldarium of the Baths of Edeta is shown 
LQ� ¿JXUH� �� DQG� IROORZHG� WKLV� UXOH�� $OWHUQDWLYHO\��
restoring its barrel vault in accordance with the 
classic architectural proportions transmitted by 
Vitruvius, suggesting a proportion of 1/3 (Vitruvius 
Pollio 1761: V). Finally, this latter proportion has 
been adopted for all the principal buildings, given 
that the contemporary Roman baths in Perga 
(Turkey) shows the same typology of stones of Edeta 
and respect Vitruvius’ proportion rules. These have 
been useful for restoring the temple nearby too 
(Vitruvius Pollio 1761: IV).

The comparisons with surviving details 
conserved in others sites or with the measurements 
cited by Vitruvius have been essential. They have 
regarded several 3D objects in the scene, such as, 
WKH�DUUDQJHPHQW�RI� WKH�EHDPV�RQ� WKH�¿UVW�ÀRRU� LQ�
the Basilica Thermarum, the dimension and the 
shape of the storage shelves in the Apodyterium 
or for example, other details as the labrum in the 
Caldarium (Fig. 8), or the wooden benches located 
inside of it.

The existence of some others elements instead, 
LV� FRQ¿UPHG� ORRNLQJ� DW� WKH� UHPDLQV� FRQVHUYHG�
insitu, such as the parapets among the columns or 
the boiler system of the warmed pool. However, 
when the archaeological information have been 
not enough to reconstruct these elements or when 

Figure 6. Photograph. The internal view of the Caldarium 
of the Forum Baths in Pompeii. “The Caldarium of the 
)RUXP�%DWKV´��3RPSHLL�,QWHUDFWLYH��$FFHVVHG�1RYHPEHU�
���� ������ $YDLODEOH� IURP�� KWWS���ZZZ�SRPSHLL�FR�XN�
&'520�)%$7+�)5$0(6�)�����+70�

Figure 7�� 5HQGHUHG� ,PDJH�� 6RXWKHUQ� YLHZ� RI� WKH� ¿UVW�
UHFRQVWUXFWLYH�K\SRWKHVLV�RI� WKH�&DOGDULXP�LQ��GV0$;��
VKRZLQJ� WKH� SDVVDJH� IURP� ZLUHIUDPH� WR� WH[WXUHG� �'�
PRGHO��,Q�WKLV�UHFRQVWUXFWLRQ�WKH�KHLJKW�RI�WKH�EDUUHO�YDXOW�
matches the height of the lateral walls.

Figure 8�� 3KRWRJUDSK�� 9LHZ� RI� D� /DEUXP� FRQVHUYHG�
in Herculaneum. “Ercolano Scavi Archeologici”. 
8QLYHUVLWj� GHJOL� 6WXGL� GL� 1DSROL�� $FFHVVHG� 1RYHPEHU�
���� ������ $YDLODEOH� IURP�� KWWS���ZZZ�HUFRODQR�XQLQD�LW�
IRWR(UFRODQR�WGIB���MSJ�
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Figure 9. Image. View of a general point cloud 
showing the Caldarium, the Praefurnium and part of 
WKH� /DFRQLFXP� �RQ� WKH� ULJKW��� 7KH� VKRZQ� SRLQW� FORXG�
FRQWDLQHG�DSSUR[LPDWHO\������������RI�SRLQWV�

others descriptions coming from ancient epigraphic 
GDWD�KDYH�EHHQ�GL̇FXOW� WR�EH� IRXQG�� WKH��'�VROLGV�
have been mainly modelled following the drawings 
and the illustrations included in the Connelly’s 
(1994) and Giuntoli’s (1989) publications.  

4.2 The software

The virtual reconstruction of the Roman 
Baths of Llíria, has been carried out by means 
RI� GL̆HUHQW� VRIWZDUH�� VSHFL¿FDOO\� GHGLFDWHG� WR�
3D data management. Every task has generally 
its appropriate software. Currently, most of the 
Software-houses are expanding their adaptability, 
with the objective of using only one application 
WR� FRYHU� GL̆HUHQW� ¿HOGV� RI� WKH�&RPSXWHU�*UDSKLFV�
and to compete against their business rivals. For 
instance, using only one platform to manage data 
from 3D Laser Scanning, modelling in low polygons 
and modify raster 2D images at the same time. 

However, for this project, every step has been 
SURFHVVHG�ZLWK� VSHFL¿F� VRIWZDUH��ZKLFK�EHWWHU� DQG�
quicker could process the digital information. With 
concern to the 3D Laser Scanning, the management 
and the matching of the point clouds have been 
performed in SCENE, software released by FARO. 
Whilst, MeshLab has been used for generating and 
optimising the 3D meshes as well as geo-referencing 
them. To produce the 3D virtual reconstruction, 3ds 
MAX 2009 has been the main software employed, 
with occasional utilisation of DraftSight for CAD 
data and REALWORKS by TRIMBLE, especially, 
prior the modelling process, to retrieve information 
from the point clouds. Eventually, the open-source 
software GIMP has been utilised to manage the 2D 
raster images.

4.3 3D modelling

The capability of 3D Laser Scanning to 
support reconstructing the buildings is practically 
shown in the modelling process. Recovering spatial 
information from the 3D meshes and comparing 
them with the 3D reconstruction, to make sure 
the hypothesis respects approximately the original 
evidence.

In order to record the entire site, 43 point 
clouds have been captured, setting 4mm as an 
average distance among the points. Small polystyrene 

spheres have been used to mark the common points 
within the point clouds. After performing this task 
in the program SCENE, the point clouds have been 
imported into MeshLab., The point clouds have been 
cleaned from unnecessary noise, then optimised and 
joined, creating a general point cloud representing 
the archaeological site of Llíria (Fig. 9). The general 
point cloud has been georeferenced using the UTM 
coordinates of three known points recorded during 
the scanning process. They have been converted into 
a 3D mesh, digitally stored and ready for further 
utilisations. 

In addition to the 3D Laser Scanning of the 
site, as above written, the project has also concerned 
WKH�FUHDWLRQ�RI�D�GLJLWDO�GDWDEDVH�RI�VSHFL¿F�UHPDLQV��
+HQFH��DERXW�����VLJQL¿FDQW�¿QGV�KDYH�EHHQ�WKUHH�
dimensionally captured and transformed into 3D 
meshes, approaching in the same described manner, 
though turning upside down the objects to capture 
their back-faces (Fig. 3).

The future purpose of the virtual reconstruction 
implies the elaboration of a 3D model, with a polygon 
count sustainable for the rendering engine (Mental 
Ray), with an attempt to not exceed 1,000,000 
polygons. The utilisation of the high resolution 
point clouds could have increased this value. On the 
other hand, in the case the point clouds were fairly 
UHGXFHG� WR� UHVSHFW� WKH�SDUDPHWHUV��GL̇FXOWO\�� WKH\�
could still show the original shape in some detail, 
producing loss of data. In any case, many perimeter 
walls might be represented with squared shapes 
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composed of few vertexes, enhanced by textures and 
easily renderable.

The quickest and easiest way applied to take 
advantage of the 3D meshes and at the same time 
to minimise the polygon count have principally 
been two. Firstly, by means of the projection of 
2D orthophotos raster images of the point clouds 
in REALWORKS, in order to better recognise the 
contour lines of plans and subsequently, importing 
them into a CAD system to draw polylines 
(Alshawabkeh 2005, 44). 

Secondly, and especially for others details 
challenging to be projected, directly importing the 
point cloud as DXF format in DraftSight (Fig. 10). 
The polylines have been subsequently extruded 
in 3ds MAX to recreate the main volumes. The 
usefulness of the point cloud is represented with its 
points extended three-dimensionally and showing 
already the location of the features in the 3D space 
(Alvaro 2009, 7). 

There were a large number of small 3D meshes 
which had an extremely high spatial resolution, 
composing approximately 350,000 polygons each. 
This indicates that an approach similar to the 3D 
VFDQV� RI� WKH� JHQHUDO� DUHD� FRXOG� EH�PRUH� H̆HFWLYH��
A good example would be extruding the most 
DSSURSULDWH� OLQHV�WKDW�PDWFK�WKH�SUR¿OHV�RI�WKH��'�
meshes of the cornices or the capitals of the columns 
and rotating or extruding them by 360 degrees 
(Kampel and Sablatnig 2003) (Fig. 11).

$� ¿QDO� FRPSDULVRQ� RI� WKH� �'� PHVK� RI� WKH�
HQWLUH�VLWH�ZLWK�WKH�¿QDO�UHFRQVWUXFWHG��'�PRGHO�KDV�

Figure 10. Image. Point cloud of the Basilica Thermarum. 
'UDZLQJ�RI�WKH�SRO\OLQHV�LQ�&$'�

Figure 11. Rendered Image. Passage from high to low 
SRO\JRQ��'�PRGHO�LQ��GV0$;��2Q�WKH�OHIW�WKH��'�PHVK�RI�
WKH�EDVH�RI�D�FROXPQ�ORFDWHG�LQ�WKH�%DVLOLFD�7KHUPDUXP�
UHFRUGHG�ZLWK��'�/DVHU�6FDQQLQJ��2Q�WKH�FHQWUH�DQG�RQ�
WKH� ULJKW�� WKH� ZLUHIUDPH� DQG� WKH� WH[WXUHG� UHVWRUHG� �'�
model.

Figure 12. Rendered Image. Southern view of the 
reconstructed Caldarium. Visual comparison of the 
VWUXFWXUHV� YLVXDOLVHG� DV� ZLUHIUDPH� DQG� WH[WXUHG� �'�
PRGHOV�DVVRFLDWHG�ZLWK�WKH��'�PHVK�RI�WKH�VLWH�

Figure 13. Rendered Image. Northern view of the 
reconstructed Basilica Thermarum. Visual comparison of 
WKH� VWUXFWXUHV� YLVXDOLVHG� DV�ZLUHIUDPH� DQG� WH[WXUHG� �'�
PRGHOV�DVVRFLDWHG�ZLWK�WKH��'�PHVK�RI�WKH�VLWH�
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been performed, considering the possible existing 
discrepancies. Since the solids representing the 3D 
mesh have been intensely minimised and given the 
employment of orthophotos to create some of them 
too. This has been carried out superimposing the 3D 
GDWD�LQ��GV�0$;��REVHUYLQJ�FDUHIXOO\�WKH�GL̆HUHQFHV�
among the surfaces and adjusting the 3D solids 
when required (Figs 12 and 13). 

The aesthetic enhancements of the Roman 
baths and the holy area, especially the furniture 
and some decorations, have been modelled 
ZLWK� PLQRU� VFLHQWL¿F� WHFKQLTXHV�� 1HYHUWKHOHVV��
always attempting to respect the known Roman 
measurements and looking for information through 
the cited publications upon Roman architectural 
styles. 

The photographs have helped with numerous 
aspects of the virtual reconstructions. In the 
modelling process, they have been necessary as 
aid to understand better the volumes and the 
features still preserved in the site. The 3D meshes, 
sometimes store useless details of solids, which can 
be appreciated only acquiring real pictures for the 
VSHFL¿F�SXUSRVH��$Q� H[DPSOH� LV� WKH�Hypocaustum 
of the Caldarium and the Laconicum, where 
interpreting the 3D scans of the complex system of 
conducts and arcs has been extremely complicated. 

Such as described, the pictures of others 
archaeological sites have supported for replicating 
objects partially disappeared in Llíria (Fig. 8). 

Eventually, some high quality photos have 
been utilised to recover information about colours 
and patterns of surfaces, subsequently creating 
textures applied on the virtual Roman buildings 
(Fig. 14).

4.4 The mapping process

Normally, textures occupy an important role 
for generating 3D virtual models. In the video-game 
industry, they often replace the presence of solids in 
the scene to accelerate the rendering process.

In this reconstruction, the aim has mainly 
EHHQ� WKH� VFLHQWL¿F� HODERUDWLRQ� RI� �'� EXLOGLQJV��
highlighting the likely architecture more than its 
likely ancient colours. As a result, the materials and 
their included textures have been secondary in this 
simulation, even because, they mostly depend on 
WKH�W\SH�RI�¿QDO�UHQGHULQJ��*HQHUDOO\��WKH\�DUH�DOVR�
strictly related to the software used for producing 
the virtual images.

Therefore, the materials have been procedurals 
for most of the structures, which are prearranged 
by the software in terms of textures and physical 

Figure 15�� ,PDJH��7H[WXUH� DSSOLHG� RQ� WKH� �'�PRGHO� RI�
the Basilica Thermarum. Hypothesis restored from the 
archaeological evidence.

Figure 14. Photograph. Current view of the remaining 
ZDOOV�FRQVHUYHG�LQ�WKH�%DVLOLFD�7KHUPDUXP��'HWDLO�RI�WKH�
paintings. Photograph coming from the archive of the 
project.
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simulations. They are also directly adapted for the 
rendering engine and others virtual atmospheric 
FRQGLWLRQV�� VXFK� DV�� OLJKWV�� UHÀHFWLRQV� DQG�
refractions. Furthermore, some of the maps have 
been elaborated with the intent of reconstructing 
colours still preserved insitu; for instance, those 
of the columns or the virtual restoration of the 
paintings still conserved on the walls of the Basilica 
Thermarum (Figs 14 and 15).

5. Visualisations of the Virtual Roman 
Baths

The rendered images have not been produced 
DV�VSHFL¿F�¿QDO�SURGXFWV�WR�EH�VKRZQ�LQ�WKH�PXVHXP�
\HW�� VLQFH� WKH� SURMHFW� LV� VWLOO� RQ�JRLQJ�� 7KH� ¿QDO�
purpose is a public display using a transparent touch 
screen device. This will allow a virtual navigation in 
the archaeological site as currently is, together with 
the possibility of generating 3D buildings on the top 
of it, by means of the virtual reconstruction modelled 
and described in this paper. These elements will 
be supported with textual explanations of the area 
visited.

These will be located in the visitors’ hall, in 
front of high window glasses displaying the real 
archaeological remains. The opening date of the 
museum is scheduled for March 2013.

The rendering process has been mainly 
arranged for testing the materials applied on the 3D 
model as well as testing the geometry. Several images 
have been calculated throughout the modelling step 
in Mental Ray, setting up illumination, exposure 
DQG� RWKHU� H̆HFWV� DFFRUGLQJ� WR� WKH� W\SH� RI� LPDJHV�
desired (Fig. 16, 17, 18).

The virtual reconstruction is dynamic, just 
like our interpretation of the past, thus it will 
always be ready for updating with new ideas or 
new information discovered. These could consist 
of virtual images associated to brochures of the 
museum, videos, and future real time rendering for 
extensive interactivity. 

6. Analysing the Results

In this project, 3D Laser Scanning easily 
shows its importance as a tool for recording spatial 
DUFKDHRORJLFDO� LQIRUPDWLRQ�� ,WV� ḢFLHQF\� KDV�

been tested in the whole reconstruction process. 
Recovering measurements for restoring the ancient 
structures, making assumptions about the original 
ORFDWLRQ�RI� WKH� UHPDLQV�DQG�¿QDOO\�� FRPSDULQJ� WKH�
JHQHUDO�GDWD�WR�PDNH�VXUH�WKH�UHFRQVWUXFWLRQ�¿WV�WKH�
real archaeological evidence.

Figure 16. Rendered Image. Virtual Reconstruction 
SURGXFHG�ZLWK�0HQWDO�5D\�LQ��GV�0$;��6RXWKHUQ�LQWHUQDO�
view of the Caldarium.

Figure 18. Rendered Image. Virtual Reconstruction 
SURGXFHG� ZLWK�0HQWDO� 5D\� LQ� �GV�0$;�� 1RUWK�HDVWHUQ�
external view of the male Roman Baths and of the holy 
area.

Figure 17. Rendered Image. Virtual Reconstruction 
SURGXFHG�ZLWK�0HQWDO�5D\�LQ��GV�0$;��6RXWKHUQ�H[WHUQDO�
view of the male Roman Baths and of the holy area.
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The point clouds are extremely accurate, 
depending on the 3D Laser Scanner and its settings. 
However, this precision implies negative aspects as 
well. Dust is quite often captured by the scanning 
equipment, causing anomalies in the architecture of 
certain objects.  The archaeological site was not an 
excellent working area as excavation was still under 
way, causing dirt and dust to be scattered into the 
air, and on surrounding surfaces. Furthermore, 
atmospheric conditions, such as wind and rain, 
could be held responsible for disturbing the process. 
All these conditions can bring the production of 
noise in the point clouds, meaning more time in the 
ODERUDWRU\�FUHDWLQJ�PRUH�UH¿QHG��'�PHVKHV��

Traditional Total Stations can become tedious 
when there are numerous points which need to be 
recorded. 3D laser scanners can obtain these points 
ZLWK�D�IUDFWLRQ�RI�WKH�WLPH�DQG�H̆RUW��7KH�RQO\�LVVXH�
with the use of a scanner in this project concerns the 
co-ordinate system of the general point cloud, as 
the scanner utilised does not provide an integrated 
Total Station. This problem was overcome by 
transforming the point clouds or 3D meshes using 
three points previously geo-referenced with the 
Trimble VX Spatial Station. This enables the ability 
to georeference 3D points with a minimum standard 
GHYLDWLRQ�RI���PP�DW�����P���

The software currently in use permits an 
intense optimisation of the shapes but requires 
time, and can result in a loss of a small amount of 
data. This loss of data has encouraged the use of 
polylines that match the sections and plans of 3D 

meshes. Millions of points can then be controlled 
and reduced to only a handful of data if needed, 
minimising the surfaces which are then present in 
a 3D model. This can reduce rendering time, size 
RI� ¿OHV� DQG� LQFUHDVH� SHUIRUPDQFH� RQ� LQWHUDFWLYH�
software equipment.

The use of 3D laser scanning in this project has 
been important in the virtual reconstruction of the 
hypocaustum. The shapes of the remaining arches 
and their location have been utilised for restoring 
those that have collapsed. Virtual reconstructions 
of the arches are then included over the tops of the 
marks shown in the orthophoto, thus complementing 
and completing the laser scanned model (Fig. 12).

An interesting discovery in terms of 
visualisation has been the restoration of the small 
archaeological remains, such as the Tuscan order 
capitals of the columns located in the Basilica 
Thermarum. This operation has been hard to 
achieve with a small recorded capital showing 
a poorly conserved Corinthian order, due to the 
intricate pattern of the decorated acanthus leaves. 
The restoration of the surviving cornices has been 
treated in the same manner, by extruding the 
sections of their longitudinal curves previously 
recovered from the 3D meshes.

All the digital information has been correctly 
georeferenced, positioning the real coordinate point 
30s 706458.96 4389550.93 100 UTM at the 0 0 0 
UCS in 3ds MAX and processing on a one to one 
scale. Both 3D meshes and the 3D reconstructions 

Figure 20. Rendered Image. Virtual Reconstruction 
SURGXFHG� ZLWK� 0HQWDO� 5D\� LQ� �GV� 0$;�� 7KH� %DVLOLFD�
7KHUPDUXP� DQG� WKH� 7DEHUQD�� +\SRWKHWLF� UHORFDWLRQ� RI�
WKH�EDVH�RI�D�FROXPQ��FDSWXUHG�ZLWK��'�/DVHU�6FDQQLQJ��
2Q�WKH�WRS��LWV�WH[WXUHG�YLHZ�LQ�0HVK/DE�

Figure 19. Rendered Image. Virtual Reconstruction 
SURGXFHG�ZLWK�0HQWDO�5D\�LQ��GV�0$;��(QWUDQFH�WR�WKH�
Roman Baths. Hypothetic relocation of an element of the 
DQFLHQW�IUDPH��FDSWXUHG�ZLWK��'�/DVHU�6FDQQLQJ��2Q�WKH�
ULJKW��LWV�WH[WXUHG�YLHZ�LQ�0HVK/DE�
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are comparable to each other. This technique has 
been successful in identifying zones or details left 
out during the reconstruction. 

The parts in the virtual reconstruction that 
represent missing data are based on the epigraphic 
data and contemporary structures. This data was 
acquired by architects and archaeologists with 
VSHFL¿F� VNLOO� VHWV�� $Q� DFFXUDWH� PRGHO� ZDV� WKHQ�
reconstructed with principal ideas focussed upon 
an interactive virtual model which will be available 
to the general public. An example is shown in 
Figures 19 and 20, where the 3D meshes and the 
3D objects have been superimposed onto original 
data in rendered images. This will assist in testing 
WKH� K\SRWKHWLFDO� ORFDWLRQV� RI� WKH� ¿QGV� DQG� DOVR� WR�
arrange a likely way of visiting the museum.

The discussions among experts to achieve a 
FRUUHFW� UHVWRUDWLRQ�KDYH� VLJQL¿FDQWO\� VORZHG�GRZQ�
the modelling process, but this is essential to create 
an accurate reconstruction and to set appropriate 
measurements. Originally, the average height of 
the male Roman Bath was estimated to be 7.5m, 
but eventually it was decided a more accurate 
measurement of 12.5m. This is due to several reasons. 
These reasons include rendered images with the 
introduced daylight system, and most importantly, 
measurements from similar foundations in Perga.

The daylight system has been arranged at 
the pre-set time 12:00pm, while a Physical Sky 
has been used as a shader, with CIE Clear Sky as 
a virtual sky model to assist the calculation of the 
brightness in the scene. The closed perimeter of the 
Basilica Thermarum with only one door accessing 
the outside Palestra�GHPRQVWUDWHV�WKDW�WKH�GL̆XVLRQ�
RI�OLJKW�LQVLGH�RI�LW�KDG�WR�EH�VLJQL¿FDQWO\�ORZ��7KLV�
LV�GXH�WR�WKH�IDFW�WKDW�WKH�RSHQHG�DUFKHV�RI�WKH�¿UVW�
ÀRRU� KDG� WR� EH� ORFDWHG� DW� DERXW� ����P�� DERYH� WKH�
upper pediment sustained by the columns. The 
next high walls of the Apodyterium on the east and 
WKH�QRUWKHUQ�URRPV�ORFDWHG�RQ�WKH�¿UVW�ÀRRU�RI�WKH�
Basilica had to further reduce the contribution of 
OLJKW� LQ� WKH� JURXQG�ÀRRU�� $Q� H[DPSOH� LV� VKRZQ� LQ�
Figure 20.

According to the rendered images the global 
LOOXPLQDWLRQ�RI�WKH�RWKHU�VWUXFWXUHV�KDG�WR�EH�D̆HFWHG��
HVSHFLDOO\� DW� ÀRRU� OHYHO�� ,Q� WKH� Apodytherium, a 
semicircular window with a diameter of 7.70m has 

been opened on the southern wall (Fig. 18), matching 
the size of the barrel vault and extending the shape 
of a previous hypothesis. Following a similar idea, 
trapezoidal windows have been adapted to the 
rendered environment of the Laconicum and the 
apse of the Caldarium (Fig. 16). However, even if 
WKH� LOOXPLQDWLRQ� V\VWHP� KDV� VRPHZKDW� LQÀXHQFHG�
shapes and sizes of some details, it has occupied a 
secondary position in the reconstruction process.

7. Conclusions and Outlook

Recently, the utilisation of 3D Laser 
scanners for archaeological survey has increased, 
converting these devices into fundamental tools 
LQ� WKH� ¿HOG�� 7KH� GLJLWDO� VWRUDJH� RI� DFFXUDWH� �'�
VSDWLDO�LQIRUPDWLRQ�DOORZV�LQ¿QLWH�IXUWKHU�VFLHQWL¿F�
analysis and application. 3D virtual reconstructions 
and simulations of the past shall still be developed, 
as they veil immeasurable potentialities for visually 
supporting the researchers and educating the public. 
The capability of 3D Laser scanning in archaeology 
DQG�LWV�DELOLW\�WR�DGG�PRUH�VFLHQWL¿F�DSSHDUDQFHV�WR�
3D reconstructed ancient environments has been 
exhaustively tested throughout this project.

With regards to the Roman Buildings of Edeta, 
WKH�DUHD�LV�VWLOO�XQGHU�UHVHDUFK��LPSO\LQJ�GL̇FXOWLHV�
for a correct virtual restoration of the structures, 
ERWK� LQ� WHUPV� RI� QHZ� ¿QGV� GLVFRYHUHG� DQG� QHZ�
assumptions made. Furthermore, there are still some 
areas which need to be excavated in the future, such 
as the female baths. This might bring new ideas and 
transform the proportions of the actual 3D model as 
well. As a consequence, the virtual reconstruction is 
a dynamic object, always ready to be reviewed and 
improved with new features.

To conclude, the “Comunitat Valenciana” is 
rich in traditions, history and art. The promotion 
of the knowledge of the village of Llíria and the 
dissemination of its worldwide cultural heritage 
by means of new graphic technologies is truly 
appreciable. The restoration of archaeological 
remain using virtual technologies is still one of the 
PRVW� H̆HFWLYH� ZD\V� IRU� WKH� SXEOLF� WR� XQGHUVWDQG�
the past. Digital reconstructions elaborated by the 
VFLHQWL¿F� FRPPXQLW\� ZLWK� DQ� DQDO\WLFDO� DSSURDFK��
elevates the quality of the virtual immersion into the 
SDVW��5HVHDUFKHUV�DUH�DOORZHG�WR�PDNH�LQ¿QLWH�DQG�
LQYDVLYHQHVV�PRGL¿FDWLRQV�RI�WKH�YLUWXDO�VWUXFWXUHV�
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1. Introduction1

 The digital reconstruction of the Baths of 
Caracalla began because I required an accurate 
representation of the air volume inside the 
caldarium or room with hot baths to create a mesh 
for a computational investigation of its thermal 
environment. This, however, quickly evolved into an 
LQWHUHVWLQJ��\HW�GL̇FXOW��UHFRQVWUXFWLRQ�RI�WKH�HQWLUH�
bathing complex for the Institute for Advanced 
Technology in the Humanities (IATH) project, Rome 
Reborn; the goal of which is to rebuild the city of 
Rome digitally as it existed in the fourth century CE. 
The baths’ reconstruction requires careful attention 
WR�PDQ\�GL̆HUHQW�IDFHWV��IURP�URRP�GLPHQVLRQV�WR�
mosaic patterns. For those unfamiliar with the site, 
the Baths of Caracalla is a large 2.4 hectare complex 
in the middle of an 8.9 hectare walled garden in 
southeast Rome built between 212 and 216 CE. It 
included exercise rooms, saunas, a swimming pool, 
as well as three rooms with varying temperatures of 
bath water. Even though much of the structure still 
exists, the publically available data is surprisingly 
sparse. Given the complexity of the Baths, I decided to 
use a parametric modeling suite which necessitated 
the use of a second program for the application of 
textures. This paper provides a brief methodological 
overview of this reconstruction, the archaeological 
data as well as on-site observations from 2008. In 
so doing, the paper will make apparent the major 
EHQH¿WV� DQG� VWXPEOLQJ� EORFNV� RI� SDUDPHWULFDOO\�
modeling the Baths of Caracalla.
Corresponding author: taylor.a.oetelaar@gmail.com

2. Software

 Because of its parametric capabilities, I 
chose to use the engineering computer-aided design 
(CAD) program, Dassault Systèmes’ SolidWorks, 
for the geometrical portion of the reconstruction. 
In parametric design, as the name suggests, the 
researcher creates features by drawing shapes 
DQG� GH¿QLQJ� PRGL¿DEOH� SDUDPHWHUV� WR� KROG� WKH�
shapes in place. This allows for easy manipulation 
of pieces of the design if new information becomes 
available. However, the program is based on 
mathematical formulae, which limits the creativity 
of the researcher. Since parametric programs are 
based on mathematical formulae, forming intricate 
curves, such as a Corinthian capital, can be time-
consuming and frustrating if not impossible. This 
is why parametric programs are almost always 
engineering-based. Therefore, for the more artistic 
¿QLVKLQJ�GHWDLOV��VXFK�DV�WH[WXUH�DSSOLFDWLRQ��,�XVHG�
Autodesk’s 3ds MAX.

3. Geometry

The catalyst for this reconstruction was Janet 
Delaine’s exhaustive study (1997), which included 
WKH�ÀRRU�SODQ��)LJ�����$V�RQH�FDQ�VHH�� WKH�EXLOGLQJ�
is very symmetric about an ‘axis’ of four central 
rooms. In an appendix she lists measurements 
of wall lengths, door widths and heights, window 
widths and heights, window sill heights and niche 
widths and heights of most rooms. However, the 
data are incomplete. In some cases, DeLaine could 

Reconstructing the Baths of Caracalla
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The Baths of Caracalla are a large public bathing complex or thermae built between 212 and 216 CE and the 
building itself covers an area of approximately 2.4 hectares. The initial purpose of this reconstruction was 
WR�UHFUHDWH�WKH�FDOGDULXP�±�D�URRP�ZLWK�KRW�EDWKV�±�IRU�D�WKHUPRÀXLG�DQDO\VLV�WR�GHWHUPLQH�LWV�WKHUPDO�
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small doorways, both were most likely reserved for 
servants and maintenance people. Before visiting 
the site in 2008, I had based my reconstruction 
largely on fragments contained within DeLaine’s 
scale drawings. However, on site, I noticed the 
remains of a hanging staircase on the east wall of 
15W (Fig 2) as well as a very narrow opening in 
the south wall of the opening with stairs leading 
upward which completely changed my opinion of 
WKHVH�URRPV��7KLV�LV�ZKHUH�RQH�RI�WKH�PDMRU�EHQH¿WV�
of parametric design becomes apparent. I was able 
to work on the interior of these two rooms without 
modifying the general superstructure or any of the 
adjoining rooms. I still think, however, that there 
is a missing aspect to the recreation of these rooms 
that requires further research. The reconstruction of 
these four rooms is tenuous and highly speculative.

 The roofs were the next obstacle. While 
the vaulting was straightforward, the topsides were 
problematic, not because of a geometrical concern, 
but because the presence of rooftop terraces is 
ambiguous. Some reconstructions have gabled 
roofs on many of the major rooms while others 
�LQFOXGLQJ� 'H/DLQH¶V�� KDYH� DOO� URRIV� DV� EHLQJ� ÀDW��
This reconstruction was somewhere in the middle. 
I observed remnants of staircases above 11W and 
from 18W to the roof of the portico above 12W while 
on site in 2008, which is corroborated by Brödner 
(1951). This, when combined with the lightwells in 
the staircase on the north wall of Room 3c, suggest 
that there were terraces on Rooms 4E/W-11E/W 
and on the top of the portico of Room 12E/W.

Figure 2. Picture of the east wall of 15W showing the 
outline of stairs (Photo credit: Joy Oetelaar).

not give a dimension of a particular feature, either 
due to issues of access or preservation. For example, 
the N window of Room 1E is missing but DeLaine 
listed the N window dimensions of Room 1W so, 
based on the symmetry, I used the same dimensions 
for both windows. Even excluding the unattainable 
dimensions, her catalogue, though extensive, is not 
inclusive. Her most noticeable omissions are the 
placement of the doors, windows, and niches in the 
walls. Fortunately, for these, I measured DeLaine’s 
scale drawings and came up with approximate 
dimensions.

7KH�¿UVW�VWHS�LQ�WKLV�SURFHVV�ZDV�WKH�URRP�E\�
room extrusion of the walls from sketches of their 
ÀRRU�SODQ��+RZHYHU�� WR�PDNH� WKH�SURFHVV� HDVLHU�� ,�
PRGL¿HG�WKH�URRPV�IURP�TXDGULODWHUDO�WR�UHFWDQJXODU�
– meaning all corners met at ninety degrees – by 
averaging opposing wall lengths. In most cases, 
WKH� GL̆HUHQFH� ZDV� WZR� RU� WKUHH� FHQWLPHWUHV� RQ� D�
wall measuring up to twenty metres, a relatively 
LQVLJQL¿FDQW� DPRXQW�� 3DUDOOHO� ZDOOV� DOVR� DOORZHG�
a simple extrusion to create the vaults instead of 
using a complicated, somewhat unpredictable loft. 
I completed the walls by adding the niche sills and 
lintels. This slide shows the reconstruction after the 
extrusion of the walls. Subsequently I added the 
door lintels, the window sills, and window lintels.

 Rooms 15E/W and 16E/W required 
special attention because the data are particularly 
sparse due to access limitations. Rooms 15E/W 
are open-aired and 16E/W are at least two-storeys, 
possibly three, but, based on the comparatively 

Figure 1. Floor plan of the Baths of Caracalla.
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4. Texturing

 With the geometry complete, the next step 
in the reconstruction was texturing. This is where the 
major drawback of SolidWorks becomes apparent. 
As an engineering design program, any models look 
metallic and the program’s rendering capability is 
limited. Therefore, as mentioned earlier, I chose 
3ds MAX to apply the textures. The transition 
process, however, was not easy as 3ds MAX cannot 
open SolidWorks� ¿OHV� GLUHFWO\� DQG� ,*(6�±� D� &$'�
LQWHUFKDQJH�¿OH�IRUPDW�±�GLG�QRW�SURYLGH�DGHTXDWH�
results. I found the best alternative was to open 
the SolidWorks� ¿OHV� GLUHFWO\� LQ� DQRWKHU� SURJUDP��
McNeel’s Rhino 4, and saving the model as a 3D 
6WXGLR�¿OH��,Q�HVVHQFH��,�UHTXLUHG�D�WHUWLDU\�SURJUDP�
to ensure the best results. The problem then became 
the large mesh size and the limitations associated 
with high memory demands. The intricacy of the 
Baths of Caracalla turned into a drawback because 
creating the mesh of the entire building required 
more computer memory than I had available. 
Instead of importing the entire model, it was better 
to import groups – superstructure, frames, glazing, 
PRVDLF�ÀRRUV�� VXEÀRRU�� FROXPQV�� WHUUDFH� DQG� WLOHG�
roofs, and pool water. This also made applying the 
texture simpler because, for example, applying the 
bronze texture to all the frames at once is easier than 
applying it to each frame individually. To create the 
mesh of the superstructure, though, I had to break 
the complex down further into three blocks – the two 
wings and the central rooms. Since their coordinate 
system origins were the same, the reassembly of the 
groups was a simple importation.

 Because the decorative scheme is largely 
unknown and reconstructing it requires specialized 
expertise, the textures themselves were generic. 
However, I did attempt a reconstruction of the 
PRVDLF�ÀRRUV��,�XVHG�GUDZLQJV�IURP�%ORXHW���������
I only had access to the microform version which 
was black and white so I extrapolated the colour 
scheme based on the fragments of mosaic still 
in situ, however, the assumption that the colour 
scheme remains similar throughout the baths is 
questionable as evident by the remnants. Room 3 
and its subsidiaries (a-d) were all black with white 
detailing while Room 12 had white, tan, green, 
and maroon with some sea green accents. This 
interpretation used the colours of Room 12 to try to 
ensure some degree of continuity (Fig 3).

5. eDrawings

 As shown previously, parametric design 
provides both advantages and drawbacks. One 
DGGLWLRQDO�EHQH¿W�RI�XVLQJ�6ROLG:RUNV�VSHFL¿FDOO\�LV�
Dassault Systèmes’ eDrawings program. eDrawings 
is a free downloadable program which allows the user 
WR�YLHZ�DQG�PDQLSXODWH�¿OHV�FUHDWHG�LQ�6ROLG:RUNV��
One can rotate parts, pan, zoom in or out, and take 
select cross-section views. These allow the user to 
view a particular model from almost any vantage 
point which is particularly useful when disseminating 
information to a lay audience. However, one of the 
most valuable features for scholarly applications is 
the ability to measure anything on the model. With 
this, one can share a catalog of dimensions in the 
FRQWH[W� RI� WKH� RYHUDOO� EXLOGLQJ� ZLWK� RQH� ¿OH�� 7KLV�
eliminates some of the uncertainty associated with 
many tabular catalogs, including DeLaine’s, as they 

Figure 3.�5HFRQVWUXFWHG�PRVDLF�ÀRRU�WLOLQJ�RI�WKH�%DWKV�
of Caracalla.

Figure 4. Reconstructed view of the Baths of Caracalla.
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need more dimensions than they logistically have 
room for. With the ability to take any dimension, 
the onus then falls on the creator of the model to 
ensure accuracy. The main downside of eDrawings 
is that, since it was designed for engineering use, 
its rendering capabilities are limited so texturing 
is not advised. However, a monochrome model 
FDQ� ḢFLHQWO\� VKRZ� WKH� JHRPHWU\� DQG�� E\� XVLQJ�
SolidWorks, eDrawings provides another way to 
HDVLO\�DQG�FRVW�H̆HFWLYHO\�VKDUH�UDZ�GDWD�ZLWK�ERWK�
other scholars and the general public.

6. Conclusions

 This digital reconstruction of the Baths of 
Caracalla (Fig 4) relied heavily on the work done by 
DeLaine. Her composite of dimensions and scale 
drawings provide its foundation. However, there 
were perplexing aspects and missing elements which 
necessitated assumptions and, because of these, 
the recreation is not static. The data surrounding 

Rooms 15E/W and 16E/W were incomplete and 
problematic thereby making their recreation highly 
speculative. Furthermore, the decorative scheme as 
LW�VWDQGV�QRZ�GRHV�QRW�WUXO\�UHÀHFW�WKH�RSXOHQFH�RI�
the Baths as they existed in antiquity. Hopefully, 
though, this model still gives the impression of 
immensity that an Imperial thermae possessed. 
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1. Introduction

A natural instrument of gaining knowledge is 
measurement; it is an action that associates quantity 
information with quality information in order to 
GH¿QH�D�VKDUHG�DQG�LQWHUVXEMHFWLYH�NQRZOHGJH�RI�WKH�
UHDO�HQYLURQPHQW��$FKLOOH�DQG�0RQWL���������������

0DQ\� RI� WKH� QXPHURXV� RQ�JRLQJ� DQG� SDVW�
UHVHDUFK� DFWLYLWLHV� KDYH� KDG�� DQG� VWLOO� KDYH�� WKH�
SXUSRVH� RI� VWXG\LQJ�� H[SORULQJ� DQG� GHYHORSLQJ�
WKH� WHFKQLTXHV� IRU� GLPHQVLRQDO� VXUYH\� DQG� �'�
UHFRQVWUXFWLRQ� RI� REMHFWV� DQG� VXUIDFHV�� 6SHFLDO�
DWWHQWLRQ�KDV�EHHQ�JLYHQ�WR�WKH�PHWURORJLFDO�DVSHFWV�
RI� WKH� SUREOHP�� E\� FRPSDULQJ� WKH� ³WUDGLWLRQDO´�
VXUYH\�PHWKRGV�DQG�PRUH�UHFHQW�DSSOLFDWLRQV�

:LWK� WKH� SXUSRVH� RI� DFKLHYLQJ� WKH� PRVW�
DFFXUDWH� DQG� UHOLDEOH� XQGHUVWDQGLQJ� RI� WKH� ZRUNV�
RI� DUW�� ZH� IRXQG� WKH� SRVVLELOLW\� RI� XVLQJ� RSWLFDO�
WHFKQRORJ\� IRU� VWXG\LQJ� FXOWXUDO� REMHFWV�� ZKLFK�
ZHUH�H[SORUHG�LQ�UHFHQW�\HDUV�WKDQNV�WR�WKH�SURJUHVV�
PDGH� LQ� WKH� FRPSXWLQJ� DQG� RSWLFDO� HOHFWURQLFV�
¿HOGV�� ,Q� SDUWLFXODU�� ZH� KDYH� ZLWQHVVHG� WKH� UDSLG�
GHYHORSPHQW�RI��'�RSWLFDO�VFDQQLQJ�WHFKQRORJLHV�WR�
XQGHUVWDQG� WKH� IRUP�RI�KLJKO\�FRPSOH[�VWUXFWXUHV��
Corresponding author: martinaballarin@hotmail.it

D�GHYHORSPHQW� WKDW�KDV�FRQ¿UPHG�LWV�H̆HFWLYHQHVV�
DV�D�PHWKRG�IRU�DQDO\VLQJ�DQG�FRQVHUYLQJ�&XOWXUDO�
+HULWDJH� �%LWHOOL� ������ 3HORVR� ������� $OVR�� LQ� WKH�
DUFKDHRORJLFDO� ¿HOG� WKH� XVH� RI� WKHVH� WHFKQLTXHV� LV�
GHYHORSLQJ�YHU\�IDVW��LQ�VSLWH�RI�WKHLU�FRVWV��,Q�IDFW��
RIWHQ�DUFKDHRORJLVWV�IHHO�WKH�QHHG�IRU�D�IDVW�DQG�QRQ�
LQYDVLYH� GRFXPHQWDWLRQ� RI� REMHFWV�� DUWHIDFWV� DQG�
VLWHV�

)RU�\HDUV��WKH�/DERUDWRU\�RI�3KRWRJUDPPHWU\�
RI� WKH� 6\VWHP� RI� /DERUDWRULHV� WKDW� EHORQJV� WR�
,8$9� 8QLYHUVLW\� LQ� 9HQLFH� KDV� EHHQ� ZRUNLQJ�
LQ� WKH� DUFKDHRORJLFDO� ¿HOG�� WU\LQJ� WR� DSSO\� WKH�
PHWKRGRORJLHV�RI�WKH�*HRPDWLFV�WR�&XOWXUDO�+HULWDJH��
DQG�DUFKDHRORJ\�LQ�SDUWLFXODU��2Q�WKH�RWKHU�VLGH��WKH�
/DERUDWRU\�KDV�EHHQ�LQYROYHG�LQ�WKH�H[SHULPHQWLQJ�
RI� LQVWUXPHQWV� DQG�PHWKRGV� SHU� VH�� DOZD\V� WU\LQJ�
WR�NHHS�XS�ZLWK�WKH�ODWHVW�WHFKQRORJLFDO�LQQRYDWLRQV�
DQG� HYDOXDWLQJ� WKHP� LQ� WHUPV� RI� RSHUDELOLW\� DQG�
IHDVLELOLW\�� DV� LQ� WKLV� ¿HOG� LW� LV� YHU\� LPSRUWDQW� WR�
PDLQWDLQ�D�WLJKW�FRQQHFWLRQ�WR�WKH�SUDFWLFH�

7KLV�SDSHU�FRQFHUQV�VRPH�UHVXOWV�RI�D�VHYHUDO�
\HDU� ZRUN� RI� WKH� /DERUDWRU\� RI� 3KRWRJUDPPHWU\��
:H�ZLOO�SUHVHQW�WZR�FDVH�VWXGLHV�VHW�LQ�WZR�GL̆HUHQW�
SDUWV�RI�,WDO\��WKH�$UHQD�RI�9HURQD��LQ�1RUWKHUQ�,WDO\��
DQG�WKH�$PSKLWKHDWUH�RI�*UXPHQWXP��LQ�6RXWKHUQ�
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Abstract:
For many years the Laboratory of Photogrammetry of IUAV University has been experimenting 
LQVWUXPHQWV�DQG�PHWKRGV�IRU�WKH�SKRWRJUDPPHWULF�DQG�ODVHU�VFDQQLQJ�VXUYH\�LQ�WKH�DUFKDHRORJLFDO�¿HOG��
7KH�ODERUDWRU\�ZDV�ERUQ�IRU�WKH�VWXG\�RI�DUFKLWHFWXUH��EXW�LW�DOVR�IRXQG�D�ORJLFDO�DSSOLFDWLRQ�¿HOG�LQ�WKH�
survey of archaeological architecture, that is those ancient monuments of which we still have remarkable 
SDUWV� LQ� HOHYDWLRQ�� 7KH� DPSKLWKHDWUH� LV� RQH� RI� WKH� W\SRORJLHV� ZH� VWXGLHG� WKURXJK� VHYHUDO� VXUYH\LQJ�
FDPSDLJQV��7KH�VXUYH\V�XQGHUWDNHQ�XQWLO�QRZ�DQG�WKH�RQHV�WKDW�ZH�DUH�VWLOO�SODQQLQJ�ZLOO�DOVR�SURYLGH�
data to aliment a particularly fertile research project of our University concerning the shape of the 
DPSKLWKHDWUHV��,Q�WKH�SDSHU�ZH�ZLOO�SUHVHQW�WKH�UHVXOWV�RI�WKH�UHVHDUFKHV�FRQGXFWHG�RQ�WKH�DPSKLWKHDWUHV�
of Verona and Grumentum, with particular attention to the methodologies used and the new applications 
FXUUHQWO\�LQ�SURJUHVV�XVLQJ�8$9V�RQ�VRPH�RWKHU�DPSKLWKHDWUHV�
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RUWKRJRQDO� DV� SRVVLEOH�� 7KH� WRSRJUDSKLF� QHW� ZDV�
DOVR�XVHG�KHUH�WR�DFTXLUH�WKH�FRRUGLQDWHV�RI�SRLQWV�
LQ�RUGHU�WR�RULHQW�WKH�LPDJHV��%DOOHWWL�HW�DO��������

7KH� VSHFLDO� FRQIRUPDWLRQ� RI� WKH� SODFH� DQG�
VRPHWLPHV�WKH�GL̇FXOWLHV�FRQFHUQLQJ�WKH�RSHUDWLRQV�
UHTXLUHG� SDUWLFXODU� LQVWUXPHQWV� DQG� PHWKRGV�� ,Q�
RUGHU�WR�REWDLQ�WKH�EHVW�UHVXOWV��ZH�WULHG�WR�DFTXLUH�
WKH� SKRWRJUDPV� LQ� WKH� EHVW� SRVVLEOH� ZD\�� ZKLFK�
LQYROYHG�WZR�VSHFLDO�³WRROV´��)LJ�����

• %RRP� WUXFN� WR� KDYH� SKRWRJUDPPHWULF� LPDJHV�
DV� RUWKRJRQDO� DV� SRVVLEOH�� HYHQ� IRU� WKH� KLJKHVW�
areas;

• 2WKHU� W\SHV� RI� HOHYDWLRQ� V\VWHPV� WR� UHDFK� WKH�
KLJKHVW�DUHDV�DOVR�LQVLGH�WKH�YDXOWHG�SDUWV�RI�WKH�
$UHQD�

,Q� WKH� DSSOLFDWLRQ� ¿HOG� RI� WKH� $UHQD� RI�
9HURQD�� ZH� XVHG� DOO� WKH� ODWHVW� GHYHORSPHQWV� RI�
GLJLWDO� SKRWRJUDPPHWU\� WKDW� PHDQV� QRW� MXVW� WKH�
VWHUHRVFRSLF� UHVWLWXWLRQ� RI� GLJLWDO� LPDJHV�� DXWR�
FRUUHODWLRQ��DXWRPDWLF�'(0��SUR¿OH�H[WUDFWLRQ��HWF���
EXW� DOVR� JHRPHWULF� HODERUDWLRQ� RI� GLJLWDO� LPDJHV�±
IURP� UHFWL¿FDWLRQ� WR� RUWKRLPDJHV� DQG� �G� PRGHOV�
�%DOOHWWL�HW�DO��������

,Q�������DIWHU�WKH�/DERUDWRU\�DFTXLUHG�WKH�ODVHU�
VFDQQHU�5LHJO�/06�=���L�� WKH�DUFKHV�RI� WKH�$UHQD�
VHHPHG�OLNH�WKH�SHUIHFW�DSSOLFDWLRQ�¿HOG�WR�HYDOXDWH�
WKH� RSSRUWXQLWLHV� JLYHQ� E\� WKLV� LQVWUXPHQW�� 7KH�
SXUSRVH�RI�WKH�VXUYH\�ZDV�WR�FRQIURQW�WKH�SURGXFWV�
RI�WKH�ODVHU�VFDQQHU�ZLWK�WKRVH�RI�SKRWRJUDPPHWU\��
7KH�PDLQ� SUREOHP�� IURP� WKH� SRLQW� RI� YLHZ� RI� WKH�
DSSOLFDELOLW\��ZDV� WR� XQGHUVWDQG�ZKHWKHU� WKH� ODVHU�
VFDQQHU� FRXOG� JLYH� XV� UHVXOWV� WKDW� ZHUH� DV� JRRG�

Figure 2. Special “tools” used for the acquisition of the 
images.

,WDO\�� 7KH\� UHSUHVHQW� D�PHWKRGRORJLFDO� SDWK�� IURP�
WKH� WUDGLWLRQDO� SKRWRJUDPPHWULF� VXUYH\� WR� WKH�
QHZ� LPDJH� PRGHOOLQJ� VRIWZDUH� SURGXFWV�� WKURXJK�
ODVHU� VFDQQHU� DQG� DHULDO� SKRWRJUDSK\�� � 7KHVH� WZR�
H[DPSOHV�DUH�SDUWLFXODUO\�VLJQL¿FDQW�EHFDXVH��HYHQ�
LI� WKH\� EHORQJ� WR� WKH� VDPH� W\SRORJ\�� WKH\� DUH� WZR�
FRPSOHWHO\� GL̆HUHQW� PRQXPHQWV�� DV� RQH� LV� VWLOO�
HQWLUHO\�VWDQGLQJ��DQG�WKH�RWKHU�RQH�LV�MXVW�UXLQV�

2. The Arena of Verona

7KH�$UHQD�RI�9HURQD�FKURQRORJLFDOO\�LV�WKH�¿UVW�
RI� WKH� WZR� VXUYH\V� WKH� /DERUDWRU\� SHUIRUPHG��:H�
VWDUWHG�WKH�VXUYH\�FDPSDLJQ�LQ�D�WLPH�ZKHQ�DQDO\WLF�
FORVH� UDQJH� SKRWRJUDPPHWU\� ZDV� WKH� VWDQGDUG�
PHWKRG�� 6RRQ�� ZKHQ� WKH� ODVHU� VFDQQHU� VWDUWHG� WR�
GHYHORS��ZH�XVHG� WKH�$UHQD�DV�DQ�DSSOLFDWLRQ�¿HOG�
WR�FKHFN�WKH�YDOLGLW\�RI�WKLV�QHZ�WHFKQLTXH��,Q�IDFW��
WKH�VXUYH\�RI�WKH�H[WHUQDO�SDUW�RI�WKH�EXLOGLQJ�ZHQW�
RQ�IRU�VHYHQ�\HDUV��IURP������WLOO�������,Q�������LW�
HQGHG�ZLWK�WKH�DFTXLVLWLRQ�RI�WKH�JURXQG�OHYHO�DQG�
XQGHUJURXQG�WXQQHOV�

$V�D�¿UVW�WKLQJ��ZH�UHDOLVHG�D�PDLQ�WRSRJUDSKLF�
QHW� WKDW�FRYHUHG�WKH�ZKROH�$UHQD�� LQ�RUGHU�WR�¿[�D�
UHIHUHQFH�V\VWHP�DOVR� IRU�DOO� WKH� IROORZLQJ�VXUYH\V��
7KLV� QHW�ZDV� FRPSRVHG� E\� ��� YHUWLFHV�� GLVWULEXWHG�
LQ� WKH� WKUHH� GLPHQVLRQV�� DQG� ZDV� WKH� SRLQW� RI�
GHSDUWXUH�RI�D�VHFRQG�QHW��XVHG�DV�D�VXSSRUW�IRU�WKH�
SKRWRJUDPPHWULF�VXUYH\��$V�LW�LV�ZHOO�NQRZQ��FORVH�
UDQJH� SKRWRJUDPPHWU\� LV� WKH� WHFKQLTXH� WKURXJK�
ZKLFK� ZH� FDQ� UHFRQVWUXFW� �'� FRRUGLQDWHV� IURP�
DW� OHDVW� D� FRXSOH� RI� LPDJHV� �),J�� ���� ,Q� SDUWLFXODU��
WKHVH� WZR�SKRWRJUDSKV�KDYH� WR� EH� WDNHQ� IURP� WZR�
GL̆HUHQW�SRLQWV�LQ�VXFK�D�ZD\�WKDW�WKH�VDPH�UHJLRQ�
LQ�VKRZQ�RQ�ERWK�SKRWRJUDSKV��7KHUHIRUH��WKH\�KDYH�
WR� RYHUODS� E\� DW� OHDVW� ����DQG� WKH\�KDYH� WR� EH� DV�

Figure 1. Close range photogrammetry for the Arena.
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DV� WKH� RQHV� REWDLQHG� E\� WUDGLWLRQDO� FORVH� UDQJH�
SKRWRJUDPPHWU\��XVLQJ�OHVV�UHVRXUFHV�

&ORVH�UDQJH�SKRWRJUDPPHWU\�IRU�D�PRQXPHQW�
OLNH�WKH�$UHQD�ZDV�D�ZHOO�NQRZQ�WHFKQLTXH��ZH�NQHZ�
WKH�VFKHGXOHV��WKH�ZRUNÀRZ��WKH�FRVWV�DQG�WKH�UHVXOWV�
ZH� FRXOG� REWDLQ�� 7KH� ODVHU� VFDQQHU� ZDV� LQVWHDG� D�
QHZ�WHFKQLTXH�DQG�WKHUH�ZHUH�QRW�D�ELJ�QXPEHU�RI�
FDVH�VWXGLHV�VR�WKDW�ZH�FRXOG�SODQ�DQ�ḢFLHQW�VXUYH\�
�*XHUUD�HW�DO��������

The results made clear that laser scanners 
KDG�JUHDW�SRWHQWLDO�� DV� WKH\� FRXOG�DFTXLUH��'�GDWD�
RI� VWUXFWXUHV� RI� DQ\� FRPSOH[LW\� LQ� D� IDVW� DQG�QRQ�
LQYDVLYH�ZD\�� 7KH� SRLQW� FORXGV� SURGXFHG� E\� WKHVH�
WRROV�DUH�DOPRVW�FRQWLQXRXV�GDWD��WKURXJK�ZKLFK�ZH�
REWDLQ� VẊFLHQW� LQIRUPDWLRQ� IRU� WKH� HODERUDWLRQV��
'XULQJ�SRVW�SURFHVVLQJ�ZH�FDQ�DFKLHYH�GRFXPHQWV�
VXFK�DV��SUR¿OH�H[WUDFWLRQ��FURVV�VHFWLRQ���'�YLHZV��
�G� PRGHOV�� DQG� HYHQ� RUWKRSKRWRV�� WKDQNV� WR� WKH�
GLJLWDO� FDOLEUDWHG� FDPHUD�PRXQWHG� RQ� WKH� VFDQQHU�
�)LJ������

0RUHRYHU�� WKH� LQWURGXFWLRQ�RI� ODVHU� VFDQQHUV�
EURXJKW� DQRWKHU� EHQH¿W� LQ� WKH� VXUYH\RU¶V� MRE�� WKH�
VHSDUDWLRQ�RI�FRPSHWHQFHV�EHWZHHQ�WKH�DFTXLVLWLRQ�
DQG�SURFHVVLQJ�SKDVHV�DQG�WKH�UHVWLWXWLRQ�RQH��7KLV�
ODVW� RQH� FDQ� QRZ� EH� HDVLO\� OHIW� WR� WKH� VFKRODU� WKDW�
QHHGV�WKH�UHSUHVHQWDWLRQ��DV�LW�LV�HDVLHU�DQG�LW�GRHV�
QRW�UHTXLUH�VSHFLDOLVHG�WHFKQLFLDQV�

7KHVH� DSSOLFDWLYH� H[SHULPHQWV� OHDG� XV� WR�
FRQFOXGH� WKDW� ODVHU� VFDQQLQJ� LV� EHVW� YLHZHG� DV� D�
VXUYH\� WHFKQLTXH� WKDW�GRHV�QRW� UHSODFH� WKH�RWKHUV��
EXW�LQFRUSRUDWHV�WKHP��WR�DFKLHYH�D�³JHRPHWULFDOO\´�
DFFXUDWH�VXUYH\��WKH�VXUYH\RU�PXVW�XVH�WRSRJUDSK\��
SKRWRJUDPPHWU\��GLUHFW�VXUYH\�DQG�ODVHU�VFDQQLQJ��
HDFK�XVHG�DFFRUGLQJ�WR�LWV�FKDUDFWHULVWLFV�

2QFH�ZH�KDG� UHDOLVHG�KRZ� WKLV� WRRO� FRXOG�EH�
XVHG�DQG�LWV�VWUHQJWK�DQG�ZHDNQHVVHV��ZH�XVHG�LW�IRU�
D�QHZ�DSSOLFDWLRQ�¿HOG�ZKHUH�WKH�VWDQGDUG�PHWKRGV�
FRXOG� QRW� EH� XWLOLVHG�� WKDW� LV� WKH� XQGHUJURXQG�
WXQQHOV� EHORZ� WKH�$UHQD��+HUH��ZH�KDG� WR� RSHUDWH�
LQ�D�QDUURZ��GDUN�VSDFH��ZLWK�D�FRQVWDQW�SUHVHQFH�RI�
ZDWHU�� WKHUH�ZDV�QR�YLVLELOLW\�EHWZHHQ� WRSRJUDSKLF�
VWDWLRQV��DQG�VR�WRSRJUDSK\�FRXOG�QRW�EH�DQ�RSWLRQ�

7KH�VXUYH\�RI�WKH�PDLQ�D[HV�DQG�WKH�H[WHUQDO�
WXQQHO�ZDV�UHDOLVHG�ZLWK�D�ODVHU�VFDQQHU��WKURXJK����
scans that were then registered in the same reference 
V\VWHP�� +RZHYHU�� WKH� ELJJHVW� SUREOHP� ZDV� WKH�
registration of the measurements in the reference 
V\VWHP�RI�WKH�VXUIDFH��LQ�RUGHU�WR�OLQN�LW�WR�WKH�UHVW�
RI� WKH�VXUYH\��:H�RYHUFDPH� WKLV�SUREOHP�E\�XVLQJ�
SULVP�SROHV�ZLWK�UHÀHFWLYH�SULVPV�±�FROORFDWHG�LQ�WKH�
H[WHUQDO�FRQFUHWH�VXPSV�±�WKDW�ZHUH�ORQJ�HQRXJK�WR�
OLQN�WKH�XQGHUJURXQG�DUHDV�WR�WKH�WRSRJUDSKLF�QHW�RQ�
WKH�VXUIDFH��,Q�WKLV�ZD\��DW�WKH�JURXQG�OHYHO�ZH�XVHG�
WRSRJUDSK\�� LQVLGH� WKH� WXQQHOV� ZH� XVHG� WKH� ODVHU�
VFDQQHU�DQG�ZH�FROOLPDWHG�WKH�VDPH�SULVP�SROH�ERWK�
ZLWK�WRSRJUDSK\�DQG�ZLWK�ODVHU�VFDQQHU��VR�WKDW�WKH�
FRRUGLQDWHV�RI�WKH�WZR�SRLQWV�ZHUH�WKH�VDPH�D�SDUW�
IURP�D�'HOWD�=�WKDW�ZH�FRXOG�HDVLO\�FDOFXODWH��)LJ�����

3. The Amphitheatre of Grumentum

7KH� VHFRQG� FDVH� VWXG\� LV� WKH� $PSKLWKHDWUH�
RI� *UXPHQWXP� �)LJ�� ���� ZKHUH� ZH� SHUIRUPHG� D�
WHUUHVWULDO� ODVHU� VFDQQHU� DQG� D� SKRWRJUDPPHWULF�
VXUYH\�� ZKLFK� LQFOXGHG� DHULDO� SKRWRV� FDSWXUHG�

Figure 3. Some of the products obtained by the laser 
scanner.

Figure 4. The survey of the underground tunnels of the 
Arena.



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

150

IURP� D� UHPRWH� FRQWUROOHG� DLUFUDIW�� 7KH� SXUSRVH� RI�
WKH�VXUYH\�SURFHGXUHV�ZH�IROORZHG�ZDV�WR�LQWHJUDWH�
the laser scanner data with those resulting from 
WKH� SKRWRJUDPPHWULF� VXUYH\�� LQ� SDUWLFXODU� IRU� WKH�
KRUL]RQWDO� SRUWLRQV�� VXFK� DV� H[FDYDWHG� SDUWV� DQG�
WKH� FROODSVHG� VHFWRUV� WKDW� DUH� YHU\� FRPPRQ� LQ�
DUFKDHRORJ\�

$� ELJ� SDUW� RI� WKH� VXUYH\� FDPSDLJQ� ZDV�
GHGLFDWHG�WR�WKH�DQDO\VLV�RI�WKH�DPSKLWKHDWUH��+HUH��
SKRWRJUDPPHWU\�ZDV�XVHG�LQ�GL̆HUHQW�ZD\V��EXW�ZH�
SULYLOHJHG�WKH�FKRLFH�RI�DHULDO�LPDJHV��EHFDXVH�WKH\�
RIWHQ�IDFLOLWDWH�WKH�UHDGLQJ�RI�ERWK�VLWH�DQG�EXLOGLQJV��
EHLQJ�WDNHQ�IURP�D�IDYRXUHG�SRVLWLRQ��WKH�]HQLWK�

'XULQJ� WKH� ¿UVW� FDPSDLJQ� �VXPPHU� ������
ZH� GHFLGHG� WR� XVH� PRRUHG� EDOORRQV� WR� SHUIRUP�
D� SKRWRJUDPPHWULF� VXUYH\� ZLWK� KLJK� UHVROXWLRQ�
FDOLEUDWHG� GLJLWDO� FDPHUDV� �)LJ�� ���� EHFDXVH� DW� WKH�
WLPH�LW�VXUHO\�ZDV�RQH�RI�WKH�OHDVW�LQYDVLYH�DQG�PRVW�
FRQWUROODEOH�PHWKRGV��%DOOHWWL��3LOORQ�DQG�6DUWRUHOOL�
�������

7KH�V\VWHP�ZDV�FRPSRVHG�RI�D�KHOLXP�DHURVWDW�
FRQVWUDLQHG� E\� VRPH� FDEOHV�� LQ� RUGHU� WR� FRQWURO� LW�
IURP�WKH�JURXQG��DQG�D�UDGLR�UHPRWH�FRQWURO�V\VWHP�

WR�DFTXLUH�WKH�LPDJHV�ZH�QHHGHG��$W�WKH�ERWWRP�RI�
WKH� EDOORRQ�ZH� FROORFDWHG� D� VZLYHO� FDPHUD�PRXQW��
D�FDPHUD��D�)XML�6������0HJDSL[HO��ZLWK�FDOLEUDWHG�
OHQVHV� ���� H� ��PP�� DQG� D� YLGHR� WUDQVPLWWHU� RQ�
the aircraft in order to know what the camera was 
GLVSOD\LQJ�ZKHQ�LW�ZDV�WDNLQJ�D�SLFWXUH�

$V�WKH�DUHDV�ZH�ZDQWHG�WR�VXUYH\��IRUXP�DQG�
DPSKLWKHDWUH��ZHUH�YHU\�ELJ��ZH�SODQQHG�D�ÀLJKW�LQ�
RUGHU�WR�REWDLQ�LPDJHV�RQ�WZR�VFDOHV�������DQG��������
7KH� ¿QDO� UHVXOWV� RI� WKLV� UHVHDUFK�ZHUH� UHPDUNDEO\�
LQWHUHVWLQJ��DV�ZH�ZHUH�DEOH�WR�SURGXFH�D�PDSSHG��'�
PRGHO��DHULDO�RUWRSKRWRV�DQG�SKRWRSODQV�RI�WKH�ZDOO�
VXUIDFHV��%DOHWWL�HW�DO���������)LJ������

+RZHYHU�� WKLV� H[SHULHQFH� KLJKOLJKWHG� VRPH�
ORJLVWLF� SUREOHPV� FRQQHFWHG� WR� WKH� PDQDJHPHQW�
RI� WKH� EDOORRQ�� ,Q� IDFW�� WKH� OLPLWV� RI� WKLV� V\VWHP�
are strictly connected to the weather conditions in 
ZKLFK�WKH�VXUYH\RU�KDV�WR�ZRUN��,Q�SDUWLFXODU��ZLQG�
FRQGLWLRQV�D̆HFW�QRW�RQO\�WKH�WUDMHFWRU\�WKH�EDOORRQ�
KDV� WR� IROORZ�� EXW� DOVR� ±DQG� PRVWO\±� WKH� ÀLJKW�
DOWLWXGH��7KLV�FDXVHG�D�ODVW�PLQXWH�FKDQJH�RI�SODQV��
originally we wanted to take the images at two 
GL̆HUHQW�DOWLWXGHV�����P�DQG����P��LQ�RUGHU�WR�KDYH�
GL̆HUHQW� UHVROXWLRQV�� EXW� WKH� KLJKHVW� DOWLWXGH� ZH�
FRXOG�UHDFK��PDLQWDLQLQJ�WKH�FRQWURO�DQG�VWDELOLW\�RI�
WKH�EDOORRQ��ZDV����P��

Figure 7. Aerial Images of the amphitheatre.

Figure 5. The site of Grumentum.

Figure 6. The moored balloon.
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,Q� WKH� VHFRQG� FDPSDLJQ� �VXPPHU� ������ ZH�
LQWHJUDWHG� WKH� SUHYLRXV� DHULDO� VXUYH\�ZLWK� DQRWKHU�
RQH�� ZKLFK� UHTXLUHG� WKH� XVH� RI� VWHUHR� FRXSOHV�
DFTXLUHG�E\�D�VPDOO�WZR�VHDWHG�WRXULVWLF�SODQH�IURP�
D� ���� P� RI� HOHYDWLRQ�� (YHQ� LI� WKH� SODQH� ZDV� QRW�
VSHFL¿FDOO\� HTXLSSHG� IRU� DHULDO� SKRWRJUDPPHWU\�
�DV�ZH�XVHG�DQ�XOWUD�OLJKW�DLUFUDIW��ZH�ZHUH�VWLOO�DEOH�
WR� SHUIRUP� DQ� DHULDO� VXUYH\� ZLWK� DOPRVW� YHUWLFDO�
SKRWRJUDPPHWULF� VWULS�UXQV�� LQ� WKH� PDQQHU� RI�
WUDGLWLRQDO�SKRWRJUDPPHWULF�DHULDO�VXUYH\�

7KHVH� WZR� DSSOLFDWLRQV� RI� VWHUHRVFRSLF�
SKRWRJUDPPHWU\� GHPRQVWUDWHG� WKH� ÀH[LELOLW\� RI�
WKHVH� WHFKQLTXHV�� HYHQ� LI� DFTXLUHG� ZLWK� GL̆HUHQW�
PHDQV� RI� WUDQVSRUW� � �PRRUHG� EDOORRQ� DQG� XOWUD�
OLJKW� DLUFUDIW�� WKH� SURGXFWV� REWDLQHG� ZHUH� HDVLO\�
LQWHJUDWHG�

)RU� *UXPHQWXP� WRR�� ZH� SHUIRUPHG� D� ODVHU�
VFDQQLQJ�VXUYH\��ZKLFK�KDG�GHPRQVWUDWHG�EHIRUH�LWV�
SRWHQWLDOV�LQ�WKH�DFTXLVLWLRQ�RI�ODUJH�DUHDV��)RU�WKLV�
WRRO��ZH�WKRXJKW�RI�VSHFL¿F�DSSOLFDWLRQV�LQ�RUGHU�WR�
REWDLQ�WKH�EHVW�UHVXOWV�ERWK�IRU�WKH�GRFXPHQWDWLRQ�
DW�D�PHGLXP�VFDOH�DQG�IRU�WKH�VXUYH\�RI�WKH�GHWDLOV�
�)LJ�����

7KH� ODVHU� VFDQQHU� XVHG� IRU� WKH� VXUYH\� RI� WKH�
DPSKLWKHDWUH� ZDV� ±DJDLQ±� WKH� 5HLJO� /06�=���L�
LQWHJUDWHG� ZLWK� GLJLWDO� FDPHUD� 1LNRQ� '����� ,Q�
WKH� DUHDV� ZH� ZHUH�PRVW� LQWHUHVWHG� LQ�� ZH� WULHG� WR�
SHUIRUP�VFDQV�WKDW�ZHUH�DV�RUWKRJRQDO�DV�SRVVLEOH��

LQ�RUGHU�WR�UHGXFH�WKH�QRLVH�RI�WKH�SRLQW�FORXG�DQG�
WR�REWDLQ�D�KRPRJHQHRXV�GLVWULEXWLRQ�RI�SRLQWV��7KH�
SRLQW�FORXGV�ZHUH�WKHQ�UHJLVWHUHG�WRJHWKHU�XVLQJ�WKH�
JURXQG�FRQWURO�SRLQWV�VXUYH\HG�ZLWK�WKH�WRSRJUDSK\�
DQG� WLH� SRLQWV� GLVWULEXWHG� LQVLGH� WKH� VFDQ� DUHD�
�%DOOHWWL��3LOORQ�DQG�6DUWRUHOOL��������

8QOLNH� WKH� $UHQD�� LQ� *UXPHQWXP� WKH� ODVHU�
VFDQQHU� ZDV� DOUHDG\� D� ZHOO�NQRZQ� WHFKQLTXH�� RI�
ZKLFK� ZH� NQHZ� WLPHV�� FRVWV� DQG� SRVVLEOH� UHVXOWV��
7KH� LQQRYDWLRQ� RI� WKLV� VXUYH\� ZDV� WKH� LQWHJUDWLRQ�
RI� WKLV� WHFKQLTXH� ZLWK� DHULDO� SKRWRJUDPPHWU\�� $V�
IRU�WKH�ODWWHU��ZH�IHOW�WKH�QHFHVVLW\�RI�D�PHWKRGRORJ\�
RU�� HYHQ� EHWWHU�� RI� WRROV� WKDW� DOORZHG� XV� WR� REWDLQ�
VXLWDEOH�SURGXFWV� IRU�D�PHGLXP�VFDOH�SURMHFW��ZLWK�
ORZ� FRVWV� DQG� KLJK� RSHUDWLRQ� VSHHG�� 7KH� PRRUHG�
EDOORRQ�ZDV�WKH�¿UVW�DQVZHU�WR�WKHVH�QHHGV��HYHQ�ZLWK�
WKH�OLPLWV�ZH�KDYH�DOUHDG\�XQGHUOLQHG��+HUHLQDIWHU��
ZH�ZLOO� VKRZ� KRZ�ZH� DUH� QRZ� WU\LQJ� WR� RYHUFRPH�
WKH� GL̇FXOWLHV� LQ� WKH� RSHUDWLRQV� FRQQHFWHG� WR� WKH�
PDQDJHPHQW�RI�WKH�DLUFUDIW�

4. Metrical Analysis

8VLQJ� WKH�GDWD�FROOHFWHG�YLD� WKHVH�RSHUDWLRQV�
ERWK� WKH� DPSKLWKHDWUHV� ZHUH� DQDO\VHG�� IROORZLQJ�
WKH� SDWK� RI� D� SDUWLFXODUO\� IHUWLOH� UHVHDUFK� SURMHFW�
RI� RXU� 8QLYHUVLW\� WKDW� VWXGLHV� WKH� VKDSH� RI� WKHVH�
PRQXPHQWV�� 7KH� PDLQ� GHYHORSHU� RI� WKLV� UHVHDUFK�
LV�SURI��&DPLOOR�7UHYLVDQ��DVVRFLDWH�SURIHVVRU�DW�WKH�
VDPH�XQLYHUVLW\�

Figure 8. Point cloud of the 
amphitheatre and aerial image 
acquired by the plane. 

 
Figure 9. Construction of the 
amphitheatres: oval with 4 
centres; oval with 8 centres; 
ellipse.
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Figure 10. Some UAVs.

3URI��7UHYLVDQ�SURSRVHG�D�PHWKRG�WR�DQDO\VH�
WKH� FXUYHV� RI� WKH� cavea and the arena of those 
DPSKLWKHDWUHV��7UHYLVDQ��������)LUVW�� WKH�SRLQWV�RI�
HYHU\�FXUYH�DUH�LQWHUSRODWHG�ZLWK�HOOLSVHV�DQG�RYDOV��
ZKLFK� DUH� SRO\FHQWULF� FXUYHV� FRQVWLWXWHG�� LQ� WKLV�
FDVH�� RI� �� DQG� �� FHQWUHV�� WKHQ�� IRU� DOO� RI� WKHP� WKH�
VWDQGDUG�GHYLDWLRQ�LV�FDOFXODWHG��)LJ�����

7KH� ¿UVW� FRQVWUXFWLRQ� �WKH� RQH� ZLWK� ��
FHQWUHV�� ZDV� VRRQ� UHMHFWHG�� DV� FXUYH� DQG� SRLQWV�
GLG�QRW�LQWHUSRODWH�YHU\�ZHOO��$OVR��WKH�GLVWULEXWLRQ�
RI� WKH� VWDQGDUG� GHYLDWLRQ� ZDV� YHU\� LPSRUWDQW� WR�
GHWHUPLQDWH�WKH� LQYDOLGLW\�RI� WKLV�FRQVWUXFWLRQ��WKH�
VXUYH\HG�SRLQWV�ZHUH�GLVWULEXWHG�DOWHUQDWLYHO\�LQVLGH�
DQG�RXWVLGH�WKLV�FXUYH��,Q�IDFW��ZH�FDQQRW�H[SHFW�WR�
KDYH�D�SHUIHFW� LQWHUSRODWLRQ� IRU�PDQ\� UHDVRQV�� WKH�
RULJLQDO� VPDOO� GHYLDWLRQV� RI� VWRQHV� IURP� WKH� SODQ��
WKH�GHIRUPDWLRQV�GXH� WR� WKH�GHJHQHUDWLYH� H̆HFW� RI�
WLPH� RQ� WKH� VWUXFWXUHV�� VXFK� DV� WKH� GDPDJLQJ� RI�
WKH� EXLOGLQJV�� WKH� DGMXVWPHQWV� PDGH� GXULQJ� WKH�
FRQVWUXFWLRQ�LWVHOI��+RZHYHU��KHUH�WKH�GLVWULEXWLRQ�RI�
these errors was so clear and regular that it allowed 
XV�WR�UHIXVH�WKLV�WKHRU\�

7KH�HOOLSVH�DQG�RYDOV�ZLWK���FHQWUHV�LQWHUSRODWHG�
WKH�FXUYHV�PXFK�EHWWHU��DQG�WKH�VWDQGDUG�GHYLDWLRQ¶V�
GLVWULEXWLRQ�ZDV�PRUH� UDQGRP��7KLV� DOORZHG�XV� WR�
VD\�WKDW�RQH�RI�WKHVH�WZR�JHRPHWULF�¿JXUHV�ZDV�XVHG�
IRU�WKH�FRQVWUXFWLRQ�RI�WKHVH�EXLOGLQJV��$OWKRXJK�ZH�
VWLOO�FDQQRW�EH�FHUWDLQ��WKH�RYDO�ZLWK���FHQWUHV�LV�PRUH�
SODXVLEOH��DV�HOOLSVHV�DUH�YHU\�KDUG�WR�GUDZ��HVSHFLDOO\�
LQ�WKH�FRQVWUXFWLRQ�VLWH��,Q�IDFW��LQ�RUGHU�WR�EXLOG�DQ�
DPSKLWKHDWUH��5RPDQV�DUFKLWHFWV�QHHGHG� WR� FUHDWH�
WZR�OLQHV��RQH�IRU�WKH�cavea and one for the arena��
DOZD\V�HTXLGLVWDQW�IURP�HDFK�RWKHU��7KH�GUDZLQJ�RI�
WKH�¿UVW�RQH�ZDV�TXLWH�VLPSOH��DV�WKH\�MXVW�QHHGHG�WR�
WLH�D�UREH�RQ�WKH�WZR�IRFL�DQG�IROORZ�WKH�SHULPHWHU�
GHVLJQ�E\�LW��WKH�VXP�RI�WKH�GLVWDQFHV�IURP�DQ\�SRLQW�
RQ�WKH�HOOLSVH�WR�WKRVH�WZR�IRFL�LV�FRQVWDQW���7R�GUDZ�
WKH� VHFRQG�RQH�� WKRXJK�� WKH\�QHHGHG� WKH� HTXDWLRQ�

RI�WKH�HOOLSVH��DQG�IRU�WKDW�WKH�&DUWHVLDQ�SODQH�DQG�
some knowledge of analytic geometry that they still 
GLG�QRW�KDYH��0RUHRYHU��WKH�DQDO\VLV�RI�WKH�SDUWLWLRQ�
ZDOOV� VKRZHG� WKDW� WKH\� DOO� FRQYHUJH� WRZDUGV� WKH�
K\SRWKHWLFDO� FHQWUHV� RI� D� SRO\FHQWULF� ¿JXUH�� PRUH�
WKDQ�WKH�IRFL�RI�DQ�HOOLSVH�

)LQDOO\�� ZH� FDQ� VD\� WKDW� WKH� FXUYH� RI� WKH�
DPSKLWKHDWUH� LV� D� FXUYH� ZLWK� FRQWLQXLW\�� ZKLFK�
LV� D� VPRRWK� OLQH� ZLWKRXW� NLQNV� RU� EUHDNV�� 7KLV�
PHDQV� WKDW� WKH� OHIW� DQG� ULJKW� WDQJHQWV� RI� HYHU\�
SRLQW�DUH�WKH�VDPH�DQG�LW�FDQ�VD\�VRPHWKLQJ�DERXW�
WKH� FRQVWUXFWLRQ� SURFHVVHV� DV� ZHOO�� ,Q� IDFW�� WKH�
HOOLSVH� KDV� D� OLQH� WKDW� FKDQJHV� LWV� FXUYDWXUH� ZLWK�
JUHDW� FRQWLQXLW\�� WKH� RYDO�� LQVWHDG�� KDV� D� FRQVWDQW�
FXUYDWXUH�WKDW�VXGGHQO\�FKDQJHV�ZKHQ�WKH�FHQWUH�RI�
WKH� DUFK� FKDQJHV��+RZHYHU�� KHUH� WKH� DUFKHV� UHVXOW�
ZHOGHG� WRJHWKHU�� DV� WKH\� KDYH� WKH� VDPH� WDQJHQW��
7KLV�UHVXOW�LV�REWDLQHG�E\�PDNLQJ�VXUH�WKDW�WKH�UDGLL�
RI� WKH� WZR� FLUFOHV� RYHUODS� H[DFWO\�ZKHQ� WKH� FHQWUH�
FKDQJHV��)RU�WKLV�UHDVRQ��E\�WKHVH�SRLQWV�WKH�FXUYHV�
ORRN� VTXHH]HG�� DQG� VRPHWLPHV� WKLV� FKDUDFWHULVWLF�
PDNHV� WKH� RYDOV� XQSOHDVDQW�� 7KLV� PLJKW� H[SODLQ�
WKH� H̆RUWV� WR� GUDZ� RYDOV� WKDW� ORRNHG� DV� VLPLODU� DV�
SRVVLEOH�WR�WKH�HOOLSVHV�

5. Conclusions and future perspectives

For the future we want to focus our attention 
RQ� QHZ� GDWD� DFTXLVLWLRQ� V\VWHPV��:H�ZDQW� WR� WHVW�
WKH� DSSOLFDELOLW\� RI� QHZ� DHULDO� SKRWRJUDPPHWU\�
technologies to architectonic and archaeological 
VXUYH\V�� 7KHVH� WHFKQLTXHV� XVH� PRELOH� FDPHUDV�
LQVWDOOHG� RQ� UHPRWH�FRQWUROOHG� DLUFUDIW� �8$9V�� WR�
UHJLVWHU� YHUWLFDO� RU� REOLTXH� GLJLWDO� LPDJHV� DW� D� ORZ�
DOWLWXGH��LQ�RUGHU�WR�DWWDLQ�D�YHU\�KLJK�UHVROXWLRQ�RQ�
WKH�REMHFW�WKDW�KDV�WR�EH�VXUYH\HG��)LJ������

7KH� UHVHDUFK� ZLOO� FRQFHUQ� WKH� DSSOLFDWLRQ��
RQ� WKH� SKRWRV�� RI� WKH� RULHQWDWLRQ� DQG�PXOWL�LPDJH�
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restitution algorithms that nowadays are commonly 
XVHG� LQVWHDG� RI� ODVHU� VFDQQLQJ�� $OVR�� LQ� RUGHU� WR�
FRQWDLQ�WKH�ZHLJKW�RI�WKH�LQVWUXPHQWV�WUDQVSRUWHG��
ZH�ZLOO�XVH�FRPSDFW�FDPHUDV�WKDW�JXDUDQWHH�D�KLJK�
VSDWLDO�UHVROXWLRQ�

2QFH� DJDLQ�� WKHQ�� ZH� ZLOO� FRPSDUH�
ZHOO�HVWDEOLVKHG� WHFKQLTXHV� ZLWK� WKH� QHZ�
H[SHULPHQWDWLRQV� DOORZHG� E\� UHFHQW� WHFKQRORJLFDO�
GHYHORSPHQWV��2Q�RQH�VLGH��WKHUH�ZLOO�EH�WKH�FODVVLF�
DHULDO� SKRWRJUDPPHWU\�� ZKLFK� ZLOO� FRQVLVW� LQ� WKH�
FUHDWLRQ�RI�D�GH¿QLWH�ÀLJKW�SDWK��ZLWK�VWULS�UXQV�DV�
YHUWLFDO� DV� SRVVLEOH�� DQG� RYHUODSSLQJ� SKRWRJUDPV��
2Q�WKH�RWKHU�VLGH��WKHUH�ZLOO�EH�WKRVH�QHZ�VRIWZDUH�
SURGXFWV�WKDW�E\�QRZ�DOORZ�XV�WR�REWDLQ�JRRG�UHVXOWV�
HYHQ�ZLWK�EORFNV�RI�LPDJHV�WKDW�GR�QRW�KDYH�D�FOHDU�
JHRPHWU\�� EHLQJ� WDNHQ� IURP� ³UDQGRP´� SRVLWLRQV��
7KLV� QHZ�GHYHORSPHQW� FUHDWHV� QHZ�SRVVLELOLWLHV� LQ�
WHUPV�RI�YHUVDWLOLW\��EXW�WKH�DFFXUDF\�RI�WKH�UHVXOWV�LV�
VWLOO�QRW�FOHDU�

7KH�VDPH�FDQ�EH�VDLG�DERXW�FDPHUDV�XVHG�IRU�
WKHVH� VXUYH\V�� 7UDGLWLRQDO� DHULDO� SKRWRJUDPPHWU\�
XVHG� FDPHUDV� WKDW� FDQQRW� EH� XWLOLVHG� RQ� WKHVH�
DLUFUDIWV��DV�WKH�SD\ORDG�RI�PLFUR�8QPDQQHG�$HULDO�
9HKLFOHV�LV�XVXDOO\�TXLWH�VPDOO��:H�ZLOO�WKHQ�KDYH�WR�
¿QG� WKH� JRRG� EDODQFH� DPRQJ� ZHLJKWV�� UHVROXWLRQ��
VKDUSQHVV��HWF���LQ�RUGHU�WR�REWDLQ�DGHTXDWH�UHVXOWV��
ZLWK�FRPSDFW��OLJKW��ORZ�FRVW�FDPHUDV�

,Q� RWKHU� ZRUGV�� WKH� SXUSRVH� ZLOO� EH� WR�
YHULI\� ZKHWKHU� WKH� IXQGDPHQWDO� FRPSRQHQWV� RI�
SKRWRJUDPPHWU\� D̆HFW� VLJQL¿FDQWO\� WKH� VXUYH\LQJ�
DFFXUDF\� RU� QRW�� :HOO�HVWDEOLVKHG� WHFKQLTXHV�� IRU�
ZKLFK� WKH� SRVVLEOH� RXWFRPHV� DUH� NQRZQ�� ZLOO� EH�
FRPSDUHG� WR� QHZ� RQHV��PRUH� YHUVDWLOH�� EXW� VWLOO� DW�
D� WHVWLQJ� SKDVH�� SXUVXLQJ� WKH�PHWKRGRORJLFDO� SDWK�
WKDW�WKH�/DERUDWRU\�KDV�EHHQ�IROORZLQJ�IRU�WKH�SDVW�
GHFDGHV��
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1. Towards a Probabilistic Model of 
Economic Decission-Making in 
Prehistory

Prehistoric hunter-gatherers have been 
studied many times from the point of view of animal 
foraging behavior, stating that human agents 
also forage in such a way as to maximize their net 
energy intake per unit time. In other words, it is 
DVVXPHG� WKH\� VKRXOG� ¿QG�� FDSWXUH� DQG� FRQVXPH�
food containing the most calories while expending 
the least amount of time possible in doing so. The 
understanding of many ecological concepts such 
DV�DGDSWDWLRQ��HQHUJ\�ÀRZ�DQG�FRPSHWLWLRQ�KLQJHV�
on the ability to comprehend what food items such 
human agents selected, and why (Grove 2009, 
Winterhander and Smith 1981, Smith 1983). If 
such an assumption were true, we would say that 
hunter-gatherers survival would depend just on the 
availability of resources, given the adaptive nature 
of economic behavior. 

We have created a hypothetical model in which 
social agents survive only if they have success in 
acquiring subsistence available in the environment 
Corresponding author: ÀRUHQFLDGHOFDVWLOOR#KRWPDLO�
FRP�

by hunting. In the case of gathering, we can assume 
that posterior probabilities for gathering success, 
DQG� KHQFH� RI� VXUYLYDO�� DUH� FRPSOHWHO\� GH¿QHG� E\�
the probability of plants availability (Fig. 1). These 
prior probabilities are the probabilities of the 
LQÀXHQFH� SODQW� DYDLODELOLW\ may have on survival 
before any evidence is entered about a concrete 
historical situation. That is, prior probability of 
individual survival equals life expectancy at the 
moment of birth. In case the environment is full of 
available resources (“rich world hypothesis”), the 
SUREDELOLW\�RI�¿QGLQJ�HQRXJK�SODQWV�WR�HDW�DQG�PDNH�
instruments is very high, and prior probabilities 
IRU� VXUYLYDO� DUH� DOVR� KLJK�� 2QFH� WKH� LQÀXHQFH� RI�
additional factors has been entered in the model, all 
the probabilities are called a posteriori. Technically 
speaking, it is the marginal posterior probability 
distribution of the hypothesis, given the available 
evidence and the factors dependencies (the model) 
(Oaksford and Chater 2007, Singpurwalla 2006). 
This follows directly from standard probabilities 
theory (Darwiche 2009, Koller and Friedman 2009, 
Neapolitan 2003). Then, the probability of survival 
can be computed from the probability of gathering 
success conditioned on the availability of plants and 
territorial mobility (external factors), multiplied 
by what we know already about the probabilities 
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of gathering taking place at this moment and the 
probability of survival in those circumstances.

Hunting seems to be a much more complex 
activity, whose success and hence the posterior 
probabilities of survival are less deterministically 
D̆HFWHG� E\� WKH� DYDLODELOLW\� RI� DQLPDOV� LQ� WKH� DUHD�
(Fig. 2). For instance, if a social agent cooperates 
with another agent, the chances of hunting success 
are higher, even in the case of low animal availability, 
and so on. Therefore, the network model needs 
additional factors and dependencies to be able to 
calculate posterior probabilities for hunting success 
and hence of survival. 

Our preliminary hypothesis suggests that 
labor force availability is the most relevant factor 

when means of production remain poorly developed. 
Therefore, territorial mobility is not only important 
IRU�ORFDWLQJ�UHVRXUFHV�EXW�IRU�¿QGLQJ�SDUWQHUV�ZLWK�
which to cooperate acquiring resources that would 
be impossible without the contribution of additional 
labor. Cooperation in hunting is of basic importance 
to understand the probabilities of surviving, because 
LQ� WKH�DEVHQFH�RI�KLJK� WHFKQRORJLFDO� ḢFLHQF\�DQG�
ḢFDF\�� WKH� RQO\� ZD\� WR� LQFUHDVH� WKH� SUREDELOLW\�
for hunting success is by increasing the number 
of hunters collaborating in looking for preys and 
killing them. The question is how such cooperation 
may emerge? Why social agents can take the 
decision of cooperating? We are considering two 
PDLQ�IDFWRUV��WKH�¿UVW�RQH��LV�MXVW�D�FRQVHTXHQFH�RI�
human density, that is, the amount of people that 
can be contacted in the area. The second is the 

Figure 1��6XUYLYDO�LV�FRPSOHWHO\�GH¿QHG�E\�WKH�SUREDELOLW\�RI�SODQWV�DYDLODELOLW\�LQ�WKH�FDVH�RI�JDWKHULQJ�

Figure 2��7KH�VXFFHVV�RI�KXQWLQJ�LV�DIIHFWHG�E\�WKH�DYDLODELOLW\�RI�DQLPDO�UHVRXUFHV��EXW�DOVR�E\�WKH�TXDQWLW\�RI�ODERU�
IRUFH��WKH�VWDWH�RI�GHYHORSPHQW�RI�PHDQV�RI�SURGXFWLRQ��LQVWUXPHQWV���DQG�WKH�IUHTXHQF\�RI�PRELOLW\�DQG�WKH�VL]H�RI�WKH�
PRELOLW\�DUHD�
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existence of communalities in motives, actions, 
behavior and mediating artifacts (like language) 
among interacting agents.

Our preliminary hypothesis can be expressed 
using a probability network (Fig. 3) in which 
the probability for cooperating with members of 
RWKHU� JURXSV� DSSHDUV� VSHFLDOO\� D̆HFWHG� E\� WKH�
SUREDELOLWLHV�RI�¿QGLQJ�VRPHRQH�ZLWK�WKH�QHFHVVDU\�
level of cultural similarity, that is, someone who has 
the same motivations, not very dissimilar behaviors 
and recognizable mediating artifacts.

We suggest that people restrict cooperation 
to people from the same lineage, people speaking 
a similar language, or people having cooperated 
in the past, because these three are the most 
important ways of increasing cultural consensus in 
WHUPV� RI� VRFLDO� LQWHUDFWLRQV� EXLOW� DPRQJ� GL̆HUHQW�
individuals. The probability for cooperating with 
PHPEHUV�RI�RWKHU�JURXSV�LV�VSHFLDOO\�D̆HFWHG�E\�WKH�
SUREDELOLWLHV�RI�¿QGLQJ�VRPHRQH�ZLWK�WKH�QHFHVVDU\�
level of cultural similarity, that is, someone who has 
the same motivations, not very dissimilar behaviors 
and recognizable mediating artifacts (for instance, 
language) (Barceló et al. 2012). 

2. An Agent-based Simulation Model of 
Prehistoric Decision-Making

We have implemented the above model 
into a computer simulation framework to explore 
some logical consequences of our assumptions 
and hypotheses of what could have occurred in the 
prehistoric past. Ours is an agent-based simulation 
in which agents are surrogates of households moving 
through a territory looking for irregularly distributed 
resources (Barceló et al. 2010, Del Castillo 2012). 

We have modeled an impossible world, where 
resources exist everywhere at random quantities 
and with the same natural reproduction rate all 
around. Carrying capacity also varies randomly. 
There are not any topographic barriers. Therefore, 
agent geographical isolation is hardly probable. 
In the system, agents are modeled as a number of 
individuals acting as a single decision unit, that 
is, what we usually name “family” in real live, and 
ZKDW� DQWKURSRORJLVWV� GH¿QH� DV� ³GRPHVWLF� XQLW´�
or “household”. Each virtual “household” behave 
as a single entity, interacting with other similar 

KRXVHKROGV�� DQG�RU� WKH\� DUH� D̆HFWHG� E\� H[WHUQDO�
environmental factors. Agents are characterized by 
the following attributes:

• AGE: number of lived time-steps at each time-
step. 

• 0$;�$*(�� WKUHVKROG� GH¿QLQJ� GHDWK�� 5HIHUV� WR�
the maximum number of steps allowed for each 
KRXVHKROG�� ,W� LV� LQLWLDOL]HG� DQG� FRQ¿JXUHG� DV� D�
Poisson distribution measure (up to 80). When 
the agent arrives to such threshold, it dies.

• 6859,9$/�  Probability of survival for each 
agent at each time-step. It depends on the actual 
value of energy acquired from environment 
through hunting and/or gathering. It determines 
if the household survives or dies.

• 0<�1(,*+%25+22'�� OLVW� RI� DJHQWV� DURXQG��
Although direct mobility is restricted to the 
patch’s area, each agent has the ability to interact 
and cooperate with other nearby agents; hence 
WKLV�DWWULEXWH�UHÀHFWV�WKH�WHUULWRU\�FRYHUHG�E\�WKH�
agents in a given time-step.

• (1(5*<�� $ counter of acquired resources 
through hunting and gathering.

• IDENTITY: Each household has a vector of k 

Figure 3��7KH�SUREDELOLW\�IRU�FRRSHUDWLQJ�ZLWK�PHPEHUV�
RI�RWKHU�JURXSV�LV�VSHFLDOO\�DIIHFWHG�E\�WKH�SUREDELOLWLHV�
RI� ¿QGLQJ� VRPHRQH�ZLWK� WKH� QHFHVVDU\� OHYHO� RI� FXOWXUDO�
VLPLODULW\��WKDW�LV��VRPHRQH�ZKR�KDV�WKH�VDPH�PRWLYDWLRQV��
QRW�YHU\�GLVVLPLODU�EHKDYLRUV�DQG�UHFRJQL]DEOH�PHGLDWLQJ�
DUWLIDFWV�
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features (cultural dimensions). The length of 
WKH�FXOWXUDO�YHFWRU�GH¿nes the social complexity 
RI� WKH� SRSXODWLRQ�� :H� KDYH� GH¿QHG� D� VLPSOH�
and computable vector of 10 terms generated 
randomly at the beginning. Such a vector is 
PRGL¿HG� DW� VXFFHVVLYH� WLPH� VWHSV� EHFDXVH� RI�
the addition of some random noise simulating 
internal dynamics of cultural change, and 
EHFDXVH� LW� VKRXOG� ¿W� WKH� LGHQWLW\� YHFWRU� RI� DOO�
households within a social aggregation. 

• CAPACITY: Quantity of labor to be delivered by a 
household. It is normally distributed parameter 
counting the quantity of labor of each social 
unit. It is initiated randomly when households 
DUH�FUHDWHG��DQG�LW�FDQ�EH�PRGL¿HG�WKURXJK�WKH�
simulation. 

• /($'(56+,3�� $� FRXQWHU� RI� WKH� QXPEHU� RI�
households following another household. 

Environmental factors and processes 
are constant in this simulation, and we are not 
representing any dynamics below the annual cycle 
�WKHUH�DUH�QR�VHDVRQV�LQ�RXU�DUWL¿FLDO�ZRUOG���7KHUH�
are not climatic cycles, nor climatic catastrophes: 
the cycle of natural regeneration is constant, given 
our purpose of extreme simplicity. 

Seven processes are responsible for all system 
dynamics: agents move, survive, reproduce and die; 
to survive they hunt and gather and they use existing 
LQWHUDFWLRQ� ÀRZV� WR� GHFLGH� ZKHWKHU� cooperate in 
hunting or not. Consequently, they need to identify 
other agents and build a social network, which evolve 
WR� FRQ¿JXUH� D� social aggregate� LI� LW� LV� VẊFLHQWO\�
stable through time. Within such aggregate, identity 
evolves and updates, and it is transferred to new 
born agents when reproducing. In the simulation, 
these processes are performed by agents simulating 
“households” which are assumed to be homogenous, 
and consequently the model does not implement 
anything below that level of social dynamics. 

In the simulation only two kinds of economic 
activities have been taken into consideration: 
gathering, which is an individual household 
task, and hunting, which is only possible when 
WKH� PHPEHUV� RI� GL̆HUHQW� KRXVHKROGV� FRRSHUDWH��
There are increasing returns to cooperation, i.e. 
households get more resources working together 

than individually. Nevertheless, hunting is also 
D̆HFWHG�E\�diminishing marginal returns: 

a) relative to the number of households 
exploiting the same resources at a similar place. If 
agents remain too much time at a single location, 
their immediate environment cannot regenerate 
resources -they do not know agriculture nor 
herding-, and the probabilities for survival decay 
according to the quantity of resources remaining at 
place; 

b) the need to share all what has been 
acquired collectively, even in case there is a very 
VPDOO� DPRXQW�� 7KH� OHVV� WKH� SUREDELOLW\� RI� ¿QGLQJ�
animals at a particular area, the worst results are 
forecasted for collective hunting, given the need to 
share among participants. In such circumstances, 
individual household hunting is rationally more 
SUR¿WDEOH��DOWKRXJK�PRUH�LQVHFXUH��

/RRNLQJ� IRU� UHVRXUFHV� DW� D� QHDUE\� ³JULG� FHOO´�
LV� WKH� ¿UVW� SURFHVV� LQ� WKH� DJHQW� VFKHGXOH� DW� WKH�
beginning of a new time-step. Once in a new grid cell, 
households hunt and gather for surviving. When they 
¿QG�RWKHU�KRXVHKROGV�LQ�WKH�QHLJKERUKRRG�DQG�VRPH�
degree of cultural consensus already exists between 
them, they may add their labor force to increase the 
SUREDELOLW\�RI�VXUYLYDO��7R�¿QG�RWKHU�DJHQWV�WKDW�PD\�
cooperate, agents should interact with others within 
a single local neighborhood –its geographical radius 
is a model parameter-, within the limits allowed 
by perceived cultural consensus. Identifying other 
households as prospective members of the same 
group means to be able to observe similarities in 
social activity between agents, and it depends on 
how the identity traits look to the social observers. 

To simplify, we have only considered two 
sources of agent interaction:

• cooperation in acquiring subsistence work,

• cooperation to reproduce (production of new 
households).

Therefore, in the present state of the 
simulation, the probability of survival is only 
D̆HFWHG�E\��

1. the quantity of labor force involved in hunting, 
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given the assumed historical continuity of low 
WHFKQRORJLFDO�ḢFLHQF\��DQG�

2. the spatial mobility across the environment, 
looking for resources and potential households 
partners for subsistence acquisition and/or 
reproduction.

Households cooperate if they have 
appropriately similar identities, that is to say, if 
some existing cultural consensus is above a critical 
threshold. We have approached the very idea of 
“group identity” in terms of perceived similarities 
in social activity, instead of a global measure of 
homogeneity. That is, instead of listing all needs, 
motivations, believes, behaviors and mediating 
artifacts active at each step, we have preferred 
to simplify calculations and creating a surrogate 
of the agent’s conceptual space in the form of a 
10 dimensional metric space where all aspects of 
social life can be situated. In the simulation, the 
particular identity of each agent is created at birth 
and it is identical to that of its parents, simulating 
what relates each agent with its historical lineage. In 
principle, such an identity vector can be perceived by 
all other agents, who interpret the social personality 
and group membership of agents which they interact 
LQ�WKH�SUHVHQW�EDVHG�RQ�LW��'L̆HUHQW�VLWXDWLRQV�FDQ�
be imagined where all or only a part of this identity 
vector is accessible to agents out of the group. That 
is, in many cases, agents are only partially aware of 
ZKDW�LGHQWL¿HV�WKH�³RWKHU´�

The current value of each agent identity vector 
LQÀXHQFHV� WKH� SUREDELOLWLHV� RI� FRRSHUDWLQJ� ZLWKLQ�
the current time-step, but when cooperation is 
successful, its current value will change adaptively 
WR� ¿W� WKH� QHZO\� EXLOW� FXOWXUDO� FRQVHQVXV�� ,Q� WKLV�
way, the necessary degree of cultural consensus 
acts as an intolerance parameter. We expect that 
when the need of cultural consensus is stronger and 
households SURYH� WR� EH� YHU\� VHQVLWLYH� WR� GL̆HUHQW�
identities, no one is able to cooperate and chances 
of survival are reduced. When cultural consensus 
is below 70% (higher tolerance) most neighbors 
should theoretically cooperate, irrespective of the 
expressed identities, and the population expands in 
size.

“Identity” is socially built by individual 
households through a local imitation process. 

Inherited at birth from parents, it evolves, changing 
DQG�DGDSWLQJ�LWVHOI�WR�¿W�ORFDO�IHDWXUHV�DW�WKH�FXUUHQW�
time step. There are two main mechanisms for 
identity change:

1. Internal change, supposed to be random at the 
scale of a population.

2. $GDSWLYH� WUDQVIRUPDWLRQ��ZKLFK� ¿W� LQGLYLGXDO 
household identity to collective identity when 
social aggregation proves to be economically 
advantageous.

We assume that the higher the cooperation 
EHWZHHQ� GL̆HUHQW� KRXVHKROGV�� DQG� WKH� KLJKHU� WKH�
cultural consensus among them, the higher the 
probability that new households be formed within 
the group (descendents), so that the group maintains 
through time. The idea is that once the new social 
aggregation has emerged and survival of households 
has been assured, hybridization mechanisms began 
to act because inherited identities (ethnicity) should 
EH�PRGL¿HG�WR�PDLQWDLQ�WKH�QHZO\�EXLOW�FRQVHQVXV�
(Fig. 4). 

Household actions are oriented to foraging 
and food gaining through mobility across a territory, 
conditioned by available technology and agent 
density, and the establishment of cooperation 
between agents when direct survival is not possible. 
However, what they have acquired as subsistence 
has a short temporal duration, and given the low 
degree of storing technology, agents should begin 
the process anew at the beginning of each time-step. 
,Q�WKH�PRGHO��WKH�DYDLODELOLW\�RI�UHVRXUFHV�LV�¿[HG�DV�
a global probability parameter. Each household has 
the possibility to move camp/settlement location 
and interact with other households in order to 
decide whether cooperate or not in survival or in 
reproduction. Each agent has the goal of optimizing 
the probability of survival and reproduction by 
gaining enough food (energy reserves) to meet 
a threshold of energy necessary for successful 
reproduction (Fig. 5).

In the simulation, households move randomly 
because we want to test the consequences of agents’ 
PRYHPHQW� LQWR� D� QRQ�FRQVWUDLQHG� VSDFH� GH¿QHG�
by the lack of topographic barriers. They are 
allowed to follow any direction within a restricted 
QHLJKERUKRRG�� (DFK� KRXVHKROG� GH¿QHV� DW� ¿UVW� WKH�
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are not random at the level of each household, 
they can be modeled as random at the level of the 
SRSXODWLRQ�� :LWK� D� ¿[HG� SUREDELOLW\� OHYHO�� HDFK�
KRXVHKROG�PXWDWHV�RQH�RI�LWV�LGHQWLW\�WUDLWV��'L̆HUHQW�
VFHQDULRV�PD\� EH� LPDJLQHG�ZLWK� GL̆HUHQW� UDWHV� RI�
internal change, in some cases, strictly random, in 
other exponential, once the amount of change has 
arrived to certain threshold. 

Figure 5��2YHUYLHZ�RI� WKH� LGHQWL¿FDWLRQ� F\FOH� IRU� HDFK�
DJHQW�

group of neighboring households it can cooperate 
with (social network). The household agent has 
not information about all agents in the world, but 
only those within a reasonable geographic distance. 
When moving, agents interact with other agents 
around. A process “identify-agents” is then called to 
create such a network of connected households. The 
procedure is based on a calculation of the number 
of common identity traits between agents perceived 
within a neighborhood. Once within an aggregate, 
the household’s subsistence output can be enhanced 
adding to the agents’ capacity to work, the capacities 
of other agents within the group.

:H�KDYH�GH¿QHG�DQ�RXWSXW� IXQFWLRQ�IRU�HDFK�
household j at a time period t as a weighted average 
of the sum of the capacities of its local group (Fig. 
6). Fig. 7 shows the equation used to calculate the 
amount of surplus at each time step (Fig. 7).

Identity is the key aspect for survival, given 
that it restricts or allows the ability to cooperate 
and to enhance each household capability to work. 
,GHQWLW\� LV�UHFHLYHG�DW�ELUWK��DQG�WKHUH� LV�D�VSHFL¿F�
SURFHVV� �UHSURGXFWLRQ�� ZKRVH� VSHFL¿F� IXQFWLRQ� LV�
to create a copy of the parent households’ identity 
within the new born agent. Such identity received at 
ELUWK�HYROYHV�DFFRUGLQJ�WZR�GL̆HUHQW�VXE�SURFHVVHV�

1. A constant random rate of change (identity 
drift), simulating the occurrence of internal 
processes. From an external perspective, such 
decisions at the local level may appear as internal 
shocks perturbing the apparent linearity of a given 
trajectory. Therefore, although such identity changes 

Figure 4��2YHUYLHZ� RI� WKH� F\FOH� RI� FRRSHUDWLRQ� FDXVHV�
DQG�HIIHFWV

Figure  7��³(FRQRPLF´�IXQFWLRQ�IRU�HDFK�DJHQW��&RQVLGHULQJ�
WKDW�D�WLPH�VWHS�LV�URXJKO\�HTXLYDOHQW�WR�RQH�\HDU��DQ�DJHQW�
M�ZLOO�REWDLQ�DQ�DPRXQW�RI�HQHUJ\�6M�ZKLFK� LV�HTXDO� WR� 
Â� WKH� DPRXQW� RI� DYDLODEOH� UHVRXUFHV� DW� WKDW�
VSHFL¿F�SDWFK��6M�W����              
·  PLQXV� D� GHSUHFLDWLRQ� SDUDPHWHU� ȡÌ>���@� VLPXODWLQJ�
WKH� ORZ� WHFKQLFDO� HI¿FDF\� DQG� HI¿FLHQF\� RI� WHFKQRORJ\�
IRU� VWRULQJ� VXEVLVWHQFH� GXULQJ� ORQJ� SHULRGV� RI� WLPH�� 
·  SOXV� WKH� RXWSXW� RI� LWV� FDSDFLW\� WR� ZRUN� �LQFOXGLQJ�
FRQWULEXWLRQV� IURP� RWKHU� DJHQWV� LQ� WKH� JURXS��� 
Â� PLQXV� WKH� PLQLPXP� VXEVLVWHQFH� UHTXLUHPHQWV�
�VXEVLVWHQFH�QHHGV��DQRWKHU�XVHU�FRQ¿JXUDEOH�SDUDPHWHU�
EHIRUH�VWDUWLQJ�XS���           

Figure 6��2XWSXW�IXQFWLRQ�IRU�HDFK�DJHQW�M�DW�D�WLPH�SHULRG�
W��,W�LV�D�ZHLJKWHG�DYHUDJH�RI�WKH�VXP�RI�WKH�FDSDFLWLHV�RI�
LWV� ORFDO�JURXS�*M�W��UDLVHG� WR� WKH�SRZHU�RI�T!���ZKLFK�
PRGXODWHV� LQFUHDVLQJ� UHWXUQV� WR� FRRSHUDWLRQ�� +HUH�� FM�
LV�WKH�DJHQW¶V�FDSDFLW\��DQG�FN�LQWURGXFH�FDSDFLWLHV�RI�D�
JURXS�RI�DJHQWV�ZRUNLQJ�FRQMRLQWO\��VRFLDO�DJJUHJDWH���

Sj(t+1) = Sj(t)(1-l)+Oj(t)-S0
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���%\�¿WWLQJ�WKH�FXUUHQW�YHFWRU�WR�WKH�VWDWLVWLFDO�
mode of all agents within the group identities. 
After successful cooperation based on previous 
cultural consensus, a new consensus should be 
built based on the statistical mode of all households 
with the cooperative network at current time, and 
each household will change its identity vector 
DFFRUGLQJO\��:LWK�D�¿[HG�SUREDELOLW\�OHYHO�DQ�DJHQW�
copies some identity trait of the mode of its group, in 
such a way that consensus increases and “culturally” 
homogenous groups tend to emerge. 

Therefore, what future generations will inherit 
is not the old identity from ancestors, but the new 
communality rebuilt at each time-step. We assume 
that the higher the cooperation between households, 
and the higher the cultural consensus among them, 
the higher the probability two particular households 
reproduce within the group.

3. Discussion

As it is the case for most social simulations, 
we intend to use the model to experiment with a 
WKHRU\�RI�VRFLDO�IDFWRUV�LQÀXHQFLQJ�KXQWHU�JDWKHUHU�
survival in prehistory. User manipulation has 
been allowed for agent-level parameters to test 
the global implications of behavioral assumptions 
of our previous hypotheses, but we have also 
manipulated global parameters. Of course, the 
limit of the approach is the simple design of the 
economic behavior, in terms of probabilities for 
economic success. When manipulating the model 
ZH� KDYH� JHQHUDWHG� GL̆HUHQW� WUDMHFWRULHV� RI� YLUWXDO�
worlds by perturbing them randomly or introducing 
randomized adjustments in initial conditions. By 
FDUHIXOO\� FDOLEUDWLQJ� WKHVH� H[SHULPHQWV�� GL̆HUHQW�
experiments have been designed. 

We have processed hundreds of experiments 
LQ� GL̆HUHQW� VFHQDULRV�� WHVWLQJ� IRU� WKH� WKUHVKROG�
values of parameters allowing survival. Here we 
will present only a subset of such experimental 
scenarios.

1. Controling population

� :H� KDYH� UXQ� WKH� SURJUDP� ZLWK� GL̆HUHQWO\�
sized initial populations: 20, 40, 60 and 80 
KRXVHKROGV�DV�IRXQGLQJ�SRSXODWLRQ��5HVXOWV�VXJJHVW�
that the probability of reproduction, and hence of 

survival does not depend on the size of the founding 
population, provided there are more than 20 
households. Below this threshold, the population 
dies, because there are not enough people to 
cooperate and compensate for the irregularities in 
resource availability.

2. Controled variable: neighborhood

Our simulated households acquire subsistence 
directly from the environment. Given the poor 
ḢFLHQF\�DQG�ḢFDF\�RI�WKHLU�PHDQV�RI�SURGXFWLRQ�
they cannot restore what they have extracted from 
nature, and hence they are obliged to constant 
spatial mobility, given their extreme dependence 
to local carrying capacity and diminishing returns 
from labor. The frequency of movements, the 
travelled distances and the extent of the explored 
area constitute another relevant factor, not only 
because in bigger areas the chances of  acquiring 
subsistence are higher, but also because in big areas 
LV�HDVLHU�WR�¿QG�SRWHQWLDO�SDUWQHUV�WR�FRRSHUDWH��HYHQ�
independently of the amount of resources. When 
WKH� H̆HFWLYHO\� H[SORUHG� QHLJKERUKRRG� LQFUHDVHV��
for instance because of a development on means of 
transportation –horse domestication-, cooperation 
increases and social fusion also increases, 
GLPLQLVKLQJ�WKH�QXPEHU�RI�GL̆HUHQWLDWHG�JURXSV�DQG�
emerging cultural homogeneity. In the same sense, 
ZKHQ�WKH�VL]H�RI�H̆HFWLYHO\�H[SORUHG�QHLJKERUKRRG�
areas diminishes, mortality increases.

3. Controling cooperation advantages

  The hypothesis to be tested suggests that 
WKH� KLJKHU� WKH� EHQH¿WV� RI� FRRSHUDWLRQ�� WKH� KLJKHU�
the interest for being involved in cooperation 
and exchanging networks of labor. Successive 
simulations suggest that when the size of the 
population is middle to low, but always higher that 
����DQG�WKH�SUREDELOLW\�WR�¿QG�HQRXJK�UHVRXUFHV�LV�
DOVR�PHGLXP�WR�ORZ��FRRSHUDWLRQ�UHQGV�PRUH�EHQH¿W�
DQG�LW�LV�UDWLRQDOO\�VRXJKW�DIWHU�E\�DJHQWV��7KH�EHQH¿W�
of cooperation is not a free parameter, but it depends 
on the actual circumstances, so that it is used as a 
strategy by agents to increase the chances of survival. 
)XUWKHUPRUH��WKH�KLJKHU�WKH�SUHGLFWDEOH�EHQH¿WV�RI�
cooperation, the lesser the probabilities of cultural 
GL̆HUHQWLDWLRQ�DQG�WKH�HPHUJHQFH�RI�GL̆HUHQWLDWHG�
groups. The highest probability for cultural 
GL̆HUHQWLDWLRQ� DSSHDUV� ZKHQ� SUHGLFWDEOH� EHQH¿WV�
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are low to medium. If the advantages of cooperating 
in the acquisition and processing of subsistence is 
far enough, all agents decide rationally to exchange 
their labor force with anyone in the neighborhood. 
,Q�WKH�ORQJ�UXQ��FXOWXUDO�GL̆HUHQFHV�GLVDSSHDU�JLYHQ�
the constant rate of cultural transmission within an 
integrated group. When cooperation is not seen with 
positive eyes, agents hardly exchange labor, and in 
the long run cultural bias imposes its law increasing 
FXOWXUDO� GL̆HUHQFHV� DQG� GL̆HUHQWLDWHG� HWKQLFLW\�
HPHUJHV��%XW�ZKHQ�FXOWXUDO�GL̆HUHQFHV�DUH�WRR�ELJ��
cooperation is infrequent and mortality increases. 
An additional result is that for very high rates of 
SUHGLFWDEOH�FRRSHUDWLRQ�EHQH¿WV�WKH�H̆HFW�VDWXUDWHV��
HPHUJLQJ�D�PLQLPXP�QXPEHU�RI�GL̆HUHQW�JURXSV�DV�
a result of the random character of constant cultural 
drift

4. Controling identity

Our simulation shows that this “cognitive 
DVSHFW� RI� KXPDQ� EHKDYLRU� D̆HFWV� WKH� FKDQFH� RI�
VXUYLYDO�� EHFDXVH� LW� KDV� LPSRUWDQW� LQÀXHQFH� RQ�
the conditional probability for cooperation. The 
simulated experiments show that decisions about 
whether to cooperate depend on the level of cultural 
consensus, consequently, the more complex and 
GLYHUVL¿HG�WKH� LGHQWLW\�� WKH�PRUH�GL̇FXOW� WR�GH¿QH�
cultural consensus, and hence that harder the 
decision about cooperate or not with an agent 
entering in the same neighborhood. When identity is 
fairly simple to establish because it is based on very 
few cultural dimensions, cultural consensus can be 
HDVLO\� GH¿QHG� DQG� PDLQWDLQHG�� DQG� FRRSHUDWLRQ�
facilitates hunting success.

5. Controling tolerance

� ³7ROHUDQFH´� WR� RWKHU� GL̆HUHQFH� KDV� EHHQ�
traditionally considered as an additional cognitive 
factor to explain why agents decide to cooperate. 
Traditional sociological analysis has considered 
it as an external “innate” factor. Nevertheless, our 
simulations reveal that it is intrinsically related with 
WKH�SUHGLFWDEOH�IXWXUH�EHQH¿WV�RI�FRRSHUDWLRQ��:KHQ�
resource availability is scarce and prior probability 
of hunting success is low, cooperation is really 
sought after, and cultural consensus is built with 
any potential partner in the neighborhood. In such 
circumstances, the minimum threshold of cultural 
similarity is lower than in the case cooperation is 

not regarded so positively. There are cases, however, 
in which resources are scarce and they tend to be 
PRQRSROL]HG�E\�WKH�DJHQWV�¿UVW�DUULYHG�WR�WKH�DUHD��
In these circumstances, cooperation is regarded as 
something negative, because agents assume there 
is not enough for sharing, even given the increased 
probabilities of hunting success derived from 
investing more quantities of labor force.  Our results 
VKRZ� WKDW� WKH� EHQH¿WV� RI� FRRSHUDWLRQ� DUH� KLJKHU�
when the more coincident is the degree of intolerance 
to the attained level of cultural consensus. That 
is to say, the highest chances of surviving are 
approached when cultural consensus is easy to build 
and to reproduce through generations. The more 
emphasis gives the group to their own identity, 
and the more complex is the cognitive space of 
identity, the lesser are the chances of survive in the 
conditions typical of hunter-gatherer bands. These 
results coincide with the empirical observation that 
strong territoriality among hunter-gatherers is not 
UHODWHG�ZLWK�VWURQJ�FXOWXUDO�GL̆HUHQWLDWLRQ��JURXSV�
PD\� H[LVW�� DQG� HYHQ� SROLWLFDOO\� GH¿QHG� WHUULWRULHV�
but all share the same material culture. Again in 
the same scenario, our simulations suggest the 
adaptive relevance of cognitive factors. Accepting or 
GHQ\LQJ�FXOWXUDO�GL̆HUHQFH�LV�QRW�DQ�LQQDWH�SURSHUW\�
of human beings, but a result of survival strategies. 
We have experimented successive changes in the 
threshold of intolerance, starting with minimum 
values (only 20% of common cultural features 
necessary for beginning a cultural consensus) and 
lowering the requisites for cultural consensus every 
�����VWHSV��5HVXOW�VKRZV�DQ�DULWKPHWLF�SURJUHVVLRQ��
the founding population segregates at medium-
to-low levels of communality, and the chances of 
open cooperation diminishes accordingly for each 
additional 10 % increase in the threshold of cultural 
consensus. The consequence is an expected increase 
in mortality caused by starvation, and a substantial 
decrease in the chances of survival.

4. Conclusions

Our simulations contribute to sustain the 
view that prehistoric people did not die as often 
as imagined. Instead of the traditional image of 
SUHKLVWRULF� KXQWHUV� ¿JKWLQJ� IRU� VXUYLYDO� LQ� KDUG�
environments, we suggest that social exchange 
networks were easy to build and negotiate, allowing 
hunting success even in the case of low availability 
RI� UHVRXUFHV� DQG� WKH� SRRU� ḢFDF\� RI� ZRUNLQJ�
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instruments. The simulation suggests that small 
sized groups (less than 10 households) died by 
starving because the impossibility to build a high 
enough number of social ties. 

Furthermore, cooperation is not only the 
result of bounded rational decision making, but it 
LV�¿OWHUHG�E\�WKH�VSHFL¿F�VRFLDO��FXOWXUDO��LGHQWLW\�RI�
agents, a parameter that changes constantly because 
it is probabilistically conditioned by a number of 
social factors. Among hunter-gatherers, cooperation 
GHSHQGHG� RQ� WKH� SUHGLFWDEOH� EHQH¿WV� RI� ZRUNLQJ�
together and sharing the results of collective 
work. The higher the cooperation, the higher the 
probability of hunting success. We are not arguing 
that the higher the number of hunters, the higher 
the amount of meat. In some experiments, the total 
amount of energy per person can be lesser, but 
hunting success is more frequent in the long run, that 
is, it is more probable. In the usual circumstances 
RI�VPDOO�EDQGV�ZLWK�KDUGO\�ḢFLHQW�LQVWUXPHQWV�IRU�
hunting and transport, the absence of cooperation 
made uncertain the probability of survival, given the 
increasing risk for hunting failure, even in the case 
of high animal availability in the area.

What archaeologists have called “culture” and 
LV�XVHG�WR�GLVWLQJXLVK�GL̆HUHQW�JURXSV�RI�SHRSOH�WKDW�
may have existed in prehistory one of the material 
consequences of this complex process of socially 
and politically mediated survival. Our simulation 
shows that “cultures” are not innate features of 
human groups, but the negotiated consequence of 
the social mechanisms human groups adopted when 
the circumstances in which subsistence acquisition 
changed. Obviously, the mechanisms we have so 
far explored are characteristic of hunter-gatherer 
JURXSV��DQG�WKH�H̆HFWV�RI�FRRSHUDWLQJ�DW�ZRUN�ZRXOG�
EH�GL̆HUHQW�LQ�1HROLWKLF�VRFLHWLHV�
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1. Introduction

The historic environment provides a unique 
record of past human activity. The vision, abilities 
and investment of successive societies have formed 
the distinctive qualities of this environment. 
Therefore, it is a valuable resource, providing a sense 
of continuity and identity (Heritage 2008). Amongst 
the cultural heritage components, historic buildings 
KDYH� D� VLJQL¿FDQW� SODFH�� 7KXV�� GRFXPHQWDWLRQ� RI�
heritage buildings is critical for their protection 
and restoration (Yastikli 2007). In archaeology, 
various methods are used. Computerized recording 
equipment and three-dimensional plotting are 
Corresponding author: jm1706@soton.ac.uk

widely used tools (Sinning-Meister, Gruen, and Dan 
1996; Park et al. 2007). However, documentation 
can be challenging work depending on the extent 
of the remains of the past structures. Absence of 
VẊFLHQW�KLVWRULFDO�LQIRUPDWLRQ�DQG�ORVV�RI�EXLOGLQJ�
components and fabric may substantially decrease 
the reliability of the reconstructed models. 

Structural analysis can be an alternative 
RU� FRQ¿UPLQJ� WRRO� WR� DVVHVV� WKH� UHOLDELOLW\� RI�
reconstructions. On the basis of available data 
relating to the ruined structure, possible hypothetical 
forms can be analysed structurally under their 
associated loads and the resulting behaviour can be 
assessed to determine its likely form. Thus, based on 
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LQIRUPDWLRQ�DQG�IDEULF�ORVV��,Q�WKLV�VWXG\��VWUXFWXUDO�DQDO\VLV�KDV�SURYHG�WR�EH�DQ�DOWHUQDWLYH�RU�FRQ¿UPLQJ�
tool for reconstruction in addition to site survey and historical investigation. On the basis of the stability 
of the ruined structures possible hypothetical forms can structurally be analysed under the associated 
loads and the resulting behaviour can be assessed to determine its actual form. Therefore, based on a 
multidisciplinary methodology, a novel approach to reconstruction of a historic structure has been 
presented in this paper. Following laser scanning to measure the complex geometry of the fallen structure 
DQG�JHRSK\VLFDO�WHFKQLTXHV�WR�HVWLPDWH�WKH�SURSHUWLHV�RI�LQDFFHVVLEOH�SDUWV��D�¿QLWH�HOHPHQW�PRGHO�KDV�EHHQ�
generated and some original forms of the construction has been evaluated based on the static analysis 
results.

Keywords: 
Cultural Heritage, Reconstruction, Original Form, Structural Analysis, Archaeological Techniques, 
Pozzolana Concrete 



 Reconstruction of Ruined Archaeological Structures Using Structural Analysis Methods 
James Miles et al.

165

a multidisciplinary methodology, a novel approach 
to reconstructing a historic structure is presented 
in this paper. The use of geophysical techniques for 
site survey, computer modelling tools for generation 
RI� SODXVLEOH� K\SRWKHWLFDO� IRUPV� DQG� ¿QLWH� HOHPHQW�
modelling for structural assessment account for 
the additional benchmarking of the research 
performance.  

2. Previous Studies

Archaeology can be regarded as a 
quintessentially visual discipline, because visual 
perception leads to the awareness of the fundamental 
properties of objects and to the discovery of 
how objects were produced and used in the past 
(Barceló 2010), especially from a computational 
archaeology point of view. Unfortunately, visual 
representations provide limited interpretation. 
Actually, many three-dimensional models 
produced through the interpretation of raw site 
data, comparisons with standing structures and 
common architectural understandings have a 
FRPPRQ� OLPLWDWLRQ� RI� LQVẊFLHQW� YDOLGDWLRQ�� )RU�
example, the detailed study of the ancient Egyptian 
temple of Kalabsha and its illumination (Sundstedt, 
Chalmers, and Martinez 2004), the study on 
Roman Imperial architecture (Packer 2006) and 
WKH� 5RPH� 5HERUQ� SURMHFW� �)ULVFKHU� ������ DOO�
provide visually stimulating interpretations of the 
past that incorporate extensive literature research. 
However, the models can be critiqued in terms of 
structural accuracy. Computational archaeology 
within the scope of historic building evaluation 
relies heavily on creating models that can be used 
to visualise certain aspects and to some extent these 
reconstructions may not have a fundamental basis 
from which they are reconstructed. The data is used 
to evaluate and test various academic theories, in 
turn helping academics and researchers to interpret 
archaeological sites and contribute to the education 
of the public (Eppich and Chappi 2006). Therefore, 
to ensure the correctness of the models to a maximum 
degree, these interpretations need to be evaluated 
considering the other decisive aspects. Examination 
of the structural stability of a building can be counted 
DV� RQH� RI� WKH� UHOLDEOH� FRQ¿UPDWLRQ� DSSURDFKHV��
Investigation of whether the reconstructed building 
can withstand the gravitational loads forms the 
foundation of additional validation of the model. 

Unlike hypothetical three-dimensional models 
of ruined buildings, models of standing buildings 
are produced as an exact imitation of the real. Laser 
scanning through the work of (Balzani et al. 2004), 
(Shih et al. 2007) and (Sturzenegger and Stead 2009) 
and photogrammetry through the work of (Lerma, 
García, and Pérez 2005), (Sauerbier et al. 2004) 
and (Haneberg 2008) provide accurate and reliable 
models that are exact and can be used as a tool to 
investigate and analyse these buildings. Archaeology 
is based on interpretative data, through the lens of 
the archaeologist. These interpretations are not 
factual with an utter certainty and are constantly 
open to new interpretations as the understanding of 
the past changes. In the case of part or complete loss 
of superstructure, created hypothetical buildings 
FDQ� WKHUHIRUH� EHQH¿W� IURP� DQDO\VHV� WKDW� WHVW� KRZ�
structurally stable the buildings are. 

One of the analysis techniques available is 
)LQLWH� (OHPHQW� 0HWKRG� �)(0��� )(0� GLYLGHV� WKH�
ERG\� WR�EH� VWXGLHG� LQWR�¿QLWH� HOHPHQWV�� FRQQHFWHG�
to each other at their nodes, and obtains an 
approximate solution by solving the equilibrium 
equations of the system and obtaining the nodal 
YDOXHV�� ,Q� VWUHVV� DQDO\VLV� IRU� LQVWDQFH�� WKH� ¿HOG�
variables are the displacements (O. C. Zienkiewicz 
HW� DO�� ������� 6HYHUDO� UHVHDUFKHUV� KDYH� XVHG� )(0�
WRJHWKHU� ZLWK� VRPH� DUFKDHRORJLFDO� PHWKRGV�� )RU�
instance, Lubowiecka et al. investigated a masonry 
historic bridge (2009). Complex geometry was 
obtained through laser scanning and ground 
penetrating radar was used to understand 
material homogeneity and heterogeneity with 
WKH� VWUXFWXUDO� PRGHO� DQDO\VHG� E\� )(0�� 6LPLODUO\��
close range photogrammetry for the generation of 
masonry arches was used for more accurate three-
dimensional geometric models within Riveiro et al’s 
ZRUN���������ZKLFK�LQFRUSRUDWHG�)(0�WR�¿QG�IDLOXUH�
load and distribution of internal stresses. 

3. Aims

The aim of this paper is to present a new 
methodology for more reliable reconstruction of 
ruined historic buildings. The systematic novel 
methodology includes:

1.   Site Survey: Acquisition of raw data through 
archaeological techniques using: 
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1.1. Excavation, 

1.2. Laser scanning recording, 

1.3. Topographic survey,

1.4. Geophysical survey,

2.   Documentary investigation,

3.      Computational modelling for the generation of 
plausible hypothetical forms,

���)LQLWH�HOHPHQW�PRGHOOLQJ�IRU�VWUXFWXUDO�DQDO\VLV�
to test the hypothetical forms.

Archaeological techniques initially provide data 
upon which three-dimensional hypothetical models 
of a given building can be generated. Documentary 
investigation provides a means to bridge the gaps. 
Various hypothetical interpretations of the data can 
then be produced by examining how these buildings 
might have been constructed and how they may have 
looked in the past. In turn, analysis of the structural 
performance of these three-dimensional models 
WKURXJK�)(0�DOORZV� UH¿QHPHQW� RI� SRVVLELOLWLHV� E\�
suggesting feasible alternatives.

,Q� RUGHU� WR� DVVHVV� WKH� H̆HFWLYHQHVV� RI� WKLV�
methodology the procedure has been applied to an 
important Roman building known as building V, 
recently discovered at the site of Portus, Italy  (Keay, 
3DUROL��DQG�6WUXWW��������)URP�D�KROLVWLF�SHUVSHFWLYH��
all of the available data for the building are used 
to create visualisations that are both structurally 
VWDEOH� DQG� VHHP� YLVXDOO\� WR� ¿W� ZLWK� SDUDOOHOV� DQG�
interpretations. 

4. Case Study

4.1. History of Portus 

Portus is located on the west coastline of Italy 
near the mouth of the Tiber near the harbour of 
2VWLD� �)LJ�� �D��� 7KH� VLWH� IXQFWLRQHG� DV� D� SULQFLSDO�
SRUW� RI� 5RPH� IURP� WKH� ¿UVW� FHQWXU\� $'� DQG� ZDV�
established under the rule of Emperor Claudius in 
around 42AD (Keay, Paroli, and Strutt 2005). Its 
creation involved the construction of two concrete 
moles bending towards each other as they stretched 
LQWR�WKH�VHD��FUHDWLQJ�D�ODUJH�DUWL¿FLDO�DQFKRUDJH�DV�
VHHQ�LQ�)LJXUH��E��7KLV�SKDVH�DOVR�VDZ�WKH�FUHDWLRQ�

Figure 1. a) Location of Portus within Italy, B0 Plan of 
Pre-Trajanic Portus, c) Plan of Trajanic and Severan 
Portus (Keay et al. 2005).
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of a lighthouse and a small inner basin, the Darsena 
and other buildings to facilitate the movement and 
storage of goods. 

The site was later expanded and renovated by 
the Emperor Trajan in the early 2nd Century AD as 
VHHQ� LQ�)LJXUH� �F��$� VHFRQG� LQQHU�KH[DJRQDO�EDVLQ�
was created just to the south of the Claudian basin 
and incorporating the Darsena which linked to the 
still functioning original harbour. The Trajanic 
reconstruction also saw the construction of a series 
of buildings surrounding this harbour, (A) Building 
V, (B) Palazzo Imperiale, (C) Amphitheatre, (D) 
Severan Warehouse, (E) Portico di Claudio and 
7UDMDQLF�ZDUHKRXVH� DQG� �*��:DUHKRXVHV� �)LJ�� �F���
)XUWKHU�H[SDQVLRQ�RI�WKH�VLWH�RFFXUUHG�LQ�WKH�UHLJQ�
of the Severans, with the site later being sacked by 
Alaric the Visigoth in 409AD. 

The site was known about from the 16th 
Century onwards and appears in numerous 
engravings. It was not until the 19th century that 
a comprehensive account of excavations appeared 
through the Torlonia excavations of 1864-7 by 
Lanciani in 1868 with further research seen 
through Calza  (1925) and Lugli (1935) work prior 
WR� WKH� VHFRQG�ZRUOG�ZDU�� )URP� WKH� ODWH� ����V� WKH�
Soprintendenza per i Beni Archaeologici di Ostia 
have been undertaking conservation of the site with 
the Universities of Southampton, Cambridge and 
Durham and the British School at Rome in a project 
of extensive survey techniques. This project ran from 
1997 to 2005 using topographic and geophysical 
surveying. The project lead onto another by the 
Universities of Southampton and Cambridge and 
the British School at Rome, funded in two phases 
by the UK Arts and Humanities Research Council 

(AHRC)2. This developed from the previous surveys 
as well as starting a series of excavations and other 
analyses. 

The structure known as building V is one of 
seven large scale constructions excavated by the 
Portus Project. The structure lies between the two 
harbours, to the north of the palazzo imperial. 
Building V is a rectangular building over 180m in 
length and is aligned with one edge of the hexagonal 
basin with its northern façade incorporated into 
the late Roman wall to the north of the hexagonal 
harbour. Brick stamps and building techniques 
place the earliest phase of construction to the early 
second century AD, in the reign of Trajan or Hadrian. 
It seems probable, therefore, that this building is 
part of the renovation of the port that begun under 
Trajan that saw the construction of the hexagonal 
harbour and the palazzo imperiale. 

4.2. Archaeological investigation

4.2.1. Extant remains

A great deal of what is now understood about 
the structure of building V can be seen in remains 
extant above ground level on the site of Portus. These 
remains contain building elements which have been 
incorporated into the Late Roman wall known as the 
Mura Costantininae which dates to the 5th century 
AD. The section of the wall which separates the 
built-up area of Portus from the Claudian harbour 
incorporates the façade of building V within its 
structure as a series of brick-faced concrete pylons 
DW�GL̆HULQJ�LQWHUYDOV�DORQJ�WKH�OHQJWK�RI�WKH�ZDOO��

4.2.2. Geophysics

In 2000 an extensive magnetometry survey of 
the area of building V was undertaken. The results 
(Keay, Paroli, and Strutt 2005) reveal numerous 
structures on the alignment indicated by the façade 
preserved in the Late Roman wall. There are several 
anomalies within the data that match the positions 
of the pylons preserved in the wall, indicating that 
the walls or rows of pylons run longitudinally which 

2 www.portusproject.org; www.heritageportal.eu The Portus 
Project is directed by Professor Simon Keay and is a collaborative 
research initiative involving the University of Southampton, the 
British School at Rome, the University of Cambridge and the 
Soprintendenza Speciale per i Beni Archeologici di Roma.

Figure 2. Magnetometry survey results.
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suggests that the transverse walls divide each bay 
LQWR�VPDOOHU�URRPV�DV�VHHQ�LQ�)LJXUH���

4.2.3. Excavation

Excavations to the north of the Late Roman 
wall provided more detailed information about 
the building in 2007. A small excavation revealed 
the brick levelling course of the foundation and 
the concrete below. In 2011 a large area within the 
building was excavated, providing key information 
UHODWLQJ� WR�ERWK� LWV� VWUXFWXUH� DQG�SKDVLQJ� �)LJ�� ����
Three rows of pylons running lengthways were 
present in the south west corner and followed the 
pattern seen in the Late Roman wall. The excavation 
focussed on one of the smaller spans of c. 4.5m, and 
a larger span of 12m, with brick stamps indicating 
that the earliest phase of construction dates to the 
HDUO\� �QG� &HQWXU\� $'� DQG� ¿WV� LQ� ZLWK� 7UDMDQLF�
UHPRGHOOLQJ� RI� WKH� VLWH�� )XUWKHU� WR� WKHVH� S\ORQV��
narrow lengthways walls of 58cm width survive 
and are faced in opus mixtum which is indicative 
of an early second century date, indicating that 
they may have been built immediately following the 
construction of the pylons. The central row had a 
further set of lengthways walls, built up with the wall 
forming transverses which divide the larger bay. 

4.3. Documentary analysis 

7KURXJK� WKH� FRPSDULVRQ� RI� WKH� GL̆HUHQW�
techniques used within the previous section we can 
FOHDUO\�SURGXFH�WKH�EDVLF�OD\RXW�RI�EXLOGLQJ�9��)LJ��
4). 

It has been shown that the building consists 
RI� DW� OHDVW� WZR� GL̆HUHQW� VRUWV� RI� LQWHUQDO� HOHPHQWV�
which appear to be internal spaces that traverse 
the building from northern to southern façade. 
7KH�¿UVW� LV�JHQHUDOO\����P�ZLGH�ZKLOVW� WKH�RWKHU� LV�
generally 12.3m wide. The layout of the individual 
pylons have been repeated and projected as far as 
the survey extends. Whilst the remains, surviving 
above ground level, have been surveyed, it cannot 
be determined whether all the remains relate to 
building V in its initial Trajanic phase or through 
later conversion of the building. Likewise, this can 
also be applied to the geophysical data. One possible 
interpretation of building V is that it was used for 
the construction of ships. Similar forms to building 
9�KDYH�EHHQ�LGHQWL¿HG��+DUULVRQ�������WKLV�YROXPH���

5. Investigation of the Building Form

Having completed the necessary data 
collection through archaeological investigation and 
documentary evidence a series of distinct models of 
EXLOGLQJ�9�ZHUH�GH¿QHG�

• 7KH� ¿UVW� K\SRWKHWLFDO� PRGHO� ZDV� EDVHG� RQ� D�
barrel vaulted roof that has a higher front façade 
leaving the rooftop bare to reduce the weight of 
the roof; 

• 7KH�VHFRQG�K\SRWKHWLFDO�PRGHO�GHDOV�VSHFL¿FDOO\�

Figure 3. South western extent of the building V showing 
excavated remains and proposed layout in both the 
Trajanic and Post-Trajanic phases (Harrison 2011).

Figure 4. Layout of building V based on the combination 
of excavation, magnetometry survey and extant remains.
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with an alternative barrel vault which has a 
consistent height throughout and contains a 
VROLG�ÀDW�URRIWRS��

• 7KH�¿QDO�PRGHO�IRFXVVHV�RQ�D�WLPEHU�IUDPHG�URRI�
which has a pitched front.

The models’ dimensions have been chosen 
EDVHG� RQ� ¿HOGZRUN� DQG� GHVN�EDVHG� VWXGLHV��
6SHFL¿FDOO\��WKH�OHQJWK�DQG�ZLGWK�RI�WKH�EXLOGLQJ�DUH�
���P�DQG���P�UHVSHFWLYHO\��ZKLFK�ZHUH�LGHQWL¿HG�
through geophysics, excavation and extant remains. 
The heights of the pylons were indicated by use of 
a laser scanner to measure accurately the size of a 
fallen pylon next to the remains of building V. This 
ZDV� IRXQG� WR� EH� �P� LQ� KHLJKW�� )URP� WKHVH� S\ORQ�
heights, necessary arches were created using the 
width of the bays found within the façade and the 
internal rooms which create the necessary height of 
the building. There is little evidence of what type of 
URR¿QJ�PD\�KDYH�H[LVWHG�DQG�DV�VXFK�WKH�PRVW�OLNHO\�
vaulting and timber frame construction techniques 
have both been considered.

The remains of building V principally consist 
of the material opus caementicium, often referred 
to as Roman pollozonic concrete. Therefore, in the 
¿UVW�WZR�VFHQDULRV�WKH�EXLOGLQJ�PDWHULDO�LV�DVVXPHG�
to be made of opus caementicium. This material is 
comprised of an aggregate of stone or broken bricks 
mixed with lime mortar with volcanic sand to create 
a durable and strong material that can be moulded 
into a variety of forms through the use of wooden 
framework and centring. It is frequently used to 
form the structural core of walls and pylons, as is 
WKH�FDVH� LQ�EXLOGLQJ�9��)RU�WKH�VWUXFWXUDO�DQDO\VHV��
the data needed only relies on the elements that 

are of structural importance, so the investigation 
only focuses on the opus caementicium as a core 
structural material of the structural load-bearing 
elements.

Regarding the third scenario, there are two 
types of timber roof structures known to be used 
LQ� 5RPDQ� EXLOGLQJV� �)LJ�� ���� 7KH� ¿UVW� LV� D� SURS�
and lintel roof where the principal rafters rest on 
the architraves of the outer structure, and gain 
additional support from resting on ‘props’ that lie 
on architraves of internal walls. The second is a 
tie-beam truss which allows for a wide space to be 
spanned by a single pitched roof structure without 
the need for internal walls or columns to support 
it. The tie-beam truss uses smaller timbers and 
can support a greater weight that is less subject to 
sagging which makes it the logical choice for the 
URR¿QJ�RI�EXLOGLQJ�9��$Q�H[DPSOH�RI�WKLV�FDQ�EH�VHHQ�
LQ� )LJXUH� �� ZKLFK� VKRZV� WKH� EDVLOLFD� RI� 6W� 3DXO¶V�
which was built in the later fourth century with the 
URRI�VXUYLYLQJ�LQ�LWV�RULJLQDO�IRUP�XQWLO�D�¿UH�LQ������

Figure 5. a) Top. Prop and lintel timber roof  b) Left. Tie-
beam truss roof with queen posts (Ulrich 2007).

Figure 6. Interior Of The Basilica Of St Paul’s Outside 
The Walls, Rome (Ulrich 2007).



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

170

6. Creation of Models

In this study structural analysis is used to 
analyse the load-bearing structural system of the 
building in order to predict the responses of the 
structure under the relevant loading through linear 
analysis. The purpose is to test the adequacy of the 
structural core from the view point of stability of the 
structure. There are various methods to analyse a 
construction structurally. )RU� LQVWDQFH�� LQ�RUGHU� WR�
assess the structural safety of a medieval masonry 
bridge, de Arteaga et al. (2012) conducted a structural 
DQDO\VLV� VWXG\� ZKHUH� IRXU� GL̆HUHQW� DQDO\WLFDO�
methods were employed to see the scope of each 

with a view towards their utility in collecting data in 
WKH�¿HOG��,Q�WKH�DQDO\VHV��WKH�JHRPHWU\�RI�WKLV�EULGJH�
was obtained using terrestrial laser scanning and 
photogrammetry technology, which are commonly 
used in archaeology. One of the main conclusions 
was the need for multidisciplinary group work 
to make better structural assessment of masonry 
arch bridges, emphasising the incorporation of 
interdisciplinary approaches such as geomatic 
WHFKQLTXHV�� 7KLV� FOHDUO\� FRQ¿UPV� WKH� FHQWUDOLW\� RI�
archaeological techniques in data collection for 
further analysis of structures.

,Q� WKLV� VWXG\��)LQLWH�(OHPHQW�0HWKRG� �)(0��
was used for the analyses. After the acquisition of 
data using archaeological techniques through a 
site-study and documentary analyses through a 
desk-study, plausible interpretations of geometrical 
building forms, creating as CAD drawings, formed 
the foundation of structural modelling as part of 
computational archaeology. In other words, building 
geometry was created. Dividing the structural 
ERG\�LQWR�D�QXPEHU�RI�¿QLWH�HOHPHQWV�ZDV�WKH�QH[W�
step before the solution of equilibrium equations 
incorporating structural material properties 
(Autodesk 2012). 

6.1. Creation of hypothetical forms 

The three-dimensional models were produced 
within AutoCAD using three-dimensional solid 
parts. Then the model geometry was transferred 
LQWR�WKH�)LQLWH�(OHPHQW�6RIWZDUH��$/*25��$XWRGHVN�
������ IRU� PHVKLQJ� WKH� PRGHO� LQWR� ¿QLWH� HOHPHQWV�
and for the assignment of the considered material 
properties for each part. The models can be seen in 
)LJXUH���ZLWK�HDFK�KDYLQJ�WKH�VDPH�EDVLF�VWUXFWXUH��
They only focus on the structural elements of the 
building and ignore any decorative features as the 
data is not needed to test the structural capabilities 
RI� WKH� LQWHUSUHWDWLRQV�� )L[HG� ERXQGDU\� FRQGLWLRQV�
have been applied at the bottom of the pylons. 
Importantly, in order to reduce the number of 
equations during the solution procedure, only 
half of the building has been analysed imposing 
boundary conditions considering symmetry for the 
symmetrical self-weight loading of the building.

To ensure the highest quality mesh, bricks 
DQG� WHWUDKHGUDO� ¿QLWH� HOHPHQWV� KDYH� EHHQ� XVHG��
The solid mesh consisted of as many 8-node three-

Figure 7. CAD drawings of the three hypothetical 
structures.
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GLPHQVLRQDO� ¿QLWH� HOHPHQWV� �EULFN� HOHPHQWV�� DV�
possible with respect to the mesh size. These 8-node 
elements have 3 degrees of freedom at each node. As 
commonly used for this type of immense masonry 
building, static stress analysis with linear material 
SURSHUWLHV�KDV�EHHQ�GH¿QHG� �3HUXFFKLR�DQG�%UXQH�
2008). The static self-weight loads of the building 
have been applied to the model and all material 
strains are expected to be in the linear elastic range 
of the material. Resulting maximum stresses and 
strains have been compared with the strength of 
material to test the structural reliability of the 
models.

6.2. Material properties

7KHUH� DUH� D� QXPEHU� RI� GL̆HUHQW� IRUPV� RI�
concrete vaulting found within Roman architecture 
with examples seen at the markets at Tivoli, Porticus 
$HPLOLD�DQG�WKH�%DVLOLFD�RI�0D[HQWLXV��6LJQL¿FDQWO\�
Lancaster (2005) provides a complete survey of 
vaulted constructions within Imperial Rome through 
which it can be seen that opus caementicium is a 
suitable material that can be used as the material 
property in the structural analysis. In addition, the 
study by 3HUXFFKLR�DQG�%UXQH��������DOVR�FRQ¿UPV�
that opus caementicium is the most realistic material 
that can be used within the case study of building V 
at Portus. Linear elastic isotropic material properties 
of opus caementicium needed for the static linear 
stress analyses are given in Table 1 and with the 
material properties taken directly from Perucchio’s 
analysis of the Trajan’s Market (ibid) as no test have 
been completed on the Portus remains.

Roman builders were aware of the superior 
SURSHUWLHV�RI�WLPEHUV�IURP�IXUWKHU�D¿HOG��7KHUH�DUH�
four types of tree that could have been used for the 
ODUJHVW� VSDQV�� QDPHO\� ¿U�� PRXQWDLQ� SLQHV�� ODUFK�
and cedar. Larch from the Alps was renowned for 
EHLQJ�VORZ�WR�FDWFK�¿UH��DQG�FHGDU�IURP�WKH�/HYDQW�
was thought to be extremely strong and long-
ODVWLQJ��8OULFK��������7KH�¿UV�IURP�WKH�$SSHQLQHV��
SULQFLSDOO\� VLOYHU� ¿U�� JURZ� WR� XS� ��P� WDOO� ZLWK� D�

WUXQN�GLDPHWHU�RI����P��SURYLGLQJ�D�VẊFLHQW�OHQJWK�
timber for any truss. In addition to these advantages, 
VLOYHU�¿U��DV�D�FRPPRQ�DQG�UHDGLO\�DYDLODEOH�WLPEHU�
(Slavid 2006), was used in the structural analyses 
with the material properties (MATBASE 2012) 
shown in Table 1. 

7. Results 

7KH� DQDO\VLV� WRRN� SODFH� XVLQJ� D� ¿QH� PHVK�
ZLWK�WKH�¿UVW�WZR�PRGHOV�XVLQJ�D�PHVK�VL]H�RI����P�
and the third using 0.2m within the building and 
0.1m within the timber roof. This mesh size was 
XVHG� LQ�RUGHU� WR� LQFUHDVH� WKH�DFFXUDF\�RI� WKH�)(0�
results; the displacements that occurred have been 
exaggerated to identify the subtle movements that 
can be seen within the results. 

In continuum mechanics, stress is a measure 
of the average force per unit area of a surface within 
the body on which internal forces act. At every 
point in a stressed body there are at least three 
planes, where the corresponding stress vector is 
perpendicular to the plane, and where there are no 
normal shear stresses. The three stresses normal to 
these principal planes are called principal stresses. 
The results focus on two of the principle stresses, 

Materials used in 
Models

Modulus of 
Elasticity

Mass Density
Poisson 

Ratio
Compressive 

Strength
Tensile 

Strength

Opus 
caementicium

3 GPa 1540 kg/m3 0.2 4 MPa 0.1 MPa

6LOYHU�¿U 11 Gpa 500 kg/m3 0.22 40 MPa 80 MPa

Table 1. Material 
Properties of Opus 
Caementicium and 
Silver Fir.

Figure 8��0HVKLQJ�RI�WKH�¿UVW�PRGHO�
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namely minimum which tests compression and 
maximum which tests tension.

The weakness of Roman pozzolana concrete is 
its very low tensile strength, which is, to a certain 
degree, a control point to decide on the probability of 

the selected building form. Therefore, the maximum 
WHQVLOH� VWUHVVHV� DUH� VLJQL¿FDQW� WR� VHH� WKH� FULWLFDO�
regions on the model and their magnitude.

7.1 First hypothetical structure

)LJXUH� �� LOOXVWUDWHV� WKH� PHVK� RI� WKH� PRGHO�
DQG� )LJXUH� �D� VKRZV� WKH� GLVSODFHPHQW� UHVXOWV�
IURP� WKH� ¿UVW� K\SRWKHWLFDO� EXLOGLQJ� XQGHU� LWV� RZQ�
gravitational force. In general, the maximum 
vertical displacements occur at midpoints of the 
vaults. The maximum displacements are at the 
PLGSRLQW�RI�WKH�¿UVW�OHIW�YDXOW�GXH�WR�LWV�VSDQ�EHLQJ�
slightly larger than the others and are supported 
ZLWK�D�OHVV�VWL̆�VLGH�ZDOO�LQ�FRPSDULVRQ�WR�WKH�RWKHU�
side of the structure. As expected, the displacements 
get smaller and smaller at lower levels close to the 
JURXQG� VLQFH� WKH� VWUXFWXUH� LV� ¿[HG� DW� WKH� ERWWRP�
RI�WKH�S\ORQV��$�FORVH�XS�LPDJH��)LJ���E��RI�WKH�OHIW�
VLGH�YDXOW�KLJKOLJKWV�WKH�GHÀHFWHG�DQG�QRQ�GHÀHFWHG�
geometry. Due to the load transfer along the vault, 
the narrow side vaults are pushed outwards by the 
DGMDFHQW�YDXOWHG�URRI�GXH�WR�WKH�VWL̆QHVV�RI�WKH�OHIW�
side of the vault being less than the other side.

)LJXUH����VKRZV�WKH�PD[LPXP�SULQFLSOH�VWUHVV�
contours on the model. Due to the bending of the 
vaults under gravity loads, tension stresses develop 
at the bottom of the vaults. The maximum value 
here is seen to be 354542.7 N/m2 which is 3.5 times 
larger than the tensile strength of the material. Due 
to the maximum value being higher than the tensile 
VWUHQJWK�RI�WKH�PDWHULDO��WKLV�VSHFL¿F�LQWHUSUHWDWLRQ�
presents very low probability as this form is not 
structurally strong enough to carry itself. 

Although the structure is implausible due to the 
tensile strength of the Roman pozzolana concrete, 
it was also important to test if the structure had 
VẊFLHQW� VWUHQJWK� WR� DFFRPPRGDWH� FRPSUHVVLRQ�
forces. As a result, the maximum compressive stress 
of 40907.7 N/m2 developed in the entire structure 
is less than the material compressive strength of 
4000000 N/m2. Analysis results suggest that the 
tensile stresses control the failure behaviour in this 
model. 

7.2. Second hypothetical structure 

The model was again tested through self-
loading and was analysed using linear stress analysis 

Figure 9��'LVSODFHPHQW�RI�WKH�¿UVW�K\SRWKHWLFDO�PRGHO�

Figure 10��0D[LPXP�SULQFLSDO�VWUHVVHV�RI�WKH�¿UVW�PRGHO�

Figure 11�� 'HÀHFWHG� VKDSH� RI� WKH� VHFRQG� K\SRWKHWLFDO�
building.

Figure 12. Maximum principal stresses of the second 
model. 
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ZLWK�OLQHDU�PDWHULDO�SURSHUWLHV��)LJXUH����KLJKOLJKWV�
WKH� GHÀHFWHG� VKDSH� RI� WKH� VWUXFWXUH� DV�ZHOO� DV� WKH�
PHVK�RI�WKH�PRGHO��7KH�PRGHO�KDV�TXLWH�¿QH�PHVKLQJ�
in order to replicate geometry in a more realistic 

state. Expectedly, analysis results demonstrate that 
relatively larger displacements take place at the 
mid-points of the arches of the barrel vaults. The 
PD[LPXP� GLVSODFHPHQW� RFFXUV� RYHU� WKH� ¿UVW� OHIW�
large arch as it is slightly bigger than the others; also 
the arch thickness at the top is less than that on the 
other side of the building. Therefore left side vertical 
structural elements bend towards right with the 
H̆HFW�RI�WKH�KHDYLHU�URRI�XQOLNH�WKH�SUHYLRXV�PRGHO��
7KHVH�GLVSODFHPHQWV�KDYH�DJDLQ�EHHQ�PDJQL¿HG�WR�
highlight the movement that occurs as the maximum 
displacements are as large as 3.6 mm.

The maximum principle stress shown in 
)LJXUH����LV��������1�P2 which is twice the tensile 
strength of the material (100,000 N/m2). The 
UHVXOW�DOWKRXJK�QRW�DV�KLJK�DV�WKH�¿UVW�PRGHO�DJDLQ�
proves that the selected building is structurally 
unstable as the tensile strength is double that of the 
material strength. The minimum principle stress 
being 2154910 N/m2 is lower than the compression 
VWUHQJWK� RI� WKH�PDWHULDO� �)LJ�� ���� KRZHYHU� WHQVLRQ�
stress results again suggest that this hypothesised 
structure would not be viable. 

7.3. Third hypothetical structure 

Under self-loading and using linear stress 
analysis, this time, the model is based on two 
GL̆HUHQW�OLQHDU�PDWHULDOV��¿U�IRU�WKH�WLPEHU�URRI�DQG�
Roman pozzolana concrete for the building. In order 
to test structural reliability of this hypothetical 
structure there was a need to examine both materials 
VHSDUDWHO\�� )LJXUH� ��� GHSLFWV� WKH� PRGHO� JHRPHWU\�
DQG�WKH�GHÀHFWHG�VKDSH�XQGHU�VHOI�ZHLJKW�

)LJXUH� ��� IRFXVHV� RQ� WKH� PD[LPXP� DQG�
minimum principal stresses of the Roman pozzolana 
concrete. The result for the concrete is 85358 N/m2 
which is less than the tensile strength of the material. 
7KH�UHVXOW�IRU�WKH�¿U�LV��������1�P2 and is again less 
than the tensile strength of the material. Regarding 
minimum principal stresses of both materials, the 
results are considerably lower than the compression 
rate allowed for both. 

The results provide a model that is structurally 
stable and suggests that this could have been 
a possible form of the building. Although it 
cannot be said with absolute certainty due to the 
various possibilities of structural form, material 

Figure 13. Minimum principal stresses of the second 
model.

Figure 15. Principal stresses on the third model.

Figure 14��'HÀHFWHG�VKDSH�RI�WKH�WKLUG�PRGHO�
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heterogeneity, inherent approximations of the 
analysis method and model idealization, it can 
be concluded with a high probability that the 
hypothesized third structure is the most probable 
structure amongst three of the buildings, based on 
the mathematical examination. 

Importantly, geometric variations within the 
PRGHOOLQJ� RI� WKH� ¿UVW� WZR�PRGHOV� FRXOG� EH� WHVWHG�
to see the structural building response. This could 
be done, for instance, through altering the roof 
thickness and material properties of these two 
structures. These alterations would provide an 
assessment of whether the updated shape could be 
structurally viable or not.

Linear analysis rather than non-linear 
analysis was used as a basis to test the hypothetical 
forms of the building, as it would have to withstand 
its own static stress before extreme events, such as 
HDUWKTXDNHV�� ZRXOG� D̆HFW� LW�� $OWKRXJK� QRQ�OLQHDU�
analyses can be performed for a more in-depth 
investigation, given the involved uncertainties linear 
DQDO\VLV� KDV� EHHQ� FRQVLGHUHG� VẊFLHQW� DORQJVLGH�
the other assumptions.  

8. Conclusions

)RU� PRUH� UHOLDEOH� UHFRQVWUXFWLRQ� RI�
ruined historic buildings a systematic and novel 
methodology has been suggested. Data acquisition 
WKURXJK� DUFKDHRORJLFDO� ¿HOG� VXUYH\� LV� FUXFLDO��
Excavation, laser scanning, topographic survey 
DQG�JHRSK\VLFDO�VXUYH\�DUH�WKH�H̆HFWLYH�WHFKQLTXHV�
to obtain an insight in the structural remains. In 
addition, documentary investigation completes the 
various gaps during the overall analysis procedure. 
The data can be used to create a model of a past 
structure and provide information about its physical 
SURSHUWLHV�� 2QFH� VẊFLHQW� GDWD� LV� SURGXFHG��
computational modelling for the generation of 
plausible hypothetical forms is the next step towards 
¿QLWH� HOHPHQW�PRGHOOLQJ� IRU� VWUXFWXUDO� DQDO\VLV� WR�
test them.

Structural analysis provides suggestions 
as to the basic form of past buildings. In terms 
of the case study the results suggest that two 
hypothetical structures may be discredited with 
a third providing a viable structure. However, 
there are many other possible structurally stable 

forms. Since the loads and their application can 
vary between hypothesised buildings depending 
RQ�PDQ\� HQYLURQPHQWDO� IDFWRUV�� GL̆HUHQW� DQDO\VLV�
types will be incorporated in future work to evaluate 
ÀXLG�ÀRZ��WKHUPDO�G\QDPLFV��YLEUDWLRQ�DQG�FULWLFDO�
buckling, to complement the existing work focus on 
gravitational load. The resulting models can then 
be used to create photorealistic models for visual 
representation.

Chalmers and Debattista (2005) suggested 
that structural analysis could be used as a way of 
producing viable models for interpretation within 
archaeology. Their research on prehistoric Maltese 
temples provided an innovative approach, but was 
limited by the lack of a complete material property 
database and the software available. The method 
produced within this paper builds on their work, 
DQG�FRQ¿UPV�WKDW�WKHUH�LV�D�QHHG�IRU�DUFKDHRORJLFDO�
modelling to focus equally on the collection of 
volumetric and surface survey data, and their 
deployment within a structural analysis framework, 
alongside historical knowledge and conventional 
site survey. 
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for her help in outlining the form of the building.
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1. Introduction

5HÀHFWDQFH�7UDQVIRUPDWLRQ�,PDJLQJ��57,��LV�
D�FRPSXWDWLRQDO�SKRWRJUDSK\�PHWKRG� WKDW�� VWDWLQJ�
IURP�D�VHW�RI�LPDJHV�WDNHQ�IURP�D�VLQJOH�YLHZ�XQGHU�
YDU\LQJ� OLJKWLQJ� FRQGLWLRQV�� HQFRGHV� WKH� VXEMHFW¶V�
VXUIDFH� VKDSH� DQG� FRORXU� WR� HQDEOH� WKH� LQWHUDFWLYH�
UH�OLJKWLQJ� RI� WKH� VXEMHFW� IURP� DQ\� GLUHFWLRQ�� 57,�
HQFRGHV� WKLV� UHGXQGDQW� GDWD�� WKH� VDPH� VFHQH�
VDPSOHG�XQGHU�PDQ\�GL̆HUHQW� OLJKWLQJ� FRQGLWLRQV��
LQ� D� FRPSDFW�ZD\��XVLQJ� YLHZ�GHSHQGHQW�SHU�SL[HO�
UHÀHFWDQFH�IXQFWLRQV�

7KH�YLUWXDO�H[DPLQDWLRQ�DQG�VWXG\�RI�&XOWXUDO�
+HULWDJH�DUWHIDFWV�LV�WDNLQJ�DGYDQWDJH�IURP�WKH�XVH�
RI� WKH� 57,� WHFKQLTXHV�� ,Q� WKLV� ¿HOG� WKH� ZD\� OLJKW�
LQWHUDFWV�ZLWK�WKH�REMHFW� LV�YHU\�LPSRUWDQW�EHFDXVH�
WKH� FKDUDFWHULVWLFV� RI� WKH� PDWHULDO�� UHÀHFWDQFH�
Corresponding author: gianpaolo.palma@isti.cnr.it

EHKDYLRXU�� DQG� WH[WXUH�R̆HU�PDMRU�SHUFHSWXDO� DQG�
FRJQLWLYH�KLQWV�IRU�WKH�VWXG\�RI�D�&XOWXUDO�+HULWDJH�
REMHFW�� ,Q� PDQ\� FDVHV� WKH� DELOLW\� WR� LQWHUDFWLYHO\�
SOD\� ZLWK� WKH� OLJKW� LV� RIWHQ� PRUH� XVHIXO� WKDQ� WKH�
PDQLSXODWLRQ� RI� DQ� DFFXUDWHO\� VDPSOHG� �'� VKDSH��
WKDW� LV� KDUGO\� DEOH� WR� FDSWXUH� DOO� WKH� LQWHUHVWLQJ�
DVSHFWV� RI� WKH� DUWZRUN�� )XUWKHUPRUH�� WKHUH� DUH�
VHYHUDO� DGYDQWDJHV� RI� 57,� WHFKQRORJLHV� FRPSDUHG�
WR� �'� VFDQQLQJ� WHFKQLTXHV�� 57,� WHFKQLTXHV� XVH�
LQH[SHQVLYH�DQG�ZLGHO\�DYDLODEOH�KDUGZDUH��LQ�PDQ\�
FDVHV��MXVW�D�GLJLWDO�FDPHUD�DQG�OLJKW���VFDOH�ZHOO�WR�
ERWK� ODUJH� DQG� YHU\� VPDOO� REMHFWV�� DQG� DUH� DEOH� WR�
HDVLO\� DFKLHYH� D� VDPSOLQJ� GHQVLW\� DQG� D� SUHFLVLRQ�
WKDW�PRVW�FXUUHQW��'�VFDQQHUV�DUH�XQDEOH�WR�UHDFK��
HYHQ� XQGHU� RSWLPDO� DFTXLVLWLRQ� FRQGLWLRQV�� )RU�
WKRVH�UHDVRQV��57,�WHFKQLTXHV�DUH�ZLGHO\�XVHG�LQ�WKH�
&XOWXUDO�+HULWDJH�¿HOG�IRU�GRFXPHQWDWLRQ�WRROV�DQG�
WR�VXSSRUW�GHWDLOHG�YLVXDO�DQDO\VLV�
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Abstract:
We present a system to provide an enhanced access of ordinary people to a collection of ancient coins, 
preserved in the National Museum of San Matteo in Pisa (Italy). Those coins have been digitized to produce 
RTI representations and are presented to museum visitors together with data telling their story.
The interactive presentation system, designed to be deployed either by a museum kiosk or by a web site, is 
FRPSRVHG�RI�WZR�LQWHJUDWHG�VHFWLRQV��D�EULHI�LQWURGXFWLRQ�WR�WKH�GL̆HUHQW�VXEVHWV�RI�FRLQV��DQ�LQWHUDFWLYH�
57,�YLHZHU��7KH�FRLQV�DUH�RUJDQL]HG�LQ�GL̆HUHQW�VXEVHWV�WR�EHWWHU�SUHVHQW�WKHP�WR�D�SXEOLF�RI�LQH[SHULHQFHG�
visitors. The viewer supports the interaction with the RTI image through a set of functionalities: changing 
WKH�OLJKW�GLUHFWLRQ� zooming��SDQQLQJ�RYHU�WKH�LPDJH��ÀLSSLQJ�WKH�FRLQ��YLVXDOL]LQJ�KRW�VSRWV��ZKLFK�OLQN�
VSHFL¿F�DUHDV�RQ�WKH�FRLQ�ZLWK�GHVFULSWLYH�+70/�K\SHUWH[W�
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57,� WHFKQLTXHV� ZHUH� GHVLJQHG� WR� VXSSRUW�
HDV\� GRFXPHQWDWLRQ� DQG� LQVSHFWLRQ� RI� &XOWXUDO�
+HULWDJH� DUWZRUNV�� JLYLQJ� D� SUHFLRXV� LQVWUXPHQW�
WR�WKH�VSHFLDOLVWV�LQ�WKH�DQDO\VLV�DQG�LQWHUSUHWDWLRQ�
SURFHVV��7KH�UHFHQW�DGYDQFHV�RI�WKH�ZHE�YLVXDOL]DWLRQ�
LQVWUXPHQWV� DUH� LQFUHDVLQJ� RXU� FDSDELOLW\� WR�
GLVVHPLQDWH� GDWD� DQG� WR� VXSSRUW� UHPRWH� YLVXDO�
LQVSHFWLRQ�RI�ERWK�VFKRODUV�DQG�RUGLQDU\�SXEOLF�

:H� SUHVHQW� DQ� LQWHUDFWLYH� NLRVN� IRU� WKH�
LQWHUDFWLYH� SUHVHQWDWLRQ� DQG� YLUWXDO� LQVSHFWLRQ� RI�
FRLQV�FROOHFWLRQ�XVLQJ�+70/���WHFKQRORJ\�DQG�57,�
LPDJHV��WKH�VSHFL¿F�WHVW�FDVH��WKH�FRLQ�FROOHFWLRQ�RI�
WKH�1DWLRQDO�0XVHXP�RI�6DQ�0DWWHR�LQ�3LVD��JLYHV�XV�
WKH�RSSRUWXQLW\�WR�SUHVHQW�WKH�XQGHUO\LQJ�WHFKQRORJ\�
LQ�WKH�IUDPHZRUN�RI�D�FRQFUHWH�DQG�SUDFWLFDO�SURMHFW�

2. State of Art on RTI Acquisition and 
Visualization

7KH�¿UVW�57,�LPDJH�IRUPDW�ZDV�LQWURGXFHG�LQ�
������0DO]EHQGHU��*HOE��DQG�:ROWHUV��������ZLWK�WKH�
3RO\QRPLDO�7H[WXUH�0DSV��370���7KLV�LPDJH�HQFRGHV�
WKH�SHU�SL[HO�UHÀHFWDQFH�IXQFWLRQ�XVLQJ�D�ELTXDGUDWLF�
SRO\QRPLDO��$OUHDG\�LQ�WKLV�RULJLQDO�ZRUN��WKH�370V�
DUH� SUHVHQWHG� DV� D� SRZHUIXO� WRRO� WR� LPSURYH� WKH�
VWXG\�RI�DQFLHQW�ZULWLQJV�DQG�LQVFULSWLRQV��$XWKRUV�
SURSRVHG� WZR� FRQWUDVW� HQKDQFHPHQW� PHWKRGV�
ZKLFK�DOORZ�LPSURYLQJ�WKH�UHDGDELOLW\�RI�WKH�DQFLHQW�
LQVFULSWLRQ� E\� PDWKHPDWLFDO� PDQLSXODWLRQ� RI� WKH�
ELTXDGUDWLF� SRO\QRPLDO�� $� QHZ� HQFRGLQJ� IRU� 57,�
GDWD� ZDV� SURSRVHG� LQ� ����� �*XQDZDUGDQH� HW� DO��
������� WKH� +HPLVSKHULFDO� +DUPRQLFV� 0DS�� 7KLV�
QHZ� IRUPDW� XVHV� D� OLQHDU� FRPELQDWLRQ� RI� WKH� ¿UVW�
QLQH� KHPLVSKHULFDO� KDUPRQLFV� IRU� WKH� UHÀHFWDQFH�
IXQFWLRQ��HQDEOLQJ�D�KLJKHU�UHQGHULQJ�TXDOLW\�GXH�WR�
WKH�EHWWHU�VDPSOLQJ�SURSHUWLHV�RI�WKH�QHZ�SHU�SL[HO�
IXQFWLRQ�

,Q� WKH� ODVW� ��� \HDU� 57,V� ZHUH� HPSOR\HG�
LQ� VHYHUDO� DSSOLFDWLRQV�� 7KH\� ZHUH� XVHG� LQ�
3DODHRQWRORJ\�� WR� SURYLGH� QRWLFHDEOH� LPSURYHPHQW�
LQ� LPDJLQJ� RI� ORZ� FRORXU� FRQWUDVW�� OLNH� KLJK� UHOLHI�
IRVVLOV� �+DPPHU� HW� DO�� ������� 7KH� DSSOLFDWLRQ� RI�
370�PHWKRG� RQ� DQFLHQW� VWRQH� WRROV� UHYHDOHG� ¿QH�
GHWDLOV�RI�FRQFRLGDO�NQDSSLQJ�IUDFWXUHV��XVH�VFDUULQJ�
DQG�VWRQH�JUDLQ��0XGJH�HW�DO����������$�MRLQW�ZRUN�
GRQH�E\�1DWLRQDO�*DOOHU\�DQG�7DWH�*DOOHU\�RI�/RQGRQ�
VKRZHG�WKDW�370V�SURYLGHG�DGGLWLRQDO�LQIRUPDWLRQ�
DERXW�WKH�VXUIDFH�WH[WXUHV�RI�RLO�SDLQWLQJV��3DG¿HOG��
6DXQGHUV�� DQG� 0DO]EHQGHU� ������� &XQHLIRUP�

WDEOHWV� ZHUH� DQDO\]HG� XVLQJ� ERWK� �'� �370�� DQG�
�'� �VWUXFWXUHG� OLJKW� VFDQQHU�� LQIRUPDWLRQ�� WKH�
370V� ZHUH� WH[WXUH� PDSSHG� RQ� WKH� PRGHO�� DQG� D�
VSHFLDO��'�YLHZHU�ZDV�FUHDWHG��0XGJH�HW�DO���������
7KH� DSSOLFDWLRQ� RI� 370V� DQG� VFDQQLQJ� WHFKQLTXHV�
RQ� D� ODUJH� QXPLVPDWLF� FROOHFWLRQ� SHUPLWWHG� WKH�
FUHDWLRQ� RI� D� PRUH� FRPSOHWH� GRFXPHQWDWLRQ� WKDQ�
WKH� WUDGLWLRQDO� SKRWRJUDSKLF� PHWKRGV� DQG� WKH�
FRPPXQLFDWLRQ� RI� WKLV� LQIRUPDWLRQ� ZLWK� HDVH�
WKURXJK�GLJLWDO�PHGLD� �0XGJH� HW� DO��� �������370V�
ZHUH�XVHG�WR�VWXG\�WKH�$QWLN\WKHUD�PHFKDQLVP��DQ�
DQFLHQW�PHFKDQLFDO�FRPSXWHU�GHVLJQHG�WR�FDOFXODWH�
DVWURQRPLFDO� SRVLWLRQV� �)UHHWK� HW� DO�� �������+HUH��
WKH�DQDO\VLV�RI�WKH�GL̆HUHQW�IUDJPHQWV�XVLQJ�370V�
LQFUHDVHG�WKH�UHDGDELOLW\�RI�WKH�LQVFULSWLRQV��DOORZLQJ�
D�PRUH�FRPSOHWH�XQGHUVWDQGLQJ�RI� WKH�PHFKDQLVP�
RSHUDWLRQ��7KH�SRWHQWLDO�DQG�WKH�DGYDQWDJHV�RI�WKH�
DSSOLFDWLRQ�RI�WKH�57,�LPDJHV�LQ�WKH�DUFKDHRORJLFDO�
FRQWH[W� ZDV� DQDO\]HG� LQ� �(DUO�� 0DUWLQH]�� DQG�
0DO]EHQGHU�������(DUO�HW�DO���������HVSHFLDOO\�LQ�WKH�
¿HOG� RI� WKH� FRQVHUYDWLRQ�� DQDO\VLV� RI� WKH� PDWHULDO�
DQG�UHSUHVHQWDWLRQ�RI�WKH�DUFKDHRORJLFDO�GDWD��

,PSURYHG� PHWKRGV� ZHUH� SURSRVHG� IRU� WKH�
DFTXLVLWLRQ�RI�57,�LPDJHV��$�PHWKRG�WR�DFTXLUH�WKH�
57,� RI� ODUJH� REMHFW�� XVLQJ� D� VLQJOH�PRYHDEOH� OLJKW�
DQG�DQ�DFTXLVLWLRQ�SODQ�ZLWKRXW�WKH�HPSOR\�RI�D�OLJKW�
GRPH��ZDV�SUHVHQWHG�LQ��'HOOHSLDQH�HW�DO���������$Q�
DXWRPDWLF�PHWKRG�IRU�57,�JHQHUDWLRQ�EDVHG�RQ�WKH�
WUDFNLQJ�RI�WKH�KLJKOLJKW�SRVLWLRQ�RI�WKH�OLJKW�VRXUFH�
RQ�JORVV\�VSKHUHV�ZDV�SURSRVHG�LQ��%DUERVD��6REUDO��
DQG�3URHQoD�������� ,Q� WKLV�ZD\� WKH�XVHU� LV� IUHH� WR�
PRYH� D� VLQJOH� OLJKW� VRXUFH� DURXQG� WKH� REMHFW� DQG��
DIWHU�WKH�DFTXLVLWLRQ��KH�FDQ�XVH�DQ�DXWRPDWLF�WRRO�WR�
HVWLPDWH�WKH�HQFRGHG�OLJKW�GLUHFWLRQ�RI�HDFK�SKRWR�

$GYDQFHG� VKDGLQJ� HQKDQFHPHQW� WHFKQLTXHV�
ZHUH�SURSRVHG�LQ��3DOPD�HW�DO���������7KH�DXWKRUV�
SURSRVHG� D� VHW� RI� HQKDQFHPHQW� RSHUDWRUV� IRU� 57,�
LPDJHV� WKDW� LPSURYH� WKH� SHUFHSWLRQ� RI� GHWDLOV��
IHDWXUHV�� DQG� VKDSHV� GHSLFWHG� LQ� WKH� LPDJH� DQG�
SURYLGH� EHWWHU� DQG�PRUH� ÀH[LEOH� YLVXDO� LQVSHFWLRQ�
FDSDELOLWLHV�

3. The San Matteo Coins Project

7KH�6DQ�0DWWHR�FRLQV�SURMHFW�VWDUWHG�IURP�WKH�
UHTXHVW�RI� WKH�FXUDWRUV�RI� WKH�1DWLRQDO�0XVHXP�RI�
6DQ�0DWWHR�LQ�3LVD�WR�DOORZ�SUHVHQWLQJ�WKH�DQFLHQW�
FRLQV� FROOHFWLRQ� RI� WKH� PXVHXP� LQ� DQ� LQQRYDWLYH�
ZD\��WR�EHWWHU�FDSWXUH�WKH�LQWHUHVW�RI�WKH�YLVLWRUV�DQG�
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WR� JLYH� WKHP� HQKDQFHG� LQIRUPDWLRQ�� 7KH� DWWHQWLRQ�
RI�WKH�PXVHXP�FXUDWRU�WRZDUGV�WKH�FRLQ�FROOHFWLRQ�
LV�GXH� WR� WKH� FXUUHQW�ZD\� WR�H[SRVH�DQG�SUHVHQW� LW�
DW�WKH�SXEOLF��$�FRLQ�LV�D�YHU\�VPDOO�DUWZRUN��ZKLFK�
LQ� D� VWDQGDUG� PXVHXP� H[SRVLWLRQ� LV� SUHVHQWHG� WR�
WKH�SXEOLF� IURP�D�GLVWDQFH� �W\SLFDOO\�DW� OHDVW���FP�
IDU� IURP� WKH� REVHUYHU� H\HV��� 7KLV� GLVWDQFH� GRHV�
QRW� DOORZ� WR� WKH� YLVLWRUV� WR� QRWH� VRPH� VPDOO� DQG�
LQWHUHVWLQJ� GHWDLOV� RQ� WKH� OHJHQG� RU� RQ� EDV�UHOLHI�
DQG��PRUHRYHU��WKH�FRLQ�LV�XVXDOO\�YLVLEOH�RQO\�IURP�
RQH� VLGH�� )XUWKHUPRUH�� FRLQV� KDYH� D� ORW� RI� KLGGHQ�
NQRZOHGJH�WKDW�LV�GL̇FXOW�WR�WUDQVIHU�WR�WKH�YLVLWRUV�
LQ�DQ�HDV\��H̆HFWLYH�DQG�XQGHUVWDQGDEOH�PDQQHU�

7KH�PDLQ�FKDOOHQJHV�RI�WKLV�SURMHFW�ZHUH�

�� WR�DOORZ�WKH�YLUWXDO�PDQLSXODWLRQ�RI�WKH�FRLQV�WR�
LQVSHFW�WKHP�LQ�GHWDLO��

�� WR� EULQJ� VRPH� RI� WKH� KLGGHQ� NQRZOHGJH� RI� WKH�
FRLQV� WR� WKH� RUGLQDU\� SXEOLF� LQ� DQ� HDV\� DQG�
XQGHUVWDQGDEOH�ZD\��

:H�SURSRVHG�WKH�GHVLJQ�DQG�LPSOHPHQWDWLRQ�
RI� DQ� LQWHUDFWLYH� NLRVN� WR� DOORZ� WKH� SUHVHQWDWLRQ�
DQG� WKH� YLUWXDO� LQVSHFWLRQ� RI� WKH� FRLQV� FROOHFWLRQ��
7KH�NLRVN�PXVW�EH�HDV\�DQG�LQWXLWLYH�WR�XVH�IRU�WKH�
RUGLQDU\�SXEOLF� RI� WKH�PXVHXP�� DQG� LW�PXVW� DOORZ�
WKH� UHDO�WLPH� PDQLSXODWLRQ� RI� WKH� FRLQ� ZLWK� D� VHW�
RI�EDVLF�RSHUDWLRQV�OLNH�]RRPLQJ��SDQQLQJ��ÀLSSLQJ�
WKH� FRLQ�� FKDQJLQJ� RI� WKH� OLJKW� GLUHFWLRQ�� )LQDOO\�
WKH� NLRVN� PXVW� WHOO� WKH� VWRU\� RI� WKH� FRLQV� XVLQJ�
PXOWLPHGLD�GDWD��ZLWK�D�FRPELQDWLRQ�RI�WH[W��LPDJHV�
DQG� YLGHRV�� )RU� WKLV� ODVW� SXUSRVH� WKH� FRLQV� DUH�
RUJDQL]HG�LQ�VHYHUDO�VXEVHWV��HDFK�RQH�FKDUDFWHUL]HG�
E\�D�IHDWXUH�WKDW�FDQ�EH�WKH�KLVWRULFDO�FROOHFWLRQ�WR�
ZKLFK� WKH� FRLQV� EHORQJ� WR� RU� D� FRPPRQ� WKHPDWLF�
VXEMHFW��IRU�H[DPSOH�WKH�FRLQ�RI�D�VSHFL¿F�JHRJUDSKLF�
DUHD�RU� HSRFK��� ,Q�DGGLWLRQ��ZH�SXW�RQ� WKH� VXUIDFH�
RI�WKH�FRLQV�VRPH�KRW�VSRWV�WKDW�FRQWDLQ�DGGLWLRQDO�
PXOWLPHGLD�LQIRUPDWLRQ�XVHIXO�WR�EHWWHU�XQGHUVWDQG�
WKH�PRVW�LPSRUWDQW�DQG�LQWHUHVWLQJ�GHWDLOV�GHSLFWHG�
RQ�WKH�FRLQ�HQJUDYHG�GHFRUDWLRQV�

7KH�PDQDJHPHQW�RI� WKH�YLUWXDO� LQVSHFWLRQ�RI�
WKH� FRLQV� LV� RQH� RI� WKH�PRVW� LPSRUWDQW� DVSHFWV� LQ�
WKH�GHVLJQ�RI�WKH�NLRVN��6HYHUDO�VFLHQWL¿F�UHVHDUFKHV�
�5DPDFKDQGUDQ� ������ $GHOVRQ� DQG� 3HQWODQG�
������SURYHG�WKDW�WKH�KXPDQ�EUDLQ�LV�DEOH�WR�LQIHU�
PRUH� FRJQLWLYH� GDWD� IURP� WKH� G\QDPLF� UHÀHFWLRQ�
DQG�VKDGLQJ�RI�DQ�REMHFW��7KHQ�LW� LV�D�IXQGDPHQWDO�

UHTXLUHPHQW�WR�JLYH�WR�WKH�XVHU�WKH�SRVVLELOLW\�WR�URWDWH�
WKH�FRLQ�XQGHU��DW� OHDVW��D�GLUHFWLRQDO� LOOXPLQDWLRQ��
7KLV�PHDQV�WKDW�ZH�QHHG�D�YLUWXDO�UHSUHVHQWDWLRQ�RI�
WKH� FRLQ� WKDW� FDQ� VLPXODWH� WKH� LOOXPLQDWLRQ� H̆HFWV�
LQ� UHDO�WLPH� DQG� LQ� DQ� DFFXUDWH� ZD\�� LQ� RUGHU� WR�
REWDLQ�D�SKRWR�UHDOLVWLF�UHQGHULQJ��,Q�WKH�FKRLFH�RI�
WKLV�YLUWXDO�UHSUHVHQWDWLRQ�ZH�KDYH�WR�SD\�DWWHQWLRQ�
EHFDXVH�W\SLFDOO\�WKH�SURGXFWLRQ�RI�D�SKRWR�UHDOLVWLF�
UHQGHULQJ�RI�D�FRLQ�LV�H[WUHPHO\�FRPSOH[��GXH�WR�WKH�
UHÀHFWLRQ�H̆HFWV�RI�WKH�GL̆HUHQW�W\SHV�RI�PDWHULDOV��
)RU�H[DPSOH�LQ�WKH�PXVHXP�FROOHFWLRQ�ZH�KDYH�ERWK�
KLJK�UHÀHFWLYH�DQG�VSHFXODU�JROG�FRLQV��DQG�EURQ]H�
FRLQV�� WKDW� DUH�PRUH� RSDTXH� DQG� SUHVHQW� RQ� WKHLU�
VXUIDFH� GL̆HUHQW� NLQG� RI� SDWLQDV� DQG� GHJUDGDWLRQ�
SURFHVVHV�WKDW�DOWHU�WKHLU�DSSHDUDQFH��)LJ������

7KHUH� DUH� WZR� SRVVLEOH� RSWLRQV� IRU� WKH�
YLUWXDO� UHSUHVHQWDWLRQ� RI� WKH� FRLQ�� D� FRPSOHWH� �'�
PRGHO�RU�D�57,�LPDJH��7KH�FUHDWLRQ�RI�D��'�PRGHO�
UHTXLUHV� WR� DFTXLUH� ERWK� WKH� �'� JHRPHWU\� DQG�
WKH� VXUIDFH� DSSHDUDQFH�� 7KLV� WDVN� FRXOG� EH� TXLWH�
FRPSOH[�EHFDXVH�VFDQQLQJ�FRLQV�LQWURGXFHV�VHYHUDO�
SUREOHPV� DQG� GUDZEDFNV�� 7KH� DFTXLVLWLRQ� RI� WKH�
JHRPHWU\� FDQ� SUHVHQW� SUREOHPV�ZLWK� WKH� VFDQQLQJ�
RI�WKH�FRLQ¶V�ERUGHU��WKDW�FDQ�EH�YHU\�WKLQ��DQG�WKH�
ULJKW� DOLJQPHQW� RI� WKH� WZR� VLGHV� RI� WKH� FRLQ�� 7KH�
DFTXLVLWLRQ� RI� WKH� UHÀHFWDQFH� PXVW� EH� GRQH� LQ� D�
IROORZLQJ� VWHS�ZLWK� VSHFLDO� VHWXSV� WR� VDPSOH� LQ� DQ�
DFFXUDWH� ZD\� LWV� GLPHQVLRQDOLW\�� (YHQ� LI� VHYHUDO�
VROXWLRQV� KDYH� EHHQ� SURSRVHG� IRU� WKH� DFTXLVLWLRQ�
RI� WKH� VXUIDFH� DSSHDUDQFH� RI� UHDO� REMHFW�� DOO� RQHV�
KDYH�VRPH�GUDZEDFNV��7KH\�UHTXLUH�D�YHU\�LQWHQVLYH�
GDWD�DFTXLVLWLRQ��WKDW�PXVW�VDPSOH�LQ�DFFXUDWH�ZD\�
ERWK�WKH�OLJKW�DQG�WKH�YLHZ�GLUHFWLRQV��DQG�FRPSOH[�
UHÀHFWDQFH�PRGHOV�WKDW��GXH�WR�WKH�DVVXPSWLRQV�RQ�
WKH� UHÀHFWLRQ� H̆HFWV� WKDW� ZH� ZDQW� WR� FDSWXUH�� DUH�
QRW�DEOH�WR�UHSURGXFH�DOO�W\SH�RI�PDWHULDOV��)LQDOO\��
WKH�SURFHVVLQJ�RI�WKH�DFTXLUHG�GDWD�IRU�WKH�FUHDWLRQ�
RI� WKH� ¿QDO� �'�PRGHO� LV� WLPH� FRQVXPLQJ� DQG� WKH�
PDQLSXODWLRQ�RI�D��'�PRGHO�LV�VWLOO�PRUH�FRPSOH[�WR�
XQGHUVWDQG�DQG�FRQWURO�IRU�WKH�XVHU��

2Q� WKH� RWKHU� KDQG�� 57,� WHFKQLTXHV� SURGXFH�
D��'�UHSUHVHQWDWLRQ�RI�HDFK�FRLQ�WKDW�HQFRGHV�ERWK�
WKH� VXUIDFH�QRUPDO�DQG� WKH�DSSHDUDQFH� LQ�D� VLQJOH�
LPDJH��7KLV�LPDJH�FDQ�EH�G\QDPLFDOO\�UHOLJKWHG�E\�
WKH� XVHU� UHSURGXFLQJ� WKH� LOOXPLQDWLRQ�GHSHQGHQW�
H̆HFWV� RI� WKH� VXUIDFH� ZLWK� D� KLJKHU� TXDOLW\� DQG� D�
KLJKHU� UHVROXWLRQ� WKDW� LV� QRW� XVXDOO\� SURYLGHG� E\�
�'�VFDQQHG�PRGHO��7KH�DFTXLVLWLRQ�DQG�SURFHVVLQJ�
VWHS� DUH� FKHDSHU� WKDQ� �'� VFDQQLQJ� DQG� WKH� ¿QDO�
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�� WKH� JHQHUDWLRQ� RI� DQ� 57,� LPDJHV� IRU� HDFK� FRLQ�
VLGH�XVLQJ�WKH�WRROV�SURYLGHG�E\�&XOWXUDO�+HULWDJH�
,PDJLQJ�FRUSRUDWLRQ��&XOWXUDO�+HULWDJH�,PDJLQJ�
������

�� WKH�FRQVWUXFWLRQ�RI�D�PXOWLUHVROXWLRQ�VWUHDPDEOH�
57,� IRUPDW� WKDW� SHUPLWV� WKH� DV\QFKURQRXV�
ORDGLQJ� RI� WKH� LPDJH�� DOORZLQJ� WR� WKH� XVHU� WR�
LQWHUDFW� LPPHGLDWHO\�ZLWK� WKH� FRLQ�ZLWKRXW� WKH�
DZDLWLQJ�RI�WKH�FRPSOHWH�ORDGLQJ�RI�WKH�GDWD��

)RU�WKH�JHQHUDWLRQ�RI�WKH�57,�LPDJHV�ZH�FKRVH�
WKH� +6+� IRUPDW� EHFDXVH� LW� JXDUDQWHHV� D� EHWWHU�
UHSURGXFWLRQ�RI�WKH�VSHFXODU�UHÀHFWLRQ�ZLWK�UHVXOWV�
WKDW�DUH�PRUH�SKRWRUHDOLVWLF�ZLWK�UHVSHFW�WR�D�370��
DV�VKRZHG�LQ��0XGJH�HW�DO��������

)RU� WKH� FRQVWUXFWLRQ� RI� WKH� PXOWLUHVROXWLRQ�
IRUPDW��ZH�VXEGLYLGHG�WKH�57,�LPDJH�LQ�QLQH�OD\HUV��
RQH� OD\HU� IRU� HDFK� +6+� FRḢFLHQW� �)LJ�� ���� 7KH�
L�WK� OD\HU� FRQWDLQV� WKH� L�WK� FRḢFLHQW� RI� WKH� WKUHH�
5*%� FRORXU� FKDQQHOV�� )RU� HDFK� OD\HU�ZH� FUHDWHG� D�
PXOWLUHVROXWLRQ�WUHH�DQG�ZH�FXW�HDFK�OHYHO�RI�WKH�WUHH�
LQ�WLOHV�XVLQJ�D�TXDG�WUHH�VWUXFWXUH��)LJ������)LQDOO\�ZH�
VDYHG�HDFK�WLOH�LQ�D�GL̆HUHQW�31*�LPDJH��7KLV�PHDQV�
WKDW�WR�YLVXDOL]H�D�VSHFL¿F�SL[HO�ZH�QHHG�WR�ORDG�WKH�
QLQH�31*�LPDJHV�WKDW�FRQWDLQ�WKH�+6+�FRḢFLHQWV�
RI� WKH� SL[HO�� :H� FKRVH� 31*� IRUPDW� EHFDXVH� LW�
JXDUDQWHHV� D� ORVVOHVV� FRPSUHVVLRQ� WKDW� UHGXFHV�
WKH� DPRXQW� RI� GDWD� WR� WUDQVIHU� IURP� WKH� VHUYHU� WR�
WKH� FOLHQW� ZLWKRXW� WR� ORVH� DQ\� LQIRUPDWLRQ� QHHGHG�
IRU� WKH� SKRWRUHDOLVWLF� UHQGHULQJ�� 7KH� DGYDQWDJH� RI�
PXOWLUHVROXWLRQ�VWUHDPDEOH�IRUPDW�LV�WKH�RXW�RI�FRUH�
ORDGLQJ� RI� WKH� WLOHV� PDNLQJ� LPPHGLDWHO\� DYDLODEOH�
DW� OHDVW�VRPH� ORZ�UHVROXWLRQ�GDWD�� WR�DOORZ�WR�VWDUW�
TXLWH� LQVWDQWDQHRXVO\�WKH�XVHU� LQWHUDFWLRQ�ZLWK�WKH�
FRLQ��,Q�WKH�VSHFL¿F�DW�WKH�EHJLQQLQJ�RI�WKH�ORDGLQJ�
WKH�XVHU� LQWHUDFWV�ZLWK� D� ORZ� UHVROXWLRQ� YHUVLRQ�RI�

Figure 1. Two example of coins inserted in the kiosk: 
(Left) a Roman bronze coin; (Right) a modern gold coin.

UHSUHVHQWDWLRQ�VLPSOLI\�WKH�LQWHUDFWLRQ�EHFDXVH�WKH�
XVHU�LV�PRUH�DFFXVWRPHG�WR�LQWHUDFW�ZLWK�DQ�LPDJH�
WKDQ�ZLWK�D��'�PRGHO��)RU�WKHVH�UHDVRQV�RXU�FKRLFH�
ZDV�WR�DGDSW�57,�LPDJHV�IRU�WKH�6DQ�0DWWHR�NLRVN�

4. Acquisition and Processing of RTI data

7KH�¿UVW�VWHS�RI�WKH�SURMHFW�ZDV�WKH�DFTXLVLWLRQ�
DQG� WKH� JHQHUDWLRQ� RI� WKH� 57,� LPDJHV�� )RU� WKH�
DFTXLVLWLRQ� WKH� PXVHXP� FXUDWRU� VHOHFWHG� D� VXEVHW�
RI����FRLQV�IURP�WKH�PXVHXP¶V�FROOHFWLRQ��IROORZLQJ�
YDOXH� DQG� VWRU\WHOOLQJ� FULWHULD�� 7KH� FRLQV� FRYHU�
GL̆HUHQW� HSRFKV�� IURP� WKH� 5RPDQ� (PSLUH� WR� WKH�
*UDQG�'XFK\�RI�7XVFDQ\��;9,�±;,;�FHQWXULHV��

)RU� WKH� GLJLWDOL]DWLRQ� ZH� XVHG� D� PLQLGRPH�
GHVLJQHG�E\�WKH�8QLYHUVLW\�RI�/HXYHQ��:LOOHPV�HW�DO��
�����FXQHLIRUP�WDEOHWV��HLWKHU�PDQXDOO\��E\�PRYLQJ�
OLJKWV� DURXQG� WKH� WDEOHW� WR� PD[LPL]H� UHDGDELOLW\��
RU� E\� VWXG\LQJ� SKRWRJUDSKV� �RU� GUDZQ� FRSLHV��
7KH� GRPH� LV� FRPSRVHG� E\� �� VKHOOV� WKDW� FDQ� HDVLO\�
DVVHPEOH�DQG�GLVDVVHPEOH�WR�VLPSOLI\�WKH�WUDQVSRUW��
,W�KDV�����ZKLWH�/('V�DQG�DQ�RYHUKHDG�&&'�FDPHUD��
DQG�LW�LV�FRPSXWHU�FRQWUROOHG�WR�DOORZ�D�FRPSOHWHO\�
DXWRPDWLF� DFTXLVLWLRQ� �)LJ�� ���� )RU� HDFK� FRLQ� WKH�
DFTXLVLWLRQ�WDNHV�DERXW����PLQXWHV��UHTXLUHG�WR�VKRW�
DQG� VWRUH� ���� SKRWRV� ����� SKRWRV� IRU� HDFK� VLGH���
7KH�GDWD�ZDV�UHFRUGHG�ZLWK���GL̆HUHQW� LQWHJUDWLRQ�
WLPHV�� WR�SURYLGH� WKH�QHFHVVDU\�G\QDPLF� UDQJH� IRU�
+'5,� LPDJLQJ� DQG� IXUWKHU� DQDO\VLV��'L̆HUHQW� VHWV�
RI� OHQVHV� DQG�PDFUR� ULQJV�KDYH�EHHQ�XVHG� WR� FRSH�
ZLWK�WKH�YDULHW\�RI�VL]HV�LQ�FRLQV��$OO�WKH�FRLQV�ZHUH�
GLJLWDOL]HG�LQ�D�VLQJOH�ZRUNLQJ�GD\��,W�ZDV�PDGH�RQ�
VLWH�LQ�WKH�PXVHXP�WKDQNV�WR�WKH�IHDWXUHV�RI�WKH�XVHG�
OLJKW�GRPH� �LW� FDQ�EH�GLVPRXQWHG�DQG� WUDQVSRUWHG�
HDVLO\���7KH�DFTXLVLWLRQ�SKDVH�ZDV�GRQH�E\�VWD̆�RI�
WKH�8QLYHUVLW\�RI�/HXYHQ��EXW� LW� LV�TXLWH�HDV\�WR�GR�
HYHQ� IRU�D�SHUVRQ�ZLWKRXW�DQ\�VSHFL¿F�H[SHUWLVH� LQ�
WKLV�¿HOG��,Q�WKH�VSHFL¿F�WKH�KDUGZDUH�VHWXS�UHTXLUHV�
RQO\� WR� PRXQW� WKH� VKHOO� DQG� WKH� FDPHUD� DQG� WR�
SXW�WKH�FRLQV� LQ�WKH�PLGGOH�RI� WKH�GRPH��ZKLOH�WKH�
VRIWZDUH�WXQLQJ�QHHGV�RQO\�WR�VHW�WKH�H[SRVXUH�WLPH�
LQ�DQ�LQWHUDFWLYH�ZD\�ZLWK�YLVXDO�IHHGEDFN�

7KH� SURFHVVLQJ� RI� WKH� DFTXLUHG� UDZ� GDWD� WR�
SURGXFH�WKH�¿QDO�57,�LPDJH�LQYROYHG���VWHSV�

�� WKH�WUDQVIRUPDWLRQ�RI�WKH�UDZ�LPDJH�WDNHQ�ZLWK�
WKH�PLQLGRPH�IURP�WKH�%D\HU�3DWWHUQ�WR�D�5*%�
IRUPDW��
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WKH� FRLQ��ZKLFK� LV�SURJUHVVLYHO\� UH¿QHG�DV� VRRQ�DV�
WKH�KLJKHU�UHVROXWLRQ�GDWD�DUH�ORDGHG��7KH�ORDGLQJ�RI�
WKH�WLOHV�DW�WKH�GL̆HUHQW�UHVROXWLRQV�LV�JXLGHG�E\�WKH�
]RRP�DQG�SDQ�RSHUDWLRQ�RI�WKH�XVHU�

7KH�JHQHUDWLRQ�RI�WKH�57,�LPDJHV�WRRN�DERXW�
��� KRXUV� RI� WRWDOO\� DXWRPDWLF� SURFHVVLQJ�� ZLWKRXW�
XVHU�LQWHUYHQWLRQ�

5. The San Matteo Kiosk

7KH� NLRVN� LV� FRPSRVHG� E\� WZR� LQWHJUDWHG�
VHFWLRQV�� 7KH� ¿UVW� VHFWLRQ� DOORZV� WR� LQWURGXFH� DQG�
SUHVHQW� WR� WKH� XVHU� WKH� GL̆HUHQW� VXEVHW� RI� FRLQV��
7KH� VHFRQG� VHFWLRQ� SHUPLWV� WKH� LQWHUDFWLYH� 57,�
YLVXDOL]DWLRQ�� 7KH� NLRVN� KDV� EHHQ� LPSOHPHQWHG� E\�
XVLQJ� WKH� &RPPXQLW\� 3UHVHQWHU�� D� WRRO� GHYHORSHG�
IRU�GHVLJQLQJ�LQIRUPDWLYH�NLRVNV�LQ�WKH��'&2)250�
SURMHFW��7KLV�DOVR�GHPRQVWUDWHG�WKH�ÀH[LELOLW\�RI�WKH�
WRRO� WKDW�KDV�EHHQ�GHVLJQHG� IRU�PDQDJLQJ��'�GDWD�
DQG�KDV�EHHQ�H[WHQGHG�WR�PDQDJH�DQ�LQQRYDWLYH��'�
PHGLXP�VXFK�DV�WKH�57,�LPDJHV��

7KH�PDLQ�IHDWXUHV�RI�WKH�NLRVN�DUH�

�� WKH�RUJDQL]DWLRQ�RI�WKH�FRLQV�LQ�FDWHJRULHV�DQG�WKH�
SUHVHQWDWLRQ�RI�WKHVH�FDWHJRULHV�ZLWK�PXOWLPHGLD�
GDWD�

�� WKH� YLUWXDO� LQVSHFWLRQ� RI� WKH� FRLQ� E\� 57,�
PDQLSXODWLRQ�� :H� DVVRFLDWH� WR� HDFK� FRLQ� � D�
JHQHUDO� SUHVHQWDWLRQ� DQG� VRPH� KRW�VSRWV�� WKDW�
DUH�ORFDWHG�RQ�VHOHFWHG�DUHDV�RQ�WKH�VXUIDFH�RI�WKH�
FRLQ� WR� WHOO� WKH�PRVW� LPSRUWDQW� DQG� VLJQL¿FDQW�
GHWDLOV�

�� WKH�SRVVLELOLW\�WR�UXQ�WKH�NLRVN�RQ�D�ZHE�VLWH�RU�RQ�
D�WRXFK�VFUHHQ�V\VWHP��DQ�LQWHUDFWLYH�LQVWDOODWLRQ�
LQVLGH� WKH�PXVHXP�� WKDQNV� WR� WKH� WHFKQRORJLHV�
XVHG�IRU�WKH�GHYHORSPHQW��+70/�DQG�-DYD6FULSW�
IRU�WKH�JHQHUDO�VWUXFWXUH�RI�WKH�NLRVN�DQG�IRU�WKH�
SUHVHQWDWLRQ� RI� PXOWLPHGLD� GDWD�� :HE*/� DQG�
6SLGHU*/�IRU�WKH�57,�YLVXDOL]DWLRQ��

:HE*/� �.KURQRV� *URXS� ������ LV� D� OLEUDU\�
WKDW� H[WHQGV� WKH� FDSDELOLW\� RI� -DYD6FULSW� WR� DOORZ�
WKH�LQWHUDFWLYH�JHQHUDWLRQ�RI��'�FRQWHQW�ZLWKLQ�DQ\�
FRPSDWLEOH�ZHE� EURZVHU� �&KURPH�� )LUHIR[��2SHUD��
6DIDUL���7KH�PDLQ�DGYDQWDJH�RI�:HE*/��ZLWK�UHVSHFW�
WR� WKH�SUHYLRXV� VROXWLRQV� IRU� WKH� LQWHJUDWLRQ�RI��'�
FRQWHQW�LQ�WKH�ZHE��LV�WKH�DEVHQFH�RI�H[WHUQDO�SOXJ�LQV�

WR�EH�LQVWDOOHG��EHFDXVH�:HE*/�LV�D�EXLOG�LQ�IHDWXUH�
RI�PRGHUQ�ZHE�EURZVHUV��6SLGHU*/��'L�%HQHGHWWR�HW�
DO��������LV�D�FRPSXWHU�JUDSKLFV�-DYD6FULSW�OLEUDU\�
WKDW�SURYLGHV�D�VHW�RI�GDWD�VWUXFWXUHV�DQG�DOJRULWKPV�
WR�VLPSOLI\�WKH�GHYHORSPHQW�RI�D�:HE*/�DSSOLFDWLRQ��
,W�LV�FRPSRVHG�E\�D�QXPEHU�RI�PRGXOHV�WKDW�DOORZ�WR�
GH¿QH�DQG�PDQLSXODWH�VKDSHV��WR�LPSRUW��'�PRGHOV�
LQ� VHYHUDO� IRUPDWV�� WR� KDQGOH� DV\QFKURQRXV� GDWD�
ORDGLQJ� DQG� WR� PDQDJH� WKH� XVHU� LQWHUDFWLRQ�� 7KH�
XVH� RI� :HE*/� DQG� 6SLGHU*/� DOORZV� WR� FXVWRPL]H�
WKH�SLSHOLQH�RI�WKH�*UDSKLFV�3URFHVVRU�8QLW�GLUHFWO\�
IURP� WKH� ZHE� EURZVHU� ZLWK� VSHFLDOL]HG� VKDGHUV��
7KH� FXVWRP� VKDGHUV� SHUPLW� WR� KDYH� D� FRPSOHWH�

Figure 2. Minidome from the University of Leuven used 
for the RTI acquisition. 

Figure 3. Decomposition of the nine layers that compose 
the HSH image format.

Figure 4. Quad-tree encoding of the RTI image.
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LQWHUDFWLRQ�ZLWK� WKH�57,� LPDJH� FKDQJLQJ� HYHQ� WKH�
OLJKW�GLUHFWLRQ�LQ�UHDO�WLPH��7KLV�NLQG�RI�LQWHUDFWLRQ�
LV�QRW�SRVVLEOH�ZLWK�D�VLPSOH�+70/�YLHZHU� IRU��'�
LPDJHV� EHFDXVH�ZLWKRXW�:HE*/�ZH�GRHV�QRW� KDYH�
WKH�SRVVLELOLW\�WR�FKDQJH�WKH�UHQGHULQJ�RI�WKH�REMHFW�
G\QDPLFDOO\�DQG�LQ�UHDO�WLPH���

7KH�SUHVHQWDWLRQ�VHFWLRQ�LV�FKDUDFWHUL]HG�E\�D�
+70/�WHPSODWH�ZLWK�D�-DYD6FULSW�HQJLQH�WKDW�DOORZV�
WR� ORDG� WKH�PXOWLPHGLD� FRQWHQW� WR� YLVXDOL]H� LQ� WKH�
NLRVN��7KH�PXOWLPHGLD�FRQWHQW�LV�RUJDQL]HG�LQ�;0/�
¿OHV�� )RU� HDFK� FDWHJRU\� ZH� VWRUH� WKH� PXOWLPHGLD�
+70/�GDWD�DQG�WKH�OLVW�RI�LWV�FRLQV��ZKLOH�IRU�HDFK�
FRLQ�ZH�VWRUH�WKH�JHQHUDO�GHVFULSWLRQ�DQG�WKH�SRVLWLRQ�
DQG� WKH� FRQWHQW� RI� WKH� KRW�VSRWV�� 7KH� -DYD6FULSW�
HQJLQH�ORDGV�G\QDPLFDOO\�WKH�FRQWHQW�IURP�WKH�;0/�
¿OHV�DFFRUGLQJ�WKH�XVHU�FKRLFH�DQG�LQWHUDFWLRQ�

7KH�)LJXUHV�����VKRZ�VRPH�VFUHHQVKRWV�RI�WKH�
NLRVN��(QWHULQJ�IURP�WKH�FRYHU�SDJH��)LJ������WRS�OHIW��
WKH�XVHU�KDV�D�SUHVHQWDWLRQ�SDJH�RI�WKH�SURMHFW��)LJ��
����WRS�ULJKW���2Q�WKH�OHIW�WKHUH�LV�D�PHQX�WKDW�DOORZV�
WR� QDYLJDWH� DPRQJ� WKH� GL̆HUHQW� SDJHV� RI� WKH� ¿UVW�
VHFWLRQ�DQG�WR�DFFHVV�GLUHFWO\�WKH�57,�YLHZHU��,Q�WKH�
PLGGOH�WKHUH�LV�D�VKRUW�GHVFULSWLRQ�RI�WKH�SURMHFW��7KH�
LWHPV�LQ�WKH�PHQX�DOORZ�WKH�DFFHVV�WR�WKH�GL̆HUHQW�
VXEVHWV� RI� FRLQV�� 7KH� VXEVHWV� DUH� VXEGLYLGHG� LQWR�
WZR� FDWHJRULHV�� WKH� KLVWRULFDO� FROOHFWLRQV� �)LJXUH�
�� �� ERWWRP� OHIW�� DQG� WKH� WKHPDWLF� VXEMHFW� �)LJXUH�
����ERWWRP�ULJKW���7KH�6DQ�0DWWHR�0XVHXP¶V�FRLQV�
EHORQJ�WR�WKUHH�GL̆HUHQW�KLVWRULFDO�FROOHFWLRQV�

�� WKH�0RLVH� 6XSLQR¶V� FROOHFWLRQ�� GHDOHU� RI� 3LVD� LQ�
WKH� ��WK� FHQWXU\� WKDW� JDYH�KLV� FRLQ� FROOHFWLRQ� WR�
WKH�PXVHXP�

�� WKH� $QJLROR� )UDQFHVFKL¶V� FROOHFWLRQ�� DUFKELVKRS�
RI�3LVD�LQ�WKH���WK�FHQWXU\��

�� WKH� FROOHFWLRQ� RI� FRLQV� ¿QGLQJV�� WKDW� FRQWDLQV�
WKH� VPDOO� WUHDVXUHV� GLVFRYHUV� LQ� 3LVD� DQG�
VXUURXQGLQJV�LQ�WKH���WK�FHQWXU\�

�� 7KH�WKHPDWLF�VXEMHFWV�DUH�IRXU�

�� WKH�FRLQDJH�WHFKQLTXHV��WKDW�H[SORUHV�WKH�GL̆HUHQW�
PHWKRGV�IRU�WKH�SURGXFWLRQ�RI�WKH�FRLQV�

�� WKH�FRLQV�RI�WKH�7XVFDQ\��WKDW�SUHVHQWV�WKH�FRLQV�
RI�WKH�7XVFDQ\�FLWLHV�LQ�WKH�GL̆HUHQW�HSRFK�

�� WKH� LFRQRJUDSK\� VXEMHFW�� WKDW� DQDO\]HV� WKH�
FKDQJHV� LQ� WKH� UHSUHVHQWDWLRQ� RI� WKH� PDLQ�
FKDUDFWHUV�RI�WKH�EDV�UHOLHI�LQ�WKH�GL̆HUHQW�FRLQV�

�� WKH� YDOXH� RI� WKH� FRLQV�� WRSLF� GHGLFDWHG� WR� WKH�
XQGHUVWDQGLQJ�RI�WKH�HFRQRPLF�YDOXH�RI�WKH�FRLQV�

%\� VHOHFWLQJ� D� VXEVHW�� WKH� XVHU� FDQ� UHDG�
DGGLWLRQDO� LQIRUPDWLRQ� DERXW� LW� �)LJ�� ���� 7KH�
PXOWLPHGLD� SUHVHQWDWLRQ� FRQWHQW� LV� VKRZHG� LQ�
WKH� PLGGOH� RI� WKH� SDJH�� 7KH� FRQWHQW� LV� RUJDQL]HG�
LQ� VHYHUDO� VXEVHFWLRQV� WKDW� FDQ� EH� QDYLJDWHG� DQG�
FRQVXOWHG� ZLWK� WKH� DUURZV� LQ� WKH� ERWWRP� RI� WKH�
SDJH��2Q� WKH� OHIW� WKHUH� LV� D� VFUROODEOH�EDU�ZLWK� WKH�
WKXPEQDLO�DQG�WKH�QDPH�RI�WKH�FRLQV�LQ�WKH�VXEVHW��
%\�FOLFNLQJ�RQ�D�FRLQ�LQ�WKLV�EDU�WKH�XVHU�FDQ�RSHQ�WKH�
YLVXDOL]DWLRQ�RI�WKH�UHODWLYH�57,�LPDJH��,Q�WKH�SDJH�
RI�57,�LPDJHV��)LJXUH����WKHUH�LV�WKH�57,�YLHZHU�LQ�
WKH�PLGGOH��D�JHQHUDO�GHVFULSWLRQ�RI�WKH�FRLQ�RQ�WKH�
OHIW� DQG� WKH� VFUROODEOH� EDU� RQ� WKH� ULJKW��8VLQJ� WKLV�
EDU�WKH�XVHU�FDQ�VZLWFK�YHU\�TXLFNO\�RQ�RWKHU�FRLQV�
RI�WKH�FXUUHQW�VXEVHW��,Q�WKH�57,�YLHZHU�ZH�KDYH�D�
WLWOH�EDU�RQ�WKH�WRS�ZLWK�WKH�QDPH�RI�WKH�FRLQV�DQG�
WKH�QDPH�RI�WKH�VXEVHW�XVHG�WR�DFFHVV�LW��DQG�D�WRRO�
EDU�RQ�WKH�ERWWRP�WKDW�DOORZV�WKH�PDQLSXODWLRQ�RI�
WKH�LPDJHV��7KH�XVHU�FDQ�FKDQJH�WKH�OLJKW�GLUHFWLRQ��
SDQ�WKH�LPDJH��]RRP�LQ�DQG�]RRP�RXW��ÀLS�WKH�FRLQ�
WR�VHH�WKH�RWKHU�VLGH��HQDEOH�WKH�YLVXDOL]DWLRQ�RI�WKH�
KRW�VSRWV�� %\� FOLFNLQJ� RQ� D� KRW�VSRW� WKH� XVHU� FDQ�
GLVSOD\� WKH� UHODWLYH�PXOWLPHGLD�FRQWHQW�RQ� WKH� OHIW�
VLGH�RI�WKH�SDJH��)LJ������7KH�YLVXDOL]DWLRQ�RI�WKH�KRW�
VSRW¶V� FRQWHQW� LV� SUHFHGHG� E\� DQ� DXWRPDWLF� ]RRP�
DQLPDWLRQ�RQ�WKH�GHWDLO�DVVRFLDWHG�WR�WKH�KRW�VSRW�WR�
EHWWHU�KLJKOLJKW�LW��7KH�DUURZV�LQ�WKH�ERWWRP�RI�WKH�
GLDORJ�DOORZ�WR�VFUROO�DPRQJ�WKH� LPDJHV�DVVRFLDWHG�
ZLWK�WKH�KRW�VSRW��

7KH� LQWHUDFWLYH� NLRVN�ZLOO� EH� LQVWDOOHG� DW� WKH�
HQG�RI������DW�WKH�1DWLRQDO�0XVHXP�RI�6DQ�0DWWHR�
LQ�3LVD��7KH�LQVWDOODWLRQ�VHWXS�LV�FRPSRVHG�E\�D����
LQFK� PXOWL�WRXFK� VFUHHQ�� XVHG� IRU� WKH� XVHU� LQSXW�
DQG�YLVXDOL]DWLRQ��SDLUHG�E\�D�ELJJHU� VFUHHQ�VHW�RQ�
WKH� VLGH� WKDW� VKRZV� WKH� VDPH�FRQWHQW�RI� WKH� WRXFK�
VFUHHQ��DOORZLQJ�D�FOHDQ�YLVLRQ�IRU�WKH�RWKHU�YLVLWRUV�
WKDW�GRQ¶W�LQWHUDFW�GLUHFWO\�ZLWK�WKH�NLRVN��

6. Conclusions

:H� KDYH� SUHVHQWHG� WKH� GHVLJQ� DQG� WKH�
LPSOHPHQWDWLRQ� RI� DQ� LQWHUDFWLYH� NLRVN� IRU� WKH�
YLVXDOL]DWLRQ� DQG� LQVSHFWLRQ� RI� D� FRLQV� FROOHFWLRQ�
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XVLQJ�PXOWLPHGLD� GDWD� DQG� 57,� LPDJHV�� 7KH�
NLRVN� LV� GHVLJQHG� WR� EH� HDV\� DQG� LQWXLWLYH� WR�
XVH�IRU�WKH�RUGLQDU\�SXEOLF�RI�WKH�PXVHXP��DQG�
WR�WUDQVIHU�D�SDUW�RI�WKH�NQRZOHGJH�RI�WKH�FRLQV�
XVLQJ� PXOWLPHGLD� GDWD�� ZLWK� D� FRPELQDWLRQ�
RI� WH[W�� LPDJHV� DQG� YLGHRV�� )RU� WKLV� SXUSRVH�
WKH� FRLQV� DUH� VXEGLYLGHG� LQ� VHYHUDO� VXEVHWV��
WR� EHWWHU� SUHVHQW� WKHP� DFFRUGLQJ� GL̆HUHQW�
FULWHULRQV� DQG� DVSHFWV�� DQG� HDFK� FRLQ� LV�
FRPSOHPHQWHG�E\�D�VHW�RI�KRW�VSRWV�XVHIXO�WR�
EHWWHU� XQGHUVWDQG� WKH� PRVW� LPSRUWDQW� DQG�
LQWHUHVWLQJ� GHWDLOV� GHSLFWHG� RQ� WKH� HQJUDYH�
GHFRUDWLRQ�� 7KH� RYHUDOO� PHWKRGRORJ\� ZDV�
VXFFHVVIXO�VLQFH�

�� FRLQV�DUH��'��EXW�XVXDOO\�PRVW�RI�WKH�LQWHUHVW�
LV�LQ�WKHLU�IURQW�DQG�EDFN�IDFHV��UDWKHU�WKDQ�RQ�
WKH�VLGH�

�� YLVXDO� LQVSHFWLRQ� RI� FRLQV� LV� SHUIRUPHG�
XVXDOO\� E\� FKDQJLQJ� WKH� OLJKW� DQG� JDWKHULQJ�
�'�LQIRUPDWLRQ�IURP�WKH�G\QDPLFDOO\�FKDQJH�
RI� WKH� UHÀHFWLRQ�DQG� VKDGRZV�� WKLV� LV� H[DFWO\�
ZKDW� LV� VXSSRUWHG� �DW� KLJK� TXDOLW\�� E\� WKH�
LQWHUDFWLYH� LQVSHFWLRQ� RI� WKH� 57,� PHGLXP��
PRUH�IDLWKIXOO\�WKDQ�ZKDW�LV�SRVVLEOH�ZLWK�WKH�
LQWHUDFWLYH�UHQGHULQJ�RI��'�PRGHOV�

�� 57,� �'� DFTXLVLWLRQ� LV� IDVWHU� DQG� PRUH�
DXWRPDWLF� WKDQ� WKH� FRUUHVSRQGLQJ� �'�
DFTXLVLWLRQ�� WKXV� UHVXOWV� LQ� VDYLQJV� IRU� WKH�
GLJLWL]DWLRQ�SKDVH�

�� ¿QDOO\��ZH�KDYH�VKRZHG�KRZ�WR�LQFOXGH�DOVR�
WKLV�UHSUHVHQWDWLRQ�W\SH�LQ�D�WRRO�IRU�LQWHUDFWLYH�
SUHVHQWDWLRQ� RI� �'� PRGHOV� �WKH� &RPPXQLW\�
3UHVHQWHU��� H[WHQGLQJ� LWV� FDSDELOLWLHV� DQG�
ÀH[LELOLW\�

Figure 5. (Top-left) Cover page. (Top-right) 
Presentation page. (Bottom-left) The collections. 
(Bottom-right) The thematic subject.

Figure 6. Category content.

Figure 7. RTI viewer: (Top-left) starting page; 
(Top-right) activation of the hot-spots; (Bottom-
left) coin detail; (Bottom-right) coin detail with a 
different light direction.

Figure 8. Visualization of the hot-spot’s content.
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7R� XQGHUVWDQG� WKH� UHDO� H̆HFWLYHQHVV� RI�
WKH� FXUUHQW� RUJDQL]DWLRQ� RI� WKH� NLRVN�� ZH� KDYH�
LPSOHPHQWHG�D�GDWD�ORJJLQJ�IUDPHZRUN�WKDW�DOORZV�
WR�UHFRUG�WKH�LQWHUDFWLRQ�RI�WKH�XVHUV�ZLWK�WKH�V\VWHP�
LQ� RUGHU� WR� DOORZ� IROORZLQJ� DQDO\VLV�� )URP� WKLV�
DQDO\VLV�ZH�ZLOO�EH�DEOH�WR�HYDOXDWH�GL̆HUHQW�WKLQJV��
DV� WKH�HDVLQHVV�RI� WKH� LQWHUIDFH�� WKH� UHODWLRQ�RI� WKH�
XVHU�ZLWK�WKH�QHZ�57,�WHFKQRORJ\��WLPH�VSHQW�LQ�WKH�
LQWHUDFWLYH�PDQLSXODWLRQ� VHVVLRQ��� VLPSOH� VWDWLVWLFV�
RQ�WKH�PRVW�YLHZHG�FDWHJRULHV�DQG�FRLQV��DQG�VR�RQ�
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1. Introduction

,%,6$� �,PDJH�%DVHG� ,GHQWL¿FDWLRQ�6HDUFK�
IRU�$UFKDHRORJ\��LV�D�VRIWZDUH�V\VWHP��0DUFKDQG�HW�
DO��������WKDW�PDQDJHV�GDWDEDVHV�RI�GLJLWDO�LPDJHV�
RI� DUFKDHRORJLFDO� REMHFWV�� DQG� DOORZV� WKH� XVHU� WR�
SHUIRUP� VHDUFKHV� E\� H[DPSOHV�� 7KH� REMHFWV� DUH�
RQO\� UHTXLUHG� WR� EH�TXDVL�ÀDW� �DSSUR[LPDWHO\� WZR�
GLPHQVLRQDO��DQG�SURGXFHG�IURP�PDWULFHV�YLD�VRPH�
VWULNLQJ��� VWDPSLQJ��� FDVWLQJ�SURFHVV��7KH�RULJLQDO�
PDWULFHV� DUH� JHQHUDOO\� ORVW� QRZ�� EXW�PDQ\� REMHFWV�
ZLWK� WKHLU� SULQWV� FDQ� VWLOO� EH� IRXQG�� ZLWK� PDQ\�
VLPLODULWLHV� DPRQJ� WKHP�� 7KH� ,%,6$� V\VWHP� ZDV�
RULJLQDOO\� GHVLJQHG� WR� ZRUN� ZLWK� DQFLHQW� �*UHHN��
5RPDQ�� FRLQV�� ,Q� WKLV� QXPLVPDWLF� FRQWH[W�� WKH�
PDWUL[�LV�WKHQ�D�GLH�

%\�WDNLQJ�DGYDQWDJH�RI�WKH�UHODWLRQV��GLH�OLQNV��
VW\OH�VLPLODULWLHV��DPRQJ� ODUJH�¿QGV� �FRLQ�KRDUGV���
RQH�FRXOG�GHWHUPLQH�WKH�RULJLQDO�SURGXFWLRQ�SURFHVV��
FKURQRORJ\��JHRJUDSK\��RU�HYHQ�HFRQRPLFDO�RU�VRFLDO�
LVVXHV��%UHVVRQ��������7KH�GL̇FXOW\�LV�WR�KDQGOH�D�
ODUJH�QXPEHU�RI�REMHFWV��YHU\�VLPLODU�DW�¿UVW�VLJKW�IRU�
D�QRQ�VSHFLDOLVW��DQG�WR�FRPSDUH�WKHP��7KLV�WDVN�LV�
WLPH�FRQVXPLQJ��TXLWH�H[KDXVWLQJ��DQG�WKXV�HUURU�
SURQH��,%,6$�ZDV�GHVLJQHG�WR�KHOS�WKH�XVHU�GHFLGH��
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FRPH� IURP�WKH� VDPH�PDWUL[�� VKDUH� UHVHPEODQFH� LQ�
VW\OH��RU�DUH�FRPSOHWHO\�GL̆HUHQW�

,%,6$� XVHV� FRPSXWHU� YLVLRQ� PHWKRGV� WR�
PDNH�WKLV�GHFLVLRQ�ZKLOH�JHWWLQJ�ULG�RI�WKH�YLHZLQJ�
FRQGLWLRQV� ZKHQ� VHDUFKLQJ� IRU� VLPLODULWLHV� LQ� WKH�
GDWDEDVHV�� 7KH�PHWKRG� ZRUNV� RQ� WKH� LPDJH� LQ� LWV�
JOREDOLW\�� DQG�GRHV�QRW� UHO\� RQ� VSHFL¿F� IHDWXUHV� RU�
NH\�SRLQWV��7R�DYRLG�DQ\�FRORULPHWULF�LVVXH��RQO\�WKH�
OXPLQDQFH� �LQWHQVLW\�� RI� WKH� SL[HOV� LV� FRQVLGHUHG��
7KLV� HQDEOHV� DOVR� WKH� FRPSDULVRQ� RI� FRLQV� VWUXFN�
XVLQJ�WKH�VDPH�GLHV�EXW�ZLWK�GL̆HUHQW�PHWDOV��VXFK�DV�
denarii and aurei�RI�WKH�5RPDQ�(PSLUH���7R�JHW�ULG�
RI�WKH�EDFNJURXQG�FRQWH[W��D�VHJPHQWDWLRQ�PHWKRG�
EDVHG�RQ�DFWLYH�FRQWRXUV�¿UVW�H[WUDFWV�WKH�XVHIXO�SDUW�
RI�HDFK�LPDJH��7R�FDQFHO�DQ\�WUDQVODWLRQ��URWDWLRQ��RU�
]RRP�LQKHUHQW�WR�WKH�SKRWRJUDSK\��WKH�V\VWHP�XVHV�
D�UHJLVWUDWLRQ�PHWKRG�EDVHG�RQ� WKH�)RXULHU�0HOOLQ�
WUDQVIRUP�� ZKLFK� FDQ� HVWLPDWH� WKH� SDUDPHWHUV� RI�
VXFK�ULJLG�WUDQVIRUPV��7KHVH�WUDQVIRUPV�FDQ�WKHQ�EH�
LQYHUWHG��WR�JHW�WKH�EHVW�PDWFK�IRU�WKH� LPDJHV��)RU�
QRZ�� WKH� VLPLODULW\�PHDVXUH� LV� JLYHQ�E\� WKH� FRVLQH�
VLPLODULW\�DPRQJ�WKH�WDUJHW�LPDJH�DQG�WKH�UHJLVWHUHG�
YHUVLRQ�RI�HDFK�FDQGLGDWH�LQ�WKH�GDWDEDVH�

7KH�ODVW�YLHZLQJ�FRQGLWLRQ�SUREOHP�LV�WKH�OLJKW�
VRXUFH� SRVLWLRQ�� ,QGHHG�� WKH� VKDGLQJ� FDQ� FKDQJH�
WKH�FRVLQH�VLPLODULW\�E\�PRUH�WKDQ�WZHQW\�SHUFHQWV��

,%,6$��'��,PDJH�%DVHG�,GHQWL¿FDWLRQ�6HDUFK�
IRU�$UFKDHRORJ\�8VLQJ�D�7KUHH�GLPHQVLRQDO�&RLQ�

0RGHO

6\OYDLQ�0DUFKDQG�
University of Brest, France

Abstract:
The IBISA system was designed to help the user decide, from their images, if two coins are either the 
VDPH��FRPH�IURP�WKH�VDPH�GLH��VKDUH�UHVHPEODQFH�LQ�VW\OH��RU�DUH�FRPSOHWHO\�GL̆HUHQW��7KLV�GHFLVLRQ�LV�
extremely useful for the study of coin hoards, which can inform us about the original production process, 
FKURQRORJ\�� JHRJUDSK\�� HWF�� ,%,6$� XVHV� FRPSXWHU� YLVLRQ�PHWKRGV� WR� JHW� ULG� RI� WKH� YLHZLQJ� FRQGLWLRQV�
ZKHQ�VHDUFKLQJ�IRU�VLPLODULWLHV�LQ�WKH�GDWDEDVHV��7R�FDQFHO�ULJLG�WUDQVIRUPV��WUDQVODWLRQ��URWDWLRQ��]RRP��
LQKHUHQW� WR� WKH�SKRWRJUDSK\�� WKH�V\VWHP�XVHV�D�JOREDO�UHJLVWUDWLRQ�PHWKRG��7KH�SUHVHQW�ZRUN�JLYHV�DQ�
RYHUYLHZ�RI�WKH�RULJLQDO�,%,6$�V\VWHP��FKDUDFWHUL]HV�WKH�HUURUV�LQ�WKH�HVWLPDWLRQ�RI�WKH�ULJLG�WUDQVIRUP�E\�
WKH�UHJLVWUDWLRQ�PHWKRG��DV�ZHOO�DV�WKH�LPSDFW�RI�WKH�OLJKW�FRQGLWLRQV��7KHQ�WKH�H[WHQVLRQ�RI�WKH�V\VWHP�WR�D�
WKUHH�GLPHQVLRQDO�FRLQ�PRGHO�LV�SUHVHQWHG��\LHOGLQJ�D�PRUH�UHOLDEOH�HVWLPDWLRQ�

.H\ZRUGV��
Numismatics, Ancient Coins, Image Registration, Image Similarity, Shape From Shading
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7KH�VROXWLRQ�SURSRVHG�KHUH� LV� WR� FRQVLGHU�D� WKUHH�
GLPHQVLRQDO�PRGHO��WKH�HOHYDWLRQ�PDS�UHSODFLQJ�WKH�
OXPLQDQFH�LQIRUPDWLRQ�

7KH� UHPDLQGHU� RI� WKLV� DUWLFOH� LV� RUJDQL]HG�
DV� IROORZV�� 6HFWLRQ� �� JLYHV� D� EULHI� RYHUYLHZ� RI� WKH�
RULJLQDO�,%,6$�V\VWHP��,W�SUHVHQWV�WKH�DUFKDHRORJLFDO�
REMHFWV�XQGHU�FRQVLGHUDWLRQ�DQG�WKHLU�GLJLWDO�LPDJHV��
WRJHWKHU�ZLWK�WKH�SUREOHPDWLFV�WKH\�UDLVH��6HFWLRQ���
GHWDLOV� WKH� UHJLVWUDWLRQ� PHWKRG� DQG� FKDUDFWHUL]HV�
WKH�HUURUV�LQ�WKH�HVWLPDWLRQ�RI�WKH�ULJLG�WUDQVIRUP��
6HFWLRQ� �� VKRZV� WKH� LPSDFW� RI� WKH� OLJKW� VRXUFH�
GLUHFWLRQ�RQ� WKLV� HVWLPDWLRQ� DQG�RQ� WKH� VLPLODULW\��
DQG�SURSRVHV�DQ�H[WHQVLRQ�RI�WKH�V\VWHP�WR�D�WKUHH�
GLPHQVLRQDO� FRLQ� PRGHO�� \LHOGLQJ� D� PRUH� UHOLDEOH�
HVWLPDWLRQ� DQG� VLPLODULW\�� 7KH� SUREOHP� LV� QRZ� WR�
EH�DEOH�WR�JHW�WKH�PRGHO�IURP�LPDJHV��$�VLPSOH�\HW�
ḢFLHQW�VROXWLRQ�WR�WKLV�SKRWRPHWULF�SUREOHP�LV�DOVR�
SURSRVHG�� )LQDOO\�� 6HFWLRQ� �� FRQFOXGHV� E\� JLYLQJ�
GLUHFWLRQV�IRU�IXUWKHU�UHVHDUFK�

2. 6HDUFK�E\�([DPSOH

7KH� ,%,6$� V\VWHP� PDQDJHV� GDWDEDVHV� RI�
GLJLWDO� LPDJHV� RI� DUFKDHRORJLFDO� REMHFWV�� )URP� D�
JLYHQ� LPDJH�� WKH� V\VWHP� LV� DEOH� WR� VRUW� WKH� RWKHU�
LPDJHV� E\� GHFUHDVLQJ� VLPLODULW\�� )URP� WKH� V\VWHP�
ZLOO� FRPH� RXW� ¿UVW� WKH� VDPH� REMHFW� ZLWK� GL̆HUHQW�
YLHZLQJ�FRQGLWLRQV��WKHQ�RWKHU�REMHFWV�FRPLQJ�IURP�
WKH� VDPH� PDWUL[�� REMHFWV� RI� WKH� VDPH� VW\OH�� DQG�
¿QDOO\�YHU\�GL̆HUHQW�REMHFWV�

����3K\VLFDO�2EMHFWV

7KH� DUFKDHRORJLFDO� REMHFWV� DUH� RQO\� UHTXLUHG�
WR� EH� TXDVL� ÀDW� �WZR�GLPHQVLRQDO�� DQG� SURGXFHG�
IURP�PDWULFHV�YLD�VRPH�VWULNLQJ���VWDPSLQJ���FDVWLQJ�
SURFHVV��7KH�RULJLQDO�PDWULFHV�DUH�JHQHUDOO\�ORVW�QRZ��
EXW�PDQ\�REMHFWV�ZLWK�WKHLU�SULQWV�FDQ�VWLOO�EH�IRXQG��
ZLWK�PDQ\�VLPLODULWLHV�DPRQJ�WKHP��DOWKRXJK�WKHVH�
REMHFWV� XQGHUZHQW� VRPH� DOWHUDWLRQ� �ZHDU�� SDWLQD��
RU�HYHQ�EUHDNV��RYHU�FHQWXULHV��)RU�QRZ��WKH�V\VWHP�
ZRUNV�ZLWK�DQFLHQW��*UHHN��5RPDQ��FRLQV�

,Q� WKH� FDVH� RI� DQFLHQW� FRLQV�� D� GHVLJQ� ZDV�
HQJUDYHG� RQ� D�PHWDOOLF� GLH�� XVHG� LQ� WXUQ� RIWHQ� E\�
SDLU� �REYHUVH� �� UHYHUVH�� WR� VWULNH� WKH� FRLQV�� 7KH�
RULJLQDO�GLHV�DUH�QRZ�ORVW��EXW�PDQ\�FRLQV�FDQ�VWLOO�
EH� IRXQG�� VKDULQJ� PDQ\� VLPLODULWLHV� DPRQJ� WKHP��
,%,6$�VKRXOG�DOORZ�WKH�XVHU�WR�LGHQWLI\�DQ�LVRODWHG�
VSHFLPHQ� DQG� IDFLOLWDWH� WKH� VWXG\� RI� FRLQ� KRDUGV�
�)LJ�����

����'LJLWDO�LPDJHV

,W� LV� PRUH� FRQYHQLHQW� WR� PDQLSXODWH� GLJLWDO�
LPDJHV� LQVWHDG� RI� WKH� DUFKDHRORJLFDO� REMHFWV�
WKHPVHOYHV�� 2QH� FDQ� SKRWRJUDSK� RU� VFDQ� WKH�
REMHFWV�� RU� HYHQ� XVH� H[LVWLQJ� SLFWXUHV� IURP� ERRNV�
RU� GDWDEDVHV�� 7KH� V\VWHP� PXVW� EH� UHVLVWDQW� WR�
WKH� YLHZLQJ� FRQGLWLRQV�� VLQFH� WKH\� DUH� JHQHUDOO\�
XQNQRZQ�� 3LFWXUHV� IURP� ERRNV� RIWHQ� ODFN� WKH�
FKURPDWLFLW\� LQIRUPDWLRQ� DQG� VX̆HU� IURP� 0RLUp�
SDWWHUQV��$OVR��VRPHWLPHV�WKH�VFDOH�LV�QRW�VSHFL¿HG��
3LFWXUHV� IURP�FDPHUD�QHDUO\�DOZD\V� ODFN� WKLV� VFDOH�
LQIRUPDWLRQ�� DQG� DUH�QHLWKHU�SHUIHFWO\� FHQWUHG�QRU�
DOLJQHG�

7R� JHW� ULG� RI� WKH� FRORULPHWU\� DQG� 0RLUp�
SUREOHPV�� RXU� V\VWHP� PDQLSXODWHV� JUD\�VFDOH�
LPDJHV�LQ�WKH�VSHFWUDO�GRPDLQ��/HW�XV�GHQRWH�E\�J�S��
WKH��JUD\�VFDOH��YDOXH�RI�WKH�LPDJH�g�DW�WKH�SRLQW�p�

����,PDJH�6LPLODULW\

$OWKRXJK�GHWHUPLQLQJ� WKH�VLPLODULW\�EHWZHHQ�
WZR�LPDJHV�g1 and g2�LV�D�YHU\�FRPSOH[�SUREOHP��ZH�
KDYH�VKRZQ�WKDW�XVLQJ�WKH�FRVLQH�GLVWDQFH��JLYHQ�E\�
WKH�FODVVLF�LQWHU�FRUUHODWLRQ�IDFWRU

Figure 1. Studying ancient coin hoards: die links (see 
arrows) for 6 Roman gold coins (aurei) of the emperor 
Galba (68-69 AD) - an exemplar under investigation 
(Parisot, Prieur, and Schmitt 2008) at the upper left 
corner, an exemplar of the British Museum (Sear 2000) 
at the upper right corner, and the 4 exemplars from the 
Liberchies hoard (Thirion 1972) at the bottom. It turns 
RXW�WKDW�WKH�¿UVW�FRLQ�LV�LQGLUHFWO\�OLQNHG�WR�WKH�RQH�LQ�WKH�
British Museum.
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ZKHUH�
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g 
LV�WKH�PHDQ�RI�

� �

g��

\LHOGV�YHU\�JRRG�UHVXOWV�LQ�SUDFWLFH��DV�VKRZQ�
LQ� )LJXUH� ��� SURYLGHG� WKDW� WKH� VHFRQG� �WDUJHW��
LPDJH� KDV� EHHQ� SUHYLRXVO\� DOLJQHG� ZLWK� WKH� ¿UVW�
�UHIHUHQFH�� LPDJH�� 7KXV�� WKH� FRUH� RI� WKH� V\VWHP� LV�
WKH�UHJLVWUDWLRQ�PHWKRG��GHVLJQHG�WR�JHW�ULG�RI�DQ\�
YLHZLQJ�FRQGLWLRQV�

3. Image Registration

7R� DYRLG� DQ\� FRORULPHWULF� LVVXH�� RQO\� WKH�
OXPLQDQFH� �LQWHQVLW\�� RI� WKH� SL[HOV� LV� FRQVLGHUHG��
7KLV� HQDEOHV� DOVR� WKH� FRPSDULVRQ� RI� FRLQV� VWUXFN�
XVLQJ�WKH�VDPH�GLHV�EXW�ZLWK�GL̆HUHQW�PHWDOV��VXFK�
as denarii and aurei� RI� WKH� 5RPDQ� (PSLUH��� 7R�
JHW� ULG� RI� WKH�EDFNJURXQG� FRQWH[W�� D� VHJPHQWDWLRQ�
PHWKRG�EDVHG�RQ�DFWLYH� FRQWRXUV�¿UVW� H[WUDFWV� WKH�
XVHIXO� SDUW� RI� HDFK� LPDJH�� VHH� �0DUFKDQG� HW� DO��
�������7R�FDQFHO�DQ\�WUDQVODWLRQ��URWDWLRQ��RU�]RRP�
LQKHUHQW� WR� WKH� SKRWRJUDSK\�� WKH� V\VWHP� XVHV� D�
UHJLVWUDWLRQ� PHWKRG� EDVHG� RQ� WKH� )RXULHU�0HOOLQ�
WUDQVIRUP�� ZKLFK� FDQ� HVWLPDWH� WKH� SDUDPHWHUV� RI�
VXFK�ULJLG�WUDQVIRUPV��7KHVH�WUDQVIRUPV�FDQ�WKHQ�EH�
LQYHUWHG��WR�JHW�WKH�EHVW�PDWFK�IRU�WKH�LPDJHV�

����5LJLG�WUDQVIRUPDWLRQ

$�JHRPHWULF�WUDQVIRUPDWLRQ�LV�GH¿QHG�E\

$� WUDQVODWLRQ� RI� YHFWRU� W�  � �¨x�¨y�� FDQ� EH�
HDVLO\� H[SUHVVHG� XVLQJ� FRPSOH[� QXPEHUV� ZLWK� WKH�
&DUWHVLDQ�IRUP��ZKHUH�x��LV�WKH�DEVFLVVD�DQG�y�LV�WKH�
RUGLQDWH��

p’ = p+t�ZKHUH�p’ = x’+iy’� p = x+iy 

and W� ��¨x��¨y��

)RU�D�URWDWLRQ�KRPRWKHW\�RI�DQJOH� �DQG�UDWLR�
V�� WKH� SRODU� IRUP� LV�PRUH� VXLWDEOH� �ZKHUH�l� LV� WKH�
GLVWDQFH�DQG�e�LV�WKH�DQJOH��

p’ = rp�ZKHUH�p’ = l’eie’��p = l’eie��DQG�r = sei �

$V�VKRZQ�LQ�)LJXUH����WKLV�URWDWLRQ�KRPRWKHW\�
LV� HTXLYDOHQW� WR� D� WUDQVODWLRQ� LQ� WKH� ORJ�SRODU�
UHSUHVHQWDWLRQ��VLQFH��

ORJ�S’�� ��ORJ�V��L� ��ORJ�S��

:LWKRXW� ORVV� RI� JHQHUDOLW\�� DQ\� ULJLG�
WUDQVIRUPDWLRQ���YHU\�OLNHO\�WR�RFFXU�LQ�SKRWRJUDSKV�
�� FDQ� EH� H[SUHVVHG� DV� RQH� WUDQVODWLRQ� IROORZHG� E\�
RQH�URWDWLRQ�KRPRWKHW\�

p¶� ��S�W�U�

,Q� SUDFWLFH�� WKH� LPDJHV� DUH� GLVFUHWH�� 7R�
FRPSXWH�HDFK�VDPSOH��SL[HO��RI�WKH�QHZ�LPDJH�g’�S’���

image 3

100% 97% 72% 64%

image T image 1 image 2

Figure 2. Similarity between images: the leftmost image is 
the target T, followed by the result of a search by example 
in our test database. The similarity factor is indicated 
below the images. The coin on image 1 is indeed from the 
same die - and the system suggests for T a translation, 
a rotation of angle  ʌ�� rad, and a homothety of ratio 
1.5, for the two coins to superimpose optimally (97% of 
similarity). The next coin (image 2) is of the same type 
(but not of the same die), and the coin on image 3 is not 
even from the same emperor.

(d)

(a) (b)

(c)

Figure 3. Effects of a rotation of angle ʌ�� rad plus a 
homothety of ratio 2 in Cartesian (top) and log-polar 
(bottom) coordinate systems. In the Cartesian case, the 
original picture (a) gets rotated and scaled (b), whereas 
in the log-polar case, the original picture (c) is simply 
translated (d) by �ORJ�����ʌ���.
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WKH� FRUUHVSRQGLQJ� YDOXH� KDV� WR� EH� H[WUDFWHG� IURP�
WKH�RULJLQDO�LPDJH�DW�SRVLWLRQ�p��7KLV�LV�YHU\�OLNHO\�WR�
RFFXU�RXWVLGH�LWV�SL[HO�PDS��EXW�WKH�YDOXH�J�S��FDQ�EH�
UHFRQVWUXFWHG� IURP� WKH� QHLJKERXULQJ� VDPSOHV� �IRU�
H[DPSOH�E\�ELOLQHDU�LQWHUSRODWLRQ��

����5HJLVWUDWLRQ�PHWKRG

7KH� UHJLVWUDWLRQ� PHWKRG� DLPV� DW� FDQFHOOLQJ�
WKLV� ULJLG� WUDQVIRUPDWLRQ�� ,W� FRQVLVWV� LQ� HVWLPDWLQJ�
WKH� SDUDPHWHUV� RI� WKH� WUDQVIRUPDWLRQ� LQ� RUGHU� WR�
LQYHUW� LW�� :H� XVH� D� UHJLVWUDWLRQ� PHWKRG� EDVHG� RQ�
WKH� )RXULHU�0HOOLQ� WUDQVIRUP� �:ROEHUJ� DQG� =RNDL�
������WR�¿QG�WKH�RSWLPDO�VXSHUSRVLWLRQ�RI�WKH�WZR�
LPDJHV�

,W� ZRUNV� LQ� WKH� VSHFWUDO� GRPDLQ�� XVLQJ� WKH�
VSHFWUXP� G� RI� WKH� LPDJH� g� JLYHQ� E\� WKH� )RXULHU�
WUDQVIRUP

5HFRYHULQJ� D� WUDQVODWLRQ� J¶�S¶��  � J�S¶�W� 
FRQVLGHULQJ� WKH� VSHFWUDO� GRPDLQ� *¶�t� *�t�H-itt 
LV� SRVVLEOH� XVLQJ� WKH� SKDVH�FRUUHODWLRQ� WHFKQLTXH��
ZKLFK�FRQVLVWV� LQ�FDOFXODWLQJ� WKH�G*G’�SURGXFW��G*  
EHLQJ�WKH�FRQMXJDWH�RI�G��0RUH�SUHFLVHO\��ZH�KDYH

ZKLFK�LQYHUVH�)RXULHU�WUDQVIRUP�LV�DQ�LPSXOVH�
ORFDWHG� DW� t�� 7KXV�� HVWLPDWLQJ� WKH� WUDQVODWLRQ� t 
LV� RQO\� D� PDWWHU� RI� VHDUFKLQJ� IRU� D� PD[LPXP� 
 
5HFRYHULQJ� D� URWDWLRQ�KRPRWKHW\� J¶�S¶� J�S¶�U� is 
QRW�PRUH�GL̇FXOW��VLQFH� LW�UHGXFHV� LQ�WKH� ORJ�SRODU�
UHSUHVHQWDWLRQ�WR�WKH�WUDQVODWLRQ�FDVH��VHH�DERYH��

:H� UHFDOO� WKHQ� WZR�SURSHUWLHV� RI� WKH�)RXULHU�
WUDQVIRUP�

���7KH� WUDQVODWLRQ� GRHV� QRW� PRGLI\� WKH�
DPSOLWXGH�VSHFWUXP��LWV�RQO\�H̆HFW�LV�D�SKDVH�VKLIW��

��� 7KH� VSHFWUXP� RI� D� URWDWHG� LPDJH� LV� WKH�
URWDWLRQ� RI� WKH� VSHFWUXP� RI� WKH� RULJLQDO� LPDJH�
�VLPLODU� SURSHUW\� IRU� WKH� KRPRWKHW\�� EXW� ZLWK� WKH�
LQYHUVH�UDWLR��

,Q�SUDFWLFH��WKH�ODWWHU�SURSHUW\�GRHV�QRW�UHDOO\�

KROG� IRU� GLVFUHWH� LPDJHV�� +RZHYHU�� WKH� DOLDVLQJ�
SUREOHP� FDQ� EH� JUHDWO\� UHGXFHG� E\� DSSO\LQJ� D�
VPRRWKLQJ� ZLQGRZ� WR� WKH� LPDJHV� WRJHWKHU� ZLWK� D�
KLJK�SDVV�¿OWHU�RQ�WKHLU�VSHFWUD�

)LQDOO\�� WKH� IXOO� UHJLVWUDWLRQ� DOJRULWKP� LV� WKH�
IROORZLQJ�

���)LQG� WKH� URWDWLRQ�KRPRWKHW\� r (estimate 
� ��V��

• %\�¿QGLQJ�D�WUDQVODWLRQ�LQ�WKH�ORJ�SRODU�V\VWHP��

• %\� FRQVLGHULQJ� WKH� DPSOLWXGH� VSHFWUD� RI� WKH�
LPDJHV�WR�LJQRUH�WKH�H̆HFWV�RI�WKH�WUDQVODWLRQ�t�

���,QYHUW�WKH�URWDWLRQ�KRPRWKHW\��URWDWLRQ�RI�
DQJOH�� �DQG�KRPRWKHW\�RI�UDWLR���V���

���)LQG�WKH�WUDQVODWLRQ�t (estimate ¨x��¨y���QRZ�
IUHH�IURP�DQ\�URWDWLRQ�RU�KRPRWKHW\��

���,QYHUW�WKH�WUDQVODWLRQ��WUDQVODWLRQ�RI�YHFWRU�
(-¨x���¨y����

����3HUIRUPDQFH

,Q� RUGHU� WR� WHVW� WKH� SHUIRUPDQFHV� RI� WKH�
UHJLVWUDWLRQ� PHWKRG�� ZH� UDQGRPO\� VHOHFW� RQH�
UHIHUHQFH� LPDJH��DSSO\� WR� LW� D� ULJLG� WUDQVIRUPDWLRQ�
FKRVHQ� UDQGRPO\� �ZLWK� XQLIRUP� FKRLFHV� RI� WKH�
URWDWLRQ� DQJOH� LQ� WKH� >�ʌ��� ʌ@� LQWHUYDO�� WKH� VFDOLQJ�
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Figure 4. Distribution of the similarity factor measured 
with a random reference image and a target image 
generated from this image using a random rigid 
transformation. In theory, they should be regarded as 
perfectly similar. In practice, the similarity is excellent 
(above 0.99 most of the time).
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IDFWRU� LQ� WKH� >�����@� LQWHUYDO�� DQG� VXE�SL[HO�
WUDQVODWLRQV�� LQ�RUGHU� WR�JHW� WKH� WDUJHW� LPDJH��7KLV�
WUDQVIRUPHG�LPDJH�FDQ��UDUHO\��¿W�RQO\�SDUWO\�LQ�WKH�
VFUHHQ�� WKXV� VLPXODWLQJ� ³FKLSSHG� FRLQV´� �EURNHQ�
FRLQV�ZKHUH�D�SDUW�RI�WKH�ÀDQ�LV�PLVVLQJ���$V�VKRZQ�
LQ� )LJXUH� ��� WKH� DIWHU�UHJLVWUDWLRQ� VLPLODULW\� LV�
H[FHOOHQW� �DERYH� ������� 7KH� UHVLVWDQFH� WR� FKLSSHG�
FRLQV� �SDUWLDO� LPDJHV�� LV� DOVR� GHPRQVWUDWHG� �VLQFH�
WKH� VLPLODULW\� VWD\V� KLJK� HYHQ� LQ� WKRVH� FDVHV���
+RZHYHU��YHU\�UDUH��OHVV�WKDQ�RQH�LQ�����WULDOV��EXW�
YHU\� H[WUDYDJDQW� UHVXOWV� ZHUH� QRWLFHG�� ZKLFK� VWLOO�
KDYH�WR�EH�LQYHVWLJDWHG�

/RRNLQJ� LQWR� GHWDLOV� �)LJ�� ���� WKH� HVWLPDWLRQ�
RI� WKH� WUDQVODWLRQ� YHFWRU� LV� XQELDVHG� �]HUR� PHDQ��
DQG� ḢFLHQW� �ORZ� YDULDQFH��� 7KH� DEVROXWH� HUURU� LV�
EHORZ������ZKLFK� LV�QRUPDO�VLQFH� WKH�HVWLPDWLRQ� LV�
LQ� SL[HOV� ZKLOH� WKH� WUDQVODWLRQ� ZDV� VXE�SL[HO�� 7KH�
HUURU�LV�EHORZ�������UDG�IRU�WKH�URWDWLRQ�DQJOH��DQG�
EHORZ� ����� IRU� WKH� VFDOLQJ� IDFWRU�� ZKLFK� LV� TXLWH�
UHPDUNDEOH�

4. ,PDJH�WR�0RGHO

7KH�UHVXOWV�RI�WKH�SUHYLRXV�VHFWLRQ�VKRZ�WKDW�
WKH� UHJLVWUDWLRQ�PHWKRG� LV� TXLWH� UREXVW�� +RZHYHU��
WKHVH� UHVXOWV� DUH� YDOLG� SURYLGHG� WKDW� WKH� OLJKW�
FRQGLWLRQV�DUH�FRQVWDQW��%\�FKDQFH��LW�ZDV�WKH�FDVH�
PRVW�RI�WKH�WLPH�LQ�RXU�GDWDEDVHV��VLQFH�WKH�FRLQV�DUH�
XVXDOO\�SKRWRJUDSKHG�XVLQJ�RQH�OLJKW�VRXUFH�DW�WKH�
WRS�ULJKW�RI�WKH�FRLQ��ZKLFK�LV�DQ�H[FHOOHQW�FKRLFH�H�J��
IRU�5RPDQ� LPSHULDO� FRLQV��ZKHUH� WKH� HPSHURU�KDV�
JHQHUDOO\� KLV� SRUWUDLW� IDFLQJ� ULJKW�� WKXV� IDFLQJ� WKH�

OLJKW�� %XW� WKLV� FRQGLWLRQ� GRHV� QRW� QHFHVVDULO\� KROG�
IRU�RWKHU�W\SH�RI�FRLQV�

����/LJKW�FRQGLWLRQV

7KH�VWXG\�RI�WKH�LPSDFW�RI�WKH�SRVLWLRQ�RI�WKH�
OLJKW�VRXUFH�ZDV�VWXGLHG�LQ�WZR�ZD\V�

)LUVW�� D� VLPXODWLRQ� ZDV� SHUIRUPHG� XVLQJ�
D� �'� FRLQ� PRGHO� IURP� �=DPEDQLQL� HW� DO�� �������
IRU� WKH� aureus� RI� WKH� 5RPDQ� HPSHURU� +HUHQQLXV�
(WUXVFXV��0RUH�SUHFLVHO\�� WKH�HOHYDWLRQ�PDS�RI� WKH�
REYHUVH�ZDV�H[WUDFWHG�IURP�WKH��'�PRGHO��WKHQ�WKH�
QRUPDO�PDS�ZDV� GHULYHG� IURP� WKH� HOHYDWLRQ�PDS��
DQG�WKH�UHQGHULQJ�ZDV�GRQH�XVLQJ�UD\�FDVWLQJ�ZLWK�
WKH�:DUG¶V�PRGHO� DSSUR[LPDWLQJ� WKH� ELGLUHFWLRQDO�
UHÀHFWDQFH� GLVWULEXWLRQ� IXQFWLRQ� �%5')�� IRU� WKH�
JROG�PDWHULDO��VHH�)LJ�����IRU�JUDSKLFDO�H[DPSOHV��

/HW�XV�GHQRWH�E\�1��/��9�WKH�QRUPDO��OLJKW��DQG�
YLHZ�YHFWRUV��0RUHRYHU��OHW�XV�GHQRWH�E\�+ �/�9���  
WKH�³KDOI�YHFWRU´��DQG�E\�b�WKH�DQJOH�EHWZHHQ�WKH�N  
and H�YHFWRUV�

)RU� HDFK� SL[HO�� ZLWK� WKH� :DUG¶V� PRGHO�
�6FKZHQN�������WKH�5*%�FRORU�LV

C�5�*�%�� �D��G�VNs��1�/�   
ZKHUH�WKH�VSHFXODU�SDUW�RI�WKH�%5')�LV�JLYHQ�E\

V

L

N

Figure 6. In all the our experiments, the camera and 
WKH�REMHFW�DUH�¿[HG��DQG�WKH�OLJKW�FDQ�EH�PRYHG�DURXQG�
the object. We denote by 1��/, and Vthe normal, light, 
and view vectors, respectively. The observed intensity is 
maximal when the angles between /��1 and between 1�9  
are the same (i.e. when /�1� �1�9).
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Figure 5. Distribution of the estimation errors for the 
rigid transformation: the horizontal (a) and vertical (b) 
translations in pixels, the rotation angle in radians (c), 
and the scaling factor of the homothety (d).
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WKH�DPELHQW��GL̆XVH��DQG�VSHFXODU�FRQVWDQWV��
DV�ZHOO�DV�WKH�URXJKQHVV�IRU�WKH�JROG�PDWHULDO�EHLQJ�
D ������ ����� ����� G ��������� �������� ����������
V ������������������������DQG�_ �������VHH��1JDQ��
'XUDQG��DQG�0DWXVLN�������

$� UHIHUHQFH� LPDJH� ZDV� JHQHUDWHG�� WKHQ� WKH�
OLJKW� VRXUFH�ZDV� URWDWHG�DOO� DURXQG� WKH�FRLQ� WR�JHW�
WDUJHW�LPDJHV��)LJ������DQG�IRU�HDFK�OLJKW�VRXUFH�DQJOH�
WKH� VLPLODULW\� IDFWRU�ZLWK� WKH�¿UVW� UHIHUHQFH� LPDJH�
ZDV� FRPSXWHG��7KH� UHVXOWV� DUH� VKRZQ� LQ�)LJXUH� ���
LQGLFDWLQJ�D�VHQVLELOLW\�RI�WKH�VLPLODULW\�IDFWRU�WR�WKH�
OLJKW���VKDGLQJ�FRQGLWLRQV�

6HFRQG�� DQ� H[SHULPHQW�ZDV� SHUIRUPHG�XVLQJ�
D�UHDO�5RPDQ�FRLQ��IURP�D�SULYDWH�FROOHFWLRQ���DJDLQ�
ZLWK�¿[HG�REMHFW�DQG�REMHFWLYH�SRVLWLRQV��DQG�D�OLJKW�
VRXUFH�PRYLQJ�DURXQG�WKH�REMHFW��YDULDEOH�D]LPXWK�
�)LJ�����

$JDLQ��IRU�HDFK�OLJKW�VRXUFH�DQJOH�WKH�VLPLODULW\�
IDFWRU�ZLWK�WKH�¿UVW�LPDJH�ZDV�FRPSXWHG��7KH�UHVXOWV�
DUH�VKRZQ�LQ�)LJXUH����7KH�WUHQG�LV�H[DFWO\�WKH�VDPH��
ZLWK� DQ� LPSDFW� RQ� WKH� VLPLODULW\� IDFWRU� HYHQ�PRUH�
GUDPDWLF��DV�DQ�H̆HFW�RI�WKH�VPDOO�HOHYDWLRQ�DQJOH��

7KXV�WKH�OLJKW�FRQGLWLRQV�KDYH�D�VWURQJ�LPSDFW�
RQ�WKH�OXPLQDQFH��DQG�WKXV�RQ�WKH�VLPLODULW\�IDFWRU�
��UHJLVWUDWLRQ�DOJRULWKP��ZKLFK�FDQ�EH�SUREOHPDWLF�

)RUWXQDWHO\��D�VROXWLRQ�LV�WKDW�WKH�UHJLVWUDWLRQ�
DOJRULWKP� RI� 6HFWLRQ� �� FDQ� EH� DSSOLHG� RQ� WKH�
HOHYDWLRQ��LQVWHDG�RI�WKH�OXPLQDQFH��LQWHQVLW\���7KH�
LPDJH� UHJLVWUDWLRQ� WXUQV� LQWR�D�PRGHO� UHJLVWUDWLRQ��
7KH� UHVXOWLQJ� DFFXUDF\� GHSHQGV� RQ� WKH� SUHFLVLRQ�
RI� WKH� PRGHO�� DQG� WKH� SUREOHP� LV� QRZ� WR� JHW� WKH�
HOHYDWLRQ�LQIRUPDWLRQ�

����0RGHO�DFTXLVLWLRQ

*HWWLQJ� WKH� HOHYDWLRQ� LQIRUPDWLRQ� LV� SRVVLEOH�
IURP� VHYHUDO� LPDJHV�ZLWK� ¿[HG� REMHFW� DQG� FDPHUD�
EXW� GL̆HUHQW� OLJKW� VRXUFH� SRVLWLRQV�� XVLQJ� D� YHU\�
VLPSOH� VKDSH�IURP�VKDGLQJ� SULQFLSOH� �)LJ�� ����
FORVH�WR�5HÀHFWDQFH�7UDQVIRUPDWLRQ�,PDJLQJ���57,�
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Figure 7. Simulated similarity factor degradation as a 
function of the relative light source azimuth. The factor 
goes down to 0.7, which indicates a sensibility of the 
similarity measure to the light conditions.

Figure 9. Experimental similarity factor degradation as 
a function of the light source azimuth. The factor goes 
down to 0.4, indicating a clear sensibility of the similarity 
measure to the light conditions.
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Figure 8�� ([SHULPHQWDO� VHWXS� ZLWK� ¿[HG� REMHFW� DQG�
objective positions, and a light source moving around 
WKH� REMHFW� �YDULDEOH� D]LPXWK�� DW� D� ¿[HG� HOHYDWLRQ� �KHUH�
16 degrees).
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�0XGJH�HW�DO��������

• )RU� HDFK� SL[HO�� JHW� WKH� OXPLQDQFH� GLVWULEXWLRQ�
ZLWK�UHVSHFW�WR�WKH�OLJKW�VRXUFH�SRVLWLRQ�

• 7KH�SHDN�LQ�WKH�OXPLQDQFH�GLVWULEXWLRQ�LV�ZKHQ�
WKH� OLJKW�YLHZ� DQG� QRUPDO� YHFWRUV� DUH� LQ� WKH�
VDPH�GLUHFWLRQ��+���1��ZLWK�D�VSHFLDO�FDVH�ZKHQ�
DOO�WKH�YHFWRUV�DUH�WKH�VDPH�/� �9� �+� �1�

• 6LQFH�ZH�NQRZ�WKH�OLJKW�DQG�YLHZ�YHFWRUV��ZH�FDQ�
GHGXFH�WKH�QRUPDO�YHFWRU�

• )URP� WKH� QRUPDO� PDS�� ZH� FDQ� LQWHJUDWH� WKH�
HOHYDWLRQ�PDS�

,Q� IDFW�� WKH� ODVW� VWHS� LV� WULFNLHU�� VLQFH� WKH�
LQWHJUDWLRQ� LQWURGXFHV� DUELWUDU\� FRQVWDQWV��
)RUWXQDWHO\��DGGLQJ�D�FRQVWDQW�RU�PXOWLSO\LQJ�E\�D�
FRQVWDQW�WKH�LPDJH�GDWD�KDV�QR�LPSDFW�RQ�WKH�FRVLQH�
VLPLODULW\�IDFWRU�

$JDLQ�� WKH� YDOLGDWLRQ� RI� WKLV� DOJRULWKP� ZDV�
GRQH�LQ�WZR�GL̆HUHQW�ZD\V�

)LUVW��ZH�UDQ�D�VLPXODWLRQ�ZKHUH�ZH�XVHG�WKH�
VDPH��'�FRLQ�PRGHO�DV�SUHYLRXVO\��UHQGHULQJ�LPDJHV�
IRU�GL̆HUHQW�UDQGRP�OLJKW�VRXUFH�SRVLWLRQV��)LJ�������
:H� JRW� DFFHSWDEOH� UHVXOWV� �LQ� FRPSDULVRQ� WR� WKH�
RULJLQDO�HOHYDWLRQ�PDS��NQRZQ�IURP�WKH�PRGHO��DIWHU�
DSSUR[LPDWHO\�����LPDJHV�

6HFRQG��ZH�SHUIRUPHG�DQ�H[SHULPHQW�ZLWK����
SKRWRJUDSKV�ZLWK� WKH� VDPH� HOHYDWLRQ� ����GHJUHHV��
EXW�GL̆HUHQW�D]LPXWKV��HDFK����GHJUHHV���7KH�UHVXOW�
LV�LOOXVWUDWHG�LQ�)LJXUH����

����,PDJH�0RGHO�UHJLVWUDWLRQ

:H� KDYH� VKRZQ� WKDW� LPDJH� �LQWHQVLW\��
UHJLVWUDWLRQ� LV�VHQVLWLYH�WR�WKH� OLJKW�FRQGLWLRQV��:H�
KDYH�DOVR�VKRZQ�WKDW�PRGHO��HOHYDWLRQ��UHJLVWUDWLRQ�
FDQ� EH� D� VROXWLRQ�� %XW� ZLWK� WKH� SURSRVHG�PHWKRG�
IRU� PRGHO� DFTXLVLWLRQ�� DQ� DFFHVV� WR� WKH� REMHFW� LV�
QHFHVVDU\� �WR�JHW� VHYHUDO� LPDJHV�RI� LW��� ,Q�SUDFWLFH��
PRVW� GDWDEDVHV� FRQWDLQ� RQO\� RQH� LPDJH� IRU� HDFK�
REMHFW��0RUHRYHU�� DV�PHQWLRQHG� DERYH�� FRPSXWLQJ�
WKH�HOHYDWLRQ�IRUP�WKH�QRUPDOV�FDQ�EH�SUREOHPDWLF�

+RZHYHU�� LW� LV� LPSRUWDQW� WR� QRWH� WKDW� WKH�
QRUPDOV�DUH�VẊFLHQW� IRU�UHQGHULQJ�DQ� LPDJH�ZLWK�
DQ\� OLJKW� FRQGLWLRQ�� ,Q� WKH� LQWHUPHGLDWH� VLWXDWLRQ�
ZKHUH�D�PRGHO�KDV� WR�EH�FRPSDUHG� WR�DQ� LPDJH��D�
VROXWLRQ�FDQ�EH�WR�UHQGHU�WKH�WDUJHW�LPDJH�IURP�WKH�
PRGHO�ZLWK� WKH�PRVW� VXLWDEOH� OLJKW� VRXUFH�SRVLWLRQ�
VR� WKDW� WKH� VLPLODULW\� ZLWK� WKH� UHIHUHQFH� LPDJH� LV�
WKH�JUHDWHVW��7KLV�LV�HDV\�LI�WKH�OLJKW�VRXUFH�SRVLWLRQ�
FDQ�EH�HVWLPDWHG�LQ�WKH�UHIHUHQFH�LPDJH��DQG�PXFK�
PRUH�FRPSOH[� LI� VRPH�H[KDXVWLYH�VHDUFK�KDV� WR�EH�
GRQH��7KLV�RSHQV�XS�QHZ�UHVHDUFK�SHUVSHFWLYHV�IRU�
WKH�IXWXUH�

(d)

(a) (b)

(c)

Figure 11. Real data: from photographs with different light 
conditions (a and b), the shape-from-shading algorithm 
can estimate the normal map (c), the integration of which 
giving the elevation map (d).

Figure 10. Synthetic data: elevation map (a), normal 
map (b), and rendering with different light conditions (c 
and d).

(d)

(a) (b)

(c)
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5. &RQFOXVLRQV�DQG�)XWXUH�:RUN

,Q�WKLV�DUWLFOH��ZH�KDYH�SUHVHQWHG�WKH�FXUUHQW�
VWDWXV�RI� WKH�RQJRLQJ� ,%,6$�SURMHFW��7KLV� VRIWZDUH�
V\VWHP� PDQDJHV� GLJLWDO� LPDJHV� RI� DUFKDHRORJLFDO�
REMHFWV� DQG� KHOSV� WKH� XVHU� VWXG\� DQFLHQW� FRLQV�
KRDUGV� E\� GLVFRYHULQJ� VLPLODULWLHV�� 7KH� NH\� SDUW�
RI� WKH� V\VWHP� LV� WKH� UHJLVWUDWLRQ� PHWKRG� WKDW�
PD[LPL]HV�WKH�VLPLODULW\�EHWZHHQ�WKH�UHIHUHQFH�DQG�
WDUJHW� LPDJHV��:H� KDYH� VKRZQ� WKDW� WKLV� LQWHQVLW\�
EDVHG� PHWKRG� LV� TXLWH� UREXVW�� SURYLGHG� WKDW� WKH�
OLJKW�FRQGLWLRQV�DUH�WKH�VDPH�WKRXJK��7R�EH�UHVLVWDQW�
WR� WKHVH� FRQGLWLRQV�� ZH� SURSRVH� WR� XVH� WKH� VDPH�
DOJRULWKP� EXW� WR� FRQVLGHU� WKH� HOHYDWLRQ� LQVWHDG� RI�
WKH� LQWHQVLW\� �OXPLQDQFH��� 7KH� DFTXLVLWLRQ� RI� WKH�
UHVXOWLQJ� WKUHH�GLPHQVLRQDO� FRLQ� PRGHO� FDQ� EH�
GRQH� LQ� WKHRU\�XVLQJ�D�VLPSOH�VKDSH�IURP�VKDGLQJ�
WHFKQLTXH�� DQG� LQ� SUDFWLFH� ZLWK� D� 5HÀHFWDQFH�
7UDQVIRUPDWLRQ�,PDJLQJ��57,��GRPH��6XFK�D�GRPH�
LQGHHG�SURYLGHV�PXOWLSOH�OLJKW�FRQGLWLRQV�ZLWK�¿[HG�
REMHFW�DQG�REMHFWLYH�SRVLWLRQV��:H�DUH�QRZ�EXLOGLQJ�
RXU�RZQ�GRPH��DGDSWHG�WR�DQFLHQW�FRLQV��3DUW�RI�RXU�
IXWXUH�UHVHDUFK�LV�DOVR�WKH�HYDOXDWLRQ���YDOLGDWLRQ�RI�
WKH�V\VWHP�RQ�UHDO���ODUJH���GDWDEDVHV�
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1. Introduction

Determining the type of an ancient coin is in 
general a time consuming task and needs a lot of 
numismatic experience. Therefore, an automatic 
method for this task would be of high usage for the 
numismatic community. 2D images can serve as 
input for such a system as they are easy and cheap 
to produce and are widely available in museum 
databases and digital online archives. Potentially, 
such a methodology is able to act as a supporting tool 
for numismatists and can thus enable a much faster 
processing of coins. In the long run, an automatic 
LPDJH�EDVHG� FRLQ� FODVVL¿FDWLRQ� V\VWHP�FRXOG�EH�RI�
use for a broad range of the numismatic community, 
e.g. by means of a freely accessible online coin 
FODVVL¿FDWLRQ�WRRO�

This paper presents a method which uses 
image analysis in order to determine the classes of 
the coins. We argue to use image matching for this 
task, as it is able to measure the similarity of coins 
between images and can consequently be used for 
FODVVL¿FDWLRQ�� WKH� PHWKRG�PHDVXUHV� WKH� VLPLODULW\�
between a coin image and all coin images in the 
WUDLQLQJ� VHW� �WKH� GDWDEDVH�� DQG�¿QDOO\� FKRRVHV� WKH�
class with the highest image similarity. We use a 
ÀH[LEOH�LPDJH�PDWFKLQJ�PHWKRG�ZKLFK�LV�DEOH�WR�GHDO�
with the local spatial variations of features within a 
class, i.e., of the kind shown in Figure 1. The method 
is based on local SIFT features (Lowe, Distinctive 
Image Features from Scale-Invariant Keypoints 
������ZKLFK� DUH� H[WUDFWHG� RQ� D� GHQVH� ¿HOG� LQ� WKH�
Corresponding author: zamba@caa.tuwien.ac.at

image and matched by means of optimization of a 
cost function (Liu, Yuen und Torralba 2011). 

2. Related Work

5HODWHG� ZRUN� LQ� LPDJH� EDVHG� FODVVL¿FDWLRQ�
of ancient coins is scarce so far. Recent research 
DSSURDFKHV� IRU� FRLQ� FODVVL¿FDWLRQ� IRFXVHG� PDLQO\�
RQ�WKH�FODVVL¿FDWLRQ�RI�SUHVHQW�GD\�FRLQV��+XEHU��HW�
al. 2005) (Nölle, et al. 2003) (Reisert, Ronneberger 
XQG� %XUNKDUGW� ������� +RZHYHU�� WKH� GL̆HUHQFHV�
between present day and ancient coins exposed to 
EH� WRR� ODUJH� WR� H̆HFWLYHO\� DSSO\� VXFK� PHWKRGV� WR�
ancient coins (van der Maaten und Poon 2006). 
Due to the abrasions over the centuries and the non-
industrial manufacturing, ancient coins naturally 
exhibit a larger variation within a class. This impedes 
WKH� FRLQ� FODVVL¿FDWLRQ� SUREOHP� WR� D� ODUJH� GHJUHH�
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Figure 1. Reverse side of six coins of our database. Coins 
in the same row belong to the same type.
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VLQFH�D� FODVVL¿FDWLRQ�PHWKRG�KDV� WR�GHWHUPLQH� WKH�
features common to class while ignoring the coin-
VSHFL¿F� RQHV�� 2QH� WKH� RWKHU� VLGH�� WKLV� IDFW� IDYRUV�
WKH� DXWRPDWLF� LGHQWL¿FDWLRQ� RI� DQFLHQW� FRLQV�� )RU�
instance, the shape of the coin border has shown to 
be a very discriminative feature to identify individual 
FRLQV��+XEHU�0|UN��HW�DO���������

)LUVW� SURPLVLQJ� UHVXOWV� RQ� WKH� FODVVL¿FDWLRQ�
of ancient coins were presented in (Kampel und 
Zaharieva 2008). Similar to our work in their paper 
D� FODVVL¿HU�IUHH�DSSURDFK�EDVHG�RQ�6,)7�PDWFKLQJ�
LV� XVHG� IRU� FRLQ� FODVVL¿FDWLRQ�� ,PDJH� VLPLODULW\�
is measured by counting the number of matched 
SIFT features between two images. Compared 
WR� RXU� LPDJH� VLPLODULW\� EDVHG� RQ� 6,)7� ÀRZ�� WKLV�
methodology provides a much simpler and thus less 
robust measure of coin similarity, as only a sparse 
set of interest points is matched without considering 
their spatial relationships. The authors report a 
FODVVL¿FDWLRQ�UDWH�RI�DERXW������EXW�WKH�GDWDVHW�XVHG�
contained only three coin classes. Recently, a more 
VRSKLVWLFDWHG�PHWKRG�EDVHG�RQ�IHDWXUH�FODVVL¿FDWLRQ�
has been proposed by Arandjelovic (Arandjelovic 
2010). In his work the so-called ORFDOO\�ELDVHG�
GLUHFWLRQDO� NHUQHO� IHDWXUH� �/%'� is proposed to 
encode the spatial context of local interest points. A 
FODVVL¿FDWLRQ�UDWH�RI�����RQ�D�WHVWVHW�FRQWDLQLQJ����
classes is reported which shows that spatial-context 
features like LBD are generally promising as they 
R̆HU�D�SRZHUIXO�UHSUHVHQWDWLRQ�DEOH�WR�FDSWXUH�WKH�
FODVV�VSHFL¿F� FRLQ� DSSHDUDQFH�� +RZHYHU�� LQ� WKLV�
ZRUN��ZH�DLP�DW�D�FODVVL¿HU�IUHH�DSSURDFK� IRU�FRLQ�
FODVVL¿FDWLRQ� WKDW� FDQ� EH� HDVLO\� H[WHQGHG� WR� ODUJH�
databases.

3. &RLQ�&ODVVL¿FDWLRQ�0HWKRGRORJ\

6,)7� ÀRZ� ZDV� UHFHQWO\� LQWURGXFHG� E\� �/LX��
Yuen und Torralba 2011) as a dense image matching 
PHWKRG�WKDW�¿QGV�QHDUHVW�QHLJKERUV�IRU�HDFK�SL[HO�

in the presence of large image variations. Thus, 
6,)7� ÀRZ� GRHV� QRW� PDWFK� SRLQWV� E\� PHDQV� RI� D�
global transformation between images but rather 
DLPV�WR�¿QG�WKH�PRVW�OLNHO\�SL[HO�WR�SL[HO�PDWFKLQJ�
EDVHG�RQ�ZHOO�GH¿QHG�FRQVWUDLQWV��ORFDO�DSSHDUDQFH�
similarity, smoothness and small displacement. 

7KH� DGRSWLRQ� RI� WKH� 6,)7�ÀRZ� DOJRULWKP� IRU�
FRLQ� FODVVL¿FDWLRQ� UHOLHV� RQ� WKH� IROORZLQJ� LGHD��
matching two coin images of the same class will likely 
SURGXFH�D�ORZHU�¿QDO�UHVXOW�RI�WKH�FRVW�IXQFWLRQ�WR�EH�
PLQLPL]HG�WKDQ�PDWFKLQJ�FRLQ�LPDJHV�IURP�GL̆HUHQW�
classes, since a smooth matching can be more 
likely found in the former case. As no global rigid 
transformation is involved in the correspondence 
VHDUFK�� 6,)7� ÀRZ� LV� DEOH� WR� FRSH� ZLWK� WKH� KLJK�
intra-class variability arising from abrasions and 
PDQXDO�PDQXIDFWXULQJ�� $Q� H[DPSOH� IRU� 6,)7� ÀRZ�
matching is shown in Figure 2 and 3. Matching the 
test coin image with a coin image from the same 
class produces a reasonable result, as can be seen in 
Figure 2. In contrast, matching the test coin image 
ZLWK� D� FRLQ� LPDJH� IURP� D� GL̆HUHQW� FODVV� SURGXFHV�
an unsuitable result and thus a higher cost (Fig. 3). 
$V�D�FRQVHTXHQFH��ZH�DFKLHYH�FRLQ�FODVVL¿FDWLRQ�E\�
matching the coin image with all coin images in the 
GDWDEDVH�DQG�¿QDOO\�FKRRVLQJ�WKH�FODVV�RI�WKH�LPDJH�
with lowest costs. 

In detail, the following steps are conducted 
IRU� FRLQ� FODVVL¿FDWLRQ�� 7KH� ¿UVW� WZR� VWHSV� DUH� DOVR�
visualized in Figure 4.

� &RLQ� 6HJPHQWDWLRQ�� ,Q� RUGHU� WR� UHPRYH�
background clutter such as rulers in the image, 
WKH� FRLQV�KDYH� WR�EH� VHJPHQWHG�¿UVW��)RU� WKLV� WDVN�
we use a shape-adaptive thresholding method  
�=DPEDQLQL�XQG�.DPSHO������� WKDW�KDV�SURYHQ� WR�
provide a robust segmentation for a variety of coin 
LPDJHV�� ,W� XVHV� D� UDQJH� DQG� HQWURS\� ¿OWHU� XQGHU�
the assumption that the coin in the image provides 

Figure 2. Matching two coins of the same type, from left 
to right. query image, database image, database image 
warped back to be aligned with the query image.

Figure 3. Matching two coins of different types, from left 
to right. query image, database image, database image 
warped back to be aligned with the query image.
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more information and details than the background. 
7KH� ¿QDO� VHJPHQWDWLRQ� PDVN� LV� REWDLQHG� E\� D�
thresholding operation where the optimal threshold 
is found by means of the formfactor  (Russ 2006) 
of the resultant binary mask. The output of the 
segmentation is a binary mask identifying the pixels 
belonging to the coin. 

1RUPDOL]DWLRQ�� 7R� DGGLWLRQDOO\� DFKLHYH� VFDOH�
invariance, the segmented coin image is normalized 
to a standard size of 150x150. This is needed as we 
XVH�D�GHQVH�JULG�RI�6,)7�IHDWXUHV�ZLWK�¿[HG�VFDOH��L�H��
¿[HG�ZLQGRZ�VL]H�RI�6,)7�GHVFULSWRU���$GGLWLRQDOO\��
the image is converted to grayscale for SIFT 
descriptor computation.

*HQHUDWLRQ� RI� 6,)7� LPDJH�� 6,)7� GHVFULSWRUV�
are computed at every pixel location to produce 
the SIFT image. Empirical tests have shown that a 
window size of 12x12 (i.e. cell size of 3x3) works best 
to capture the local coin details.    

6,)7� ÀRZ� PDWFKLQJ�� )LQDOO\�� 6,)7� LPDJHV�
are matched to assess the visual similarity of the 
coins. As the coins do not necessarily have the 
same orientation in the images, the matching has 
to be done in a rotation-invariant way. Therefore, 
we ignore the small displacement term which 
is included in the original algorithm (Liu, Yuen 
und Torralba 2011) for our application in order to 
allow large displacements between coin images. 
The SIFT features itself are rotation-invariant, as 
gradient orientations are represented relative to the 
dominant orientation. 

4. Experiments

For the experiments Roman Republican coins 
are used which have been kindly provided by the 

Museum of Fine Arts, Vienna. Coins from this era 
have been chosen because a big stock of material is 
available at the museum. There is a comprehensive 
standard-reference work by Crawford (Crawford 
������ WKDW� GH¿QHV� WKH� YDULRXV� W\SHV� �FODVVHV�� RI�
coins. Crawford’s work has 550 distinct reference 
numbers and we chose a subset of 24 types from 
131-102 B.C. for our experiments. For each type, 
three coin images are available.

For evaluation we use a 3-fold cross validation 
WR� WHVW� FODVVL¿FDWLRQ� SHUIRUPDQFH�� 7KH� GDWDVHW� LV�
divided into three subsets, each set containing one 
LPDJH�IURP�HDFK�FODVV��7KUHH�FODVVL¿FDWLRQ�UXQV�DUH�
executed whereas in each run one subset serves as 
testset and the remaining two serve as training set. 
An image from the testset is then matched with all 
LPDJHV�IURP�WKH�WUDLQLQJ�VHW��7KH�VXP�RI�6,)7�ÀRZ�
FRVWV�RI�WKH�WZR�LPDJHV�RI�D�FODVV�GH¿QHV�WKH�FODVV�
FRVWV��DQG�WKXV�¿QDOO\�WKH�LPDJH�LV�FODVVL¿HG�DV�WKH�
class with minimum class-cost. We test the single 
performance on the obverse side as well as on the 
reverse side. 

To compare our method to a previously 
SURSRVHG� FODVVL¿HU�IUHH� PHWKRG� IRU� FRLQ�
FODVVL¿FDWLRQ�� ZH� IXUWKHUPRUH� DSSO\� WKH� VWDQGDUG�
SIFT matching method proposed by (Kampel und 
Zaharieva 2008) to the database. In this method, 
similarity between coins is measured by the number 
RI�PDWFKHG�LQWHUHVW�SRLQWV��H[WUDFWHG�DW�'L̆HUHQFH�
of-Gaussians extrema (Lowe 2004) and described 
by SIFT. The same evaluation procedure as for the 
6,)7�ÀRZ�PDWFKLQJ�LV�DSSOLHG�

7KH�RYHUDOO�UHVXOWV�DUH� OLVWHG�LQ�7DEOH���� �2XU�
SURSRVHG� 6,)7� ÀRZ� PHWKRG� FOHDUO\� RXWSHUIRUPV�
the method of  (Kampel und Zaharieva 2008). As 
the SIFT descriptor itself is potentially noisy on 
ancient coins due to the lighting problem, the simple 

Figure 4��3UHSURFHVVLQJ�VWHSV�RI�RXU�FRLQ�FODVVL¿FDWLRQ�
system, from left to right. original input image, segmented 
coin (transparent area), normalized image.

SIFT Flow 
Matching

SIFT Matching

2EYHUVH�VLGH ����� �����

Reverse side ����� �����

Total 68.8% 29.2%

Table 1��&ODVVL¿FDWLRQ�UDWHV�DFKLHYHG�RQ�WKH�FRLQ�REYHUVH�
and reverse sides using the proposed method and the 
method of (Kampel und Zaharieva 2008).
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matching of SIFT interest points is more vulnerable 
WKDQ�6,)7�ÀRZ�PDWFKLQJ��6,)7�ÀRZ� LQWURGXFHV�DQ�
additional constraint for a spatially meaningful 
PDWFKLQJ�ZLWK�ORFDO�YDULDWLRQV��7KHUHIRUH��6,)7�ÀRZ�
provides a more robust matching and coin similarity 
measure.

Another observation from the results is that 
FODVVL¿FDWLRQ�UDWHV�DUH�KLJKHU�RQ�WKH�UHYHUVH�VLGHV�RI�
the coin. This is caused by the typical composition 
of Roman coins from the investigated period. 
Customarily, obverse sides show the heads of gods 
or emperors. In the given evaluation dataset the 
obverse side of 15 of the 24 classes depict the goddess 
Roma. Reverse sides depict certain scenes and thus 
KDYH� D� KLJKHU� LQWHU�FODVV� YDULDELOLW\��+RZHYHU�� WKH�
given dataset contains coins from an early stage 
of Roman Republican coinage and therefore this 
GL̆HUHQFH� LV� OHVV� SURQRXQFHG� VLQFH� ��� RI� WKH� ���
classes show chariots, a common motive for this 
SHULRG��&UDZIRUG�������

2QH� UHDVRQ� IRU� PLVFODVVL¿FDWLRQV� LV� WKH�
unsatisfactory handling of lighting variations due to 
WKH�XVH�RI� WKH�6,)7�GHVFULSWRU��,I�GL̆HUHQW� OLJKWLQJ�
H̆HFWV�DSSHDU�RQ�WKH�VXUIDFH�RI�WKH�WZR�FRLQV��6,)7�
IHDWXUHV�DUH�WR�GL̆HUHQW�DQG�WKXV�GL̇FXOW�WR�PDWFK��
The second main source of error is the low variability 
between two coin classes. For instance, the types 
Cra 282/1 and Cra 282/4 both show chariots and 
GL̆HU�IURP�HDFK�RWKHU�RQO\�E\�WKH� LQVFULSWLRQ��7KH�
WKLUG� PDLQ� UHDVRQ� IRU� HUURUV� RI� WKH� FODVVL¿FDWLRQ�
are strong abrasions on the coins. In this case large 
LPDJH� UHJLRQV�DUH�QRW�PDWFKDEOH�E\� WKH�6,)7�ÀRZ�
PHWKRG�DQG�¿QDOO\�D�PLVFODVVL¿FDWLRQ�LV�SURGXFHG�

5. Conclusions

,Q� WKLV� SDSHU� ZH� SUHVHQWHG� D� FODVVL¿HU�IUHH�
PHWKRG�IRU�DQFLHQW�FRLQ�FODVVL¿FDWLRQ�RQ��'�LPDJHV��
The method is based on image matching and 
WKHUHIRUH�GRHV�QRW�QHHG�DQ�R̈LQH�FODVVL¿HU�WUDLQLQJ��
ZKLFK� LV� GL̇FXOW� WR� DFKLHYH� IRU� DQFLHQW� FRLQV� GXH�
to the limited number of coins available per class. 
:H�XVH�WKH�ÀH[LEOH�6,)7�ÀRZ�PHWKRG�ZKLFK�LV�ZHOO�
TXDOL¿HG� IRU� DQFLHQW� FRLQV� DV� LW� WDNHV� DFFRXQW� RI�
the spatial variations that arise from the manual 
manufacturing of the coins. The experimental 
results show the potential of the method for ancient 
FRLQ�FODVVL¿FDWLRQ�ZLWK�D�FODVVL¿FDWLRQ�UDWH�RI�������
on the reverse sides of 24 coin classes. These results 

are achieved on a database including all the main 
FKDOOHQJHV� RI� DQFLHQW� FRLQ� FODVVL¿FDWLRQ�� OLJKWLQJ�
variations, abrasions and high intra-class variability 
in combination with low inter-class variability. The 
method can be easily extended to larger databases, 
as it does not rely on machine learning methods and 
WKXV�QHHGV�QR�R̈LQH�WUDLQLQJ�SKDVH�

2QH� GUDZEDFN� RI� WKH� PHWKRG� LV� WKH� ORQJ�
FRPSXWDWLRQDO� WLPH� IRU� 6,)7� ÀRZ�� &XUUHQWO\� 6,)7�
ÀRZ�PDWFKLQJ�RI�WZR�LPDJHV�WDNHV�DERXW���VHFRQGV�
on a standard machine and thus matching a test 
image with all images in the database is a time-
consuming task. As the time to classify a coin is 
linear to the number of coin classes in the database, 
a preselection step is a possible solution to speed 
up the overall process. This can be achieved by 
using low-level global image features that are fast 
to compute but are informative enough to initially 
reject a certain amount of classes. Such features 
could be, for instance, the coin color (silver, gold 
etc.) or statistical texture measures.

In general, we see such a hybrid system that 
FRPELQHV� IHDWXUH�EDVHG� FODVVL¿FDWLRQ� DQG� LPDJH�
matching as a promising research direction. This 
ZD\��WKH�EHVW�RI�ERWK�ZRUOGV�FDQ�EH�DFKLHYHG��IHDWXUH�
EDVHG� FODVVL¿FDWLRQ� OLNH� LQ� �$UDQGMHORYLF� ������
HQDEOHV� D� IDVW� FODVVL¿FDWLRQ� RQFH� WKH� FODVVL¿HU� KDV�
been trained, but the feature representation might 
lose its discriminative power when hundreds of coin 
classes are contained in the database. In contrast, 
FRLQ� FODVVL¿FDWLRQ� EDVHG� RQ� LPDJH� PDWFKLQJ� OLNH�
the one presented in this paper does not transform 
a coin image into a less informative feature 
representation and is therefore able to provide an 
LQ�GHSWK� DQDO\VLV� RI� FRLQ� VLPLODULW\��+RZHYHU�� WKLV�
DELOLW\�FRPHV�DW�WKH�FRVW�RI�KLJK�FRPSXWDWLRQDO�H̆RUW� 
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1. Introduction

Three-dimensional digital surveys have 
become, in the last few years, a standard tool for 
cultural heritage studies. The advancements in both 
the scanning devices and the computers used in 
data processing and visualization have enabled the 
cultural heritage operators to carry out large-scale 
surveys and data gathering campaigns.

This technological advancement, however, 
FDQQRW�� E\� LWVHOI� EH� D� JDPH�FKDQJHU� LQ� WKH�¿HOG� RI�
cultural heritage studies.

,Q�RUGHU�WR�H̆HFWLYHO\�XVH�DOO�WKH�GDWD�SURGXFHG�
by these technologies, it is necessary to carefully 
consider all the aspects of the digitization campaign 
and the available tools for the processing of the data, 
and to have a clear idea of the possible uses of the 
generated dataset.

:KLOH� LQ� UHFHQW� OLWHUDWXUH� LW� LV� HDV\� WR� ¿QG�
examples of quite extensive 3D scanning and data 
gathering campaigns, what is still, in most cases, 
Corresponding author: nicolo.dellunto@gmail.com

PLVVLQJ� LV�D�SODQ� WR�H̆HFWLYHO\�PDQDJH�DQG�XVH�DOO�
the gathered data.

2. The Swedish Pompeii Project

During autumn 2000 the Swedish Institute in 
5RPH�VWDUWHG�D�FDPSDLJQ�RI�¿HOG�GRFXPHQWDWLRQ�RI�
the Insula V, 1 in Pompeii with the aim of recording 
and analyzing a full Pompeian city-block. From the 
YHU\� EHJLQQLQJ�� GL̆HUHQW� W\SHV� RI� GRFXPHQWDWLRQ�
techniques and technologies were tested; this 
multiple approach of methods was realized in order 
to provide an accurate, conjoint description of as 
PDQ\�GL̆HUHQW� DVSHFWV� RI� WKH� DQFLHQW� EXLOGLQJV� DV�
possible. The possibility to develop a project for 
the documentation of an entire insula allowed the 
UHVHDUFKHUV� WR� FRQVLGHU� LWV� GL̆HUHQW� FRQVWLWXHQWV�
(houses), not as separate entities but as part of a total 
(Fig. 1). This approach underscored the importance 
RI�WKH�UHODWLRQ�EHWZHHQ�WKH�GL̆HUHQW�NLQGV�RI�HQWLWLHV�
that characterize Pompeian domestic architecture in 
order to comprehend the development of Pompeian 
building and social history (Leander Touati 2010; 
Staub 2009).
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During spring 2011, a collaboration between 
the National Research Council of Italy (Institute 
of information Technology and science “A.Faedo”) 
and Lund University (Institute of Archaeology 
and Ancient History together with the Humanistic 
Laboratory), allowed to start testing the use of 
integrated methods of 3D data recording. The 
integration of acquisition techniques like 3D 
Scanning or Dense Stereo reconstruction will 
increase the knowledge of the relations between the 
technological infrastructures of the insula i.e. water 
pipes system, illumination etc. and the distribution 
of the public and private spaces.

The goal of this ongoing sub-project is 
the documentation of the entire insula in three 
dimensions. The result of this work will be mainly 
used as a platform to visualize and highlight with 
accuracy the research so far developed by the 
Swedish Pompeii Project team. 

To reach such result, a two-steps process have 
to be carried out: data acquisition of structures and 
data post-processing. Acquisition technologies, 
i.e. phase shift laser scanners and 3D from images 
techniques, and partial post-processing have already 
been successfully performed. The remaining work 
consists of an intense work of virtual interpretation 
of the buildings before the eruption that destroyed 

Figure 1. map of the insula V 1 compiled by the Swedish 
Pompeii Project.

Pompeii. In particular, the documentation produced 
in the last two centuries will be used to reconstruct 
part of the architecture and the decoration, today 
not anymore available in situ.

Aim of this work is assessing if, and eventually 
KRZ��WKH�XVH�RI��'�PRGHOV�D̆HFWV�WKH�LQWHUSUHWDWLRQ�
of the Pompeian domestic architecture.

During the progression of the archaeological 
GDWD� FROOHFWLQJ� LQ� WKH� ¿HOG�� WKH� 6ZHGLVK� 3RPSHLL�
project developed a digital research platform 
characterized by its unique transparency. The data 
HODERUDWHG�GXULQJ�WKH�¿HOG�FDPSDLJQV�DUH�SXEOLVKHG�
online. The archaeological results are organized 
into a website (www.pompejiprojektet.se/insula.
SKS�� WKDW� DOORZV� UDSLG� DFFHVV� WR� GL̆HUHQW� NLQGV� RI�
information, advancing from general information 
towards detailed data, presented both in text, 
graphic and photograph. It includes high-resolution 
ortho-mosaics of the ancient structures, plans, 
elevation and reports (Fig. 1). 

For the reason that the maximum transparency 
should include also the 3D-datawe experimented 
the use of WebGL, to visualize the gathered three-
dimensional data directly through web browsers, in 
order to connect this new experimental approach 
with the classic documentation disseminated during 
these years through the Internet.

The development of such web access for 
the visualization of the 3D data would provide 
the opportunity to anyone interested in studying 
the insula V,1 to access directly the information 
elaborated by the project team.

3. Previous Work

Three-dimensional digital surveys have 
become, in the last few years, an important part 
of the documentation and communication process 
of archaeological sites; the examples presented in 
literature show how acquisition techniques and 
methods have been successfully used so far in 
similar case studies. An overview of all the most 
successful 3D scanning campaigns goes well beyond 
the scope of this paper, but we can cite two examples 
where 3D Scanning was used as  a valuable support 
to provide data for reconstruction projects. 
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7KH�¿UVW�RQH��5RPH�UHERUQ, dealt with the case 
where the original structures have been partially 
destroyed (Dylla et al. 2009). The second one, The 
Parthenon, took into account a monument which 
IUDJPHQWV�DUH�QRZ�VFDWWHUHG�LQ�GL̆HUHQW�SDUWV�RI�WKH�
world (Stumpfel et al. 2003). 

Another example is provided by the Flaminia 
SURMHFW� �KWWS���ZZZ�YKODE�LWDEF�FQU�LW�ÀDPLQLD����
ZKLFK� GHVFULEHV� WKH� GHYHORSPHQW� RI� D� ZRUNÀRZ�
for the three dimensional documentation and 
the communication of several archaeological 
VLWHV�� WKURXJK� WKH� FRPELQDWLRQ� RI� GL̆HUHQW�
acquisition techniques such as Laser scanner and 
photogrammetry. 

The result of such projects can be easily 
employed to build visual infrastructures of cultural 
communication such as Virtual museums or 
museum installations. Among a number of possible 
examples, The Virtual Museum of the Western Han 
Dynasty (Forte et al. 2010) uses several acquired 
structures and objects to build a virtual museum.

Pompeii and, more in general, the entire area 
D̆HFWHG�E\�WKH�HUXSWLRQ�RI����$'�KDV�EHHQ�VXEMHFW�
of study and mapping way before the actual birth 
of modern archeology. A great deal of maps and 
technical surveys are available for this area, with 
quite various levels of accuracy and detail. Recently, 
PDQ\� GL̆HUHQW� VXUYH\� DFWLRQV� KDYH� EHHQ� FDUULHG�
out using modern,  dense-sampling devices like 
laser 3D scanners. This has been done, for example, 
in Herculaneum (Brizzi et al. 2006) to increase 
VSDWLDO� UHVROXWLRQ� LQ� VXUYH\V� DQG� SURYLGH� H̆HFWLYH�
geometric data for conservation purposes. In other 
FDVHV��OLNH��+RUL�HW�DO���������WKH�DLP�ZDV�WR�YDOLGDWH�
(and possibly correct) older surveys. Other surveys 
FRYHUHG�VSHFL¿F�DUHDV�RI�WKH�3RPSHLL�DUHD��3RHKOHU�
DQG� (OOLV�� ������ �%DO]DQL� DW� DO�� ������ IRU� VSHFL¿F�
conservative actions.

4. Data Acquisition

The acquisition campaign took place during 
WKH�¿UVW�ZHHN�RI�2FWREHU�������D�WHDP�RI�VL[�SHRSOH�
(three from Pisa –CNR- and three from Sweden 
-Institute of Archaeology and Ancient History-) 
started the acquisition campaign of the insula 
WKURXJK� WKH� HPSOR\PHQW� RI� WZR� GL̆HUHQW� SKDVH�
shift laser scanners: a Faro Focus 3D and a Faro 

PHOTON 120. Despite these two instruments have 
similar characteristics in terms of acquired data 
TXDOLW\��WKHLU�GL̆HUHQW�VL]HV�DQG�ZHLJKW�D̆HFW�WKHLU�
XVH� LQ� GL̆HUHQW� VLWXDWLRQV�� )DUR� IRFXV� �'� LV�PRUH�
light and easy to use in fragile and unstable areas, 
Faro PHOTON 120 is more sturdy and stable, thus 
more suited for the acquisition of higher structures 
IURP� VFD̆ROGLQJV�� 0RUHRYHU�� WKH� HPSOR\PHQW� RI�
WZR� VFDQQHUV� DOORZHG� DOVR� D� PRUH� ḢFLHQW� GDWD�
acquisition process, since two teams could work at 
WKH�VDPH�WLPH�LQ�GL̆HUHQW�DUHDV�RI�WKH�LQVXOD��

Before starting the campaign, several 
acquisition strategies were discussed in order to 
optimize the process in the limited amount of 
time available, and to be able to highlight parts 
of the archaeological features considered more 
challenging for the instruments. As a consequence, 
markers were excluded from the process due to 
the complexity of the houses geometrical features, 
and a manual alignment of the point clouds was 
performed instead.

We decided to start our work from Casa di 
&HFLOLR�*LRFRQGR and document its structures. Once 
completed the acquisition of this part, we planned 
to start acquiring a small portion of Casa del Torello 
GL� %URQ]R� �QLQIHXP�. In particular, the structures 
that we experienced being troublesome in terms 
of acquisition were the FXELFXOD�of Casa di Cecilio 
*LRFRQGR and some of the corridors that connect the 
public with the private areas of the house; the small 
size of these rooms was almost at the limit of the 
acquisition range of the instruments and we were 
not sure if it would have been possible to use the 
laser to acquire such environments. At the end of the 
week, the campaign resulted extremely successful: 
after only three days we were able to acquire the 

Figure 2. This image shows the extension of the area 
acquired at the end of the campaign and the extension of 
the area expected before the beginning of the campaign.
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two houses entirely (Casa del Torello di Bronzo 
DQG�&DVD�GL�&HFLOLR�*LRFRQGR) plus the streets that 
surround the structures (Fig. 2)

7KH�¿QDO�ODVHU�VFDQQHU�GDWDVHW�FRYHUHG�DURXQG�
����� ����� �� ����� VTXDUH� PHWHUV�� DFTXLUHG� XVLQJ�
110 scan positions, each one with a 360 degree 
coverage, with a quite dense sampling rate (1cm 
at 10 metes). The size of this three-dimensional 
dataset is more than 200 GB of raw data. The 
quality of the acquired data is visually very good. 
Having a precise measurement of the precision 
and accuracy of the sampling (beside accepting the 
GHFODUHG�VSHFL¿FDWLRQV�RI�WKH�GHYLFHV��ZRXOG�UHTXLUH�
a ground truth geometry, which is unavailable. On 
the other hand, since the scanning has been carried 
RXW�XVLQJ�WZR�GL̆HUHQW�GHYLFHV�RI�WKH�VDPH�FODVV��E\�
comparing the data coming from the two devices 
in overlapping areas, it is possible to evaluate the 
coherence of the two samplings (like if we were 
using the data from scanner #1 as the ground truth 
to evaluate scanner #2 and vice-versa): the value 
of this incoherence will be an upper bound of the 
sampling error. In this dataset, we obtained very low 
values: 90% of the measured overlapped areas had a 
disparity below 2.5mm and 50% below 1.5mm. This 
low error level may be due to the nature of surfaces 
�PRVWO\� QRQ�UHÀHFWLYH� DQG� RSWLFDOO\� FRRSHUDWLYH��
and the closeness of the sampled surfaces to the 
scanner.

'HVSLWH�WKH�ḢFLHQF\�RI�WKH�/DVHU�VFDQQHU�LQ�
acquiring the main structures of the insula, several 
important features such as the water pipe system 
of the Casa del Torello di Bronzo, turned to be 
extremely complicated to document with the Laser 
scanner. In fact, the location of this structure, which 
was used to regulate the distribution of the water 
inside the house, and the complexity and size of 
LWV�JHRPHWU\��ZRXOG�KDYH�UHTXLUHG�D�TXLWH�GL̆HUHQW�
kind of scanner (possibly, a triangulation one).

Therefore, we decided instead to use Computer 
Vision techniques to generate resolute 3D models to 
align afterwards with the laser scanner model of the 
house (Fig. 3a-b).

This technique combines algorithms of 
structure from motion and dense stereo matching in 
order to build a 3D model of a scene starting from an 
uncalibrated set of images. 

This technique was also tested to acquire 
architectonical materials found inside the houses 
DQG�VWRUHG�LQ�D�GL̆HUHQW�DUHD�RI�3RPSHLL��'XH�WR�WKHLU�
fragility and the considerable size, architectonical 
GHFRUDWLRQV�DUH�RIWHQ�YHU\�GL̇FXOW�WR�WUDQVSRUW�DQG�
therefore not so easily acquired. In fact, the narrow 
space of the storage rooms does not allow the use 
of any kind of Laser scanner or calibrated camera. 
On the contrary, the possibility to use uncalibrated 
pictures to get 3D information, allowed the 
elaboration of a resolute three-dimensional model 
to be transferred inside the house and simulate the 
relationship between environment and decorative 
elements characterizing the structures. 

We have, in a previously published work 
(Callieri et al. 2011), carried out tests on 3D-from-

Figure 3. 3D models created using Computer Vision 
techniques: A water pipe device of the fountain of the 
Casa del Torello Di Bronzo, B architectonical decoration 
found during the archaeological investigation of the Casa 
del Torello Di Bronzo.
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images technologies, assessing their practical use on 
WKH�¿HOG�DQG�WKH�SURFHVVLQJ�RI�WKH�UHFRYHUHG�GDWD�IRU�
documentation purposes. The data in this project 
has been gathered and processed following the 
PHWKRGRORJ\� GH¿QHG� WKHUH�� DQG� REWDLQLQJ� VLPLODU�
quality in the resulting geometries. Please refer to 
this work to have more details.

5. Data Processing

Once the raw data captured by the scanner were 
available, the processing of the data was carried out 
inside MeshLab. MeshLab (Cignoni et al. 2008) is an 
open source tool for the visualization and processing 
of 3D models. It is oriented to the management and 
processing of large, unstructured triangular meshes 
and point clouds, and it provides a set of tools for 
measuring, checking, cleaning, healing, inspecting, 
rendering and converting 3D meshes. MeshLab is 
freely available, distributed under the GPL licensing 
scheme and it is available for all the major platforms 
(Windows, MacOS, Linux).

7KH� ¿UVW� VWHS� RI� GDWD� SURFHVVLQJ� LV� WKH�
alignment. This step brings all the captured data in 
the same reference space. 

Normally, TOF data are aligned using markers 
placed on the scene. However, in this case, the use of 
markers was quite complex, due to the large amount 
RI�GL̆HUHQW��LQWHUFRQQHFWHG�URRPV��7KLV�ZRXOG�KDYH�
required a large number of markers, and additional 
time to manage them. On the other hand, the amount 
of walls and the same connected topology make 
easy the alignment based on geometric redundancy 
between scans.

MeshLab provides a Geometric Alignment 
¿OWHU� EDVHG� RQ� WKH� ZHOO�NQRZQ� ,&3� DOJRULWKP�
(Rusinkiewicz and Levoy, 2001), enhanced with all 
the optimization and tricks available in literature. 
7KLV�DOLJQPHQW�¿OWHU�ZRUNV�RQ�WULDQJXODWHG�VXUIDFHV�
(like in many analogous tools) but also on raw point 
clouds. Being able to work directly on the point 
dataset is a great advantage in terms of time and 
required memory, since there is no need to generate 
a triangulation.

The alignment is a two-step process: initially, 
the user picks corresponding points between scans, 
placing the scans in an approximate position; then, 

the system computes a precise alignment using the 
whole overlapping area between the scans.

Even if alignment, due to the manual input 
required, is still the most time-consuming part of 
processing (along with range map cleaning), after 
some practice, a user can obtain optimal results with 
D� IHZ� KRXUV� RI� PDQXDO� ZRUN�� 7KH� ¿QDO� DOLJQPHQW�
accuracy is on par to the one obtainable using 
markers. This alignment method provides data on 
the residual errors of the single cloud matching (local 
error of the alignment of each cloud with every other 
RYHUODSSLQJ���DQG�RQ� WKH�¿QDO� UHVLGXDO�HUURU� �DIWHU�
the global optimization and bundle adjustment). 
7KH�¿UVW�YDOXH�YDULHG� LQ� WKH�GDWDVHW�EHWZHHQ��PP�
DQG��PP��ZKLOH�WKH�¿QDO�UHVLGXDO�ZDV�EHORZ��PP�

After all the scans have been aligned, the 
resulting point cloud can already be used as a metric 
documentation, for taking measurements, or for 
visualization purposes (Fig. 4).

However, to fully exploit the visual potentiality 
of the data, it is necessary to transform this point-
based representation into a triangulated surface. 
This will provide a much more  

The process of computing a triangulated 
surface from a series of individual scans is called 
merging. This is a completely automatic process, 
ZKHUH�WKH�XVHU�KDV�RQO\�WR�GHFLGH�WKH�¿QDO�JHRPHWULF�
resolution of the output model.

MeshLab does implements various algorithms 
for the merging step, able to accurately generate 

Figure 4. Some of the range scans of the House of Cecilio 
Giocondo, aligned inside MeshLab (each color is a 
different scan).
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triangulated surfaces starting from pointclouds or 
triangulated range scans.

Given the extent of the dataset, it is impractical 
to think of creating a single triangulated model for 
the entire area. This will require an extremely long 
computation time, a lot of memory and produce a 
model so complex to be unusable. Moreover, given 
WKDW� HDFK�SDUW� RI� WKH� GDWDVHW� KDV� VSHFL¿F� FRYHUDJH�
and geometrical characteristics, using a single set of 
parameters for the entire extent would reduce the 
amount of usable detail.

On the other hand, the covered areas are 
divided in rooms, and this geometrical subdivision 
LV� DOVR� D� ORJLFDO� RQH�� VLQFH� LW� UHÀHFWV� WKH� ZD\� WKH�
houses have been designed and built, and the way 
they will be studied and measured.

It made sense, then, to reconstruct 
independently the various rooms, making the 
merging step much easier, but still producing a 
coherent geometry for the entire dataset (thanks 
to the properties of regularity of the merging 
algorithms) (Fig. 5).

7KH� ¿QDO� VWHS� RI� WKH� SURFHVVLQJ� LV� WKH� FRORU�
mapping. The produced triangulated model does 
faithfully represent the geometry of the building, 
but not its appearance. For this reason, a series of 
photos have been acquired in order to provide an 
accurate description of the appearance of all the 
walls of the houses.

To perform color mapping, it is necessary 
¿UVW� WR� DOLJQ� WKH� SKRWRV� RQWR� WKH� �'� PRGHO�� WKLV�
is obtained by estimating the camera parameters 
associated to each image.

These parameters describe the position and 
orientation (extrinsic parameters) and internals of 
the camera, like sensor size, lens distortion and focal 
length (intrinsic parameters) at the moment of the 
shot. By obtaining these parameters it is possible to 
reconstruct the perspective projection that created 
the photo. This opens up two possibilities: being able 
to see the 3D scene trough the same camera that took 
the shot (thus, exploring the photographic dataset 
spatially), and project back the color information 
onto the 3D model (to generate color mapping).

This alignment has been done inside MeshLab 
using a user-friendly approach, based on Mutual 
Information (Corsini et al. 2009). This is based on 
the calculation of a statistical measure of correlation 
between the image and a rendering of the model, and 
has a very simple interface, making the photographic 
alignment easy for the user.

The photos aligned in this way may be 
spatially-explored directly in the 3D space, instead 
of browsing a folder on the disk, looking at the 
photos like see-through transparencies suspended 
in space or projected one by one onto the 3D surface.

$Q� LQWHUHVWLQJ� SRVVLELOLW\� R̆HUHG� E\� WKLV�
strategy is to use also unconventional images, 
like photos with annotations, historical photos, 
hand drawings or sketches or even near-visible 
lighting photos (ultraviolet, multispectral, infrared, 
thermography, etc.). This possibility of spatial 
exploration of the georeferenced photographic set 
LV�D�SRZHUIXO�WRRO�WR�H̆HFWLYHO\�EURZVH�D�FROOHFWLRQ��
and has multiple uses in the documentation and 
study of this dataset.

However, since our aim was to obtain 
photorealistic 3D models, we proceeded to map the 
color from the images onto the triangulated surface. 
7R�WKLV�DLP��0HVK/DE�R̆HUV�GL̆HUHQW�FRORU�PDSSLQJ�
WRROV� WR�EHWWHU�FRSH�ZLWK�WKH�GL̆HUHQW�QHHGV�RI� WKH�
various datasets. By using the color data from the 
calibrated images, it is possible to generate detailed, 
artifact free per-vertex color encoding, or create a 
texture map.

We employed both solutions, in order to 
produce high resolution 3D models with per-vertex 
color for study, documentation and measurement 
purposes, and lower resolution models with texture 
mapping, for real-time visualization (Fig. 6).

7KLV� ¿QDO� VWHS� LV� VWLOO� RQJRLQJ�� JLYHQ� WKH�
amount of images to be mapped, and the extent of 
the dataset.

6. Virtual Reality

During the autumn 2014 an exhibition in 
Stockholm about the insula V,1 will be organized. 
In that occasion a Virtual Reality system, developed 
using the results of this work, will be prepared in 
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order to show to the public the investigated area and 
the results of the virtual interpretation of the ancient 
structures. Despite the data have not been entirely 
processed and more than half insula has not jet been 
acquired, we are already discussing the possibility 
to build a virtual reality systems to explore -through 
the use of devices that allowed natural interaction 
such as Microsoft Kinect-the insula and having 
an easy understanding of the connection between 
the interpretation of the environments and the 
archaeological research developed during these 
years. 

7. Online Publishing

One of the focal points of this project was the 
objective of making the entire dataset available over 
the net.

The web platform has acquired through 
WKH� \HDUV� WKH� DELOLW\� WR� ḢFLHQWO\� LQFRUSRUDWH� DQG�
GHOLYHU�PDQ\�GL̆HUHQW�NLQGV�RI�GLJLWDO�GDWD�VXFK�DV�
still images, videos and sound. With respect to these 
additions, the management of 3D content through 
the web still presents many problems.

HTML 5 introduced, as a new part of the 
standard, the WebGL component. Using this 
component, it is possible to display 3D content 
directly inside a webpage, without the use of browser 
plugin.

However, WebGL alone is not enough to 
answer the needs of people interested in web 3D 
visualization; following the design philosophy 
of OpenGL, WebGL is a very low-level API. It 

is therefore necessary, to ease the use of this 
technology, to introduce a library able to wrap the 
most low level function, while giving the user the 
ability to dive into implementation details, when 
needed.

To do so, we chose SpiderGL (Di Benedetto 
et al. 2010), which is JavaScript library designed to 
provide an easily usable but powerful wrapping to 
the lower-level WebGL functions.

The idea of this library is to provide a complete 
wrapping layer to WebGL that, while hiding the 
details through higher-level functions, allows full 
access to the native API. To ease the creation of 
graphical applications, SpiderGL provides a series of 
classes and functions that cover the various aspects 
and levels of implementation of a modern computer 
graphic application. Using this technology, it has 
been possible to create a visualization scheme for 
the web platform, able to display the 3D models of 
the various rooms in a web page, with a simple user 
interface for the 3D navigation.

This visualization scheme uses, thanks to 
the functionalities of SpiderGL, a multiresolution 
model. Multiresolution is a way to encode the three-
dimensional data in such a way that, for each part of 
WKH�REMHFW��WKH�JHRPHWU\�LV�DYDLODEOH�DW�GL̆HUHQW�OHYHO�
of details. During rendering, for each part of the 
model, it is chosen the optimal resolution, the better 
trade of between the visible detail and the available 
resources, to ensure. This makes possible to show 
in real time very complex 3D models, composed by 
millions of triangles.

Figure 6. The aligned photos browsed spatially, over the 
geometry of one of the rooms.

Figure 5. One of the rooms (the atrium of the House of 
the Torello di Bronzo), reconstructed as a triangulated 
surface.
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Another interesting feature is that a 
multiresolution model, being composed by small 
chunks of data, it is extremely well suited for 
network transmission. Exploiting this property, 
WKH� YLVXDOL]DWLRQ� FRGH� LV� DEOH� WR� H̆HFWLYHO\� VWUHDP�
the data from the server, resulting in a very short 
startup time (the model is almost immediately ready 
for the user) and a reduced network load (only the 
used data is transmitted). 

The idea is to start from a standard navigation 
paradigm, based on plans and prospects, which 
exploits the natural room-based environment. This 
navigation method is already used in the current 
version of the project website. With it, the user can 
access datasheets of the individual rooms, making 
possible to visit, room by room, the entire dataset. 
Adding to this hierarchical visit, at the level of the 
rooms, a link to explore the corresponding 3D 
model of the room will make the integration of 3D 
data easy and accessible.

While the visualization and exploration part is 
already working, we are now adding more advanced 
features. The prototype of the visualization tool will 
be made accessible online from the website of the 
project (http://www.pompejiprojektet.se/insula.
php) before the end of the year.

The idea, for the next step, will be to enrich the 
interactive visualization by adding the possibility to 
take measurement, pick points and save the current 
view as a bookmark or as an image. This can be done 
easily using JavaScript, and the early tests of this 
capabilites have been promising.

A more complex option, which will require 
server-side support, is the creation of high-resolution 
snapshots using the complete dataset (and not 
only the current room), or more sophisticated 
documentation like cut-through sections or maps 
views. It is easy, in the Javascript visualization 
VFKHPH�� WR� GH¿QH� WKH� SDUDPHWHUV� RI� VXFK�
documentation using a simple interface. However, 
it will then be necessary to forward the request to 
the server, which will compute the required data 
on a separate process and, later on, delivered to the 
users. 

This tool, once complete, will enhance the 
possibilities for the analysis of the documentation 

of the archaeological remains, proposing a starting 
point for additional actions like annotation, complex 
interaction, collaborative work.

8. Conclusions

,Q� WKLV� SDSHU�� ZH� SUHVHQWHG� WKH� ¿UVW� UHVXOWV�
of the scanning campaign of the Insula V 1. We 
described the aim of the campaign, and the technical 
choices taken during the planning, execution and 
data processing.

0RUH�WKDQ�WKH�GHVFULSWLRQ�RI�VSHFL¿F�WHFKQLFDO�
GHWDLOV�DQG�D�VHULHV�RI�¿JXUHV�GHVFULELQJ�WKH�GDWDVHW��
we do believe the main goal of this presentation is 
to justify technical choices in the framework of an 
articulated documentation and study project.

We showed how, with a clear idea of the 
QHHGV�RI� WKH�SURMHFW� DQG� WKH�DLP�RI� H̆HFWLYHO\�XVH�
all the collected data, we set-up a complete software 
pipeline for the processing and visualization of this 
large three-dimensional dataset.

We believe that the integration on the web 
platform is an important and almost mandatory 
feature for a modern documentation project, to 
ensure ample access and easy data interaction. 

We plan for this next fall a new acquisition 
campaign that, if it proves to be as fast as the one 
here described, could succeed at completing the 
sample of the entire Insula.

The development of the web-enabled 
visualization component will continue and, 
hopefully, the new measuring features will be ready 
ZKHQ� WKH� ¿QDO�� FRPSOHWH� LQVXOD� GDWDVHW� ZLOO� EH�
available for the scholars.
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1. Introduction

,Q� WKH� YHU\� FRPSHWLWLYH� ¿HOG� RI� FRPPHUFLDO�
DUFKDHRORJ\� H[FDYDWLRQV� DUH� FRQGXFWHG� ZLWKLQ�
SUHVVLQJ�WLPH�IUDPHV���$Q\�QHZ�PHWKRG��WHFKQLTXH�
RU� WHFKQRORJ\�ZKLFK� VLJQL¿FDQWO\� UHGXFHV� WKH� WRWDO�
WLPH�RI�D�SURMHFW�VKRXOG�KDYH�D�FRQVLGHUDEOH�LPSDFW�
XSRQ�FRPPHUFLDO�DUFKDHRORJ\���

)RU� RYHU� D� GHFDGH� D� QXPEHU� RI� UHVHDUFKHUV�
KDYH� LQYHVWLJDWHG� ZD\V� WR� LPSURYH� WKH� VSHHG� DQG�
TXDOLW\� RI� H[FDYDWLRQ� UHFRUGLQJ� XVLQJ� YDULRXV� �'�
GDWD�DFTXLVLWLRQ�PHWKRGV��VXFK�DV�SKRWRJUDPPHWU\�
�%DUFHOR�� HW� DO��� ������� RUWKRFRUUHFWLRQ� RI�
SKRWRJUDSKV� �5HDOL� 	� =RSSL�� ������� WUDFLQJ� IURP�
SKRWRPRVDLFV� �$YHUQ�� ����D��� XVLQJ� WRWDO� VWDWLRQ�
SRLQWV� IRU�GUDZLQJV� �6FKDLFK����������'�0RGHOLQJ�
�$YHUQ�� ����E�� DQG� ODVHU� VFDQQLQJ� �'RQHXV� 	�
1HXEDXHU����������)RU�YDULRXV�UHDVRQV�QRQH�RI�WKHVH�
PHWKRGV�KDYH�EHFRPH�PDLQVWUHDP�WHFKQLTXHV���7KH�
WHFKQRORJ\� FRQVLGHUHG� LQ� WKLV� SDSHU� GL̆HUV� IURP�
WKHVH�LQ�WKDW�LW�GRHV�QRW�SURGXFH��'�VXUIDFH�PRGHOV�
EXW��UDWKHU���'�YHFWRU�GUDZLQJV��WKDW�LV��WKH�W\SLFDO�
IRUP� RI� UHFRUGLQJ� FXUUHQWO\� HPSOR\HG� RQ� PRVW�
H[FDYDWLRQV��ZLWK�DQ�DGGHG�GLPHQVLRQ���

Corresponding author: geoff.avern@gmail.com

2QH� RI� XV� �*$�� UHFHQWO\� LQYHVWLJDWHG� PDQ\�
WUDFNLQJ�V\VWHPV�IRU�WKHLU�SRWHQWLDO�DV�D��'�GUDZLQJ�
WRRO�RQ�DUFKDHRORJLFDO�H[FDYDWLRQV���7KH�SUHPLVH�IRU�
WKLV�XVH�LV�WR�WUDFN�WKH�SRVLWLRQ�RI�D�KDQG�KHOG�SUREH�
ZKLFK� LV� VLPSO\� XVHG� DV� D� ³GLJLWDO� SHQFLO´� WR� WUDFH�
WKH�ERUGHUV�RI�DUFKDHRORJLFDO�IHDWXUHV���3RWHQWLDOO\��
GUDZLQJV� FRXOG� EH� PDGH� PXFK� IDVWHU�� ZKLOH�
GHOLYHULQJ� PRUH� DFFXUDWH� GUDZLQJV� WKDQ� FRXOG� EH�
DFKLHYHG�E\�KDQG�RU�WRWDO�VWDWLRQ��DQG�VLJQL¿FDQWO\�
UHGXFLQJ�SRVW�SURFHVVLQJ�WLPHV�

7KH� UHYLHZ� RI� DYDLODEOH� WUDFNLQJ� V\VWHPV�
UHYHDOHG� WKDW�� DOPRVW� ZLWKRXW� H[FHSWLRQ�� WKH\� DUH�
GHVLJQHG� IRU� LQGRRU� XVH� DQG� DUH�� FRQVHTXHQWO\��
LPSUDFWLFDO� RU� LPSRVVLEOH� WR� XVH� RXWGRRUV� RQ� DQ�
H[FDYDWLRQ��HLWKHU�EHFDXVH�WKH�V\VWHP�ZLOO�QRW�ZRUN�
LQ�VXQOLJKW�RU�EHFDXVH�LWV�LPSOHPHQWDWLRQ�UHOLHV�RQ�
VRPH�LPSUDFWLFDO�SK\VLFDO�DUUDQJHPHQW��H�J��FHLOLQJ�
PRXQWHG� VHQVRUV�� � 9LUWXDOO\� WKH� VROH� H[FHSWLRQ� LV�
WKH� L6SDFH� WUDFNLQJ� V\VWHP� IURP�1LNRQ�0HWURORJ\�
�WKH�PHWURORJ\�GLYLVLRQ�RI�WKH�1LNRQ�&RUSRUDWLRQ����
$� FROODERUDWLRQ� EHWZHHQ� RQH� RI� WKH� DXWKRUV� �*$��
DQG� 1LNRQ� 0HWURORJ\�� ¿UVW� DW� ¿HOG� WULDOV� DW� 0RQW�
%HXYUD\��DQFLHQW�%LEUDFWH���)UDQFH��LQ�������$YHUQ�
	� )UDQVVHQV�� ������ DQG�� VXEVHTXHQWO\�� LQ� WKH�
GHYHORSPHQW� RI� DQ� DUFKDHRORJ\�VSHFL¿F� YHUVLRQ� RI�
WKH� V\VWHP�� VDZ� ³$UFKDHRORJ\� L6SDFH´� UHOHDVHG� LQ�
$SULO������DW�WKH�%HLMLQJ�&$$�FRQIHUHQFH�
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Drawing Tool for Faster Excavation Recording
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Abstract:  
The iSpace metrology-grade tracking system from Nikon Metrology can also be used as a digital 3D 
GUDZLQJ� WRRO�� � $� QHZ� DUFKDHRORJ\�VSHFL¿F� YHUVLRQ� L6SDFH�ZDV� UHOHDVHG� LQ� $SULO� ����� DW� &$$�%HLMLQJ��
VRRQ�DIWHU�ZKLFK��6WXGLHEXUHDX�$UFKHRORJLH��%HOJLXP��EHFDPH�WKH�¿UVW�DUFKDHRORJ\�FRPSDQ\�WR�XVH�LW�IRU�
recording excavations.  A brief explanation of how iSpace works is followed by a report on the combined 
H[SHULHQFHV�RI�WKH�DXWKRUV�ZLWK�WKH�V\VWHP���6SHFL¿FDOO\�ZH�ZLOO�SUHVHQW�WKH�UHVXOWV�RI���VHWV�RI�WULDOV�ZKLFK�
pitted iSpace against other forms of drawing of excavations, namely hand drawing and drawing with 
Robotic Total Station.  A more general discussion will follow on various aspects of the iSpace system and 
its potential impact on commercial archaeology, based on experiences of using the system in over a dozen 
excavations.
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7KH� WULDOV� DW� 0RQW� %HXYUD\� �$YHUQ� 	�
)UDQVVHQV�� ibid��� GHPRQVWUDWHG� WKDW� GUDZLQJ� ZLWK�
L6SDFH�ZDV�XS�WR���[�IDVWHU�WKDQ�GUDZLQJ�E\�KDQG���
2WKHU�LPSRUWDQW�DGYDQWDJHV�ZHUH�

• :LWK�XS�WR����SRLQWV�FROOHFWHG�SHU�VHFRQG��HDFK�
DUFKDHRORJLFDO� IHDWXUH�ZDV�GUDZQ�E\�DW� OHDVW�DQ�
RUGHU� RI�PDJQLWXGH�PRUH� SRLQWV� WKDQ� FRXOG� EH�
SUDFWLFDOO\� DFKLHYHG�E\�KDQG�� UHVXOWLQJ� LQ�PRUH�
DFFXUDWH�VKDSHV�RI�WKH�GUDZQ�IHDWXUHV��

• :LWK� WUDFNLQJ� DFFXUDF\� OHVV� WKDQ� �PP�� WKH�
SRVLWLRQDO�DFFXUDF\�RI�WKH�UHVXOWLQJ�GUDZLQJV�ZDV�
IDU�JUHDWHU�WKDQ�FRXOG�EH�DFKLHYHG�E\�KDQG�

• $OO� GUDZLQJV� ZHUH� LQKHUHQWO\� JHR�UHIHUHQFHG�
VLQFH� WKH� OLQHV�RI� WKH�GUDZLQJ�ZHUH�FRQVWUXFWHG�
IURP� PDQ\� �KXQGUHGV� RU� WKRXVDQGV�� RI� JHR�
UHIHUHQFHG��'�FRRUGLQDWHV�

• 7KH�V\VWHP�ZDV�VLPSOH�DQG�LQWXLWLYH�WR�XVH���7KLV�
VXJJHVWHG�WKDW�DQ�³DUFKDHRORJ\´�YHUVLRQ�RI�L6SDFH�
ZRXOG� QRW� UHTXLUH� D� VSHFLDOLVW� RSHUDWRU� DQG� VR�
NHHS�UHFRUGLQJ�LQ�WKH�KDQGV�RI�WKH�H[FDYDWRU�

6RRQ� DIWHU� LWV� UHOHDVH�� 6WXGLHEXUHDX�
$UFKHRORJLH� EYED�� %HOJLXP�� EHFDPH� WKH� ¿UVW�
DUFKDHRORJ\� FRPSDQ\� WR� XVH� $UFKHRORJ\� L6SDFH�
RQ� FRPPHUFLDO� H[FDYDWLRQV� DQG� DUH�� QRZ�� FOHDUO\�
WKH�PRVW�H[SHULHQFHG�XVHUV�RI� WKLV�QHZ�WHFKQRORJ\�
�6PHHWV�DQG�$YHUQ��LQ�SUHVV����,Q�WKH�FXUUHQW�SDSHU�
WKH�DXWKRUV�GHVFULEH�WKH�ZRUNLQJ�RI�WKH�V\VWHP��*$��
DQG� UHSRUW� RQ� WKHLU� H[SHULHQFHV� RI� XVLQJ� WKLV� QHZ�
UHFRUGLQJ�WRRO�LQ�WKH�DUHD�RI�FRPPHUFLDO�DUFKDHRORJ\�
�06��:<����

2. The Nikon Archaeology iSpace System

7KH� $UFKDHRORJ\� L6SDFH� LV� D� ODUJH�YROXPH��
RXWVLGH�LQ� WUDFNLQJ� V\VWHP�� � )RXU� WULSRG�PRXQWHG�
WUDQVPLWWHUV� DUH� VHW� XS� DURXQG� WKH� DUHD� WR� EH�
UHFRUGHG� WR� FUHDWH� D� ³WUDFNLQJ� YROXPH´�� � 7KH\� FDQ�
FRYHU�DQ�DUHD�XS�WR���P[��P���7ZR�SUREHV��ZKLFK�
FDUU\� DUUD\V� RI� VHQVRUV�� DUH� WKH� KDQG�KHOG� ³GLJLWDO�
SHQFLOV´�ZKLFK�ZLOO�UHFRUG�XS�WR����FRRUGLQDWHV�SHU�
VHFRQG�ZLWK�VXE�PLOOLPHWUH�DFFXUDF\���

����7LPLQJ�6LJQDOV�DQG�&DOFXODWLRQ�RI�&RRUGLQDWHV

(DFK� WUDQVPLWWHU� HPLWV� WZR� LQIUDUHG� VLJQDOV��
YL]��D�SDLU�RI�URWDWLQJ�LQIUDUHG�³IDQV´�DQG�D�VWUREHG�
WLPLQJ�SXOVH���7KH�IDQV�DUH�WLOWHG�����IURP�YHUWLFDO��
RQH�FORFNZLVH��WKH�RWKHU�DQWLFORFNZLVH��)LJ������

*LYHQ� WKH� ¿[HG� URWDWLRQDO� YHORFLW\�� WKH�
PHDVXUHG�WLPH�GL̆HUHQFH�EHWZHHQ�GHWHFWLRQ�RI�WKH�
WZR�URWDWLQJ�IDQV�JLYHV�WKH�YHUWLFDO�DQJOH��HOHYDWLRQ��
EHWZHHQ� WKH� WUDQVPLWWHU� DQG� WKH� UHFHLYHU�� 7KH�
KRUL]RQWDO� DQJOH� �D]LPXWK�� LV� FDOFXODWHG� IURP� WKH�
WLPH� GL̆HUHQFH� EHWZHHQ� WKH� ��+]� VWUREHG� WLPLQJ�
SXOVH��YLVLEOH�IRU������DURXQG�WKH�WUDQVPLWWHU��DQG�
WKH�PHDQ�RI�WKH�WZR�WLPLQJ�IDQ�VLJQDOV�DV�WKH\�URWDWH�
�)LJ����

7RJHWKHU��WKHVH�WZR�DQJOHV�SURYLGH�D�UD\�IURP�
WKH� WUDQVPLWWHU�� DORQJ� ZKLFK� WKH� VHQVRU� OLHV�� � 7KH�
SRVLWLRQ�RI�WKH�VHQVRU�ZLOO�EH�DW�WKH�LQWHUVHFWLRQ�RI�
WZR�RU�PRUH�RI�WKH�IRXU�FDOFXODWHG�UD\V��)LJ������

:KLOH�D�UHVXOW�LV�REWDLQHG�IURP�WKH�LQWHUVHFWLRQ�
RI�RQO\�WZR�UD\V��D�WKLUG�DQG�IRXUWK�UD\�DOORZV��¿UVW��

Figure 2. The time between the strobe pulse (left on the 
graph) and the mean of the signals from the two rotating 
fans (to the right of the graph) is a function of the position 
of the sensor relative to the transmitter and gives the 
azimuth.

Figure 1. The two laser fans are also rotated by 30° 
from vertical in opposite directions.  The time difference 
between detection of each fan is a function of the vertical 
angle from the “horizontal” projection axis to the sensor.
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DQ� HVWLPDWLRQ� RI� DFFXUDF\� DQG� DOVR� DFFRPPRGDWHV�
DQ\�WHPSRUDU\�ORVV�RI�OLQH�RI�VLJKW�EHWZHHQ�D�VHQVRU�
DQG� DQ\� RI� WKH� WUDQVPLWWHUV�� � 7KH� DUFKDHRORJ\�
YHUVLRQ�RI�L6SDFH�PDQDJHV�VXE�PLOOLPHWUH�DFFXUDF\��
IDU�JUHDWHU�DFFXUDF\�WKDQ�UWN*36�DQG�VWDQGDUG�WRWDO�
VWDWLRQ�WKHRGROLWHV�

2.2 Sensors

7KH� VHQVRUV� DUH� VPDOO�� ³OLSVWLFN�VL]HG´�
F\OLQGHUV�FRQQHFWHG�WR�UDGLR�IUHTXHQF\�WUDQVPLWWHUV���
7KH\� FROOHFW� WLPLQJ� GDWD� IURP� WKH� WUDQVPLWWHUV�
DQG� WUDQVPLW� WKHP� WR� D� WDEOHW� ZRUNVWDWLRQ� ZKLFK�

FDOFXODWHV� RI� WKHLU� SRVLWLRQV�� � 7KH�SRVLWLRQ� RI� HDFK�
VHQVRU�LQ�XVH�LV�FDOFXODWHG�XS�WR����WLPHV�SHU�VHFRQG�

2.3 Hand-held probes

7KH�L6SDFH�V\VWHP�FRPHV�ZLWK�WZR�KDQG�KHOG�
SUREHV�� ERWK� ¿WWHG� ZLWK� �� VHQVRUV� LQ� D� ¿[HG� DQG�
FDOLEUDWHG� FRQ¿JXUDWLRQ�� ZKLFK� DOORZV� WKH� V\VWHP�
WR� FDOFXODWH�ERWK� WKH�SRVLWLRQ�RI� WKH�SUREH� WLS�DQG�
WKH� RULHQWDWLRQ� RI� WKH� SUREH� �PHDVXUHPHQW�ZLWK� ��
'HJUHHV� RI� )UHHGRP��� � $FFRUGLQJO\�� WKH� SUREHV� GR�
QRW�QHHG�WR�EH�KHOG�YHUWLFDOO\�DQG�VR�HOLPLQDWH� WKH�
PDMRU� VRXUFH� RI� HUURU� HQFRXQWHUHG� ZKHQ� XVLQJ� D�
WRWDO�VWDWLRQ�ZLWK�VWD̆�PRXQWHG�SULVP���7KH�SUREHV�
DUH� DOVR� ¿WWHG� ZLWK� EXWWRQV� WR� WULJJHU� UHFRUGLQJ�
HSLVRGHV���5HFRUGLQJ�FDQ�GRQH�LQ�WZR�PRGHV��VLQJOH�
SRLQW�PRGH��IRU�VXUYH\LQJ��WDNLQJ�VSRW�KHLJKWV��¿QG�
ORFDOLWLHV�� HWF�� RU� LQ� FRQWLQXRXV�PRGH� �IRU� WUDFLQJ�
DURXQG�RXWOLQHV�RI�FRQWH[WV�RU�IHDWXUHV����

7KH� WZR� SUREHV� GL̆HU� LQ� WKHLU� VL]H�� WKH� ��
PHWUH� ³L-DYHOLQ´�� ZKLFK� LV� FRQYHQLHQW� IRU� WDNLQJ�
VLQJOH� SRLQWV� �VSRW� KHLJKWV�� ¿QGV�� SRLQW� VXUYH\V��
DQG� IRU� ZRUNLQJ� LQ� KROHV� RU� SLWV� �)LJ����� DQG� WKH�
��FP�³L3UREH´��XVHIXO�IRU�PRUH�GHWDLOHG�DQG�SUHFLVH�
GUDZLQJV��FRQWH[WV��IHDWXUHV��VHFWLRQV��HWF����)LJ����

2.4 Drawing software

$UFKDHRORJ\� L6SDFH� FXUUHQWO\� LQFOXGHV�
DQ� L3KRQH�L3DG�L3RG7RXFK� DSSOLFDWLRQ� FDOOHG�
0REL*DJH� IRU� $UFKDHRORJ\� IURP� 7LWDQVDQ�
(QJLQHHULQJ�,QF��ZKLFK�DOORZV�GDWD�WR�EH�DWWULEXWHG�
DV� LW� LV� FROOHFWHG� DQG� WKH� UHVXOW� H[SRUWHG� DV� DQ�

Figure 4��7KH�L-DYHOLQ�LV�D��P�FRQ¿JXUDWLRQ�RI���VHQVRUV��
D�WULJJHU�DQG�UDGLR�FRPPXQLFDWLRQV��XQGHU�ZKLFK�LV�¿WWHG�
a 1m-long probe tip.

Figure 3. Sensors lie along a calculated ray from each 
transmitter.  The position of the sensor will be at the 
intersection of these rays.

Figure 5�� 7KH� L3UREH� LV� D� VPDOOHU� FRQ¿JXUDWLRQ� RI� ��
VHQVRUV� ZLWK� WULJJHU� DQG� UDGLR� FRPPXQLFDWLRQV�� XQGHU�
ZKLFK� D� ��FP�ORQJ� SUREH� WLS� LV� ¿WWHG� �3KRWRJUDSK��
$QWRLQH�0DLOOHU��%,%5$&7(�(3&&��
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GUDZLQJ��7KLV�UHVXOWHG�LQ�IXUWKHU�JDLQV��WKLV�WLPH�LQ�
SRVW�SURFHVVLQJ��

7KH� GLVDGYDQWDJHV� DUH� WKDW� WKH� DFFXUDF\� RI�
WKH� V\VWHP� LV� D̆HFWHG� E\� WKH� H[SHULHQFH� RI� WKH�
WRSRJUDSKHU� DQG� WKH� FDUH� WDNHQ� WR� NHHS� WKH�SULVP�
VWD̆� YHUWLFDO�� WKDW� LW� LV� TXLWH� VORZ� LI� YHU\� SUHFLVH�
GUDZLQJV� RI� FRPSOH[� WUDFHV� DUH� UHTXLUHG�� DQG� WKDW�
WKHUH� VWLOO� UHPDLQV� VRPH� ZRUN� LQ� WKH� VXEVHTXHQW�
HGLWLQJ� RI� WKH� SODQV�� � $W� WKH� VLWH� RI� .RQWLFK�
%DEEHONURRQEHHN�� WKH� UHJLVWUDWLRQ� RI� ����� VTXDUH�
PHWHUV�WRRN���GD\V��IURP�D�WRWDO�RI����ZRUNLQJ�GD\V��
DQG�WKH�HGLWLQJ�DQRWKHU���IXOO�GD\V���

3.3 Robotic Total Station versus Nikon iSpace

7KH�L6SDFH�FDPH�ZLWK�WKH�SURPLVH�WKDW�LW�ZRXOG�
EH� HYHQ� IDVWHU�� � 2XU� JHQHUDO� LPSUHVVLRQ� ZDV� WKDW�
PHDVXULQJ�ZLWK�WKH�L6SDFH�LV�IDVWHU�WKHQ�PHDVXULQJ�
ZLWK� WKH� 576� EXW� ZH� GHFLGHG� WR� LQYHVWLJDWH� WKH�
GL̆HUHQFHV�DW�D� ODUJH�DVVHVVPHQW�H[FDYDWLRQ�DW� WKH�
UXUDO�RXWVNLUWV�RI�0DDVPHFKHOHQ��%HOJLXP�

7KUHH� WULDOV� ZHUH� SHUIRUPHG� FRPSDULQJ�
UHFRUGLQJ�E\�ERWK�576�DQG�L6SDFH��7KH�¿UVW�WHVW�ZDV�
LQ�DQ�DUHD�RI�DERXW���P�[���P�FRQWDLQLQJ����WUDFHV�
�IRU�GUDZLQJ��DQG����ORRVH�¿QGV��IRU�ORFDOLVLQJ���7KH�
WUDFHV�ZHUH�SRVWKROHV�DQG�VPDOO�SLWV��7KLV�¿UVW�WHVW�
ZDV�GRQH�E\�WKH�VDPH�RSHUDWRU�KDYLQJ�H[SHULHQFH�LQ�
ERWK�WKH�576�DQG�WKH�L6SDFH��%HFDXVH�ERWK�V\VWHPV�
KDYH� D� GL̆HUHQW� VHWXS� DQG� PHWKRG� RI� RSHUDWLRQ��
HDFK�SDUW�ZDV� UHFRUGHG�VHSDUDWHO\��7KH� UHVXOWV�DUH�
JLYHQ�LQ�7DEOH����

$OWKRXJK�WKH�L6SDFH�LV�IDVWHU��VRPH�H[SODQDWLRQ�
ZLOO�SRLQW�RXW�WKH�UHDO�WLPH�JDLQLQJ�IDFWRU��)LUVW��LW�LV�
IDLU�WR�SRLQW�RXW�WKDW�RXU�576�PDS�LV�JHR�UHIHUHQFHG�
DQG�WKH�L6SDFH�PDS�LV�QRW��,I�WKH�576�PDS�ZDV�QRW�
JHR�UHIHUHQFHG� VHW� XS� WLPHV� ZRXOG� KDYH� EHHQ� WKH�
VDPH�VLQFH� WKHUH�ZRXOG�EH�QR�QHHG� WR�ZDON���PLQ�
EHWZHHQ� WKH� JHRUHIHUHQFHG� SRLQWV�� 0HDVXULQJ� WKH�
ORRVH�¿QGV�DQG�WKH� OLPLW�RI�H[FDYDWLRQ�ZDV�HTXDOO\�
IDVW� ZLWK� ERWK� V\VWHPV�� DV� WKH\� ERWK� FRQVLVW� RI�

iSpace (minutes) Robotic Total Station 
(minutes)

Setup �� �

Other ����FDOLEUDWLRQ� �����JHR�UHIHUHQFLQJ�

Recording times �� ��

TOTAL �� ��

Table 1�� 5HVXOWV� RI� ¿UVW� WHVW�
of recording times between 
1LNRQ�L6SDFH�DQG�5RERWLF�7RWDO�
Station.

$XWR&$'� �G[I� ¿OH�� � &OHDUO\�� ZKLOH� L6SDFH� VDYHV� D�
JUHDW� GHDO� RI� WLPH� LQ� DFTXLULQJ� WKH� GUDZLQJ� GDWD��
WKH�RXWSXW�RI�DWWULEXWHG��G[I�¿OHV�UHSUHVHQWV�IXUWKHU�
VXEVWDQWLDO�WLPH�VDYLQJV�FRPSDUHG�WR�WKH�GLJLWLVLQJ�
RI�KDQG�GUDZLQJV�DQG�PDQXDO�DGGLQJ�RI�DWWULEXWHV�LQ�
SRVW�H[FDYDWLRQ�SURFHVVLQJ�

3. Nikon iSpace versus Conventional 
Recording Methods

����0DQXDO�GUDZLQJ�

%HIRUH� $UFKDHRORJ\� L6SDFH�� 6WXGLHEXUHDX�
$UFKHRORJLH� XVHG� GLJLWDO� SODQV� REWDLQHG� HLWKHU� E\�
GLJLWLVLQJ� KDQG�GUDZQ� SODQV� RU� E\� GUDZLQJ�ZLWK� D�
WRWDO� VWDWLRQ�� � &OHDUO\�� UHJLVWHULQJ� SODQV� RQ� SDSHU�
WDNHV�D�ORQJ�WLPH�LQ�WKH�¿HOG��XVXDOO\�E\�DW�OHDVW�WZR�
SHRSOH��DQG�HYHQ�PRUH�WLPH�WR�PDNH�D�GLJLWDO��JHR�
UHIHUHQFHG�SODQ�ZKLFK�FDQ�EH�XVHG�LQ�SXEOLFDWLRQV���
)RU� H[DPSOH�� LQ� DQ� H[FDYDWLRQ� DW� WKH� )RFKSOHLQ�
LQ� /HXYHQ�� UHJLVWUDWLRQ� RI� DOO� KDQG�GUDZQ� WUDFHV�
�ZH� XVH� WKH� WHUP� ³WUDFHV´� IRU� HYLGHQFH� RI� GLWFKHV��
SRVWKROHV�� SLWV�� HWF�� DQG� WKH� ZDOOV� WRRN� DERXW� RQH�
WKLUG�RI�WKH�WRWDO�ZRUN�����GD\V��ZKLOH�WKH�VXEVHTXHQW�
GLJLWDOL]DWLRQ�RI�WKH�GUDZLQJV�WRRN�DERXW����GD\V���

3.2 Robotic Total Station (RTS)

7KH� XVH� RI� D� URERWLF� WRWDO� VWDWLRQ� LV� XVXDOO\�
PXFK� TXLFNHU� WKDQ� PDQXDO� GUDZLQJ� RU� XVLQJ� D�
QRUPDO� 7RWDO� 6WDWLRQ�� � 7KLV� PHDQV� RI� GUDZLQJ�
UHTXLUHG�RQO\�RQH�SHUVRQ�� VDYLQJ� IXUWKHU� WLPH�DQG�
REYLDWLQJ� DQ\� FRPPXQLFDWLRQ� HUURUV� EHWZHHQ� DQ�
RSHUDWRU� RI� D� WUDGLWLRQDO� 7RWDO� 6WDWLRQ� DQG� WKH�
SHUVRQ�ZLWK�D�SULVP�VWD̆��$W�¿UVW�ZH�GHSOR\HG�576�
GUDZLQJ� LQ� WUHQFKHV�� ODWHU� RQ� HQWLUH� H[FDYDWLRQV��
DOWKRXJK� RIWHQ� H[FOXGLQJ� XUEDQ� DUFKDHRORJ\� VLQFH�
LW�LQYROYHG�WKH�UHFRUGLQJ�RI�D�ORW�RI�EULFN�DQG�VWRQH�
ZDOOV��ZKLFK�ZHUH�VWLOO�GUDZQ�E\�KDQG��'HVSLWH�VRPH�
PDQXDO� GUDZLQJ�� FRQVLGHUDEOH� WLPH� ZDV� JDLQHG���
:H�QH[W� LPSOHPHQWHG�D�GDWD�FRGLQJ�V\VWHP�ZKLFK�
DOORZHG�XV�WR�DXWRPDWLFDOO\�JHQHUDWH�OLQHV�EHWZHHQ�
SRLQWV�� DQG� WR� LQVHUW� WKH� WUDFH� QXPEHU� LQ� WKH�
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FDSWXULQJ�RQH�RU�D�IHZ�SRLQWV�IURP�DFURVV�WKH�HQWLUH�
DUHD��7KH� UHDO� WLPH� JDLQLQJ� IDFWRU� LV�� KRZHYHU�� WKH�
GUDZLQJ�RI�WKH�WUDFHV��7KH�L6SDFH�FDQ�XVH�VWUHDPLQJ�
PHDVXULQJ�WR�DFTXLUH�GR]HQV�RI�SRLQWV�IRU�HDFK�WUDFH�
ZKLOH�LW�LV�RQO\�SUDFWLFDO�WR�XVH�WKH�576�IRU�REWDLQLQJ�
VLQJOH�SRLQWV�LQ�WKH�UHFRUGLQJ�RI�WKH�WUDFH���7R�REWDLQ�
D�UHDVRQDEO\�DFFXUDWH�WUDFH�����SRLQWV�RU�PRUH�ZHUH�
WDNHQ�IRU�HDFK�WUDFH�ZLWK�WKH�576��WDNLQJ�D�PLQXWH�
RU�PRUH�SHU�WUDFH���:LWK����WUDFHV�WKH�GUDZLQJ�ZDV�
��PLQ� VORZHU�� � 2EYLRXVO\� WKH� PRUH� WUDFHV�� RU� WKH�
ODUJHU� WKH� WUDFH�� WKH� PRUH� WLPH� ZRXOG� EH� JDLQHG�
ZLWK�L6SDFH�� �$W�0DDVPHFKHOHQ�ZH�ZHUH�DOVR�IDFHG�
ZLWK�UHFRUGLQJ�WKH�IRXQGDWLRQV�RI�D�ODUJH�VWRQH�ZDOO��
XVLQJ�L6SDFH�WR�GUDZ�HYHU\�VWRQH���:H�HVWLPDWH�WKDW�
E\� XVLQJ� L6SDFH� LQVWHDG� RI� WKH� 576� RQ� MXVW� WKHVH�
IRXQGDWLRQV�VDYHG�PRUH�WKDQ�WZR�ZHHNV�

,Q�7DEOH���ZH�VHH�WKH�GL̆HUHQFH�LQ�VHW�XS�WLPHV�
IRU�576� DQG� L6SDFH�� � ,Q� WKH� VHFRQG� WULDO�ZH� FKRVH�
WR� UHFRUG� WKH� WUDFHV� LQ� WZR� DGMDFHQW� DVVHVVPHQW�
H[FDYDWLRQ�VWULSV�ZKLFK�ZRXOG�UHTXLUH�UHSRVLWLRQLQJ��
WKH� L6SDFH� �DV� RSSRVHG� WR� WKH�576�ZKLFK��ZLWK� LWV�
PXFK�ODUJHU�UDQJH��GLG�QRW�UHTXLUH�PRYLQJ���,Q�WKLV�
WULDO�WKH�L6SDFH�ZDV�RSHUDWHG�E\�WZR�SHUVRQV�VLQFH�ZH�
IRXQG�LW�HDVLHU�WR�UHFRUG�ZKHQ�RQH�LV�GUDZLQJ�ZKLOH�
WKH�RWKHU�LV�LQSXWWLQJ�VHWWLQJV�GDWD�HWF��LQ�WKH�L3RG�
WRXFK�DQG�ORRNLQJ�IRU�WKH�QH[W�WUDFH�WR�PHDVXUH��7KH�
QXPEHU� RI� IHDWXUHV� WR� EH� UHFRUGHG�ZHUH� ��� WUDFHV�
DQG����ORRVH�¿QGV����7KH�UHVXOWV�DUH�JLYHQ�LQ�7DEOH���

&OHDUO\��WKH�PRUH�WUDFHV��WKH�PRUH�WLPH�JDLQHG���
,Q� WUHQFKHV�ZKHUH�PRUH� WKDQ� ��� WUDFHV� �LQFOXGLQJ�
GLWFKHV� DQG� ODUJH� SLWV�� ZHUH� UHFRUGHG� LQ� D� VLQJOH�
GUDZLQJ��PRUH�WKDQ�DQ�KRXU�RI�WLPH�ZDV�VDYHG�SHU�
GUDZLQJ�� �:H� HVWLPDWH� WKDW� LI� IDFHG� ZLWK� WKH� WDVN�
RI�UHFRUGLQJ�����RU�PRUH�LUUHJXODU�VWRQHV��D�VWRQH�
IRXQGDWLRQ��SDYHG�SDWK��HWF���XVLQJ�L6SDFH�LQVWHDG�RI�
576�ZRXOG�VDYH�D�IXOO�GD\���

+RZHYHU�� WKH� ORQJ� UDQJH� RI� WKH� 576� PDNHV�
LW� YDOXDEOH� ZKHUH�� IRU� LQVWDQFH�� ORQJ�� QDUURZ�
DVVHVVPHQW� WUHQFKHV� DUH� RSHQHG� RYHU� D� ODUJH� DUHD�
RU� ZKHQ� VXUYH\LQJ� WKH� WRSRJUDSK\� RI� D� VLWH�� � $W�

ODUJH� UXUDO� H[FDYDWLRQV� LW� LV� XVHIXO� IRU� VHWWLQJ� RXW�
JHR�UHIHUHQFH� SRLQWV� IRU� XVH� ZLWK� L6SDFH�� DQG� IRU�
UHFRUGLQJ�ZKHQ�WKHUH�DUH�RQO\�D�IHZ�¿QGV�RU�LVRODWHG�
WUDFHV���

,Q�GHQVH�XUEDQ�DUHDV�ZKHUH� WKH� UDQJH�RI� WKH�
L6SDFH� LV� RIWHQ� ODUJH� HQRXJK� WR� FRYHU� WKH� HQWLUH�
H[FDYDWLRQ�� WKH� 576� EHFRPHV� UHGXQGDQW� RQFH� WKH�
¿[HG�SRLQWV�KDYH�EHHQ�JHR�UHIHUHQFHG�� �$QG�ZKHQ�
D� ODUJH�QXPEHU�RI� WUDFHV� �LQ� RXU� H[SHULHQFH��PRUH�
WKDQ�WHQ��RU�VWRQH�EULFN�VWUXFWXUHV�DUH�HQFRXQWHUHG��
L6SDFH�LV�FOHDUO\�WKH�WRRO�RI�FKRLFH�

4. Commercial Archaeology Using the 
iSpace Tracking System

����*RYHUQPHQW�UHTXLUHPHQWV�

&RPPHUFLDO� DUFKDHRORJ\� LQ� )ODQGHUV�
�%HOJLXP��LV�UHODWLYHO\�QHZ��KDYLQJ�EHJXQ�LQ�������
$OWKRXJK� D� OHJDO� IUDPHZRUN� ZDV� DYDLODEOH� VLQFH�
WKH�'HFUHH� RI� WKH� ��th� RI� -XQH� ����� UHJDUGLQJ� WKH�
SURWHFWLRQ� RI� WKH� DUFKDHRORJLFDO� SDWULPRQLDO�� WKH�
)OHPLVK� JRYHUQPHQW� RQO\� VWDUWHG� LQ� ����� WR� VHW�
WKH� FRQGLWLRQV� IRU� HDFK� DUFKDHRORJLFDO� H[FDYDWLRQ�
GRQH� LQ� DGYDQFH� RI� FRPPHUFLDO� RU� FRPPXQLW\�
GHYHORSPHQWV�� � ,PSRUWDQWO\�� WKHVH� FRQGLWLRQV�
LQFOXGH� WKH� PHWKRGRORJ\� WR� EH� XVHG�� WKH� QXPEHU�
RI� H[FDYDWRUV� DQG� WKH� H[SHFWHG� GXUDWLRQ� RI� WKH�
H[FDYDWLRQ�

&OHDUO\�� ³WLPH� LV� PRQH\´� IRU� FRQVWUXFWLRQ�
FRPSDQLHV� DQG� WKHUH� LV� FRQVLGHUDEOH� RSSRUWXQLW\�
IRU� FRPPHUFLDO� DUFKDHRORJ\� FRPSDQLHV� ZKR� DUH�
DEOH�WR�VKRUWHQ�WKH�OHQJWK�RI�H[FDYDWLRQV���$OO�SDUWLHV�
VKRXOG�� WKHUHIRUH�� EH� LQWHUHVWHG� LQ� WHFKQLTXHV� WKDW�
PDNH�H[FDYDWLRQV�VKRUWHU��

6WXGLHEXUHDX� $UFKHRORJLH� EYED� KDG� WKH�
RSSRUWXQLW\� WR� UHQHZ� FRQWDFWV� ZLWK� 1LNRQ�
0HWURORJ\� ZKLOH� WHQGHULQJ� IRU� D� ODUJH� SURMHFW� LQ�
WKH� JURXQGV� RI� WKH� *UHDW� %HJXLQDJH� RI� WKH� FLW\� RI�
7LHQHQ� �9DQGHU�*LQVW�	�6PHHWV�� ������� �7LPH�ZDV�

iSpace (minutes) Robotic Total Station 
(min.)

Recording �� ���

Relocating to 2nd trench �� �

TOTAL �� ���

Table 2��5HVXOWV�RI�WKH��QG�WHVW�
of recording times between 
1LNRQ�L6SDFH�DQG�5RERWLF�7RWDO�
Station.
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D�PDMRU� SUREOHP�ZLWK� WKLV� SURMHFW� DV� WKH� )OHPLVK�
JRYHUQPHQW� KDG� SURMHFWHG� WKH� H[FDYDWLRQ� WR� ODVW�
���GD\V��ZKLOH�WKH�FRQVWUXFWLRQ�FRPSDQ\�ZDQWHG�WR�
FRPPHQFH�EXLOGLQJ�DIWHU�RQO\����GD\V���7KH�)OHPLVK�
JRYHUQPHQW�ZDV�DSSURDFKHG�ZLWK�D�SURSRVDO�WR�XVH�
1LNRQ�$UFKDHRORJ\� L6SDFH� DV� D�PHDQV� RI� UHGXFLQJ�
WKH�UHFRUGLQJ�WLPHV�DQG��KHQFH��WKH�WRWDO�H[FDYDWLRQ�
WLPH�� DQG� 6WXGLHEXUHDX� $UFKHRORJLH� ZDV� DZDUGHG�
WKH� FRQWUDFW�� � $UFKDHRORJ\� L6SDFH� H[FHHGHG� WKH�
H[SHFWDWLRQV�LQ�FXWWLQJ�WKH�UHFRUGLQJ�WLPHV�DQG�WKH�
SURMHFW�FRXOG�EH�¿QLVKHG�LQ�MXVW����GD\V��WKDW�LV������
IDVWHU�WKDW�WKH�H[SHFWHG�WLPH�

4.2 Experience of using iSpace

$W� WKH� EHJLQQLQJ� RI�0D\�� ����� 6WXGLHEXUHDX�
$UFKHRORJLH� SXUFKDVHG� WKH� $UFKDHRORJ\� L6SDFH�

DV� D� PHDQV� RI� PHDVXULQJ� DQG� GUDZLQJ� RQ� WKHLU�
H[FDYDWLRQV�� $V� PHQWLRQHG� SUHYLRXVO\�� LW� ZDV� ¿UVW�
XVHG�RQ�WKH�VLWH�RI�WKH�*UHDW�%HJXLQDJH�LQ�WKH�FLW\�RI�
7LHQHQ��)LJV���DQG����ZLWK�JUHDW�VXFFHVV���

)URP�0D\�XQWLO�1RYHPEHU������� LW� KDV�EHHQ�
XVHG� RQ� WZHOYH� RWKHU� H[FDYDWLRQV� LQ� FHQWUDO� DQG�
HDVWHUQ� )ODQGHUV� �7DEOH� ��� LQFOXGLQJ� H[FDYDWLRQV�
LQVLGH� FKXUFKHV�� LQ� FRQVWULFWHG� XUEDQ� VLWHV� DQG� LQ�
RSHQ� UXUDO� VLWHV� XS� WR� �� KHFWDUHV� LQ� VL]H�� � 7UDFHV�
KDYH� UDQJHG� LQ� SHULRG� IURP� %URQ]H� $JH� WR� ,URQ�
$JH�� 5RPDQ� DQG�0HGLDHYDO�� �:LWK� VXFK� H[WHQVLYH�
H[SHULHQFH� ZLWK� WKLV� QHZ� UHFRUGLQJ� V\VWHP��
6WXGLHEXUHDX� $UFKHRORJLH� IHHOV� ZHOO�TXDOL¿HG� WR�
FRPPHQW� RQ� LWV� SHUIRUPDQFH� FRPSDUHG� WR� RWKHU�
UHFRUGLQJ�WHFKQLTXHV�

:KLOH� $UFKDHRORJ\� L6SDFH� KDV� D�
VORZHU� VHWXS� WLPH� WKDQ� WKH� URERWLF� WRWDO�
VWDWLRQ��RQH�SHUVRQ�FDQ�GR� WKLV� LQ�������
PLQXWHV�� LQFOXGLQJ� FDOLEUDWLRQ��� GUDZLQJ�
LV�GRQH�PXFK�IDVWHU�� � ,W� LV�TXLWH�SRVVLEOH�
IRU�RQH�SHUVRQ�WR�XVH�L6SDFH�EXW�ZH�¿QG�LW�
HDVLHU�WR�ZRUN�ZLWK�WZR��

,PSRUWDQWO\��DQ\�GUDZLQJ�RI�D�WUDFH�
ZLWK� $UFKDHRORJ\� L6SDFH� LV� IDU� PRUH�
DFFXUDWH� WKDQ� RWKHU� ZD\V� RI� GUDZLQJ��
ERWK�EHFDXVH�HDFK�SRLQW� LV�PHDVXUHG�IDU�
PRUH�SUHFLVHO\�DQG�EHFDXVH�WKH�GUDZLQJV�
FRQWDLQ� PDQ\� PRUH� FRRUGLQDWH� SRLQWV�
WKDQ�ZRXOG�EH�XVHG�WR�PDNH�ERWK�PDQXDO�
GUDZLQJV�RU�ZLWK�WKH�URERWLF�WRWDO�VWDWLRQ���

Figure 7.  Archaeological plan of the excavation at the 
*UHDW�%HJXLQDJH��7LHQHQ��UHFRUGHG�ZLWK�WKH�$UFKDHRORJ\�
iSpace.

Figure 6. Archaeology iSpace in use at the excavation at 
WKH�*UHDW�%HJXLQDJH��7LHQHQ�

Great Beguinage, Tienen Medieval beguinage

6DLQW�-DFREVFKXUFK��/HXYHQ ��E\���PHWHU�WUHQFK

(PEOHP�&DPSXV�9HVWD ,URQ�$JH�VLWH��DSSUR[������P�

.RQWLFK�*URHQLQJHQOHL ,URQ�$JH�5RPDQ�VLWH��DSSUR[������P�

3RHGHUOHH�6FKULHNHQ 0HGLHYDO�VLWH��DSSUR[�����KD���UXUDO

6DLQW�:LOOLEURUGFKXUFK��0HOGHUW &KXUFK�LQWHULRU�DQG�H[WHULRU

%HHUVH�+ROOHZHJ 0HGLHYDO�VLWH��DSSUR[�����KD���UXUDO

0DDVPHFKHOHQ�0RWWHNDPS %URQ]H�$JH�WR�0HGLHYDO��!��KD

0LQGHUEURHGHUV��0HFKHOHQ 3DUW�RI�PHGLHYDO�PRQDVWHU\

%RUVEHHN�+HUHQWDOVHEDDQ ,URQ�$JH�FUHPDWLRQ�EXULDOV

.RQWLFK�5R]HQJDDUG 5RPDQ������P�

6DLQW�*XGXODFKXUFK��+DPPH &KXUFK�LQWHULRU

Table 3. &RPPHUFLDO�H[FDYDWLRQV�UHFRUGHG�ZLWK�$UFKDHRORJ\� L6SDFH��
0D\�WR�1RYHPEHU�������
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$�ELJ�DGYDQWDJH�LV�WKDW�WKH�SODQ�GUDZLQJV�DUH�
LPPHGLDWHO\�DYDLODEOH�DV�D��G[I�¿OH��,I�DQ\�PLVWDNHV�
DUH�PDGH�RU�WUDFHV�PLVVHG��WKH\�FDQ�EH�DGGHG�ZKLOH�
WKH� VHWXS� UHPDLQV� LQ�SODFH�GXULQJ� FKHFN�XS��/DWHU�
WKH�SODQ�LV�SXW�XSRQ�WKH�L3DG�IRU�FRQVXOWDWLRQ�RQ�VLWH���
7KH� SODQ� LV� LQKHUHQWO\� JHR�UHIHUHQFHG� VLQFH� HDFK�
SRLQW�LQ�WKH�GUDZLQJ�LV�D�JHR�UHIHUHQFHG�FRRUGLQDWH���
7KLV� DVVXPHV� WKH� WUDQVPLWWHU� DUUDQJHPHQW� ZDV�
JHR�UHIHUHQFHG� LQ� WKH� VHWXS� VWDJH� EXW�� LI� WKDW� ZDV�
QRW� WKH� FDVH�� WKH� SODQ� FDQ� EH� JHR�UHIHUHQFHG� ODWHU�
E\� PHDVXULQJ� WHPSRUDU\� VXUYH\� SRLQWV� WKDW� DUH�
VXEVHTXHQWO\�HVWDEOLVKHG�E\�D�WRSRJUDSKHU��

7KH�YHU\�IDVW�VSHHG�RI�GUDZLQJ�ZLWK�L6SDFH�KDV�
VHHQ� RXU� DUFKDHRORJLVWV� HVWDEOLVK� D� QHZ� URXWLQH� DW�
DVVHVVPHQW�H[FDYDWLRQ�VLWHV��7KH\�DUH�DEOH�WR�RSHQ�
XS�D�]RQH��WR�SODQH�LW�E\�VKRYHO��WKHQ�WR�UHJLVWHU�WKH�
HQWLUH� DUHD� LQ� MXVW� WKH� ODVW� KRXU� RI� WKH� GD\� UHDG\�
IRU� FURVV� VHFWLRQV� RI� WUDFHV� WR� EH� GRQH� DW� WKH� VWDUW�
RI� WKH� QH[W� GD\�� � :LWK� VRPH� JRRG� SODQQLQJ�� LW� LV�
HYHQ�SRVVLEOH�WR�GR�WKH�UHFRUGLQJ�RI����DQG�RQ�RQH�
RFFDVLRQ�HYHQ����GL̆HUHQW�VLWHV�RQ�RQH�GD\��

,Q� RSHQ�� UXUDO� H[FDYDWLRQV� ZH� SODFH� WKH�
WUDQVPLWWHUV� LQ� WKH� WUHQFKHV� LQ� D� URXJK� VTXDUH� XS�
WR� ��� PHWHUV� EHWZHHQ� WUDQVPLWWHUV�� � ,Q� QDUURZHU�
WUHQFKHV�ZH�XVH�GL̆HUHQW�FRQ¿JXUDWLRQV�ZKLFK��IRU�
H[DPSOH�� FDQ� JLYH� XV� ��P� [� ��P� FRYHUDJH� IURP�
RQH� VHWXS�� � 7KH� H[FDYDWRUV� KDYH� H[SHULHQFHG� WKH�
SUREOHP�RI�WKH�VHQVRUV�EHLQJ�³ÀRRGHG´�E\�WKH�VWURQJ�
VLJQDO�ZKHQ�D�SUREH�LV�EURXJKW�ZLWKLQ�����PHWHU�RI�

D� WUDQVPLWWHU�� UHVXOWLQJ� LQ� QR� PHDVXUHPHQW�� � 7KH�
VLPSOH�SUHFDXWLRQ�LV�WR�HQVXUH�WKDW�QR�WUDQVPLWWHU�LV�
SODFHG�FORVHU�WKDQ��P�WR�DQ\�WUDFH�DW�WKH�VHWXS���,Q�
FRQ¿QHG�VLWXDWLRQV�ZKHUH�WKLV�PLJKW�QRW�EH�SRVVLEOH��
RXU�VROXWLRQ�LV�WR�EORFN�WKH�SUREOHP�VLJQDO�E\�SODFLQJ�
\RXUVHOI�EHWZHHQ�WKH�WUDQVPLWWHU�DQG�WKH�SUREH�DQG�
XVLQJ� WKH� VLJQDO� IURP� WKH� RWKHU� �� WUDQVPLWWHUV� WR�
GHWHUPLQH�WKH�SUREH�FRRUGLQDWHV���

,Q�XUEDQ�H[FDYDWLRQV�WKHUH�LV�VHOGRP�VSDFH�LQ�
WKH�WUHQFKHV�IRU�WKH�WUDQVPLWWHUV��VR�WKH\�DUH�SODFHG�
RXWVLGH� DQG�� VLQFH� WKH\� GR� QRW� QHHG� WR� EH� OHYHOHG��
DUH�DQJOHG�GRZQ�VR�WKDW�WKH\� µORRN¶� LQWR�WKH�WUHQFK�
�)LJ�������6LQFH�WKH�VXUIDFH�DUHD�RI�XUEDQ�H[FDYDWLRQV�
LV�XVXDOO\�PXFK�OHVV�WKDW���P�[���P��LW�LV�SRVVLEOH�
WR�UHSHDWHGO\�VHW�WKH�WUDQVPLWWHUV�DW�WKH�VDPH�¿[HG�
SRLQWV�ZKLFK�FDQ�EH�HDVLO\�EH�JHR�UHIHUHQFHG��

$OWKRXJK� $UFKDHRORJ\� L6SDFH� FRPHV� ZLWK�
D� ORQJ�DQG�D� VKRUW�SUREH�� LQ�����RI� WKH� FDVHV�� WKH�
DUFKDHRORJLVWV� RI� 6WXGLHEXUHDX� $UFKHRORJ\� DUH�
XVLQJ�WKH�ODUJHU�L-DYHOLQ��LQ�WKH�VWUHDPLQJ�PRGH�RI�
PHDVXULQJ��OLNH�D�JLDQW�SHQFLO��)LJ�������7KH�-DYHOLQ�
FDQ�EH�XVHG� LQ�D� VWDQGLQJ�SRVLWLRQ�DQG� VR� LV�PRUH�
HUJRQRPLF� WKDQ�XVLQJ� WKH�VPDOOHU� L3UREH��ZKLFK� LV�
RQO\�XVHG�IRU�GUDZLQJ�LQ�PRUH�GHWDLO��DV�IRU�LQGLYLGXDO�
VWRQHV�RI�D�ZDOO��VNHOHWRQV��HWF���8S�WR����SRLQWV�HDFK�
VHFRQG�DUH�PHDVXUHG��EXW� WKH� VRIWZDUH� LV� DGMXVWHG�
RQO\�WR�NHHS���SHU�VHFRQG��(YHQ�IRU�D�UHODWLYHO\�VPDOO�
WUDFH��OLNH�WKH�FLUFXPIHUHQFH�RI�D�ODUJH�SRVWKROH��WKLV�
PHDQV�WKDW�DURXQG����SRLQWV�DUH�UHFRUGHG�WR�PDNH�
WKH�GUDZLQJ���7KLV�ZRXOG�EH�XQUHDOLVWLF�WR�DWWHPSW�E\�
KDQG�RU�E\�URERWLF�WRWDO�VWDWLRQ�

'XULQJ�WKH�UHFRUGLQJ�ZH�DVVLJQ�WUDFHV��ZDOOV��
ORRVH� ¿QGLQJV�� HWF�� WR� VHSDUDWH� OD\HUV� LQ� WKH� &$'�

Figure 8.  The use of the Archaeology iSpace inside a 
building. The transmitters are placed to ‘look’ down into 
the trench.

Figure 9. The use of the iJavelin as a giant digital pencil.
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¿OH�� 7KLV� IRUFHV� WKH� DUFKDHRORJLVWV� WR� WKLQN� PRUH�
DERXW�ZKDW�WKH\�DUH�ORRNLQJ�DW�GXULQJ�WKH�UHFRUGLQJ���
7KH�PDLQ� EHQH¿W� RI� DWWULEXWLQJ� WUDFHV� WR� OD\HUV� DW�
WKH� UHFRUGLQJ� LV� WKDW� LW� GUDPDWLFDOO\� UHGXFHV� SRVW�
SURFHVVLQJ�� �-XVW�PLQXWHV�DIWHU�FRPLQJ�R̆�WKH�VLWH��
D�SODQ�FDQ�EH�¿QLVKHG�DQG�LPSRUWHG�LQWR�WKH�JOREDO�
SODQ�� DV� DW� WKH� VLWH� RI� 0DDVPHFKHOHQ�0RWWHNDPS��
ZKHUH�QHZ�VLWH�SODQV�ZHUH�DYDLODEOH� IRU�XVH�EDUHO\�
PLQXWHV� DIWHU� WKH� H[FDYDWRU� KDG� ¿QLVKHG� GUDZLQJ�
WKH�WUDFHV�

5. Conclusions 

,W� LV� WKH� H[SHULHQFH� RI� WKH� DUFKDHRORJLVWV� DW�
6WXGLHEXUHDX� $UFKHRORJLH� WKDW� WKH� $UFKDHRORJ\�
L6SDFH�WUDFNLQJ�V\VWHP�KDV�SURYHQ�LWVHOI�RYHU�PDQ\�
H[FDYDWLRQV�WR�EH�D�IDVWHU�ZD\�WR�UHFRUG�H[FDYDWLRQV���
:KLOH�LW�LV�FOHDUO\�PXFK�IDVWHU�WKDQ�PDQXDO�GUDZLQJ��
D� VHULHV� RI� WULDOV� GHPRQVWUDWHG� WKDW�� DERYH� D�
WKUHVKROG�RI�DPRXQW�RI�GUDZLQJ�WR�EH�GRQH�� LW�ZDV�
DOVR� IDVWHU� WKDQ�GUDZLQJ� E\�5RERWLF� 7RWDO� 6WDWLRQ���
7KLV�VSHHG�FDQ�WUDQVODWH�LQWR�D�VXEVWDQWLDO�UHGXFWLRQ�
RI�WKH�WRWDO�H[FDYDWLRQ�WLPH�DQG�ZH�HVWLPDWH�WKDW�DW 
WKH�0DDVPHFKHOHQ�H[FDYDWLRQ��VHH�����DERYH��PRUH�
WKDQ�����PLQ���DOPRVW�D�ZHHN���ZDV�VDYHG�E\�XVLQJ�
$UFKDHRORJ\�L6SDFH���

$W� WKH� UHODWLYH� UHFRUGLQJ� VSHHGV� GLVFXVVHG�
DERYH��ZH�UHÀHFW�WKDW�LI�ZH�KDG�EHHQ�DEOH�WR�XVH�WKH�
V\VWHP�DW�WKH�ODUJH�)RFKSOHLQ�H[FDYDWLRQ�LQ�/HXYHQ�
�VHH�����DERYH��WKH�GXUDWLRQ�PD\�KDYH�EHHQ�VKRUWHU�
E\�VRPH����GD\V�� �6LPLODUO\�� WKH� UHFRUGLQJ� WLPH�DW�
WKH� .RQWLFK�%DEEHONURRQEHHN� H[FDYDWLRQ� �VHH� ����
DERYH��PLJKW�KDYH�EHHQ�KDOYHG���

$GGLWLRQDO� EHQH¿WV� RI� XVLQJ� $UFKDHRORJ\�
L6SDFH� KDYH� EHHQ� WKDW� UHFRUGLQJ� EHFRPHV� PXFK�
VLPSOHU� DQG� PRUH� DFFXUDWH�� ZKLOH� LW� SURYLGHV� WKH�
DUFKDHRORJLVWV� ZLWK� DQ� XSGDWHG� VLWH� SODQ� DOPRVW�
LPPHGLDWHO\���$OVR��LW�PDNHV�WKHP�WKLQN�PRUH�DERXW��
DQG� XQGHUVWDQG� EHWWHU�� WKH� DUFKDHRORJ\� WKH\� DUH�
UHFRUGLQJ���
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1. Introduction1

The Archaeology Data Service (ADS ) is hosted 
by the Department of Archaeology at the University 
of York in the UK, and is funded partly by the UK 
Arts and Humanities Research Council and partly 
by project-based funding drawn from academia, the 
European Union, National and Local Government 
archaeology services and commercial archaeology. 
The core objective of the ADS is to support 
research, learning and teaching with high quality 
and dependable digital resources. It does this by 
preserving digital data for the long term, and by 
promoting and disseminating a broad range of data 
in archaeology.  The ADS promotes good practice 
in the use of digital data in archaeology, provides 
technical advice to the research community, and 
supports the deployment of digital technologies.  
Corresponding author: michael.charno@york.ac.uk

As a digital archive, it follows the Open Archival 
Information Systems (OAIS) Reference Model and 
was awarded the Data Seal of Approval in 2010.

Alongside its core responsibilities, the ADS 
KDV�PDGH� JUHDW� H̆RUWV� WR� HQJDJH� LQ� UHVHDUFK� LQWR�
relevant new technologies.  After investigating 
WKH� SRWHQWLDO� EHQH¿WV�� WKH� $'6� OHDSW� DERDUG� WKH�
technological bandwagon that is linked data.  The 
dissemination of archaeological data has always 
been a key function of the ADS and linked data is a 
new and potentially promising delivery mechanism 
which could be used in addition to the existing 
methods employed by the ADS.  Additionally, linked 
data opens up new levels of interoperability across 
datasets, something which the ADS have pursed in 
other projects.  These have included a co-ordinating 
role in ARENA (Archaeological Records of Europe 

From the Slope of Enlightenment to the Plateau of 
Productivity: Developing Linked Data at the ADS

0LFKDHO�&KDUQR��6WXDUW�-H̆UH\
Archaeology Data Service, United Kingdom

Ceri Binding, Doug Tudhope
University of Glamorgan, United Kingdom

Keith May
English Heritage, United Kingdom

Abstract:
The Archaeology Data Service (ADS) has a mandate to provide a digital repository for outputs from 
research funded by AHRC, NERC, English Heritage and other bodies. Archaeology has seen increasing 
use of the Web in recent years for data dissemination, and the ADS holds a wide range of datasets from 
archaeological excavations. However datasets and applications are currently fragmented and isolated. 
'L̆HUHQW�WHUPLQRORJLHV�DQG�GDWD�VWUXFWXUHV�KLQGHU�VHDUFK�DQG�FRPSDULVRQ�DFURVV�GDWDVHWV��%HFDXVH�RI�
these impediments, archaeological data can be hard to reuse and re-examine in light of evolving research 
questions and interpretations.  In an attempt to address this, the ADS have begun to ingest some of its 
H[FDYDWLRQ�GDWD�LQWR�D�WULSOH�VWRUH�DQG�H[SRVH�LW�DV�OLQNHG�GDWD��7KLV�SDSHU�ZLOO�EULHÀ\�GLVFXVV�WKH�67$5�
and STELLAR projects which led up to the development of ADS linked data and will also outline the 
technologies used to develop it. In particular, it will discuss the more practical details of creating the 
WULSOH�VWRUH��SRSXODWLQJ�LW�ZLWK�H[FDYDWLRQ�GDWD�LQ�5')�IRUPDW��DQG�¿QDOO\�SXEOLVKLQJ�LW�DV�OLQNHG�GDWD���
Finally, using the ADS linked data as an example dataset, an overview of possible future directions will be 
outlined, in particular to explore how we can enrich the existing and forthcoming linked data with both 
archaeological and non-archaeological data. 
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Networked Access) to develop a cross-searchable 
European portal, completed in 2004 [http://ads.
ahds.ac.uk/arena/], and subsequently taken forward 
as ARENA2 [http://archaeologydataservice.ac.uk/
research/arena2] within the ESFRI DARIAH 
infrastructure project [http://www.dariah.eu/]. 
The ADS are also currently a leading partner 
within CARARE [http://www.carare.eu/], which 
is a best practice network funded by the European 
Commission’s ICT Policy Support Programme.  It 
brings together heritage agencies and organisations, 
archaeological museums and research institutions 
and specialist digital archives from all over Europe 
to establish a service that will make digital content 
for Europe’s unique archaeological monuments and 
historic sites interoperable with Europeana.

Adding linked data to the existing 
dissemination techniques will hopefully provide 
novel ways of interrogating the data held by the 
ADS, and potentially connect otherwise unrelated 
datasets to the ADS holdings.  The potential of linked 
data is undeniable, however linked data endpoints, 
particularly related to archaeology, are currently few 
and far between.  It is hoped that the work described 
here will be useful to others, which may result in 
the creation of other linked data endpoints, thereby 
enhancing the data of all. 

2. STAR & STELLAR Projects

The origins of the ADS linked data endpoint 
began with the Semantic Technologies for 
Archaeological Resources (STAR) project which 
was a collaboration between English Heritage 
(EH), the ADS and the University of Glamorgan 
[http://hypermedia.research.glam.ac.uk/kos/
star/].  The project investigated the potential 
of semantic terminology tools for widening and 
improving access to digital archaeology resources.  
It also aimed to develop new methods for enhancing 
linkages between archived database resources and 
associated grey literature, exploiting the potential 
of a high level core ontology, and the application 
of multi-concept query generalisation techniques 
to cross-domain research in archaeology (May 
et al. 2010; Tudhope et al. 2011a).  In addition to 
other outputs from the project, the development 
of a CRM-EH [http://hypermedia.research.glam.
ac.uk/resources/crm/] extension to the CIDOC 
CRM [http://www.cidoc-crm.org] core ontology 

VSHFL¿FDOO\�IRU�WKH�DUFKDHRORJ\�GRPDLQ�ZRXOG�EH�D�
core component to the follow on project, Semantic 
Technologies Enhancing Links and linked data for 
Archaeological Resources (STELLAR).

The STELLAR project [http://hypermedia.
research.glam.ac.uk/kos/stellar/] attempted 
to develop an enhanced mapping tool for non-
specialist users to map and extract archaeological 
datasets using the Resource Description Framework 
(RDF) representation aligned to the CIDOC CRM-
EH ontology.  One of the outcomes of STELLAR 
was the development of templates to generate RDF 
from traditional database tables based on CRM-
EH concepts and relationships.  For example, 
there were templates created for Contexts, Finds 
and Investigations, which allowed the data to be 
organised in ways familiar to most archaeologists.  
The STELLAR templates were then used in 
conjunction with newly created STELLAR tools, such 
as STELLAR.Console, a command line utility, and 
STELLAR.Web, a simpler, web based application.  
The STELLAR tools allowed for the easy creation 
of RDF based on the STELLAR templates, and 
alignment of the data to the CRM-EH.  This made 
some of the most challenging aspects of linked data 
creation accessible to the whole archaeological 
community (Wright 2011).  Additionally, the 
templates themselves are extensible and the addition 
of new templates is possible, as is the inclusion of 
new templates into the STELLAR tools (Tudhope et 
al. 2011b).  The STELLAR tools created the building 
blocks of the ADS triple store, which forms the 
foundation of the ADS linked data resource.

3. RDF Creation

To publish linked data, the ADS needed 
WR� ¿UVW� FUHDWH� GDWD� LQ� 5')� IRUPDW� WKDW� ZRXOG� EH�
suitable to populate a triple store.  Linked data is 
typically created using the graph data structure in 
RDF format, which is constructed using a three-part 
form called a triple. Triples consist of subjects and 
objects, connected by a predicate. The predicate 
describes the relationship between the subject and 
object, thereby creating meaning between pieces of 
data which, when aligned to appropriate domain 
ontologies, allow the structure and relationships 
RI� WKH� WULSOHV� WR� EH� GH¿QHG� DFURVV� WKH� HQWLUH� GDWD�
set.  Others choosing to align their datasets to the 
same ontology then allows data interoperability. For 
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more information on RDF and triples, see Powers 
������� DQG� WKH� :�&� VSHFL¿FDWLRQ� �������� � 6LQFH�
RDF data is textual in nature, we needed to select 
archives that either had database or spreadsheet 
data, and in particular focused on excavation data.  
We also wanted to use datasets from both academic 
and commercial projects, ensuring both these types 
of projects hosted by the ADS were suitable for 
publication as linked data.  With these considerations 
in mind, data from sites in the Channel Tunnel Rail 
Link (CTRL) project [doi:10.5284/1000120], two 
Aggregates Levy Survey Fund (ALSF) project sites 
>GRL����������������� DQG�GRL����������������@��
and data from the Excavations at St Peter’s Church, 
%DUWRQ�XSRQ�+XPEHU�>GRL����������������@�ZHUH�
selected.  An initial manual examination of the data 
held in the project databases was also carried out to 
FRQ¿UP�WKDW�WKH�GDWD�ZRXOG�EH�FRPSDWLEOH�ZLWK�WKH�
existing STELLAR templates.

The standard ADS archiving procedure for 
preserving and disseminating database data is to 
break down the relational database into its smallest 
common denominator, the table.  The resulting 
digital object is a Comma Separated Values (CSV) 
¿OH� IRU� HDFK� WDEOH�� � 7DEOHV� ZHUH� VHOHFWHG� ZKLFK�
FRQWDLQHG� GDWD� PDWFKLQJ� SUH�GH¿QHG� 67(//$5�
templates.  For this exercise, the data being 
converted into triples was archaeological contexts, 
HYHQWV�� ¿QGV�� VDPSOHV� DQG� JURXSV� LQIRUPDWLRQ���
Not all databases contained every element of this 
information, although all contained at least context 
and event information.

The process of preparing the database tables 
IRU� WKH� 67(//$5� WHPSODWHV� H̆HFWLYHO\� LQYROYHG�
PDSSLQJ� ¿HOG� KHDGLQJV� IURP� WKH� WDEOHV� WR� PDWFK�
¿HOGV� H[SHFWHG� E\� WKH� 67(//$5� WHPSODWHV�� � 7KLV�
required an ADS Digital Archivist to identify the 
UHOHYDQW�¿HOG�LQ�WKH�&69�¿OH�DQG�WKHQ�UHQDPH�WKHP�
to match the templates terminology.  For example, 
when applying a table to the context template, 
WKH� QDPH� RI� WKH� ¿HOG� FRQWDLQLQJ� WKH� FRQWH[W� LQIR�
was changed to “context_id”.  Some other minor 
tinkering was required, such as concatenating start 
GDWH�DQG�HQG�GDWH�¿HOGV�WR�FUHDWH�D�GDWH�UDQJH�¿HOG��
EXW� QRWKLQJ� ZKLFK� UHTXLUHG� VLJQL¿FDQW� UHZRUNLQJ�
by the curator.  With this prep work done to the 
database tables, the data was ready for the STELLAR 
tools to build RDF based on the CRM-EH.

%HIRUH� WKH� 5')� FUHDWLRQ� D� 85,� SUH¿[�
�QDPHVSDFH� SUH¿[� LQ� WKH� 67(//$5� WRROV�� KDG� WR�
EH� GHFLGHG� XSRQ�� ZKLFK� ZRXOG� HVWDEOLVK� WKH� ¿QDO�
URI for each node in the linked data.  A proper 
85,�SUH¿[�LV�HVVHQWLDO�IRU�OLQNHG�GDWD�WR�ZRUN��DQG�
WKH�67(//$5�WRROV�DOORZ�XVHUV�WR�GH¿QH�WKHLU�RZQ�
85,� SUH¿[�� PDNLQJ� LW� PHDQLQJIXO� HYHQ� RXWVLGH�
of STELLAR or the ADS.  In the case of the ADS 
OLQNHG� GDWD�� WKH� SUH¿[� ZDV� WKH� GDWD� VXEGRPDLQ�
within the main ADS domain, which was http://
data.archaeologydataservice.ac.uk.  This was 
chosen according to linked data best practice and 
follows on from other established linked data 
providers, such as the Ordnance Survey (OS) and 
the UK Government’s data.gov.uk.  Additionally we 
QHHGHG� FRQWH[WV� EH\RQG� WKH�85,�SUH¿[� WR�SURYLGH�
uniqueness, and for this we used the Digital Object 
,GHQWL¿HU��'2,��RI�D�FROOHFWLRQ���7KH�EDVLF�VWUXFWXUH�
of the URLs were:

•  http://data.archaeologydataservice.ac.uk/
[COLLECTION_DOI]/[CRMEH_NODE]

which for an actual piece of data would look 
like this:

•  h t t p : / / d a t a . a r c h a e o l o g y d a t a s e r v i c e .
ac.uk/10.5284/1000362/EHE0061_0

Any further additions to the URI were archive 
dependent.  For instance, CTRL sites had the same 
DOI, so an extra level of uniqueness was added to 
these, which was the site name.  These URIs are the 
location of the node, and how it will be referenced 
by all other nodes in the linked data realm, so 
careful consideration should be given to how it is 
constructed.  

4. The Triple Store

A container, such as a graph database, is 
typically needed to host the newly created RDF 
triples.  One type of graph database is a triple-
store, which is like a traditional Relational Database 
Management System (RDBMS), but instead of 
holding data in a strict relational manner the triple-
VWRUH� DOORZV� IRU� ÀH[LEO\� GH¿QHG� UHODWLRQVKLSV� �RU�
edges) between nodes of data.  And similarly to a 
RDBMS, the triple-store enables the querying of 
data contained in it, usually via a SPARQL Protocol 
and RDF Query Language (SPARQL) interface.  The 
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triple-store chosen by the ADS was AllegroGraph 
from Franz, Inc (http://www.franz.com/agraph/
allegrograph).  This  system was chosen because it 
was free to use for up to 50 million triples, which 
DOORZHG�XV�WR�H̆HFWLYHO\�WHVW�WKH�IHDVLELOLW\�RI�D�JUDSK�
GDWDEDVH�V\VWHP�ZLWK�QR�¿QDQFLDO�ULVN���7KHUH�ZHUH�
other products available, such as D2R [http://d2rq.
org/d2r-server], but AllegroGraph was chosen since 
LW�ZDV�VHHQ�DV�PRUH�ÀH[LEOH�DQG�VFDODEOH�� �$IWHU����
million triples, Franz, Inc. requires users to buy a 
developer edition license good for up to 500 million 
triples, and then after that it goes to the enterprise 
edition, which allows unlimited triples.  

AllegroGraph, at the time of development, 
only ran on the 64 bit Linux architecture, so an 
old desktop machine was re-purposed as a 64 bit 
Ubuntu Server.  This was only a temporary measure 
until a dedicated server for our machine room 
could be sourced, but the under-powered desktop 
machine was more than powerful enough for this 
GHGLFDWHG�SXUSRVH�� �&RQ¿JXUDWLRQ�RI�$OOHJUR*UDSK�
ZDV� VWUDLJKWIRUZDUG� DQG� VẊFLHQWO\� GRFXPHQWHG�
by Franz, Inc., allowing us to get the instance up 
and running very quickly.  At the time of writing, 
AllegroGraph supports virtual machines, but that 
setup is not recommended for production services.  
Additionally they intend to support Windows, 
Mac and Solaris in the future, but this was still in 
development at the time of our implementation.  

$OOHJUR*UDSK� R̆HUV� D� QXPEHU� RI� ZD\V� RI�
connecting to the triple store, with the two primary 
methods being AG Web View, a web interface for 
managing and updating the triple store, as well 
DV� *UX̆�� D� GHVNWRS� EDVHG� DSSOLFDWLRQ� ZKLFK� FDQ�
connect to local instances of AllegroGraph.  AG Web 
View was the primary interface used by the ADS to 
populate and manage the triple store.  It supports 
uploading triples in a number of RDF serialisation 
formats (RDF/XML, Turtle, TriX) as well as the 
ability to upload individual triples manually.  Many 
other advanced features are available via AG Web 
View, such as SPARQL querying and general 
UHSRVLWRU\� PDQDJHPHQW�� � *UX̆� DOVR� R̆HUV� PRVW�
of the capabilities of AG Web View, in addition to 
WKH�DELOLW\�WR�YLVXDOL]H�WKH�GDWD���*UX̆�LV�FDSDEOH�RI�
working with other triple stores or standalone RDF 
data as well, which makes it a very good tool for 
anyone using RDF or semantic data in general.

The RDF discussed in the previous section 
was ingested into AllegroGraph and produced 
644,114 triples.  These could then be interrogated 
using the SPARQL query interface in AG Web View, 
but this was only possible on the local network, 
since AG Web View was not publicly accessible 
due to University of York network restrictions.  
To enable access to the outside world, we set up 
D� UHYHUVH� SUR[\� LQ� $SDFKH� WR� IRUZDUG� DOO� WUḊF�
to the “/sparql/*” context of the data subdomain 
(http://data.archaeologydataservice.ac.uk) to AG 
Web View.  This allowed external access to our 
triple store, and the ability to send HTTP requests 
containing SPARQL queries or similar commands.  
Third party SPARQL clients, such as Sesame, can 
also connect to our SPARQL endpoint because of 
this arrangement.  Unfortunately much of AG Web 
View’s functionality is not enabled for usage outside 
of the University of York network, which initially 
seems to be a combination of the reverse proxy 
and hard coded Ajax commands in the AG Web 
View application, but this has not been investigated 
further since the lost functionality of AG Web View 
outside of the University of York network can be 
replicated by the available client applications such 
as Sesame.  A simple SPARQL query interface was 
also set up to allow external users to run and test 
SPARQL queries against the triple store from the 
web directly.  This tool can be accessed at http://
data.archaeologydataservice.ac.uk/query and has a 
QXPEHU�RI�SUH�GH¿QHG�TXHULHV�IRU�WHVWLQJ�SXUSRVHV�

5. Linked Data

The triple store alone does not create linked 
data, and another application layer is needed to 
expose the triple store as linked data.  The application 
chosen to do this was Pubby (http://www4.wiwiss.
fu-berlin.de/pubby), a linked data frontend for 
SPARQL endpoints developed by Richard Cyganiak 
and Chris Bizer at Freie Universität Berlin.  Pubby is 
a Java web application, so it can be deployed in any 
Java web container.  We used an instance of Tomcat 
on our dedicated ‘semantic’ server to deploy the 
Pubby WAR, but any Java container could have been 
XVHG��*ODVV¿VK��-%RVV��-HWW\��HWF��� �3XEE\�UHTXLUHG�
VRPH� FRQ¿JXUDWLRQ�� DV� WKH� 63$54/� HQGSRLQW�
(AllegroGraph) and the web base (http://data.
DUFKDHRORJ\GDWDVHUYLFH�DF�XN�� QHHG� WR� EH� GH¿QHG���
Additionally, the Pubby interface was customised to 
look more like an ADS website instead of the default 
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Pubby style.

2QFH� 3XEE\� KDV� EHHQ� VHWXS� DQG� FRQ¿JXUHG�
to connect to the AllegroGraph SPARQL endpoint, 
Pubby ‘publishes’ the linked data.  Pubby also 
provides content negotiation from HTTP requests 
for nodes in our triple store, so depending on 
whether a machine or human is making the request, 
the correct content can be provided.  Typically, a 
human uses a web browser, in which case Pubby 
provides an HTML representation of the data, and 
a machine will use a standard HTTP request with 
QR�XVHU�DJHQW�KHDGHU�GH¿QHG��LQ�ZKLFK�FDVH�DQ�;0/�
representation of the data will be provided, although 
this can be overridden in either case.  The URL of 
the node is dynamically changed in this process 
DV�ZHOO��DSSHQGLQJ�³SDJH´� WR� WKH�QDPHVSDFH�SUH¿[�
for HTML representations and “data” for XML 
representations.

 Actual URL of a node in the 
Cobham dataset:  h t t p : / / d a t a .
archaeologydataservice.ac.uk/10.5284/1000230/
cobham/

 HTML representation of 
node:  http://data.archaeologydataservice.ac.uk/
page/10.5284/1000230/cobham/

 X M L  r e p r e s e n t a t i o n  o f  n o d e :  
  http://data.archaeologydataservice.ac.uk/
data/10.5284/1000230/cobham/

(̆HFWLYHO\�� 3XEE\� SURYLGHV� 85/� DFFHVV� WR�

the node from the data in the triple store, since 
the data in the triple store is not actually outward 
facing (other than via the SPARQL endpoint).  So 
when a URL such as the one above is requested, it is 
processed by Pubby and delegated to AllegroGraph.  
Pubby also displays all the related links for the node 
requested, so if an archaeological context is selected 
from the ADS triple store, all related links to that 
context will also be listed (Fig. 1).  

Likewise, since links are bi-directional by 
default, all contexts related to a particular CRM-EH 
HOHPHQW� ZLOO� DOVR� EH� GH¿QHG�� � )RU� H[DPSOH�� ZKHQ�
selecting a node related to CRM-EH element “cut”, 
all contexts which contain that element will be listed 
as well.  

6. New Possibilities

Linked data provides many new possibilities 
with regards to the interrogation of data.  
Traditionally, data stored in RDBMS’ is only 
accessible via the Structured Query Language 
(SQL), which requires data to be structured in a 
SUHGH¿QHG�PDQQHU���2QH�NH\�GL̆HUHQFH�ZLWK�OLQNHG�
data is that the data is not ‘structured’ by the system, 
EXW�UDWKHU�WKH�VWUXFWXUH�LV�GH¿QHG�E\�WKH�GDWD���7KH�
GDWD� LV� WKHUHIRUH� PRUH� ÀH[LEOH� ERWK� VWUXFWXUDOO\�
and in queryability.  This is because the data is not 
VORWWHG�LQWR�D�SUHGH¿QHG�WDEOH�VWUXFWXUH��EXW�LV�KHOG�
in an unstructured repository.  An analogy would 
be putting like data types into a series of labelled 
EXFNHWV� ZLWK� SUHGH¿QHG� OLQNV� EHWZHHQ� WKHP� IRU�
a traditional RDBMS, whereas linked data is like 
putting all the data, regardless of its type, into a big 
EDUUHO�ZLWK�DOO� WKH�UHODWLRQVKLSV�GH¿QHG�ZLWKLQ�WKH�
data.  In the series of buckets model, getting any data 
out of it requires the user to know how every bucket 
is related, and new links between buckets cannot 
always be easily made.  In the barrel model, all data 
exists in the same container, and all relationships 
EHWZHHQ�WKH�GDWD�DUH�GH¿QHG�ZLWKLQ�WKH�GDWD���7KLV�
LQKHUHQW� VWUXFWXUH� ZLWKLQ� WKH� GDWD� LV� ÀH[LEOH�� DQG�
can be changed at any time without the requirement 
for new buckets or containers.

Graph databases follow the NoSQL model, 
DQG� DUH� VHHQ� WR� EH� PRUH� VFDODEOH� DQG� ÀH[LEOH�
(Cattell 2010).  Although the data does not need to 
be structured from the outset like in a RDBMS, the 
relationships between data still need to be known 

Figure 1. A sample screenshot of the ADS linked data 
front-end.
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EHIRUH� WKH� GDWD� FDQ� EH� H̆HFWLYHO\� LQWHUURJDWHG���
Just because data is stored in a triple-store does 
not automatically mean that it is immediately 
discoverable.  Writing SPARQL queries requires 
a basic understanding of the relationships or 
predicates existent in the triple-store, and without 
this knowledge, querying is very much like stabbing 
in the dark.  

This intrinsic structuring and the openly 
accessible nature of linked data makes it truly 
interoperable, something many projects have 
DWWHPSWHG� YLD� GL̆HULQJ� DSSURDFKHV� ZLWK� YDU\LQJ�
degrees of success.  Typically, attempts at 
LQWHURSHUDELOLW\�KDYH�VX̆HUHG�E\�WKH�UHTXLUHPHQW�IRU�
data to become homogenized in one way or another.  
Linked data does not enforce a shared structure on 
the data or require the need for data to be mapped to 
a common standard, both of which of can take time 
and further limit the usefulness of data.  However, 
that data within the triple-store needs to be ‘known’ 
to a degree, and in particular which relationship 
schema(s) applies to the data.  Linked data can be 
mapped to domain ontologies, which enable data 
IURP�GL̆HUHQW� VRXUFHV� WR�EH� VKDUHG�ZLWKRXW� ORVLQJ�
the original meaning of the data (Wright 2011).  

7. Future Directions

Linked data is often seen as a way to turn the 
classic web into a ‘web of data’.  To make this happen 
however, we need other data to create a ‘web’ with, 
and thankfully there are already some mature 
H̆RUWV� XQGHU� ZD\� WR� GHYHORS� WKHVH� GDWD� VRXUFHV���
The biggest hurdle to get over for archaeology 
is the urgent need to convert domain ontologies 
ZKLFK� GH¿QH� FRPPRQ� WHUPV� RI� WKH� DUFKDHRORJLFDO�
SURFHVV�� VXFK� DV� SHULRG� GH¿QLWLRQV�� LQWR� 6LPSOH�
Knowledge Organization System (SKOS) formats.  
+DYLQJ�D�6.26L¿HG�YHUVLRQ�RI�SHULRG�WHUPV�ZKLFK�
linked data stores could link to would allow for 
PXOWLSOH�SHULRG�GH¿QLWLRQV� WR�EH�DVVRFLDWHG�ZLWK�D�
feature or artefact node.  For example, imagine an 
DUWHIDFW�WKDW�KDV�EHHQ�LGHQWL¿HG�DV�5RPDQR�%ULWLVK�
by the original investigator, but later analysis has 
raised the possibility of the artefact being later in 
date.  Within a linked data model this is simple 
to represent these dual interpretations without 
VLJQL¿FDQW�PRGL¿FDWLRQ� WR� WKH�GDWD�� DV�QHZ� WULSOHV�
can be added as and when they are necessary.  So the 
artefact, represented by a node, can have additional 

QRGHV� DQG� HGJHV� DGGHG� GHVFULELQJ� GL̆HUHQW� RU�
new meanings and interpretations related to the 
artefact.  In this example, the artefact could have 
D�QHZ�SHULRG�VSHFL¿F�QRGH�DVVRFLDWHG�ZLWK�LW��IURP�
another ontology or thesauri, without modifying the 
existing data.  Additionally, the new interpretation 
can be described explicitly in the data, with a new 
series of nodes and edges describing that abstract 
meaning, knowledge, or thought process behind 
the new interpretation.  Similarly, new triples can 
be added to provide additional meaning to existing 
interpretations, such as including date ranges for 
the period terms, enabling greater interoperability 
capabilities without the need for data mappings or 
data conversions.  By adding on multiple layers of 
interpretation and meaning to data, a much richer 
DQG� PRUH� ÀH[LEOH� VHW� RI� GDWD� LV� SRVVLEOH�� ZKLFK�
follows more closely to the way data is structured and 
organized naturally by humans beings.  Linked data 
enables the possibility of a knowledge organization 
VFKHPH�ZKLFK�LV�ERWK�ÀH[LEOH�DQG�SRZHUIXO�

To fully realize the power of linked data 
though, more than the links within an isolated 
triple-store are necessary, and this can only be 
accomplished through linking of multiple external 
linked data repositories. There are a number of 
services in existence that publish linked data which 
have archaeological relevance, and therefore can be 
utilized by the ADS, in addition to hopefully being 
enriched by the ADS linked data as well.  The ADS 
has already linked to OS data, although somewhat 
VXSHU¿FLDOO\� DW� WKLV� SRLQW�� � 7ULSOHV� ZHUH� PDQXDOO\�
ingested into the triple store for OS place names 
of where the excavations took place, as well as the 
“England” node added to the root node of the ADS 
linked data.  These links are for the site nodes Dublin 
Core coverage properties, and enrich the data with 
modern place name references.  Administrative 
boundaries and place-names change over time as 
well, but this can be represented in linked data like 
mentioned above.  The Digital Exposure of English 
Place-names (DEEP) project plans to provide this 
information as linked data (Dunn 2011), which 
could then be linked to from the ADS linked data to 
further enrich it.  Looking forward, the other obvious 
candidates for inclusion would be the Portable 
Antiquity Scheme (PAS) data, as well as the British 
Museum (BM) data.  The initial thinking is that the 
$'6�H[FDYDWLRQ�GDWD� FRXOG� OLQN� WR� UHODWHG�¿QGV� LQ�
the PAS via common OS or Geonames nodes or via 
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D� \HW� XQGH¿QHG� FRPPRQ� YRFDEXODU\�� � /LNHZLVH��
data in the BM repository could be associated 
with related excavation data in a number of ways, 
either similarly to the PAS suggestion above or with 
other interpretative data held in the BM.  Similarly, 
PRUH� JHQHUDO� FRQFHSWV� RU� RUJDQLVDWLRQV� GH¿QHG�
by DBpedia could also be linked to from our data, 
which could provide greater contextual information.

As stated previously, truly useful linked data 
in archaeology requires published thesauri, so 
WKDW� GDWD� FDQ� DOZD\V� EH� TXDOL¿HG� DQG� SUHFLVH�� � ,Q�
England, EH publishes a number of thesauri related 
to archaeological monuments, objects, and events 
DPRQJVW� RWKHUV� �(QJOLVK� +HULWDJH� ������� � ,GHDOO\��
these thesauri would be published as linked data, 
which would enable the ADS and anyone else 
publishing linked data to consistently and accurately 
describe their data.  Otherwise, data interoperability 
EHFRPHV�PRUH� GL̇FXOW� DQG� WKH� GDWD� OHVV� XVHIXO� LQ�
general.  The data can still be described in a comment 
¿HOG�DV�D�WKHVDXUL�WHUP��EXW�RQO\�DV�OLQNHG�GDWD�FDQ�
WKH�PHDQLQJ�EH�DFFXUDWHO\�FRQ¿UPHG��DQG�WKHUHIRUH�
provide interoperability with other nodes.  This 
would be a great asset to the community creating 
and using linked data, and hopefully EH will pursue 
this in the near future.

A similar contribution from the ADS could be 
WKH�SXEOLFDWLRQV�RI�WKH�6.26L¿HG�5RPDQ�$PSKRUD�
[doi:10.5284/1000021] archive data.  The Roman 
Amphora project provides an online resource for the 
study of Roman Amphorae, and in doing so created a 
comprehensive catalogue of Roman amphora types, 
fabrics, and related information.  Work was done 
by Leif Isaksen to get this data into RDF [http://
romanamphorae.freebase.com/], which could be 
extended to provide an authoritative resource on 
Roman amphora as linked data.  This would then 
enable other projects to openly reference the ADS 
linked data and add further reliability to their own 
data and metadata.

Beyond making data held by the ADS 
DFFHVVLEOH� DV� OLQNHG�GDWD�� LW�PD\�DOVR�EH�EHQH¿FLDO�
to manage the internal ADS preservation process as 
linked data.  Currently the ADS manage collection 
level data in its bespoke Collection Management 
System (CMS), which is only for internal use.  It uses 
a traditional RDBMS and Java web application front 
HQG���*LYHQ�WKH�EHQH¿WV�RI�OLQNHG�GDWD�ZLWK�UHJDUGV�

WR�ÀH[LELOLW\�DQG�VFDODELOLW\��LW�ZRXOG�SRWHQWLDOO\�EH�
EHQH¿FLDO�WR�FRQYHUW�WKH�5'%06�GDWD�LQWR�D�JUDSK�
database, and then into linked data.  This would give 
JUHDWHU�ÀH[LELOLW\� WR� WKH�GDWD� WKDQ�FXUUHQWO\�H[LVWV��
but new tools and interfaces would be necessary to 
make the management and usability appropriate for 
digital archivists, which could require considerable 
work.  A further advantage of converting the CMS to 
linked data would be that data held within the CMS 
could also enrich the ADS excavation linked data by 
providing greater contextual information related to 
the general project.  

While linked data has certainly been victim 
to the ups and downs of the Hype Cycle (Gartner 
�������LW�GRHV�VHHP�WR�EH�¿QDOO\�DUULYLQJ�DW�WKH�6ORSH�
of Enlightenment.  Isaksen et al. (2010), Martinez 
et al. (2010) and Wright (2011) have convincingly 
espoused the values of linked data in archaeology.  
More people are getting involved in developments 
around this subject, but many more participants are 
needed to ensure that it reaches a critical mass of 
both data and users.  With the barrier for creating 
linked data lowering due to the greater availability 
of both tools and knowledge, it is becoming more 
pervasive, and a future ‘web of data’ is appearing 
to become more feasible.  In the same way that 
the classic web began, linked data began in the 
realm of specialists and research institutions, the 
question is now whether linked data will become the 
democratising tool that the classic web became as 
it matured, and allow non-technical users and data 
holders alike access to its potential.  
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1. ArcheoInf

This paper considers some of the problems 
encountered during the ArcheoInf project. These 
SUREOHPV� UHÀHFW� WKH� VRFLDO� FRQWH[WV� ZLWKLQ� ZKLFK�
archaeology and archaeological computing are 
performed.

Funded by the Deutsche Forschungs- 

Corresponding author: gjcarver@t-online.de

gemeinschaft (DFG), ArcheoInf is a collaborative 
SURMHFW�LQYROYLQJ�WKH�IROORZLQJ�LQVWLWXWLRQV�

• Archäologisches Institut und Sammlung der 
Gipsabgüsse der Georg-August-Universität 
Göttingen,

• Institut für Archäologische Wissenschaften der 
Ruhr-Universität Bochum,

• Fachbereich Vermessung und Geoinformatik der 

5HÀHFWLRQV�RQ�WKH�5RFN\�5RDG�WR�(�$UFKDHRORJ\

*HR̆�&DUYHU�DQG�0DWWKLDV�/DQJ
Georg-August-Universität Göttingen, Germany

$EVWUDFW�
%ULGJLQJ�WKH�JDS�EHWZHHQ�KXPDQLWLHV�DQG�VFLHQFH��RU��DFFRUGLQJ�WR�RWKHU�FODVVL¿FDWRU\�VFKHPD��EHWZHHQ�
social and natural – or between “soft” and “hard” – sciences), archaeology should be an ideal discipline for 
GLJLWDO�DSSOLFDWLRQV��7KDW�WKH�UHDOLW\�KDV�SURYHQ�RWKHUZLVH�R̆HUV�DQ�RSSRUWXQLW\�IRU�H[DPLQLQJ�WKH�ZD\�
various disciplines adopt – or adapt to – technological change. The diversity of potential data sources 
DYDLODEOH�WR�DUFKDHRORJLVWV�PDNHV�LW�HDV\�WR�XQGHUVWDQG�KRZ�DUFKDHRORJ\�FRXOG�EHQH¿W�IURP�WKH�XVH�RI�
new technologies, especially since archaeology has long been criticised for producing too much data. More 
LPSRUWDQW�LV�WKH�IDFW�WKDW�PXFK�GDWD�KDV�DOZD\V�EHHQ�GL̇FXOW�WR�DFFHVV��VWRUHG�HLWKHU�LQ�UHPRWH�DUFKLYHV�
or published in obscure journals of limited distribution or limited edition monographs. Computing 
has simply added more items to the menu – more data from more data sources – without necessarily 
addressing continued problems of data accessibility. That there are other aspects worth considering will 
EH�VKRZQ�E\�H[DPLQLQJ�WKH�H[DPSOH�SURYLGHG�E\�WKH�$UFKHR,QI�SURMHFW��'HYHORSHG�E\�UHVHDUFKHUV�DW�WKH�
8QLYHUVLWLHV�RI�*|WWLQJHQ��'RUWPXQG�DQG�%RFKXP��$UFKHR,QI�ZDV�LQWHQGHG�WR�SURYLGH�*HUPDQ�&ODVVLFDO�
$UFKDHRORJLVWV� ZLWK� D� ORQJ�WHUP� UHSRVLWRU\� IRU� SULPDU\� H[FDYDWLRQ� GDWD�� 8QWLO� UHFHQWO\�� LW� KDV� EHHQ�
IDLUO\�FRPPRQ�IRU�HDFK�DUFKDHRORJLFDO�SURMHFW��H[FDYDWLRQ��UHJLRQDO�VXUYH\�WR�GLVFRYHU�QHZ�VLWHV��HWF���
to develop its own database. Since most of these used their own data structure and terminology, it is 
RIWHQ�GL̇FXOW�IRU�GDWD�WR�EH�VKDUHG�EHWZHHQ�RQH�SURMHFW�DQG�DQRWKHU��HYHQ�LQ�WKRVH�UDUH�FDVHV�ZKHQ�WKH�
databases themselves are accessible. So it was intended that ArcheoInf would integrate individual site 
databases into a single, easily-accessed database, and thereby provide a service similar to others which 
have already been successful elsewhere (notably the UK and Ireland). 'HYHORSPHQW�RI�$UFKHR,QI�KDV�EHHQ�
KLQGHUHG�E\�DQ�XQH[SHFWHG�SUREOHP�LQ�WKH�IRUP�RI�D�ODFN�RI�ZLOOLQJQHVV�RQ�WKH�SDUW�RI�SURVSHFWLYH�XVHUV�WR�
submit data that can be imported into our database, not even for testing purposes (i.e. to see if the import 
and search processes work). Thus we face a vicious circle: we can’t test the system because we don’t have 
DQ\�GDWD��DQG�LW�LV�GL̇FXOW�WU\LQJ�WR�DWWUDFW�SURVSHFWLYH�XVHUV�LI�ZH�FDQ¶W�VKRZ�WKH�V\VWHP�LQ�RSHUDWLRQ��
So technical problems aside, development has been delayed because of the need to create “synthetic data” 
which simulates results.So the question is: why should something so useful and so obviously necessary be 
VR�GL̇FXOW�WR�LPSOHPHQW"�:K\�DUHQ¶W�DUFKDHRORJLVWV�LQWHUHVWHG�LQ�EHQH¿WLQJ�IURP�³GLJLWDO�KXPDQLWLHV´"�
The presentation considers a number of answers to these questions, and a number of ways the problems 
they represent might be overcome.

.H\ZRUGV��
'DWDEDVHV��0XOWLGLVFLSOLQDU\�&RRSHUDWLRQ��,QVWLWXWLRQDO�,QIUDVWUXFWXUH��0HWDSK\VLFV
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Hochschule Bochum,

• Universitätsbibliothek Bochum,

• /HKUVWXKO�I�U�6RIWZDUHWHFKQRORJLH�LQ�GHU�)DNXOWlW�
für Informatik der Technischen Universität 
Dortmund,

• Universitätsbibliothek Dortmund.

ArcheoInf2 (cf. Carver, Lang, and Türk 
2012) is intended  to provide a long-term data 
repository combining primary archaeological 
GDWD� UHFRUGHG� GXULQJ� VXUYH\V� RU� H[FDYDWLRQV�
undertaken by German university departments 
of Classical Archaeology. As such it might be 
compared to the $'6 in the UK3, '$16 in 
the Netherlands4, ,$186 in Germany or W'$5 
in the USA.5� 7KH�PDMRU� GL̆HUHQFH� EHLQJ� WKDW��
ZKHUHDV� $'6 stores documents, ArcheoInf 
aggregates data from any number of databases 
LQ�D�QHZ�GDWDEDVH�� WKHUHE\�HQDEOLQJ� LQWHU�VLWH�
queries (the STAR project6 may provide a closer 
analogy).

We have been facing unforeseen consequences 
RI� WKH� IDFW� WKDW�� ZKHQ� GHYHORSLQJ� $UFKHR,QI�� ZH�
EHOLHYHG� WKH�XWLOLW\�RI�RXU�SURMHFW�ZDV�VHOI�HYLGHQW��
ZH� GLG� QRW� WDNH� LQWR� DFFRXQW� WKH� IDFW� WKDW� ZH� DUH�
DUFKDHRORJLVWV� ZKR� IHHO� FRPIRUWDEOH� ZLWK� ERWK�
FRPSXWHUV�DQG�DUFKDHRORJ\��:H�DOVR�GLG�QRW�H[SHFW�
WKDW�FRPPLWPHQW�IURP�SRWHQWLDO�SDUWLFLSDQWV�ZRXOG�
EH� GL̇FXOW� WR� VHFXUH� DIWHU� LQLWLDO� H[SUHVVLRQV� RI�
LQWHUHVW��QRU��JLYHQ�WKH�ODFN�RI�UHDO�GDWD��WKH�GHOD\V�
caused by the need to create synthetic data (cf. May, 
Binding, and Tudhope 2011, 114) both to get the 
V\VWHP�UXQQLQJ�DQG� WR� VKRZ�ZKDW� WKH� UHVXOWV� ORRN�
like.

$� UHODWHG� UHOXFWDQFH� IRU� DQ\RQH� WR� DOORZ�
³WKHLU´� GDWD� WR� EH� SXEOLVKHG� UHÀHFWV� D� SURSULHWDU\�
interest. Although the present study considers 
DQ� H[DPSOH� IURP� *HUPDQ\�� $GDP� 5DELQRZLW]�
(personal communication) noted that this problem 
is also common in the US, thus suggesting that it 

�� ZZZ�DUFKHRLQI�GH
�� KWWS���DUFKDHRORJ\GDWDVHUYLFH�DF�XN�
�� KWWS���ZZZ�LDQXV�IG]�GH�
�� KWWS���ZZZ�WGDU�RUJ�
�� KWWS���K\SHUPHGLD�UHVHDUFK�JODP�DF�XN�NRV�VWDU�

PLJKW� EH� D� YDULDQW� RQ� WKH� ZLGHVSUHDG� SUREOHP� RI�
unpublished data that Brian Fagan (1996) labelled 
“Archaeology’s Dirty Secret” (cf. Richards, Winters, 
and Charno 2011, 146). 

The use of modern computer technology 
ULVNV� PDNLQJ� WKLV� SUREOHP� ZRUVH� �FI�� Berggren 
and Hodder 2003, 425, &DUYHU� ������� DOWKRXJK�
WKH� PHGLD� XVHG� IRU� FROOHFWLQJ�� VWRULQJ� DQG�RU�
disseminating data have changed, as has (to some 
GHJUHH��WKH�LQVWLWXWLRQDO� ODQGVFDSH��QHZ�DLPV�KDYH�
\HW� WR� EH� ZLGHO\� UHFRJQLVHG�� 6LQFH� DUFKDHRORJLVWV�
have a duty to both the public and their professional 
peers to make data available, “such concerns cannot 
justify the long-term secreting of archaeological 
information” (cf. Hodder 2000a, 8). And yet… even 
members of the Çatalhöyük team have discussed the 
impact making data openly accessible might have 
RQ� DFDGHPLF� FDUHHUV�� VWXGHQWV� ZKR� XVHG� WR� ZRUN�
IRU� ORZ� ZDJHV� LQ� H[FKDQJH� IRU� DFFHVV� WR� PDWHULDO�
for a thesis or dissertation can no longer take that 
for granted (cf. Hodder 1999, 2000a, 8, Hamilton 
���������, 5DELQRZLW]�DQG�6HGLNRYD����������). It 
has also been suggested (Moreno Escobar 2012) 
that researchers might think of their data in terms 
RI�D�FDSLWDO�LQYHVWPHQW��WKH�RQO\�WKLQJ�WKDW�LV�WKHLUV��
ZKLFK� WKH\� FDQ� WDNH� IURP� RQH� ORZ�ZDJH� MRE� WR�
another.

The present study frames these problems 
LQ� WHUPV� RI� PHWDSK\VLFDO� GLYLVLRQV� EHWZHHQ�
archaeologists and IT-technicians (i.e. computer 
³JHHNV´�RU�³QHUGV´���ZKLFK�LV�LQ�WXUQ�D�PDQLIHVWDWLRQ�
RI� WKH� RQJRLQJ� FRQÀLFW� RYHU� WKH� DLPV� RI� WKH�
GL̆HUHQW� VXE�GLVFLSOLQHV� RI� DUFKDHRORJ\� �¿QGV��
faunal, geoarchaeology, etc.). Any number of 
DUFKDHRORJLVWV� KDYH� FULWLFLVHG� ZKDW� WKH\� SHUFHLYH�
to be a “fragmentation” most evident in the divide 
VHSDUDWLQJ� WKHRUHWLFDO� DQG� ³¿HOG´� DUFKDHRORJ\�
H[WHQGLQJ� WR� WKH� OHYHO� RI� WHUPLQRORJ\� �FRPSDUH�
.XKQ����������������

� 'HVSLWH� DWWHPSWV� WR� EUHDN� GRZQ� WKHVH�
barriers… each subsystem realm is developing 
its own vocabulary which is fast becoming 
LQFRPSUHKHQVLEOH� WR� VSHFLDOLVWV� LQ� RWKHU� ¿HOGV��
Much of the literature, teaching and research in 
archaeology is divided along these lines. There is 
a need for integration, which would be the logical 
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UHVXOW� RI� D� V\PEROLF� DQG� µFRQWH[WXDO¶� DUFKDHRORJ\�
(Hodder 1992, 27).

6XFK�GLVFLSOLQDU\�³IUDJPHQWDWLRQ´�LV�QRW�QHZ��
and it can be argued that – pace Clarke (1973, 18) – 
DUFKDHRORJ\�ZDV�QHYHU�³RQH�GLVFLSOLQH�´

+RGGHU¶V�FDOO�IRU�D�³V\PEROLF�DQG�µFRQWH[WXDO¶�
archaeology” echoes other calls for revolution 
(derived, perhaps, from Thomas Kuhn’s concept of 
“incommensurability.”7�7KH�HPSKDVLV�RQ� ³FRQWH[W´�
DQG� ³UHÀH[LYLW\´� DUH� LQ� VRPH� ZD\V� UHPLQLVFHQW� RI�
'DYLG�&ODUNH¶V�IRFXV�RQ�PHWDSK\VLFV��EXW�LQVWHDG�RI�
“fragmentation” Clarke (1973, 11) argued that “the 
highly cellular structure of traditional archaeology” 
inhibits� UHYROXWLRQDU\� FKDQJH� ³E\� FRQ¿QLQJ� HDFK�
GLVFRQIRUPLW\�WR�D�ORFDOL]HG�FRPSDUWPHQW�´

Whether such “fragmentation” promotes or 
inhibits change is ultimately less relevant than the 
problem that “fragmentation” is occurring despite 
WKH� XVH� RI� GDWDEDVHV� LQWHQGHG� WR� EUHDN� GRZQ�
³EDUULHUV´�EHWZHHQ�YDULRXV�¿HOGV�RI�LQIRUPDWLRQ��WKH�
Members of the Ardnamurchan Transitions Project 
>������ ���@� QRWHG� WKH� GLYLVLRQV� EHWZHHQ� WKRVH�
ZKR� DUH� RU� DUH� QRW� FRPSXWHU� OLWHUDWH� SHUSHWXDWHV�
³WUDGLWLRQDO�KLHUDUFKLHV´��FI��+DPLOWRQ������������

7KLV�SDSHU�LV�DERXW�WU\LQJ�WR�XQGHUVWDQG�ZKDW�
ZHQW�ZURQJ� LQ�RXU�DWWHPSWV� WR�bridge disciplinary 
domains, to act as an interface� EHWZHHQ� FRPSXWHU�
“nerds” and archaeologists.

2. 3UHOLPLQDU\� &RQVLGHUDWLRQV� RI�
$UFKDHRORJLFDO�0HWDSK\VLFV

'HVSLWH� KDYLQJ� D� EDG� UHSXWDWLRQ� ZLWK� PRVW�
VFLHQWLVWV� �FI�� 6WHSKHQVRQ� ������ �������� ZH� DOO�
XVH� PHWDSK\VLFV� XQGHU� GL̆HUHQW� ODEHOV�� ([SOLFLW�
references to metaphysics have been rare in 
DUFKDHRORJ\�� H[FHSWLRQV� LQFOXGH�&ODUNH� ������� DQG�
0HO]WHU���������

Aristotle’s metaphysical causes provide a 
FRQYHQLHQW� H[DPSOH�� ERWK� EHFDXVH� WKH\� DOORZ�
maintaining terminological and schematic 
FRQVLVWHQF\� ZLWK� ODWHU� VFLHQWL¿F� H[SODQDWLRQ��
DQG� EHFDXVH� WKH\� SURYLGH� D� IUDPHZRUN� ±� RU� D�

�� $OWKRXJK� DVVRFLDWHG� ZLWK� .XKQ�� +DFNLQJ� ������� ���� QRWHG�
WKDW�FUHGLW�VKRXOG�DOVR�EH�DVVRFLDWHG�ZLWK�)H\HUDEHQG��FI��.XKQ�
�����������)H\HUDEHQG������������HWF�

metalanguage� ±� IRU� H[SOLFLWO\� ODEHOOLQJ� SDUWV� RI� D�
SURFHVV��PDWHULDOV��DLPV��DQG�PHDQV�

$ULVWRWOH� ������������� >9�L�LLL�� ����D�����D@��
LGHQWL¿HG� IRXU� FDXVHV�� PDWHULDO�� IRUPDO�� ḢFLHQW�
DQG�¿QDO��$V�DQ�H[DPSOH��LPDJLQH�VRPHRQH�ZDQWV�WR�
make a statue of Aristotle. The “material cause” is the 
PDWHULDO� VRPHWKLQJ� LV�PDGH� RI��PDUEOH��ZRRG� DQG�
EURQ]H�DOO�QHHG�WR�EH�ZRUNHG�GL̆HUHQWO\�LQ�RUGHU�WR�
PDNH�D�VWDWXH��DQG�WKH�UHVXOWV�ZLOO�GL̆HU�DFFRUGLQJO\��
The “formal cause” is the set of processes employed 
IRU� WUDQVIRUPLQJ� WKH� UDZ� PDWHULDO� LQWR� D� ¿QLVKHG�
SURGXFW�� 7KH� ³ḢFLHQW� FDXVH´� LV� WKH� IRUFH� WKDW�
FKDQJHV� VRPHWKLQJ�� WKH� VFXOSWRU� �0LFKHODQJHOR�
RU� 3LFDVVR"�� DSSO\LQJ� VNLOOV� DQG� NQRZOHGJH� WR�
transform these materials in order to achieve a goal, 
ZKLFK�LV�WKH�VWDWXH�RU�³¿QDO�FDXVH�´

$�PRUH�DUFKDHRORJLFDO�H[DPSOH�ZRXOG�LQFOXGH�
WKH� GL̆HUHQW� W\SHV� RI� WRROV� RU� EXLOGLQJV� WKDW� FDQ�
EH�PDGH� IURP� D� JLYHQ�PDWHULDO� �L�H�� VWRQH�� EURQ]H�
or iron). Similarly, the results of archaeological 
UHVHDUFK� ZLOO� EH� GL̆HUHQW� LI� WKH� GRFXPHQWDWLRQ� LV�
recorded on paper than if it is recorded digitally (i.e. 
³WKH�PHGLXP�LV�WKH�PHVVDJH´��

(DFK� UHFRUGLQJ� PHGLXP� �WH[W, digital and 
still photography, video and audio) forces 
an DUFKDHRORJLVW� WR� WDNH� D� GL̆HUHQW� DQJOH�
from which to observe and discuss the subject 
(Stevanovic 2000, 238).

,GHDOO\�� WKH� PRVW� ḢFLHQW� DFWLRQ� ZRXOG� XVH�
WKH�EHVW�PDWHULDO�IRU�D�JLYHQ�WDVN��EXW�ZH�DUH�DOPRVW�
DOZD\V�IRUFHG�WR�FRPSURPLVH��)H\HUDEHQG�������[L��
FI��/pYL�6WUDXVV�>��������@�RQ�³EULFRODJH´��

Metaphysics helps construct a narrative, as 
VKRZQ� E\� FRPSDULQJ� $ULVWRWOH¶V� PHWDSK\VLFV� ZLWK�
the literary critic Kenneth Burke’s “dramatistic 
SHQWDG´��������[Y��

¿YH� WHUPV� WKDW� FRQVWLWXWH� WKH�JUDPPDU�RI�DFWLRQ��
the act itself; the agent performing it; the means or 
agency used; the scene��RU�FRQWH[W��DQG�WKH�purpose 
RI�WKH�DFWLRQ��/\QH�����������>RULJLQDO�HPSKDVLV@��

7KH� ¿YH� WHUPV� RI� %XUNH¶V� SHQWLDG� DQVZHU�
FRPPRQ� TXHVWLRQV� DQ\� QDUUDWLYH� VHHNV� WR� DQVZHU��
what action took place, who did it, how did they do 
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it, where, and why? Burke represents an advance 
on Aristotle because of his inclusion of location 
�ZKHUH�VFHQH���ZKLFK��LQ�DUFKDHRORJ\��LV�LPSRUWDQW�
IRU� TXHVWLRQV� RI� SURYHQLHQFH� DQG�RU� SURYHQDQFH�
�ZKHUHDV� LQ�PRVW� VFLHQFHV�� WKHRUHWLFDOO\� ³ZKHUH´� D�
JLYHQ�H[SHULPHQW�WDNHV�SODFH�VKRXOG�QRW�SOD\�D�UROH�
in the results, so long as all the other conditions 
remain constant, archaeology is largely concerned 
ZLWK� ZKDW� 3HWULH� >������ ��@� ODEHOOHG� WKH� ³PDLQ�
HYLGHQFHV� RI� SRVLWLRQ��� ,W� VKRXOG� EH� REYLRXV� ZK\�
WKLV� FRQFHSW� FRXOG� EH� HTXDWHG�ZLWK�PHWDGDWD� LQ� D�
FRPSXWLQJ� HQYLURQPHQW�� DQG� ³UHÀH[LYH� PHWKRGV´�
(cf. Hodder 1997, 1999, 2000b, etc.)

Archaeology is further complicated by the fact 
WKDW�LW�KDV�D�GRXEOH�QDUUDWLYH��FI��%LQIRUG������������
ZH� QHHG� WR� FRQVLGHU� ERWK� WKH� PHWDSK\VLFV� RI� WKH�
events in the past and those of the archaeological 
investigation. In that sense archaeology is like a 
detective novel (cf. Frank 1989), in that one narrative 
arc tells of the detection (by Sherlock Holmes, Miss 
Marple, etc.), the other the crime (cf. McLuhan 
�����������%ODLVH����������).

Francis Bacon’s “idols” (������ ������� FI��
-DUGLQH� ������ [L[�[[) provide more nuanced 
H[WHQVLRQV�WR�$ULVWRWOH¶V�³PDWHULDO�FDXVH�´�+LV�,GROV�
of the Tribe, Cave, Marketplace and Theatre refer, 
respectively, to constraints imposed by biological 
OLPLWDWLRQV� �ZH� QHHG� WHOHVFRSHV�� PLFURVFRSHV� DQG�
;�UD\V� WR� H[WHQG� RXU� UDQJH� RI� YLVLRQ�� FI�� )UHXG�
1930, 47-50, McLuhan 2003, 48-49, Tucker 2005, 
���� SHUVRQDO� H[SHULHQFH�� ODQJXDJH�MDUJRQ�� DQG�
institutions (or tradition).

2XU� SUREOHPV� ZLWK� ArcheoInf DOVR� UHÀHFW�
WKH� QHHG� WR� UHFRQFLOH� WZR� SDUDOOHO� PHWDSK\VLFDO�
VWUXFWXUHV�� WKH� DVVXPSWLRQV�� H[SHULHQFH�� ODQJXDJH��
traditions and goals of archaeology on the one hand 
and those of computing on the other. Hodder’s 
criticism of “fragmentation” raises the additional 
problem that subdisciplinary specialisation, jargon 
DQG�³WUDGLWLRQDO´�GLYLVLRQ�RI�ODERXU�OHDG�WR�GL̆HUHQW�
– and limited – aims, and overlooks the fact that 
DUFKDHRORJ\� KDV� QHYHU� ³XQL¿HG�´� $UFKDHRORJ\�
has always been divided by on-site division of 
ODERXU� �SKRWRJUDSKHU�� H[FDYDWRU�� GUDXJKWVSHUVRQ��
VXUYH\RU�� ¿QGV� VSHFLDOLVW�� HWF��� FI�� &ROOLV� ������ ���
����������>)LJ������@ IRU�D�KLVWRULFDO�RYHUYLHZ���DQG�
further divided by specialisations (faunal [further 
VXEGLYLGHG� LQWR� H[SHUWLVH� RQ� PLFUR�PDFURIDXQD@��

ÀRUD�� GHQGURFKURQRORJ\�� JHRDUFKDHRORJ\�� UHJLRQ�
DQG�RU�SHULRG��HWF����:RUGVZRUWK��������FRQWUDVWHG�
WKH� ³XQOHWWHUHG� SORXJKER\´�ZKR� IRXQG� DQ� DUWLIDFW��
WKH�DQWLTXDU\�ZKR�VWXGLHV�LW��DQG�WKH�³EDUG´�ZKRVH�
interpretation brings it alive.

The limited results of limited aims are often 
“fragmented” – poorly integrated – since, if you’re 
WRR� VSHFLDOLVHG�� LW� LV� HDV\� WR� ORVH� WUDFN� RI� WKH� ¿QDO�
FDXVH��ZK\�ZH�GR�VRPHWKLQJ��RU�ZKDW�DQ\RQH¶V�SODFH�
LV�ZLWKLQ� WKH� DUFKDHRORJLFDO� SURFHVV��7KH�SRWHQWLDO�
consequences of such divisions are illustrated by the 
GL̆HUHQFHV�EHWZHHQ�KRZ�IDUPHUV�DQG�DUFKDHRORJLVWV�
have adopted technology in the almost 200 years 
VLQFH� :RUGVZRUWK� ZURWH� KLV� SRHP�� :KLOH� VRPH�
of today’s “unlettered ploughboys” drive tractors 
HTXLSSHG� ZLWK� *36� DQG� *,6��PDQ\� DUFKDHRORJLVWV�
VWLOO�ZRUN�ZLWK�WURZHO��SDSHU��DQG�SLHFHV�RI�VWULQJ�

6LQFH�FRPSXWHUV�ZHUH�VXSSRVHG�WR�UHFWLI\�WKLV�

 – The electronic ages seems to be abolishing the 
fragmented and specialist form of work called jobs 
and restoring us to the non-specialized and highly 
involved form of human dedication called roles 
�0F/XKDQ�����������±

the best solution to problems of 
“fragmentation” might be better database 
PDQDJHPHQW��$UFKDHRORJLVWV�KDYH�DOZD\V�UHFRJQLVHG�
WKDW�³ZH�KDYH�WR�KDYH�D�NLQG�RI�LQWHJULW\�PRVW�¿HOGV�
don’t need. I need your data, and you need mine” 
�)ODQQHU\�������������QRZ�WKDW�ZH�KDYH�WR�WKLQN�RI�
our goals in terms of publishing databases, spread 
VKHHWV�� HWF��� RQOLQH�� ZKHUH� ³FHOOXODU� LVRODWLRQ� LV� QR�
ORQJHU�SRVVLEOH�HYHQ�ZHUH�LW�GHVLUDEOH´��&ODUNH�������
���� FI�� %DFNKRXVH� ������ ����� UHFRJQLWLRQ� RI� VXFK�
“fragmentation” should lead to an emphasis on 
UHÀH[LYH�PHWKRGV�DQG�PHWDGDWD�

7KLV� UDLVHV� TXHVWLRQV� RI� ZKDW� ZH� ZDQW� WR�
SXEOLVK��DQG�KRZ�ZH�PDNH�RXU�GDWD�DYDLODEOH�WR�RWKHU�
researchers. “Before future LEAP-style publications 
FDQ�EH�SURGXFHG�´�IRU�H[DPSOH��

a shift in the way archaeologists prepare, create 
and think about data must occur. Traditionally 
the archive has been something of an afterthought, 
SLHFHG�WRJHWKHU�DIWHU�WKH�¿HOGZRUN LV�¿QLVKHG��,I�WKH�
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archive becomes part of the publication, however, 
more care from the outset of an archaeological 
project must be taken with regards to data creation. 
This means that full metadata and documentation 
of the data must be created. Putting the raw 
data alongside the publication may force data 
producers to take more care in creating their data. 
Archaeologists can sometimes create data knowing 
that few outside the project will ever see it. This 
QHZ� H[SRVXUH� ZLOO� KRSHIXOO\� IRUFH� DUFKDHRORJLVWV�
to break the uneven data management habits that 
KDYH�KLVWRULFDOO\�D̈LFWHG�WKH�GLVFLSOLQH��5LFKDUGV��
:LQWHUV��DQG�&KDUQR�������������

The need to change the “material” by adding 
³IXOO�PHWDGDWD´�UHÀHFWV�QHZ�DLPV��³¿QDO�FDXVH´��DQG�
altered H̆HFWLYH cause (addressing “uneven data 
management habits”).

3. )HHGEDFN

One of the factors contributing to our 
SUREOHPV� ZLWK� ArcheoInf� LV� VRPHWKLQJ� ZH� FDOO�
Technofrust�� ³IUXVWUDWLRQ� ZLWK� WHFKQRORJ\�´�
Technofrust derives in part from of a sense of 
GLVDSSRLQWPHQW��D�FRQVHTXHQFH�RI�K\SH�KDYLQJ�OHG�
WR� XQUHDOLVWLF� H[SHFWDWLRQV� RI� ZKDW� FRPSXWHUV� FDQ�
GR��7KLV�GLVDSSRLQWPHQW�PXVW��KRZHYHU��EH�EDODQFHG�
DJDLQVW� WKH� VRPHWLPHV� OLPLWHG� H[SHFWDWLRQV� RI�
SHRSOH� XQIDPLOLDU� ZLWK� DUFKDHRORJLFDO� FRPSXWLQJ�
(cf. Varytimiadis, Kakargias, and Stergiopoulou 
������ ������ $� ODFN� RI� GRFXPHQWDWLRQ�� EDFNXS� RU�
XSGDWH� VWUDWHJ\� �RXWGDWHG� ¿OH� IRUPDWV� RQ� REVROHWH�
recording media) for the databases collected for 
ArcheoInf indicated that they had been put together 
E\� DUFKDHRORJLVWV� ODFNLQJ� H[SHUW� NQRZOHGJH� ZKR�
had never intended to create anything other than 
limited, short-term tools for creating lists (such as 
¿QGV�LQYHQWRULHV��RU�GRLQJ�IDLUO\�VXSHU¿FLDO�DQDO\VLV�

A common response from prospective users 
ZDV�WKDW�D�ORW�RI�VRIWZDUH�LV�XQQHFHVVDULO\�FRPSOH[��
6RIWZDUH� RIWHQ� VHHPV� WR� KDYH� EHHQ� GHVLJQHG� E\�
FRPSXWHU�³QHUGV´�ZKR�ZDQW�WR�LPSUHVV�RWKHU�QHUGV�
ZLWK� MXVW�KRZ�FOHYHU� WKH\�DUH��0DQ\� ³UHDO´�SHRSOH��
KRZHYHU�� MXVW� ZDQW� VRPHWKLQJ� WKDW� ZRUNV� DQG� LV�
HDV\� WR� XVH�� WKH\� GR� QRW� ZDQW� DQ\WKLQJ� FRPSOH[�
ZLWK� D� ORW� RI� H[WUDV� DQG� VSHFLDO� H̆HFWV� WKDW� WKH\�
can’t imagine ever needing. This suggests that 
programmers should not force users to confront 

a lot of unnecessary gimmicks. We believe that a 
VLPSOH��XVHU�IULHQGO\�EXW� UREXVW�GHVLJQ�ZLOO�DWWUDFW�
XVHUV�DQG�ZLQ�WKHLU�FRQ¿GHQFH�

([SHULHQFH� KDV� DOVR� VKRZQ� WKDW� ±� RQFH� WKH\�
KDYH�PDVWHUHG�WKH�EDVLFV�±�FRPSXWHU�XVHUV�ZLOO�¿QG�
that a good system eventually becomes indispensable, 
DQG�WKH\�ZLOO�ZDQW�WR�GR�PRUH��LW�WKHUHIRUH�KHOSV�LI�
HYHU\WKLQJ�LV�EXLOW�RQ�D�UREXVW�IRXQGDWLRQ�ZKLFK�FDQ�
EH� H[SDQGHG� DV� QHFHVVDU\�� 7KHUH� LV� QRWKLQJ�PRUH�
IUXVWUDWLQJ� WKDQ� LQYHVWLQJ� WLPH��H̆RUW�DQG�H[SHQVH�
LQ�DGRSWLQJ�D�JLYHQ�V\VWHP��WUDLQLQJ�VWD̆��HWF���RQO\�
WR�UHDFK�D�GHDG�HQG��WKH�VRIWZDUH�LV�REVROHWH��FDQ�QR�
longer be read by updated versions, etc.).

$QRWKHU� SUREOHP� LV� WKDW�� ZKLOH� RXU�
documentation and storage media have changed, 
the institutional infrastructure essentially has not. 
$Q\�QXPEHU�RI�SHRSOH��$QRQ\PRXV����������/\QFK�
2008, 28, etc.) have argued that – as goals change – 
funding needs to be linked to the production of data 
ready for archiving and for the costs of long-term 
DUFKLYDO�VWRUDJH��FI��+RZH�HW�DO���������������/\QFK�
2008, 28 etc.).

%XW� HYHQ� WKHQ�� ZKHQ� WKH� LQIUDVWUXFWXUH� LV� LQ�
SODFH��ZH�VWLOO�KDYH�WR�HGXFDWH�LQGLYLGXDO�UHVHDUFKHUV�
about why� WKH\� QHHG� WR� GR� WKDW� H[WUD� ZRUN��
$UFKDHRORJLVWV� GR� PRUH� WKDQ� MXVW� H[FDYDWH� DQG�
RU� SXEOLVK� MRXUQDO� DUWLFOHV� DQG�PRQRJUDSKV�� VRPH�
QRZ� H[SHFW� WR�PDNH� RXU� GDWD� DYDLODEOH� IRU� XVH� LQ�
3RZHU3RLQW�SUHVHQWDWLRQV�RU�RQOLQH��HWF���EXW�PDQ\�
still seem to perceive computer usage as something 
REOLJDWRU\��7KXV�³GDWD�H[FKDQJH�ZLWK�UHSRVLWRULHV�LV�
SUHGRPLQDQWO\�D�RQH�ZD\�SURFHVV��LW�LV�FRPSXOVRU\�
WR�GHOLYHU�¿QGV�GRFXPHQWDWLRQ� WR� WKH� UHSRVLWRULHV��
but there is very little demand for digital data 
coming from the repositories” (Verhagen, Sueur, 
DQG�:DQVOHHEHQ�������������DQG�LW�LV�WR�EH�H[SHFWHG�
WKDW�SRWHQWLDO�XVHUV�ZLOO�EH�UHOXFWDQW�WR�LQYHVW�WLPH�
and energy in designing or learning to use a better 
GDWDEDVH��DQG� WKHQ� LQYHVWLQJ�PRUH� WLPH�DQG�H̆RUW�
HQWHULQJ� GDWD�ZKLFK�ZLOO� QRW� EH� RI� DQ\� LPPHGLDWH�
DQG�RU�REYLRXV�XVH��7KLV�LV�UHÀHFWHG�E\�WKH�IDFW�WKDW�
WKRVH� ZKR� OHDG� UHVFXH� H[FDYDWLRQV� DUH� RIWHQ� RQO\�
obliged to submit data to a state service for storage 
LQ� D� FHUWDLQ� IRUPDW� ±� DIWHU� ZKLFK� LW� HVVHQWLDOO\�
GLVDSSHDUV�� LQ� PDQ\� FDVHV� WKH� H[FDYDWRUV� PLJKW�
never see it again (cf. Hamilton 2000, 123-126��
0D\������������<DPLQ�����������HWF�) – and rarely 
SHUIRUP� DQ\WKLQJ� PRUH� WKDQ� WKH� PRVW� VXSHU¿FLDO�
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analysis. A GIS might be used to produce maps for 
SUHVHQWDWLRQ�� RU� D� SURJUDP�PLJKW� GUDZ� DQG� SULQW�
D� +DUULV� 0DWUL[�� EXW� WKH� 0DWUL[� LWVHOI� ZLOO� QRW� EH�
analysed further (&KDGZLFN�����). 

We believe that archaeologists have 
not yet created the demand – have not yet 
UHDFKHG�D�FULWLFDO�PDVV�±�ZLWKRXW�ZKLFK� WKHUH�
is no incentive to do more than just invest the 
PLQLPXP� RI� H̆RUW� UHTXLUHG� LQ� WKH� ZULWLQJ� RI�
REOLJDWRU\�UHSRUWV�

� D� GL̇FXOW� VWHS� LV� FRQYLQFLQJ� PHPEHUV� WR�
H[FKDQJH�WKH�GDWD�ZLWK�RWKHUV��7KH�PRUH�PHPEHUV�
�RI�PRUH� GL̆HUHQW� GLVFLSOLQHV�� MRLQ�� WKH� EHWWHU� WKH�
JOREDO� UHVHDUFK� �(FNNUDPPHU�� )HOGEDFKHU�� DQG�
(FNNUDPPHU�����������

This “more the merrier” attitude mirrors our 
observation that a certain amount of data must be 
DYDLODEOH� WR� VKRZ� WKDW� WKH� LQYHVWPHQW� LQ� WLPH� DQG�
H̆RUW�ZLOO�\LHOG�ZRUWKZKLOH�UHVXOWV��7KXV�WKH�QHHG�WR�
create “synthetic” data (a problem also encountered 
E\�0D\��%LQGLQJ��DQG�7XGKRSH�>����@��QRW�RQO\� WR�
test ArcheoInf� IRU� IXQFWLRQDOLW\�� EXW� DOVR� WR� VKRZ�
WKDW�WKH�SURMHFW�LV�QRW�D�ZDVWH�RI�WLPH�

:H�QHHG�WR�¿QG�D�EDODQFH�EHWZHHQ “customer 
LV� DOZD\V� ULJKW´� DQG� D� FRPSXWHU� H[SHUW� SURYLGLQJ�
LQIRUPHG�JXLGDQFH��%HLQJ�DZDUH�RI�±�LI�QRW�H[SOLFLWO\�
modelling parallel metaphysical assumptions – 
KHOSV�PDNH�WKHVH�GL̆HUHQFHV�H[SOLFLW��DQG�WKXV�KHOSV�
ZLWK� WKH� WUDQVODWLRQ�.XKQ� ������������DUJXHG�ZDV�
necessary for overcoming “incommensurability.”

4. 7KH�*HUPDQ�4XHVWLRQ

This process of fragmentation is accentuated 
ZKHQ�� GHVSLWH� FODLPV� WKDW� ³DUFKDHRORJ\� LV� RQH�
discipline” (Clarke 1973, 18), the domain is already 
strongly divided, as is the case in Germany.

*HUPDQ\� SURYLGHV� D� JRRG� H[DPSOH� SDUWO\�
because, as Ian Hodder noted (1999, 9, cf. Taylor 
������ �������� ³LW� LV�ZLGHO\� UHFRJQL]HG� WKDW�*HUPDQ�
DUFKDHRORJLVWV�GLJ�ZLWK�D�GL̆HUHQW�PHWKRG�´�SDUWO\�
because the history of German Archäologie may 
DOUHDG\� EH� VRPHZKDW� IDPLOLDU� WR� DQ� LQWHUQDWLRQDO�
audience, but largely because – unlike French or 
Scandinavian archaeologies – German Archäologie 

provides a clear contrast to the Anglo-American 
PRGHO� LQFOXGHG� LQ� PDQ\� LQWURGXFWRU\� WH[WERRNV�
DQG� KLVWRULHV� �L�H�� %DKQ� >����@� DQG�7ULJJHU� >������
����@���HWF�

%ULWLVK� GH¿QLWLRQV� RIWHQ� HPSKDVLVH� WKH� IDFW�
that, historically, prehistoric archaeology has been 
the purest�IRUP�RI�%ULWLVK�DUFKDHRORJ\�

 Archaeology is that branch of science which 
is concerned with past phases of human culture; in 
SUDFWLFH� LW� LV� FRQFHUQHG�PRUH��EXW�QRW�H[FOXVLYHO\��
with early and prehistoric phases than with those 
illustrated by written documents (Crawford 1960, 
15).

,Q� WKLV� HTXDOO\� H[WUHPH� *HUPDQ� H[DPSOH��
Archäologie� LV�GH¿QHG�DV�WKH�VWXG\�RI�WKH�PDWHULDO�
heritage of ancient cultures of the Mediterranean 
DUHD�

 so lässt sich Archäologie bestimmen als die 
:LVVHQVFKDIW� YRP� PDWHULHOOHQ� (UEH� GHU� DQWLNHQ�
.XOWXUHQ� GHV� 0LWWHOPHHUUDXPHV� �1LHPH\HU� ������
9; cited by Häuber and Schütz 2004, 15-16).

German Archäologie� ±� ZKLFK� FDQ� EH� WUDFHG�
back to Winkelmann and has its roots in art-history, 
and is thus perceived as being more of a “humanity” 
than a “social science” – is and has been associated 
ZLWK�ZKDW�$QJOR�$PHULFDQ�DUFKDHRORJLVWV�FRQVLGHU�
to be the sub-discipline of Classical Archaeology, 
ZKLOH� SUHKLVWRULF� DUFKDHRORJ\� LV� D� VHSDUDWH�
GLVFLSOLQH�ZLWK�VHSDUDWH�XQLYHUVLW\�GHSDUWPHQWV�DQG�
LQVWLWXWHV�� VRFLHWLHV�� HWF��� NQRZQ� HLWKHU� DV�Ur- und 
)U�KJHVFKLFKWH�or 9RU��XQG�)U�KJHVFKLFKWH.

7KH� VLJQL¿FDQFH� RI� WKHVH� GLVFLSOLQDU\�
distinctions can be illustrated by attempting to 
translate Binford’s famous adage that “archaeology 
is anthropology or it is nothing” – into German. In 
WKHLU�RYHUYLHZV�RI� DUFKDHRORJLFDO� WKHRU\��%HUQEHFN�
(1997, 37), Veit (1998, 122) and Kümmel (1998, 122) 
do not even try.

Among other things, German Anthropologie 
UHIHUV� WR� ZKDW� $QJOR�$PHULFDQV� NQRZ� DV�physical 
anthropology. And although Binford might be 
right about US-American� DUFKDHRORJ\� �ZKHUH�
archaeology has traditionally been taught as a sub-
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discipline of anthropology), in Britain archaeology 
might be thought of more in terms of being a 
prehistoric H[WHQVLRQ� WR� KLVWRU\�� ZKHUHDV� HDUO\�
&DQDGLDQ�DUFKDHRORJ\�ZDV�RIWHQ�GRQH�E\�JHRORJLVWV�
and published in geological journals (Mackie 1995, 
181).

We generally ignore the fact that the English 
ZRUG� archaeology does not have quite the same 
meaning (it does not cover the same disciplinary 
domain�� DV� WKH�*HUPDQ�ZRUG�Archäologie, or the 
French archéologie, etc. (cf. Deutscher 2011 for a 
UHFHQW� RYHUYLHZ� RI� WKH� UHODWLRQV� EHWZHHQ� ODQJXDJH�
and thought), etc. That PD\� EH� ¿QH� LQ� HYHU\GD\�
GLVFRXUVH��ZKHUH�ZH� FDQ�DOO� DJUHH� WKDW�±�ZKDWHYHU�
ODQJXDJH�ZH¶UH�VSHDNLQJ�±�ZH¶UH�DOO�DUFKDHRORJLVWV��
DQG�ZH�FDQ�ZRUN�RXW�RXU�GL̆HUHQFHV�LQ�WKH�EDU�ODWHU�
RQ«�EXW�ZKDW�KDSSHQV�ZKHQ�ZH�leave the realm of 
the everyday, and enter� WKH�FRPSXWHULVHG�ZRUOG�RI�
cyberspace? 

7KLV� SUREOHP� RI� GH¿QLQJ� RXU� ³GRPDLQ´�
SURYLGHV�D�XVHIXO�H[DPSOH�EHFDXVH�LW�VKRXOG�DOUHDG\�
EH� VRPHZKDW� IDPLOLDU� WR� DQ\RQH� DFTXDLQWHG� ZLWK�
ontologies from building databases and using GIS 
RU� WKH� &,'2&�&50�� ZH� UHFRJQLVH� WKH� EHQH¿WV�
RI� KDYLQJ� FOHDU� GH¿QLWLRQV� RI� DUWHIDFW� FODVVHV� DQG�
PRQXPHQW� W\SHV�� HWF�� �FI�� &ODUNH� ������ ���� %DLQHV�
DQG�%URSK\�������������<HW�VXFK�GLYLVLRQV�H[WHQG�DOO�
WKH�ZD\�GRZQ�WR�DW�WKH�OHYHO�RI�OLVWV�XVHG�WR�GHVFULEH�
soil colour (compare Murray, Roskams, and Spence 
������VXEVHFWLRQ����)LQQHUQ�HW�DO��������������� and 
ROB 1998, 4.2.1.3.1 - 4).

0RUH� VLJQL¿FDQWO\�� LQ� FRQWUDVW� WR� WKH� 8.�
±� ZKHUH� 6LQJOH� &RQWH[W� 3ODQQLQJ� LV� PRUH� RU� OHVV�
standard (as it is in Ireland, France, Slovenia, etc.) 
– German archaeologists use ��� GL̆HUHQW� VHWV� RI�
documentation systems and guidelines (the Federal 
Republic of Germany is divided into 16 States, the 
Bundesländer, and the /lQGHU� are responsible 
IRU� FXOWXUH�� FI��&DUYHU������� Among other things, 
GL̆HUHQW� ODZV� UHJDUGLQJ� SULYDWH� H[FDYDWLRQ� ¿UPV�
means that units have remained small relative to 
their American or British counterparts. Such limited 
mobility results in another type of “fragmentation.” 
This fragmented landscape has also inhibited the 
GHYHORSPHQW�RI�ZKDW�3LWW�5LYHUV������������FDOOHG�³D�
SHUPDQHQW�&RUSV�RI�ḢFLHQW�ZRUNPHQ´��WKH�³FLUFXLW�
diggers” found in the UK, or “shovel bums” in the 
US.

6LQJOH� &RQWH[W�Planning� ZDV� GHYHORSHG�ZLWK�
WKH�LQWHQWLRQ�WKDW�WKH�SHUVRQ�ZKR�H[FDYDWHV�D�JLYHQ�
FRQWH[W�LV�WKH�SHUVRQ�EHVW�VXLWHG�WR�GR�WKH�UHOHYDQW�
GRFXPHQWDWLRQ� �³LQWHUSUHWDWLRQ� DW� WKH� WURZHO¶V�
HGJH´��FI��6SHQFH��������������%HUJJUHQ�DQG�+RGGHU�
�����������

 WKH� SUDFWLFDO� H[FDYDWRU� VKRXOG� DSSUHFLDWH�
more than any other archaeologist the degree to 
which his practice is controlled by his theoretical 
H[SHFWDWLRQV�� DQG� WKHVH� VKRXOG� DFFRUGLQJO\� EH�
DSSURSULDWH«��7KXV�ZLWK�D�PRUH�H[SOLFLW�WKHRUHWLFDO�
DZDUHQHVV�WKH�SUDFWLFDO�H[FDYDWRU�PD\�FRQWULEXWH�
to a qualitative increase in understanding rather 
than simply a quantitative increase in data. In 
any case, practical men who believe themselves to 
EH� TXLWH� H[HPSW� IURP� DQ\� LQWHOOHFWXDO� LQÀXHQFHV�
are… usually the unwitting slaves of some defunct 
theorist (Clarke 1973, 18).

This assumes that H[FDYDWRUV have enough 
³SUDFWLFDO� H[SHULHQFH´� DQG� DUH� VẊFLHQWO\�
“competent,” an assumption that overlooks the roles 
played by training (Clark 1992, 18), “skill” (Lucas 
�����������³VKDUSQHVV�RI�WKH�H\HV´��'URRS�����������
cf. Franken 1984, 17), etc., the reality that many of 
WKH� SHRSOH� ZLWK� VXFK� ³SUDFWLFDO� H[SHULHQFH´� RIWHQ�
VXSHUYLVH� DQG� QR� ORQJHU� H[FDYDWH� �FI�� &KDGZLFN�
������0F$GDP�������(GJHZRUWK������������

7KHQ� DJDLQ�� ³:KDW� LV� H[SHULHQFH"´� �/|QQ�
2012, 69). Another one of Bacon’s “idols.”

In contrast, 0F$QDQ\� DQG� +RGGHU� �������
5-6) refer to methodologies employed in “colonial 
FRQWH[WV´�ZKHUH� ³WKH� VWUDWLJUDSKLF� section� DOORZHG�
control, either of unskilled ‘native’ labourers or 
XQVNLOOHG� ZRUNPHQ�� WKH� XQHPSOR\HG� RU� SULVRQ�
inmates – and later students – in Europe and the 
8QLWHG� 6WDWHV´� ZLWK� the� ³GL̆HUHQW� VRFLDO� FRQWH[W´�
DVVRFLDWHG�ZLWK�XVH�RI�WKH�+DUULV�0DWUL[��³ODUJH�VFDOH�
XUEDQ�H[FDYDWLRQV�LQ�%ULWDLQ�DQG�WKH�HPHUJHQFH�RI�
contract professional archaeology”), etc. A distinct 
division of labour is still the norm on German 
H[FDYDWLRQV�� ZLWK� FOHDU� GLVWLQFWLRQV� EHWZHHQ�
academically-trained archaeologists, technicians 
(Techniker), photographers and surveyors, and the 
often unskilled “Hilfskräfte´� �FI�� 3ODQFN� ������ ���
9/$����������ZKR�GR�PRVW�RI�WKH�GLJJLQJ�
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Has anything realy changed since 
:RUGVZRUWK¶V�WLPH"

Clarke’s critique (1973, 11) of “the highly 
cellular structure of traditional archaeology” 
VXJJHVWV�UHÀH[LYH�PHWKRGV�FRXOG�QRW�HYROYH�ZLWKLQ�
such a “fragmented” environment. Hilfskräfte 
and Technikers do not see the results of their 
contributions, and archaeologists – often having 
OLWWOH� SUDFWLFDO� WUDLQLQJ� RU� H[SHULHQFH�±� DUH� XQDEOH�
to critique methodology. Thus, since no one has 
D� FRPSUHKHQVLYH� RYHUYLHZ� RI� WKH� DUFKDHRORJLFDO�
SURFHVV� IURP� H[FDYDWLRQ� WR� SXEOLVKHG� UHSRUW�� WKH�
“system” lacks a feedback loop that could evaluate 
ZKHWKHU� ZKDW� FRPHV� RXW� DW� RQH� HQG� LV� D� IDLWKIXO�
UHÀHFWLRQ�RI�ZKDW�FDPH�LQ�WKH�RWKHU��UDLVLQJ�WKH�ULVN�
of “garbage in, garbage out”). 

“3XEOLFLW\´��L�H��³WKH�IUHH�H[FKDQJH�RI�VFLHQWL¿F�
NQRZOHGJH´� >.LQJ� HW� DO�� ������ ��@�� ZDV� DQRWKHU�
DVSHFW� RI� WKH�%DFRQLDQ� LGHDO�� ³WKH� H[SRVXUH� WR� WKH�
criticism of others of the evidence and reasoning on 
ZKLFK�WKH�¿QGLQJV�FODLPHG�DUH�EDVHG´�ZDV�YLHZHG�DV�
EHLQJ�³HVVHQWLDO� IRU�YDOLG�VFLHQWL¿F�ZRUN´��4XLQWRQ�
�����������%XW�GLYLGHG�EHWZHHQ����VWDWHV��UHÀHFWLQJ�
the on-site division of labour, etc., archaeological 
SXEOLFDWLRQV� GLUHFWHG� WRZDUGV� D� VPDOO� DXGLHQFH�
IRFXV� GLVFXVVLRQ� RQ� PLQXWLDH�� LW� EHFRPHV� GL̇FXOW�
for archaeologists to talk to computer “nerds,” or for 
any fragment to attain the “critical mass” necessary 
for the feedback loop that Bacon argued leads to 
good science.

6LQFH� LW� LV�XQFOHDU�ZKHWKHU�%DFRQ¶V� LQÀXHQFH�
on British antiquarianism relative to the more 
“humanistic” bent of German-language Archäologie 
ZDV� VLJQL¿FDQW� RU� QRW�� D� PRUH� LPSRUWDQW� LVVXH�
UHODWHG� WR� %DFRQ¶V� LVVXH� RI� ³SXEOLFLW\´� LV� ³ZKR� DUH�
ZH� SXEOLVKLQJ� IRU´"� ,Q� DGGLWLRQ� WR� WKH� ³VSHFLDOLVW�
UHSRUWV´� +RGGHU� FULWLFLVHG�� ZH� KDYH� DOO� WKDW� ³JUH\�
OLWHUDWXUH´�� PDQGDWRU\� UHSRUWV� ZKLFK� DUH� UDUHO\�
accessible (cf. )ODQQHU\�������6QRZ�HW�DO��������

So in that sense a project like ArcheoInf – 
by making data available – faces any number of 
obstacles (Bacon’s “idols of the theatre”).

5. DAI

$� GHYHORSPHQW� ZKLFK� UHFHQWO\� FDPH� WR�
our attention is that the German Archaeological 

,QVWLWXWH� �'HXWVFKH� $UFKlRORJLVFKH� ,QVWLWXW�'$,��
ZLWK� ��� GHSDUWPHQWV� DQG� GLYLVLRQV� ZRUOGZLGH��
LV� IXQGLQJ� UHVHDUFK� LQWR� D� QHZ� SURMHFW� ±� ,$186 
±�ZKLFK� LV� LQWHQGHG� WR� SHUIRUP� WKH� VDPH� WDVNV� DV�
$'6, '$16 or W'$5 (cf. Dally, Fischer, and Schäfer 
2013). Although ,$186� LV� RQO\� QRZ� ODXQFKLQJ� D�
3-year feasibility study, it is our belief that some of 
our prospective “customers” may have decided to 
ZDLW� IRU�,$186�� UDWKHU�WKDQ� LQYHVW� WLPH�DQG�H̆RUW�
ZLWK�ArcheoInf.

In this sense ,$186� represents our 
competition, and competition often leads to better 
UHVXOWV�� ,Q� WKLV� FDVH��KRZHYHU��ZLWK� VXFK�D� VPDOO�±�
and fragmented – market, it might be argued that 
ZH�DUH�OLPLWLQJ�WKH�XVHIXOQHVV�RI�WKH�UHVXOWV�WKURXJK�
“fragmentation.”

This reveals something of the institutional 
ODQGVFDSH�ZKLFK��RQH�PLJKW�WKLQN��LV�QRW�SDUWLFXODUO\�
rational. Funding from the same source (DFG) for 
WZR�SDUDOOHO�±�FRPSHWLQJ�±�SURMHFWV�PD\�QRW�DSSHDU�
WR�PDNH�VHQVH�WR� WKRVH�RI�XV�XVHG�WR�ZRUNLQJ�ZLWK�
OLPLWHG�UHVRXUFHV��EXW�LQ�D�ZD\�LW�GRHV��WKH�JRDO�RI�D�
granting agency such as the DFG is not to determine 
ZKHWKHU�RQH�SURMHFW�LV�EHWWHU�WKDQ�DQRWKHU��RU�HYHQ�
necessarily to ensure that one project reaches a 
successful completion. Rather, the DFG aims to fund 
ZRUWK\� UHVHDUFK�� ,Q� DGGLWLRQ��ZH� KDYH� WR� FRQVLGHU�
the fact that funding is often available for developing 
systems, but not necessarily for their maintenance. 
)RU�H[DPSOH�

 The main reason for the lack of attention 
WR�IDFLOLWDWLQJ�GDWD�H[FKDQJH«�KDV�EHHQ�LQVẊFLHQW�
IXQGLQJ��:KLOH�WKH�V\VWHP�LWVHOI�ZDV�GHYHORSHG�ZLWK�
substantial government support, its maintenance 
budget is very limited (Verhagen, Sueur, and 
:DQVOHHEHQ������������

7KLV� UHLQIRUFHV� WKH� LGHD� WKDW� LW� LV� ZRUWK�
considering not only the cultural but also the 
LQVWLWXWLRQDO� FRQWH[WV� ZLWKLQ� ZKLFK� UHVHDUFK� LV�
performed.

6. &RQFOXVLRQV

7KLV� SDSHU� ZDV� LQWHQGHG� WR� XQGHUOLQH� WKH�
QHHG� WR� FRQWH[WXDOLVH� QRW� MXVW� WKH� SURFHVV� RI� GDWD�
SURGXFWLRQ� LQ� WKH� ¿HOG� �³UHÀH[LYH� PHWKRGV´��� EXW�
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WKH�ZKROH�SURFHVV�RI�DGRSWLQJ�WHFKQRORJ\�ZLWKLQ�RXU�
RZQ� GLVFLSOLQH�� $OWKRXJK� DUFKDHRORJLVWV� VWXG\� WKH�
process of adopting technologies by archaeological 
cultures (i.e. the traditional division of prehistory 
LQWR�WKH�6WRQH��%URQ]H�DQG�,URQ�$JHV���DUFKDHRORJ\�
LWVHOI� LV�QRW�\HW�³UHÀH[LYH´�HQRXJK�WR�FRQVLGHU�KRZ�
WHFKQRORJ\� D̆HFWV� DUFKDHRORJ\�� $WWHQWLRQ� KDV�
EHHQ� GLUHFWHG� WRZDUGV� WKH� DGRSWLRQ� RI� ³UHÀH[LYH�
methods” and metadata, but could be strengthened 
E\� H[SOLFLWO\� FRQVLGHULQJ� PHWDSK\VLFV�� VLQFH� WKLV�
WDSV� LQWR� D� ZLGHU� OLWHUDWXUH� �L�H�� FRPPHQWDULHV� RQ�
Aristotle and Francis Bacon) and recognition that 
SURJUHVV�RFFXUV�ZKHQ�ZH�NQRFN�LGROV�GRZQ��.XKQLDQ�
UHYROXWLRQV�DUH�H[HUFLVHV�LQ�LFRQRFODVP��

This “metaphysical” approach runs the risk of 
RYHUV\VWHPDWLVLQJ�ZKDW�LV�RQO\�D�PRGHO��FI��6DEOR̆��
Binford, and McAnany 1987, 205), a terminological 
IUDPHZRUN� ZKLFK� SURYLGHV� FRQYHQLHQW� ODEHOV� IRU�
SDUWV� RI� D� SURFHVV�� 7KHUH� LV� QR� QHHG�� IRU� H[DPSOH��
WR� FODVVLI\� D� FHUWDLQ� DUFKDHRORJLFDO� WUDGLWLRQ� DQG�
or institution as being a “material,” “formal” or 
³ḢFLHQW´�FDXVH��EHFDXVH�±�GHSHQGLQJ�RQ�WKH�VFDOH�
or focus of causal analysis – something like the 
strongly delineated social hierarchy in German-
language Archäologie can and does play all these 
UROHV�� :LWKLQ� WKH� IUDPHZRUN� RI� V\VWHPV� DQDO\VLV�
it might even be argued that (maintenance of) a 
WUDGLWLRQ�DQG�RU�LQVWLWXWLRQ�LV�LWVHOI�D�³¿QDO�FDXVH´��
this�LV�WKH�WUDGLWLRQ�ZH�VWDUW�ZLWK��this is the tradition 
LQ�ZKLFK�ZH�ZRUN�DQG�ZKLFK�VKDSHV�KRZ�ZH�VHH�DQG�
LQWHUSUHW� WKH� ZRUOG�� and� WKLV� LV� WKH� WUDGLWLRQ� ZH�
seek to maintain (i.e. cultural evolution is governed 
by “system-maintaining and system-destroying 
variables” [+DUULV� ������ ���@�� IRU� D� FRPPHQWDU\�
on the political dimensions of the role homeostasis 
plays in systems analysis, cf. Shanks and Tilley 1987, 
�������ERWK�%DFRQ�DQG�.XKQ�DGGUHVVHG�WKH�VHWWLQJ�
up of “idols” or the role of “normal science”).

7KH�*HUPDQ�H[DPSOH�LV�PHDQW�WR�VXJJHVW�WKDW��
ZKHUH� WKH� SRWHQWLDO� DXGLHQFH� IRU� DUFKDHRORJLFDO�
SXEOLFDWLRQV� LV� VPDOO� DQG� GLYLGHG�� LW� ZRXOG� EH�
YHU\� GL̇FXOW� WR� DWWDLQ� WKDW� ³FULWLFDO� PDVV´� ZKLFK�
%DFRQ� DUJXHG� ZDV� QHFHVVDU\� IRU� JRRG� VFLHQFH��
*HUPDQ� DUFKDHRORJ\� ±� ZLWK� LWV� URRWV� JRLQJ� EDFN�
to Winckelmann and a more “art-historical” 
DSSURDFK�±�DOVR�GL̆HUV�VLJQL¿FDQWO\�IURP�WKH�%ULWLVK�
DQWLTXDULDQ� PRGHO�� ZKLFK� HPSKDVLVHG� LWV� OLQNV� WR�

Bacon (cf. Van Riper 1993, 34-35).8

In this case, the focus has been on institutions, 
contrasting the clearly “fragmented” German 
ODQGVFDSH� ZLWK� WKDW� IRXQG� LQ� (QJOLVK�ODQJXDJH�
DUFKDHRORJ\�� ZKLOH� VWUHVVLQJ� WKH� QHHG� WR� FRQVGHU�
PHGLD� �ZKHWKHU� DUFKDHRORJ\� LV� GRFXPHQWHG� RQ�
paper or digitally [cf. %DFNKRXVH� ������ ��@� and 
aims or goals (so-called “gray literature,” traditional 
SXEOLFDWLRQV� >MRXUQDO� UHSRUWV� DQG� PRQRJUDSKV@��
online). In order to rectify the situation, it is not 
HQRXJK� WR� PHUHO\� FKDQJH� DLPV� RU� PHGLD�� ZH� DOVR�
KDYH� WR�DVN�ZKHWKHU�RXU�PHWKRGV�� WKHRULHV�DQG�RU�
resources can achieve them.

7KH� ZKROH� SRLQW�� WKRXJK�� LV� WKDW� ZH� KDYH�
OLPLWHG�DLPV��:H�RQO\�DLP�WR�ZULWH�D�UHSRUW��RU�¿QLVK�
a database, or hand our archives or samples over to 
VRPH�VWDWH�RU�QDWLRQDO�UHSRVLWRU\��$QG�ZH�GR�WKHVH�
WKLQJV�LQ�SDUW�WR�IXO¿O�FRQWUDFWXDO�REOLJDWLRQV��HDUQ�D�
XQLYHUVLW\�GHJUHH��JHW�UHQHZHG�IXQGLQJ�RU�H[FDYDWLRQ�
permits, maintain “traditional archaeology,” etc., but 
not necessarily in order to do something as abstract 
as “advance science” if that means having to share 
“our” data. The aim of sharing data online not only 
increases the need for metadata and places more 
emphasis on issues of data quality (cf. Backhouse 
2006, 54-55), but underlines the need to consider 
– and perhaps challenge – underlying metaphysical 
assumptions.
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1. Introduction

Many archaeological least-cost path (LCP) 
studies deal with networks, i.e. the aim is to 
reconstruct a network of routes (e.g. van Leusen 
2002, 16·12–16·18; Bell et al. 2002). This paper 
discusses a set of models each minimizing costs 
LQ� VRPH�VHQVH�EXW� UHVXOWLQJ� LQ�D�GL̆HUHQW�QHWZRUN�
topology. Unfortunately, most push-button GIS 
VRIWZDUH� SDFNDJHV� GR� QRW� VXSSRUW� GL̆HUHQW� /&3�
network models, and hardly any information can 
be found in the documentation of the software 
concerning the models and algorithms used for 
calculating least-cost networks. Consequently, most 
archaeologists applying this software are not aware 
WKDW� GL̆HUHQW� PRGHOV� H[LVW� DQG� WKDW� WKH� VRIWZDUH�
might not be appropriate for the model they have 
in mind. 

7KH�¿UVW�SDUW�RI�WKLV�SDSHU�GHDOV�ZLWK�PRGHOV�
where all nodes of the network are known. In this 
case, the aim is to reconstruct links between these 
nodes so that the network costs are minimized 
according to some criteria. The second part 
introduces methods for reconstructing paths when 
only some important locations are given or a main 
travel route is known. 

A hilly study area east of Cologne, Germany, 
serves as a test landscape. This area was sparsely 
Corresponding author: i.herzog@lvr.de

populated before Medieval times because the other 
UHJLRQV� RI� WKH� 5KLQHODQG� R̆HUHG� PRUH� DWWUDFWLYH�
natural conditions for farming. From the 9th 
century onward, nearly all the fertile regions of 
the Rhineland were occupied by farms, and at the 
same time the climatic conditions for agriculture 
improved, so that the population increased in the 
study area (Landschaftsverband Westfalen Lippe, 
and Landschaftsverband Rheinland 2007, on CD: 
282). Therefore, historical data can be used to test 
the network models. For several parishes in the study 
area, a list of place names and the year when they 
ZHUH�¿UVW�PHQWLRQHG�ZDV�SXEOLVKHG��3DPSXV��������
Nearly all of the place names could be located on 
maps created in the late 19th century, and this allowed 
georeferencing the centres of the settlements, most 
of which were still very small at the end of the 19th 
century. The parishes with listed place names cover 
about 448 km² of the study area, and within this 
area, 513 settlements were georeferenced that were 
¿UVW�PHQWLRQHG�EHIRUH������$'��+RZHYHU��RQO\����
of these place names were mentioned in documents 
issued before 1150 AD. 

In addition, a publication on Medieval trade 
routes is used in this study (Nicke 2001). The trade 
routes described by Nicke were tracked on historical 
maps from about 1845. Unfortunately, older maps 
do not cover the study area in total. So the trade 
routes shown in Fig. 1 rely on the assumption that 
the Medieval route layout is well preserved on the 
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maps from about 1845. For each trade route two or 
more locations on the route were selected and LCPs 
ZHUH�FDOFXODWHG�ZLWK�GL̆HUHQW�FRVW�FRPSRQHQWV�DQG�
cost weights. LCPs avoiding wet soils and with a 
FULWLFDO�VORSH�RI������¿WWHG�EHVW�WR�WKH�WUDGH�URXWHV��
Slope dependent costs were modelled by a quadratic 
IXQFWLRQ� �+HU]RJ� in press) and for wet soils a 
multiplier of 5 was used. The reconstructed paths 
and the trade routes do not coincide perfectly, and 
this could be due to (i) inaccuracies and resolution 
of the elevation model (ASTER data provided by 
NASA and METI), (ii) natural and man-made 
ODQGVFDSH�PRGL¿FDWLRQV��H�J��TXDUULHV��PHDQGHULQJ�
of rivers, dam construction for water reservoirs), 
(iii) additional cost components not considered 
here or (iv) inaccuracies in locating the trade routes. 
+RZHYHU��WKH�FRVW�PRGHO�IRXQG�LV�TXLWH�DSSURSULDWH�
for most trade routes in the study area, and so it is 

used for all least-cost calculations presented in this 
paper. 

The direction of the paths is not considered 
in this study, it is assumed that the same route is 
taken on the way from A to B and back. This requires 
an isotropic cost function, which can be generated 
easily by averaging the costs of movement in both 
GLUHFWLRQV� �+HU]RJ� LQ� SULQW��� 7KLV� LVRWURSLF� FRVW�
IXQFWLRQ� LV� DSSOLHG� WR� H̆HFWLYH� VORSH� GHULYHG� IURP�
the digital elevation model as described by Yu et al. 
(2003). The software used for this paper is part of a 
set of programs for least-cost calculations created by 
the author. Least-cost path concepts implemented 
in the software were already presented in more 
GHWDLO� HOVHZKHUH� �+HU]RJ� LQ� SULQW�� +HU]RJ� �������
The programs generate MapInfo Interchange 
)RUPDW��0,)��¿OHV�WKDW�FDQ�EH�LPSRUWHG�HDVLO\�LQWR�
MapInfo 8.0. The GIS MapInfo 8.0 with the plugin 
Vertical Mapper was used to create the maps in this 
contribution. In future it is planned to improve the 
user-interface of the software so that it can be made 
available to other people interested in archaeological 
least-cost analysis.

2. All Pair Shortest Paths

Within an all pair shortest paths network, each 
pair of contemporary sites in a region is connected 
by an LCP. The multitude of paths created by 
,QGLDQV�LQ�&DOLIRUQLD�PD\�VHUYH�DV�DQ�H[DPSOH��(DUOH�
(1991, 11) refers to a historic report describing this 
network layout, which most likely was a result of 
WKH�IDFW�WKDW�KDUGO\�DQ\�H̆RUW�ZDV�QHHGHG�WR�FUHDWH�D�
SDWK�LQ�IDLUO\�ÀDW�WHUUDLQ��DQG�VR��ZKHQHYHU�GHVLUDEOH�
a new path was established. On the same page he 
presents ethnographic evidence that in hunter and 
gatherer societies, paths are ephemeral, redundant 
DQG�ZLWKRXW�FHQWUDOLW\�LI�WKH�WHUUDLQ�LV�IDLUO\�ÀDW��

The term least-cost networks to the user is 
used by Waugh (2000, 615) for this network type, 
because the traveller can move as quickly and 
directly as possible between any pair of sites in the 
network. According to this model, whenever a new 
site was founded within the region considered, this 
site established shortest path connections to all 
RWKHU� VLWHV� WKDW� H[LVWHG� SUHYLRXVO\�� 7KH�QXPEHU� RI�
connections required has a quadratic growth rate, 
and this is one of the reasons why in general such 
networks consist of a limited number of sites only. 

Figure 1. Hilly study region east of Cologne, Germany. 
The background map is the ASTER DEM with a resolution 
of about 30 m, ASTER GDEM is a product of METI and 
NASA. White lines indicate the ancient trade routes, 
sometimes with alternative route sections. The black 
dotted lines are the LCPs agreeing best with the known 
trade routes. For the areas covered by a white pattern, 
Pampus (1998) does not provide any information on 
SODFH�QDPHV�DQG�WKH�\HDU�ZKHQ�WKH\�ZHUH�¿UVW�PHQWLRQHG��
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Such networks are highly redundant and without 
centrality. The relative chronology of the paths 
FDQQRW�EH�GHGXFHG� IURP� WKH�SDWK� OD\RXW��(̆HFWLYH�
algorithms solving this all-pairs shortest paths 
problem have been published (Cormen et al. 2001, 
620–42).

Due to the quadratic growth rate of the number 
of connections, only the all pair shortest paths 
network for the 15 settlements mentioned before 
1150 AD was generated. This network consists of 
106 LCPs, and nine path segments of this network 
coincide with the ancient trade routes (Fig. 2). 

3. Least-cost Network to the Builder

$�VRFLHW\�OLYLQJ�RQ�FURSV�JURZQ�LQ�¿HOGV�QHDU�WKH�
villages will not tolerate innumerable paths crossing 
WKHVH�¿HOGV��,QVWHDG�WKH�URXWH�QHWZRUN�VKRXOG�FRYHU�

only a minimum amount of the valuable land used 
IRU� DJUDULDQ� SXUSRVHV�� 6LPLODUO\�� LI� VRPH� H̆RUW� LV�
required for creating paths, connecting all point 
pairs including those at large distances by LCPs is 
QRW�H̆HFWLYH��

A least-cost network to the builder (Waugh 
2000, 615) connects all sites but minimizes the total 
costs of route construction. With respect to modern 
geography, Waugh notes that such networks are 
found in areas with sparse population and in places 
where road construction costs are high. In such a 
network, long detours are often necessary to reach a 
neighbouring location. 

$� FRQ¿JXUDWLRQ� ZLWK� H[WUD� LQWHUPHGLDWH�
points is optimal in terms of total path costs. Such 
intermediate points are known as Steiner point. In a 
landscape with constant friction, Steiner trees (Smith 
et al. 2007, 341) are optimal networks to the builder; 
KRZHYHU��FDOFXODWLRQ�FRPSOH[LW\�LV�KLJK��'XH�WR�WKLV�
fact an implementation of this network layout was 
not attempted, instead readers are referred to the 
work of Verhagen et al. (2011) on this topic. All site 
locations must be known for creating this network. 
Consequently, a chronological development of this 
network is not part of the model. 

For a given set of site locations, the sum of 
costs for all paths in the least-cost network to the 
user may be regarded as an upper bound of the 
total path costs in the network connecting the sites, 
whereas the total cost of paths in the least-cost 
network to the builder serves as a lower bound. 
Depending on the landscape, the technological 
skills and the travelling requirements of the society 
considered, an ancient route network can be ranked 
VRPHZKHUH� LQ� WKH� UDQJH� EHWZHHQ� WKHVH� H[WUHPHV��
Models for networks that are a compromise between 
WKH�WZR�H[WUHPHV�DUH�SUHVHQWHG�LQ�WKH�QH[W�VHFWLRQV��

4. LCPs to the Nearest Neighbours

7KH�PRGHO�XQGHUO\LQJ�SUR[LPDO�SRLQW�DQDO\VLV�
is based on the assumption that establishing a route 
to the neighbouring village is more important than 
the connection to a settlement at a larger distance. 

According to Terrel and Welsch (1997), Terrell 
introduced a simple graph-theoretic technique 
to model likely interaction spheres, a technique 

Figure 2. All pair shortest paths network for the 15 
VHWWOHPHQWV�LQ�WKH�VWXG\�DUHD�¿UVW�PHQWLRQHG�EHIRUH������
AD. The settlements are marked by triangles. The ancient 
trade routes are depicted as in Fig. 1, the black lines 
form the all pair shortest paths network consisting of 106 
LCPs. Nine arrows indicate the path segments where the 
LCPs run along the trade routes. 
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KH� FDOOHG� SUR[LPDO� SRLQW� DQDO\VLV� LQ� ������ 7KLV�
technique was applied by Spennemann (2003) 
in his attempt to reconstruct the road network on 
the island of Tongatapu, Kingdom of Tonga. The 
resulting network connects each settlement to its 
three nearest neighbours by straight lines. 

:KLWH��������H[WHQGV�WKLV�DSSURDFK�E\�XVLQJ�
LCPs instead of straight-line connections and by 
considering a varying number of neighbours. After 
analysing the results he comes to the conclusion 
WKDW� XS� WR� ¿YH� QHLJKERXUV� DUH� DSSURSULDWH� IRU� KLV�
study area. A disadvantage of this approach is 
that the resulting network may consist of several 
connected components, especially if sites are 
FOXVWHUHG��7KH�H[DPSOHV�SUHVHQWHG�E\�:KLWH�H[KLELW�
WKLV�H̆HFW��DOWKRXJK�WKH�FRQQHFWHG�FRPSRQHQWV�DUH�
not necessarily separated by large distances. Within 
a connected component of a network taking the n 
nearest neighbours into account, long detours are 
sometimes necessary to reach a close neighbour 
with rank n+1. These drawbacks are avoided by 
triangulation networks.

5. Least-cost Triangulation Network

Least-cost triangulation networks connect 
each site with its immediate neighbours by LCPs 
that form a triangulation. A triangulation LCP 
network is based on a heuristic approach with the 
aim of ensuring good connection to neighbouring 
settlements in all directions; settlements at a 
distance can only be reached via intermediate stops 
at neighbouring settlements. With straight-line 
distances, there are several candidate triangulations 
for a given set of points. A Delaunay triangulation 
avoids long thin triangles and acute angles and 
therefore is preferred in many applications (e.g. 
Worboys and Duckham 2004, 190–92; Smith 2007, 
113–15). 

Most GIS software packages support the 
creation of a straight-line Delaunay triangulation 
for a given set of irregularly spaced points. On 
average, for each location the number of neighbours 
IRXQG� E\� WKH� 'HODXQD\� WULDQJXODWLRQ� LV� VL[�� ,Q�
network analysis, the nodal degree is the number 
of paths that are connected to a particular seed 
location in the network (Conolly and Lake 2006, 
241). The nodal degree is often considered as a 
measure of importance or accessibility of a location 

(e.g. Rodrigue et al. 2009, 29; Llobera  et al. 2011). 
Consequently, the LCP triangulation network model 
is appropriate only for seed locations of similar 
importance.

If most interaction takes place between 
neighbours of roughly the same importance, this 
network probably is an appropriate compromise 
EHWZHHQ� WKH� WZR� H[WUHPHV�±� OHDVW�FRVW� QHWZRUN� WR�
the builder and to the user. Such networks are with 
hardly any centrality. In a straight-line Delaunay 
triangulation, adding a new point can change many 
triangles in the network; however, when adding a 
QHZ�VLWH�WR�DQ�H[LVWLQJ�URDG�QHWZRUN��VXFK�D�UDGLFDO�
change is highly unlikely. 

The following algorithm was used to create 
least-cost triangulation networks for a given set of 
seed points:

Figure 3. Comparison of least-cost Voronoi patches and 
straight-line Voronoi polygons for the 15 settlements in 
WKH�VWXG\�DUHD�¿UVW�PHQWLRQHG�EHIRUH������$'��7KH�DUURZ�
points to a section of the ancient road Zeitstraße that 
coincides fairly well with the boundaries between the 
least-cost patches. 
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• &DOFXODWH�OHDVW�FRVW�EX̆HUV�IRU�WKH�VHHG�FHOOV�

• Assign to each cell the number of the least-cost 
nearest seed cell, resulting in least-cost Voronoi 
patches (Fig. 3).

• 1HLJKERXUV�DUH�GH¿QHG��7KH�VHHGV�RI�WZR�9RURQRL�
patches are neighbours if the common boundary 
H[FHHGV�D�SUHGH¿QHG�OHQJWK�

• The quick and dirty least-cost triangulation 
connects neighbours via LCPs that traverse the 
common boundary (see below). 

The basis of this algorithm are two facts: (1) 
A cumulative cost surface with several seed points 
DOORZV� WR� LGHQWLI\� PD[LPXP� FRVW� ERXQGDULHV� WKDW�
delimit least-cost Voronoi patches (van Leusen 

2002, 16·17–16·18; Smith et al. 2007, 116); (2) when 
considering straight-line distances, a Delaunay 
triangulation results from connecting all centres of 
neighbouring Voronoi patches (e.g. Worboys and 
Duckham 2004, 191, 206). Consequently, a least-
cost triangulation can be derived from least-cost 
Voronoi patches. If the triangulation includes LCPs 
that are very long and costly in comparison to the 
average LCPs in the triangulation, it might be useful 
to delete these LCPs after choosing an appropriate 
threshold, e.g. by outlier detection (Smith et al. 
2007, 181–83). 

Figure 3 shows the least-cost Voronoi patches 
for the 15 settlements mentioned before 1150 AD. 
The standard Voronoi tessellation is indicated by 
black straight lines. The two Voronoi diagrams 
GL̆HU�LQ�VRPH�SODFHV�VR�WKDW�WKH�DGMDFHQW�QHLJKERXUV�
of a site’s territory do not always agree. A section of 
the Zeitstraße, which could not be reconstructed 
successfully by the cost model applied in this paper, 
agrees well with the boundary of a Voronoi patch. 
Several publications note that Medieval routes 
sometimes coincide with a boundary (e.g. Gissel 
������� $OWKRXJK� WKH� ¿UVW� UHFRQVWUXFWLRQ� DWWHPSW�
for the section of the Zeitstraße was not successful 
using the cost model, applying the cost model for 
generating least-cost Voronoi boundaries results in 
a fairly good match. 

The least-cost triangulation network for the 
15 settlements mentioned before 1150 AD consists 
of 29 LCPs (Fig. 4). Although the number of links is 
considerably lower than that of the all pair shortest 
path network, seven out of the nine path segments 
coinciding with the ancient route are still part of the 
reconstructed network. 

To speed up calculations, a quick and dirty 
triangulation was implemented that forces the 
connecting path between two neighbours across the 
common border. This results in the correct LCP in 
most but not in all cases. A proper implementation of 
the least-cost triangulation is planned in near future. 
Figure 5 shows the result of this quick triangulation 
for the 34 settlements in the study area mentioned 
before 1250 AD. Although there are more paths than 
in Figure 4, the number of segments where ancient 
trade routes and triangulation paths coincide does 
not increase. 

Figure 4. Same as Fig. 2, in addition the least-cost 
triangulation network for the 15 settlements is marked by 
small (blue) bars perpendicular to the route. The colour 
of two of the arrows shown in Fig. 2 is changed to dark 
grey because the corresponding path segments are not 
part of the least-cost triangulation network. 
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6. Minimum Spanning Tree

A minimum spanning tree (MST) consists of 
edges that are part of the Delaunay triangulation 
(Cormen et al. 2001, 561–79; Smith et al. 2007, 
339). Only n-1 connecting lines are in the MST if 
n is the number of seed locations, and therefore 
the total costs of all LCPs forming the network are 
VLJQL¿FDQWO\�ORZHU�WKDQ�LQ�D�OHDVW�FRVW�WULDQJXODWLRQ�
network. Prim’s algorithm (Cormen et al. 2001, 
570–73) can be applied to identify the least-cost 
MST in the least-cost triangulation.

The total costs of all LCPs forming the network 
RIWHQ�H[FHHGV� WKDW�RI� WKH� OHDVW�FRVW�QHWZRUN� WR� WKH�
EXLOGHU�� +RZHYHU�� QR� DGGLWLRQDO� 6WHLQHU� SRLQWV�

need to be constructed, and so generating a least-
cost MST is easier. The Steiner ratio can be used to 
FRPSDUH�WKH�ḢFLHQF\�RI�WKH�067�ZLWK�WKH�RSWLPDO�
6WHLQHU� WUHH� �*DQOH\� ������� 7KLV� NH\� ¿JXUH� LV� WKH�
largest possible ratio between the total length of a 
MST and the total length of the optimal Steiner tree. 
:LWK�VWUDLJKW�OLQH�GLVWDQFHV��WKH�UDWLR�LV�FRQMHFWXUHG�
to be about 1.15. So the total length of the worst-case 
067�H[FHHGV�WKDW�RI�WKH�RSWLPDO�6WHLQHU�WUHH�E\������

Due to the low number of connections, long 
detours are often necessary in a MST to reach a 
neighbouring location. Moreover, if a link is broken, 
network connectivity is lost. Smith et al. (2007, 339) 
point out that real-world networks normally are 
implemented with a higher level of connectivity to 
avoid this problem. 

The solid (blue) lines in Figure 5 form the 
least-cost MST for the 34 settlements in the study 
area mentioned before 1250 AD. The calculation is 
based on the quick triangulation. Only two segments 
of the least-cost MST coincide with the known trade 
routes. 

Spennemann (2003) also applies two variants 
of the MST that take the importance of the nodes 
LQWR� FRQVLGHUDWLRQ�� ,Q� KLV� H[DPSOH�� WKH� SUR[\�
for importance is the frequency of mentioning a 
settlement in historic sources. Spennemann uses 
the terms weighted MST and linked weighted MST 
LQ�WKLV�FRQWH[W��EXW�GRHV�QRW�SURYLGH�DQ\�UHIHUHQFHV�
or a description of the methods. The results shown 
in the publication indicate that the number of 
edges of the weighted MST is higher than that of 
the MST, and with the linked weighted MST still 
PRUH�HGJHV�DUH�DGGHG��,Q�WKH�H[DPSOH�SUHVHQWHG�E\�
Spennemann, the nodal degree of important sites 
within the linked weighted MST is higher than that 
of less important sites. This result indicates that 
WKH�OLQNHG�ZHLJKWHG�067�DSSURDFK�MXVWL¿HV�IXUWKHU�
investigation. Moreover, in many archaeological 
OHDVW�FRVW� QHWZRUNV�� WKH� VLWHV� FRQVLGHUHG� GL̆HU�
with respect to their importance, and only very few 
approaches are known that include importance into 
the calculation. 

7. Least-cost Basin-Clustering 

Rodrigue et al. (2009, 18–19) describe hub-
and-spoke networks, where the hub serves as the 

Figure 5. Dot symbols indicate 34 settlements mentioned 
before 1250 AD. The 33 LCPs forming the least-cost 
MST are indicated by solid lines. The quick least-cost 
triangulation consists both of the solid and dotted (blue) 
lines. Dark grey arrows mark the path segments where the 
least-cost triangulation and the trade routes agree quite 
well. Light (yellow) arrows mark those LCP segments 
that form the least-cost MST and coincide with a trade 
route.
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FHQWUH� RI� ḢFLHQW� GLVWULEXWLRQ�� /HDVW�FRVW� EDVLQ�
clustering can be applied to identify the hubs 
and the distribution links in such hub-and-spoke 
QHWZRUNV��%DVLQ�FOXVWHULQJ�ZDV�SURSRVHG�E\�+DGHU�
DQG� +DPSUHFKW� �������� DQG� D� IHZ� \HDUV� DJR� WKLV�
approach was applied to Early Iron Age settlements 
and cemeteries from the Main triangle, Germany 
�+HU]RJ� ������� $W� WKDW� WLPH�� RQO\� D� VWUDLJKW�OLQH�
version of the algorithm was implemented by the 
author, but the need was felt to account for the 
travel costs in the hilly study area. Finally, after long 
UHVHDUFK�LQWR�OHDVW�FRVW�PHWKRGV��¿UVW�UHVXOWV�RI�WKH�
least-cost version are shown in the present paper 
(Fig. 6). 

The following algorithm was used to create 
the least-cost basin clustering for a given set of seed 
points:

• Calculate the least-cost Kernel Density 
Estimation (KDE) to derive a density value for 
HDFK�VLWH��+HU]RJ�DQG�<pSH]�LQ�SULQW���7KH�XVHU�
can control the impact of the sites by choosing 
the bandwidth parameter, corresponding to the 
cost distance where the impact of the site ceases. 
The scale of the clustering depends on the size of 
WKH�EDQGZLGWK�SDUDPHWHU��,W�LV�SRVVLEOH�WR�UH¿QH�
standard least-cost KDE so that the importance 
RI�D�VLWH�LV�UHÀHFWHG�E\�WKH�KHLJKW�RI�WKH�NHUQHO��

• Generate a least-cost triangulation to identify the 
relevant neighbours of each site.

• Establish for each site a single link to a neighbour 
ZLWK� KLJKHU� GHQVLW\�� +DGHU� DQG� +DPSUHFKW�
(2003) propose choosing the neighbour with 
highest gain, i.e. the neighbour with a higher 
GHQVLW\�ZKHUH�WKH�GHQVLW\�GL̆HUHQFH�YHUVXV�SDWK�
costs ratio is highest. 

• Determine the clusters, i.e. linked groups of sites

• ,GHQWLI\� WKH� KXEV�� L�H�� WKH� VLWH� RI� PD[LPXP�
density within each cluster. These are considered 
as cluster centres. 

Figure 6 shows the result of a least-cost basin 
clustering based on a quick triangulation for the 34 
settlements in the study area mentioned before 1250 
$'�� 7KH� EDVLQ� FOXVWHULQJ� QHWZRUN� FRQVLVWV� RI� VL[�
clusters and 27 LCPs. Four segments of these LCPs 

coincide quite well with the ancient trade routes. 
Two of the cluster centres were probably important 
central places in Medieval times (Lindlar and 
Gummersbach). But the settlement in the study area 
WKDW� ¿UVW� UHFHLYHG� WRZQ� SULYLOHJHV� �:LSSHUI�UWK��
is not a cluster centre. So the result is far from 
satisfactory with respect to the cluster centres. This 
may be due to one of the following reasons: (1) An 
inappropriate bandwidth parameter was chosen; 
(2) The model is not appropriate for the Medieval 
settlements of the study area; (3) The outcomes of 
WKLV� DSSURDFK� VX̆HU� IURP� WKH� HGJH� H̆HFW� EHFDXVH�
important sites at the border of the study area are 

Figure 6. Black triangles indicate settlements mentioned 
before 1250 AD. The quick least-cost triangulation 
consists of the solid and dotted (green) lines. The basin 
clustering of the settlements is based on the least-cost 
KDE with a spread parameter of 8 km for level dry 
ground. The least-cost KDE distribution is shown in 
the background. The cluster centres are marked by 
black rings. The LCPs forming the basin clustering are 
indicated by solid lines. Dark grey arrows mark the path 
segments where the least-cost triangulation and the trade 
routes agree quite well. Four light (yellow) arrows mark 
those LCP segments that are part of the basin clustering 
and coincide with a trade route.
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QRW�UHFRJQL]HG�E\�WKH�PHWKRG��+RZHYHU�� WKH� ODWWHU�
FRXOG�EH�¿[HG�E\�DVVLJQLQJ�D�KLJKHU�ZHLJKW�WR�WKHVH�
sites by increasing the height of the kernel. 

8. Central Point Networks

Central point networks spread from a single 
SRLQW��WKXV�H[KLELWLQJ�D�KLJK�GHJUHH�RI�FHQWUDOLW\��9DQ�
Leusen (2002, 16·12) modelled such a central point 
network by selecting appropriate end locations and 
calculating multiple LCPs connecting the central 
SRLQW�:UR[HWHU�ZLWK�WKHVH�HQG�ORFDWLRQV��+RZHYHU��
if probable end locations are not known, it is still 
possible to model central point networks. A method 
for generating such central point networks was 
proposed by Fábrega Álvarez and Parcero Oubiña 
(2007). They determine probable paths from an 
origin outward on the basis of the cost-surface: 
Destination points of these paths are the locations 
ZLWK�PD[LPXP�GLVWDQFH�YHUVXV�FRVW�UDWLR��L�H��ZKHUH�
large distances can be covered at low costs. This 
procedure is carried out for several origins, and the 
authors check if a connected route network results. 

Another approach to model central point 
networks was published by Llobera together with 
Fábrega Álvarez and Parcero Oubiña (2011). A drain 
procedure is applied to the accumulated cost surface 
WR� LGHQWLI\� SRWHQWLDO� SDWKV� WR� WKH� RULJLQ��+RZHYHU��
the drawbacks of a drain approach are well-known 
(Smith et al. 2007, 145–46), and it is for this reason 
that in my view, the initial method of Fábrega 
Álvarez and Parcero Oubiña is to be preferred. 

$�KLVWRULF�H[DPSOH�RI�D�FHQWUDO�SRLQW�QHWZRUN�
LV�JLYHQ�E\�+LQGOH� ���������±�����+H�DQDO\VHV� WKH�
Gough map of about 1360 covering most of England. 
+H� FRPHV� WR� WKH� FRQFOXVLRQ� WKDW� WKH�PDS� UHÀHFWV�
the centralisation of the government; a road system 
radiating from London is evident, despite some 
LQH[SOLFDEOH�RPLVVLRQV��

Based on the network structure, it does not 
seem possible to reconstruct the chronological 
sequence of the routes in such a network. 

The following algorithm based on the ideas 
of Fábrega Álvarez and Parcero Oubiña (2007) is 
proposed to create a central point network for a 
given seed point:

• &UHDWH� WKH� OHDVW�FRVW� EX̆HU� IRU� WKH� VHHG� SRLQW�
ZLWK� D� XVHU�VHOHFWHG� UDGLXV� �L�H��PD[LPXP� FRVW�
value).

• ,GHQWLI\�WKH�ORFDWLRQ�ZLWK�PD[LPXP�VWUDLJKW�OLQH�
GLVWDQFH�RQ�WKH�ERUGHU�RI�WKH�EX̆HU�

• 7KH�/&3� WR� WKLV� ORFDWLRQ� LV� WKH�¿UVW�SDWK� LQ� WKH�
central point network.

• 6XFFHVVLYHO\� LGHQWLI\� WKH�QH[W� EHVW� ORFDWLRQV� RQ�
WKH�ERUGHU�RI�WKH�EX̆HU��0DNH�VXUH�WKDW�GLVWLQFW�
paths are chosen by keeping a minimum straight-
line distance to previously selected paths and by 
ensuring that the LCPs chosen represent local 
optima with respect to the neighbouring cells on 
the border. 

3URJUHVVLRQ�RQ�WKH�¿UVW�SDWKV�VHOHFWHG� LQ� WKH�
process described above is best, and for this reason 
it seems more likely that these paths correspond 
to ancient routes than the other paths in the 
UHFRQVWUXFWHG�QHWZRUN��+RZHYHU�� WKLV� DSSOLHV� RQO\�
LI� WKH� ¿UVW� SDWKV� VHOHFWHG� FRYHU� VHYHUDO� GLUHFWLRQV��
$Q�H[DPSOH� IRU�DQ�DSSOLFDWLRQ�RI� WKH�FHQWUDO�SRLQW�
network approach given above is depicted in Figure 
��� 7KH� FHQWUH� RI� WKH� QHWZRUN� LV� :LSSHUI�UWK�� WKH�
oldest town in the study area. Three arrows indicate 
sections where the reconstructed paths agree well 
with the known trade routes. These sections are part 
RI� WKH� WKUHH�SDWKV� VHOHFWHG�¿UVW��%RWK�:LSSHUI�UWK�
DQG�:LHKO� ZHUH� ¿UVW� PHQWLRQHG� LQ� ������ %XW� RQO\�
one section of the central point network for Wiehl 
consisting of ten LCPs coincides with an ancient 
trade route (not shown).

9. Dendritic Networks

The central feature of a network could also be 
a line rather than a point, e.g. a river or a main travel 
route. The least-cost subsidiary paths together 
with the central line form a dendritic network. The 
algorithm proposed for generating central point 
QHWZRUNV� FDQ� EH� UHDGLO\� H[WHQGHG� IRU� FUHDWLQJ�
the subsidiary paths of a given main travel route. 
Instead of one seed point, all raster cells traversed 
by the main travel route form the seeds of the least-
FRVW�EX̆HU��6R�WKLV�PRGHO�DVVXPHV� � WKDW� WZR�W\SHV�
RI�URDGV�H[LVWHG�DW�D�FHUWDLQ�SHULRG�RI�WLPH��URDGV�RI�
GL̆HUHQW�LPSRUWDQFH��6HYHUDO�URDG�FODVVHV�DUH�NQRZQ�
IURP� 5RPDQ� WLPHV� �+HLQ]� ������ ��±����� PDLQ�
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routes (viae publicae), local routes (viae vicinales) 
as well as private and military roads. 

Bell et al. (2002)  describe a central line 
network in Italy: The Sangro river valley probably 
was the principal long-distance artery, supplemented 
by local communications between sites in the same 
JHQHUDO�DUHD�RI�WKH�YDOOH\��+RZHYHU��WKH�IRFXV�RI�WKH�
study by Bell et al. is only on the local communication 
routes, and these were reconstructed by generating 
LCPs connecting sites of a given period. 

It is quite obvious that the central line must 
KDYH� H[LVWHG� EHIRUH� WKH� VXEVLGLDU\� SDWKV� ZHUH�
created, however, the chronological sequence of 
the subsidiary paths cannot be deducted from the 
path layout. As with the central point network, 
SURJUHVVLRQ� RQ� WKH� ¿UVW� SDWKV� VHOHFWHG� LV� EHVW�� ,I�
progression ease was the only criteria for creating 
subsidiary paths in the past, then we could assume 

WKDW�WKH� ORQJHVW�SDWKV�ZHUH�FUHDWHG�¿UVW��+RZHYHU��
LQ� WKH� H[DPSOH� SUHVHQWHG� LQ� )LJXUH� �� WKH� ORQJHVW�
reconstructed subsidiary path does not agree with 
an ancient trade route or any other path on a 19th 
century map. Out of the 19 reconstructed paths, 
paths number 4 and 10 agree in some sections with 
the known trade routes. Nearly all reconstructed 
paths including path no. 19 coincide with roads 
recorded on the 19th century maps. 

10. Conclusions and Future Work

0DQ\� IDFWRUV� LQÀXHQFH� WKH� RXWFRPH� RI� /&3�
calculations besides the cost model, including 
resolution and quality of the topographic data, 
landscape changes since the period considered, as 
well as the least-cost algorithm and implementation. 
When generating least-cost networks the situation 
is even more complicated, because additional issues 
should be considered: 

Figure 8. Reconstructed subsidiary paths (black 
dotted lines) for the old trade route Eisenstraße. White 
lines indicate the known trade routes including the 
Eisenstraße. The least-cost buffer for the Eisenstraße 
with a limit corresponding to covering 6 km on dry level 
ground is shown by decreasing colour saturation. The 
numbers indicate the sequence of selecting the paths, i.e. 
the reconstructed subsidiary path no. 1 covers the longest 
distance. Two arrows mark the path sections where the 
reconstructed network and the trade routes agree quite 
well. Light (orange) dotted lines are digitised paths from 
the historic map issued in 1840, dark (blue) solid lines 
indicate roads on the 1890 map. Only paths coinciding 
roughly with the reconstructed paths were digitised. 

Figure 7. Central point network (black dotted lines) 
consisting of 11 paths for the oldest town (Wipperfürth) 
in the study area. The cost buffer boundary depicted by a 
black solid line delimits all locations that can be reached 
by an effort less or equal to covering 9 km on level dry 
ground. The minimum straight-line distance between 
any of the reconstructed paths on this boundary was set 
to 3 km. White lines indicate the known trade routes, 
sometimes with alternative route sections. Three arrows 
mark the path segments where the reconstructed network 
and the trade routes agree quite well.
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Did the network evolve, or were the paths 
constructed after contemporary sites had already 
been founded? Many studies and methods assume 
that roughly contemporary sites suddenly popped 
up out of nowhere. The question how the founders 
of the sites got to these places is hardly discussed 
DW� DOO�� %XW� RIWHQ� WKH� SUHYLRXVO\� H[LVWLQJ� URDG�
FRQQHFWLRQV� SOD\HG� DQ� LPSRUWDQW� UROH� IRU� WKH� QH[W�
SHULRG��$Q�H[DPSOH�LV�SUHVHQWHG�E\�+LQGOH�����������
�����$FFRUGLQJ�WR�+LQGOH��WKH�5RPDQ�URDG�V\VWHP�LQ�
England provided a basic network in Medieval times: 
On the Gough map of about 1360 covering most 
of England, almost 40 % of the routes shown are 
along the line of Roman roads. Least-cost Steiner-
WUHH�UHODWHG�PHWKRGV�VX̆HU�IURP�WKH�GUDZEDFN�WKDW�
they do not answer the question concerning the 
evolution of the network. Triangulations are not 
quite as problematic although adding a dot may 
change many triangles in the network; however, this 
happens only rarely. 

Are all the dots on the map of identical 
importance? During Medieval times, probably more 
paths led to a market town than to a single farmstead 
VXUURXQGHG�E\�¿HOGV��7KLV�H[DPSOH�VKRZV�WKDW� WKH�
importance of a dot in terms of attracting people 
plays an important role. The triangulation approach 
assumes that all dots are of equal importance. 
According to my knowledge, the MST variants 
applied by Spennemann (2003) and basin clustering 
are the only methods taking the importance of the 
dots into account. 

What is the purpose of the road network 
considered? The cost factors governing the layout 
RI� VSHFL¿F� URXWH� W\SHV� DQG� WKH� WRSRORJ\� RI� WKH�
networks vary depending on the purpose of the 
routes. Several road classes are known from 
5RPDQ� WLPHV� �+HLQ]� ������ ��±����� DQG� :KLWH�
������� SUHVHQWV� D� FODVVL¿FDWLRQ� RI� IRXU� SDWK� W\SHV�

in desert areas, ranging from local paths connecting 
neighbouring settlements to interregional 
travel paths that often bypass settlement areas. 
Main routes may evolve from paths connecting 
neighbouring settlements but may also result 
from the need for a long-distance connection.  
+LQGOH� ������� GLVFXVVHV� LQ� VRPH� GHWDLO� (QJOLVK�
0HGLHYDO�URDGV�ZLWK�GL̆HUHQW�SXUSRVHV��FKXUFK�DQG�
corpse roads (pp. 10–12), pilgrim routes (pp. 12–
14), monastic routes (p. 14), and drove roads (pp. 
��±�����$FFRUGLQJ�WR�+LQGOH��GURYH�URDGV�WHQGHG�WR�
avoid villages. 

+RZ� LPSRUWDQW� ZDV� PRYHPHQW� DQG� KRZ�
costly was it to create paths? If paths are used 
rarely or if the costs of path construction are high, 
network layouts similar to optimal networks to the 
EXLOGHU� DUH� WR� EH� H[SHFWHG��+RZHYHU�� VRPHWLPHV� D�
compromise towards a more user-friendly network 
LV�QHHGHG��+HOELQJ�HW�DO���������VXJJHVW�D�PHWKRG�IRU�
constructing networks in the range between builder- 
and user-friendliness. 

-LPpQH]� DQG� &KDSPDQ� ������� FRQQHFW�
locations by networks called Beta-skeletons. This 
concept includes both Gabriel networks (see 
also Smith et al. 2007, 339–341) and Relative 
Neighbourhood networks. The parameter beta 
DOORZV� WKH�XVHU� WR� LGHQWLI\�QHLJKERXUV�RQ�GL̆HUHQW�
scales. If beta is set to 2, the resulting graph is a 
subset of the Delaunay triangulation and a superset 
of the MST. Implementing and testing this method 
on a least-cost basis is a future task.

'XH�WR�WKH�ODUJH�YDULHW\�RI�IDFWRUV�LQÀXHQFLQJ�
the outcome of least-cost networks calculations, it 
is necessary to include ground truthing and checks 
IRU� HTXL¿QDOLW\� LQ� DUFKDHRORJLFDO� VWXGLHV� WU\LQJ�
to reconstruct path networks of past times. The 
H[DPSOHV� IURP� WKH� VWXG\� DUHD� LQ� WKH� %HUJLVFKHV�

Method No of nodes No of paths
Coinciding route 

sections
Depicted in Fig.

All pair shortest paths network 15 106 9 2
Least-cost triangulation network 15 29 7 4
Least-cost triangulation network 34 81 9 5
Least-cost minimum spanning tree 34 33 2 5
Least-cost basin clustering 34 27 4 6

Table 1. Least-cost network methods implemented by the author and results for the trade routes and Medieval settlements 
in the study area. The focus is on networks connecting a given set of dots. The ratio of the number of coinciding route 
sections versus the total number of paths in the network is highest for the triangulation network based on settlements 
mentioned before 1150 AD. 
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Land show that most of the models discussed in 
this paper lead to some good reconstruction results 
(Table 1). So a network model reproducing some of 
the ancient path sections may still not be the best 
FKRLFH�� +RZHYHU�� DQ\� OHDVW�FRVW� QHWZRUN� FUHDWHG�
without validation against archaeological reality is 
most probably not very helpful. 
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1. Introduction

This paper describes a series of related 
initiatives to publish Roman coins—the basic 
material of the discipline of Roman numismatics 
that works to place coins in their historical and 
economic context—on the Internet using practices 
and methods that draw on the “Linked Data” 
approach to access and re-use of internet-based 
resources. The components of the work described 
here are: Nomisma.org, a digital resource that 
establishes stable URIs for numismatic concepts, 
with a current focus on both Greek and Roman 
coins; Numishare, a software platform for the 
management of numismatic data that supports 
linked data approaches; Online Coins of the Roman 
Empire (OCRE), a project recording and publishing 
all the known types of coins issued by the Roman 
Empire, accessible at http://numismatics.org/ocre/. 
While all of these projects are publicly available, 
they continue to be under active development. In 
combination they demonstrate the power of stable 
links between high-quality structured data.

,Q� LWV� FDSLWDOLVHG� IRUP� �� WKDW� LV� DV� D� GH¿QHG�
set of practices - “Linked Data” is “a term used to 
describe a recommended best practice for exposing, 
sharing, and connecting pieces of data, information, 
and knowledge on the Semantic Web using URIs 

Corresponding author: ewg4xuva@gmail.com

and RDF.”2 In this paper we focus on three aspects 
of Linked Data and describe how we implement 
WKHP� ZLWKLQ� WKH� ¿HOG� RI� 5RPDQ� FRLQDJH�� 7KRVH�
three aspects are: stable URIs for each component 
of the study of coins, meaning URIs for descriptions 
of coin types, and for the vocabulary terms we use 
to describe those coins; availability of machine 
parsable data via those URIs; and rich re-use and 
interlinking between separate datasets that allows 
ERWK�FURVV�SURMHFW�ḢFLHQW�DQG�GLVFRYHU\�

Coinage, as one of the ancient world’s few 
examples of a mass-produced medium, is an 
excellent disciplinary laboratory—so to speak—in 
which to implement the concepts of Linked Data. 
Variations such as obverse and reverse designs and 
inscriptions, together with materials, denominations 
DQG� GLPHQVLRQV� R̆HU� D� FDWHJRULVDWLRQ� V\VWHP� WKDW�
has long been employed by numismatists. It has 
achieved its canonical form for the coinage of the 
Roman Empire in the type-corpus Roman Imperial 
Coinage. This series of ten volumes, originally 
published between 1923 and 1994 and in the process 
of being updated, attempts to provide a unique 
LGHQWL¿FDWLRQ�QXPEHU�IRU�HYHU\�UHFRUGHG�YDULHW\�RI�
Roman Imperial coin, and has come to serve as a 
standard cataloguing resource for archaeologists 
and museum curators.

2   “Linked Data – Connect Distributed Data across the Web,” 
Linkeddata.org, accessed October 31, 2012, http://linkeddata.
org/.  
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Roman Imperial Coinage (RIC) is at one 
level an internally Linked Data product in its own 
right: it employs permutations of stable numismatic 
LGHQWL¿HUV�WR�DVVHUW�D�VHULHV�RI�SHUPDQHQW�LGHQWL¿HUV�
(type numbers). Furthermore, the complex of 
information that makes up a coin type, as well as 
the coin type itself are inherently linkable to other 
categories of information about the ancient (or 
LQGHHG�PRGHUQ��ZRUOG��HPSHURUV��FLWLHV��¿QGVSRWV��
PDJLVWHULDO�ṘFHV�DOO�KDYH�VLJQL¿FDQFH�EH\RQG� WKH�
world of numismatics. All of these attributes can 
be assigned stable URIs that facilitate cross-project 
and machine readable representations of this 
information through Nomisma.org.

2. Nomisma.org

Nomisma.org - begun in 2010 and hosted by 
the American Numismatic Society - is an ongoing 
project to establish stable URIs for numismatic 
concepts. It is currently available at the URI http://
nomisma.org. What do we mean by numismatic 
concepts and why do such concepts need a separate 
QDPHVSDFH� IRU� WKHLU� GH¿QLWLRQV"�1XPLVPDWLFV� KDV�
developed since the 16th century as an increasingly 
formal discipline encompassing the study of 
coinage and other physical monetary instruments 
used since the 7th century BC around the world. 
It is an important feature of numismatics that 
the majority of coins - here including all metal 
monetary instruments produced by a political entity 
WR� DQ� ṘFLDO� ZHLJKW� DQG� ZLWK� DQ� HVWDEOLVKHG� DQG�
distinctive visual appearance - can be described 
using a common vocabulary that is applicable to a 
vast range of ancient and modern examples. While 
the extremely broad scope of the discipline means 
that all general statements have exceptions, coins 
usually have an obverse and reverse, for which the 
colloquial English terms are “heads” and “tails”. 
Furthermore, there is only occasional ambiguity 
about how these two terms are used in the description 
of a particular coin. More specialised terms include 
“Legend”, meaning any words - whether abbreviated 
or not - on a coin, and “Axis” the angular relationship 
between the obverse and reverse. Most modern 
coins have an “Axis” of 6 on a scale of 12 because 
the reverse image is upside down in relation to 
the obverse. Additionally, it is important to know 
whether a visual or textual element - the portrait of 
a ruler or the phrase “E Pluribus Unum” - appears 

on the obverse or the reverse. Because these terms 
have a specialized and well-established meaning, it 
is useful for the discipline to have a single resource 
ZKLFK�GH¿QHV� WKRVH�PHDQLQJV��ERWK� IRU�XVH�ZLWKLQ�
the numismatics, and for the purpose of linking to 
RWKHU�¿HOGV� RI� VWXG\��$FFRUGLQJO\��1RPLVPD�RUJ� LV�
inspired by the desire to promote interoperability, 
re-use and transparency within and beyond the very 
VSHFLDOL]HG�¿HOG�WKDW�LW�DGGUHVVHV�

An example Nomisma.org URI drawn from 
Roman numismatics is http://nomisma.org/id/
ric.1(2).aug.1a. From the perspective of the role of 
Nomisma within the discipline, the most important 
feature of that URI is that it is stable, relatively 
short, and semantically clear within its numismatic 
context. In particular, the opening characters of the 
¿QDO�FRPSRQHQW�RI�WKH�SDWK��³ULF´��DUH�UHFRJQL]DEOH�
as the de facto abbreviation for the series Roman 
Imperial Coinage, the standard reference work 
HVWDEOLVKLQJ� LGHQWL¿HUV� IRU� FRLQV� VWUXFN� XQGHU� WKH�
authority of the Roman Empire. Other segments of 
WKLV� LGHQWL¿HU� UHSUHVHQW�YROXPHV� ������ �YROXPH����
VHFRQG� HGLWLRQ��� HPSHURUV� �DXJ�  � $XJXVWXV��� DQG�
reference numbers (no. 1a). This URI is itself too new 
to have seen widespread adoption, but it suggests 
a future in which multiple numismatic collections 
SRLQW�WKDW�85,�DV�DQ�XQDPELJXRXV�LGHQWL¿HU�IRU�FRLQV�
of that type. This is a solution to the current problem 
whereby existing catalog entries—both online and in 
print—use various ad hoc abbreviation systems for 
RIC coins. These can be thought of as labels, and 
Nomisma does not mandate that collections use any 
particular sequence of characters for such human-
readable indications of RIC type. Pointing to a URI 
LV�D�VẊFLHQW�DQG�LQWHURSHUDEOH�LQGLFDWLRQ�RI�VKDUHG�
identity across multiple collections.

It is a principle of Linked Data that there be 
machine parsable data available via the URIs that 
identify resources, with a strong preference for an 
RDF-based serialization. Nomisma.org has adopted 
XHTML+RDFa 1.1 as the archival representation of 
the information it represents about each numismatic 
concept it describes. Figure 1 shows that the RDFa 
markup is exposed to human readers in the form 
of labels on the attributes of that coin type. For 
example, the value “rome” is marked as being the 
mint. An RDFa distiller, such as that deployed by 
the W3, will produce the triple: ‘nm:ric.2.tr.432 
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nm:mint nm:rome’ . Note that ‘rome’ is actually a 
reference to the resource http://nomisma.org/id/
rome , this RDFa based resource in turn points to 
the Pleiades reference for Rome, which is a widely 
UHFRJQL]HG� LGHQWL¿HU� IRU� WKH� DQFLHQW� FDSLWDO� RI� WKH�
Roman Empire. In this way the Nomisma.org ID 
facilitates bi-directional links to non-numismatic 
H̆RUWV� WR� HVWDEOLVK� VWDEOH� 85,V� IRU� VFKRODUO\�
concepts.

Given our focus on cross-project reuse of 
vocabularies and data, this paper moves from 
GHVFULELQJ� RXU� H̆RUWV� WR� FUHDWH� VWDEOH� 85,V� IRU�
numismatic concepts, to an application of such 
FRQFHSWV� ZLWKLQ� D� IXUWKHU� VSHFLDOL]HG� ¿HOG� RI�
numismatics, to a description of the software 
platform that supports specialized applications, 
and which is currently the basis for hosting and 
managing further numismatic data. This last point 
suggests that we are at a point of rapid progress in 
applying linked data concepts to many areas of the 
YHU\�ZLGH�¿HOG�RI�QXPLVPDWLFV�

3. Numishare: Technical Underpinnings

OCRE has three basic purposes. It is intended 
¿UVW� DV� D� W\SRORJLFDO� FDWDORJXH� RI�5RPDQ� ,PSHULDO�
Coinage that harnesses basic information from 
the Nomisma.org IDs to make the knowledgeg 
encapsulated in the RIC print volumes available 
to a broad audience, within the archaeological 
discipline, but also to a broader public. Using the 
principles of Linked Data it is also intended to 
provide links from numismatic descriptions to 
other online resources describing the ancient world, 
such as, for example the Pleiades project (http://

pleiades.stoa.org/). Thirdly, OCRE is designed to be 
able to accumulate examples of multiple examples of 
typologically similar coins to facilitate quantitative 
and qualitative analysis of the material, including 
metrological, compositional and die-study. To date, 
the coins from the American Numismatic Society’s 
collection have been added. This was possible due 
to the prior digitisation of the collection in the 
Society’s MANTIS database (http://numismatics.
RUJ�VHDUFK����WKH�FXUDWRULDO�VWD̆�RI�WKH�$16�KDYLQJ�
manually added all RIC-related information. In due 
course, other collections will follow. OCRE has been 
built on the Numishare platform.

On a technical level, OCRE is built on a data 
model in which numismatic metadata is represented 
as XML. Apache Cocoon is the server application 
for serializing and delivering data. Cocoon is an 
open-source Java-based framework designed to 
H̆HFWLYHO\� SURFHVV� ;0/�� ,Q� DGGLWLRQ� WR� &RFRRQ��
the stack includes other open-source Java-based 
applications which run in Apache Tomcat on the 
server: Apache Solr for faceted searching, eXist 
XML database, and Orbeon XForms for editing, 
managing, and publishing XML. These applications, 
LQFOXGLQJ�YDULRXV�;6/7�VW\OHVKHHWV��-DYDVFULSW�¿OHV��
and CSS stylesheets, comprise Numishare, which is 
likewise open-source and freely available through 
GitHub at https://github.com/ewg118/numishare. 
The seeds of Numishare were planted in 2007 with 
the digitisation and publication of the University 
of Virginia Art Museum Numismatic Collection, a 
project which was detailed in a paper presented at 
CAA 2009 in Williamsburg, Virginia. Numishare has 
evolved considerably since 2009, to the point where 
very few lines of code from the earliest era of the 

Figure 1. Nomisma coin type description.



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

252

project remain in the trunk of the repository. First 
and foremost, the XML data model was completely 
reinvented.

3.1 Numismatic Description Standard

The data model of the U. Va. Art Museum 
Numismatic Collection was an adaptation of Encoded 
Archival Description (EAD) to coins. EAD is an XML 
metadata standard used throughout the library 
and archival communities for encoding electronic 
¿QGLQJ� DLGV�3 Thus, EAD is focused primarily on 
the description of written documents, though 
photographs, maps, and other predominantly non-
textual objects can also be described. At the time, 
no standard for numismatic metadata had been 
authored, and the adaptation of EAD to coins was 
satisfactory given the needs of that project. Over time 
EAD was found to lack descriptors needed distinctly 
by numismatists and museum curators, as well as 
attributes to facilitate linked data interactions.

Independent of the development of EAD for 
coins and the U. Va. digitisation project, Sebastian 
Heath and Andrew Meadows of the American 
Numismatic Society had worked with a number 
of colleagues, at a series of workshops funded by 
the UK’s AHRC, to develop a recommended list 
RI� QXPLVPDWLF� DQG� FXUDWRULDO� ¿HOGV� FDOOHG� WKH�
Numismatic Description (formerly Database) 
Standard (NUDS).4� 18'6� FRQWDLQHG� PDQ\� ¿HOGV�
which were not included in EAD. Some of these were 
related to provenience and collection management: 
auction history, sale lot and price, owner, etc. Others 
were related to description of coins themselves: 
artists and engravers, symbols and countermarks, 
HGJH�GHVFULSWLRQV��DQG�¿QGVSRWV��0DQ\�RI�WKHVH�¿HOGV��
like artist and engraver, can be expressed generally 
DERXW�WKH�FRLQ�DV�D�ZKROH�RU�PRUH�VSHFL¿FDOO\�DERXW�
WKH�REYHUVH�RU�UHYHUVH�RI�WKH�FRLQ��18'6�¿HOGV�ZHUH�
proposed with a database management system 
(DBMS) in mind, thus hierarchical complexities 
DQG� UHSHWLWLRQ� DUH� GL̇FXOW� WR� UHSUHVHQW� HDVLO\� RU�
ḢFLHQWO\�� 0RUHRYHU�� UHSUHVHQWLQJ� XQFHUWDLQW\�
3 6HH� ³$ERXW� ($'�´� 7KH� /LEUDU\� RI� &RQJUHVV�� ODVW� PRGL¿HG�
July 11, 2012, http://www.loc.gov/ead/eadabout.html for more 
information about the standard.  The U.Va. collection is available 
at http://coins.lib.virginia.edu 

�� 1XPLVPDWLF� GDWDEDVH� ¿HOGV� GHWDLOHG� RQ� 1RPLVPD�
org, accessed October 31, 2012, http://nomisma.org/nuds/
numismatic_database_standard 

RQ�DQ\� OHYHO�ZLWKLQ�WKH�UHFRUG� LV�DOVR�GL̇FXOW��7KH�
EAD and NUDS approaches had distinct advantages 
and disadvantages, and the American Numismatic 
6RFLHW\� KDV� HQGHDYRUHG� WR� DGGUHVV� WKH� GL̆HUHQFHV�
between both in order to come to a solution that 
meets the requirements for all implementations of 
the model.

In summer 2011, work began on a data model 
ZKLFK� XVHV� 18'6� ¿HOGV� UHFRQFHLYHG� LQ� DQ� ;0/�
schema purpose-built for numismatics. By June 
2012, the model, although still considered to be 
a draft, is stable, and several projects have been 
built on top of it, including OCRE.5 NUDS remains 
WKH� ODEHO� IRU� WKH� ;0/� DGDSWLRQ� RI� WKHVH� ¿HOGV��
though the acronym now stands for “Numismatic 
'HVFULSWLRQ� 6WDQGDUG�´� 7KH� PRGHO� LQÀXHQFHG� E\�
other common XML standards found in the Library, 
Archive, and Museum world, like EAD, Encoded 
Archival Context – Corporate, Personal, and Family 
(EAC-CPF), VRA Core, Metadata Encoding and 
Transmission Standard (METS), Metadata Object 
Description Schema (MODS), and Text Encoding 
Initiative (TEI). Like several of these standards, 
NUDS uses the World Wide Web Consortium (W3C) 
xlink attributes for semantic linking, enabling links 
to URIs of Nomisma concepts, places on Geonames.
RUJ�� DQG� SHUVRQDO� DQG� FRUSRUDWH� QDPHV� GH¿QHG�
by Virtual International Authority File (VIAF). A 
NUDS/XML record is fundamentally “linked data” 
because it is an electronic record which links to 
other resources on the web, although it is not linked 
data in the way that many of us may conceive of it: 
RDF in a triple store with a SPARQL endpoint for 
querying. Like traditional linked data architectures, 
querying for machine-readable data is supported in 
Numishare and will be discussed at a further point 
in this paper.

3.2 NUDS/XML: A synopsis

The document root of a NUDS/XML document 
LV� �QXGV!�� GH¿QHG� E\� WKH� QDPHVSDFH� KWWS���
nomisma.org/nuds. It requires one vital attribute 
for denoting the type of object represented by the 
electronic document. Objects are either physical or 
conceptual. A record for a physical object is self-
explanatory: the XML document describes coin, 

5 NUDS/XML data model draft detailed at http://wiki.
numismatics.org/nuds:nuds, last edited October, 2012.
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medal, token, paper note, or other numismatic object 
which physically exists in a collection. A conceptual 
object, however, is an intellectual construct. In 
numismatic terms, it is a coin type. Since OCRE is a 
corpus of coin types, this paper will focus primarily 
RQ� GHVFULELQJ� WKH� DVSHFWV� RI� 18'6� ZKLFK� GH¿QH�
conceptual records.

Regardless of the physical or conceptual nature 
of the object being described, all NUDS documents 
must contain a NUDS Header. Like headers in TEI 
and EAD, the NUDS Header contains metadata 
DERXW�WKH�HOHFWURQLF�UHFRUG�LWVHOI��XQLTXH�LGHQWL¿HU��
publication information, rights statements, and 
revision history. Within the document root, below 
the NUDS Header is Descriptive Metadata about 
the object itself. This includes, title, subjects, and 
SK\VLFDO�� W\SRORJLFDO�� XQGHUW\SH�� ¿QGVSRW�� DQG�
reference descriptions, in addition to administrative 
history for encoding provenience, ownership and 
DFFHVVLRQ� LQIRUPDWLRQ�� DQG� RWKHU� RWKHU� ¿HOGV�
necessary for collections management. A physical 
object may utilize any or all of these categories of 
descriptors, but a coin type record would not contain 
descriptors for collections management, physical 
VWDWH�� QRU� XQGHUW\SHV�� ZKLFK� DUH� RQO\� VSHFL¿F� WR�
physical objects. Thus, the Typological Description 
node is the only required Descriptive Metadata 
section.

The Typological Description (<typeDesc>) 
section of the NUDS document contains a mix 
of elements which utilize the W3C xlink:role and 
xlink:href attributes for semantic linking and other 
elements which simply contain free text. In Figure 
2, the XML fragment shows that the <typeDesc> 
contains an object type, denomination, manufacture 
method, and material, each which link to concepts 
GH¿QHG� E\� 1RPLVPD� 85,V�� %HORZ� WKHVH� HOHPHQWV�
are structured data: obverse, reverse, geographic, 
and authority nodes. The obverse and reverse 
may contain identical elements, including legend, 
W\SH�� DQG� SHUVRQDO� RU� FRUSRUDWH� QDPHV� GH¿QHG� E\�
xlink:role. Roles may be authority, issuer, mint, 
UHJLRQ�� GHLW\�� SRUWUDLW�� RU� RWKHUV�� DV� GH¿QHG� LQ�
Nomisma. The type element nested within obverse 
and reverse may contain repeatable description 
HOHPHQWV�� ZLWK� ODQJXDJH� GH¿QHG� E\� WKH� [PO�ODQJ�
attribute. Numishare supports rendering documents 
in multiple languages, as long as labels denoted 

by xml:lang exist either within the NUDS/XML 
record itself or within the RDF representation of the 
Nomisma URI.

As a practical example, suppose that a NUDS 
record contains both German and English type 
descriptions. A language parameter for German 
(“de”), may be passed to Numishare to display the 
appropriate type description, and lookups can be 
performed upon all Nomisma URIs within the 
document, parsing the RDF for each Nomisma ID 
and extracting the German SKOS preferred label 
for serialization into HTML. This move toward 
internationalization, greatly aided by Nomisma, will 
make it easier to develop and maintain multilingual 
interfaces for a single collection, as well as make 
it possible to query across multiple collections, 
regardless of the native language of the XML 
documents. When a NUDS record is published 
in Numishare and indexed into Solr, the URIs for 
Nomisma, the Pleiades Gazetteer of Ancient Places, 
Geonames, and VIAF IDs are stored in the index, 
enabling queries of the URIs directly (e. g., query 
all silver coins by the ID http://nomisma.org/id/ar, 
regardless of local encoding practice for materials). 
Furthermore, indexing of URIs for Pleiades places 
has facilitated integration with the PELAGIOS 
(Pelagios: Enable Linked Ancient Geodata In Open 
Systems) project, allowing Roman Imperial coins 
from Ephesus to be cross-searchable with other 
DUFKDHRORJLFDO�¿QGV�IURP�WKH�DQFLHQW�FLW\�RU�FODVVLFDO�
texts which reference it6.

Below the Descriptive Metadata section 
within the NUDS document is the section for Digital 
Representations. In physical record types, one 
can embed a fragment of METS to link to digital 
images of a coin. Within OCRE, on the other hand, 
references to coins of that particular coin type can 
be inserted. The American Numismatic Society 
may have several physical specimens of a particular 
coin type, and other private or museum collections 
may also have specimens. Linking to physical coins 
which are represented online as stable URIs enables 
2&5(� WR� LQJHVW�PHDVXUHPHQW�GDWD�� ¿QGVSRWV�� DQG�

6 In summation, PELAGIOS is a triplestore (and associated 
APIs) which aggregates RDF of various ancient collections online 
that are connected together via references to ancient places 
GH¿QHG�E\�3OHLDGHV�85,V���5HDG�PRUH�DW�³$ERXW�3(/$*,26�´�7KH�
PELAGIOS Project, accessed October 31, 2012, http://pelagios-
project.blogspot.com/p/about-pelagios.html. 
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URLs to images, if available. These data can be used 
for quantitative and geographic analyses.

3.3 Numishare

Having introduced the NUDS/XML data 
model, it is now possible to discuss the applications 
which compose Numishare—how they function and 
how a user interacts with the public interface. As 
mentioned previously, there are four open-source, 
Java-based applications that run in Apache Tomcat. 
Essentially, Numishare is the code which links these 
separate applications together into one consolidated 
software suite. XSLT is the predominant scripting 
language within Numishare, with Javascript and 
CSS used to enhance the user experience. Apache 
Cocoon is the primary web publishing platform 
upon which the Numishare public interface is built. 
7KH�&RFRRQ� VLWHPDS�GH¿QHV� D�P\ULDG�RI� SLSHOLQHV�
which represent the Model-View-Controller 
relationship in XML applications development. 
Output serialization is formed by the combination 
of the data model (in some cases, NUDS/XML) 
and a controller and/or view (typically an XSLT 
stylesheet). The output serialization of a NUDS/
XML document can be HTML rendered to a user of 
the OCRE interface in his or her browser, but XSLT 
stylesheets can also generate KML for rendering in 
maps or simply output the XML document itself to 
a user interested in taking advantage of the raw, 
unserialized data. The NUDS documents are stored 
in an eXist XML database, and therefore Cocoon 
reads the model directly through eXist’s REST 
interface.

Cocoon also handles interactions between the 
user and the Solr search index. According to the 
ṘFLDO�ZHEVLWH�IRU�6ROU�

“its major features include powerful full-text 
search, hit highlighting, faceted search, dynamic 
clustering, database integration, rich document 
(e.g., Word, PDF) handling, and geospatial search. 
Solr is highly scalable, providing distributed search 
and index replication, and it powers the search and 
navigation features of many of the world’s largest 
internet sites.”7

1HWÀL[� ZDV� DPRQJ� LWV� HDUOLHVW� DGRSWHUV� LQ�
private industry, and it has since become the de 
facto standard search index throughout the library 
community in the United States. It serves as the 
index for Blacklight, VuFind, and various Fedora 
repository implementations, as well as countless 
other projects. Solr has been a part of Numishare’s 
application stack since 2007.  It was chosen as 
the search index as a means of improving the user 
experience in searching and browsing that were 
seen as shortcomings of Numishare’s two main 
LQÀXHQFHV�� WKH� 3ULQFHWRQ� 8QLYHUVLW\� 1XPLVPDWLF�
Collection and the Berlin Münzkabinett, which were 
in 2007 and continue to be among the most visible 
numismatic databases on the web.8

7 “Apache Solr,” Apache Software Foundation,  accessed June 
20, 2012, http://lucene.apache.org/solr/. 

8 See “RBSC: Numismatic Collection,” Princeton University, 
accessed October 31, 2012, http://www.princeton.edu/~rbsc/
department/numismatics/ and “Münzkabinett der Staatlichen 
Museen Berlin,” accessed October 31, 2012, http://www.smb.
museum/ikmk/. 

Figure 2. Typological Description 
fragment.
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The following is a brief description of the 
functionality of the search and browse interfaces 
in Numishare. Solr accepts queries following the 
Lucene query syntax submitted by the user through 
the interface, and Solr responds through its REST 
API with query results in the form of XML (although 
it also supports JSON output). Cocoon intertwines 
this XML model with an XSLT stylesheet, which 
renders the results in the form of human-readable 
HTML. Query results can also serialized into 
several other formats. Results can be delivered in 
the form of an Atom feed, which allows users to 
VXEVFULEH� WR�FKDQJHV�PDGH� WR�FRLQV�ZKLFK�¿W� WKHLU�
key area of interest (e. g., coins of Hadrian). More 
importantly, the Atom feed is the primary means 
by which data may be harvested from OCRE by 
programmatic means. The feed contains 100 hits 
per page, with links to next and previous pages, 
as well as links to alternates to the default HTML 
serialization of a coin type, such as RDF, KML, and 
NUDS/XML. Therefore, it is possible for a script to 
page through the entire collection and extract the 
machine-readable NUDS metadata. In addition 
to the Solr-based Atom feeds, Numishare also 
supports serializing Solr search results as KML and 
CSV. While Cocoon handles output for the public 
user interface, XForms applications processed 
by Orbeon, which also runs in Tomcat, form the 
foundation of the private administrative interface.

;)RUPV� LV� D� :�&� VSHFL¿FDWLRQ� IRU� QH[W�
generation web forms which adhere to the Model-
View-Controller philosophy.9 Orbeon is used in 
the administrative back-end to edit complex XML 
metadata and interact with REST services. XForms 
applications query various APIs on the web for 
enhancing controlled vocabulary and manage 
Create, Read, Update, and Delete (CRUD) operations 
EHWZHHQ�WKH�H;LVW�GDWDEDVH�DQG�6ROU�LQGH[��6SHFL¿F�
details about the architecture of Numishare’s back-
end are too complex to be detailed within the limited 
VSDFH� RI� WKLV� SDSHU�� EXW� DGYDQWDJHV� DUH� EULHÀ\�
enumerated below:

• XForms supports validation. For example, 
QXPHULF�¿HOGV�VXFK�DV�GLDPHWHU�DQG�ZHLJKW�PXVW�
adhere to the xs:decimal datatype. In other cases, 
XForms validation warns the user that certain 

�� 7KH�;)RUPV�:LNLSHGLD�DUWLFOH�SURYLGHV�D�VẊFLHQW�GHVFULSWLRQ�
RI�WKH�VWDQGDUG��³;)RUPV�´�:LNLSHGLD�RUJ��ODVW�PRGL¿HG�2FWREHU�
21, 2012, http://en.wikipedia.org/wiki/XForms. 

¿HOGV�PD\�QRW�EH�OHIW�EODQN���,QYDOLG�GDWD�FDQQRW�
be sent into eXist.

• Authority control. XForms taps into auto-
suggest for local controlled vocabulary delivered 
from the Solr index or interacts with REST APIs 
of Geonames, VIAF, and Nomisma.org to embed 
URIs directly into the xlink:href attribute within 
the NUDS/XML document.

• Link to images with Flickr’s APIs.

• Easily link to coins in other collections through 
automated processing.

• A fuller description of XForms, as well as other 
use cases for similar applications are detailed 
in “XForms for Libraries, An Introduction,” 
published in Code4Lib 11. 10

Together, this suite of applications known as 
Numishare forms the basis for a powerful research 
tool for those interested in the study of Roman 
Imperial Coins. Several features of the public 
interface have already been discussed (KML and 
Atom feeds), but this paper will now turn toward a 
more focused discussion of the public interface of 
OCRE.

4. OCRE: A Powerful Research Tool for 
Roman Imperial Coinage

4.1 Searching and browsing

'HVSLWH� QXPHURXV� DQG� VLJQL¿FDQW� DGYDQFHV�
in Numishare since its inception, especially with 
respect to collections management and publishing 
in the XForms-driven backend, the application in its 
core is designed to deliver a simple, yet sophisticated 
interface for navigating and interacting with coin 
collections. The search and browse interfaces 
are good places to begin a discussion about 
the features of Numishare, for these are what 
separates Numishare from most other collections. 
Solr supports faceted searching based on a 
handful of typological categories: authority, deity, 
denomination, manufacture, issuer, material, mint, 
portrait, and region. Full-text search is supported, 
10 Ethan Gruber, Chris Fitzpatrick, Bill Parod, and Scott 
Prater, “XForms for Libraries, An Introduction,” Code4Lib 11 
(September 21, 2010), accessed October 31, 2012, http://journal.
code4lib.org/articles/3916. 
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DV�ZHOO� DV� VHDUFKHV� RI� RWKHU� ¿HOGV�� OLNH� REYHUVH� RU�
reverse legend or type, date ranges, among others. 
6HDUFK�UHVXOWV�FDQ�EH�VRUWHG�E\�D�KDQGIXO�RI�¿HOGV��
including all those listed above.

Importantly, Solr supports wild card 
searches, which are especially useful legends 
which are only partially legible. Such searches 
FDQ� DLG� LQ� WKH� LGHQWL¿FDWLRQ� RI� FRLQV� DFTXLUHG� LQ�
archaeological excavations which may be in a 
poor state of preservation. For example, one may 
VHDUFK� IRU� ³3"&,� $9*´�ZLWKLQ� WKH� UHYHUVH� OHJHQG�
to yield several dozen matches for the legend “PACI 
$9*867´� RU� ³3$&,� $9*967$(�´� $� ³"´� ZLOG� FDUG�
represents zero or one unknown characters while 
³´�UHSUHVHQWV�RQH�RU�PRUH��5HVXOWV�PD\�EH�¿OWHUHG�
further by facets. Given this partial legend query, 
VXSSRVH�WKH�PHWDO�RI�EURQ]H� LV�UHDGLO\� LGHQWL¿DEOH��
and the obverse portrait, however worn, appears to 
exhibit the features of the emperor, Domitian. In 
OCRE, this yields one result (through the reign of 
Antoninus Pius, ending in A.D. 161). Such queries 
can be represented by Atom, and the metadata for 
coin types matching these criteria can be ingested 
into local databases by machine-readable processes, 
reducing the data entry workload of archaeologists 
or other recorders.

With the adaptation of Numishare to the 
American Numismatic Society’s collection, called 
Mantis, in early 2011, a new faceted geographic 
search interface was introduced, in addition to the 
traditional textual interface typically associated with 
Solr searches.s. Javascript was written to connect 

faceted search with OpenLayers, 
an open-source Javascript library 
for mapping. These Javascript 
functions accept interactions from 
the user of the interface to query 
Solr, which replies with XML 
piped through a Cocoon+XSLT 
transformation into KML to rapidly 
update the OpenLayers map. 
Visualizing queries geographically 
is potentially immensely useful. 
One may map the distribution of 
coins over time and space (Figure 
3 shows the mints which produced 
FRLQV�GHSLFWLQJ�WKH�SHUVRQL¿FDWLRQ��
Pax) or map the distribution of a 

particular coin type over the whole of the Roman 
Empire, which would give an economic historian a 
glimpse of ancient trade networks.

7KH� ¿QDO� LQWHUIDFH� FRQVWUXFWHG� XSRQ� 6ROU�
is one that visualizes search results in the form of 
charts and graphs. A query of all coins which depict 
the deity, Victory, may be visualized as a bar graph 
depicting the total counts per Roman emperor. In 
this, Vespasian leads all other emperors.11 Such 
visualisations may lead to research questions which 
may have otherwise never been asked.

4.2 Coin type records

Like most other aspects of Numishare, the coin 
or coin type record HTML serialization has evolved 
considerably since it was initially documented at 
CAA 2009, although some features of the HTML 
page have remained. The design of the object record 
page was conceived in 2007 to address the perceived 
shortcomings of record pages in other databases, 
namely the “dead-end” nature of those pages. Links 
from search results typically led to pages for coins 
which contained metadata, but no way to seamlessly 
traverse from those records to records of related 
coins. The 2007 design created links for typological 
attributes—like denomination, material, and mint—
which would direct the user to the search results 
page for that attribute. One could navigate from a 
particular denarius of Augustus to other denarii 
11 Visualisation parameters are passed RESTfully to the 
85/�� � 6HH� KWWS���QXPLVPDWLFV�RUJ�RFUH�YLVXDOL]H"OLPLW �
�	W\SH DUHDVSOLQH	FDWHJRU\ DXWKRULW\BIDFHW	T GHLW\B
facet%3A%22Victory%22 for a representation of this query.

Figure 3.Preview of dynamic mapping interface.
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or other coins of Augustus. OCRE continues to 
provide this functionality, which had unintended, 
but nevertheless positive, consequences. Google and 
other robots are able to crawl from record to record 
through RESTful search results to make records 
available through search engines.

To enhance the user experience, when Cocoon 
builds the HTML representation of a NUDS/XML 
document for a coin type (Fig. 4), lookups are 
performed upon each Nomisma URI within the 
XML to read the RDF data stream for the given 
ID. Each related web resource (designated by a 
skos:related @rdf:resource) listed in the RDF is 
transformed into a link within the coin type HTML 
page, enabling the user to visit those resources 
to gather more contextual information about 
the Nomisma concept (e. g., Wikipedia articles). 
Additional features of the HTML page for a coin 
type includes links to associated physical objects in 
other collections, an OpenLayers map which renders 
SRLQWV� IRU� PLQWV� DQG� NQRZQ� ¿QGVSRWV� DVVRFLDWHG�
with the coin type, and a section for quantitative 
analysis of the type. While fairly rudimentary at the 
present stage, especially given the limited number 
of physical coins associated with each coin type, this 
section of the page lists the average weight for the 
coin type and allows the user to create graphs which 
FRPSDUH� WKH� DYHUDJH� ZHLJKW� RI� WKH� VSHFL¿HG� FRLQ�
type with the average weights of coins with similar 
attributes (e. g., the average weight of other bronze 

Roman coin-types compared to a bronze sestertius 
of Vespasian, no. 433: Fig. 5).12 This interface for 
visualizing weights will be expanded to encompass 
other measurements, as well as standard deviations.

Lastly, the record page links to other 
serializations of the record: NUDS/XML, Atom, 
RDF, and KML.13 These links are established with 
icons represented visually in the browser, as well as 
in the HTML header to facilitate machine reading.

5. Conclusions

OCRE represents a fundamental shift in 
Roman numismatics. OCRE will be freely available 
to everyone with Internet access, creating a low-cost 
DQG�SRUWDEOH�WRRO�DFFHVVLEOH�ZKHWKHU�LQ�WKH�¿HOG�RU�
in a library. The public user interface serves as a 
powerful tool for searching, sorting, and visualizing 
Roman coinage in a manner that is simply 
impossible in the printed catalogues. Since the 
coin type metadata is open and can be considered 
to be canonical representations of entries in RIC, 
other collections may make use of OCRE’s APIs for 
extracting this metadata for ingestion or reference 
in their own databases, saving time in the data entry 
process and deferring the burden of maintaining 
the data to the OCRE project editors. In theory, 
2&5(�FDQ�EH�XVHG�E\�¿HOG�DUFKDHRORJLVWV�WR�TXLFNO\�
LGHQWLI\�H[FDYDWHG�FRLQV��DLGLQJ�LQ�WKH�FODVVL¿FDWLRQ�
12 Parameters for analyses are passed RESTfully into the 
URL.  Go to http://numismatics.org/ocre/id/ric.2_1%282%29.
Y H V � � � � " W \ S H  F R O XPQ	Z H L J K W 4 X H U \  P D W H U L D O B
facet%3A%22Bronze%22#charts to see this chart in the browser.

��� 7KH�5')�RQWRORJ\�FRQIRUPV�WR�WKH�3(/$*,26�VSHFL¿FDWLRQ��
but CIDOC-CRM conforming to The British Museum template 
will likely be implemented within the next twelve months.

Figure 4. A coin type and its associated coins.

Figure 5. Weight comparison.
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and interpretation of stratigraphic contexts, even 
when the excavation lacks numismatic specialists.

OCRE will continue to evolve even after the 
publication of this paper. More NUDS records will 
be added into OCRE, terminating with Anastasius in 
the early sixth century. New features for quantitative 
analyses and visualisations will be added into 
Numishare. Physical coins in other collections 
will continue to be linked to coin types. At this 
moment, the Portable Antiquities Scheme, British 
Museum, OpenContext and the Münzkabinett of 
the Staatlichen Museen in Berlin have committed to 
sharing their data with the project. Since a relative 
small proportion of the American Numismatic 
Society’s coins linked to OCRE have attested 
¿QGVSRWV�� LW� LV� D� SULPDU\� JRDO� PRYLQJ� IRUZDUG� WR�
import data about archaeologically excavated coins 
into the project. Only then can the full scholarly 
potential of OCRE be realised. In some sense, 
OCRE, at the date of this publication, is merely a 
starting point in the development of one of the most 
comprehensive and sophisticated tools for the study 
of Roman coins on the web.
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1. Introduction

There is an inherent tension in archaeology 
between the complexity, uncertainty, and 
incompleteness of the evidence and the relatively 
clear and simple narratives that present the results 
of archaeological research to the public. This 
tension has been exacerbated by digital approaches 
WR� DUFKDHRORJ\�� RQ� RQH� VLGH�� ¿HOG� UHVHDUFKHUV�
struggle to represent and share complex datasets 
and the processes that generated them for the 
EHQH¿W� RI� RWKHU� UHVHDUFKHUV�� ZKLOH� RQ� WKH� RWKHU��
three-dimensional reconstructions and museum 
websites elide complexity and process to present a 
VHDPOHVV��FRKHUHQW�YLVLRQ�RI�WKH�SDVW�IRU�WKH�EHQH¿W�
of lay audiences. The archaeological computing 
community should see as one of its “grand 
challenges” the use of digital tools to help students 
and the public understand the imperfect and 
complicated process of interpretation that connects 
archaeological evidence to the stories we tell about 
the past. 

These issues are relevant to the way many of 
us present archaeology in university classrooms, 
especially in terms of the spatial and temporal 
aspects of material culture. Archaeologists are well 
aware of the multiplicity of terms and concepts 
that are used to group material remains into 
Corresponding author: arabinow@utexas.edu

chronological periods or geographic units and of 
the way in which space and time interact in these 
FODVVL¿FDWLRQV�� ,I� DQ� DXWKRU� GHVFULEHV� D� FHUDPLF�
YHVVHO� DV� ³,URQ�$JH´�� WKH� UHDGHU�PXVW� NQRZ�ZKHUH�
the vessel was found, where the author conducts 
research, and what disciplinary camp he belongs 
to in order to understand what that term implies 
about absolute date, style, and culture. This fact has 
OHG�WR�PXFK�ZRUN�RQ�WKH�PRGHOOLQJ�RI�SHULRGV�DQG�
WLPH� LQWHUYDOV� LQ� RQWRORJLHV� OLNH� &,'2&�&50� DQG�
on the harmonization of temporal information using 
WRROV� OLNH� WKH� 67$5�7LPHOLQH� DSSOLFDWLRQ� �%LQGLQJ�
������ +\SHUPHGLD� 5HVHDUFK� 8QLW�� 8QLYHUVLW\� RI�
*ODPRUJDQ� ������� &XOWXUDO� LQWHUDFWLRQV� LQ� WKH�
ancient world present similar complexities. Not only 
has the concept of the “archaeological culture” been 
called into question in archaeological theory since 
the second half of the 20th century, but 21st-century 
developments in the digital world have encouraged 
a view of antiquity in terms of a web of social 
QHWZRUNV�DQG�WUDGH�FRQQHFWLRQV�WKDW�LJQRUH�PRGHUQ�
concepts of geospatial and cultural boundaries 
�H�J��0DONLQ� ������ 6FKHLGHO� DQG�0HHNV� ������� <HW�
when we teach archaeology to undergraduate 
VWXGHQWV��ZH�¿QG�RXUVHOYHV�IDOOLQJ�EDFN�RQ�WHPSRUDO�
DQG� FXOWXUDO� SDUDGLJPV� WKDW� JR� EDFN� WR� WKH� ��WK�
or even 18th century. These paradigms insist 
on the separate and unique nature of historical 
cultures and on the “biological metaphor” of birth, 
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adolescence, maturity, and senescence to explain 
their development.

2. Teaching the Past

At least on North American university 
campuses, introductory art and archaeology courses 
typically focus on a single culture, as do most of 
WKH� DYDLODEOH� WH[WERRNV� �H�J�� .OHLQHU� ������ 3HGOH\�
������� DQG� FRXUVHV� DQG� WH[WERRNV� DOLNH� VSHQG� D�
disproportionate amount of time on the ÀRUXLW 
RI� WKDW� SDUWLFXODU� FXOWXUH� �IRU� H[DPSOH�� &ODVVLFDO�
$WKHQV� RU� WKH� HDUO\� 5RPDQ� (PSLUH��� ,QWHUDFWLRQV�
with other cultures are mentioned primarily in terms 
RI�FRQÀLFW�ZLWK�RU�DVVLPLODWLRQ�WR�WKH�FXOWXUH�EHLQJ�
VWXGLHG� �³+HOOHQLVDWLRQ´� DQG� ³5RPDQLVDWLRQ´���
The lasting impression is of clearly delineated 
and distinct cultures that follow chronological 
DUFV� RI� JURZWK�� SHDN�� DQG� GHFOLQH� ZLWKLQ� ¿[HG�
geographical spaces that often coincide with 
modern national borders. This paradigm is even 
PRUH� SURQRXQFHG� LQ� WH[WERRNV� WKDW� FRYHU� VHYHUDO�
FXOWXUHV� WRJHWKHU�� ,Q� WKH� ¿UVW� YROXPH� RI� 0DULO\Q�
6WRNVWDG¶V� LQWURGXFWRU\� $UW� +LVWRU\� WH[WERRN�� IRU�
H[DPSOH��WKH�VWXGHQW�HQFRXQWHUV�¿UVW�DQFLHQW�1HDU�
(DVWHUQ�DQG�0HVRSRWDPLDQ�DUW�� WKHQ�(J\SWLDQ�DUW��
WKHQ�%URQ]H�$JH�$HJHDQ�DUW�� WKHQ�*UHHN�DQG� WKHQ�
5RPDQ�DUW��6WRNVWDG�DQG�&RWKUHQ��������$OWKRXJK�
all of these cultures were in contact with each other 
to a greater or lesser degree throughout almost 
the entire timespan covered by these chapters, 
each is presented in isolation -- and, implicitly, 
LQ� VXFFHVVLRQ�� $V� 'DQLHO� 5RVHQEHUJ� DQG� $QWKRQ\�
Grafton have ably demonstrated in their recent 
ERRN�Cartographies of Time, the division of the past 
into a series of culturally and geographically distinct 
empires, in which preeminence passes from one to 
the next in teleological progression, has a pedigree 
VWUHWFKLQJ�EDFN�WR�DQWLTXLW\�DQG�KDV�H[HUWHG�D�GHHS�
LQÀXHQFH� RQ� UHSUHVHQWDWLRQV� RI� WKH� FKURQRORJ\� RI�
WKH�DQFLHQW�ZRUOG��5RVHQEHUJ�DQG�*UDIWRQ�������

%RWK� VWXGHQWV� DQG� WKH� JHQHUDO� SXEOLF� DUH�
conditioned to expect this approach to the past. As 
LQVWUXFWRUV��ZH�DOVR�¿QG� LW� HDVLHU� WR�DGRSW�D� FOHDQ��
linear narrative in which dates and periods are 
unambiguous, cultures are compartmentalized, and 
certain historical moments are more important than 
RWKHUV��'HSDUWLQJ� IURP� WKLV� QDUUDWLYH� JRHV� DJDLQVW�
the grain for both the presenter and the audience 
DQG� UHTXLUHV� VXEVWDQWLDO� DGGLWLRQDO� H̆RUW� WR� NHHS�

WKH� DXGLHQFH� RULHQWHG� LQ� ERWK� WLPH� DQG� VSDFH�� ,�
HQFRXQWHUHG�WKLV�¿UVW�KDQG�LQ�D�FRXUVH�RQ�&ODVVLFDO�
$UFKDHRORJ\�,�WDXJKW�DW�7KH�8QLYHUVLW\�RI�7H[DV�DW�
$XVWLQ�LQ�������7KLV�FRXUVH�ZDV�PHDQW�WR�LQWURGXFH�
VWXGHQWV� WR� WKH� DUFKDHRORJ\� RI� WKH�0HGLWHUUDQHDQ�
ZRUOG� IURP�WKH� LQWURGXFWLRQ�RI�ZULWLQJ� LQ�6XPHULD�
WR� WKH� IRXQGDWLRQ� RI� &RQVWDQWLQRSOH�� 5DWKHU� WKDQ�
follow a traditional succession-of-empires paradigm, 
,�WULHG�WR�VWUXFWXUH�WKH�FRXUVH�LQ�VXFK�D�ZD\�WKDW�WKH�
students could see connections and interactions 
across space and time. We therefore followed a 
linear timeline arranged as a series of horizontal 
VOLFHV��WKDW� LV��ZH�ORRNHG�DW�VQDSVKRWV�RI�WKH�HQWLUH�
0HGLWHUUDQHDQ� ZRUOG� DW� SDUWLFXODU� PRPHQWV� LQ�
time while following diachronic developments at a 
VSHFL¿F�VXEVHW�RI�LPSRUWDQW�LQGLYLGXDO�VLWHV�VXFK�DV�
%DE\ORQ�DQG�$WKHQV��

The students, however, found this approach 
WUHPHQGRXVO\� FRQIXVLQJ�� ,� R̆HUHG� VWUDWHJLHV� WR�
help them organize the large quantity of disparate 
information involved, such as the creation of 
grids in which archaeological monuments could 
EH� DVVRFLDWHG�ZLWK� UHJLRQV� E\� SHULRG�� ,� DOVR�PDGH�
H̆RUWV�WR�GHSOR\�RQOLQH�PDSSLQJ�WRROV�WR�KHOS�WKHP�
understand spatial relationships: for instance, 
they were given a group project in which they had 
to locate and provide information for a particular 
archaeological site using the neogeographical 
ZHEVLWH� :LNLPDSLD� �KWWS���ZLNLPDSLD�RUJ�� IRU� DQ�
H[DPSOH� RI� WKH� UHVXOWV�� VHH� KWWS���ZLNLPDSLD�RUJ�
�ODW ����������	ORQ ����������	] ��	O �	
P E	VKRZ ���������3ULHQH	VHDUFK SULHQH���
While this assignment was successful in helping the 
VWXGHQWV�PDNH�VHQVH�RI�VSDFH�LQ�WKH�SDVW��WKHUH�ZHUH�
IHZ�FRPSDUDEOH�RQOLQH�UHVRXUFHV�WR�KHOS�WKHP�PDNH�
sense of time in the past, and even fewer that brought 
the two together. This should not be surprising: a 
number of scholars have noted that the “spatial 
WXUQ´�EURXJKW�WR�KXPDQLWLHV�VFKRODUVKLS�E\�*,6�DQG�
neogeographical tools has not been accompanied 
E\�QHZ�DQG�H̆HFWLYH�ZD\V�WR�UHSUHVHQW�VSDFH�DFURVV�
WLPH� �*UHJRU\� ������ %RGHQKDPHU�� &RUULJDQ�� DQG�
+DUULV� ������� ,Q� ������ WKH� RQO\� SODWIRUP� WKDW�
R̆HUHG�WKH�FDSDFLW\�WR�LQWHJUDWH�VSDFH�DQG�WLPH�ZDV�
SURYLGHG�E\�WKH�7LPH0DS�SURMHFW��ZKLFK�DOORZV�WKH�
creation of maps integrated with timelines in a Java-
EDVHG�HQYLURQPHQW��-RKQVRQ�������-RKQVRQ��������
7LPH0DS� LV�DQ� LQQRYDWLYH�VROXWLRQ� WR� WKH�SUREOHP�
of geotemporal visualisation, but it presents a high 
bar for entry for both website creators and users, 
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and has tended to be used for 
the illustration of authoritative 
narratives rather than for student-
driven investigation of confusing, 
interrelated, and sometimes 
contradictory information. 
7KH� VDPH� LV� WUXH� RI� 6DKXO7LPH��
another geotemporal visualisation 
LQWHUIDFH�WKDW�EHJDQ�WR�WDNH�VKDSH�
DURXQG� WKH� VDPH� WLPH� �&ROOHU�
������� +HUH� DQ� $GREH� )ODVK�
platform is used primarily to show 
the changing shape of Australia 
and the surrounding archipelagoes 
as sea-level changed over time. 
Although the interface includes 
interactive elements, it too presents an authoritative 
OLQHDU�QDUUDWLYH��*HR'LD��KWWS���JHRGLD�ODLWV�XWH[DV�
edu) grew from a desire for an interface that would 
provide a more user-centered encounter with the 
complexities of the spatial and temporal aspects of 
WKH�DQFLHQW�0HGLWHUUDQHDQ���

3. Building GeoDia

*HR'LD� DOVR� HPHUJHG� IURP� D� VHULHV� RI� OXFN\�
FRLQFLGHQFHV�DQG�FROODERUDWLRQV��:KLOH�,�ZDV�ORRNLQJ�
IRU� EHWWHU� ZD\V� WR� WHDFK� DQFLHQW� 0HGLWHUUDQHDQ�
DUFKDHRORJ\�� 1LFN� 5DELQRZLW]� ZDV� H[SORULQJ�
geotemporal visualisation as a graduate student 
LQ� WKH� 6FKRRO� RI� ,QIRUPDWLRQ� DW� WKH� 8QLYHUVLW\� RI�
&DOLIRUQLD� DW� %HUNHOH\�� +H� KDG� DOUHDG\� EHJXQ� WR�
H[SHULPHQW�ZLWK�D�PDVKXS�RI�PDS�DQG�WLPHOLQH�$3,V��
DQG�ZH�GHFLGHG�WR�ZRUN�WRJHWKHU�RQ�WKH�GHYHORSPHQW�
of an interface for the display of information with 
both spatial and temporal attributes. The project 
was also fortunate to have the support of the 
/LEHUDO� $UWV� ,QVWUXFWLRQDO� 7HFKQRORJ\� 6HUYLFHV� RI�
WKH�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ�LQ�WKH�IRUP�RI�WZR�
JHQHURXV�JUDQWV��WKH�WLPH�RI�GHYHORSHU�3HWHU�.HDQH��
SURJUDPPHU� 6WXDUW� 5RVV�� DQG� SURMHFW� PDQDJHU�
$GULHQQH� :LW]HO�� DQG� WKH� '$6H� �'LJLWDO� $UFKLYHV�
6HUYLFHV��FRQWHQW�PDQDJHPHQW�DUFKLWHFWXUH�FUHDWHG�
E\�.HDQH��KWWS���FRGH�JRRJOH�FRP�S�GDVH���

7KH� *HR'LD� LQWHUIDFH� LV� EDVHG� RQ�� DQG�
GHYHORSHG� LQ� FRQFHUW� ZLWK�� 1LFN� 5DELQRZLW]¶V�
RSHQ�VRXUFH� WLPHPDS�MV�-DYDVFULSW� OLEUDU\� �KWWS���
FRGH�JRRJOH�FRP�S�WLPHPDS��� ZKLFK� LQWHJUDWHV�
WKH� *RRJOH� 0DSV� $3,� ZLWK� WKH� $3,� RI� 0,7¶V�
6,0,/(�7LPHOLQH��7KLV�SHUPLWV�WKH�ORDGLQJ�RI�GDWD�

simultaneously onto both a map and timeline, 
with a separate data structure to manage cross-
references and interactions between the two visual 
UHSUHVHQWDWLRQV�RI�D�JLYHQ�UHFRUG��)LJ������7KH�UHVXOW�
is an online interface in which user interaction with 
HLWKHU� WKH�PDS� RU� WKH� WLPHOLQH� FDQ� EH� UHÀHFWHG� LQ�
ERWK�YLVXDOLVDWLRQ�HOHPHQWV��IRU�H[DPSOH��FOLFNLQJ�DQ�
item on the timeline may bring up an informational 
ZLQGRZ�RQ�WKH�PDS��DQG�PDUNHUV�RQ�WKH�PDS�PD\�
EH� KLGGHQ�ZKHQ� WKH� FRUUHVSRQGLQJ�PDUNHU� RQ� WKH�
timeline item is out of view. The central dataset 
consists of geolocated archaeological sites, which 
DSSHDU�DV�FRQWLQXRXV�OLQHV�EURNHQ�LQWR�WKH�SHULRGV�
that are conventionally used by scholars who study 
those particular sites, and with which are associated 
images of objects and monuments produced or 
found there, arranged according to those periods.

To allow the user to create data views 
interactively through both searching and faceted 
EURZVLQJ��ZH�WRRN�D�VRPHZKDW�XQRUWKRGR[�DSSURDFK�
WR� SHULRGV�� FXOWXUHV�� DQG� JHRJUDSKLF� GLYLVLRQV�� ,Q�
most online timelines, periods exist as independent 
FRQFHSWV� �WKDW� LV�� ³WKH�$UFKDLF� SHULRG´� GHVFULEHV� D�
¿[HG�VHW�RI�FKDUDFWHULVWLFV��DSSOLFDEOH�DFURVV�D�¿[HG�
date-range) and are assigned to conventionally-
GH¿QHG� UHJLRQV� �³*UHHFH´�� ³(J\SW´�� HWF���� ,Q�
our datamodel, by contrast, those broad period 
concepts are manifested primarily in the form of 
“site periods”, which describe the application of 
period concepts to the concrete periodisation of 
D� VSHFL¿F� VLWH� �)LJ�� ����$UFKDHRORJLVWV�PD\�XVH� WKH�
VDPH� WHUP� WR� UHIHU� WR� GL̆HUHQW� DEVROXWH� GDWHV� DW�
GL̆HUHQW�VLWHV��IRU�H[DPSOH��RU�WHDPV�ZLWK�GL̆HUHQW�
LQWHOOHFWXDO� RULHQWDWLRQV� PD\� XVH� GL̆HUHQW� SHULRG�

Figure 1. Screen capture of the sites tab in GeoDia, with Athens selected.
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terms to indicate the same date range at closely 
UHODWHG� VLWHV�� %\� DSSO\LQJ� WKH� SHULRGLVDWLRQ� XVHG�
by the archaeological literature that discusses each 
LQGLYLGXDO�VLWH��*HR'LD�LQWURGXFHV�VWXGHQWV�WR�VRPH�
of the complexities of the use of the concept of 
“period” in archaeological research. 

6LPLODUO\��³DUFKDHRORJLFDO�FXOWXUH´�LV�H[SUHVVHG�
as a function of time as much as it is of geographic area. 
&XOWXUH�LV�WKXV�LQFRUSRUDWHG�LQWR�SHULRG�GH¿QLWLRQV��
VR�WKDW�*UHHN��5RPDQ��DQG�(WUXVFDQ�FXOWXUHV�DUH�HDFK�
associated with their own distinct “Archaic” period. 
When a period is associated with a site, its related 
culture is instantiated at that geographic location 
during that time-range. This allows the interface to 
color-code “culture” in the timeline and on the map 
without insisting that a given site belongs only to 
RQH�FXOWXUH��2Q�RQH�OHYHO��*HR'LD�WDNHV�D�WUDGLWLRQDO�
approach to the idea of archaeological culture by 
using the concept as one of its main browsing facets 
and by color-coding only the most familiar ancient 
FXOWXUHV��7KLV�ZDV�QHFHVVDU\��KRZHYHU��WR�PDNH�WKH�
site accessible to students whose understanding of 
the past is already shaped by the conventional idea 
of culture, and who encounter ancient cultures as 
discrete units in the classroom. At the same time, we 
tried to represent at least some of the complexity of 
culture in the ancient world by showing graphically 
that the same site might be occupied by several 
GL̆HUHQW�FXOWXUHV�RYHU�WKH�FRXUVH�RI�LWV�KLVWRU\��7KH�
interface also emphasizes that those cultures are 
not mutually exclusive: periods can be associated 
with two cultures at once, in which case they appear 
with zebra-striping in the timeline. This permits us 

WR� UHSUHVHQW�� IRU� H[DPSOH�� WKH� ³FXOWXUH´� RI� 5RPDQ�
$WKHQV��ZKHUH�DEVRUSWLRQ�LQWR�WKH�5RPDQ�SROLWLFDO�
V\VWHP� WUDQVIRUPHG�EXW�GLG�QRW� UHSODFH� WKH�*UHHN�
FXOWXUH�RI�WKH�VLWH¶V�LQKDELWDQWV�

7KH� GHVFULSWLRQ� RI� UHJLRQV� LQ� *HR'LD� DOVR�
UHÀHFWV�WKH�ÀXLGLW\�RI�WKH�0HGLWHUUDQHDQ�ZRUOG�DFURVV�
time. Approaches to the geographical representation 
of the ancient world tend to be framed either by 
PRGHUQ�QDWLRQDO�ERUGHUV�RU�E\�H̆RUWV�WR�UHSUHVHQW�
ancient administrative or military boundaries. The 
¿UVW�LV�HVVHQWLDOO\�DUELWUDU\�ZLWK�UHVSHFW�WR�WKH�SDVW��
and not useful for browsing -- a student who sees 
only sites in modern Greece when searching for 
³*UHHN� VLWHV´� ZLOO� PLVV� ODUJH� SDUWV� RI� WKH� DQFLHQW�
*UHHN�ZRUOG�LQ�WKH�ZHVWHUQ�0HGLWHUUDQHDQ�RU�DORQJ�
WKH�%ODFN�6HD��7KH�VHFRQG� LV�DOVR�SUREOHPDWLF��QRW�
RQO\� LV�RXU�NQRZOHGJH�RI� WKH�SDVW� WRR� IUDJPHQWDU\�
to create a continuous representation of shifts in 
SROLWLFDO� FRQWURO� DFURVV� WKH� HQWLUH� 0HGLWHUUDQHDQ�
over more than three millennia, but mapping those 
boundaries tends to obscure their permeability and 
WKH� FRQWLQXRXV� LQWHUDFWLRQV� WKDW� WRRN� SODFH� DFURVV�
WKHP��)RU�*HR'LD��ZH�GHFLGHG�WR�GH¿QH�UHJLRQV�E\�
SRLQWV�UDWKHU�WKDQ�E\�SRO\JRQV����WKDW�LV��ZH�GH¿QHG�
them according to interconnectivity and shared 
material culture between individual sites, rather 
than according to linear boundaries and borders. 
7KH� UHVXOW�� GLVSOD\HG� DW� KWWS���JHRGLD�ODLWV�XWH[DV�
HGX�UHJLRQV�KWPO�� LV� RUJDQL]HG� LQ� SDUW� E\� QDWXUDO�
EDUULHUV�OLNH�PRXQWDLQ�FKDLQV�DQG�E\�WKH�FRQQHFWLYLW\�
SURYLGHG�E\�ZDWHUZD\V��DQG� LQ�SDUW�E\�ḊQLWLHV� LQ�
PDWHULDO� FXOWXUH� RYHU� WLPH�� 7KLV� PDNHV� IRU� VRPH�
FRXQWHULQWXLWLYH�GLYLVLRQV��6LFLO\��IRU�H[DPSOH��LV�QRW�
JURXSHG�ZLWK�,WDO\��EXW�VSOLW�EHWZHHQ�³WKH�$HJHDQ´�
DQG� ³1RUWK� $IULFD´�� %XW� VXFK� FKRLFHV� PDNH� PRUH�
sense when the historical record is considered. Not 
RQO\�ZDV�HDVWHUQ�6LFLO\�VHWWOHG�E\�*UHHNV�DQG�ZHVWHUQ�
6LFLO\�E\�3XQLF�FRORQLVWV�LQ�DQWLTXLW\��EXW�WKH�VDPH�
DUHDV� ZHUH� ODWHU� GLYLGHG� EHWZHHQ� %\]DQWLQH� DQG�
Arab control.

The presentation of images by period and site 
was a fundamental part of the original concept for 
the interface, to provide users with a sense of the 
PDWHULDO�FXOWXUH�RI�D�SDUWLFXODU�VLWH�DFURVV�WLPH��R̆HU�
students another way to contextualize the material 
WKH\� HQFRXQWHUHG� LQ� WKHLU� WH[WERRNV�� DQG� SHUPLW�
the comparison of objects and monuments across 
time and between cultures. The interface therefore 
provides an image search as an additional point of 

Figure 2. The GeoDia datamodel.
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entry to the dataset of periodised sites. The user 
FDQ�VHDUFK�E\�NH\ZRUG�IRU�VSHFL¿F�LPDJHV��DQG��E\�
FOLFNLQJ�RQ�WKH�OLQN�WR�WKH�VLWH�ZLWK�ZKLFK�DQ�LPDJH�LV�
associated, see the image in its spatial and temporal 
FRQWH[W�� ,Q� UHVSRQVH� WR� VWXGHQW� IHHGEDFN�� WKH�EHWD�
YHUVLRQ� RI� *HR'LD� LQFOXGHG� DQ� DGGLWLRQDO� GDWDVHW�
consisting of historical events that can be placed at 
D�VSHFL¿F�ORFDWLRQ�LQ�VSDFH�ZLWKLQ�D�VSHFL¿F�FDOHQGDU�
year. They can thus be displayed as points on the 
timeline, which distinguishes them from sites and 
PDNHV� LW� SRVVLEOH� WR� VHH� PRUH� RI� WKHP� DW� RQFH��
(YHQWV��OLNH�VLWHV��DUH�DVVRFLDWHG�ERWK�ZLWK�D�UHJLRQ�
and with one or more cultures, and can be browsed 
or searched through a separate “events” tab in the 
interface. 

*HR'LD� LV� PXFK� FORVHU� WR� D� QHRJHRJUDSKLF�
SODWIRUP� WKDQ� D� KLVWRULFDO� *,6�� LQ� WKDW� LW� DGGV�
information to a representation of our landscape as it 
is now, rather than attempting to depict a landscape 
as it was in the past. The interface does not display 
ancient cities at certain moments in time; instead, 
it displays present archaeological sites that once 
were ancient cities, with the objects we attribute to 
those cities arranged according to the chronological 
groupings we use to describe them. This is in sharp 
contrast to projects that map the ancient world 
LWVHOI�� PRVW� QRWDEO\� WKH� 3OHLDGHV� 3URMHFW�� ZKLFK�
JUHZ� IURP� WKH� %DUULQJWRQ� $WODV� RI� WKH� *UHHN� DQG�
5RPDQ�:RUOG��7DOEHUW�������WR�SUHVHQW�DQ�RQOLQH�
historical gazetteer of the cities, sites, regions, and 
RWKHU�VSDWLDO�GLYLVLRQV�RI�WKH�DQFLHQW�0HGLWHUUDQHDQ�
DV�WKH\�DSSHDUHG�LQ�DQWLTXLW\��KWWS���SOHLDGHV�VWRD�
RUJ���,W�DOVR�GL̆HUV�IURP�PRUH�UHFHQW�DSSURDFKHV�WR�
the temporal modelling of digital data, which focuses 
on the temporal dimensions of a thing in the past 
�DQ� HPSLUH�� D�EXLOGLQJ�� D�KXPDQ� OLIH��)D]DO��������
7KLV� LV�D�GHOLEHUDWH�FKRLFH��*HR'LD�LV�QRW� LQWHQGHG�
to provide students with an illustration of “the way 
things really were” in the past, but to confront them 
with the way we, as archaeologists and historians, 
study and describe evidence for the past today. This 
approach has now been adopted by other projects, 
one of which has recently adapted the timemap.js 
library to display georeferenced historical maps of 
DUFKDHRORJLFDO�PRQXPHQWV�LQ�*UHHFH��.RXVVRXODNRX�
et al. 2011). The distinction between present and past 
LV�OHVV�FOHDU�LQ�*HR'LD¶V�FXUUHQW�GDWDVHW�RI�KLVWRULFDO�
events, which does not yet include primary sources 
for its items and which features only a few initial 
H̆RUWV� WR� UHSUHVHQW� VFKRODUO\� FRQWURYHUV\� DERXW�

GDWHV�� ,W� LV� RXU� LQWHQWLRQ�� KRZHYHU�� WR� HPSKDVL]H�
NQRZOHGJH� VRXUFHV� DQG� FRQÀLFWLQJ� LQWHUSUHWDWLRQV�
in future iterations of this dataset too.

,Q� IDFW�� WKH� FXUUHQW� YHUVLRQ� RI� *HR'LD� KDV�
IXO¿OOHG�RQO\�RQH�RI�WKH�SURMHFW¶V�WZR�RULJLQDO�JRDOV��
7KH� ¿UVW� JRDO� HQYLVLRQHG� WKH� FUHDWLRQ� RI� D� VSDWLDO�
WLPHOLQH� RI� DQFLHQW� 0HGLWHUUDQHDQ� DUFKDHRORJ\�
DQG� KLVWRU\�� ZLWK� DXWKRULWDWLYH� FRQWHQW� GH¿QHG��
reviewed, and formatted by an administrative 
group and presented to students as set information 
that could be browsed and searched. This was 
intended to be both a study tool, helping students 
to understand chronological terms, stylistic 
groupings, and geography, and a complement 
WR� WKH� OLQHDU�� VLPSOL¿HG� QDUUDWLYH� SURYLGHG� E\�
WH[WERRNV��UHYHDOLQJ�FRQQHFWLRQV�DQG�V\QFKURQLVPV�
EHWZHHQ�FXOWXUHV�DQG�UHJLRQV��(VVHQWLDOO\��LW�VHUYHV�
as a contextualizing engine for material culture: 
instead of presenting individual objects and sites in 
geographic and chronological isolation as episodes 
in a grand overarching story, it allows the user to 
see what scholars associate with a single moment 
in time across space and with a single space across 
time. 

The second goal of the project, still unrealized, 
was to bring that complexity more fully to life by 
DOORZLQJ�VWXGHQWV�WR�FUHDWH�WKHLU�RZQ�GDWDVHWV��,I�WKH�
current interface is an authoritative presentation 
of curated data, the second goal envisioned an 
LQWHUIDFH� HTXLYDOHQW� WR� WKH� ³0\� 0DSV´� VHFWLRQ� RI�
*RRJOH� 0DSV�� ZKHUH� WKH� VDPH� JHRWHPSRUDO� WRROV�
could be used to display user-generated content. The 
best parts of the latter could then be merged with 
the main dataset, allowing students to participate 
actively in the generation of authoritative content 
ZKLOH� H[SDQGLQJ� *HR'LD¶V� FRYHUDJH� WKURXJK�
FURZGVRXUFLQJ��2Q� D� SHGDJRJLFDO� OHYHO�� WKLV�ZRXOG�
KDYH� WZR� H̆HFWV� RQ� VWXGHQWV�� LW�ZRXOG� DOORZ� WKHP�
WR�DFWLYHO\�FRQVWUXFW�WKHLU�RZQ�QDUUDWLYH�IUDPHZRUN�
IRU� WKH�PDWHULDO�� ZKLFK� WKH\�ZRXOG� EH�PRUH� OLNHO\�
to internalize than one received passively from 
D� WH[WERRN�� DQG� LW� ZRXOG� IRUFH� WKHP� WR� FRQIURQW��
in the process of creation, the complexities and 
ambiguities that are inherent in archaeology and 
ancient history but have been smoothed out of the 
authoritative dataset for practical reasons. The 
8QLYHUVLW\� RI� 9LUJLQLD� KDV� VXFFHVVIXOO\� GHSOR\HG�
such an approach to visualisation in connection with 
VWXGHQW� UHVHDUFK� SURMHFWV� �)HUVWHU� ������� DOWKRXJK�
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DQG�D����TXHVWLRQ�VXUYH\��ZKLOH�WKH������VWXGHQWV�
ZHUH�JLYHQ�D����TXHVWLRQ�VXUYH\�WKDW�LQFOXGHG�QHZ�
questions about a user guide that had been added 
WR�WKH�VLWH��&RPSOHWHG�VXUYH\V�ZHUH�FROOHFWHG�IURP�
D�WRWDO�RI�����VWXGHQWV�GXULQJ�WKHVH�WZR�VHPHVWHUV��
,�ZLOO� IRFXV� KHUH� RQ� TXDQWLWDWLYH� UHVXOWV� UHODWHG� WR�
WKLV�FHQWUDO�TXHVWLRQ��GRHV�WKH�VLWH�R̆HU�DQ�LQWXLWLYH�
and comprehensible way for students with no 
EDFNJURXQG� LQ� DUFKDHRORJ\� RU� DQFLHQW� KLVWRU\� WR�
ORRN�DW�VSDFH�DQG�WLPH"

At least in terms of basic user experience, the 
answer seemed to be “yes”. The vast majority of the 
respondents routinely used the internet for their 
VWXGLHV� ����� RI� ���� VDLG� WKH\� ³DOZD\V´� XVH� RQOLQH�
sources in their research), so they were already fairly 
familiar with online applications. When students 
ZHUH�DVNHG�PRUH�VSHFL¿FDOO\�LQ�WKH������VXUYH\�DERXW�
the online resources they used, spatial tools were 
WKH�PRVW�IUHTXHQWO\�XVHG�DIWHU�87�$XVWLQ¶V�FRXUVH�
management platform, so it seems safe to assume a 
widespread familiarity with online maps within the 
student population. The students also seemed to be 
comfortable with the mashup of map and timeline 
LQ�*HR'LD��D�PDMRULW\�IRXQG�WKH�LQWHUIDFH�HDV\�WR�XVH�
�)LJ������$�VLPLODU�PDMRULW\�WKRXJKW�WKDW�WKH�LQWHUIDFH�
was successful in allowing them to gather temporal 
and cultural information about sites, and agreed 
that it helped them to associate images of objects 
DQG�PRQXPHQWV�ZLWK�VSHFL¿F�SODFHV�DQG�WLPHV��)LJ��
���� $OPRVW� ���� RI� WKH� ���� UHVSRQGHQWV� DQVZHUHG�
“agree” or “strongly agree” to the statement “This 
VLWH� LV� D� XVHIXO� UHVHDUFK� WRRO� WKDW� ,� ZLOO� XVH� LQ�P\�
studies”. 

Figure 4. Graph of responses to 2009-2010 survey 
prompt: “The layout of the website allows me to effectively 
associate the artifact images with a site, culture, and time 
period.”

Figure 3. Graph of responses to 2009-2010 survey 
prompt: “While navigating the site, using the interactive 
timeline and map was easy and effective.”

WKHUH� WKH� SODWIRUP� LV� $GREH� )ODVK�� ZKLFK�ZDV� QRW�
suitable for our project because of limitations for 
data interoperability and export.

4. What Students Want

,Q�WKH�HQG��ZH�ODFNHG�WKH�WLPH�DQG�UHVRXUFHV�
to build the interface and infrastructure necessary 
to enable this sort of unmediated content creation 
LQ�*HR'LD��:H�KRSH�WR�LQFOXGH�LW� LQ�D�IXWXUH�SKDVH�
RI� GHYHORSPHQW�� ,Q� WKH� PHDQWLPH�� KRZHYHU�� ZH�
have had the opportunity to test various iterations 
of the site with student users, both as passive 
consumers and as information producers. With the 
KHOS� RI� FROOHDJXHV� LQ� WKH� GHSDUWPHQWV� RI� &ODVVLFV�
DQG� $UW� +LVWRU\�� ZH� ZHUH� DEOH� WR� VROLFLW� IHHGEDFN�
IURP� D� ZLGH� UDQJH� RI� VWXGHQWV� DW� WZR� GL̆HUHQW�
VWDJHV� RI� WKH� ZHEVLWH¶V� GHYHORSPHQW�� 3URMHFW�
manager Adrienne Witzel conducted beta-tests 
DQG� DGPLQLVWHUHG� VXUYH\V� GXULQJ� *HR'LD¶V� ¿UVW�
SXEOLF� LWHUDWLRQ� LQ� ����������� DQG� ,� IROORZHG� WKLV�
in 2011 with surveys administered to students in 
*UHHN� DQG� 5RPDQ� $UFKDHRORJ\� FODVVHV� ZKR� ZHUH�
assigned group projects involving the investigation 
and periodisation of archaeological sites not yet 
LQFOXGHG� LQ� WKH� *HR'LD� GDWDVHW�� :H� ZDQWHG� WR�
collect information both about the ease-of-use and 
ḢFLHQF\�RI�WKH�LQWHUIDFH�DQG�DERXW�LWV�H̆HFWLYHQHVV�
as a teaching and learning tool. 

,Q�WKH�¿UVW�URXQG��VXUYH\V�ZHUH�DGPLQLVWHUHG�
to students in an introductory Art History class, 
DQ� LQWURGXFWRU\� 5RPDQ� $UFKDHRORJ\� FODVV�� DQ�
LQWURGXFWRU\� DQFLHQW� 0HGLWHUUDQHDQ� KLVWRU\� FODVV��
DQG� D� &HOWLF� $UFKDHRORJ\� FODVV�� ,Q� ������ VWXGHQWV�
ZHUH� JLYHQ� D� VLPSOH� *HR'LD�EDVHG� DVVLJQPHQW�
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These positive responses, however, were 
tempered by the short-answer survey prompts. 
Lengthier student comments across these various 
classes indicated a strong desire for the very sort 
RI� FOHDQ� QDUUDWLYH� IUDPHZRUN� WKH� VLWH� KDG� EHHQ�
designed to avoid. A large number of students 
wanted more textual information about the sites 
themselves, and an even larger number wanted 
historical events to be represented. The second 
GHPDQG� ZDV� VR� SURQRXQFHG� WKDW� ZH�PRGL¿HG� WKH�
interface in its second iteration to include events. 
,W� LV� LQWHUHVWLQJ� WR�QRWH� WKH�VWXGHQWV¶� VWURQJ�GHVLUH�
for more information in the same format -- the short 
explanatory essay -- conventionally provided by 
online timelines and museum exhibits. This theme 
reappeared in the surveys administered in 2011, 
DOWKRXJK�ZLWK�D�FORVHU�FRQQHFWLRQ�WR�WH[WERRNV�DQG�
course content.

,Q� WKH� VHFRQG� URXQG�� VXUYH\V� ZHUH� JLYHQ�
to students in two courses: an introduction to 
*UHHN� DUFKDHRORJ\� DQG� DQ� LQWURGXFWLRQ� WR� 5RPDQ�
archaeology. These students had been strongly 
encouraged to use the site to study course material, 
and had also been assigned group projects that 
involved gathering, for a given archaeological site, 
WKH�VDPH�VRUW�RI� LQIRUPDWLRQ�WKDW�*HR'LD�SURYLGHV�
�SHULRGLVDWLRQ�� LPDJHV�� ORFDWLRQ�� HWF���� 5HSRQVHV�
ZHUH�FROOHFWHG�IURP����RI�WKRVH�VWXGHQWV��ZLWK�VRPH�
unexpected results. Although a similar percentage 
of these students found the interface easy to use, 
WKH\�GLG�QRW�VHHP�WR�XVH�LW�RIWHQ�LQ�SUDFWLFH��)LJ������
(YHQ�PRUH� VWULNLQJO\�� D�GLVWLQFW�PDMRULW\� ������RXW�
RI�������LQGLFDWHG�WKDW�WKH\�³QHYHU´�XVHG�WKH�VLWH�³WR�
understand course material or study for exams”. 
The most frequent reason respondents gave for 

not using the site to study was that the content in 
*HR'LD� GLG� QRW� RYHUODS� HQRXJK� ZLWK� WKH� VSHFL¿F�
PDWHULDO� SUHVHQWHG� LQ� WKH� WH[WERRN� DQG� FRXUVH�
OHFWXUHV��6LQFH�WKH�WHVWV�ZHUH�EDVHG�RQ�WKH�WH[WERRNV�
and lectures, and since the dates and period terms 
LQ�*HR'LD�VRPHWLPHV�GLG�QRW�SUHFLVHO\�PDWFK�WKRVH�
LQ�WKH�WH[WERRN��WKH�VWXGHQWV�IHOW�WKDW�WKH�VLWH�ZRXOG�
not help them recall the material on which they were 
tested. This contrasted sharply with my own ideas 
DERXW� WKH� VLWH�� DV�DQ�DUFKDHRORJLVW�� ,�KDG�DVVXPHG�
WKDW� ORRNLQJ� DW� D� ZLGH� UDQJH� RI� REMHFWV� LQ� WKHLU�
spatial and temporal context would give students a 
EHWWHU�YLVXDO�VHQVH�RI�VXFK�FRQWH[W��PDNLQJ�LW�HDVLHU�
IRU�WKHP�WR�SODFH�ERWK�NQRZQ�DQG�XQNQRZQ�REMHFWV�
in space and time.

There was a similar disjunction between the 
DVVXPHG�SHGDJRJLFDO�EHQH¿WV�RI�DFWLYH�HQJDJHPHQW�
with issues of time and space, and how useful the 
VWXGHQWV�IHOW�WKH�JURXS�SURMHFWV�WR�EH��6XSHU¿FLDOO\��
those projects appear to have failed: a majority of 
VWXGHQWV�GLG�QRW�WKLQN�WKH�JURXS�SURMHFWV�LQFUHDVHG�
WKHLU�XQGHUVWDQGLQJ�RI�WKH�FRXUVH�PDWHULDO��)LJ������
DQG�DQ�HYHQ� ODUJHU�PDMRULW\�GLG�QRW� WKLQN� WKDW� WKH�
SURMHFWV� ZHUH� D� YDOXDEOH� SDUW� RI� WKH� FRXUVH�� )URP�
a pedagogical perspective, however, the projects 
ZHUH� PRUH� VXFFHVVIXO�� VLJQL¿FDQW� PDMRULWLHV� IHOW�
that the projects had increased their understanding 
of library research, chronology and periods in the 
ancient world, and the process of archaeological 
¿HOG� UHVHDUFK�� 0RVW� VXUSULVLQJO\�� DIWHU� WKH� ODUJHO\�
negative assessment of the value of the projects, 
almost all the students surveyed felt the experience 
had made them more able to collect and evaluate 
HYLGHQFH�LQ�JHQHUDO��)LJ������

Figure 5. Graph of responses to 2011 survey prompt: 
“Over the course of the semester, I have visited the 
GeoDia website…”

Figure 6. Graph of responses to 2011 survey prompt: 
“My work on the GeoDia group projects increased my 
understanding of the course material.”
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These results suggest two basic conclusions. 
)LUVW�� HQJDJLQJ� VWXGHQWV� DFWLYHO\� LQ� WKH� SURFHVV� RI�
NQRZOHGJH�JHQHUDWLRQ�DQG�LQ�FRPSOLFDWHG�TXHVWLRQV�
of interpretation is a useful strategy, even when the 
students themselves are not enthusiastic about the 
experience. The development of interactive resources 
for history and archaeology should therefore 
FRQVLVWHQWO\� WDNH� LQWR� DFFRXQW� WKH� SRVVLELOLW\� RI�
VWXGHQW� DQG� SXEOLF� HQJDJHPHQW�� ³&LWL]HQ� VFLHQFH´�
has already made its way into archaeology and 
&ODVVLFV�� IURP� WKH� 3RUWDEOH� $QWLTXLWLHV� 6FKHPH�
�KWWS���¿QGV�RUJ�XN��� WR� WKH� $QFLHQW� /LYHV� 3URMHFW�
�KWWS���DQFLHQWOLYHV�RUJ���� ,W� UHPDLQV� WR� EH� VHHQ�
where crowdsourcing approaches will be most 
successful in terms of scholarly advancement, but 
it is already clear that they have great potential for 
PDNLQJ�VWXGHQWV�DQG�OD\�DXGLHQFHV�VWDNHKROGHUV�LQ�
WKH�H[SORUDWLRQ�RI�WKH�SDVW��6HFRQG��LW�LV�LPSRVVLEOH�WR�
LJQRUH�WKH�GHVLUH�RI�VWXGHQWV�WR�XVH�DQ�LQWHUIDFH�OLNH�
*HR'LD�WR�¿QG�PRUH�LQIRUPDWLRQ��,I�*HR'LD�LV�WR�EH�
of lasting value, its future development must include 
EHWWHU�PHFKDQLVPV�WR� OLQN� LWV�GDWDVHW� WR�DGGLWLRQDO�
sources of information about the ancient world, and 
to expose its information in turn for reuse by other 
SODWIRUPV��,�WKLQN�WKDW�/LQNHG�'DWD�DSSURDFKHV�DUH�
WKH�PRVW�OLNHO\�WR�PDNH�WKLV�SRVVLEOH�

5. Linking the Past, Linking the Future

6LQFH� ZH� EHJDQ� WR� GHYHORS� *HR'LD�� RQOLQH�
interfaces for geotemporal visualisation have 
increased in both number and complexity. The most 
recent addition is Neatline, which provides tools to 
EXLOG�VXFK�YLVXDOLVDWLRQV�LQ�DQ�2PHND�HQYLURQPHQW�
�KWWS���QHDWOLQH�RUJ��1RZYLVNLH��������<HW�WKH�PRUH�

complex these interfaces become, the more fragile 
they become and the more vulnerable they are to 
GHJUDGDWLRQ�RYHU�WLPH��1RZYLVNLH�DQG�3RUWHU��������
*HR'LD�LV�QR�H[FHSWLRQ��1RW�RQO\�GRHV�LW�GHSHQG�RQ�
H[WHUQDO�$3,V�RYHU�ZKLFK� LW�KDV�QR�FRQWURO��EXW� LWV�
GDWD�VWUXFWXUH� IRUFHV� WKH�'$6H�DUFKLWHFWXUH��ZKLFK�
ZDV� EXLOW� WR� PDQDJH� ÀDW� GDWD�� WR� EHKDYH� OLNH� D�
UHODWLRQDO�GDWDEDVH��)XUWKHUPRUH��DV�ORQJ�DV�FRQWHQW�
PXVW�EH�DGGHG�SDLQVWDNLQJO\�E\�KDQG�E\�RQH�RU�WZR�
editors, its possibilities for expansion are limited. 
<HW� WKH� LQIRUPDWLRQ� LW� FRQWDLQV� KDV� EHHQ� FROOHFWHG�
with care and is of value to both archaeologists and 
the public. At the very least, shared information 
about periods could prevent other datasets from 
KDYLQJ� WR� UHLQYHQW� WKLV� SDUWLFXODU� ZKHHO�� %\� WKH�
VDPH� WRNHQ��GDWD�DVVRFLDWHG�ZLWK�85,V� IRU�DQFLHQW�
VLWHV�WKURXJK�3OHLDGHV��QRZ�EHLQJ�DJJUHJDWHG�E\�WKH�
3HODJLRV� SURMHFW� �KWWS���SHODJLRV�SURMHFW�EORJVSRW�
FRP���� FRXOG� VLJQL¿FDQWO\� HQULFK� WKH�H[SHULHQFH�RI�
*HR'LD� XVHUV� KXQJU\� IRU� DGGLWLRQDO� LQIRUPDWLRQ��
:H�KDYH�WDNHQ�LQLWLDO�VWHSV�WR�OLQN�DQG�SUHVHUYH�RXU�
GDWD�E\�DVVRFLDWLQJ�*HR'LD�VLWHV�ZLWK�3OHLDGHV�85,V��
E\�H[SRVLQJ�*HR'LD�TXHU\�UHVXOWV�DV�-621��DQG�E\�
PDNLQJ� LW�SRVVLEOH� WR�H[SRUW�¿OWHUHG�UHVXOWV�VHWV�DV�
.0/�¿OHV�� 7KH� QH[W� SKDVH�� KRZHYHU�� VKRXOG� EULQJ�
EHWWHU�LQWHJUDWLRQ�ZLWK�H[LVWLQJ�OLQNHG�GDWD�VRXUFHV��
7KH�)OLFNU�PDFKLQH�WDJV�QRZ�EHLQJ�XVHG�WR�DVVRFLDWH�
LPDJHV� ZLWK� 3OHLDGHV� SODFHV�� IRU� H[DPSOH� �(OOLRWW�
2011), could allow the same images to enrich, and 
be enriched by, associations with site periods in 
*HR'LD��

At the moment, however, there is no 
corresponding gazetteer of scholarly assertions 
about periods that would allow images to be located 

Figure 7. Graph of responses to 2011 survey prompt: “My 
work on the GeoDia group projects improved my ability 
to collect and evaluate information about academic 
subjects in general”.

Figure 8. Model of a period as a unique assertion rather 
than a general concept.
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LQ�WLPH��7KLV�LV�RQH�DUHD�LQ�ZKLFK�WKH�*HR'LD�GDWDVHW�
could be used for the good of the broader community. 
We are currently participating in an initiative to 
build such a gazetteer, which would create new 
SRVVLELOLWLHV� IRU� WKH� OLQNLQJ� DQG� YLVXDOLVDWLRQ� RI�
geotemporal information about the ancient world. 
5DWKHU�WKDQ�IRFXVLQJ�RQ�SHULRGV�DV�REMHFWLYH�WKLQJV��
WKLV�JD]HWWHHU�ZRXOG�FRPSLOH��OLNH�*HR'LD��DVVHUWLRQV�
PDGH�E\�VSHFL¿F�DXWKRULWLHV�DERXW�WKH�WHPSRUDO�DQG�
JHRJUDSKLF�H[WHQWV�RI�SHULRG�WHUPV��)LJ������6XFK�DQ�
approach will sidestep the complications inherent 
in attempts to standardize period schemata, and 
ZLOO�PDNH�LW�SRVVLEOH�WR�FRPSDUH�LQIRUPDWLRQ�DFURVV�
PXOWLSOH� VSHFLDOL]HG� WKHVDXUL�� 0RVW� LPSRUWDQWO\��
LW� ZLOO� PDNH� WKH� PXOWLYRFDOLW\� RI� DUFKDHRORJLFDO�
interpretation even more transparent to students 
and to the public. 

This is crucial at a time when tools for 
visualisation are becoming ever more compelling. 
2QH�RI� WKH�SUREOHPV�ZLWK�WKH�YLVXDOLVDWLRQ�RI� WLPH�
LV� WKH� ODFN� RI� FRQYHQWLRQV� IRU� WKH� UHSUHVHQWDWLRQ�
RI� YDJXHQHVV� DQG� XQFHUWDLQW\� �ZKLFK�� RI� FRXUVH��
pervade the study of the ancient world). The display 
of temporal information with a standard timeline or 
WLPH�VOLGHU�UHTXLUHV�¿UP�GDWHV�DW�HDFK�HQG�RI�D�UDQJH��
0RUH� FRPSOH[� DQG� XQFHUWDLQ� UHODWLRQVKLSV� FDQ� EH�
represented, but the tools necessary to analyze and 
visualise these relationships are better developed for 
WKH�VSDWLDO�VSKHUH��,Q�IRUFLQJ�RXU�IX]]\�LQIRUPDWLRQ�
into clean displays, we create a false impression of 
FHUWDLQW\��$V�DUFKDHRORJLVWV��LW�LV�RXU�WDVN�WR�SURYLGH�
D� FRXQWHUEDODQFH� WR� LQWHUIDFHV� OLNH� &KURQR]RRP�
�KWWS���ZZZ�FKURQR]RRPSURMHFW�RUJ��� ZKLFK��
although very attractive, presents only a single, 
XQDPELJXRXV��DQG�FXUUHQWO\�VRPHZKDW�LQDFFXUDWH��
representation of the periodisation of the ancient 
0HGLWHUUDQHDQ�ZRUOG��7KH�ULVN�RI�WKHVH�H[FLWLQJ�DQG�
intuitive tools is that they obscure for the public the 
chain of assumptions, argumentation, and source-
criticism that underlies our understanding of the 
past. New tools for data visualisation are creating 
the foundations for richer approaches to the ancient 
world, but it is important to remember that a 
visualisation is only as good as the data that go into 
LW����DQG�LQ�WKH�FDVH�RI�DUFKDHRORJ\��WKRVH�GDWD�UHÀHFW�
our own assumptions and intellectual traditions as 
much as they do the past itself.
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Methodologies, and Scholarship��&DPEULGJH��1HZ�<RUN��
&DPEULGJH�8QLYHUVLW\�3UHVV�

+\SHUPHGLD� 5HVHDUFK� 8QLW�� 8QLYHUVLW\� RI� *ODPRUJDQ��
������ ³+DQGOLQJ� 7LPH� 3HULRGV� LQ� 67$5�� +\SHUPHGLD�
5HVHDUFK�8QLW��8QLYHUVLW\�RI�*ODPRUJDQ�´�$FFHVVHG�-XQH�
���� ������ KWWS���K\SHUPHGLD�UHVHDUFK�JODP�DF�XN�NRV�
VWDU�WLPH�SHULRGV���

-RKQVRQ�� ,�� ������ ³0DSSLQJ� WKH� )RXUWK� 'LPHQVLRQ��



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

268
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.HDQH�� 3�� ³'$6H�´� $FFHVVHG� 1RYHPEHU� ��� ������ KWWS���
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%HOPRQW��7KRPVRQ�:DGVZRUWK�

.RXVVRXODNRX�� $��� 0�� .DUDQWRQL�� <�� 0LW]LDV�� DQG� .��
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0DONLQ�� ,��������A Small Greek World: Networks in the 
Ancient Mediterranean�� *UHHNV� 2YHUVHDV�� 1HZ� <RUN��
2[IRUG�8QLYHUVLW\�3UHVV�

1RZYLVNLH�� %�� ������ ³µ,QYHQWLQJ� WKH�0DS¶� LQ� WKH� 'LJLWDO�
+XPDQLWLHV��D�<RXQJ�/DG\¶V�3ULPHU�´�The Journal of the 
Initiative for Digital Humanities, Media, and Culture 
������� $FFHVVHG� 1RYHPEHU� ��� ������ KWWS���MRXUQDOV�WGO�
RUJ�SDM�LQGH[�SKS�SDM�DUWLFOH�YLHZ�����

1RZYLVNLH�� %��� DQG� '�� 3RUWHU�� ������ ³7KH� *UDFHIXO�
'HJUDGDWLRQ� 6XUYH\�� 0DQDJLQJ� 'LJLWDO� +XPDQLWLHV�
projects through times of transition and decline.” Digital 
Humanities 2010�� $FFHVVHG� 1RYHPEHU� ��� ������ KWWS���
GK�����FFK�NFO�DF�XN�DFDGHPLF�SURJUDPPH�DEVWUDFWV�
SDSHUV�KWPO�DE�����KWPO��

3HGOH\�� -�*�� ������Greek Art and Archaeology�� %RVWRQ��
3UHQWLFH�+DOO�

3HODJLRV�3URMHFW��³3HODJLRV�´�$FFHVVHG�1RYHPEHU����������
KWWS���SHODJLRV�SURMHFW�EORJVSRW�FRP���

5DELQRZLW]��1��³7LPHPDS�´�$FFHVVHG�1RYHPEHU����������
KWWS���FRGH�JRRJOH�FRP�S�WLPHPDS���

5RVHQEHUJ�� '��� DQG� $�� *UDIWRQ�� ������Cartographies of 
Time��1HZ�<RUN��3ULQFHWRQ�$UFKLWHFWXUDO�3UHVV�

6FKHLGHO��:���DQG�(��0HHNV��������³25%,6��7KH�6WDQIRUG�
*HRVSDWLDO�1HWZRUN�0RGHO�RI�WKH�5RPDQ�:RUOG�´�$FFHVVHG�
-XQH�����������KWWS���RUELV�VWDQIRUG�HGX���

6FKRODUV¶� /DE�� ³1HDWOLQH´�� $FFHVVHG� 1RYHPEHU� ��� �����
KWWS���QHDWOLQH�RUJ���

6WRNVWDG�� 0��� DQG� 0�:�� &RWKUHQ�� ������ Art History, 
Volume 1, 4th edition��8SSHU�6DGGOH�5LYHU��3UHQWLFH�+DOO�

7DOEHUW��5�-�$���HG��������Barrington Atlas of the Greek 
and Roman World��3ULQFHWRQ��3ULQFHWRQ�8QLYHUVLW\�3UHVV�

7KH� %ULWLVK� 0XVHXP�� $FFHVVHG� 1RYHPEHU� ��� ������
³3RUWDEOH�$QWLTXLWLHV�6FKHPH�´�KWWS���¿QGV�RUJ�XN���

7KH��2XWHUFXUYH�)RXQGDWLRQ��³&KURQR]RRP�%HWD�´�$FFHVVHG�
1RYHPEHU����������KWWS���ZZZ�FKURQR]RRPSURMHFW�RUJ��

8QLYHUVLW\�RI�2[IRUG��³$QFLHQW�/LYHV�´�$FFHVVHG�1RYHPEHU�
���������KWWS���DQFLHQWOLYHV�RUJ���

87� /LEHUDO� $UWV� ,QVWUXFWLRQDO� 7HFKQRORJ\� 6HUYLFHV��
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laits.utexas.edu. 

:LNLPDSLD��³3ULHQH�´�$FFHVVHG�1RYHPEHU����������KWWS���
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1. Introduction

,Q� WKH� ODVW�¿IWHHQ�\HDUV� VHYHUDO� URFN�DUW� VLWHV�
KDYH�EHHQ�GLVFRYHUHG�LQ�WKH�PRXQWDLQ�FKDLQ�RI�WKH�
$SXDQ�$OSV� �WKH� IDPRXV�ZKLWH�PDUEOH�PRXQWDLQV��
DORQJ� WKH� QRUWKZHVWHUQ� FRDVW� RI� 7XVFDQ\�� 7KHVH�
URFN�DUW� VLWHV� EHDU� ¿JXUDWLYH� HQJUDYLQJV� GHSLFWLQJ�
ELOOKRRNV� �,WDOLDQ� ³SHQQDWR´� RU� ³URQFROD´�� D� VRUW�
RI� FXUYHG� KDQG� NQLIH� XVHG� IRU� ZRRGFXWWLQJ�� DV�
WKHLU�PRVW� RIWHQ� UHRFFXUULQJ� VXEMHFW�� 7KH� ELOOKRRN�
HQJUDYLQJV��ZKLFK�ZHUH�HWFKHG�RXW�OLIH�VL]H��WKRXJK�
LQ�FRQWRXU�RQO\��DQG�DUH�H[WUHPHO\�ZRUQ��DUH�IRXQG�
PDLQO\� RQ� KRUL]RQWDO� ÀDW� PDUEOH� VXUIDFHV� DW� KLJK�
SRVLWLRQV� RYHUORRNLQJ� WKH� ORZHU� SHDNV�� 5HFHQW�
VWXGLHV� �%DJQROL�� 3DQLFXFFL� DQG� 9LHJL� ������ KDYH�
FRPH�WR�WKH�FRQFOXVLRQ�WKDW�WKH�FKURQRORJ\�RI�WKHVH�
PDUNLQJV� LV� KLJKO\� XQFHUWDLQ� EHFDXVH� RI� WKH� ODFN�
RI� FRPSDULVRQV�ZLWK� RWKHU� VLWHV� HOVHZKHUH� LQ� ,WDO\�
�ZLWK�WKH�H[FHSWLRQ�RI�WZR�ELOOKRRN�UHSUHVHQWDWLRQV�
Corresponding author: p.bagnoli@iet.unipi.it

LQ�WKH�VRXWKHUQ�SDUW�RI�7UHQWLQR��5LYD�GHO�*DUGD�DQG�
$UFR��,WDO\��

7KH� ORFDO� OLWHUDWXUH� FRQWDLQV� YDULRXV��
FRQWUDVWLQJ� K\SRWKHVHV� UHJDUGLQJ� LQWHUSUHWDWLRQ�
RI� WKH� PDUNLQJV� DQG� WKHLU� FKURQRORJ\�� 'DWLQJ�
HVWLPDWHV� UDQJH� IURP� WKH� &HOWLF�(WUXVFDQ� DJH�� WR�
WKH� 5RPDQ� SHULRG�� DQG� HYHQ� DWWULEXWLRQ� WR� WKH�
PRGHUQ� DJH� �DV� VRPH� PDLQWDLQ� WKDW� VXFK� ¿JXUHV�
ZRXOG� QRW� EH� SUHVHUYHG� ORQJ� RQ� OLPHVWRQH��� ZKLOH�
WKHLU� VLJQL¿FDQFH� KDV� EHHQ� K\SRWKHVL]HG� WR� UHODWH�
WR�WKH�FXOW�RI�WKH�JRG�6LOYDQXV��&LWWRQ�DQG�3DVWRUHOOL�
��������&LWWRQ�DQG�3DVWRUHOOL���������6DQL��������RU�
WR�VRPH�JHQHULF�UHODWLRQVKLS�ZLWK�µSDVWRUDO¶�FXOWXUH�
�*XLGL�������

7KH�UHVHDUFK�SUHVHQWHG�KHUHLQ�ZDV�SURPSWHG�
SUHFLVHO\� E\� WKLV� XQFHUWDLQW\� LQ� WKH� HQJUDYLQJV¶�
GDWLQJ��,WV�DLP�LV�WR�DGG�IXUWKHU�REMHFWLYH�GDWD�WR�WKH�
GLVFXVVLRQ�DERXW� WKH�RULJLQV�DQG�PHDQLQJ�RI� WKHVH�

Dating Historical Rock Art on Marble Surfaces 
by Means of a Mathematical Model for Natural 

Erosion Processes

Paolo Emilio Bagnoli
University of Pisa, Italy

Abstract:
The present research was motivated by the need to date rock-art engravings discovered in the Apuan 
Alps mountain chain (northwestern Tuscany, Italy). The engravings, which were made on the horizontal 
surfaces of marble, are contour-line etchings of billhooks (Italian “pennato”), whose chronology and 
meanings are still unknown. In this paper we present a computer-aided mathematical simulation of the 
H̆HFWV�RI�QDWXUDO� HURVLRQ�SURFHVVHV�RQ�DQ�DQFLHQW� OLQHDU�HWFKLQJ�HQJUDYHG�RQ�D�ÀDW�KRUL]RQWDO�PDUEOH�
surface. The main goal is to demonstrate that such engravings may still be visible after centuries-long 
exposure to natural erosion. The mathematical core of the simulation program is the widely used Monte 
Carlo method, based on continuous repetition of microscopic stochastic events whose probability laws 
are known. Formulating such laws for the task at hand requires knowing the speeds of the two main 
mechanisms involved in the erosion of limestone: freeze-thaw cycles and chemical dissolution. By applying 
the procedure developed, it has been possible to observe the evolution over time of the engravings’ cross 
sections during a time span of about 2000 years and thereby evaluate the values of the depth and width 
of the grooves forming the engravings. Analysis of these values using an estimation of the average annual 
rainfall has enabled formulating an algorithm to calculate the absolute dating of the engravings. The 
UHVXOWV�RI�D�¿UVW�H[SHULPHQWDO�DSSOLFDWLRQ�RI�WKH�SUHVHQW�PHWKRG�RQ�WKH�VR�FDOOHG�³%LOOKRRN�6WHS´��0RXQW�
*DEEHUL��$SXDQ�$OSV��DUH�SUHVHQWHG�DQG�GLVFXVVHG��LQFOXGLQJ�WKH�LQÀXHQFH�RI�ERWK�UDQGRP�DQG�V\VWHPDWLF�
errors.

Keawords:
Absolute Dating, Rock Art, Historical, Marble
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DUWLIDFWV�E\�DQDO\]LQJ�WKH�SURFHVVHV�RI�HURVLRQ�RI�WKH�
OLPHVWRQH�RI�WKH�$SXDQ�$OSV�DQG�WKH�HYROXWLRQ�RYHU�
WLPH�RI�WKH�FURVV�VHFWLRQ�RI�HQJUDYHG�PDUNLQJV�

7KH� WLPH� HYROXWLRQ� RI� D� VPDOO� JURRYH� HWFKHG�
LQWR� VWRQH� LV� VWXGLHG� ZLWK� WKH� DLG� RI� FRPSXWHU�
VLPXODWLRQV� XVLQJ� WKH� VR�FDOOHG� 0RQWH� &DUOR�
PHWKRG�� 7KLV� PDWKHPDWLFDO� VLPXODWLRQ� WHFKQLTXH�
HQDEOHV� VWXG\LQJ� WKH� PDFURVFRSLF� FKDUDFWHULVWLFV�
RI�D�JUDQXODU�V\VWHP��L�H��FRPSRVHG�RI�D�YHU\�ODUJH�
QXPEHU� RI� PLFURVFRSLF� HOHPHQWV��� E\� DSSO\LQJ� D�
FRQWLQXRXV� UHSHWLWLRQ� RI� VWRFKDVWLF� HYHQWV� DW� WKH�
PLFURVFRSLF�VFDOH��VXFK�DV�IRU�LQVWDQFH��WKH�UHPRYDO�
RI�PLQXWH�PDUEOH�SDUWLFOHV��ZKRVH�SUREDELOLW\� ODZV�
DUH�SUHVXPHG�WR�EH�NQRZQ�

8VLQJ� WKH� DERYH� PHWKRG�� ZKLFK� UHTXLUHV�
DV� LQSXW� GDWD� WKH� DYHUDJH� HURVLRQ� VSHHG� GXH� WR�
WKH� QDWXUDO� SK\VLFDO�FKHPLFDO� SURFHVVHV� D̆HFWLQJ�
PDUEOH� �LQ� SDUWLFXODU�� IUHH]H�WKDZ� F\FOHV� DQG�
FKHPLFDO� GLVVROXWLRQ� RI� FDOFLXP� FDUERQDWH� LQWR�
VROXEOH�FDOFLXP�ELFDUERQDWH��DQG�WKH�RYHUDOO�DYHUDJH�
DQQXDO�UDLQIDOO��LW�LV�SRVVLEOH�WR�REWDLQ�WKH�HYROXWLRQ�
RYHU�WLPH�RI�D�VPDOO�HWFKHG�JURRYH�RYHU�D�WLPH�VSDQ�
RI���±������\HDUV��DQG�WKHUHIRUH� WR�GHWHUPLQH� WKH�
PDWKHPDWLFDO� WUHQGV� RI� WKH� YDULDWLRQV� LQ� WKH� WZR�
PDLQ�GLPHQVLRQV�RI�WKH�JURRYH��ZLGWK�DQG�GHSWK�

$V�ZLOO�EH�VKRZQ�ODWHU��NQRZLQJ�WKH�WUHQG�ODZV�
DQG� XVLQJ� DFFXUDWH� H[SHULPHQWDO� PHDVXUHPHQWV�
RI� WKH�FXUUHQW�YDOXHV�RI� WKH�PDUNLQJV¶�GLPHQVLRQV��

KDV� DOORZHG� IRUPXODWLQJ� DQ� DOJRULWKP� WKDW� FDQ�
GHWHUPLQH� WKH� WLPH�HODSVHG�VLQFH� WKH�PDUNLQJ�ZDV�
PDGH� DQG� WKHUHIRUH� SURYLGH� DQ� DEVROXWH� GDWLQJ�
IRU� WKH� URFN� DUW�� ,Q� WKH� IROORZLQJ�� WKH� VLPXODWLRQ�
SURFHGXUH� LV�H[SODLQHG� LQ�GHWDLO��DQG�WKH�UHVXOWV�RI�
D�¿UVW�DSSOLFDWLRQ�RI�WKH�PHWKRG�WR�RQH�RI�WKH�PRVW�
LPSRUWDQW�$SXDQ�URFN�DUW�VLWHV��WKH�³%LOOKRRN�VWHS´�
�,O�³5LSLDQR�GHL�3HQQDWL´��0RXQW�*DEEHUL��ORFDWHG�RQ�
WKH�ZHVWHUQ�VLGH�RI�WKH�$SXDQ�$OSV���DUH�SUHVHQWHG�
DQG�GLVFXVVHG�LQ�GHSWK�

2. The Simulation Procedure

7KH� PDUEOH� EORFN� WR� ZKLFK� WKH� VLPXODWLRQ�
SURFHGXUH� ZDV� DSSOLHG�� DQG� ZKRVH� VWUXFWXUH� LV�
GHSLFWHG�LQ�)LJXUH����LV�PDGH�XS�RI�D�UHJXODU�QHW�RI�
HOHPHQWDU\� FXELF� FHOOV� UHSUHVHQWLQJ� WKH� VPDOOHVW�
PDWHULDO�FOXVWHUV�VXEMHFW�WR�HURVLRQ��6LQFH�WKH�ODWHUDO�
GLPHQVLRQV� �Lx, Ly=15 cm�� RI� WKH� EORFN� FDQ� EH�
FKRVHQ�DUELWUDULO\��WKH�VLQJOH�FHOO�VL]H�GHSHQGV�XSRQ�
WKH�QXPEHU�RI�FHOOV��nx, ny, nz ��DORQJ�WKH�x��y DQG�z 
GLUHFWLRQV��7KH�KRUL]RQWDO�WRS�VXUIDFH�RI�WKH�EORFN�LV�
H[SRVHG�WR�WKH�HQYLURQPHQW�DERYH��ZKLOH�WKH�ERWWRP�
PXVW�EH�FRQVLGHUHG�XQOLPLWHG�"�LQ¿QLWH���&\OLQGHU�
OLNH� ERXQGDU\� FRQGLWLRQV� H[LVW� RQ� WKH� ODWHUDO� VLGHV�
DORQJ�WKH�x DQG�y GLUHFWLRQV��7KLV�PHDQV�WKDW��ZLWK�
xi, yi DQG�zi WKH�FRRUGLQDWHV�RI�WKH�FHQWHUV��WKH�FHOOV�
SODFHG�RQ�WKH�ODWHUDO�IDFHV�KDYLQJ�xi=1 RU�xi=nx PD\�
EH� FRQVLGHUHG� WR� EH� LQ� FRQWDFW� ZLWK� WKRVH� RQ� WKH�
RSSRVLWH�IDFH�DQG�KDYH�x FRRUGLQDWHV�xi=nx RU�xi=1 
UHVSHFWLYHO\��2Q�WKH�WRS�VXUIDFH�RI�WKH�EORFN�D�VPDOO�
SDUDEROD�VKDSHG� OLQHDU� JURRYH� ZDV� HWFKHG�� ZLWK�
LQLWLDO�ZLGWK�wo�DQG�GHSWK�ho,�DORQJ�WKH�\�GLUHFWLRQ�
LQ�WKH�FHQWHU�RI�WKH�x VLGH��

)RU�WKH�VDNH�RI�FODULW\��ZH�GH¿QH�WKH�ZLGWK�RI�
WKH� HQJUDYLQJ� DV� WKH� GLVWDQFH� EHWZHHQ� WKH� JURRYH�
ERUGHUV�� PHDVXUHG� RQ� WKH� KRUL]RQWDO� SODQH� RI� WKH�
XQ�HWFKHG� PDUEOH� VXUIDFH� DQG� RUWKRJRQDO� WR� WKH�
JURRYH�GLUHFWLRQ��ZKLOH� WKH�GHSWK�RI� WKH� HQJUDYLQJ�
LV�WKH�PD[LPXP�YHUWLFDO�GLVWDQFH�RI�WKH�JURRYH�IURP�
VXFK�SODQH�

7KH� PRGHO� JHRPHWU\� FKRVHQ�� WKH� F\OLQGULFDO�
ERXQGDU\� FRQGLWLRQV� LQ� WKH� y GLUHFWLRQ�� DQG� WKH�
K\SRWKHVLV� WKDW� WKH� HURVLRQ� PHFKDQLVPV� PD\� EH�
GHHPHG� XQLIRUP� DORQJ� WKH� y GLUHFWLRQ�� HQDEOH�
PLQLPL]LQJ�WKH�QXPEHU�RI�FHOOV�LQ�WKH�y GLUHFWLRQ�DQG�
WKHUHE\�PLQLPL]H�WKH�FRPSXWDWLRQ�WLPH�UHTXLUHG�IRU�
WKH�VLPXODWLRQ�SURFHGXUH��nx ������ny ���

Figure 1. View of the solid used for the simulations and 
its coordinate system.
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,Q� D� UHJXODU� FXELF� QHWZRUN�� HDFK� FHOO� LV�
GLUHFWO\� ERXQG� WR� ��� VXUURXQGLQJ� FHOOV�� LQFOXGLQJ�
WKRVH�LQ�WKH�GLDJRQDO�GLUHFWLRQV��,I�D�FHOO�KDV�DOO����
VXUURXQGLQJ� ERXQGDULHV� RFFXSLHG�� LW� PHDQV� WKDW�
WKLV�FHOO�LV�ORFDWHG�ZLWKLQ�WKH�PDVV�RI�WKH�PDWHULDO��,I�
VRPH�RI�WKH�ERXQGDULHV�DUH�XQERXQG��LW�LPSOLHV�WKDW�
WKH�JLYHQ�FHOO�LV�ORFDWHG�FORVH�WR�WKH�WRS�VXUIDFH�

)URP� WKH� PDWKHPDWLFDO� SHUVSHFWLYH�� VXFK�
D� VROLG� ERG\�PD\� EH� GHVFULEHG� E\� D� SDLU� RI� WKUHH�
GLPHQVLRQDO�PDWULFHV� IRU�ZKLFK� WKH� WKUHH� HOHPHQW�
LQGLFHV�� ix , iy DQG� iz, GHQRWH� WKH� SRVLWLRQ� RI� WKH�
FHOOV�LQ�WKUHH�GLPHQVLRQDO�VSDFH��,Q�WKH�¿UVW�ELQDU\�
PDWUL[��QDPHG�AL �DOLYH���WKH�HOHPHQWV�WDNH�WKH�YDOXH�
µWUXH¶��LI�WKH�FRUUHVSRQGLQJ�FHOO�LV�VWLOO�FRQQHFWHG�WR�
WKH�VROLG��RU� µIDOVH¶� LI� LW�KDV�EHHQ�SUHYLRXVO\�HURGHG�
DZD\�� 7KH� VHFRQG� LQWHJHU�PDWUL[�� QDPHG�FB �IUHH�
ERXQGDULHV�� FRQWDLQV� WKH� QXPEHU� RI� XQERXQGHG�
ERXQGDULHV�IRU�HDFK�FHOO�

7KH�VLPXODWLRQ�RI�WKH�PDUEOH�HURVLRQ�SURFHVV�
DV� D� IXQFWLRQ� RI� WLPH� ZDV� FRQGXFWHG� XQGHU� WKH�
IROORZLQJ� K\SRWKHVHV�� $�� 7KH� RULJLQDO� WRS� VXUIDFH�
RI�WKH�URFN�LV�SHUIHFWO\�KRUL]RQWDO��%��2QO\�WKH�WZR�
DIRUHPHQWLRQHG� HURVLRQ� PHFKDQLVPV� DUH� WDNHQ�
LQWR� DFFRXQW�� ZKLFK� LPSOLHV� WKDW� DQ\� RWKHU� VRXUFH�
RI�URFN�GHIRUPDWLRQ��VXFK�DV�PHFKDQLFDO�DEUDVLRQV�
GXH� WR� LFH�PRWLRQ�� LV� H[FOXGHG��&��7KH� LQWHQVLW\�RI�
WKH�HURVLRQ�PHFKDQLVPV�LV�XQLIRUP�DORQJ�WKH�HQWLUH�
XSSHU�VXUIDFH�RI�WKH�VDPSOH�EORFN�

7KH� VLPXODWLRQ� SURFHGXUH� LV� GLYLGHG� LQWR�
����� WLPH� VWHSV�� WKH� GXUDWLRQ� RI� RQH� VWHS� LV�� E\�
FRQYHQWLRQ��VHW� WR�RQH�\HDU��)XUWKHUPRUH��ZLWKLQ�D�
VLQJOH�WLPH�VWHS�WKH�WZR�HURVLRQ�SURFHVVHV��ZKLFK�LQ�
UHDOLW\�DFWXDOO\�RFFXU�VLPXOWDQHRXVO\��DUH�DSSOLHG�LQ�
VHTXHQFH��WKH�¿UVW�RQH�GXH�WR�WKH�IUHH]H�WKDZ�F\FOHV��
ZKLOH� WKH� VHFRQG� RQH� IURP� FKHPLFDO� GLVVROXWLRQ�
RI� FDOFLXP� FDUERQDWH�� $SSO\LQJ� WKH� WZR� SURFHVVHV�
VHTXHQWLDOO\� LQVWHDG� RI� VLPXOWDQHRXVO\� VHHPV� D�
UHDVRQDEOH�DSSUR[LPDWLRQ�DQG�JUHDWO\�VLPSOL¿HV�WKH�
VLPXODWLRQ�SURFHGXUH�

9LUWXDO� VXUIDFH� HURVLRQ� ZDV� DFKLHYHG� XVLQJ�
WKH�IROORZLQJ�PHWKRG��7ZR�SUREDELOLW\�GLVWULEXWLRQV�
Pa(FB) DQG�Pb(FB) ZHUH�GH¿QHG�DV�D�IXQFWLRQ�RI�WKH�
QXPEHU�RI�IUHH�FHOO�ERXQGDULHV�IRU�WKH�WZR�HURVLRQ�
SURFHVVHV�� UHVSHFWLYHO\��%RWK� IXQFWLRQV�Pa DQG�Pb��
ZKLFK�LQFUHDVH�ZLWK�FB YDOXHV��PXVW�EH�FKRVHQ�ZLWK�
WKH�IROORZLQJ�SURSHUWLHV�

P(FB) = 0 for FB = 0
0< P(FB)< 1 for 0 < FB <26   
P(FB) =1 for FB = 26            ��� 

� ,Q� D� VLQJOH� WLPH� VWHS�� IRU� HDFK� µDOLYH¶� FHOO�
FORVH�WR�WKH�WRS�VXUIDFH��L�H��ZKRVH�$/�L[�L\�L]��YDOXH�
LV� µWUXH¶� DQG�)%�L[�L\�L]�� YDOXH� LV� JUHDWHU� WKDQ�]HUR��
WKH�FRPSXWHU�JHQHUDWHV�D�UDQGRP�QXPEHU�6�LQ�WKH�
UDQJH� ���� XVLQJ� D� XQLIRUP� VWRFKDVWLF� GLVWULEXWLRQ��
:KHWKHU�WKH�FHOO�LV�UHPRYDO�RU�QRW�LV�GHWHUPLQHG�E\�

Figure 2. a) Plots of the 
Pa probability functions 
vs. the number of free 
boundaries, FB, for 
several values of a. b) 
Freeze-thaw erosion 
speed vs. exponent a. c) 
Plots of the Pb probability 
functions vs. the number 
of free boundaries, FB, 
for several FBo values. d) 
Chemical erosion speed 
curves vs. parameter 
FBo.
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WKH�IROORZLQJ�FRQGLWLRQV�
,I����6�< P[FB�ix��iy��iz ������
then     AL�ix��iy��iz �� ���� �
,I����6�> P[FB �ix��iy��iz ������
then     AL �ix��iy��iz �� ����� � �����������������

$IWHU� WKH� HURVLRQ� LQ� WKH� VLQJOH� WLPH� VWHS� LV�
FRPSOHWH��ERWK�PDWULFHV�$/�DQG�)%�DUH�XSGDWHG��

7KH� SUREDELOLW\� IXQFWLRQ� Pa IRU� WKH� IUHH]H�
WKDZ�HURVLRQ�SURFHVV�ZDV�GH¿QHG�DV�IROORZV�

Pa(FB) = (FB/26)a   

0 < a���LQ¿QLWH��                 ���

ZKHUH�WKH�H[SRQHQW�Į�LQGLFDWHV�WKH�FRQFDYLW\�
RI�WKH�FXUYH��XSZDUG�LI�Į�!��DQG�GRZQZDUG�LI�D����
)LJXUH� �D� VKRZV� WKH� SUREDELOLW\� GLVWULEXWLRQ� Pa 
DV� D� IXQFWLRQ� RI� WKH� QXPEHU� RI� IUHH� ERXQGDULHV��
FB, IRU� VHYHUDO� YDOXHV� RI� H[SRQHQW� Į. 1RWH� WKDW�
WKLV� SDUDPHWHU� LV� GLUHFWO\� UHODWHG� WR� WKH� DYHUDJH�
HURVLRQ� UDWH��Va’ �PHDVXUHG� LQ� FHOOV�VWHS��� VR� WKDW�
WKH�DPRXQW�RI�PDWHULDO�HURGHG�LQ�D�VLQJOH�WLPH�VWHS�
FDQ�EH�¿QHO\�PRGXODWHG�E\�FKDQJLQJ�SDUDPHWHU�D�LQ�
WKH�SUREDELOLW\�IXQFWLRQ��7KH�GHSHQGHQFH�RI�HURVLRQ�
VSHHG�RQ�WKH�H[SRQHQW�LV�VKRZQ�LQ�)LJXUH��E��ZKRVH�
FXUYH� KDV� EHHQ� FDOFXODWHG� IURP� PDQ\� VLPXODWLRQ�
WHVWV�SHUIRUPHG�RQ�D� VPDOO�VL]HG�ÀDW�PDUEOH�EORFN�
XVLQJ�RQO\�WKH�Pa IXQFWLRQ�ZLWK�VHYHUDO�YDOXHV�RI�LWV�
H[SRQHQW��

7KH�VKDSH�RI� WKH�VHFRQG�SUREDELOLW\� IXQFWLRQ�
Pb IRU� WKH� FDOFLXP�FDUERQDWH� GLVVROXWLRQ� SURFHVV�
ZDV� GH¿QHG� VWDUWLQJ� ZLWK� WKH� LQYHUVH� RI� WKH� ZHOO�
NQRZQ�)HUPL�'LUDF�IXQFWLRQ��JRYHUQLQJ�WKH�HOHFWURQ�
HQHUJ\� RFFXSDWLRQ� SUREDELOLW\� LQ� D� VHPLFRQGXFWRU�
FU\VWDO�� Pb FDQ� EH� FDOFXODWHG� IURP� WKH� IROORZLQJ�
IXQFWLRQ� QRUPDOL]HG� WR�FB �� DQG�FB ��� LQ� RUGHU�
WR�SUHFLVHO\�VDWLVI\�WKH�UXOHV�GH¿QHG�LQ�HTXDWLRQ�����

���

 
7KH�DERYH�IXQFWLRQ�KDV�WZR�GL̆HUHQW�SDUDPHWHUV��E�
DQG�FBo��7KH�¿UVW��b��JRYHUQV�WKH�VKDSH�RI�WKH�FXUYH��
IURP� D� VKDUS� YHUWLFDO� VWHS� �IRU� b� WHQGLQJ� WRZDUGV�
LQ¿QLW\��� WR� D� OLQH� �IRU� b� � WHQGLQJ� WRZDUGV� ]HUR� ����
7KH� VHFRQG� SDUDPHWHU� FBo FDQ� EH� GH¿QHG� DV� WKH�

QXPEHU� RI� IUHH� ERXQGDULHV� IRU� ZKLFK� f(FBo)=�����
7KH�UHVXOWLQJ�3E�IXQFWLRQ�LV�VKRZQ�LQ�)LJXUH��F�DV�
D�IXQFWLRQ�RI�WKH�IUHH�ERXQGDULHV��FB,�IRU�E� ����DQG�
IRU� VHYHUDO� YDOXHV� RI� SDUDPHWHU� FBo�� $OVR� LQ� WKLV�
FDVH��WKH�DYHUDJH�HURVLRQ�VSHHG�GXH�WR�WKH�FDOFLXP�
FDUERQDWH� GLVVROXWLRQ� SURFHVV� Vb’ �PHDVXUHG� LQ�
FHOOV�VWHS��LV�GLUHFWO\�UHODWHG�WR�WKH�VKDSH�RI�WKH�Pb 
FXUYH�DQG��LQ�SDUWLFXODU��WR�WKH�FBo YDOXH��DV�FDQ�EH�
VHHQ�IURP�WKH�SORWV�LQ�)LJXUH��G��ZKHUH�SDUDPHWHU�
FBo LV�SORWWHG�DV�D�IXQFWLRQ�RI�WKH�HURVLRQ�VSHHG�Vb’ 
�FHOOV�VWHS�� IRU� VHYHUDO� YDOXHV� RI� SDUDPHWHU� E. As 
EHIRUH��WKHVH�FXUYHV�ZHUH�FDOFXODWHG�E\�SHUIRUPLQJ�
VHYHUDO�VLPXODWLRQ�WHVWV�RQ�D�VPDOO�ÀDW�PDUEOH�EORFN�
XVLQJ�RQO\�WKH�Pb GLVWULEXWLRQ�

7KH� SDUDPHWHUV� FKDUDFWHUL]LQJ� WKH� WZR�
SUREDELOLW\�GLVWULEXWLRQ�IXQFWLRQV��D�IRU�Pa DQG�FBo 
IRU�Pb��ZHUH�FKRVHQ�FRQVLGHULQJ�WKH�DYHUDJH�HURVLRQ�
VSHHG� YDOXHV��Va DQG�Vb �PHDVXUHG� LQ�PP�\HDU���
IRXQG�LQ�WKH�OLWHUDWXUH�IRU�HQYLURQPHQWDO�FRQGLWLRQV�
VLPLODU� WR� WKRVH� RI� WKH� URFN� XQGHU� VWXG\�� 7KH�
FRUUHVSRQGLQJ� YHORFLWLHV�Va’ DQG�Vb’ PHDVXUHG� LQ�
FHOOV�VWHS�FDQ�EH�VLPSO\�REWDLQHG�YLD�WKH�IROORZLQJ�
UHODWLRQV�

Va µ� Va î��nx Lx���
Vb¶� Vbî��nx Lx���� � ���

ZKHUH�WKH�UDWLR�Lx/nx LV�WKH�ODWHUDO�VL]H�RI�WKH�
FXELF�FHOOV��7KH�SDUDPHWHUV�RI� WKH�WZR�GLVWULEXWLRQ�
IXQFWLRQV�ZHUH�FKRVHQ�XVLQJ�WKH�SORWV�LQ�)LJXUHV��E�
DQG��G��UHVSHFWLYHO\��DV�ORRN�XS�WDEOHV�

3. Erosion Speed Correction Factors

$FFRUGLQJ� WR� K\SRWKHVLV� &� �L�H��� WKDW� ERWK�
HURVLRQ�PHFKDQLVPV�DUH�XQLIRUP� LQ� LQWHQVLW\��� WKH�
VSHHGV�� DQG� KHQFH� WKH� SUREDELOLW\� GLVWULEXWLRQV�
RI� ERWK� HURVLRQ� FRPSRQHQWV�� VKRXOG� DOZD\V� EH�
FRQVWDQW� IRU� DOO� H[SRVHG� FHOOV�� 7KLV� DVVXPSWLRQ�
PD\� DFWXDOO\� EH� TXLWH� XQUHDOLVWLF� JLYHQ� WKH� VPDOO�
GLPHQVLRQV� LQ� TXHVWLRQ�� VLQFH� ORFDO�PRUSKRORJLFDO�
IDFWRUV�PD\� FRQFXU� WR�PRGLI\� WKH� HURVLRQ�SURFHVV��
7KHUHIRUH��LQ�HDFK�WLPH�VWHS�WKH�Va DQG�Vb VSHHGV�±�
DQG�FRQVHTXHQWO\�WKH�SDUDPHWHUV�RI�WKH�SUREDELOLW\�
IXQFWLRQV� �� PXVW� EH� DGMXVWHG� XVLQJ� VXLWDEOH�
FRUUHFWLRQ� IXQFWLRQV� WKDW� GHSHQG� RQ� WKH� GHSWK� RI�
WKH� FHOOV�ZLWKLQ� WKH� HQJUDYHG� JURRYH� DQG� WKH� ORFDO�
PRUSKRORJ\�RI�WKH�H[SRVHG�XSSHU�VXUIDFH�

,Q� SDUWLFXODU�� WKH� HURVLRQ� SURFHVV� GXH� WR�
IUHH]H�WKDZ� F\FOHV� PD\� EH� FRQVLGHUHG� DV� VOLJKWO\�
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PRUH� LQWHQVH� DW� WKH� WRS� VXUIDFH� RI� WKH� HQJUDYHG�
JURRYH� WKDQ� DW� WKH� ERWWRP�� DQG� WKH� SHUFHQWDJH�
LQFUHDVH�PXVW� EH� UHIHUUHG� WR� WKH� RULJLQDO� GHSWK� RI�
WKH�VPDOO�JURRYH��7KLV�SURFHVV�PD\�EH�GHVFULEHG�E\�D�
FRUUHFWLRQ�IXQFWLRQ�Cza(iz), ZKLFK�GHSHQGV�RQO\�RQ�
the z VSDWLDO�YDULDEOH�RI�WKH�FHOOV��,W�PXVW�PRUHRYHU�
EH� HPSKDVL]HG� WKDW� WKH� ERUGHUV� RI� WKH� JURRYH� DUH�
VXEMHFW� WR� PRUH� LQWHQVH� IUHH]H�WKDZ� HURVLRQ� WKDQ�
ÀDW� VXUIDFHV�� $GMXVWPHQW� IRU� WKLV� VHFRQG� VRXUFH�
RI� GLYHUJHQFH� IURP� K\SRWKHVLV� &� FDQ� EH� PDGH� E\�
LQWURGXFLQJ� D� IXUWKHU� FRUUHFWLRQ� IXQFWLRQ� Cxa(ix), 
ZKLFK� GHSHQGV� VROHO\� RQ� WKH� x VSDWLDO� YDULDEOH��
+RZHYHU��WKLV�LPSOLHV�WKDW�WKH�SURJUDP�PXVW�EH�DEOH�
WR�ORFDOL]H�WKH�JURRYH�ERUGHUV�DIWHU�HDFK�VLPXODWLRQ�
WLPH� VWHS�� ZKLFK� FDQ� EH� DFFRPSOLVKHG� E\� XVLQJ� D�
VXLWDEOH� QXPHULFDO� DOJRULWKP�� 7KHUHIRUH�� IRU� HDFK�
FHOO��YHORFLW\�Va��DQG�FRQVHTXHQWO\��YHORFLW\�Va’ DQG�
SDUDPHWHU�D�RI�WKH�SUREDELOLW\�IXQFWLRQ�Pa��PXVW�EH�
FRUUHFWHG�XVLQJ�WKH�IROORZLQJ�UHODWLRQ�

Va�ix��iy��iz�� Vao ×Cxa�ix��îCza�iz�������������������

ZKHUH�Vao LV�WKH�VWDQGDUG�YDOXH�RI�WKH�HURVLRQ�
VSHHG�� %\� ZD\� RI� H[DPSOH�� )LJXUH� �D� VKRZV� WKH�
FURVV�VHFWLRQDO�VXUIDFH�XQGHU�VLPXODWLRQ�DW�D�JLYHQ�
WLPH��WRJHWKHU�ZLWK�KRUL]RQWDO�DQG�YHUWLFDO�SORWV�RI�
the Cxa(ix) DQG�Cza(iz) IXQFWLRQV��UHVSHFWLYHO\��7KH�
PD[LPXP� YDOXHV� IRU� WKH� WZR� IXQFWLRQV� DUH� RSHQ�
SDUDPHWHUV�RI� WKH�VLPXODWLRQ�WHVWV�DQG�LQ�DQ\�FDVH�
GR�QRW�H[FHHG�����RI�WKH�VWDQGDUG�YDOXH�

5HJDUGLQJ� WKH� FDOFLXP�FDUERQDWH� GLVVROXWLRQ�
SURFHVV�� D� ODUJH� ERG\� RI�ZRUN� FDQ�EH� IRXQG� LQ� WKH�

OLWHUDWXUH� FRQFHUQLQJ� WKHRUHWLFDO�
DQG� H[SHULPHQWDO� VWXGLHV� RI� HURVLRQ�
RQ� OLPHVWRQH� URFN� VXUIDFHV�� ,Q�
SDUWLFXODU�� D� UHFHQWO\� SXEOLVKHG� VWXG\�
�6]XQ\RJK�������GHVFULEHV�DQ�DFFXUDWH�
PDWKHPDWLFDO� PRGHO� IRU� FDUERQDWH�
EDVHG� URFN� GLVVROXWLRQ�� ZKLFK� WDNHV�
LQWR� DFFRXQW� PDQ\� HQYLURQPHQWDO�
SDUDPHWHUV�� VXFK� DV� DQQXDO� UDLQIDOO�
DQG� WKH� VORSH� RI� WKH� URFN� VXUIDFH�
ZLWK� UHVSHFW� WR� WKH� KRUL]RQWDO� SODQH��
$FFRUGLQJ� WR� WKH� DERYH� PRGHO�� DQG�
DVVXPLQJ� YHUWLFDO� UDLQIDOO�� WKH� VXUIDFH�
ORVV�UDWH��W, FDQ�EH�ZULWWHQ�LQ�FRPSDFW�
IRUP�DV�IROORZV�

W  ���g ×Qa ��>u +Qa ×cos�J������
���

ZKHUH Qa LV�WKH�DQQXDO�SUHFLSLWDWLRQ��DQG�J�LV�
WKH�ORFDO�LQFOLQDWLRQ�DQJOH�RI�WKH�VXUIDFH�ZLWK�UHVSHFW�
WR�WKH�KRUL]RQWDO��3DUDPHWHUV�g DQG�u DUH�GH¿QHG�E\�
WKH�IROORZLQJ�UHODWLRQV�

g  ��k ×Ceq U�rock �î�td × 6+�× 1D�×Mmm     ���

u = k × td × 6+�× 1D�� � �����������������

ZKHUH� k LV� WKH� YHORFLW\� FRQVWDQW� RI� FKHPLFDO�
GLVVROXWLRQ�DW�����&�XQGHU�RSHQ�DLU�FDUERQ�GLR[LGH�
FRQWHQW�� Ceq LV� WKH� HTXLOLEULXP� FRQFHQWUDWLRQ� RI�
FDOFLXP�FDUERQDWH��Urock LV�WKH�GHQVLW\�RI�VWRQH��td 
LV� KRXUV�GD\� RI� UDLQIDOO� DQG� 6+� ������ VHF�KRXU���
1D� ����� GD\V�\HDU�� DQG�Mmm ������PP�P�� DUH�
VXLWDEOH�FRQVWDQWV�DSSOLHG�WR�FRQYHUW�WKH�SDUDPHWHU�
GLPHQVLRQV�WR�WKRVH�XVHG�LQ�HYHU\GD\�SUDFWLFH�

)URP�HTXDWLRQ����� LW�FDQ�EH�FOHDUO\�VHHQ�WKDW�
YHORFLW\�W LV� D� IXQFWLRQ� RI� WKH� ORFDO� VORSH� RI� WKH�
URFN�VXUIDFH��)LJXUH��E�VKRZV�WKH�SORWV�RI�W YHUVXV�
DQQXDO�SUHFLSLWDWLRQ��DVVXPLQJ�td  ����KRXUV�GD\��
IRU� VHYHUDO� YDOXHV� RI� WKH� DQJOH� T, ZKLOH� )LJXUH� �F�
VKRZV�WKH�VDPH�SORWV�QRUPDOL]HG�ZLWK�UHVSHFW�WR�WKH�
FXUYH�ZLWK�J� ����%DVHG�RQ�WKH�DERYH�PRGHO��LW�FDQ�EH�
FRQFOXGHG�WKDW�WKH�YHORFLW\�RI�GLVVROXWLRQ�RI�D�VDPSOH�
XQGHU�VLPXODWLRQ�LQ�HDFK�WLPH�VWHS�LV�D�IXQFWLRQ�RI�
WKH� ORFDO� VORSH� RI� WKH� H[SRVHG� VXUIDFH�� 7KHUHIRUH��
DOWKRXJK�PRVW�RI�WKH�RULJLQDO�VXUIDFH�LV�QHDUO\�ÀDW��
WKH�ZDOOV�RI�WKH�HQJUDYHG�JURRYH�XQGHUJR�LQFUHDVHG�
HURVLRQ�ZLWK�UHVSHFW�WR�WKH�VWDQGDUG�VLWXDWLRQ��2QFH�
D� VXLWDEOH� YDOXH� IRU� DQQXDO� SUHFLSLWDWLRQ� KDV� EHHQ�

Figure 3. a) Horizontal and vertical correction functions, Cxa and Cza, for 
freeze-thaw erosion. b) Absolute and c) normalized chemical dissolution 
speed as functions of the annual rainfall for several values of the surface 
angle with respect to the horizontal plane.
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FKRVHQ�� DW� WKH� HQG� RI� HDFK� VLPXODWLRQ� WLPH� VWHS�
WKH�ORFDO�VORSH�FDQ�EH�FDOFXODWHG�IURP�WKH�DEVROXWH�
YDOXH� RI� WKH� ¿UVW� GHULYDWLYH� RI� WKH� VXUIDFH� SUR¿OH�
DORQJ� WKH� x D[LV�� 1DWXUDOO\�� LQ� RUGHU� WR� HOLPLQDWH�
WKH� H̆HFWV� RI� VXUIDFH� URXJKQHVV� RQ� WKH� GHULYDWLYH�
IXQFWLRQ��WKH�VXUIDFH�SUR¿OH�LV�SUHYLRXVO\�VPRRWKHG�
XVLQJ�D�PRELOH�DYHUDJLQJ�¿OWHULQJ�SURFHGXUH��7KHVH�
GDWD��LQWHUSRODWHG�ZLWKLQ�WKH�SORWV�RI�)LJXUHV��E�DQG�
�F�� DOORZ� XV� WR� FDOFXODWH� WKH� KRUL]RQWDO� FRUUHFWLRQ�
IXQFWLRQ�Cxb(ix) IRU�YHORFLW\�Vb�

7KH� FRUUHVSRQGLQJ� YHUWLFDO� FRUUHFWLRQ�
IXQFWLRQ�Czb(iz) IRU�WKH�GLVVROXWLRQ�SURFHVV�PD\�EH�
IRUPXODWHG� LQ�D� VLPLODU�ZD\�DV� WKDW� IRU� WKH� IUHH]H�
WKDZ� F\FOHV�� WKRXJK� LQ� WKLV� FDVH�� EHFDXVH� RI� WKH�
DFFXPXODWLRQ�RI�ZDWHU��WKH�VWDQGDUG�YDOXH�LV�ORFDWHG�
DW� WKH� XSSHU� VXUIDFH�� ZKLOH� WKH� HURVLRQ� YHORFLW\� LV�
KLJKHU� DW� WKH� ERWWRP� RI� WKH� HQJUDYLQJ�� 7KHUHIRUH��
WKH� ORFDO� GLVVROXWLRQ� YHORFLW\� Vb� FDQ� EH� VLPLODUO\�
H[SUHVVHG�E\�WKH�IROORZLQJ�UHODWLRQ�

Vb�ix��iy��iz�� Vbo×Cxb�ix��îCzb�iz��� ����������������

ZKHUH�Vbo LV�WKH�VWDQGDUG�YDOXH�FDOFXODWHG�IRU�
J� ���

4. Simulation Results

7KH�YDOXHV�RI�WKH�URFN�HURVLRQ�UDWHV�IRU�WKH�WZR�
LQGLYLGXDO� SURFHVVHV� KDYH� EHHQ� GHGXFHG� IURP� WKH�
GDWD�IRXQG�LQ�WKH�OLWHUDWXUH��,Q�SDUWLFXODU���%XKPDQQ��
DQG� 'UH\EURGW� ������ UHSRUWHG� WKH� DYHUDJH� GHJUHH�
RI� HURVLRQ� ORVV� GXH� WR� D� VLQJOH� IUHH]H�WKDZ� F\FOH�
IRU� VHYHUDO� W\SHV� RI� URFN� PDWHULDO�� )RU� FDUERQDWH�
OLPHVWRQH� WKH� YDOXH� LV� DERXW� ���� [� �����PP��8VLQJ�
WKLV�YDOXH��DQG�FRQVLGHULQJ�DV�D�¿UVW�DSSUR[LPDWLRQ�
RQH� F\FOH� SHU� GD\� GXULQJ� IRXU� PRQWKV� SHU� \HDU��
\LHOGV� DQ� DYHUDJH� YDOXH� RI� ���������PP�\HDU� IRU�
WKH�HURVLRQ�VSHHG��Va, FRUUHVSRQGLQJ�WR�D�Va’ YDOXH�
HTXDO�WR��������FHOOV�\HDU�LQ�WKH�SUHVHQW�VLPXODWLRQ�
PRGHO��Lx ����PP��nx ������

$V� IDU� DV� WKH� FKHPLFDO� GLVVROXWLRQ� UDWH� LV�
FRQFHUQHG��ZH�XVHG�WKH�GDWD�UHSRUWHG�LQ��6]XQ\RJK�
������ IRU� WKH� FRQVLGHUHG� SK\VLFDO� SDUDPHWHUV� WR�
FDOFXODWH�HTXDWLRQV�����DQG������+RZHYHU��DV�VKRZQ�
LQ�HTXDWLRQ������WKH�PRVW�LPSRUWDQW�LQSXW�SDUDPHWHU�
IRU�WKH�VLPXODWLRQ�SURFHGXUH�LV�WKH�DYHUDJH�DQQXDO�
UDLQIDOO��Qa�� /DFNLQJ� DFFXUDWH� VFLHQWL¿F� GDWD� IURP�
JHRORJLFDO� DQDO\VHV� RQ� WKH� ORFDO� HYROXWLRQ� RI� WKLV�
SDUDPHWHU� GDWLQJ� EDFN� ����� \HDUV�� WKH� DQQXDO�
UDLQIDOO� ZDV� SURYLVLRQDOO\� GHGXFHG� IURP� KLVWRULFDO�
GDWD�� VSDQQLQJ� DERXW� ��� \HDUV�� GUDZQ� IURP� XS�
WR� HOHYHQ� PHWHRURORJLFDO� PHDVXUHPHQW� VWDWLRQV�
ORFDWHG� DW� YDULRXV� GL̆HUHQW� DOWLWXGHV� DURXQG� WKH�
FHQWUDO�PDVVLI�RI�WKH�$SXDQ�$OSV��

)LJXUH���VKRZV�D�SORW�RI�WKH�Qa YDOXHV�IRU�WKH�
YDULRXV�VWDWLRQV�DV�D�IXQFWLRQ�RI�DOWLWXGH��WKH�GDVKHG�
OLQH�UHSUHVHQWV�WKH�OLQHDU�UHJUHVVLRQ�RI�WKH�GDWDVHW��

Figure 4. Annual rainfall data, from measurement 
stations of the Apuan Alps, as a function of altitude.

Figure 5. Two 
simulations of the 
evolution of engraving 
SUR¿OHV� SORWWHG� LQ�
isometric scales for 
every 100 years.
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7KH�YDOXH�XVHG�DV�WKH�PRVW�SUREDEOH�RQH�IRU�WKH�URFN�
DUW� VLWH�XQGHU� LQYHVWLJDWLRQ�ZDV� LQWHUSRODWHG�DORQJ�
WKH�UHJUHVVLRQ�OLQH�DQG�WXUQHG�RXW�WR�EH������PP�
\HDU��&RQVHTXHQWO\��WKH�PHDQ�FKHPLFDO�GLVVROXWLRQ�
YHORFLW\��Vb, IRU�WKH�KRUL]RQWDO�FRQGLWLRQ��T� ����ZDV�
FDOFXODWHG� IURP� HTXDWLRQ� ���� DV� �������PP�\HDU��
FRUUHVSRQGLQJ�WR�Vb’ �������FHOOV�\HDU�

8VLQJ� WKH� DERYH� LQSXW� SDUDPHWHUV�� VHYHUDO�
VLPXODWLRQ�UXQV�ZHUH�SHUIRUPHG�RQ�YDULRXV�PRGHOV�
LQ� ZKLFK� WKH� LQLWLDO� GHSWK� �ho�� DQG� ZLGWK� �wo��
RI� WKH� HQJUDYHG� SDUDEROLF� JURRYH� YDULHG� LQ� WKH�
IROORZLQJ� UDQJHV��ho ��±����PP�DQG�wo �� �������
PP��)LJXUH� �� VKRZV� DQ� LVRPHWULF� SORW� RI� WKH� URFN�
VXUIDFH� FURVV� VHFWLRQV� DORQJ� WKH�x-GLUHFWLRQ�RI� WZR�
VDPSOH�PRGHOV� GUDZQ� HYHU\� ���� \HDUV�� 7KH� VPDOO�
GRWV�LQGLFDWH�WKH�ERUGHUV�RI�WKH�JURRYH�DV�GHWHFWHG�
E\�WKH�LQWHUQDO�DOJRULWKP��$V�FDQ�EH�VHHQ�IURP�WKLV�
¿JXUH�� WKH� HQJUDYHG�PDUNLQJV� DUH� VWLOO� REVHUYDEOH�
DIWHU� ORQJVWDQGLQJ�HURVLRQ��GHVSLWH� WKH�SURJUHVVLYH�
ZLGHQLQJ� RI� WKH� JURRYH�� VPRRWKLQJ� RI� LWV� ERUGHUV�
DQG�ORZHULQJ�RI�WKH�WRS�VXUIDFH�

)URP�WKH�UHVXOWV�RI�WKH�VLPXODWLRQV�SHUIRUPHG��
D� JHQHUDO� WUHQG� LQ� WKH� HYROXWLRQ� RI� WKH� HQJUDYLQJV�
PD\�EH�GHWHFWHG��DV�VKRZQ�E\�WKH�SORWV�LQ�)LJXUH��D�
DQG��E��,Q�RUGHU�WR�VPRRWK�WKH�VWDWLVWLFDOO\�LQGXFHG�
URXJKQHVV�RI�WKH�VXUIDFH��HDFK�FXUYH�LQ�WKHVH�¿JXUHV�
ZDV�REWDLQHG�E\�DYHUDJLQJ�WKH�SORWV�RI�WHQ�GL̆HUHQW�
VLPXODWLRQV�ZLWK�WKH�VDPH�SDUDPHWHUV�

$V�FDQ�EH�FOHDUO\�VHHQ��WKH�JURRYH�GHSWK�WHQGV�
WR� LQFUHDVH� VORZO\� DQG� OLQHDUO\� RYHU� WLPH�� DQG� WKH�

LQFUHDVLQJ�VSHHG��K1��ZDV�IRXQG�WR�EH�LQGHSHQGHQW�
RI�WKH�RULJLQDO�GHSWK�ho��,QVWHDG��WKH�ZLGWK�HYROYHV�
OLQHDUO\�ZLWK�WKH�VTXDUH�URRW�RI�WLPH��H[FHSW�LQ�WKH�
LQLWLDO�VWDJH���DQG�WKH�VORSH��K2��DQG�LQWHUFHSW��wo¶��
DUH� LQFUHDVLQJ� IXQFWLRQV� RI� WKH� RULJLQDO� GHSWK� ho��
6XFK�EHKDYLRU�FDQ�EH�GHVFULEHG�DV�D�IXQFWLRQ�RI�WLPH�
t E\�PHDQV�RI�WKH�IROORZLQJ�VHW�RI�HTXDWLRQV�

h = ho + K1 t ���

w = wo µ��K��t1/2 ,               ���D�

K�� �a + b ×ho ��

wo µ� �c + d × ho, ���E�

ZKHUH�SDUDPHWHUV�a, b, c DQG�d DUH�FRQVWDQWV�
WKDW� FDQ�EH� FDOFXODWHG� IURP� WKH� SORWV� RI� HTXDWLRQV�
���E��DV�D�IXQFWLRQ�RI�WKH�LQLWLDO�GHSWK�ho��DV�VKRZQ�
LQ�)LJXUH� �F��%\� UHSODFLQJ� WKH� VTXDUH� URRW� RI� WLPH�
ZLWK� WKH� YDULDEOH� x = t1/2 DQG� WKH� NQRZQ� FXUUHQW�
YDOXHV� RI� D� HQJUDYLQJ¶V� ZLGWK�w DQG� GHSWK� h�� WKH�
WLPH� HODSVHG� VLQFH� DQ� HQJUDYLQJ�ZDV�PDGH� FDQ�EH�
REWDLQHG� DV� WKH� SRVLWLYH� UHDO� URRW� RI� WKH� IROORZLQJ�
WKLUG�RUGHU�HTXDWLRQ�

   
 �����������

 
$V�D�SUHOLPLQDU\�WHVW�RI�WKH�DOJRULWKP�GHVFULEHG�LQ�
WKH� IRUHJRLQJ�� D� VHOI�GDWLQJ�SURFHGXUH�ZDV� DSSOLHG�
WR�WKH�WZR�VLPXODWLRQ�FXUYHV�VKRZQ�LQ�)LJXUH����)RU�
HDFK�WLPH�VWHS��\HDU���WKH�KHLJKW�h DQG�ZLGWK�w YDOXHV�
REWDLQHG�ZHUH�XVHG�DV� WKH� LQSXW�GDWD� IRU� HTXDWLRQ�
������ZKLOH�WKH�WUHQG�SDUDPHWHUV�a, b, c DQG�d ZHUH�
FDOFXODWHG� E\� DYHUDJLQJ� VHYHUDO� VLPXODWLRQ� WHVWV�
SHUIRUPHG� XVLQJ� WKH� VDPH� ho DQG�wo SDUDPHWHUV�
DQG�WKH�VDPH�DYHUDJH�DQQXDO�UDLQIDOO�Qa��7KH�RXWSXW�
YDOXH� RI� WKH� HODSVHG� WLPH� ZDV� FRPSDUHG� ZLWK� WKH�
DYDLODEOH�LQLWLDO�YDOXH�

Figure 6. Plots of groove depth (a) and width (b) vs. time 
and square root of time for three values of initial depth 
ho. c) Fitting plots for calculation of parameters a, b, c 
and d in equations (11b).

Figure 7. Percentage error between estimated and real 
time values for the simulation results in Figure 5.
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7KH� UHVXOWV� RI� WKLV� WHVW� DUH� VKRZQ� LQ� )LJXUH�
���ZKHUH� WKH�UHODWLYH�SHUFHQWDJH�HUURU�EHWZHHQ� WKH�
DFWXDO� HODSVHG� WLPH� DQG� WKH� EDFN� FDOFXODWHG� RQH�
XVLQJ�WKH�GDWLQJ�DOJRULWKP�LV�SORWWHG�DV�D�IXQFWLRQ�RI�
WLPH��$V�FDQ�EH�VHHQ��WKH�GDWLQJ�DOJRULWKP�PDQDJHV�
WR�HVWLPDWH�WKH�HQJUDYLQJ¶V�DJH�ZLWK�D�UHODWLYH�HUURU�
LQ� WKH� UDQJH�RI� ��������DW� OHDVW�XQGHU� WKH� VSHFL¿F�
WHVW�FRQGLWLRQV�DQG�XVLQJ�D�VLQJOH�GDWD�SDLU�IRU�h DQG�
w��7KLV�¿UVW�UHVXOW�LV�TXLWH�HQFRXUDJLQJ�IRU�UXSHVWUDO�
DUFKDHRORJ\��ZKLFK� IRU� WKH�PRVW�SDUW�XVHV� FXOWXUDO�
DQG�PRUSKRORJLFDO�FRQVLGHUDWLRQV�IRU�FKURQRORJLFDO�
DQDO\VHV�

+RZHYHU�� LW� PXVW� EH� SRLQWHG� RXW� WKDW� WKH�
FXUYHV� LQ� )LJXUH� �� DUH� D̆HFWHG� E\� UDQGRP� HUURU�
RQO\�� KDYLQJ� D� PHDQ� YDOXH� RI� ]HUR�� 6XFK� HUURU� LV�
GXH� WR� WKH� JUDQXODU� QDWXUH� RI� WKH� SKHQRPHQRQ��
ZKLFK�LV�UHVSRQVLEOH�IRU�WKH�GLVFUHSDQFLHV�EHWZHHQ�
WKH�UHDO�GHIRUPDWLRQ�FXUYHV�DQG�WKH�FRUUHVSRQGLQJ�
DYHUDJH� WUHQGV�� ,Q� RUGHU� WR� LQFUHDVH� WKH� DFFXUDF\�
RI� WKH� HYDOXDWLRQ�� DW� OHDVW� LQ� WHUPV� RI� FRUUHFWLQJ�
IRU� UDQGRP�HUURU�� WKH� DOJRULWKP�ZRXOG�KDYH� WR� EH�
DSSOLHG� WR� VHYHUDO� H[SHULPHQWDO� PHDVXUHPHQWV�
RQ� WKH� VDPH� VDPSOH� �L�H�� VHYHUDO� SDLUV� RI�h DQG�w 
YDOXHV PHDVXUHG� RQ� WKH� VDPH� PDUNLQJ�� DQG� WKH�
RXWSXW�YDOXHV�DYHUDJHG��7KH�VHFRQG�VRXUFH�RI�HUURU��
ZKLFK� GRHV� QRW� D̆HFW� WKH� SORWV� LQ� )LJXUH� ��� LV� WKH�
³V\VWHPDWLF´�RQH� LQWURGXFHG�E\� LQDFFXUDFLHV� LQ� WKH�
PDLQ� SDUDPHWHUV� JRYHUQLQJ� HURVLRQ� VSHHG� �H�J���
DYHUDJH�DQQXDO�UDLQIDOO���ZKLFK�FRQVLVWHQWO\�SURGXFH�
WKH�VDPH�HUURU�LQ�DOO�WKH�RXWSXW�GDWD�

5. In Situ Experiment

7KH� PHWKRG� GHVFULEHG� LQ� WKH� IRUHJRLQJ� ZDV�
DSSOLHG� WR� WKH� URFN�DUW� VLWH� FDOOHG� WKH� ³%LOOKRRNV�

6WHS´��,WDOLDQ�³Ripiano dei Pennati´��RQ�WKH�ZHVWHUQ�
VLGH�RI�0RXQW�*DEEHUL��&DPDLRUH��/XFFD���7KLV�ÀDW�
URFN��ORFDWHG�RQ�WKH�WRS�RI�D�VKDUS�FOL̆�RYHUORRNLQJ�
WKH� VHDFRDVW� DW� DQ� DOWLWXGH� RI� ���� PHWHU� DERYH�
VHD� OHYHO�� LV� RQH� RI� WKH� VLWHV� GHVFULEHG� DV� KDYLQJ�
SURSHUWLHV�WKDW��DFFRUGLQJ�WR�VSHFL¿F�FULWHULD��HQDEOH�
DVVLJQLQJ� LW� D� KLJK� FKURQRORJ\� �%DJQROL�� 3DQLFXFFL�
DQG�9LHJL��������

$�FRPSOHWH�PDS�RI�WKH�URFN�DUW�VLWH�LV�SUHVHQWHG�
LQ� )LJXUH� ��� ZKLFK� VKRZV� WKH� ORFDWLRQ� RI� VHYHUDO�
ELOOKRRNV� HQJUDYHG� LQWR� WKH� VWRQH� VXUURXQGLQJ� D�
VPDOO�UHFWDQJXODU�WUD\�DQG�WKUHH�FURVVHV��WZR�*UHHN�
�L�H��HTXDO� OHQJWK�DUPV��DQG�RQH�/DWLQ��7KH� in situ 
WHVWV�� ZKLFK� FRQVLVWHG� RI�PHDVXULQJ� VHYHUDO� RI� WKH�
SUR¿OH�JURRYHV� LQ�GL̆HUHQW�PDUNLQJV��ZHUH�FDUULHG�
RXW� E\� WKH� DXWKRU�ZLWK� WKH� LQYDOXDEOH� DLG� RI� VRPH�
YROXQWHHUV�IURP�WKH�3LHWUDVDQWD�$UFKDHRORJLFDO�DQG�
6SHOHRORJLFDO�*URXS��*$63��

7KH�GDWLQJ�PHWKRG�ZDV�DSSOLHG�WR�D�VHW�RI�¿YH�
ELOOKRRN�PDUNLQJV��3��3����DV�ZHOO�DV�WKH�WKUHH�FURVVHV�
�&��&���� )LJXUH� �� LQGLFDWHV� WKH� VHOHFWHG� PDUNLQJV�
GUDZQ�LQ�EODFN�OLQHV�ZLWK�WKH�FRUUHVSRQGLQJ�ODEHO�

7KH� FURVV� VHFWLRQV� RI� WKH� HQJUDYHG�PDUNLQJV�
ZHUH�PHDVXUHG�XVLQJ�D� VWHHO� ³QHHGOH´�SUR¿ORPHWHU�
��� PP� GLDPHWHU� SLQV�� DQG� SKRWRJUDSKHG� XVLQJ� D�
KLJK� UHVROXWLRQ� GLJLWDO� FDPHUD� ZLWK� D� SDSHU� JULG�
LQ� WKH� EDFNJURXQG� �)LJ�� ���� 7KH� GLJLWDO� LPDJH�ZDV�
WKHQ� XSORDGHG� LQWR� D� YHFWRU� JUDSKLFV� SURJUDP�
�H�J���$XWR&$'��LQ�RUGHU�WR�HDVLO\�PHDVXUH�ERWK�WKH�
KHLJKW�DQG�ZLGWK�ZLWKLQ�DQ�HVWLPDWHG�UHVROXWLRQ�RI�
OHVV� WKDQ�����PLFURQV��8S� WR� WHQ�GL̆HUHQW�SUR¿OHV�
ZHUH�PHDVXUHG�IRU�HDFK�WHVWHG�PDUNLQJ�WR�REWDLQ�DQ�
DYHUDJH�YDOXH�

Figure 8. Map of the engravings in the Billhooks Step 
(mount Gabberi, Camaiore). The billhook markings used 
for the dating experiment are drawn in black and labeled.

Figure 9. High resolution digital photograph used for 
experimental measurement of groove depth and width.
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)LJXUH� ��� 6KRZV� WKH� UHVXOWV� REWDLQHG� LQ�
JUDSKLFDO�IRUP�IRU�HDV\�UHDGLQJ��,W�SORWV�WKH�DEVROXWH�
GDWH� ZLWK� UHVSHFW� WR� WKH� \HDU� RI� WKH�PHDVXUHPHQW�
�������IRU�WKH�¿YH�ELOOKRRNV�DQG�WKH�WKUHH�FURVVHV��
7KH� YHUWLFDO� EDUV� RQ� HDFK� SRLQW� UHSUHVHQW� WKH�
VWDQGDUG� GHYLDWLRQV� �UDQGRP� HUURU��� 0RUHRYHU�� LQ�
RUGHU� WR� FOHDUO\� GHPRQVWUDWH� WKH� VHQVLWLYLW\� RI� WKH�
RXWSXW�UHVXOWV�RQ�WKH�DQQXDO�UDLQIDOO�YDOXH�XWLOL]HG��
)LJXUH����UHSRUWV�WKH�RXWSXW�GDWD�REWDLQHG�IRU�WZR�
RWKHU�GL̆HUHQW�Qa YDOXHV�������PP�\HDU�DQG������
PP�\HDU�� IRU� FRPSDULVRQ� ZLWK� WKRVH� FDOFXODWHG�
XVLQJ�WKH�PRVW�SUREDEOH�YDOXH�������PP�\HDU��IRU�
Qa�

&DUHIXO� DQDO\VLV� RI� WKH� UHVXOWV� REWDLQHG�
UHYHDOV� VRPH� LPSRUWDQW�� SDUWLFXODUO\� QRWHZRUWK\�
GHWDLOV�� )LUVWO\�� DV� DQWLFLSDWHG�� WKH� GDWHV� DUH�
SURJUHVVLYHO\�PRUH� UHFHQW�ZLWK� LQFUHDVLQJ� DYHUDJH�
DQQXDO� UDLQIDOO�� VLPSO\� GXH� WR� WKH� KLJKHU� VSHHG�
RI� WKH� FKHPLFDO� GLVVROXWLRQ�� ZKLFK�� DW� OHDVW� DW� WKH�
DOWLWXGH� FRQVLGHUHG�� SUHGRPLQDWHV� VWURQJO\� RYHU�
WKH� H̆HFWV� RI� WKH� IUHH]H�WKDZ� F\FOHV�� 7KH� VHFRQG�
¿QGLQJ� WKDW� VKRXOG�EH�VWUHVVHG� LV� WKH�VXEVWDQWLDOO\�
XQLIRUP�GDWLQJ�EHWZHHQ�WKH�WZR�VHSDUDWH�JURXSV�RI�
PDUNLQJV��WKH�FKURQRORJLHV�FOXVWHU�DURXQG������%&�
IRU�WKH�ELOOKRRNV�DQG�DERXW�WKUHH�FHQWXULHV�ODWHU�IRU�
WKH�FURVVHV��DW�OHDVW�IRU�DQQXDO�UDLQIDOO�RI������PP�
\HDU��� KHQFH� FOHDUO\� LQGLFDWLQJ� WKH�PHGLHYDO� RULJLQ�
RI�WKH�DUWLIDFWV�

+RZHYHU�� WKH� IDFW� WKDW� WKH� GDWHV� IRU� WKH� WZR�
JURXSV� FOXVWHU� DURXQG� WKH� VDPH� YDOXH� GRHV� QRW�
QHFHVVDULO\� LPSO\� WKDW� WKH�PDUNLQJV�ZHUH�PDGH� DW�
WKH� VDPH� WLPH� �� WKH� XQFHUWDLQW\� LQ� WKH� LQGLYLGXDO�
GDWLQJV�LV�DERXW�D�FHQWXU\��6XFK�DQ�DSSUR[LPDWLRQ�LV�
FRQVLVWHQW�ZLWK�WKH�UDQGRP�HUURU�IURP�WKH�FRPELQHG�
H̆HFWV�RI�WKH�VWRFKDVWLF�JUDQXODU�HURVLRQ�SKHQRPHQD�

DQG�WKH�GL̆HUHQW�VKDSHV�RI�WKH�VPDOO�JURRYHV�LQ�WKH�
YDULRXV�HQJUDYLQJV¶�FURVV�VHFWLRQV�

)LQDOO\��VRPH�ZRUGV�DUH�LQ�RUGHU�UHJDUGLQJ�WKH�
ODUJH� GL̆HUHQFHV� LQ� GDWLQJ� EHWZHHQ� WKH� ELOOKRRNV�
DQG� WKH� FURVVHV� �HYHQ� LJQRULQJ� WKH� UHVXOWV� IRU�
DQQXDO� UDLQIDOO� RI� ����� PP�\HDU�� ZKLFK� LV� YHU\�
KLJK��� $V� VXFK� GL̆HUHQFHV� DUH� PXFK� KLJKHU� WKDQ�
WKH�XQFHUWDLQW\�GXH�WR�UDQGRP�HUURU�� WKH\�VHHP�WR�
EH� GXH� WR� KLVWRULFDO� RU� FXOWXUDO� FDXVHV� UDWKHU� WKDQ�
QXPHULFDO�RQHV�

6. Conclusions

7KH�SUHVHQW�ZRUN�KDV�SUHVHQWHG�D�QHZ�PHWKRG�
IRU�DEVROXWH�GDWLQJ�RI�URFN�DUW�EDVHG�RQ�PDWKHPDWLFDO�
VLPXODWLRQV� DQG� FDUHIXO� in situ H[SHULPHQWDO�
PHDVXUHPHQWV�� 'HVSLWH� WKH� XQFHUWDLQW\� D̆HFWLQJ�
WKH� LQSXW� GDWD� UHTXLUHG� IRU� WKH� PDWKHPDWLFDO�
DQDO\VHV�� ZH� EHOLHYH� WKDW� WKH� SURSRVHG� PHWKRG�
LV� YHU\� SURPLVLQJ� IRU� REWDLQLQJ� UHOLDEOH� DEVROXWH�
GDWHV�IRU�URFN�DUW��DW�OHDVW�XQGHU�WKH�VSHFL¿HG�VWXG\�
FRQGLWLRQV��QDPHO\��PDUNLQJV�HWFKHG�LQ�FRQWRXU�RQ�
WKH�KRUL]RQWDO�ÀDW�VXUIDFHV�RI�OLPHVWRQH�URFN�XQGHU�
FRQGLWLRQV�RI�RSHQ�DLU�H[SRVXUH�

)XUWKHUPRUH�� WKH� FKURQRORJLHV� REWDLQHG� E\�
H[SHULPHQWDO� DSSOLFDWLRQ� RI� WKH� GDWLQJ� PHWKRG��
LQ�SDUWLFXODU� WKH�IDFW� WKDW� WKH�GDWLQJ�RI� WKH�FURVVHV�
LQGLFDWHV� WKDW� WKH\� DUH� PRUH� UHFHQW� WKDQ� WKH�
ELOOKRRNV��DSSHDU�FRQVLVWHQW�ZLWK�WKH�RFFXUUHQFH�RI�
VR�FDOOHG� ³&KULVWLDQL]DWLRQ´� RI� URFN� DUW� RQFH� XVHG��
RU� GHHPHG� WR� KDYH� EHHQ� XVHG�� E\� SDJDQ� SHRSOHV�
IRU� WKHLU� ULWXDOV� �� D�SURFHVV� WKDW� W\SLFDOO\� RFFXUUHG�
SUHFLVHO\�LQ�WKH�HDUO\�FHQWXULHV�RI�WKH�0LGGOH�$JHV�

,W�PXVW�DOVR�EH�ERUQH�LQ�PLQG�WKDW�WKH�UHVXOWV�
REWDLQHG�IRU�WKH�%LOOKRRN�6WHS�PD\�VWLOO�EH�D̆HFWHG�
E\�V\VWHPDWLF�HUURU�GXH�WR�WKH�XQFHUWDLQWLHV�LQ�VRPH�
RI� WKH� LQSXW� SDUDPHWHUV�� HVSHFLDOO\� WKH� DYHUDJH�
DQQXDO� UDLQIDOO�� 1HYHUWKHOHVV�� ZH� EHOLHYH� WKDW� WKH�
UHVXOWV� REWDLQHG� IURP� WKH� FKURQRORJLFDO� DQDO\VLV�
RI� WKH� HQJUDYLQJV� LV� VXEVWDQWLDOO\� FRQVLVWHQW� DQG�
WHQWDWLYHO\�GHPRQVWUDWHV�WKH�YDOLGLW\�RI�WKH�SURSRVHG�
PHWKRG�

)XUWKHU� UHVHDUFK� RQ� WKH� SURSRVHG� GDWLQJ�
PHWKRG� VKRXOG� DLP� DW� DSSURSULDWH� YDOLGDWLRQ�
YLD� DSSOLFDWLRQ� LQ� RWKHU� URFN�DUW� VLWHV� ZKRVH�
FKURQRORJ\� PD\� EH� GHWHUPLQHG� ZLWK� FHUWDLQW\� E\�
DOWHUQDWLYH�PHWKRGV��2WKHU�IXWXUH�LPSURYHPHQWV�WR�

Figure 10. Plots of the chronologies of the eight markings 
for three different values of average annual rainfall 
(vertical bars indicate standard deviations).
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WKH�PHWKRG� VKRXOG� DOVR� LQFOXGH� UH¿QHPHQW� RI� WKH�
DQQXDO� UDLQIDOO� GDWD� E\� LQYHVWLJDWLQJ� WKH� UHVXOWV� RI�
JHRORJLFDO�UHVHDUFK�LQ�WKH�$SXDQ�$OSV��HQKDQFHPHQW�
RI� WKH� VLPXODWLRQ� SURFHGXUH� WR� LQFOXGH� ORQJ�WHUP�
ÀXFWXDWLRQV�LQ�DQQXDO�UDLQIDOO��DQG�WKH�SRVVLEOH�XVH�
RI� PRUH� VRSKLVWLFDWHG� WHFKQLTXHV� IRU� PHDVXULQJ�
WKH� HQJUDYLQJ� SUR¿OHV�� VXFK� DV� D� SRUWDEOH� ODVHU�
LQWHUIHURPHWHU�
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VXUIDFH�´�Acta Carsologica ���������������
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1. Introduction: INSPIRE, Protected Sites 
and Cultural Heritage

This paper presents a proposal of application 
schema about cultural heritage under the INSPIRE 
Directive (Directive 2007/2/EC), which establishes 
an Infrastructure for Spatial Information in the 
European Community. We use the term application 
schema in the way INSPIRE does, as the formal 
description of a conceptual data model about a 
certain part of the real world.

This model develops the INSPIRE Data 
6SHFL¿FDWLRQ�RQ�3URWHFWHG�6LWHV��,163,5(�7KHPDWLF�
Working Group Protected Sites 2010) for the 
topic of cultural features. According to INSPIRE 
principles, the background objective is to provide 
a basic interoperable framework for describing, 
organising and sharing georeferenced information 
to institutions devoted to the management and 
research of cultural heritage.

The INSPIRE Directive addresses several 
WKHPDWLF� DUHDV� RI� VSDWLDO� LQIRUPDWLRQ�� ¿[HG� LQ� ���

Corresponding author: antonio.uriarte@cchs.csic.es

VSDWLDO� GDWD� WKHPHV� GLVWULEXWHG� LQ� WKUHH� DQQH[HV��
One of these themes is Protected Sites�� GH¿QHG� DV�
“area designated or managed within a framework 
of international, Community and Member States’ 
OHJLVODWLRQ� WR� DFKLHYH� VSHFL¿F� FRQVHUYDWLRQ�
objectives” (Directive 2007/2/EC, 11). It is included 
LQ� $QQH[� ,�� ZKLFK� PHDQV� WKDW� LW� LV� FRQVLGHUHG� DV�
reference data and so it is priority in its development.

,163,5(� 'DWD� 6SHFL¿FDWLRQ� RQ� 3URWHFWHG�
Sites has been developed by the Thematic Working 
Group Protected Sites. It consists of two application 
schemas, Simple and Full��$OWKRXJK�FRPSOH[�� WKH\�
RQO\�¿[�D�PLQLPXP�SDUW� DV� FRPSXOVRU\��RQH� FODVV�
(ProtectedSite) and two of its attributes (geometry 
and inspireID), belonging to the simple schema.

In spite of their development, we have 
found that both schemas show limitations for the 
description of cultural issues, for they are mainly 
centred on legal aspects (McKeague, Corns and 
Shaw 2012) and, beyond those, on the description 
of natural protected sites (e.g. Natura 2000). 
Cultural heritage, as a thematic layer, could have 
EHHQ�DGGUHVVHG�WR�$QQH[�,,,��EXW�QRQH�RI�LWV�VSDWLDO�
GDWD�WKHPHV�LV�FRQFHLYHG�WR�IXO¿OO�WKLV�LVVXH�±H[FHSW�
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partially Buildings�� WKDW� PLJKW� EH� H[WHQGHG� WR�
incorporate historical architecture, although it is 
not aimed at describing the historical or cultural 
dimension of constructions.

Therefore we thought it was desirable to 
PDNH� D� VSHFL¿F� GHYHORSPHQW� IRU� FXOWXUDO� KHULWDJH�
information, so that anything else than mere legal 
questions could be incorporated. In the Spanish 
FRQWH[W� WKLV� KDV� EHHQ� WDFNOHG� ZLWKLQ� WKH�Working 
Group of the Spanish Spatial Data Infrastructure2, 
ZKRVH� PLVVLRQ� LV� WR� DSSO\�� GHYHORS� DQG� H[WHQG�
INSPIRE in the Spanish regulations. It is articulated 
E\� VHYHUDO� ZRUNJURXSV� GHYRWHG� WR� VSHFL¿F� LVVXHV��
One of them is the Thematic Working Group on 
Cultural Heritage�, an interdisciplinary team formed 
E\� H[SHUWV� RQ� ,QIRUPDWLRQ� DQG� &RPPXQLFDWLRQ�
Technologies, mainly about geographic information, 
and Cultural Heritage (for further details, see 
the acknowledgments at the end of the paper). 
Through 2010 and 2011, work was made on the 
development of a proposal of an interoperability 
framework for cultural heritage information (the 
data model is available on-line, see GTT-PAH 2011, 
and will be thoroughly published, see Fernández-
Freire, Parcero-Oubiña and Uriarte-González in 
press). This paper represents a further and personal 
elaboration made by the authors.

2. Cultural Heritage Application Schema: 
Guidelines

The Cultural Heritage Application Schema, 
according to INSPIRE philosophy, is based on the 
IROORZLQJ� SULQFLSOHV��generic, in order to embrace 
any kind of cultural heritage data, direct or indirectly 
georeferenced; extendable, to allow any kind of data 
producer to adapt the model to the nature of their 
own information; and interoperable, to combine 
VSDWLDO� GDWDVHWV� IURP� GL̆HUHQW� VRXUFHV� WKURXJK�
network services, via Internet.

For achieving these objectives, it has been 
fundamental the use of the following standards and 
QRUPV��ZKHUH�DSSOLFDEOH�

2     Grupo de Trabajo de la Infraestructura de Datos Espaciales de 
(VSDxD� �*7�,'((���KWWS���ZZZ�LGHH�HV�JUXSR�GH�WUDEDMR�LGHH��
(Accessed June 20, 2012).

�� �*UXSR�GH�7UDEDMR�7HPiWLFR�GH�3DWULPRQLR�+LVWyULFR��*77�
PAH).

• Regarding geographic information, the INSPIRE 
Directive itself and also the ISO 19100 series, on 
which the former is based.

• The CIDOC Conceptual Reference Model (CIDOC 
CRM)���'RHUU�������&URIWV�HW�DO���������DOVR�DQ�
,62�VWDQGDUG��,62��������������,62�7&���6&��
�������GHVLJQHG�IRU�WKH�GHVFULSWLRQ�RI�FRQFHSWV�
and relationships for the documentation of 
cultural heritage. 

• The Dublin Core Metadata Initiative (DCMI) 
and its Dublin Core Metadata Element Set, 
HVWDEOLVKHG�DV�DQ�,62�VWDQGDUG��,62�������������
�,62�7&���6&�� ������� WKDW� GH¿QHV� D� EDVLF�
list of attributes for describing and cataloguing 
information resources.

As we have said before, the conceptual data 
PRGHO� SUHVHQWHG� LQ� WKLV� SDSHU� LV� H[SUHVVHG� DV� DQ�
INSPIRE application schema, that contains the 
FRPSOHWH�DQG�SUHFLVH�GH¿QLWLRQ�RI� WKH�FRQWHQW�DQG�
structure of a dataset (in our case, georeferenced 
cultural heritage data). The application schema, as a 
formal description, has been fully developed through 
the Conceptual Schema Language (CSL), which 
LV� XVHG� IRU� WKH� GDWD� VSHFL¿FDWLRQV� RI� WKH� ,163,5(�
'LUHFWLYH��7KLV�LV�D�SUR¿OH�RI�WKH�8QL¿HG�0RGHOOLQJ�
Language (UML) version 2.0, established as an ISO 
VWDQGDUG��,62�76��������������,62�7&����������

3. Cultural Heritage Application Schema: 
Description

The Cultural Heritage Application Schema 
H[WHQGV�WKH�3URWHFWHG�6LWHV�)XOO�$SSOLFDWLRQ�6FKHPD�
by means of additional classes and attributes (Fig. 1). 
7KH�H[WHQVLRQ��WKDW�LV��WKH�FXOWXUDO�KHULWDJH�VFKHPD�
LQ�VWULFW�VHQVH��LV�IRUPHG�E\�WKUHH�PDLQ�SDUWV��)LJ�����
1) a legal or administrative part, 2) what we call a 
FXOWXUDO�SDUW��DQG����D�SDUW�GHYRWHG�WR�GRFXPHQWDU\�
information. It is important to emphasize this 
distinction between cultural and legal entities, since 
it is one of the conceptual foundations of the model. 
It is based on the idea that, within the realm of 
FXOWXUDO�KHULWDJH��D�GL̆HUHQFH�PXVW�EH�WROG�EHWZHHQ�
real-world cultural entities, that are the result of 
human or natural-human past actions, and legal 
artefacts, that are the result of a process of heritage 
�� �&,'2&�&RQFHSWXDO�5HIHUHQFH�0RGHO��&,'2&�&50���KWWS���
www.cidoc-crm.org/ (Accessed June 20, 2012).
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YDOXDWLRQ�� 7KLV� LGHD� IROORZV� WKH� GL̆HUHQWLDWLRQ� E\�
González-Pérez and Parcero-Oubiña (2011) between 
WZR�PDMRU�FODVVHV�RI�WKLQJV�LQ�KHULWDJH�

• Primary entities��7KLQJV��HLWKHU�WDQJLEOH�RU�QRW��
which when perceived are understood without 
WKH� QHHG� WR� ³EH� H[SODLQHG´�� ZLWKRXW� H[SOLFLW�
interpretative processes.

• Derived entities�� 7KLQJV� ZKRVH� SHUFHSWLRQ� LV�
not direct and obvious and are created after an 
H[SOLFLW�SURFHVV�RI�LQWHUSUHWDWLRQ��&RQVHTXHQWO\��
we can only perceive them when they are 
introduced to us, or we know the logic behind its 
creation.

In the case of our data model, cultural features 
belong to the category of primary entities, being 
SUHH[LVWLQJ� UHDO�ZRUOG� WKLQJV� �H�J�� an ancient 
town, a building, a sculpture, a song or a parade), 
and administrative features are derived entities, 
DV� WKH\�DUH�YDOXDWLRQ�UHVRXUFHV��QRW�SUHH[LVWLQJ�E\�
WKHPVHOYHV�EXW�OHJDOO\�GH¿QHG�WR�WKH�SURWHFWLRQ�DQG�
management of the former (e.g. an archaeological 
zone, the protection area of an old quarter or a 
UNESCO World Heritage Place).

By setting apart these two classes of entities, 
the documentation and description of each one 
becomes clearer and easier. This way, for instance, 
the description and properties of a certain cultural 

Figure 1. Cultural Heritage Application Schema. Full view distinguishing the Protected Sites simple schema (white), 
the Protected Sites full schema (dark grey) and the Cultural Heritage schema (white grey).
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HQWLW\� FDQ� EH� PRGL¿HG� ZLWKRXW� QHFHVVDULO\�
modifying the description of the legal entity related 
to it, and vice versa. When it comes to geographic 
LQIRUPDWLRQ��WKH�FRKHUHQFH�DQG�DOVR�WKH�EHQH¿WV�RI�
VXFK�DSSURDFK�DUH�FOHDU��IRU�LQVWDQFH��WKH�JHRPHWU\�
�H�J�� WKH� H[WHQW�� RI� D� SURWHFWHG� SODFH� PD\� FKDQJH�
�OLNH� EHLQJ� H[WHQGHG� WR� DFFRPPRGDWH� FKDQJHV� LQ�
heritage management policies), while the geometry 
of the related cultural entity remains unchanged. 
Or inversly, the geometry of a cultural entity may 
change (such as a building losing some parts after a 
partial collapse) while the protected area around it 
remains unchanged.

,Q� IDFW�� WKH� H[WHQGHG� DSSOLFDWLRQ� VFKHPD� IRU�
natural protected sites is designed in a similar way, 
separating protected sites as legal entities from 
the things protected, such as habitats, biotopes or 
distribution of species.

����/HJDO�SDUW

The central class of this part is the Protected 
Heritage Place (ProtectedHeritagePlace), 
GH¿QHG� DV� DQ� DUHD� GHGLFDWHG� WR� WKH� SURWHFWLRQ�
of cultural resources and managed through 
OHJDO� DQG� DGPLQLVWUDWLYH� PHDQV� �)LJ�� ����
ProtectedHeritagePlace is a subclass of Protected 

Site (ProtectedSite), the central class of the 
3URWHFWHG� 6LWHV� DSSOLFDWLRQ� VFKHPDV�� ,WV� VSHFL¿FLW\�
relies on the cultural character of the items to which 
the protection is applied.

ProtectedHeritagePlace inherits the 
attributes from the ProtectedSite class for generic 
SURWHFWLRQ� WRSLFV� DQG� DGGV� RWKHU� VSHFL¿FDOO\�
GHYRWHG� WR� FXOWXUDO� KHULWDJH� LVVXHV�� ,Q� D� H̆RUW� WR�
R̆HU� D� PLQLPXP� FRPPRQ� LQIRUPDWLRQ�� VRPH� RI�
WKHVH� DWWULEXWHV� ±WKLUWHHQ±� � KDYH� WR� EH� IXO¿OOHG��
two are originally compulsory in the Protected 
Sites application schemas (geometry, inspireID); 
eight are voidable in the same schema but have 
been changed to mandatory through constraints 
(legalFoundationDate, legalFoundationDocument, 
siteDesignation, VLWH3URWHFWLRQ&ODVVL¿FDWLRQ, 
VLWH,GHQWL¿HU, spatialResolution, dataSource, 
EHJLQ/LIHVSDQ9HUVLRQ��� DQG� ¿QDOO\� WKUHH� QHZ�
attributes belong to the ProtectedHeritagePlace 
class (placeName, administrativeScope, type).

1H[W� ZH� GHVFULEH� HDFK� RI� WKHVH� WKLUWHHQ�
attributes, grouping them thematically in order to 
help their comprehension (for a full description of 
the attributes, voidable or not, of the ProtectedSite 
class, see INSPIRE Thematic Working Group 
Protected Sites 2010��

Figure 2. Cultural Heritage Application Schema: 1) Legal part. 2) Cultural part. 3) Document part.
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$WWULEXWHV�DERXW�LGHQWL¿FDWLRQ�

inspireID�� ([WHUQDO� REMHFW� LGHQWL¿HU� RI� WKH�
protected heritage place, according to INSPIRE 
rules.

VLWH,GHQWL¿HU�� ,GHQWL¿HU� IRU� WKH� FXOWXUDO�
heritage site using some national or international 
LGHQWL¿FDWLRQ�VFKHPH��&RQWUDULO\�WR�inspireID, which 
LV�XQLTXH��WKHUH�FDQ�EH�VHYHUDO�VLWH�LGHQWL¿HUV�IRU�D�
same protected site, for each one can be assigned by 
D�GL̆HUHQW�DGPLQLVWUDWLRQ�

$WWULEXWHV�DERXW�VSDWLDOLW\�

geometry��6SDWLDO�REMHFW�GH¿QLQJ�WKH�ERXQGDU\�
of the protected heritage place. This boundary is 
WKDW� GH¿QHG� E\� WKH� DGPLQLVWUDWLRQ� UHVSRQVLEOH� IRU�
its protection and management.

placeName�� 3ODFH� QDPH� RI� WKH� SURWHFWHG�
heritage place, that used in the legal foundation 
document (see below).� 7KLV� DWWULEXWH� LV� GL̆HUHQW�
to siteName in the ProtectedSite class, a voidable 
DWWULEXWH� LQWHQGHG� WR� EH� ¿OOHG� ZLWK� D� SUHH[LVWLQJ�
geographical name. Place name attribute, on the 
FRQWUDU\�� LV�QRW� WDNHQ� IURP�D�SUHGH¿QHG�JD]HWWHHU��
but is entered by the info provider.

spatialResolution�� 7KH� VSDWLDO� UHVROXWLRQ� RI�
the cultural heritage place geometry, according to 
the way the data have been gathered (equivalent 
scale or distance).

Attributes about legal and administrative 
LVVXHV�

legalFoundationDocument�� 5HIHUHQFH� RI� WKH�
legal act that created the protected heritage place. 
7KLV�FRQVLVWV�RI�D�ZHE�85/�RU�D�WH[W�FLWDWLRQ�

legalFoundationDate��Date of legal creation 
of the protected heritage place. It should be that of 
the foundation document.

siteDesignation�� Type or category of 
protected heritage place, according to a certain 
designation schema. A designation schema is a set 
of protection categories established by a certain 
LQVWLWXWLRQ� LQ� D� VSHFL¿F� ¿HOG� DQG� IRU� D� VSHFL¿F�
purpose. Designation schemas are accommodated 

in the 'HVLJQDWLRQ6FKHPH9DOXH code list; the list of 
designations of each designation schema is stored 
in a code list. The Cultural Heritage Application 
Schema uses three designation schemas with their 
UHVSHFWLYH� FRGH� OLVWV�� D�SUHH[LVWLQJ�RQH� WDNHQ� IURP�
the Protected Sites Simple Application Schema 
(UNESCOWorldHeritage) and two added by us 
in order to enrich cultural heritage description 
(3URWHFWLRQ7DUJHW9DOXH, BienesInteresCultural). 
Besides, additional designation schemas may be 
incorporated to the data model by users in order to 
VDWLVI\� WKHLU� VSHFL¿F� QHHGV�� $� VDPH� SURWHFWHG� VLWH�
FDQ�KDYH�VHYHUDO�GHVLJQDWLRQV�

• UNESCOWorldHeritage�� ,W� LQFOXGHV�
the basic categories of World Heritage 
LQVFULSWLRQV� FODVVL¿FDWLRQ� HVWDEOLVKHG� E\�
UNESCO. Their values are in the code list 

Figure 3. Cultural Heritage Application Schema: Legal 
part.
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81(6&2:RUOG+HULWDJH'HVLJQDWLRQ9DOXH��
natural, cultural and mixed.

• 3URWHFWLRQ7DUJHW9DOXH�� Type of protected 
heritage place according to the UNESCO 
“Operational Guidelines for the Implementation 
of the World Heritage Convention” (UNESCO 
WHC 2011). Their values are in the code list  
3URWHFWLRQ7DUJHW9DOXH�� 0RQXPHQW, *URXS� RI�
Buildings, Sites, 0L[HG and &XOWXUDO/DQGVFDSH.

• BienInteresCultural�� 7KLV� VFKHPD� KDV� EHHQ�
taken from the Spanish heritage management 
framework and added to this data model due to 
LWV� FHQWUDO� UROH� LQ� WKLV� FRQWH[W��Bien de Interés 
Cultural (BIC) is the highest protection status 
that Spanish heritage institutions can assign to a 
FXOWXUDO�HQWLW\��$OO�QRZDGD\V�H[LVWLQJ�FDWHJRULHV�
of BIC are in the designation schema code list 
(see a full list of BIC types in Querol 2010, 71-
75), being possible to add new ones as they are 
GH¿QHG�E\�6SDQLVK�KHULWDJH�DGPLQLVWUDWLRQV�

VLWH3URWHFWLRQ&ODVVL¿FDWLRQ�� The 
FODVVL¿FDWLRQ�RI� WKH�SURWHFWHG�KHULWDJH�SODFH�EDVHG�
on the purpose for protection. The enumeration 
3URWHFWLRQ&ODVVL¿FDWLRQ9DOXH provided by the 
GDWD� VSHFL¿FDWLRQ� LQFOXGHV� WKH� IROORZLQJ� YDOXHV��
natureConservation, archaeological, cultural, 
ecological, landscape, environment, geological. 
Only cultural, archaeological and partially 
landscape are related to cultural heritage. As long 
as archaeological sites and also landscapes are best 
regarded as a subtype of cultural sites, the constraint 
UHTXLUHV� WKH� ¿OOLQJ� RI� WKH� DWWULEXWH� DV� cultural in 
all cases, leaving further considerations for a new 
attribute called type (see below).

administrativeScope�� $GPLQLVWUDWLYH� VFRSH�
RI�WKH�OHJDO�GH¿QLWLRQ�RI�WKH�FXOWXUDO�KHULWDJH�SODFH��
The enumeration $GPLQLVWUDWLYH6FRSH9DOXH 
SURYLGHV�WKH�YDOXHV�IRU�WKLV�DWWULEXWH��International, 
European, National, Regional and /RFDO.

dataSource��The agency or organisation that is 
responsible for maintaining and providing the data 
about the cultural heritage place. In most Spanish 
cases it will be the corresponding Spanish regional 
administration, named Comunidad Autónoma, 
due to the decentralized character of heritage 
management in this country.

type�� 5HDVRQ� DGYRFDWHG� IRU� WKH� VLWH¶V�
SURWHFWLRQ��GHSHQGLQJ�RQ�WKH�VFLHQWL¿F�RU�DFDGHPLF�
discipline that provides the arguments for the 
FUHDWLRQ� RI� WKH� SURWHFWHG� VLWH�� Archaeological, 
Architectural and Ethnographical are proposed 
as possible values. These values are in the code list 
1DWXUH2I3URWHFWLRQ�� WKDW� PD\� EH� H[WHQGHG� ZLWK�
new categories if needed. It is important to note 
that this is not an attribute referring to the inherent 
nature of the culture features themselves, but to 
the heritage valuation one makes upon them. In 
fact many cultural entities can be “observed” and 
valorised from the perspective of several disciplines 
VLPXOWDQHRXVO\��+HUH�� WKH� EHQH¿WV� RI� VHWWLQJ� DSDUW�
primary and derived entities can be well observed. 
For instance, a ruined church could be considered 
as an architectural and an archaeological element, 
and so could be part of both an architectural and an 
archaeological inventory. Sticking to a “traditional” 
GLVFLSOLQDU\� YLHZ� RQ� KHULWDJH� FODVVL¿FDWLRQ� ZRXOG�
cause redundancies, since a single real-world 
entity (the ruined church) would be documented 
twice. Although the description and properties of 
WKH� SURWHFWHG� SODFHV� FUHDWHG� DIWHU� LW� ±LQFOXGLQJ�
JHRPHWU\±� ZRXOG� EH� GL̆HUHQW� GHSHQGLQJ� RQ� WKH�
GLVFLSOLQDU\� VWDQGSRLQW�� DQG� WZR� GL̆HUHQW� OHJDO�
REMHFWV�H[LVW�� WKH�SURSHUWLHV�DQG�GHVFULSWLRQ�RI� WKH�
FKXUFK� ±LQFOXGLQJ� JHRPHWU\±� DUH� XQLTXH� DQG� GR�
not need to be captured twice (and quite possibly in 
GL̆HUHQW�ZD\V��

$WWULEXWHV�DERXW�OLIH�F\FOH�

EHJLQ/LIHVSDQ9HUVLRQ��Date and time at which 
this version of the spatial object was inserted in 
the spatial dataset. There is also another attribute, 
HQG/LIHVSDQ9HUVLRQ, for indicating the date and 
time at which the version of the spatial object was 
declared obsolete. In this case, this attribute is 
voidable, for there may be spatial objects that will 
not be removed at any point.

In order to consider potential links between 
GL̆HUHQW� SURWHFWHG� VLWHV�� WZR� UHODWLRQV� KDYH� EHHQ�
GH¿QHG� IRU� WKH� ProtectedHeritagePlace class to 
LWVHOI�

contents�� 7KLV� UHODWLRQVKLS� LV� DLPHG� DW�
considering the inclusion of a protected heritage 
place by another (for instance, a monastery protected 
as a whole can include a church with a particular, 
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VSHFL¿F�SURWHFWLRQ��

protectionSurrounding�� ,W� LV� FRQFHLYHG� WR�
take into account protected sites complementary 
to others under the form of surrounding areas or 
EX̆HUV�� $V� ORQJ� DV� WKH� SURWHFWHG� VXUURXQGLQJ�ZLOO�
DOZD\V� KDYH� GL̆HUHQW� DWWULEXWHV� �H�J�� JHRPHWU\��
LGHQWL¿HU�� HWF��� LW� VKRXOG� EH� LQVWDQFHG� DV� D� QHZ�
object of the same class, and referred to through this 
self-association.

����&XOWXUDO�SDUW

The central class of this part is CulturalEntity 
�)LJ������$�FXOWXUDO�HQWLW\� LV�DQ\� UHDO�ZRUOG� IHDWXUH�
result of human or human-natural action and, 
consequently, susceptible to be protected as cultural 
heritage.

CulturalEntity class is related to 
ProtectedHeritagePlace class to capture the 
relationship between legal objects (protected 
heritage places) and real-world entities to which they 
refer. CulturalEntity points to ProtectedEntityType, 
D� SUHH[LVWLQJ� FODVV� LQ� WKH� 'DWD� 6SHFL¿FDWLRQ� RQ�
Protected Sites referring to any kind of a real-
world feature susceptible of legal protection (e.g. a 
protected entity could also be a forest or an animal 
species); and ProtectedEntityType is related to 

ProtectedSite by means of a voidable attribute that 
is protectedEntity. In this way, a protected site may 
contain one or more protected entities (in our case, 
cultural entities) and, reciprocally, a cultural entity 
may be “incorporated into” one or more protected 
sites.

It is worth noting that there is no need to relate 
every single protected heritage place to one or more 
cultural entities. In other words, the model allows 
entering information about a protected heritage 
place without being forced to separately describe 
and map the properties of the cultural entities 
protected by it. Although conceptually it is rather 
REYLRXV�WKDW�QR�SURWHFWHG�SODFH�FDQ�H[LVW�LI�QRWKLQJ�
is to be protected, this is a pragmatic decision to 
allow data providers (e.g. heritage managers) to 
publish even the very basic datasets they are able to 
produce. What is maybe more interesting, this also 
allows entering cultural entities without necessarily 
linking them to a certain protected heritage place. 
This means that the data model can also be used by 
data producers other than the administrative bodies 
(such as research institutions, private companies, 
free-lances, etc.). Furthermore, the model can be 
also conceived as a tool to foster cooperation and 
synergic processes of information maintenance and 
publication.

CulturalEntity KDV� ¿YH� DWWULEXWHV�� WKUHH�
mandatory (entityName, chronology, entityTag) 
and two voidable (entityDescription, geometry��

entityName�� 1DPH� RI� WKH� FXOWXUDO� HQWLW\�� ,W�
PD\�GL̆HU�IURP�WKH�QDPH�RI�WKH�SURWHFWHG�KHULWDJH�
place related to it.

chronology� �)LJ�� ���� 7KLV� FRPSOH[� LVVXH� KDV�
EHHQ� WDFNOHG� E\� PHDQV� RI� ,62� ����������� �,62�
7&���� ������� ZKLFK� R̆HUV� D� WHPSRUDO� VFKHPD� WR�
describe the chronology of a cultural item, from its 
creation to its end, covering all the relevant events 
in its history. This temporal schema consists of a 
one-dimensional topology made up of two kind of 
SULPLWLYHV�� nodes (instants) and edges (periods). 
This approach allows to data providers to describe 
the chronology of a certain cultural entity with the 
desired degree of accuracy, from just assigning a 
URXJK�FKURQRORJLFDO�LQGLFDWLRQ�WR�D�ULFK�DQG�FRPSOH[�
chronology that gathers all events with a precise 
GDWH�� 7KH�ZD\� RI� ¿OOLQJ� WKLV� DWWULEXWH� LV� WKURXJK� D�

Figure 4. Cultural Heritage Application Schema: 
Cultural part.
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Figure 5. Temporal schema.
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new class (TimeSpan) that links the cultural entity 
with the chronological topology assigned to it.

In relation to this, we must point that the 
ProtectedSite class has a voidable attribute, 
timePeriod, intended to collect chronological 
information and related to the class 70B
OrdinalEra, which belongs to the above mentioned 
topological temporal schema. Nevertheless, we have 
considered that it may be confusing for cultural 
KHULWDJH� GHVFULSWLRQ� IRU� WZR� UHDVRQV�� ¿UVWO\�� LW� LV�
ascribed to the legal entity, while we think that 
chronology is an attribute intrinsic to cultural 
entities themselves; and secondly, it only allows 
entering one chronological item for each entity, 
limiting variability in its chronological description.

entityTag�� 7KLV� DWWULEXWH� Dssigns cultural 

values or categories (chronological, functional, 
etc.) to the cultural entity, as many as the data 
provider considers necessary. There are many ways 
to classify cultural entities according the subjects, 
FKURQRORJLFDO�DQG�JHRJUDSKLFDO�FRQWH[WV��DFDGHPLF�
traditions and so on. Conceiving a universal 
FODVVL¿FDWLRQ� RI� KHULWDJH� SODFHV�� QR� PDWWHU� KRZ�
generic, is obviously pure wishful thinking. Instead 
of that, data providers are encouraged to use a 
FODVVL¿FDWLRQ� RU� VFKHPD� �H�J�� D� WKHVDXUXV�� RI� WKHLU�
choice (as most of them actually do), as long as they 
specify in this attribute the schema in use and the 
value adopted for the cultural entity within that 
schema. This information is collected by means of 
the CulturalEntityTag class.

entityDescription�� 7H[WXDO� GHVFULSWLRQ� RI� WKH�
cultural entity.

geometry�� 6SDWLDO� GH¿QLWLRQ� RI� WKH� FXOWXUDO�
entity. The data provider does not necessarily have 
WR� DVVLJQ� D� JHRPHWU\� WR� D� VSHFL¿F� FXOWXUDO� HQWLW\��
Nevertheless, a cultural entity can be indirectly 
georeferenced if it is part of another cultural entity 
that really is (as we will see just now). 

CulturalEntity class is related to itself in order 
to consider potential relationships of aggregation 
EHWZHHQ� VSHFL¿F� FDVHV�� $� FXOWXUDO� HQWLW\� PLJKW� EH�
a whole building or an archaeological site. But it 
might also be a smaller feature such as a wall or a 
brick, being the building an aggregation of those 
smaller features and a cultural entity as well. Thus 
the disaggregation of the elements included in the 
model depends on the nature of the data gathered 
by the data provider. The self-aggregation relation 
named aggregates enables that behaviour.

In order to capture the diversity of cultural 
entities, several generic subclasses are proposed. 
$� ¿UVW� GLVWLQFWLRQ� LV� PDGH� EHWZHHQ� PDWHULDO�
and immaterial entities (0DWHULDO(QWLW\ and 
1RQ0DWHULDO(QWLW\), based on the very physical 
nature of things, depending on whether their 
H[LVWHQFH� LV� EDVHG� RQ� D� WDQJLEOH� WKLQJ� RU� RQ� WKH�
performance of a certain event. Although widely 
accepted and used, the very notion of intangible or 
immaterial heritage has been actively challenged 
�.LUVKHQEODWW�*LPEOHWW� ������ 6PLWK� DQG� $NDJDZD�
2008). Among other reasons, it has been argued 
that any form of heritage involves both material and 

Figure 6. Cultural Heritage Application Schema: 
Documentary part.
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LPPDWHULDO� GLPHQVLRQV� �0XQMHUL� ������� +RZHYHU��
one cannot deny that reality is composed of things 
RI� GL̆HUHQW� QDWXUH� ±WDQJLEOH� DQG� LQWDQJLEOH±� WKDW�
are perceived and, consequently, described in 
GL̆HUHQW�ZD\V�DQG�XVLQJ�GL̆HUHQW�WHUPV��:KDW�DUH�
GLVWLQFWO\�WDQJLEOH�RU�LQWDQJLEOH�DUH�VSHFL¿F�FXOWXUDO�
entities, such as a building or a song; this is inherent 
LQ�WKH�QDWXUH�RI�WKHVH�WKLQJV��DQG�LPSOLHV�GL̆HUHQW�
mechanisms for describing and documenting them. 
7KH�IDFW�WKDW�WDQJLEOH�DQG�LQWDQJLEOH�HQWLWLHV�H[LVW�DV�
separate concepts in the model does not mean that 
tangible and intangible cultural heritages could or 
VKRXOG�H[LVW�DV�VHSDUDWH�WKLQJV��%HVLGHV��WKH�PRGHO�
allows linking a protected place to both tangible and 
LQWDQJLEOH�HQWLWLHV��7KLV�LV��DJDLQ��D�EHQH¿W�RI�VHWWLQJ�
apart primary (real-world) and derived (legal) 
entities.

&XOWXUDO� PDWHULDO� HQWLWLHV� DUH� FODVVL¿HG�
according to the typology established by the CIDOC 
Conceptual Reference Model, that distinguishes 
WKUHH�FDWHJRULHV�

+XPDQ0DGH2EMHFW�� 0DWHULDO� WKLQJV� FUHDWHG�
by human activity and that are physically separate 
from other objects (for instance, a building, a pot or 
a chair).

+XPDQ0DGH)HDWXUH�� )HDWXUHV� WKDW� DUH�
physically attached to particular objects in an 
integral way (for instance, a petroglyph or a ditch).

NaturalFeature�� /DQGVFDSH� IHDWXUHV�
VLQJXODUO\� LGHQWL¿DEOH�� VXFK� DV� D� WUHH� RU� D� URFN��
Although cultural heritage refers primarily to 
human-made things, it is rather frequent that natural 
features are related to cultural manifestations (such 
as a tree being related to traditional legends or a 
forest being the place for a festival).

The application schema also allows including 
analytical results taken from cultural material 
entities, and that provide with additional information 
about them (such as dates, physical composition, 
HWF����7KLV�LV�GRQH�E\�PHDQV�RI�WZR�FODVVHV�

Sample�� )UDFWLRQ� WDNHQ� IURP� D� FXOWXUDO�
material entity for analytical purposes.

AnalyticalResults�� 5HVXOWV� RI� DQ� DQDO\VLV�
FDUULHG�RXW�RQ�D�VSHFL¿F�VDPSOH�

����'RFXPHQWDU\�SDUW

Within this model, a document is not just 
D� WH[WXDO� WKLQJ�� EXW� DQ\� UHVRXUFH� WKDW� FRQWDLQV�
and provides information of a certain kind about 
anything. The application schema allows the 
inclusion of documents describing the cultural 
entities (e.g. implemented through a document 
repository), so the user can have access to them 
�)LJ������No cultural entity has to have any document 
necessarily linked to it; this is a piece of information 
that data producers and distributors may include or 
not, depending on the volume of information they 
have and/or they want to publish.

The Dublin Core Metadata Element Set and 
VSHFL¿FDOO\�LWV�DWWULEXWH�type establish twelve�VSHFL¿F�
kinds of documents5 according to the nature of the 
information they contain, seven of which have been 
VHOHFWHG�IRU�WKH�DLPV�RI�RXU�GDWD�PRGHO�

Text��3ULPDULO\� IRUPHG�E\�ZRUGV� IRU� UHDGLQJ�
(e.g. a journal article).

StillImage�� 9LVXDO� UHSUHVHQWDWLRQ� RI� VWDWLF�
nature (e.g. a photograph).

0RYLQJ,PDJH��6HULHV�RI�YLVXDO�UHSUHVHQWDWLRQV�
R̆HULQJ�DQ�LPSUHVVLRQ�RI�PRWLRQ�

Sound��$FRXVWLF�UHSUHVHQWDWLRQ�

Dataset��6HW�RI�GDWD�VWRUHG�LQ�D�VWUXFWXUHG�ZD\�
(e.g. a table).

InteractiveResource�� 5HVRXUFH� UHTXLULQJ�
interaction from the user.

Collection�� $JJUHJDWLRQ� RI� UHVRXUFHV� �H�J�� D�
photographic archive).

4. Conclusions

To sum up, we want to remark what we 
consider some of the advantages of using a schema 
as the one proposed here for the organisation and 
GLVWULEXWLRQ�RI�FXOWXUDO�KHULWDJH�LQIRUPDWLRQ�

• Following the INSPIRE philosophy, it 

�� �'&0,�7\SH�9RFDEXODU\��KWWS���GXEOLQFRUH�RUJ�GRFXPHQWV�
dcmi-type-vocabulary/ (Accessed June 20, 2012).



�&XOWXUDO�+HULWDJH�$SSOLFDWLRQ�6FKHPD��D�6',�)UDPHZRUN�ZLWKLQ�WKH�3URWHFWHG�6LWHV�,163,5(�6SDWLDO�'DWD�7KHPH 
Antonio Uriarte González et al.

289

would guarantee interoperability for the 
standardisation and distribution of georeferenced 
cultural heritage data.

• It considers and captures the� VSHFL¿FLW\ of 
cultural features as compared with natural areas.

• The distinction between cultural entities (as 
real-world things) and protected places (as 
administrative realities) captures a conceptually 
UHOHYDQW� GL̆HUHQFH�� DQG� KDV� SUDFWLFDO� EHQH¿WV�
for avoiding redundancies and simplifying the 
description and mapping of heritage-related 
entities.

• Pragmatically, it is aimed at� VLPSOLFLW\� by 
limiting mandatory items just to one entity 
(ProtectedHeritagePlace) and thirteen 
attributes.

• Despite the former, it also incorporates 
modularity, introducing the possibility of 
including aditional information through optional 
HQWLWLHV�DQG�DWWULEXWHV�DQG�DOVR�RI�H[WHQGLQJ�WKH�
data model by other developers, by means of 
DGGLQJ�QHZ�VSHFL¿F�VXEFODVVHV�

Nowadays, the Cultural Heritage Application 
Schema is being used for developing some 
archaeological SDI. One of them is the IDEArq, a 
SDI planned within the Spanish National Research 
Council (CSIC) and aimed at the distribution of 
archaeological data archives of projects developed 
by this institution or in collaboration with it. Another 
H[DPSOH� LV� ,'(3DWUL�, a SDI for the publication of 
descriptive and analytical information available 
about Iron Age sites in the NW corner of the 
Iberian Peninsula after more than 100 years of 
archaeological research.
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1. Introduction

The Royal Commission on the Ancient and 
Historical Monuments of Scotland (RCAHMS) 
maintains the National Inventory and hosts the 
National Collections of the archaeological and built 
heritage of Scotland, including its maritime waters. 
,Q�WKH�ODVW�WZHQW\�¿YH�\HDUV��WKH�,QYHQWRU\¶V�GDWDEDVH�
has evolved from a paper-based card-index system, 
partly based on a reference system developed by 
the former Archaeology Branch of the Ordnance 
Survey supplemented by the paper catalogues to the 
RCAHMS Collections, to an Oracle database and 
ArcGis Geographic Information System with well-
established online search facilities through Canmore 
(http://canmore.rcahms.gov.uk).

The transition from card-index to database 
KDV�EHHQ�SURJUHVVLYH��UHÀHFWLQJ�FKDQJLQJ�SULRULWLHV�
ZLWKLQ� WKH� ṘFH� DV� ZHOO� DV� DQ� HQWKXVLDVWLF�
engagement with the Internet, especially as a means 
RI� SURPRWLQJ� 5&$+06¶� KROGLQJV�� 7KH� 5&$+06�
Canmore online database was launched in April 
1998 and has been evolving since. As part of the 
evolution, an Events – Monuments – Archive model 
IRU� PDQDJLQJ� LQIRUPDWLRQ� FUHDWHG� IURP� VSHFL¿F�
Corresponding author: susan.hamilton@rcahms.gov.uk

archaeological and architectural activities was 
introduced (McKeague and Jones 2008). 

Following the development of this Events 
– Monuments – Archive model, there was a clear 
need to develop strategies to maintain and increase 
public engagement and to manage the increasing 
volume of information entering the organisation. 
A mechanism for submission of user-generated 
FRQWHQW�WR�&DQPRUH�ZDV�FUHDWHG�¿UVW��7ZR�DGGLWLRQDO�
methods of data ingest were then developed, one 
R̆HULQJ�µGLUHFW¶�DFFHVV�LQWR�WKH�GDWDEDVH�DQG�DQRWKHU�
providing a streamlined, validated and more user-
friendly experience (Fig. 1). Organisations wishing 
to submit information can use the method most 
appropriate for their needs, or a combination of all 
three. 

Old Places, New Ideas: New Routes into Canmore, 
the National Inventory of Scotland

Susan Hamilton, Rebecca Jones and Peter McKeague
Royal Commission on the Ancient and Historical Monuments of Scotland

Abstract:
The Royal Commission on the Ancient and Historical Monuments of Scotland (RCAHMS) maintains the 
national inventory and hosts the national collections of the archaeological and built heritage of Scotland, 
including its maritime waters. Both professional users and the wider public have been able to view 
information in the inventory online, through Canmore, since 1998. Yet there was no mechanism to actively 
contribute to the knowledge base. Since our centenary in 2008, new strategies have evolved to harness 
the knowledge of both our professional and public users, to contribute directly to the national inventory. 
This paper describes the opening-up - letting go - of Canmore, through a number of routes, to enable new 
SDUWQHUV�WR�DFWLYHO\�FRQWULEXWH�WKHLU�NQRZOHGJH�GLUHFWO\�DQG�ḢFLHQWO\�WR�&DQPRUH�WKURXJK�D�FROODERUDWLYH�
DQG�ÀH[LEOH�DSSURDFK��7KH�SDSHU�WKHQ�GLVFXVVHV�KRZ�LQIRUPDWLRQ�LV�GLVVHPLQDWHG�XVLQJ�D�VLPLODUO\�DJLOH�
DSSURDFK� WKDW�DLPV� WR�DOORZ�XVHUV� WR�¿QG�DQG�XVH� WKH�GDWD� WKDW� WKH\�QHHG��ZKLOH� VHUYLQJ� WKH�QHHGV�RI�
imperatives such as the European Union INSPIRE Directive. It is noted that pragmatism is required; 
government bodies, audiences and partners do not all move at the same pace as the available technologies. 

Keywords: 
National Inventory, Information Management, Big Data, Social Media, Web Services 

Figure 1. Routes into the National Inventory of Scotland.
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The creation of this collaborative digital 
environment has proved a watershed in the 
management of heritage data in Scotland, 
demonstrating that the technologies available to us 
FDQ�EH�KDUQHVVHG�WR�FUHDWH�D�µWRROER[¶�RI�WHFKQLTXHV��
no user or willing contributor should have their 
participation prevented by technology. 

This paper describes the contents of that 
toolbox, which developed new routes into the 
database whilst preserving existing work procedures 
and retaining the structure and integrity of the 
data model. Balance is given to this discussion of 
ingest by describing the ways in which RCAHMS 
disseminates information. The - often contentious 
��VXEMHFW�RI�OLFHQVLQJ�LV�H[SORUHG�LQ�WKH�¿QDO�SDUW�RI�
the paper. 

2. Information Ingest

From the time of the bulk data migration 
from card index to the Oracle database from 
the early 1990s until 2008, all information that 
became visible on Canmore had been added to the 
LQWHUQDO�GDWDEDVH�E\�5&$+06�VWD̆�RU� YROXQWHHUV��
This included summaries of work undertaken by 
others, as featured in Discovery and Excavation in 
Scotland for example, as well as reports of RCAHMS 
¿HOGZRUN� DQG� LQIRUPDWLRQ� WKDW� VXSSOHPHQWV� WKH�
holdings of the National Collection. It was clear that 
the volume of information being submitted to the 
organisation was growing and that new approaches 
ZHUH� UHTXLUHG�ZKLFK�ZRXOG� HQVXUH� WKH�ZLGH� UDQJH�
of work being carried out across Scotland could 
continue to be reported. Three primary methods of 
ingest are outlined here. 

2.1 Route One; Specialist User Recording 
Environment (SURE)

SURE uses one database, the same as that used 
E\�VWD̆�DW�5&$+06�WR�KROG�WKH�1DWLRQDO�,QYHQWRU\��
to input and share historic environment data, 
ZRUNLQJ�WR�HOLPLQDWH�GXSOLFDWLRQ�RI�H̆RUW�DFURVV�WKH�
sector. That information is presented online to the 
user through Canmore. Using Canmore, now a well-
established and heavily-used resource, public and 
SURIHVVLRQDOV�FDQ�¿QG�LQIRUPDWLRQ�LQ�RQH�SODFH��

SURE has its origins in an existing partnership 
working between the National Trust for Scotland 

(NTS) and RCAHMS. The NTS is an independent 
conservation charity which has a remit to care 
for cultural, built and natural heritage. It holds 
properties across Scotland that range from cottages 
to mountainous estates. Following a number of 
VXFFHVVIXO�¿HOG�VXUYH\�SDUWQHUVKLSV��LQFOXGLQJ�ZRUN�
on the islands of Canna, Mingulay and St Kilda, 
RCAHMS agreed to provide the NTS archaeology 
team direct access to the internal database behind 
Canmore. This change went beyond technological 
EHFDXVH� LW� UHTXLUHG� D� FXOWXUH� FKDQJH� ZLWKLQ�
5&$+06��6WD̆�KDG�WR�UHOLQTXLVK�IXOO�FRQWURO�RI�WKH�
national database and accept the proposal to allow 
other expert users to contribute to the record. 

Through SURE, the NTS can curate the 
archaeological data generated through their 
UHVHDUFK�� ¿HOG� REVHUYDWLRQV� DQG� FRQVHUYDWLRQ�
projects. The NTS archaeologists may add new 
records or update information for existing sites 
on their estates scattered throughout Scotland. 
Information is held alongside the existing records 
and is accessible immediately on Canmore for the 
EHQH¿W�RI�DOO�XVHUV��7KH�HWKRV�EHKLQG�WKLV�±�KROGLQJ�
data once and using it many times – works towards 
D�NH\�6FRWWLVK�*RYHUQPHQW�UHTXLUHPHQW�IRU�VSDWLDO�
data (Scottish Government 2005). 

SURE operates by granting permissions upon 
logging in to the secure database. At present, logins 
DUH�UHVWULFWHG�WR�VSHFL¿F�,3�DGGUHVVHV�SDUWO\�WKURXJK�
a cautious approach to opening up the database to 
RXWVLGH�DFFHVV�IRU�WKH�¿UVW�WLPH�DQG�SDUWO\�GLFWDWHG�
by the use of Oracle Forms as an interface. A 
proposed migration to Oracle Application Express 
ZLOO� HQDEOH�D�PRUH�ÀH[LEOH�DSSURDFK� LQ� WKH� IXWXUH��
685(� SDUWQHUV� DQG�5&$+06� VWD̆� FDQ� DFFHVV� WKH�
LQSXW� DQG� TXHU\� VFUHHQV� WKDW� WKH\� UHTXLUH�� ZLWK�
appropriate read-only or read-write access. This 
ensures data security against unintentional updates 
DQG�PHDQV�WKDW� WUDLQLQJ�FDQ�EH�ḢFLHQWO\� WDUJHWHG�
DW�D�XVHU¶V�SUHFLVH�QHHGV��7KH�GLVSHUVHG�QDWXUH�RI�WKH�
176�HVWDWH�SRVHG�DQ�HDUO\�FKDOOHQJH�WR�WKH�SURMHFW��
resolved through the creation of an internal, or 
system, event in the database granting editing rights 
for those records lying within the geographical 
extents of the NTS estate.

SURE partners can add new monument 
UHFRUGV� RU� UH¿QH� ORFDWLRQ� LQIRUPDWLRQ�� :KHUH� D�
record already exists, data content is added, as 
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Events, through the Notes and Activities table, which 
handles the investigative history of a monument in 
addition to holding text descriptions and notes. The 
Notes and Activities table replaced a cumbersome, 
LQÀH[LEOH� DQG� PRQROLWKLF� GHVFULSWLYH� WH[W� WDEOH�
where information was simply added cumulatively 
ZLWK�VSHFL¿F�UHFRUGV�IRU�HDFK�DFWLYLW\�UHSRUWHG��

This approach allows the management of 
GL̆HUHQFHV� LQ� RSLQLRQ� WKDW� DUH� RIWHQ� DVVRFLDWHG�
ZLWK� D�PRQXPHQW�� WKHUH� LV� URRP�ZLWKLQ�685(� IRU�
varying interpretations. Events or notes added by 
RQH� SDUWQHU¶V� RUJDQLVDWLRQ� FDQQRW� EH� GHOHWHG� RU�
edited by another (with the exception of members of 
the RCAHMS Data and Recording section who can 
DFFHVV�DOO�XVHUV¶�LQIRUPDWLRQ�WR�DPHQG�W\SRJUDSKLFDO�
errors or similar). Data appears on Canmore in 
chronological order of Events, but can be sorted by 
WKH�XVHU�LQWR�UHYHUVH�RUGHU��3ODQV�DUH�LQ�SURJUHVV�WR�
enable more sophisticated searching in the future. 

Following successful use by the NTS 
archaeologists, the SURE model was extended 
to provide the Orkney Islands archaeologist with 
a similar solution. Canmore now serves as the 
online Sites and Monuments Record for Orkney 
Islands Council. By sharing records, the burden of 
archaeological recording – inputting excavation 
reports and new publications – can be shared and 
exchanged instantly. On the technical side, the 
Orkney archaeologist (and other SURE partners) 
QR� ORQJHU� KDV� WR� GHDO� ZLWK� WKH� µQXWV� DQG� EROWV¶� RI�
maintaining a complex database. The responsibility 
for upgrades, maintenance, resolving technical 
issues and meeting national and international data 
VWDQGDUGV�UHVWV�ZLWK�5&$+06��DOO�RI�ZKLFK�LV�ZRUN�
that RCAHMS is permanently committed to. This 
not only frees up time for the archaeology team, but 
also for the council IT service. 

This partnership has already borne fruit with 
the recent awarding of a grant in early 2012 to the 
Orkney Islands Archaeology Service. The award was 
from NESTA, an independent charity that supports 
innovation through investments and grants. The 
funding will be used to create web-based visitor 
materials using data from, and links to, Canmore 
that interpret monuments in the landscape and 
gather user-generated imagery and visitor responses 
WR�2UNQH\¶V�1RUVH�KHULWDJH��1(67$��������

The partnerships with Orkney and the NTS 
mean that SURE is now a tool in the conservation 
RI�WKUHH�RI�6FRWODQG¶V�¿YH�81(6&2�:RUOG�+HULWDJH�
Sites – St Kilda (NTS) and the Heart of Neolithic 
Orkney (Orkney Islands Council), as well as parts of 
(GLQEXUJK¶V�2OG�DQG�1HZ�7RZQV��176���

A third partnership has been formed with the 
Garden History Society in Scotland (GHSS). This 
WKLUG�VHFWRU� RUJDQLVDWLRQ� SURGXFHV� KLJK�TXDOLW\�
surveys and research on gardens and designed 
landscapes across Scotland, and is largely volunteer-
EDVHG�� 7KH� 6RFLHW\¶V� 6FRWWLVK� &RQVHUYDWLRQ� 2̇FHU�
will act as co-ordinator of the reports and be 
responsible for making them available on Canmore 
through SURE. The partnership provides an active 
community of interest with national exposure and 
UHFRJQLWLRQ� RI� WKH� LPSRUWDQFH� DQG� TXDOLW\� RI� WKHLU�
work, and avoids the creation of separate databases 
or websites, whilst integrating valuable information 
on gardens within the National Inventory. 

:LWK� HDFK� SDUWQHUVKLS�� QHZ� HOHPHQWV� RI� WKH�
system are being piloted. This ensures that SURE 
can develop, but that no new partners will have 
PRUH� WKDQ� RQH� µXQWHVWHG¶� DVSHFW� WR� GHDO�ZLWK�� 7KH�
*+66�ZLOO�EH�WKH�¿UVW�685(�SDUWQHUV�WR�XWLOLVH�WKH�
Collections tables within the database, cataloguing 
3')�VXUYH\�UHSRUWV��ZKLFK�ZLOO�EHFRPH�SDUW�RI� WKH�
RCAHMS digital archive downloadable through 
Canmore.

The most recent partner to join SURE is the 
Treasure Trove Unit at the National Museums 
Scotland, who will add detail to the existing picture 
E\� UHFRUGLQJ� ¿QG� VSRWV� GLUHFWO\� LQWR� &DQPRUH�
– instantly being able to map distributions or 
patterns of recovery and reporting through the use 
of Canmore mapping (http://canmoremapping.
rcahms.gov.uk), while reinstating the link between 
object and place. This builds on partnership 
working previously carried out between RCAHMS 
and National Museums Scotland that explored 
linking catalogue records for museum objects with 
the relevant monument record in Canmore (Cowie 
and McKeague 2011). Furthermore, links between 
artefact and site were the subject of a workshop 
co-organised by RCAHMS in 2008 (Jones and 
Ralston 2011) and have been recognised as a 
systemic challenge for the profession by the Scottish 
Archaeological Research Framework (ScARF) 
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SURMHFW�UXQ�E\�WKH�6RFLHW\�RI�$QWLTXDULHV�RI�6FRWODQG�
(Simon Gilmour, pers comm.). It was discussions 
between ScARF, the Treasure Trove Unit and 
RCAHMS that led to their inclusion into SURE, and 
continues the process of integrating information on 
object and place, as well as providing Treasure Trove 
with a system for managing information about their 
artefact record. During the course of 2012-13, it is 
anticipated SURE will continue to grow, with at 
least four additional Scottish local authorities set to 
become partners or start the process of joining.

2.2 Route Two: Trusted User Environment 

A moderated approach to adding information 
WR�&DQPRUH�ZDV�SLRQHHUHG�E\�WKH�6FRWODQG¶V�5XUDO�
3DVW� �653�� SURMHFW� �KWWS���VFRWODQGVUXUDOSDVW�RUJ�
uk/) which enabled community groups, working 
LQ� SDUWQHUVKLS�ZLWK�5&$+06�¿HOG� VWD̆�� WR� UHSRUW�
WKHLU�SURMHFW�UHVXOWV�YLD�D�PHGLDWHG�RQOLQH�IRUP��653�
ran from October 2006 until September 2011 and 
saw over 60 community projects report their work 
through the form. 

The Trusted User Environment is built 
in Oracle Application Express and provides an 
alternative, user-friendly, view of the database used 
by SURE partners. As with SURE, users can enhance 
information held for existing records and add new 
monument records. Once data entry is complete, the 
form is held within the system until it is checked and 
VLJQHG�R̆�E\�D�UHJLVWHUHG�DQG�DSSURSULDWHO\�WUDLQHG�
YDOLGDWRU�� 2Q� YDOLGDWLRQ� WKH� LQIRUPDWLRQ� ÀRZV�
through into the database and onto Canmore. The 
project team produced extensive guidance to assist 
the community groups in not only recognising and 
UHFRUGLQJ� WKH� ¿HOG� PRQXPHQWV� �5&$+06� ������
but also on how to use and contribute to the online 
UHVRXUFHV��6FRWODQGV�5XUDO�3DVW��������

Recognising that users of this form may not 
be as familiar with heritage data as SURE partners, 
WKHUH� DUH� FKHFNV� DQG� VLPSOL¿FDWLRQV� EXLOW� LQWR�
this system. New national grid references must be 
entered twice - in the same manner as one would 
create a new online password - to reduce the risk of 
spatial errors. A macro then calculates the number of 
WKH����������PDS�VKHHW��D�NH\�UHIHUHQFH�LGHQWL¿HU�IRU�
RCAHMS) from the grid reference – a development 
which may be extended to all RCAHMS systems in 
GXH� FRXUVH�� 7KH� IRUP� DOVR� R̆HUV� IHZHU� RSWLRQV� WR�

report archaeological events, currently limiting the 
XVHU�WR�UHSRUWLQJ�GRFXPHQWDU\�UHVHDUFK��¿HOG�YLVLWV�
or condition surveys. This ensured consistency of 
UHSRUWLQJ� WKURXJKRXW� WKH�653�SURMHFW��PRUH� WHUPV�
can now be added but the aim is to always keep this 
form simpler than the direct database interface. 

The NTS have now begun to use the Trusted 
8VHU�IRUP��6HDVRQDO�UDQJHU�VWD̆�KDYH�EHHQ�XVLQJ�LW�WR�
report their visits to monuments on NTS properties. 
2QFH� WKH� SLORW� SKDVH� ¿QLVKHV� LQ� WKH� VXPPHU� RI�
2012, the role of validator can be undertaken by the 
relevant NTS area archaeologist. This means there 
ZLOO�EH�QR�UHTXLUHPHQW�IRU�LQWHUYHQWLRQ�E\�5&$+06�
VWD̆� RQ� DQ\� LQIRUPDWLRQ� WKDW� LV� JHQHUDWHG� E\� WKH�
NTS. 

2.3 Route Three: User Generated Content

The most open and inclusive developments 
were the earliest to be implemented. As RCAHMS 
approached its centenary in 2008, there was a 
clear need to develop new strategies to maintain 
and increase public engagement, This started in 
WKH�FHQWHQDU\�\HDU�DV�SDUW�RI�5&$+06� µ7UHDVXUHG�
3ODFHV¶� FHOHEUDWLRQV��ZLWK�RSHQLQJ�XS� WKH�GDWDEDVH�
to user-generated content, encouraging the active 
participation of Canmore users who previously had 
OLWWOH�RU�QR�DFFHVV�WR�µṘFLDO¶�PHWKRGV�RI�VXEPLVVLRQ��
7KH�GHYHORSPHQW�RI�µ0\&DQPRUH¶�VDZ�WKH�FUHDWLRQ�RI�
a mechanism through which members of the public 
can add information to existing records on Canmore 
and share digital images via a Flickr photo-stream. 

Users must register in order to post comments 
or share digital images. It is a self-moderated 
V\VWHP��ZLWK�D�µUHSRUW�LW¶�EXWWRQ�RQ�HYHU\�SRVW��WKHUH�
KDV�EHHQ�OLWWOH�UHTXLUHPHQW�WKXV�IDU�WR�UHPRYH�DQ\�
VSDP�RU�LQÀDPPDWRU\�FRQWHQW��'DWD�HQWHUHG�WKRXJK�
these means is kept visually separate online, making 
it clear what data is user generated. However the 
information contributed is stored in the underlying 
Events and Notes table alongside other, more 
WUDGLWLRQDO�UHFRUGLQJ�HYHQWV�DV�µ8VHU�JHQHUDWHG�WH[W�
LPDJH�&RPPHQW¶��,Q�HVVHQFH��LW�LV�QR�GL̆HUHQW�WKDQ�
DQ\� RWKHU� ¿HOG� REVHUYDWLRQ� LQ� WKDW� LW� UHSUHVHQWV�
D� XQLTXH� FRQWULEXWLRQ� LQ� WLPH�� 'HVSLWH� EHLQJ� D�
UHODWLYHO\�µVRIW�ODXQFK¶��ZLWK�QR�ODUJH�VFDOH�SXEOLFLW\��
the opportunity to add content to Canmore has been 
a success. By May 2012, 20,000 images had been 
shared and over 1,200 pieces of text added. 
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Feedback from participants is guiding the 
next steps for Canmore and user generated content. 
RCAHMS is exploring ways in which images can be 
held on in-house servers. The Canmore User Group 
advised that contributors want to feel that they are 
actively contributing to an authoritative resource 
hosted by RCAHMS, not a photo sharing website. 

There is also potential for the patterns of use to 
GLUHFW�5&$+06�LQ�LWV�SODFHPHQW�RI�UHVRXUFHV��3ULRU�
to launch, there was a general assumption, shared 
by at least one author, that comments and photos 
ZRXOG� EH� KLJKHU� LQ� QXPEHU� RQ� WKH� µELJ� WLFNHWV¶� RI�
Scottish heritage: Edinburgh Castle, Skara Brae and 
the Forth Bridge being three examples. As part of 
WKH�&HQWHQDU\�7UHDVXUHG�3ODFHV�SURMHFW��LQYHVWPHQW�
had been made in writing jargon-free, summary 
records of one hundred such places. The reality was 
TXLWH� GL̆HUHQW�� 2QH� RI� WKH� ¿UVW� H[DPSOHV� RI� XVHUV�
interacting with each other through Canmore was a 
GLVFXVVLRQ�DERXW�D�VKRS�DQG�ÀDWV�ZLWKLQ�D�VXEXUE�RI�
a Highland town. There are other examples similar 
to this and it is a valuable lesson in demonstrating 
that what organisations such as RCAHMS may 
think is interesting to the public is not necessarily 
the case and therefore resources should be targeted 
at projects that simply make as much information 
available as possible. 

2.4 Other routes

The concept of user generated content is 
QRW� OLPLWHG� WR� µWKH� SXEOLF¶�� :LWK� WKH� $UFKDHRORJ\�
Data Service, RCAHMS has taken the lead role in 
introducing their OASIS application (Hardman and 
Richards 2003) to Scotland to standardise and ease 
WKH� LQIRUPDWLRQ� ÀRZ� IURP� GHYHORSPHQW�IXQGHG�
¿HOGZRUN� WR� FXUDWRUV� DW� ERWK� ORFDO� DQG� QDWLRQDO�
level. This project has been running successfully in 
Scotland since 2006 although to date the information 
ÀRZ�KDV�QRW�EHHQ�LQWHJUDWHG�LQWR�&DQPRUH��

3. Information Dissemination

7KH�VDPH�ÀH[LELOLW\�DQG�UDQJH�RI�DSSURDFKHV�
that have been developed to allow information 
ingest are also being applied to dissemination. 
In addition to legislative imperatives such as the 
(XURSHDQ� 8QLRQ� ,163,5(� 'LUHFWLYH�� WKURXJK�
initiatives such as www.data.gov.uk there is a 
growing expectation that users should be able to 

not only view, and contribute to, data, but extract 
and use it for many reasons, preferably under open 
access terms. It is also in the interests of RCAHMS, 
its partner organisations in SURE and contributors, 
WR� SURPRWH� LWV� KROGLQJV� IRU� WKH� SXEOLF� EHQH¿W� DQG�
FRQWULEXWH�WR�WKH�1DWLRQDO�3HUIRUPDQFH�)UDPHZRUN�
(Scottish Government 2011). 

7KH� :HE� 6HUYLFHV� WKDW� SURYLGH� GDWD� IURP�
WKH� XQGHUO\LQJ� LQWHUQDO� VWD̆� GDWDEDVH� WR�&DQPRUH�
are also used to contribute information to 
6FRWODQGV3ODFHV� �KWWS���VFRWODQGVSODFHV�JRY�XN����
a partnership portal with the National Records 
of Scotland and the National Library of Scotland 
enabling users to search aspects of the contributing 
organisations collections through geographic 
locations (Beamer and Gillick 2010). 

Spatial information is increasingly accessible 
WKURXJK� :HE� 0DS� 6HUYLFHV� �:06�� DQG� :HE�
)HDWXUH� 6HUYLFHV� �:)6��� 5&$+06� KDV� GHYHORSHG�
D�:06�IRU�LWV�VLWH�ORFDWLRQ�GDWD��DQG�LV�LQ�WKH�¿QDO�
VWDJHV� RI� UHOHDVLQJ� D� :06� IRU� LWV� DHULDO� VXUYH\�
mapping programme (McKeague and Middleton 
������� 7KH� :06�� DV� ZHOO� DV� SURYLGLQJ� FRQWHQW�
for RCAHMS web-mapping applications, can be 
accessed, subject to licence, for use by third parties 
within their own systems and viewed against their 
own datasets. Metadata for publically accessible 
:06�KDYH�EHHQ�SXEOLVKHG� RQ� WKH� 6FRWWLVK� 6SDWLDO�
Data Infrastructure website (Edina 2011) as part 
RI� D� FRPPLWPHQW� WR� SURYLGH� GDWD� IRU� 6FRWODQG¶V�
6SDWLDO� 'DWD� ,QIUDVWUXFWXUH� DQG� ,163,5(� EH\RQG�
WKH�IRUPDOO\�PDQGDWHG�GDWDVHWV��3XEOLFDOO\�UHOHDVHG�
:HE� )HDWXUH� 6HUYLFHV� ZLOO� IROORZ� RQFH� IRUPDO�
standards are released by the Scottish Government. 
,Q� WKH�PHDQWLPH� WKH� LQWHUQDO�:)6�KDV�EHHQ�PDGH�
available to the web developers working on the 
Orkney Islands Council Nesta project (see above) 
to develop innovative products under their own 
identity. 

8VHUV�RI�6FRWODQGV3ODFHV�DUH�DEOH�WR�GRZQORDG�
UHVXOWV� IURP� &DQPRUH� LQ� .0/�� ZKLOVW� DQ� $3,� KDV�
been developed (but not yet released) as part of 
proof-of-concept research into participation and 
learning relating to the collections held by RCAHMS 
(RCAHMS 2012a) 

It is not realistic to expect the wider 
community to have (access to) the expertise or the 



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

296

capacity to adopt new technologies at the same 
time. It is, therefore, vital that the supply of data 
PXVW� EH� DYDLODEOH� WR� WKRVH� ZKR� QHHG� LW�� 3URYLVLRQ�
of ad hoc downloads on demand is continuing, 
SULPDULO\� DV�GDWDEDVH� H[WUDFWV� DQG�*,6�6KDSH¿OHV��
supplied through an online licensing system, for 
discussion of which see below. It is anticipated that 
provision of downloads –a resource-hungry process 
– will decrease with the increase in availability of 
:06�DQG�:)6�DQG�GHYHORSPHQW�RI�µ&OLS�DQG�6KLS¶�
solutions on Canmore. Clip and Ship will enable 
users to upload or create a shape around the area 
LQ� ZKLFK� WKH\� DUH� LQWHUHVWHG� �µFOLS¶��� DQG� XVH� WKDW�
WR� GRZQORDG� LQIRUPDWLRQ� �µVKLS¶��� DXWRPDWLFDOO\�
through the online licensing system, thereby using 
WKH� WHFKQRORJ\� WR� PDNH� ḢFLHQF\� VDYLQJV� RI� VWD �̆
WLPH��,W�LV�DFFHSWHG�WKDW�PRUH�FRPSOH[�UHTXHVWV�IRU�
GDWD�ZLOO�VWLOO�UHTXLUH�VWD̆�WLPH��IRU�ZKLFK�D�FKDUJLQJ�
model is in place (RCAHMS 2012b).

Research has begun within RCAHMS into the 
best way to make information available for use as 
Linked Data. There is a will within the organisation 
to make data available in this way, but also concerns 
WRR� DERXW� OHWWLQJ� JR� RI� SULPDU\� LQIRUPDWLRQ�� WKLV�
must be balanced with the resources that a small 
public-sector body can expend on investing in 
technologies that have not yet been widely adopted. 
It is expected that forthcoming redevelopments of 
the RCAHMS database will at least include provision 
for stable URIs. 

Through web services, the information 
RCAHMS hosts may be accessed by many portals. 
:KLOVW� &DQPRUH� LV� WKH� SULPDU\� ZHEVLWH� IRU�
UHVHDUFKLQJ�WKH�1DWLRQDO�,QYHQWRU\��6FRWODQGV3ODFHV�
also consumes web services to publish RCAHMS data 
alongside selected information from the National 
Records of Scotland and the National Library of 
Scotland: Map library. RCAHMS information is 
DOVR� SXEOLVKHG� LQ� 3$670$3� DORQJVLGH� VRPH� RI�
6FRWODQG¶V� ORFDO� +LVWRULF� (QYLURQPHQW� 5HFRUGV�
and statutory information from Historic Scotland. 
:LWK�WKH�UHOHDVH�RI�:06�5&$+06�GDWD�FDQ�DOVR�EH�
viewed remotely by other users alongside their own 
datasets in a GIS. 

3.1 Social Media and other alternatives

RCAHMS has recognised that, as with ingest, 
dissemination can encompass a range of approaches. 

This is most evident in the use of social media. The 
adoption of social media by RCAHMS as a method of 
raising awareness, communication and information 
provision has been a successful endeavour that 
complements existing methods – again the analogy 
of one tool within a toolbox is appropriate.

Through the use of Facebook and Twitter, in 
particular, RCAHMS has been able to present an 
informal, approachable public face and attempt to 
attract a new audience. There is evidence that this 
LV� ZRUNLQJ� ±� EH\RQG� WKH� XVXDO� FRXQWV� RI� µ/LNHV¶�
RU� µ)ROORZHUV¶� ±� DV� IROORZHUV� DUH� HQWKXVLDVWLFDOO\�
sharing information posted by RCAHMS. Through 
social media RCAHMS is able to take an active 
SDUW�LQ�RQOLQH�HYHQWV�VXFK�DV�WKH�ZRUOGZLGH�µ'D\�RI�
$UFKDHRORJ\¶��KWWS���ZZZ�GD\RIDUFKDHRORJ\�FRP����

There can be tough lessons to be learnt in the 
use of social media. In 2011, RCAHMS attracted 
some disparaging comments on both Facebook 
DQG�7ZLWWHU�DIWHU�UHTXHVWLQJ�WKH�UHPRYDO�RI�&URZQ�
&RS\ULJKW�LPDJHU\�IURP�WKH�IRUPHU��RWKHU�PHPEHUV�
RI� WKH�SXEOLF� WKHQ� UHVSRQGHG� LQ� WKH� RUJDQLVDWLRQ¶V�
defence. (Clari and Graham 2012) Engaging in social 
media means accepting its open nature. 

4. Licensing

Opening up the RCAHMS database to external 
contributions has been a process of letting go and 
relaxing controls. The same challenges now face 
data dissemination where a balance must be struck 
between the need to generate revenue from image 
sales (gaining additional funds from external, non-
government, sources is a key strategic priority for 
RCAHMS) and the protection of Crown Copyright 
and a genuine desire to make data available to 
as many users as possible.  The complexities of 
this issue have been highlighted in a recent case 
LQYROYLQJ�UH�XVH�RI�KLJK�GH¿QLWLRQ�LPDJHV�IURP�WKH�
FROOHFWLRQ�RI�WKH�1DWLRQDO�3RUWUDLW�*DOOHU\�LQ�/RQGRQ�
�:LNLPHGLD�������

In addition to protection of the information 
and collections for which it is responsible, RCAHMS 
must also operate within the license conditions set by 
other bodies, for example data providers including 
the Ordnance Survey and software vendors such 
as Oracle (in addition to the terms and conditions 
of websites such as Flickr, Twitter and Facebook). 
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For example, at the time of writing, redevelopment 
of RCAHMS mapping applications are complicated 
by Ordnance Survey concerns over potential 
XQDXWKRULVHG�DFFHVV�DQG�UHXVH�RI�ERWK�WKH�:06�DQG�
:)6��7KLV�LV�E\�QR�PHDQV�D�XQLTXH�VLWXDWLRQ��EXW�LW�
is worth highlighting in the face of user frustration 
at the speed at which data can be made openly 
available. As an example, despite considerable 
goodwill on both sides, the negotiations surrounding 
setting up one of the SURE partnerships took 
almost one year as the partners discussed issues of 
copyright and data ownership prior to the signing of 
the Memorandum of Agreement that formalised the 
partnership.  

3DUWQHUVKLSV� VXFK� DV� 6FRWODQGV3ODFHV� KDYH�
begun to explore methods of making data available 
through the use of a click license prior to download 
RI� D� VHOHFWHG� NPO� ¿OH��$� FOLFN� WKURXJK� OLFHQVH�PD\�
also be used in the planned development of a 
µGRZQORDG� ]RQH¶� RQ� WKH� 5&$+06� ZHEVLWH�� ,W� LV�
hoped to make data such as aerial photographic 
mapping layers available in this way. Downloads of 
data are made available to users through an online 
licensing system. Terms and conditions of use 
PXVW�EH�DFFHSWHG�EHIRUH�WKH�UHTXHVWHG�¿OH�LV�PDGH�
DYDLODEOH��6FRWODQGV3ODFHV��������7KLV�V\VWHP�LV�DOVR�
primarily used for the purchase of digital imagery at 
RCAHMS to protect ownership rights and prevent 
the creation of orphaned imagery. 

5. Conclusions

The solutions described above rely on a 
FROODERUDWLYH� DQG� ÀH[LEOH� DSSURDFK� WR� UHFRUGLQJ�
the archaeological and built heritage of Scotland 
and providing a seamless public experience 
and appreciation of that heritage. Anyone, from 
professional users and community groups to 
interested members of the public can contribute 
their wide ranging observations directly and 
ḢFLHQWO\� WR� &DQPRUH�� 2XU� UHFHQW� H[SHULHQFH� KDV�
demonstrated that public participation should not 
be limited, or directed towards those records we 
SHUFHLYH� DV� WKH� PRVW� VLJQL¿FDQW�� 685(�� WRJHWKHU�
with the complimentary alternative methods of data 
ingest, ensures a permanent home and ongoing 
legacy for the work of all partners, contributors and 
colleagues while reducing costs and improving the 
user experience. 

7KH�EHQH¿WV�RI�VXFK�D�SDUWLFLSDWLYH�DSSURDFK�
to knowledge creation are obvious: double-handling 
RI� UHFRUGV� DQG� GXSOLFDWLRQ� RI� H̆RUW� LV� HOLPLQDWHG��
UHFRUGLQJ� PHFKDQLVPV� DUH� VLPSOL¿HG� DQG� WKH�
¿QDQFLDO� EXUGHQ� RI� PDLQWDLQLQJ� VHSDUDWH� V\VWHPV�
and IT infrastructure is reduced. This last point is of 
particular concern in the current economic climate, 
where resources across the sector are becoming 
increasingly stretched.  However, creating such 
D� V\VWHP� UHTXLUHV� FRPSOH[� QHJRWLDWLRQV�� DQG� DQ�
XQGHUVWDQGLQJ� WKDW�¿QGLQJ�D�ZD\� WKURXJK�H[LVWLQJ�
licenses, terms of use and copyright legislation will 
take longer than desired. This can be frustrating 
given the speed at which technology evolves. 

The developments that have been undertaken 
by RCAHMS in recent years have demonstrated that 
it is not necessary for public organisations to limit 
themselves to one or two methods of data ingest and 
GLVVHPLQDWLRQ��2̆HULQJ�D�FKRLFH�DQG�ÀH[LELOLW\�FDQ�
create a system which is agile and responsive to user 
needs. Continuous piloting of new developments, 
LI�ZHOO�PDQDJHG��FDQ�EHQH¿W�KRVW�DQG�SDUWQHUV�DQG�
lead to a constantly improving suite of tools. 

At the heart of all the developments described 
here, there lies a recognition that both ingest and 
GLVVHPLQDWLRQ�QHHG�WR�EH�ÀH[LEOH��DV�LW�LV�RQO\�WKRXJK�
building an agile system that the demands of the 21st 
FHQWXU\�FDQ�EH�PHW��µ2QH�VL]H¶�GRHV�QRW���DQG�VKRXOG�
QRW���¿W�DOO�XVHUV��
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1. Introduction

The growing dependence on digital data in 
archaeology has raised awareness of the need for 
long-term preservation of the datasets resulting 
from archaeological research. The Archaeology 
Data Service (ADS) is the mandated repository 
for many organisations within both commercial 
and academic sectors within the UK, providing 
archiving services for the digital outputs of 
DUFKDHRORJLFDO� ¿HOGZRUN� DQG� UHVHDUFK2 (http://
DUFKDHRORJ\GDWDVHUYLFH�DF�XN����7KH�$'6�KDV� EHHQ�
DEOH� WR� KDUQHVV� RYHU� ¿IWHHQ� \HDUV� RI� H[SHULHQFH� LQ�
preserving and disseminating archaeological digital 
data, to develop an online system that will both 
streamline and enhance elements of the archiving 
process. It is hoped that ADS easy, an online tool 
to allow depositors to estimate archiving charges 
DQG� WR� XSORDG� ¿OHV� DQG� PHWDGDWD� WR� WKH� $'6�
UHSRVLWRU\�� ZLOO� UHGXFH� DUFKLYLQJ� FRVWV� DQG� PDNH�
digital preservation an economic reality for those 
ZRUNLQJ� ZLWKLQ� WKH� DUFKDHRORJLFDO� FRPPXQLW\��
At a time when the historic environment sector is 
VX̆HULQJ�IURP�UHGXFHG�IXQGLQJ�WKH�QHHG�WR�GHYHORS�
a sustainable funding model is an imperative (ADS 
2012).

ADS easy is being developed under the 
SWORD-ARM project, and has been funded by 

Corresponding author: ray.moore@york.ac.uk
2  For more information on the ADS see the ADS website. 
$FFHVVHG� -XQH� ���� ������ KWWS���DUFKDHRORJ\GDWDVHUYLFH�DF�XN�
about. 

the Joint Information Systems Committee (JISC).3  
:LWKLQ� 6:25'�$50� WKH� $'6� LV� UH¿QLQJ� DQG�
enhancing the archive ingest and charging processes, 
using a SWORD client that will both streamline and 
semi-automate the deposition process. SWORD-
$50� ZLOO� GHOLYHU� UHDO� EHQH¿WV� WR� GHSRVLWRUV� LQ�
terms of their ability to deposit data, create and 
validate metadata, and engage in the process of 
selection and retention. It will also allow them to 
manage single and multiple deposits and, perhaps 
PRVW� VLJQL¿FDQWO\�� WR� PDQDJH� FRVW� HVWLPDWHV� DQG�
accounts. SWORD-ARM presents the opportunity 
to enhance ADS data management systems and to 
EXLOG�XSRQ�H[LVWLQJ�EXVLQHVV�LQIUDVWUXFWXUH�DQG�UROH�
as a discipline-based repository. 

SWORD-ARM builds upon previous ADS 
H[SHULHQFH� ZLWK� DXWRPDWHG� RU� VHPL�DXWRPDWHG�
ingest. The electronic submission of grey literature 
using OASIS (Online AccesS to the Index of 
archaeological investigationS), has illustrated the 
UHDO�FRVW�EHQH¿WV�RI�D�VHPL�DXWRPDWHG�V\VWHP�IRU�WKH�
VXEPLVVLRQ�RI�GLJLWDO�GDWD��VSHFL¿FDOO\�XQSXEOLVKHG�
¿HOGZRUN� UHSRUWV�� DQG�KDV�EHHQ�¿UPO\� HQWUHQFKHG�
ZLWKLQ�WKH�$'6�ZRUNÀRZ�IRU����\HDUV��+DUGPDQ�DQG�
5LFKDUGV� ������ +DUGPDQ� ������4 More recently 
3  For an overview of SWORD-ARM and for developments 
within the project please refer to SWORD-ARM blog. Accessed 
-XQH�����������KWWS���DUFKDHRORJ\GDWDVHUYLFH�DF�XN�EORJ�VZRUG�
arm/. Project partners include the University of Glasgow, the 
University of Manchester and the University of Southampton.
�� � 2$6,6� SURYLGHV� DQ� LQGH[� RI� ¿HOGZRUN� FDUULHG� RXW� E\�
individuals, units and organisations across the UK within the 
academic, but particularly within in the private, sector. OASIS 
records event level metadata. The data created through the OASIS 
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the re-use of metadata, submitted using the OASIS 
V\VWHP�� KDV� EHFRPH� HPEHGGHG� ZLWKLQ� H[LVWLQJ�
ZRUNÀRZV��6RXWKDPSWRQ�$UWV�DQG�+HULWDJH��DZDUH�
of the growing quantities of digital data produced 
GXULQJ�DUFKDHRORJLFDO�¿HOGZRUN�ZLWKLQ�WKH�DXWKRULW\�
and the need for a long term preservation strategies 
IRU�WKDW�GDWD��DUH�ZRUNLQJ�ZLWK�WKH�$'6�WR�SURYLGH�
a secure archive for the digital outcomes of 
DUFKDHRORJLFDO�¿HOGZRUN� LQ� WKH�6RXWKDPSWRQ�DUHD��
Previously this digital data had been deposited with 
WKH� 6RXWKDPSWRQ�$UWV� DQG�+HULWDJH� 6HUYLFH� DORQJ�
ZLWK� WKH� µSK\VLFDO¶� DUFKLYH�� +RZHYHU� WKH� $UWV� DQG�
+HULWDJH�6HUYLFH�KDG� OLPLWHG�H[SHULHQFH�RI�GHDOLQJ�
with digital data. The resultant Southampton’s 
Designated Archaeology Collections Programme 
has incorporated this digital data within the ADS 
where it can be archived and migrated to suitable 
preservation formats, while at the same time 
PDNLQJ� WKLV� GDWD� DYDLODEOH� WR� D� ZLGH� DXGLHQFH�
through the ADS catalogue.5 During the archiving 
SURFHVV�SURMHFW�PHWDGDWD�VXEPLWWHG�E\�¿HOGZRUNHUV�
in Southampton using the OASIS system has been 
utilised to create the necessary metadata that forms 
WKH�EDFNERQH�RI�WKH�FROOHFWLRQV�RQ�OLQH��7KLV�SURFHVV�
H[WHQGV� WKH� UH�XVH� RI� PHWDGDWD� FDSWXUHG� E\� WKH�
OASIS system, signposting the broader spectrum 
of digital outcomes from commercial archaeology, 
LQFOXGLQJ�GDWDEDVHV��LPDJHV��&$'�DQG�*,6�¿OHV��

The deposit of this digital material with a 
dedicated, specialist data centre such as the ADS 
KDV�REYLRXV�EHQH¿WV�IRU�WKH�VXUYLYDO�LQ�SHUSHWXLW\�RI�
WKHVH� GLJLWDO� RXWFRPHV��PDNLQJ� WKHP� DYDLODEOH� IRU�
further research, whilst the re-use of the associated 
PHWDGDWD� KDV� UHDO� FRVW�VDYLQJ� EHQH¿WV� ZKLFK� FDQ�
be shared between the archive and the depositor. 
The Wessex Archaeology Image Archive,� has 
amalgamated this re-use of metadata with a 
semi-automated ingest procedure involving the 
electronic submission of the digital photographic 

RQ�OLQH�IRUP�LV�DFFHVVLEOH�IRU�ERWK�UHJLRQDO�+LVWRULF�(QYLURQPHQW�
5HFRUG¶V��+(5��DQG�1DWLRQDO�0RQXPHQW�5HFRUG��105���EXW�LV�
DOVR� XVHG� WR� FUHDWH� WKH�PHWDGDWD�ZKLFK� IRUPV� WKH� LQGH[� WR� WKH�
JUH\�OLWHUDWXUH�OLEUDU\��7KURXJK�2$6,6�XVHUV�FDQ�XSORDG�ÀDW�µJUH\�
literature’ reports with the OASIS record forming the metadata 
that accompanies that report.
5  Southampton’s Designated Archaeology Collections 
3URJUDPPH�� KWWS���DUFKDHRORJ\GDWDVHUYLFH�DF�XN�DUFKLYHV�
view/southampton/, accessed June 18, 2012.
�� � :HVVH[� $UFKDHRORJ\� ,PDJH� $UFKLYH�� KWWS���
DUFKDHRORJ\GDWDVHUYLFH�DF�XN�DUFKLYHV�YLHZ�ZHVVH[BLPDJHV���
accessed June 18, 2012.

UHFRUGV� DQG�PHWDGDWD� IURP� FRPPHUFLDO� ¿HOGZRUN��
This system utilises a Python-based client to 
XSORDG�¿OHV�WR�WKH�$'6��ZLWK�WKH�UH�XVH�RI�H[LVWLQJ�
PHWDGDWD� VXEPLWWHG� XVLQJ� 2$6,6�� PXFK� OLNH� WKH�
Southampton Designated Archaeology Collections 
Programme. Both projects have highlighted a 
QHHG� IRU� DXWRPDWHG� V\VWHPV� IRU� ¿OH� DQG�PHWDGDWD�
deposition, particularly if a scalable and sustainable 
GLJLWDO�DUFKLYH�LV�WR�EH�DFKLHYHG��,W�LV�WKH�H[SHULHQFHV�
garnered under the auspices of these projects that 
KDYH�SRVLWLRQHG�WKH�$'6�WR�GHYHORS�D�EHVSRNH�DQG�
VSHFL¿F�V\VWHP�IRU�VHPL�DXWRPDWHG�¿OH�XSORDG�DQG�
metadata deposition.

2. &XUUHQW�:RUNÀRZV

:LWKLQ� WKH� FXUUHQW� $'6� ZRUNÀRZ� GDWD� DQG�
metadata are generally deposited using physical 
media, with CDs, DVDs, and occasionally hard-
discs, sent through the post. Smaller archives may be 
delivered by email within the obvious limitations on 
¿OH�VL]HV�WKDW�FDQ�EH�H[SHULHQFHG�XVLQJ�WKLV�PHWKRG��
,QFUHDVLQJO\��KRZHYHU��GHSRVLWRUV�ZLOO�DVN�WR�VXEPLW�
GDWD� XVLQJ� DQ� H[WHUQDO� ¿OH� KRVWLQJ� VHUYLFH�� VXFK�
Dropbox or MediaFire, illustrating a desire amongst 
depositors for a more convenient mechanism for 
¿OH�GHOLYHU\��'HVSLWH� WKHVH�GHYHORSPHQWV� WKH�PRVW�
common method of deposition still remains ‘the 
CD in the post’, but data sent using these physical 
PHGLD� UHTXLUH� VLJQL¿FDQW� LQWHUYHQWLRQ� IURP� WKH�
archivist prior to ingest in the archive. Data must 
EH� YLUXV� FKHFNHG�� RSHQHG� WR� YHULI\� WKDW� ¿OHV� KDYH�
EHHQ� FRUUHFWO\� FRSLHG� WR� WKH� PHGLD�� FKHFNVXPV�
generated to authenticate the transfer of data from 
media to archive server, etc. The process can be 
SURORQJHG� IXUWKHU� LI� WKH� FROOHFWLRQ� LV� ODFNLQJ� WKH�
necessary metadata or documentation, requiring 
the archivist to spend time negotiating with the 
depositor. Documentation may arrive in a ‘physical’ 
form requiring it to be scanned in order that it can 
be stored alongside data, while project metadata 
RIWHQ�DUULYHV�LQ�D�µÀDW¶�SUR�IRUPD�VW\OH�UHTXLULQJ�WKH�
archivist to manually input it into the Collection 
0DQDJHPHQW�6\VWHP��&06���&XUUHQW�ZRUNÀRZV�DUH�
DOUHDG\�LQ�SODFH�WR�DOORZ�IRU�WKH�FROODWLRQ�RI�VRPH�¿OH�
level metadata. The ADS implementation of Fedora 
KDV�DOORZHG�¿OHV�WR�EH�KHOG�ZLWKLQ�D�8QL[�GLUHFWRU\�
VWUXFWXUH�WKDW�UHÀHFWV�WKH�SURMHFW�DQG�WKH�UHVXOWDQW�
original and preservation versions of data (Austin 
2010), allowing metadata to be held alongside 
technical metadata created using automated tools 
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OLNH�'52,'7��'LJLWDO�5HFRUG�2EMHFW�,'HQWL¿FDWLRQ��
(Mitcham 2011). Only when this process is complete 
can proper archiving begin. 

3. SWORD and SWORD-ARM

As the name implies the SWORD-ARM project 
uses the SWORD protocol to transfer data from 
a remote client (depositor) to the host (archive). 
SWORD8� LV� HVVHQWLDOO\� D� OLJKW�ZHLJKW� SUR¿OH� RI�
WKH� $WRP� 3XEOLVKLQJ� 3URWRFRO� �NQRZQ� DV� $33� RU�
ATOMPUB) that was developed by JISC with the 
intention of developing a standard mechanism 
for depositing digital data into repositories and 
other systems (Allinson et al. 2008, Lewis et al. 
2009). The development of the protocol came as a 
response to a trend within the digital community 
for standardising the output of digital repositories 
WKURXJK� 2$,�30+�� 'XEOLQ� &RUH� �'&�� PHWDGDWD�
etc. although there were few standards for getting 
data into these repositories. The implementation of 
the protocol amongst a broad range of repositories 
'6SDFH�� (3ULQWV�� )HGRUD�� ,QWUDOLEUDU\� DQG� RWKHUV�
(see Allinson et al. 2008, Currier 2009) has aided 
interoperability (Lewis et al. 2009). The recent 
GHYHORSPHQW� RI� 6:25'� Y�� KDV� H[WHQGHG� WKH�
ÀH[LELOLW\�RI�WKH�SURWRFRO�EH\RQG�VLPSOH�XSORDG��WR�
include support for the updating, replacement and 
deletion of resources, thereby providing support for 
deposit through the lifetime of a research project 
(Lewis et al.� ������� 7KH� VLJQL¿FDQW� DGYDQWDJH� RI�
SWORD v2 is that it allowed the development 
of broader, interoperable deposit management 
V\VWHPV�� H[WHQGLQJ� WKH� RULJLQDO� µ¿OH� DQG� IRUJHW¶�
approach adopted for the original protocol.

The ADS implementation of the SWORD 
protocol within ADS easy proved problematic in 
that the SWORD protocol’s initial development 
stemmed from a requirement for the deposit of 
simple scholarly communications outputs into 
academic digital repositories; such outputs were 
EDVHG�XSRQ�VPDOO� WH[W�EDVHG� LWHPV��8QIRUWXQDWHO\��
the problem with archaeological data is that is 
QHLWKHU�VLPSOH��QRU�HQWLUHO\� WH[W�EDVHG��$V�D� UHVXOW�

�� � $� WRRO� GHYHORSHG� E\� 7KH� 1DWLRQDO� $UFKLYHV� RI� WKH� 8QLWHG�
.LQJGRP�WR�SUR¿OH�¿OHV�XVLQJ�WKH�352120�WHFKQLFDO�UHJLVWU\��VHH�
KWWS���ZZZ�QDWLRQDODUFKLYHV�JRY�XN�LQIRUPDWLRQ�PDQDJHPHQW�
RXU�VHUYLFHV�GF�¿OH�SUR¿OLQJ�WRRO�KWP��DFFHVVHG�-XQH������������
8  Sword standing for 6LPSOH�:HE�VHUYLFH�2̆HULQJ�5HSRVLWRU\�
Deposit Protocol (Allinson et al. 2008).

while the SWORD protocol will be used for simple 
deposits, particularly those involving reports, for 
PRUH� FRPSOH[� GDWD� ADS easy will utilise a more 
robust protocol. 

4. ADS easy

ADS easy� EXLOGV� XSRQ� H[LVWLQJ� $'6�
LQIUDVWUXFWXUH��EXW�D̆RUGV�D�PRUH�ULJRURXV�FRQWURO�
of the ingest process allowing the automation of 
certain processes, whilst simultaneously allowing 
JUHDWHU�ÀH[LELOLW\�IRU�WKH�GHSRVLWRU�ZKR�FDQ�FRQWURO�
what is and what is not included in the archive right 
XS� XQWLO� ¿QDO� VXEPLVVLRQ�� 7KLV� DOORZV� IRU� EHWWHU�
data management by the depositor, allowing the 
individual(s) most familiar with the dataset to select 
WKH� VLJQL¿FDQW� HOHPHQWV� RI� WKHLU� DUFKLYH� DFFRUGLQJ�
to their own research criteria. ADS easy allows for 
WKH� HOHFWURQLF� VXEPLVVLRQ� RI� ERWK� SURMHFW� DQG� ¿OH�
level metadata, which is stored digitally and routed 
to the ADS Collections Management System (CMS). 
Actual data can also be uploaded directly to the 
$'6�VHUYHUV��UDWKHU�WKDQ�UHO\LQJ�RQ�DQ�H[WHUQDO�¿OH�
KRVWLQJ�VHUYLFH��RU�WKH�SRVWDO�VHUYLFH��,Q�D�VLJQL¿FDQW�
GHYHORSPHQW��UHÀHFWLQJ�WKH�GHVLUH�WR�EHFRPH�PRUH�
transparent, a costing module has been added to 
ADS easy, allowing depositors greater control in 
PDNLQJ� ¿QDQFLDO� GHFLVLRQV� DERXW� WKHLU� DUFKLYH�� LW�
allows them to receive estimates before a project 
commences allowing them to formulate a costed 
data archiving plan at the outset.

����3URMHFW�DQG�¿OH�OHYHO�PHWDGDWD�DQG�H�OLFHQVLQJ

$V�.LQWLJK�DQG�$OWVFKXO�KDYH�LGHQWL¿HG�

The largest component of this [curation] 
process is the provision of structured metadata, 
which provide the detailed technical and semantic 
documentation that are required for the data to be 
meaningfully used and technically sustained into 
WKH�IXWXUH�������������

The importance of ‘good’ metadata cannot 
be underestimated as traditionally it has played 
D� VLJQL¿FDQW� UROH� LQ� WKH� VHOHFWLRQ� DQG� UHWHQWLRQ�
policies employed by digital archives. As Gutmann 
et al. observe

The documentation and supporting 
information that are included in the data collection 
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DUH�DOVR�LPSRUWDQW�LQ�WKH�GHFLVLRQ�PDNLQJ�SURFHVV��
Data should have comprehensive technical 
documentation that provides ample information 
on sampling procedures, weighting, recoding rules, 
and data collection procedures. Data collections that 
include such information are strongly preferred in 
the archiving decision, as they allow users to assess 
the quality and analytical reliability of the data 
(2004, 213).

7KH�GL̇FXOW\�FRPHV�LQ�PDNLQJ�WKH�MXGJHPHQW�
DERXW�PHWDGDWD� REOLJDWLRQV� LQ� RUGHU� WR� IXO¿O� 2$,�
30+�'&� PHWDGDWD� UHTXLUHPHQWV�� DQG� ZKDW�
amount of metadata people are, in reality, willing to 
manually input. This issue is one familiar to many 
GLJLWDO�DUFKLYHV��EXW�WKH�$'6�H[SHULHQFH�KDV�VKRZQ�
that engagement with depositors has led to a more 
FRQVLGHUHG� DZDUHQHVV� RI� WKH� VLJQL¿FDQFH� RI� VXFK�
metadata. 

Within the current ADS ingest and 
DFFHVVLRQLQJ� ZRUNÀRZ� D� VLJQL¿FDQW� DPRXQW� RI�
GXSOLFDWLRQ�RI�H̆RUW�LV�LQYROYHG�LQ�PDQXDOO\�HQWHULQJ�
metadata into the CMS. ADS easy will address this 
issue by allowing project metadata to be submitted 
HOHFWURQLFDOO\�WKURXJK�DQ�RQOLQH�IRUP��7KH�EHQH¿WV�
of this process are obvious, removing repetition, 
but also reducing the potential for the inaccurate 
WUDQVIHU� RI�PHWDGDWD�� D� VLJQL¿FDQW� LVVXH�ZKHQ� WKLV�
information will form the basis of archive discovery 
amongst ADS collections.9 While ADS easy will 
VWUHDPOLQH� LQWHUQDO� SURFHGXUHV� LW� R̆HUV� VLPLODU�
EHQH¿WV� IRU� GHSRVLWRUV� WRR�� HQDEOLQJ� WKH� UH�XVH� RI�
H[LVWLQJ� SURMHFW� PHWDGDWD�� SULPDULO\� IURP� ZLWKLQ�
the OASIS system. Many of those who will be using 
ADS easy are already frequent users of OASIS. This 
VKRUWFXW�DOORZV�IRU�PRUH�H̆HFWLYH�XVH�RI�WLPH�E\�ERWK�
depositor and archivist. The resultant metadata will 
PLUURU�WKH�VWDQGDUGV�RI�WKH�FXUUHQW�$'6�ZRUNÀRZ��
WKH�2$,�30+�UHTXLUHPHQWV�IRU�'&�PHWDGDWD��:LWK�
UHJDUG� WR� ¿OH� OHYHO� PHWDGDWD� ADS easy utilises a 
spreadsheet pro forma system for collection and 
deposit. This spreadsheet can be downloaded and 
ZRUNHG�RQ�ORFDOO\��EHIRUH�EHLQJ�SDVVHG�HOHFWURQLFDOO\�
WR�WKH�$'6�VHUYHUV�DQG�UHXVHG�LQ�LWV�ZRUNÀRZV��

ADS easy “has the potential of directly engaging 
WKRVH�ZKR�FUHDWHG�WKH�GDWD�DQG�NQRZ�LW�EHVW´��.LQWLJK�
DQG� $OWVFKXO� ������ ������ HQFRXUDJLQJ� WKH� GDWD�
�� � )RU� H[DPSOH� $UFKVHDUFK� �KWWS���DUFKDHRORJ\GDWDVHUYLFH�
DF�XN�DUFKVHDUFK���DFFHVVHG�-XQH�����������

creator to generate information about the data they 
have created. Of course the issue of quality remains, 
particularly when metadata is input by those who 
are arguably not so au fait with technical standards. 
3UHYLRXV�H[SHULHQFH�XVLQJ�FRQWUROOHG�YRFDEXODULHV10 
in OASIS has shown that once embedded in 
ZRUNÀRZV� LW� EHFRPHV�PRUH� VWUDLJKWIRUZDUG��ZKLOH�
WKH� VSHFWUH� RI� WKH� µPDQGDWRU\� ¿HOG¶� ZLOO� SURYLGH�
the gentle hand to guide the unwilling. In order 
to help those perhaps less familiar with metadata 
JHQHUDWLRQ� VLJQL¿FDQW� LQYHVWPHQW� ZLOO� EH� PDGH� LQ�
)$4�DQG�RQOLQH�DVVLVWDQFH�WKDW�FDQ�H̆HFWLYHO\�JXLGH�
depositors in the creation of appropriate metadata.

While digital archivists have long understood 
that having good metadata is a prerequisite to 
producing good datasets, it is also important to 
address the use of data selection and retention 
SROLFLHV��6XFK�DZDUHQHVV�KDV�RIWHQ�SURYHQ�GL̇FXOW�
to pass onto data creators (Gutmann et al. 2004, 
see above). The active engagement of depositors in 
the selection and retention process, which ADS easy 
D̆RUGV�� FHUWDLQO\� FRQWULEXWHV� WR� D�ZLGHU� DQG�PRUH�
thorough awareness and understanding of the need 
IRU�GRFXPHQWDWLRQ��D�VLJQL¿FDQW�E\�SURGXFW�RI�WKLV�
engagement. ADS easy�DOVR�R̆HUV�DQ�RSSRUWXQLW\�WR�
increase awareness of archiving strategies amongst 
the wider archaeological community, highlighting 
the need for relevant, well documented archives 
that are suitable for preservation, and subsequent 
re-use. 

2QFH� WKH� VHOHFWHG� ¿OHV� KDYH� EHHQ� LGHQWL¿HG�
and their associated metadata has been generated 
either through the online form, or using the 
downloadable spreadsheet, the archive can be 
uploaded electronically and passed to a ‘clearing 
KRXVH¶�ZKHUH�LW�FDQ�EH�KHOG�XQWLO�LW�KDV�EHHQ�FKHFNHG�
and validated by an archivist. Once this process is 
complete it can passed into the CMS, and both data 
DQG� PHWDGDWD� KHOG� VHFXUHO\� XQWLO� DUFKLYLQJ� ZRUN�
begins.

4.2 Costing tool

2QH�RI� WKH�PRUH� VLJQL¿FDQW�GHYHORSPHQWV� RI�
10  As outlined elsewhere an awareness for the need for 
ontologies and controlled vocabularies, such as the. National 
Monuments Record Thesauri (http://thesaurus.english-heritage.
RUJ�XN�QHZXVHU�KWP� DQG� KWWS���WKHVDXUXV�HQJOLVK�KHULWDJH�RUJ�
XN�IUHTXHQWXVHU�KWP�� DFFHVVHG� -XQH� ���� ������ LV� DQ� LPSRUWDQW�
LVVXH�ZLWKLQ�DUFKDHRORJ\��5LFKDUGV�DQG�+DUGPDQ��������
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ADS easy is the development of an online costing 
tool. Indeed one of the projects principal aims has 
EHHQ� WR� PDNH� FKDUJLQJ� PRUH� WUDQVSDUHQW� DQG� WR�
simplify the entire process (ADS 2012). The ADS 
DOUHDG\�KDV�D�FKDUJLQJ�SROLF\�EDVHG�XSRQ�D�RQH�R �̆
fee levied at the point of deposit, which has proven 
to be robust and sustainable (Richards et al. 2010). 
Yet at Richards et al. observe such a strategy

LV� QRW� HDV\� LQ� D� ¿HOG� ZKHUH� IXWXUH� FRVWV� DUH�
XQNQRZQ� DQG� QR� RQH� NQRZV� KRZ� ORQJ� WKH� IXWXUH�
will be. The ADS preservation policy is based on 
PLJUDWLRQ� RI� ¿OHV� WR� WKH� ODWHVW� IRUPDWV�� DQG� LW� LV�
impossible to predict how many times this might 
KDYH�WR�EH�XQGHUWDNHQ�(2010, 258).

Under current ADS guidelines cost is judged 
on a project-by-project basis and is highly dependent 
upon archive content and the projected level of 
involvement of the digital archivist in preparing 
suitable preservation formats, not only today but 
in perpetuity. It is perhaps for this reason that 
depositors can regard the costing of archiving as 
VRPHWKLQJ�RI�µGDUN�DUW¶��PDNLQJ�FRPSDULVRQ�EHWZHHQ�
SURMHFWV�VRPHZKDW�GL̇FXOW��$'6��������<HW�IRU�WKH�
ADS the issue of cost of the digital archiving of 
DUFKDHRORJLFDO�¿HOGZRUN�KDV�EHHQ�DQ�LPSRUWDQW�LVVXH�
for a number of years. The Digital Archiving Pilot 
Project for Excavation Records� �'$33(5��SURMHFW�
IXQGHG� E\� (QJOLVK�+HULWDJH� LQ� ������ IRU� H[DPSOH��
H[DPLQHG�WKH�XQGHUO\LQJ�FRVWV�RI�GLJLWDO�DUFKLYLQJ��
ZKLOVW�LQYHVWLJDWLQJ�WKH�EHQH¿WV�RI�WKH�GLVVHPLQDWLRQ�
and re-use of this same data (Austin et al. 2001). 
7KH�$'6�KDV�DOZD\V�WDNHQ�D�VHOI�UHÀH[LYH�DSSURDFK�
to charging and in an attempt to be transparent 
has published its own charging policy.11 The ADS 
FKDUJLQJ�SROLF\�FRQWLQXHV�WR�EH�XVHG�DV�DQ�H[HPSODU�
in wider studies of digital preservation (Beagrie et al. 
2008; Beagrie et al. 2010), with such reports feeding 
LQWR� IXUWKHU� GHYHORSPHQW� RI� WKH� H[LVWLQJ� SROLF\�� $�
VLJQL¿FDQW�REVHUYDWLRQ�IURP�WKHVH�UHSRUWV�KDV�EHHQ�
DQ�DFNQRZOHGJHPHQW�RI�³WKH�KLJK�SURSRUWLRQ�RI�VWD �̆
FRVWV�DVVRFLDWHG�ZLWK�GDWD�FXUDWLRQ´��%HDJULH�HW�DO��
2010, 34), something which automation and the 
generation of metadata in a digital form directly from 
GDWD�SURYLGHUV�VHHNV� WR�DGGUHVV��7KLV� LV�VRPHWKLQJ�
WKDW�VKRXOG�FHUWDLQO\�UHVXOW�LQ�UHDO�FRVW�EHQH¿WV�IRU�

11  Charging Policy. Version 4, November 2007. (http://
DUFKDHRORJ\GDWDVHUYLFH�DF�XN�DGYLFH�FKDUJLQJ3ROLF\�� DFFHVVHG�
June 20, 2012). For a more focused discussion of charging see 
Richards et al. 2010.

depositors. These activities should certainly reduce 
direct costs for archive setup, whilst the automation 
of certain processes should allow for lower costs on 
D�¿OH�E\�¿OH�EDVLV��:LWK�WKLV�LQ�PLQG�WKH�FRVWLQJ�WRRO�
implements a simpler charging policy based around 
WKH� QXPEHU� DQG� W\SH� RI� ¿OHV� XSORDGHG�� RQFH� DQ�
initial ‘set up’ fee has been levied. As is summarised 
elsewhere 

ZH� KDYH� WULHG� WR� NHHS� WKLQJV� VLPSOH� ZLWK� D�
start up fee covering elements of management and 
administration for each project and then a range of 
SULFHV�XVXDOO\�SHU�¿OH��WKH�PRUH�FRPSOH[�WKH�¿OH�W\SH�
WKH�PRUH�H[SHQVLYH�WR�GHSRVLW��6R�ZH¶G�FKDUJH����IRU�
D��FVY�¿OH�DQG�XS�WR����IRU�DQ��DX�DXGLR�¿OH�WKDW�WDNHV�
D� ORW�PRUH� WLPH� WR� FKHFN�� GRFXPHQW� DQG� SUHVHUYH�
(ADS 2012).

Within this costing system those ‘simple’ 
¿OHV� �H�J�� LPDJHV�RU�FVY�¿OHV�� WKDW� UHTXLUH�PLQLPDO�
archival intervention have a much lower price per 
¿OH�WKDQ�WKH�PRUH�FRPSOH[�GDWD�¿OHV�ZKLFK�GHPDQG�
a much greater amount of input from the archivist 
DQG�DUH�FRQVHTXHQWO\�PRUH�H[SHQVLYH��H�J��DXGLR�RU�
YLGHR���$W�WKH�VDPH�WLPH�PHDVXUHV�KDYH�EHHQ�WDNHQ�
WR� SUHVHUYH� WKH� H[LVWLQJ�$'6� FRVW� SUR¿OH��ZKHUHE\�
HFRQRPLHV�RI�VFDOH�DUH�XWLOLVHG�IRU�FHUWDLQ�¿OH�W\SHV�
(ADS 2012, Beagrie et al. 2010). Ultimately, it is 
hoped that ADS easy� ZLOO� DOORZ� WKH� $'6� WR� NHHS�
costs low and allow a closer degree of comparability 
ZLWK�WKH�VL]H�DQG�FRQWHQW�RI�WKH�DUFKLYH��$'6�������

On a practical level the costing module 
allows depositors to set up and manage ‘accounts’ 
on an institutional or company basis; but it also 
D̆RUGV�WKHP�DQ�RSSRUWXQLW\�WR�FUHDWH�DQG�PDQDJH�
FRVWV� IRU� LQGLYLGXDO� DUFKLYHV�RQ�D�¿OH�E\�¿OH�EDVLV��
6LJQL¿FDQWO\�WKH�FRVWLQJ�WRRO�DOVR�DOORZV�GHSRVLWRUV�
to calculate the actual cost of archiving at the outset 
of a project, to generate estimates and consequently 
accommodate these costs within their budgets. 
7KLV� KDV� SDUWLFXODU� EHQH¿WV� ZLWKLQ� FRPPHUFLDO�
archaeology where archive costs can be passed on 
to developers. Prior to logging into ADS easy there 
is also an area where individuals and organisations 
FDQ� H[SHULPHQW� WR� HVWLPDWH� WKH� FRVWV� DVVRFLDWHG�
ZLWK� WKH� XSORDG� RI� YDULRXV� SHUPXWDWLRQV� RI� ¿OHV��
For formal quotations prospective depositors 
PXVW� ¿UVW� UHJLVWHU�� ORJLQ� DQG� EHJLQ� WR� FUHDWH� DQ�
archive project. At a higher level ADS easy�D̆RUGV�
depositors the opportunity to manage accounts at 
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an organisational level, allowing them to consider 
project histories and compare transactions from 
SUHYLRXV� GHSRVLWV�� PDNLQJ� WKH� DUFKLYLQJ� SURFHVV�
thoroughly transparent.

An important consequence of the release 
of the costing tool is that it allows depositors to 
engage with larger issues of selection, appraisal, 
and retention of digital data. An awareness of these 
issues at the outset, and at a grassroots level from 
amongst those generating digital data, has obvious 
EHQH¿WV� IRU� LQIRUPLQJ� SUHVHUYDWLRQ� SROLF\� DW� DQ�
RUJDQLVDWLRQDO�OHYHO��EXW�SHUKDSV�PRUH�VLJQL¿FDQWO\�
for the preservation policy within the digital archive 
DV�ZHOO��'LVFXVVLRQV�KDYH��IRU�H[DPSOH��KLJKOLJKWHG�
that “archivists might be more pragmatic than 
scientists when it comes to the selection, appraisal 
DQG�GLVSRVDO�RI�GLJLWDO�GDWD´��(53$1(7������������
ADS easy�WKHUHIRUH�R̆HUV�UHDO�SRWHQWLDO�WR�H[DPLQH�
how depositors and archivists conceptualise the 
VLJQL¿FDQFH�RI�GDWD��WKHLU�PHWKRGV�RI�DSSUDLVDO�DQG�
selection, and the relationship between archivists, 
depositors and data users. As Chowdhury contends:

It may be noted that digital preservation 
research has always focused on meeting one main 
REMHFWLYH�� WR� PDNH� VXUH� WKDW� WKH� LQIRUPDWLRQ� FDQ�
be used in future. But use by whom and in what 
FRQWH[W"�,Q�WKH�GLJLWDO�DJH�WKLV�LV�D�PDMRU�TXHVWLRQ��
$� JLYHQ� FRQWHQW� �LQIRUPDWLRQ�� PD\� KDYH� GL̆HUHQW�
W\SHV� RI� SRWHQWLDO� XVHUV�� HDFK� ZLWK� D� GL̆HUHQW�
FKDUDFWHULVWLF��QHHG�DQG�H[SHFWDWLRQ��DQG�WKH�VDPH�
FRQWHQW�PD\�EH�YLHZHG�DQG�XVHG�E\�GL̆HUHQW�W\SHV�
RI�XVHUV�GL̆HUHQWO\�������������

While predicting the future is impossible, 
D� XVHIXO� VWDUWLQJ� SRLQW� IRU� PDNLQJ� VXFK� LQIRUPHG�
appraisals is a thorough awareness of current 
FRQFHSWLRQV� DQG� ZKDW� LV� UHJDUGHG� DV� VLJQL¿FDQW�
amongst depositors, archivists and users. As is noted 
“[s]ome researchers propose the focus of digital 
preservation research needs to be shifted from 
V\VWHPV�WR�XVHUV´��&KRZGKXU\�������������ADS easy 
certainly fosters a much wider engagement with the 
archiving process by depositors who are, in turn, 
potential users of the data.

5. Conclusions

7KH� VLJQL¿FDQW� DGYDQWDJH� RI� WKH� XVH� RI�ADS 
easy is that it negates the involvement of the archivist 

within the deposition process, passing responsibility 
for the formation of the collection and the creation 
RI�DVVRFLDWHG�SURMHFW�DQG�¿OH�OHYHO�PHWDGDWD�EDFN�WR�
WKH�GHSRVLWRU��7KLV�RI�FRXUVH�VWUHDPOLQHV�ZRUNÀRZV�
whilst reducing cost, both of which are critical if 
FRVW�H̆HFWLYH�� ORQJ�WHUP�SUHVHUYDWLRQ� LV� WR�EHFRPH�
a reality and deposition is to become the norm. The 
use of the SWORD protocol allows the upload of 
¿OHV�GLUHFWO\� LQWR�WKH�DUFKLYH� LQ�D�SURVFULEHG�IRUP��
producing consistency in structure, content and 
metadata that will facilitate automation within 
the accessioning process. In addition, some of the 
processes currently initiated ‘manually’ by the 
digital archivist during the accession process are 
also automated using ADS easy which generates 
technical and administrative metadata at the 
SRLQW� RI� GHSRVLWLRQ�� ([SHULHQFH� KDV� VKRZQ� WKDW�
every interaction with the deposit during ingest 
increases cost in real terms and also time, indeed 
the “[a]utomation of processes and more tools for 
SUDFWLFDO� DSSOLFDWLRQ�DUH�NH\V� WR� FRVW�H̆HFWLYH� OLIH�
F\FOH�PDQDJHPHQW� RI� GLJLWDO� REMHFWV´� �+DUYH\� DQG�
7KRPSVRQ� ������ '3(� ������� <HW� WKH� Research 
Roadmap��SURGXFHG�E\�'LJLWDO�3UHVHUYDWLRQ�(XURSH�
�'3(��� UHFRJQLVHG� WKDW� WKH� ³OHYHO� RI� DXWRPDWLRQ�
LQ� GLJLWDO� SUHVHUYDWLRQ� LV� VWLOO� YHU\� ORZ´� �'3(�
������ ����� $OWKRXJK� WKH� QXPEHU� RI� SURMHFWV� KDYH�
µH[SHULPHQWLQJ¶�ZLWK�DVSHFWV�RI�DXWRPDWLRQ�GXULQJ�
ingest and preservation processes is increasing (see 
Strodl and Rauber 2011 for a useful overview). 

7KH�$'6�KDV�DOUHDG\�PDGH�VLJQL¿FDQW�VWULGHV�
towards automation. Archaeotools, through its 
use of natural language processing, has allowed 
the creation of tools that have automated the 
FUHDWLRQ� RI� UHVRXUFH� GLVFRYHU\� PHWDGDWD� �-H̆HU\�
et al. 2009), whilst the implementation of DROID 
(Mitcham 2011) and more recently Apache Tika 
KDYH� DOORZHG� WKH� H[WUDFWLRQ� RI� ¿OH� OHYHO� WHFKQLFDO�
metadata. ADS easy allows the potential for 
further automation within the archiving process, 
WKLV� LQFOXGHV� WKH� DFWXDO� PRYHPHQW� RI� ¿OHV� WR� WKH�
UHOHYDQW� SUHVHUYDWLRQ� GLUHFWRU\�� YLUXV� FKHFNLQJ�
DQG� FKHFNVXP� JHQHUDWLRQ�� 7KHUH� LV� DOVR� VRPH�
potential for the automation of processes within the 
SUHVHUYDWLRQ� SURFHVV�� SDUWLFXODUO\� IRU� µVLPSOH¶� ¿OHV�
such as images. Complete automation is impossible; 
WKH�YDOLGDWLRQ�RI�PHWDGDWD�DQG�WKH�YHUL¿FDWLRQ�RI�WKH�
µVXFFHVV¶�RI�¿OH�FRQYHUVLRQV��IRU�H[DPSOH��UHTXLUH�WKH�
involvement of the digital archivist; but we believe 
that the development, and future use, of ADS easy 
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ZLOO�PDUN�D�VHD�FKDQJH�LQ�SHRSOH¶V�XQGHUVWDQGLQJ�RI�
and engagement with the archiving process. 
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1. Introduction

Beginning during the second half of 2011, 
Landscape and Identities: the case of the English 
landscape 1500 BC to AD 1086 (or EngLaId for 
VKRUW��LV�D�¿YH�\HDU�SURMHFW�IXQGHG�E\�WKH�(XURSHDQ�
5HVHDUFK�&RXQFLO��EDVHG�DW�WKH�8QLYHUVLW\�RI�2[IRUG���
7KH� FHQWUDO� FRQFHSW� RI� (QJ/D,G� OLHV� LQ� EULQJLQJ�
WRJHWKHU�DV�PDQ\� ODUJH�VSDWLDO�GDWDVHWV�DV�SRVVLEOH�
LQ�RUGHU�WR�WU\�WR�XQGHUVWDQG�LGHQWLW\��FRQWLQXLW\�DQG�
FKDQJH� LQ� WKH� (QJOLVK� ODQGVFDSH� IURP� WKH� PLGGOH�
%URQ]H�$JH�WR�WKH�'RPHVGD\�ERRN�

,QVSLUDWLRQ�IRU�WKLV�SURMHFW�FDPH�IURP�VHYHUDO�
SUHYLRXV�VLPLODU� VXUYH\V�RI�(QJODQG¶V�DUFKDHRORJ\��
DOO�RI�ZKLFK�WRRN�D�SDUWLFXODU�SHULRG�DQG���RU�GDWDVHW�
DV� WKHLU�FHQWUDO� IRFXV��5REHUWV�	�:UDWKPHOO�������
7D\ORU�������<DWHV���������(QJ/D,G�LV�DWWHPSWLQJ�WR�
WDNH�D�PXFK�ZLGHU�WHPSRUDO�YLHZ�LQ�RUGHU�WR�GLVFRYHU�
DQG� H[SODLQ� KRZ� WKH� UXUDO� ODQGVFDSH� RI� (QJODQG�
FDPH�LQWR�EHLQJ���7KH�PLGGOH�%URQ]H�$JH�ZDV�WDNHQ�
DV� D� VWDUWLQJ� SRLQW� DV� WKDW� LV� WKH� WLPH� IURP�ZKLFK�
IDUPLQJ� VWDUWHG� WR� VHWWOH� GRZQ� LQWR� D� PRUH� ¿[HG�
SDWWHUQ�� PDNLQJ� D� PRUH� SHUPDQHQW� LPSDFW� XSRQ�
WKH�ODQGVFDSH�WKDQ�HDUOLHU�IRUPV�RI�DJULFXOWXUH���7KH�
'RPHVGD\�ERRN�ZDV�FKRVHQ�DV�DQ�HQGSRLQW��SDUWO\�
GXH�WR�LWV�GHWDLOHG�QDWLRQDO�FKDUDFWHU�DQG�SDUWO\�GXH�
to most of the dominant agricultural trends of the 
IROORZLQJ� FHQWXULHV� DOUHDG\� EHLQJ� LQ� D� TXLWH� ZHOO�
GHYHORSHG�VWDWH�E\� WKDW� WLPH�� �2XU�PHWKRGRORJ\� LV�
EDVHG�DURXQG�D�QDWLRQDO�VXUYH\��IROORZHG�E\�D�VHULHV�
RI�UHJLRQDO�FDVH�VWXGLHV�
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2. Datasets

,Q� RUGHU� WR� DFKLHYH� ZKDW� ZH� KDYH� VHW� RXW�
WR� DWWHPSW�� ZH� DUH� VRXUFLQJ� DQG� FROOHFWLQJ� PDQ\�
GL̆HUHQW�GDWDVHWV���7KH�¿UVW�RI�WKHVH�LV�WKH�1DWLRQDO�
0DSSLQJ� 3URJUDPPH� �103��� DQ� (QJOLVK�+HULWDJH�
GLUHFWHG� SURMHFW� WR� PDS� DUFKDHRORJLFDO� IHDWXUHV�
IURP� DHULDO� SKRWRJUDSK\�� � 7KH� DLP� RI� WKH� 103�
LV� XOWLPDWHO\� WR� FRYHU� DV� PXFK� RI� WKH� FRXQWU\� DV�
SRVVLEOH���,Q�SUDFWLFH��WKLV�GDWD�LV�D�PL[WXUH�RI�UDVWHU�
LPDJHV� RI� OLQH� GUDZLQJV� �IRU� HDUOLHU� SURMHFWV�� DQG�
&$'�OD\HUV��IRU�ODWHU�SURMHFWV����)HDWXUHV�VHHQ�LQ�WKH�
103� DUH� WKHQ� LQWHUSUHWHG�� ZLWK� WKH� UHVXOWV� EHLQJ�
LPSRUWHG� LQWR� WKH�1DWLRQDO�5HFRUG� RI� WKH�+LVWRULF�
(QYLURQPHQW� �15+(��� ZKLFK� KDV� DOVR� VXEVXPHG�
WKH� 1DWLRQDO� 0RQXPHQWV� 5HFRUG� �105��� � ,Q�
SUDFWLFH��WKH�15+(�FRQVLVWV�RI�D�VHULHV�RI�VKDSH¿OH�
OD\HUV��SRLQWV��OLQHV��DQG�SRO\JRQV��DVVRFLDWHG�ZLWK�
DQ�H[WHUQDO�GDWDEDVH��SURYLGLQJ�DWWULEXWH�GDWD��

7R�GDWH��ZH�KDYH� UHFHLYHG�GDWD� IURP�(QJOLVK�
+HULWDJH� IRU� WKHLU� VRXWK� ZHVW�� VRXWK� HDVW�� DQG�
HDVWHUQ�UHJLRQV��ZKLFK�DUH�EDVHG�XSRQ�WKH�UHOHYDQW�
(8� SDUOLDPHQWDU\� FRQVWLWXHQFLHV�� �:H�� WKXV�� KDYH�
FRYHUDJH�IRU�WKUHH�RXW�RI�QLQH�UHJLRQV��KRZHYHU��E\�
DUHD�WKLV�LV�YHU\�QHDUO\�KDOI�RI�(QJODQG�����������)RU�
WKHVH�WKUHH�UHJLRQV��WKH�WRWDO�QXPEHU�RI�UHFRUGV�LQ�WKH�
15+(�FRPHV�WR����������RI�ZKLFK�QHDUO\��������DUH�
UHOHYDQW�WR�RXU�SHULRG�RI�LQWHUHVW��LQFOXGLQJ�UHFRUGV�
RI�XQFHUWDLQ�GDWH����2QFH�ZH�KDYH�WKH�IXOO�GDWDEDVH�
IURP� (QJOLVK� +HULWDJH�� ZH� FDQ�� WKXV�� H[SHFW� RYHU�
��������UHFRUGV�WR�IDOO�ZLWKLQ�(QJ/D,G¶V�WLPHIUDPH�

,Q�DGGLWLRQ��WKHUH�DUH�VRPH�DUHDV�ZKHUH�103�
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LQWHUSUHWDWLRQ� KDV� WDNHQ� SODFH� EXW� IRU� ZKLFK� WKH�
UHVXOWV�KDYH�QRW�EHHQ�FROODWHG�LQWR�WKH�15+(���7KHVH�
FRPH� IURP� (QJOLVK�+HULWDJH¶V�0253+� GDWDEDVHV��
ZKLFK� PDS� HDFK� IHDWXUH� GLVFRYHUHG� DV� D� VHSDUDWH�
SRLQW� �XQOLNH� WKH�15+(��ZKLFK� FROODWHV� LQGLYLGXDO�
REMHFWV�LQWR�VLWHV��� �6R�IDU��ZH�KDYH��������UHFRUGV�
RI� WKLV� W\SH�� RI� ZKLFK� DURXQG� ������� DUH� UHOHYDQW�
WR� RXU� SHULRG� RI� LQWHUHVW� �DJDLQ�� LQFOXGLQJ� UHFRUGV�
RI�XQFHUWDLQ�GDWH����2QFH�WKHVH�DUH�LQFOXGHG�ZLWKLQ�
RXU� GDWDVHW�� ZH� FDQ� H[SHFW� WKH� WRWDO� QXPEHU� RI�
UHOHYDQW�UHFRUGV�REWDLQHG�IURP�(QJOLVK�+HULWDJH�WR�
EH�DSSURDFKLQJ����������RU�SHUKDSV�PXFK�PRUH�LI�
PDQ\�IXUWKHU�DUHDV�RI�0253+�FRYHUDJH�H[LVW��

:H� DUH� DOVR� FROOHFWLQJ� GDWD� IURP� (QJODQG¶V�
+LVWRULF� (QYLURQPHQW� 5HFRUGV� �+(5V��� � 7KHVH�
DUH� ORFDO� ERGLHV� UHVSRQVLEOH� IRU� WDNLQJ� FDUH� RI� RXU�
FRXQWU\¶V�KHULWDJH��SDUWLFXODUO\�LQ�UHJDUG�WR�PDNLQJ�
GHFLVLRQV� DERXW�SODQQLQJ�� � 7KH\� DOO�PDLQWDLQ� WKHLU�
RZQ�GDWDEDVHV�DQG�WKHVH��GXH�WR�WKHLU�PRUH�ORFDOLVHG�
IRFXV�� LQHYLWDEO\� FRQWDLQ� PDQ\� PRUH� VLWHV� WKDQ�
IHDWXUH�LQ�WKH�GDWDEDVHV�PDLQWDLQHG�E\�DQ\�QDWLRQDO�
ERG\���7KHUH�DUH�RYHU�HLJKW\�GL̆HUHQW�+(5V�ZLWKLQ�
(QJODQG�� ZKLFK� ZHUH� ODUJHO\� HVWDEOLVKHG� DORQJ�
LQGLYLGXDO� OLQHV�EHIRUH�DQ\�UHOHYDQW�GDWD�UHFRUGLQJ�
VWDQGDUGV�FDPH�LQ���$V�D�UHVXOW��WKHUH�LV�D�ODUJH�YDULHW\�
LQ�WKH�ZD\V�LQ�ZKLFK�GL̆HUHQW�+(5V�UHFRUG�DQG�VWRUH�
WKHLU�GDWD���7R�RYHUFRPH�WKLV��ZH�DUH�LPSRUWLQJ�+(5�
GDWD�LQWR�RXU�RZQ�VWDQGDUGLVHG�GDWDEDVH�

,Q�DGGLWLRQ��ZH�KDYH�EHHQ�SURYLGHG�ZLWK�DFFHVV�
WR�GDWD�IURP�WKH�3RUWDEOH�$QWLTXLWLHV�6FKHPH��3$6���
ZKLFK��ODUJHO\��FROOHFWV�GHWDLOV�RI�DUFKDHRORJLFDO�¿QGV�
PDGH�E\�PHPEHUV�RI�WKH�SXEOLF���:H�DUH�KRSLQJ�WR�
XVH�WKLV�WR�FRPSDUH�GLVWULEXWLRQV�RI�DUWHIDFWV�DJDLQVW�
ODQGVFDSH�IHDWXUHV���:H�DUH�DOVR�FROOHFWLQJ�RU�KRSLQJ�
WR�FROOHFW�GDWD�IURP�YDULRXV�RWKHU�VRXUFHV��LQFOXGLQJ�
WKH� $UFKDHRORJLFDO� ,QYHVWLJDWLRQV� 3URMHFW� �$,3�� DW�
WKH� 8QLYHUVLW\� RI� %RXUQHPRXWK�� WKH� YDULRXV� FRLQ�
LQGH[HV�PDLQWDLQHG�IRU�(QJODQG��DQG�WKH�GDWD�IURP�
SUHYLRXV�SURMHFWV��VXFK�DV�7D\ORU���������2QFH�DOO�RI�
WKHVH�YDULRXV�GDWDVHWV�DUH�JDWKHUHG�WRJHWKHU��ZH�FDQ�
H[SHFW�RXU�SURMHFW¶V�WRWDO�QXPEHU�RI�GDWD�UHFRUGV�WR�
QXPEHU�ZHOO�RYHU���������

3. Synthesis of Multiple Datasets

7KHUH� LV�� LQHYLWDEO\�� D� JUHDW� GHDO� RI� RYHUODS�
EHWZHHQ� WKH� GDWD� FRQWDLQHG� LQ� WKH� +(5V� DQG� WKH�
GDWD�FRQWDLQHG� LQ�WKH�15+(�� �7KLV�DSSOLHV�HTXDOO\�
WR�PRVW�RI�RXU�RWKHU�GDWDVHWV�LQ�DGGLWLRQ���+RZHYHU��

WKHUH�UHPDLQ�FRQVLGHUDEOH�GL̆HUHQFHV�LQ�WKH�FRQWHQW�
RI� WKH� GDWDVHWV�� PHDQLQJ� WKDW� DQ\� RQH� GDWDVHW� LQ�
LVRODWLRQ�FRXOG�RQO\�SURGXFH�DQ�LQFRPSOHWH�SLFWXUH���
7KHUHIRUH�� ZH� KDG� WR� ¿QG� D� ZD\� WR� FRPELQH� RXU�
GDWDVHWV�DQG�WR�HLWKHU�LGHQWLI\��RQ�D�UHFRUG�WR�UHFRUG�
EDVLV��RU��DW�WKH�YHU\�OHDVW��UHPRYH�WKLV�GXSOLFDWLRQ�
LQ� RUGHU� WR� XQGHUWDNH� RXU� QDWLRQDO� VXUYH\�� � 'XH�
WR� WKH� LPPHQVH� QXPEHU� RI� GDWD� UHFRUGV� WR� FURVV�
UHIHUHQFH��WKLV�LV�D�QRW�D�WDVN�WKDW�FRXOG�EH�SHUIRUPHG�
PDQXDOO\�� � ,I� HYHU\� GDWD� REMHFW� KDG� D� QDPH� RU�
SHUKDSV� DQ� LGHQWL¿HU� FRGH� FRPPRQ� WR� DOO� LQSXW�
GDWDVHWV��WKHQ�DXWRPDWLFDOO\�LGHQWLI\LQJ�GXSOLFDWLRQ�
��UHODWLRQVKLSV�ZRXOG�EH�IDLUO\�WULYLDO���+RZHYHU��WKLV�
LV�XQIRUWXQDWHO\�QRW�WKH�FDVH�

7KHUHIRUH�� ZH� FRQFOXGHG� WKDW� WKH� RQO\� ZD\�
in which to assess whether two or more records 
DUH� UHODWHG� LV� VSDWLDOO\� DQG� FDWHJRULFDOO\�� � ,Q� RWKHU�
ZRUGV�� LI� WZR� RU�PRUH� REMHFWV� DUH� ³FORVH´� LQ� VSDFH�
DQG�RI�WKH�VDPH�GDWH�DQG�W\SH��ZH�FDQ�DVVXPH�WKDW�
WKH\�DUH��LQ�IDFW��WKH�VDPH�REMHFW��RU�D�FRQWLQXDWLRQ���
FORVH�QHLJKERXU�RI�WKH�VDPH�REMHFW����+RZHYHU��WKLV�
LV�IXUWKHU�FRPSOLFDWHG�E\�WKH�IDFW�WKDW�REMHFWV�ZLWKLQ�
RXU�GDWDVHWV�DUH�UHFRUGHG�XVLQJ�GL̆HUHQW�JHRPHWULHV�

Figure 1.  Randomly shaded 2 by 2 km grid square 
tessellation for England.
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�SRLQWV��OLQHV��DUHDV��DQG�WR�GL̆HULQJ�OHYHOV�RI�VSDWLDO�
SUHFLVLRQ���7KHUHIRUH��KRZ�FORVH�ZH�PHDQ�E\�³FORVH´�
LV� WKH�NH\�TXHVWLRQ�� �:KHQ�SORWWLQJ�REMHFWV�RQ� WKH�
VFDOH�RI�DOO�RI�(QJODQG��VSDWLDO�YDULDWLRQV�RI�OHVV�WKDQ�
WZR�NLORPHWUHV�ZRXOG�EH�YHU\�KDUG� WR�GL̆HUHQWLDWH�
�)LJ�������$V�VXFK��ZH�GHFLGHG�WR�GH¿QH�FORVHQHVV�LQ�
WKLV� LQVWDQFH� DV� EHLQJ�ZLWKLQ� D� WZR� NLORPHWUH� JULG�
VTXDUH��XVLQJ�WKH�%ULWLVK�1DWLRQDO�*ULG�DV�FRRUGLQDWH�
V\VWHP�>26*%��������(36*������@��

7KH�IROORZLQJ�SURFHVV�ZDV��WKHUHIRUH��GHYLVHG�
E\� WKH� SURMHFW¶V� *,6� VSHFLDOLVW� WR� WHVW� IRU� GDWD�
GXSOLFDWLRQ� XVLQJ� VSDWLDO� SUR[LPLW\�� XVLQJ� (65,¶V�
$UF*,6�����)LJ�����

• &DOFXODWH� WKH� VSDWLDO� SUHFLVLRQ� RI� SRLQW� REMHFWV�
ZLWKLQ�WKH�GDWD�EDVHG�XSRQ�WKH�QXPEHU�RI�]HURHV�
RQ�HDFK�FRRUGLQDWH��L�H��QR�]HURHV�LV�WKH�QHDUHVW�
metre, one zero is ten metres, two zeroes is 100 
PHWUHV� HWF���� � 5HPRYH� UHFRUGV� RI� ZRUVH� VSDWLDO�
SUHFLVLRQ�WKDQ�WZR�NLORPHWUHV��L�H��WKRVH�NQRZQ�
RQO\� WR� WKH� QHDUHVW� ��� E\� ��� NLORPHWUH� JULG�
VTXDUH�RU�ZRUVH��VR�IDU��WKHVH�UHFRUGV�DUH�RQO\�D�
VPDOO�SURSRUWLRQ�RI�WKH�WRWDO�GDWDVHW����0RYH�WKH�
UHPDLQLQJ�SRLQWV�WR�WKH�FHQWUH�RI�WKHLU�SUHFLVLRQ�
VTXDUHV��VR�WKDW� WKH\�GR�QRW�SRWHQWLDOO\�UHJLVWHU�
DV� D� SUHVHQFH� LQ� IRXU� VTXDUHV� LI� WKH\� IDOO� RQ� DQ�
LQWHUVHFWLRQ� EHWZHHQ� VTXDUHV� ZKHQ� WKH\� DUH�
DFWXDOO\�ZLWKLQ�D�VLQJOH�VTXDUH�DW�VRPH�XQFHUWDLQ�
ORFDWLRQ��WKLV�LV�GRQH�YLD�D�VLPSOH�3\WKRQ�VFULSW��

• 6LPSOLI\�WKH�PXOWLSOLFLW\�RI�SHULRG�DQG�PRQXPHQW�
W\SH� WHUPV� XVHG� DFURVV� RXU� GDWDVHWV� GRZQ� WR� D�
¿[HG�VHW�RI�WHUPV���7KLV�LV�DFFRPSOLVKHG�XVLQJ�D�
3\WKRQ�VFULSW�WKDW�VHDUFKHV�WKURXJK�WKH�UHOHYDQW�
¿HOG�LQ�HDFK�GDWDVHW�LQ�RUGHU�WR�GLVFRYHU�UHOHYDQW�
WHUPV� UHODWHG� WR� WKH� W\SHV� RI� VLWH�ZKLFK�ZH� DUH�
LQWHUHVWHG� LQ�� � 7KH� OLVW� RI� LQSXW� WHUPV� XVHG� WR�
JHQHUDWH� RXWSXW� WHUPV� ZLOO� EH� UHYLHZHG� XSRQ�

UHFHLSW� RI� HDFK�QHZ�GDWDVHW�� � 7KH�RXWSXW� WHUPV�
DUH� VWLOO� WR� EH� ¿QDOLVHG�� EXW� DUH� H[SHFWHG� WR� EH�
EURDG� W\SHV� VXFK� DV� ³¿HOG� V\VWHPV´�� ³VPDOO�
VHWWOHPHQWV´�� ³ODUJH� VHWWOHPHQWV´�� ³URXWHZD\V´��
HWF���+RZHYHU��H[DFWO\�ZKDW�RXWSXW�WHUPV�WR�XVH�
LV�VWLOO�YHU\�PXFK�DQ�RSHQ�TXHVWLRQ���7KHVH�W\SHV�
DUH� UHSUHVHQWHG� E\� D� SHULRG� FRGH� �L�H�� ³%$´�  �
%URQ]H� $JH�� ³,$´�  � ³,URQ�$JH´�� HWF��� FRPELQHG�
ZLWK� QXPHUDOV� IRU� HDFK� W\SH� FODVV� �L�H�� ³¿HOG�
V\VWHP´� �����³VPDOO�VHWWOHPHQW´� �����HWF���H�J��
UHVXOWLQJ�LQ�,$B���IRU�,URQ�$JH�¿HOG�V\VWHPV��LQ�
RUGHU�WR�DYRLG�GL̇FXOWLHV�FDXVHG�E\�WKH�LQDELOLW\�
RI� $UF*,6� WR� FRSH� ZLWK� ¿HOG� OHQJWKV� RI� JUHDWHU�
WKDQ�����FKDUDFWHUV��IRU�VKDSH¿OHV�DW�OHDVW��

• &UHDWH� D� WHVVHOODWLRQ�RI� JULG� VTXDUHV� �YHFWRU�� RI�
WZR�E\�WZR�NLORPHWUH�UHVROXWLRQ���7KLV�ZDV�GRQH�
XVLQJ� WKH� *HRVSDWLDO� 0RGHOOLQJ� (QYLURQPHQW�
VRIWZDUH� GHYHORSHG� E\� 6SDWLDO� (FRORJ\� //&�
�VXFFHVVRU� WR� WKH� ZHOO� NQRZQ� +DZWK¶V� 7RROV����
(DFK�JULG�VTXDUH�LV�DVVLJQHG�D�XQLTXH�LGHQWL¿HU�
E\�WKH�VRIWZDUH���7KLV�ZDV�WKHQ�UHVWULFWHG�GRZQ�WR�
WKH�H[WHQW�RI�(QJODQG�XVLQJ�D�VSDWLDO�LQWHUVHFWLRQ�
TXHU\�EDVHG�XSRQ�DQ�2UGQDQFH�6XUYH\�EDVH�PDS�

• 8VH�WKH�,GHQWLW\�WRRO�LQ�$UF*,6�WR�LGHQWLI\�ZKLFK�
JULG�VTXDUH�HDFK�REMHFW�LQ�HDFK�LQSXW�GDWDVHW�IDOOV�
ZLWKLQ��RU��LQ�WKH�FDVH�RI�PDQ\�SRO\JRQV�DQG�OLQHV��
RYHUODSV����7KH�WDEOHV�IURP�WKH�UHVXOWLQJ�LGHQWLW\�
OD\HUV� DUH� H[SRUWHG� IURP� $UF*,6� DQG� FROODWHG�
LQWR�RQH�ODUJH�WDEOH��VRUWHG�E\�JULG�VTXDUH�XQLTXH�
LGHQWL¿HU�

• 8VLQJ� DQRWKHU� 3\WKRQ� VFULSW�� ZRUN� RXW� ZKLFK�
W\SHV� RI� REMHFW� �E\� SHULRG�� IDOO� ZLWKLQ� HDFK�
VTXDUH� DQG� UHPRYH� GXSOLFDWHG� HQWULHV�� � :KHQ�
SHUIRUPLQJ�WKLV�WDVN��WKH�XQLTXH�LGHQWL¿HUV�IURP�
HDFK�RULJLQDO�REMHFW�DUH�DOVR�WUDFNHG��VR�WKDW�ZH�
FDQ� UHWXUQ� �� EXLOG� OLQNV� WR� WKH� RULJLQDO� REMHFWV���

Figure 2.  The synthesis process.
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7KH�UHVXOW�RI�WKLV�VFULSW�LV�DQRWKHU�WDEOH��UHFRUGLQJ�
WKH� SUHVHQFH� RI� W\SHV� RI� REMHFW� E\� SHULRG� IRU�
HDFK� VTXDUH�� DQG�DOVR� OLVWLQJ� WKH� VRXUFH�XQLTXH�
LGHQWL¿HUV�

• -RLQ�WKH�RXWSXW�WDEOH�WR�WKH�JULG�VTXDUH�OD\HU�LQ�
$UF*,6�

2QFH� WKLV� KDV� EHHQ� GRQH�� WKH� UHVXOW� LV� D�
OD\HU� FRQVLVWLQJ� RI� WZR� E\� WZR� NLORPHWUH� JULG�
VTXDUHV� UHFRUGLQJ� WKH� SUHVHQFH� RI� GL̆HUHQW� W\SHV�
of archaeological site across England, which can 
EH�TXHULHG�XVLQJ� WKH� VWDQGDUG�DWWULEXWH�TXHU\� WRRO�
EXLOW� LQWR� $UF*,6�� � 7KH�PDLQ� GL̇FXOWLHV� ZLWK� WKLV�
DSSURDFK�DUH�

7KDW� LW� SURYLGHV� QR� LQGLFDWLRQ� RI� ZKHWKHU�
PXOWLSOH�RULJLQDO�UHFRUGV�DUH�JHQXLQHO\�GXSOLFDWLRQ�
RU�JHQXLQHO\�PXOWLSOH�ZLWKLQ�HDFK�VTXDUH���+RZHYHU��
DV� VSDWLDO� SDWWHUQV� RI� WKLV� VFDOH� ZRXOG� QRW� EH�
DSSDUHQW�ZKHQ�SORWWLQJ� UHVXOWV�RQ�D�QDWLRQDO� VFDOH�
DQG�DV�XQLTXH�LGHQWL¿HUV�DUH�WUDFNHG��WKLV�VKRXOG�QRW�
EH�VHHQ�DV�D�ODUJH�SUREOHP�IRU�WKLV�W\SH�RI�VXUYH\�

7KDW� VPDOO� SRO\JRQDO� REMHFWV� IDOOLQJ� DFURVV�
WKH� LQWHUVHFWLRQ� EHWZHHQ� WZR� RU� IRXU� JULG� VTXDUHV�
ZLOO� DSSHDU� LQ� HDFK� VTXDUH� ZLWKLQ� WKH� ¿QDO� UHVXOW��
SHUKDSV� RYHUVWDWLQJ� WKHLU� LPSRUWDQFH�� � :H� FRXOG�
WHVW�IRU�WKLV�E\�R̆VHWWLQJ�WKH�JULG�E\�KDOI�WKH�ZLGWK�RI�
HDFK�FHOO�HDVW�DQG�QRUWK��UHUXQQLQJ�WKH�DQDO\VLV��DQG�
FRPSDULQJ�WKH�UHVXOWV�

Figure 3.  Example result of synthesis 
process for Somerset HER and 
English Heritage NRHE data.  The 
¿OOHG� VTXDUHV� VKRZ� DUHDV� RI� 5RPDQ�
¿HOG�V\VWHPV��  7KH�VTXDUHV�ZLWK� WKLFN�
RXWOLQHV� VKRZ� ,URQ� $JH� �� XQFHUWDLQ�
SUHKLVWRULF� ¿HOG� V\VWHPV��  Notice the 
spread in the distribution from higher 
JURXQG�LQ�WKH�HDUOLHU�SHULRG�GRZQ�RQWR�
the marshy Somerset Levels during the 
Roman period: this implies drainage 
schemes.  This is a preliminary result 
and should not be over-interpreted, 
KRZHYHU�� HVSHFLDOO\� DV� WKH� GDWLQJ� RI�
¿HOG�V\VWHPV�LV�DOZD\V�GLI¿FXOW�

7KDW�WKH�UHVXOW�LV�LQHYLWDEO\�D�VLPSOL¿HG�RQH��LQ�
WHUPV�RI�VSDWLDO�ORFDWLRQ��W\SH�DQG�SHULRG���+RZHYHU��
VLPSOL¿FDWLRQ�LV�WKH�QDWXUH�RI�DOO�DFWV�RI�V\QWKHVLV�

4. Somerset Test Case

7KLV� PHWKRGRORJ\� KDV� EHHQ� WHVWHG� LQLWLDOO\�
XVLQJ�GDWD� IRU� WKH�FRXQW\�RI�6RPHUVHW��DV� WKDW�ZDV�
WKH�¿UVW�UHODWLYHO\�ODUJH�DUHD�IRU�ZKLFK�ZH�KDG�ERWK�
+(5� DQG� 15+(� GDWD�� � 'XH� WR� WKH� PRUH� GHWDLOHG�
VSDWLDO�VFDOH�RI�WKLV�WHVW�GDWDVHW����E\���NLORPHWUH�JULG�
VTXDUHV� ZHUH� XVHG�� � 7KH� VLPSOL¿FDWLRQ� WKHVDXUXV�
XVHG� ZDV� GH¿QHG� VROHO\� E\� WKH� SURMHFW¶V� *,6�
VSHFLDOLVW��VR�WKH�UHVXOWV�ZLOO�XQGRXEWHGO\�EH�VXEMHFW�
WR� FKDQJH� DV� WKLV� LV� UH¿QHG� DQG� DV� PRUH� GDWD� LV�
JDWKHUHG���1HYHUWKHOHVV��RXU�WHVW�FDVH�GLG�SURYH�WKDW�
WKH�PHWKRGRORJ\�ZRUNV�DQG�SURGXFHV�UHVXOWV�ZKLFK�
FDQ� WKHQ� HDVLO\� EH� LQWHUURJDWHG� WR� WU\� WR� H[WUDFW�
SDWWHUQV�RI�FKDQJH�DQG�FRQWLQXLW\� LQ� WKH�SDVW� �)LJ��
���

The main challenge encountered in 
LPSOHPHQWLQJ� WKLV� V\VWHP� LQ� SUDFWLFH� ZDV� LQ� WKH�
UHPRYDO� RI� VLWHV� ZKLFK� KDG� EHHQ� LQFOXGHG� LQ� WKH�
VRXUFH� GDWDVHWV� DV� EHLQJ� %URQ]H� $JH� EXW� ZKLFK�
ZHUH�� LQ� IDFW�� HDUO\� %URQ]H� $JH� �EHDULQJ� LQ� PLQG�
RXU� PLGGOH� %URQ]H� $JH� VWDUWLQJ� SRLQW��� � 7KLV� LV�
SDUWLFXODUO\� LPSRUWDQW� IRU� IXQHUDU\� VLWHV� DV� PRVW�
URXQG�EDUURZV��DQG�VLPLODU��WHQG�WR�EH�HDUO\�%URQ]H�
$JH���+RZHYHU��LW�LV�VWLOO�LPSRUWDQW�WR�LQFOXGH�VRPH�
UHSUHVHQWDWLRQ� RI� WKHVH� VLWHV�� DV� WKH\� UHPDLQHG�
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XSVWDQGLQJ� IHDWXUHV� GXULQJ� ODWHU� SHULRGV� ZKLFK�
ZRXOG�� WKXV�� KDYH� D̆HFWHG� WKH� GHFLVLRQV� PDGH�
DERXW� WKH� ORFDWLRQ�RI�QHZ�ODQGVFDSH� IHDWXUHV�XSRQ�
WKHLU�FUHDWLRQ���)RU�WKLV�VFDOH�RI�VXUYH\��KRZHYHU��LW�
VHHPHG� DFFHSWDEOH� WR� VLPSO\� UHPRYH� REMHFWV� WKDW�
ZHUH�GHVFULEHG�VROHO\�DV�%URQ]H�$JH�EDUURZV� IURP�
WKH� LQSXW� GDWDVHWV�� UHPRYDO� RI� RWKHU� HDUO\� %URQ]H�
$JH�VLWHV�ZRXOG�EH�PRUH�GL̇FXOW�WR�DFKLHYH��ZKHUH�
QRW� H[SOLFLWO\� UHFRUGHG��� ZLWKRXW� UHDGLQJ� GHWDLOHG�
GHVFULSWLRQV�IRU�HDFK�HQWU\�

2QFH� WKLV� V\QWKHVLV� SURFHVV� KDV� EHHQ�
XQGHUWDNHQ��LW� LV�WKHQ�SRVVLEOH�WR�WHVW�GLVWULEXWLRQV�
DJDLQVW�YDULRXV�RWKHU�VSDWLDO�GDWD���)RU�H[DPSOH��ZH�
PLJKW�WHVW�WKH�GLVWULEXWLRQV�RI�GL̆HUHQW�W\SHV�RI�VLWH�
DJDLQVW� FRDUVH�JUDLQHG� VORSH� RU� HOHYDWLRQ� GDWD�� � ,W�
LV� DOVR� SRVVLEOH� WR� FRPSDUH� GLVWULEXWLRQV� EHWZHHQ�
WZR�RU�PRUH�SHULRGV� �DV� LQ�)LJ�����RU�EHWZHHQ� WZR�
RU�PRUH� GL̆HUHQW� W\SHV� RI� VLWH� �H�J�� ODUJHU� DJDLQVW�
VPDOOHU� VHWWOHPHQWV� RU� VHWWOHPHQW� DJDLQVW� ¿HOG�
V\VWHPV����7KH�PDLQ�GL̇FXOW\�ZLWK�WKHVH�ODWWHU�IRUPV�
RI� DQDO\VLV� LV� WKDW� LW� LV� QRW� HDV\� WR� GLVSOD\� PXFK�
PRUH� WKDQ� WKUHH� RU� IRXU� GL̆HUHQW� GLVWULEXWLRQV� DW�
RQFH��EXW�WKLV�FRXOG�EH�WDNHQ�DV�D�YLUWXH�LQ�LWVHOI��DV�
LW�HQFRXUDJHV�D� IRFXVHG�DSSURDFK�WR�PDS�FUHDWLRQ��
PDSSLQJ�WRR�PDQ\�YDULDEOHV�DW�RQFH�FDQ�DOO�WRR�RIWHQ�
EH�YHU\�FRQIXVLQJ�WR�WKRVH�\RX�H[SHFW�WR�PDNH�VHQVH�
RI�\RXU�PDSV�

5. Conclusions

$V�ZLWK�DOO�PRGHOV�RI�WKH�ZRUOG��LW�LV�LQHYLWDEOH�
WKDW� GHWDLO� LV� ORVW� DV� SDUW� RI� WKLV� SURFHVV� DQG� DOVR�
WKDW�VRPH�HUURUV�ZLOO�EH� LQWURGXFHG�� �)RU�H[DPSOH��
LI� WZR�GL̆HUHQW�UHSUHVHQWDWLRQV�RI� WKH�VDPH�VLWH� LQ�
WZR�GL̆HUHQW� GDWDEDVHV� RFFXU�ZLWKLQ� WZR�GL̆HUHQW�
JULG�VTXDUHV��WKHVH�ZLOO�EH�UHJLVWHUHG�DV�WKH�SUHVHQFH�
RI�WKDW�W\SH���SHULRG�RI�VLWH�LQ�ERWK�ORFDWLRQV�� �,W�LV�
JHQHUDOO\� YHU\� GL̇FXOW� LQ� WKHVH� FDVHV� WR� GLVFHUQ�
ZKHWKHU� RQH� UHFRUG� KROGV� LQFRUUHFW� VSDWLDO�
LQIRUPDWLRQ� RU�ZKHWKHU� WKLV� LV� D� UHSUHVHQWDWLRQ� RI�
VLWH�WKDW�FURVVHV�WKH�ERXQGDULHV�RI�WZR��RU�PRUH��JULG�
VTXDUHV�� �)XUWKHUPRUH��ZKHUH�PXOWLSOH� VLWHV�RI� WKH�
VDPH�SHULRG�DQG�W\SH�IDOO�ZLWKLQ�D�VLQJOH�JULG�VTXDUH��
WKHVH� ZLOO� VLPSO\� EH� UHJLVWHUHG� DV� WKH� SUHVHQFH� RI�
WKDW� W\SH� �� SHULRG� RI� VLWH� ZLWKLQ� WKH� JULG� VTXDUH���
,W� LV� LPSUDFWLFDO� WR� WHVW� IRU� WKHVH� W\SHV�RI�VLWXDWLRQ�
DFURVV�WKH�GDWDVHW�DV�D�ZKROH��EXW�VPDOO�VDPSOH�DUHDV�
�FRLQFLGLQJ� ZLWK� RXU� FDVH� VWXG\� ORFDWLRQV�� ZLOO� EH�
WHVWHG�WR�DWWHPSW�WR�TXDQWLI\�RQ�DYHUDJH�KRZ�RIWHQ�
WKHVH�LVVXHV�RFFXU���,Q�RUGHU�WR�GR�VR��WKH�V\VWHP�ZLOO�

EH�PRGL¿HG�WR�DOVR�UHFRUG�FRXQWV�RI�HDFK�RFFXUUHQFH�
RI�HDFK�W\SH���SHULRG�RI�VLWH�LQ�HDFK�VTXDUH���2Q�WKH�
ZKROH��KRZHYHU�� WKH� UHDVRQ�ZH�FUHDWH�PRGHOV� LV� WR�
VLPSOLI\�FRPSOH[�SURFHVVHV�VR�WKDW�ZH�FDQ�DWWHPSW�
WR�XQGHUVWDQG�WKHP��<DUURZ������������VR�UHODWLYHO\�
PLQRU� LVVXHV� VXFK� DV� WKHVH� VKRXOG� QRW� RYHUO\� ELDV�
WKH�GLVWULEXWLRQV�SORWWHG�RQ�VXFK�EURDG�VSDWLDO�DQG�
WHPSRUDO�VFDOHV�

1DWXUDOO\��WKH�GLVWULEXWLRQ�PDSV�SURGXFHG�DV�
D� UHVXOW� RI� WKLV� V\QWKHVLV�SURFHVV�ZLOO� EH�ELDVHG�E\�
GL̆HUHQW� VSDWLDO� SDWWHUQV� RI� DUFKDHRORJLFDO� ZRUN��
E\� GL̆HUHQW� DUFKDHRORJLFDO� ZRUNLQJ� SUDFWLFHV��
E\� GL̆HUHQW� SUHVHUYDWLRQ� FRQGLWLRQV�� DQG� E\�
GL̆HUHQW�PDVNLQJ�IDFWRUV�ZLWKLQ�WKH�QDWXUDO���EXLOW�
HQYLURQPHQW�� � )RU� H[DPSOH�� GHYHORSHU� IXQGHG�
DUFKDHRORJLFDO� H[FDYDWLRQ� LV� LQHYLWDEO\� VSDWLDOO\�
ELDVHG� WRZDUGV� DUHDV� LQ� ZKLFK� PXFK� EXLOGLQJ� RU�
TXDUU\LQJ�DFWLYLW\�WDNHV�SODFH��H�J��$,3�GDWD��PXFK�
+(5�GDWD��HWF����ZKHUHDV�VXUYH\�ZRUN�WHQGV�WR�IRFXV�
RQ�PRUH�RSHQ�DUHDV��H�J��103�GDWD��VRPH�+(5�GDWD����
)XUWKHU��WKH�SURVSHFWV�IRU�DHULDO�SKRWRJUDSKLF�VXUYH\�
DUH� JUHDWO\� D̆HFWHG�E\�PDQ\� IDFWRUV� LQFOXGLQJ� VRLO�
W\SH�� WUHH�FRYHU�� WKH�SUHVHQFH�RI�EXLOGLQJV��HWF�� �$V�
D�¿QDO�H[DPSOH��VXUYH\�ZRUN�LV�DOVR�JUHDWO\�D̆HFWHG�
E\�IDFWRUV�VXFK�DV�WKH�YLVXDO�SURPLQHQFH�RI�VLWHV�DQG�
E\�WKH�GL̆HUHQW�VFDOHV�RI�ZRUN�XQGHUWDNHQ���6RPH�RI�
WKHVH�ELDVHV�FDQ�EH�WHVWHG�IRU�E\�FRPSDULVRQ�DJDLQVW�
PHDVXUHV�RI�JURXQG�VXUIDFH�REVFXUDWLRQ�RU�GHQVLW\�
RI�GL̆HUHQW�W\SHV�RI�¿HOGZRUN��EXW�VRPH�DUH�KDUGHU�
WR�TXDQWLI\���%\�DWWHPSWLQJ�WR�FROODWH�DV�PXFK�GDWD�
DV� SRVVLEOH�� KRZHYHU�� LW� LV� WR� EH� KRSHG� WKDW� WKHVH�
ELDVHV�FDQ�EH�PLQLPLVHG�DV�PXFK�DV�LV�IHDVLEOH�

7KHUH�LV�QRZ�DQ�LPPHQVH�DQG�HYHU�LQFUHDVLQJ�
DPRXQW� RI� DUFKDHRORJLFDO� GDWD� LQ� H[LVWHQFH��
HVSHFLDOO\� IRU� ZHVWHUQ� (XURSH�� � 7KLV� SURYLGHV� D�
EULOOLDQW�RSSRUWXQLW\�IRU�SURGXFLQJ�QHZ�VWXGLHV�RYHU�
ORQJ� SHULRGV� RI� WLPH� DQG� EURDG� VZDWKHV� RI� VSDFH��
ZLWK� PRGHUQ� FRPSXWHULVHG� WRROV� SURYLGLQJ� WKH�
PHDQV�E\�ZKLFK�ZH�FDQ�EULQJ�WKLV�YDVW�PXOWLSOLFLW\�
RI�GDWD� WRJHWKHU�ZLWKLQ�DQ�DQDO\WLFDO� HQYLURQPHQW���
+RZHYHU��ZKHQ�FRPELQLQJ�D�ODUJH�YDULHW\�RI�VL]DEOH�
GDWDVHWV�LQ�WKLV�ZD\��WKHUH�DUH�LQHYLWDEOH�GL̇FXOWLHV�
RYHU� GXSOLFDWLRQ�� � ,W� LV� QRW� IHDVLEOH� WR� WHVW� IRU�
WKLV� PDQXDOO\� DQG� DXWRPDWHG� PHWKRGV� DUH�� WKXV��
HVVHQWLDO���2QH�PHWKRG��DV�RXWOLQHG�LQ�WKLV�SDSHU��LV�
WR�WHVW�IRU�GXSOLFDWLRQ�EDVHG�XSRQ�VSDWLDO�SUR[LPLW\�

7KLV� FDQ�EH�GRQH� IDLUO\� VLPSO\�E\�DSSO\LQJ�D�
WHVVHOODWLRQ� RI� JULG� VTXDUHV�� DQG� WKURXJK� WKH� XVH�
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RI� VWDQGDUG� *,6� WRROV� DQG� VRPH� EHVSRNH� VFULSWV���
7KH� PHWKRGRORJ\� KDV� EHHQ� SURYHQ� WR� ZRUN� DQG�
FDQ� SURGXFH� LQWHUHVWLQJ� UHVXOWV� ZKHQ� XVHG� WR�
V\QWKHVLVH� DQG� LQWHUSUHW� DUFKDHRORJLFDO� GDWD�� � 7KH�
PRVW� LPSRUWDQW� HOHPHQW� RI� WKLV� LV� WR� GH¿QH� D� JULG�
VTXDUH� WHVVHOODWLRQ� RI� DQ� DSSURSULDWH� UHVROXWLRQ�
WR� WKH� VSDWLDO� VFDOH� RI� DQDO\VLV� WR� EH� XQGHUWDNHQ���
%RWK�WKH�PDLQ�DGYDQWDJH�DQG�PDLQ�GL̇FXOW\�RI�WKH�
DSSURDFK�OLHV�LQ�LWV�VLPSOL¿FDWLRQ�RI�FRPSOH[�LQSXW�
GDWD�� �+RZHYHU�� VR� ORQJ�DV� WKLV� LV�QRW� WDNHQ� WR� WKH�
H[WUHPH�RI�RYHUVLPSOL¿FDWLRQ��SDLQWLQJ�DUFKDHRORJ\�
ZLWK�D�EURDG�EUXVK�KDV� WKH�SRWHQWLDO� WR�SURGXFH�D�
FRPSHOOLQJ�SLFWXUH�RI�FRQWLQXLW\�DQG�FKDQJH�LQ�WKH�
SDVW�
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1. Background

In 2007 the European Parliament published 
Directive 2007/2/EC establishing an Infrastructure 
for Spatial Information in the European Community 
�,163,5(�� LQ� WKH� ṘFLDO� -RXUQDO� RI� WKH�(XURSHDQ�
Union (European Communities 2007). The 
Directive covers 34 Spatial Data themes, grouped 
in three Annexes, including the Protected Sites 
theme in Annex I. which covers aspects of the 
historic environment. The INSPIRE Directive was 
adopted as a Statutory Instrument by both the 
United Kingdom and Scottish Parliaments in 2009 
with a view to developing the metadata, Web Map 
and Web Feature Services, to an agreed timetable, 
over the next decade. The Scottish Government and 
Geographic Information community in Scotland 
both recognise that although the mandated datasets 
are helpful in focusing attention on priorities within 
the context of creating a Scottish Spatial Data 
,QIUDVWUXFWXUH�DQG�GHOLYHULQJ�ḢFLHQFLHV�DFURVV�DOO�
tiers of Scottish Government, the INSPIRE Directive 
should be seen very much as a catalyst rather than 
a checklist.

2. Adopting INSPIRE

There are two principal drivers for 
Corresponding author: peter.mckeague@rcahms.gov.uk

implementing INSPIRE. The legislative approach 
compels organisations responsible for mandated 
datasets to publish datasets. However, there are also 
more informal thematic approaches, where there is 
a will and a wish to share information for use by the 
wider community. 

2.1 INSPIRE implementation in Scotland

In 2004 the then Scottish Executive, in 
association with the Association for Geographic 
Information (Scotland), published One Scotland, 
One Geography; a Geographic Information Strategy 
for Scotland (Scottish Government 2005). If One 
Scotland, One Geography established a vision for 
sharing spatial information across the public sector 
in Scotland, adoption of the INSPIRE Directive 
by the Scottish Parliament (Scottish Government 
2009) provides a legal mandate for delivering that 
vision. To date, a metadata service, the Scottish SDI 
Discovery Catalogue, using Geonetwork Opensource, 
has been established (Edina 2011) and guidance 
‘Cookbook 1: How to serve a Scottish SDI and 
,163,5(�FRPSOLDQW�:06¶��'X̆\�������SXEOLVKHG���
Work on a further cookbook for publishing WFS 
is in preparation.  Collaborative Public Sector 
agreements with vendors of core geographies 
(aerial photography suppliers and Britain’s national 
mapping agency, the Ordnance Survey) provide 
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access to key spatial reference datasets have been 
established. A Spatial Information Board has been 
set up to provide governance and identify and 
encourage the publication of relevant datasets. 
However it has been up to the owners of individual 
datasets to deliver the data they are responsible for. 

2.2 The marine environment 

If implementation of INSPIRE in Scotland 
is driven through the legislative process, spatial 
information about the marine environment is 
coordinated through the Marine Environment Data 
Information Network (MEDIN) who host a Data 
Discovery Portal (Oceannet 2012) incorporating 
UKLocation, INSPIRE and Gemini 2.1 metadata 
standards. In contrast to the Scottish SDI, which, 
to date, has published formally curated datasets, 
such as protected places, mostly maintained by 
public bodies the MEDIN recognises that many of 
the primary data creators are from industry and that 
new information is created on a regular basis. The 
less formal approach includes signposting many 
more digital resources than those published as 
WMS or WFS. 

3. Historic Environment Eecord in Scotland

In Scotland a number of public agencies 
hold information relevant to the management 
of the historic environment.  Historic Scotland 
is responsible for the designation of statutory 
information, whilst the Royal Commission on the 
Ancient and Historical Monuments of Scotland 
(RCAHMS) maintains the national inventory, 
and associated archival collections, of Scotland’s 
archaeological, built and maritime heritage. Sixteen 
local authority services also maintain Historic 
Environment Records (HERs) / Sites and Monument 
Records (SMRs) either independently or as part of 
the Specialist User Recording Environment (SURE) 
LQ� SDUWQHUVKLS� ZLWK� 5&$+06� �+DPLOWRQ�� -RQHV�
and McKeague 2013). Two major landowners, The 
Forestry Commission (Scotland) and The National 
Trust for Scotland, also maintain records for 
management of their respective estates (the latter 
DV�685(�SDUWQHUV��+DPLOWRQ��-RQHV�DQG�0F.HDJXH�
2013)). As well as informing the policies and 
working practices of each organisation, information, 
curated on behalf of the Scottish public, is essential 
for the stewardship and management of the historic 

environment as well as stimulating research and 
more general interest in that resource. Historic 
Scotland, RCAHMS and a number of local authority 
services have each developed WMS and WFS for 
their internal business use, including presentation 
on web-GIS portals (McKeague 2011).

Although information is accessed by a range 
of users including professional and academic 
archaeologists, environmental researchers, land 
managers and the public, in terms of INSPIRE, 
RQO\�WKRVH�GDWDVHWV�GH¿QLQJ�VWDWXWRU\�GHVLJQDWLRQV��
including scheduled monuments, Listed Buildings, 
Gardens and Designed Landscapes and the Register 
RI�%DWWOH¿HOGV��DOO�PDLQWDLQHG�E\�+LVWRULF�6FRWODQG��
are unequivocally covered by the strict interpretation 
of the Annex I Protected Site theme.  Metadata and 
the WMS addresses for these datasets are published 
on the Scottish SDI Discovery metadata portal. For 
other datasets, there is no immediate requirement 
to publish data and it is likely that most Historic 
Environment record datasets will be released only as 
part of the Annex III Area Management/Restriction 
Reporting Zones/Reporting Units theme.

The arguments for adopting a more expansive 
interpretation of the Protected Sites theme have 
been explored elsewhere (McKeague, Corns and 
Shaw 2012) but within the context of One Scotland, 
One Geography and contributing to the Scottish 
Government vision for a Scottish SDI there should be 
no debate. Retaining information in silos may form 
a short term coping strategy for spatial information 
but as the SDI evolves, organisations must publish if 
they wish their information to remain relevant.

3.1. RCAHMS contribution towards the Scottish 
Spatial Data Infrastructure

RCAHMS recognises the need to and value 
in sharing the information it curates on behalf 
of the Scottish public with partner organisations 
DQG� WKH� ZLGHU� FRPPXQLW\� IRU� WKH� EHQH¿W� RI� WKH�
promotion and appreciation of Scotland’s heritage. 
Through Future RCAHMS (RCAHMS 2010), the 
business plan for 2010-2015, RCAHMS recognises 
the need to widen digital access to information 
on Scotland’s places, making it more interactive 
and an integral part of the burgeoning world-wide 
network of cultural heritage data. Publication in 
line with emerging Spatial Data Infrastructures 
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helps meet that objective.  Although the majority of 
records in Canmore (http://canmore.rcahms.gov.
uk/), the national inventory of the archaeological 
and built heritage of Scotland and its maritime 
waters, do not reference sites  protected through 
statutory designation, RCAHMS has argued that the 
information it curates is relevant to and should be 
considered alongside INSPIRE Annex I Protected 
Places theme. To date RCAHMS has released a 
point-based WMS of the National Inventory with a 
further WMS for a sub-set of information: maritime 
losses. The maritime losses WMS comprises 
separate layers for known wreck sites, documented 
losses (or casualties) and obstructions. At the time 
of writing, release of a further WMS publishing the 
results of the ongoing aerial photographic mapping 
programme is imminent. The WMS comprises 
two layers. An interpretative layer maps the 
archaeological landscape revealed as cropmarks on 
oblique and vertical aerial photography. As part of 
WKH�WUDQVFULSWLRQ�SURFHVV��XVLQJ�-RKQ�+DLJK¶V�$HULDO�
6.0 software the source imagery is scanned and geo-
referenced and presented as a screen-resolution 
mosaic complementing the interpretative data.  Most 
of the photographs, informing the transcription 
process are from RCAHMS Collections but for a 
minority the copyright of the original material rests 
elsewhere.  Resolution of copyright issues relating to 
third party material are partly delaying publication 
of the WMS.  In turn, there are also concerns 
within RCAHMS about the commercial re-use and 
exploitation of information published through 
WMS, and particularly WFS, and issues of licencing 
need to be addressed.

It is a natural progression to assume that 
remote sensing data, or excavation data, could be 
similarly supplied as a WMS. However, in contrast to 
the aerial survey mapping programme undertaken 
by RCAHMS, remote sensing surveys and 
excavations are carried out by a range of commercial 
DQG�UHVHDUFK�LQVWLWXWLRQV��JDWKHULQJ�GDWD�IRU�VSHFL¿F�
purpose.  Although some organisations such as 
Wessex Archaeology have the ability and vision to 
create an SDI for their data (Cripps this volume) it 
is beyond the realm and expertise of many smaller 
organisations and researchers to publish their 
own data in WMS and WFS formats. As a national 
inventory and archive, RCAHMS sees a need for 
coordinating data from third parties to create 
collaborative datasets. 

3.2 Meeting a public need

Promoting the undesignated heritage of 
Scotland through INSPIRE raises a number of 
questions over the appropriateness of applying 
VSHFL¿FDWLRQV�IRU�UHJXODWRU\�HQYLURQPHQWDO�GDWD�WR�
the wider cultural heritage and how information, 
so published, can be understood and used 
remotely by non-specialists. Most archaeological 
GDWD� LV� LOO�GH¿QHG� DQG� LQFRPSOHWH�� :RXOG� WKRVH�
accessing data remotely necessarily understand the 
incompleteness, bias and variability of the record in 
FRQWUDVW�WR�WKH�¿[HG�ERXQGDULHV�RI�PRVW�GHVLJQDWHG�
datasets? Does the information published under 
INSPIRE meet both non-specialist and specialist 
audiences – or are separate services required? 

The initial release of the RCAHMS point 
GDWD�DV�D�:06�UHÀHFWV�WKH�LQWHUHVWV�RI�WKH�KHULWDJH�
professional.  Yet in publishing the WMS we cannot 
anticipate the knowledge and understanding to 
those accessing that information. As a profession 
we need to give more consideration to end-users 
unfamiliar with the nuances of archaeological 
terminologies and interpretation and how they 
engage with the information so published. To 
the non-specialist user, such as a land manager, 
the form of, or evidence for a monument may be 
PRUH� PHDQLQJIXO� WKDQ� D� GHWDLOHG� FODVVL¿FDWLRQ� RI�
a monument. In order to provide stewardship for 
the archaeological resource, users need to know if a 
site is upstanding, a cropmark, or known only form 
documentary reference, but not necessarily that the 
site is a burnt mound, cursus or a fort. 

One of the issues in releasing Canmore point 
data is that the points identify the presence of a site 
yet leaves the user uncertain of the site’s extent. This 
QHHG� LV�QRZ�EHLQJ�DGGUHVVHG� WKURXJK�WKH�'H¿QLQJ�
Scotland’s Places project.

���� 'H¿QLQJ� 6FRWODQG¶V� 3ODFHV�� D� FDVH� VWXG\� LQ�
mapping area extents.

From the earliest days of recording at 
5&$+06�� GH¿QLQJ� WKH� H[WHQW� RI� PRQXPHQWV� LQ�
the landscape has been a fundamental part of the 
recording process. Originally mapped by drawing 
directly on 1:10,000 Ordnance Survey quarter 
sheets the manual update of what are known as 
the Record Sheets continued until the late 1990s 
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when integration of the RCAHMS architectural 
records into the database rendered this process 
impractical for urban areas. With the advent of 
digital systems and RCAHMS’ policy of sharing data 
with Local Authority HER/SMR curators a number 
of local digital maps have been developed by and 
for specialist heritage users. However, heritage is 
embedded in planning through guidance including 
PAN 2/2011: Planning and Archaeology (Scottish 
Government 2011). Heritage is also a key concern 
in land management legislation, (Historic Scotland 
������DV�ZHOO�DV�EHLQJ�D�VLJQL¿FDQW�GUDZ�IRU�WRXULVWV�
(HEACS 2009), meaning that a large, non specialist, 
audience has developed with an interest in knowing 
what heritage sites exist and how far they extend.

Since 1998, the public have been able to access 
information curated by RCAHMS online, with the 
ability to view site locations, as points, on a map 
¿UVW�DGGHG�LQ�������%XW��SRLQW�GDWD�LV�OLPLWLQJ��)RU�
example, grid references may be accurate but not 
precise, meaning that records may plot in what 
seems to be the wrong place. Another example is 
a monument that is very large or very long, where 
a single point may be easily missed or even seen 
to be misleading. The next phase is, therefore, to 
reconnect the mapping (Fig. 1).

.QRZQ� DV� 'H¿QLQJ� 6FRWODQG¶V� 3ODFHV� �'63���
the project began by working with the sector 
(RCAHMS, Historic Scotland, ALGAO Scotland and 
WKH� 605� )RUXP�� WR� GH¿QH� ZKDW�PDSSLQJ� DOUHDG\�
existed, who the audience was, and what their needs 
are (Casey 2009, Middleton 2009 a and b).  One 
of the most important outcomes of this work was 
WR�FODULI\�DQG�GH¿QH�ZKDW�WKH�GL̆HUHQW�SDUWV�RI�WKH�
sector were mapping (Table 1). 

These results were used in combination with 
the obligations imposed by INSPIRE and MIDAS 
Heritage data standards (English Heritage 2007) 
to develop a set of polygon standards for Scotland 
(Middleton 2010).

$�VLJQL¿FDQW�REVHUYDWLRQ�ZDV�WKDW�WKHUH�LV�QR�
nationwide map, made to a common standard, of 

Organisation Historic Scotland Local Authorities RCAHMS

What are they mapping? Designation The Potential The Known

Mapping class Constraint Mapping Trigger Mapping Inventory Mapping

Table 1. Scotland’s historic environment curatorial sector and what they map.

known extents available for the non specialist user. 
This is important as it means the known historic 
environment cannot be fully protected. Legislation 
cannot reference a map based data set that will 
deliver the same level of information to all; grants 
giving organisations will not use a data set unless it 
LV�QDWLRQDOO\�FRQVLVWHQW�±�D�IDLU�SOD\LQJ�¿HOG�IRU�DOO���
and, planners, farmers and land managers remain 
uninformed to what is on their land as existing 
mapping is seen as needing specialist interpretation 
and is therefore not meaningfully promoted.

7KH�DLP�RI�WKH�'63�SURMHFW�LV�WKHUHIRUH�WR�¿OO�
this gap by producing a nationally consistent map 
to a common standard (Middleton Forthcoming) 
ZLWK� VẊFLHQW� DWWULEXWLRQ� WR� PHHW� GDWD� VWDQGDUGV�

Figure 1.  Mapping area extents makes the data 
immediately more understandable to all users.
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and to be meaningful to the non-specialist user. We 
refer to it as a discovery layer with attribution giving 
the user information on who, what, where, why and 
when.

• Who: Who to contact if more information is 
needed and hyperlinks to online data

• What: What the monument is.

• Where: Where the shape came from – the source 
– and where it is on the ground.

• Why: Why it is of interest.

• When: When the mapped shape was created/
updated.

RCAHMS already holds much of this 
information in the database or in the form of 
paper maps. But, instead of scanning these maps, 
RCAHMS has developed a process to review all on-
screen data to produce a much more authoritative 
product and one that takes advantage of existing 
data (Fig. 2).

The process includes a review of every record 
DQG� WKH� XVH� RI� RQ�VFUHHQ� RUWKR�UHFWL¿HG� DHULDO�

photography, historic maps, survey data and the 
reuse of existing digital mapping, where available, to 
produce the most appropriate area extents. To date 
the pilot project has mapped approximately 10% 
of the 300,000 records in Canmore and by April 
2013, following a yearlong partnership project with 
the Forestry Commission Scotland, we anticipate 
having mapped a total of 20%. RCAHMS has also 
adopted the methodology for all ongoing project 
work so that new data collected by RCAHMS is 
mapped and included in the DSP map as a matter 
of course. A DSP Web Map Service is planned for 
release in 2013.

The value of this work is already obvious and 
examples are many: empty highland landscapes 
which were previously covered with a ‘measles’ of 
point data are now maps of highland clearance and 
upland prehistoric landscapes: the green spaces of 
modern Erskine show clearly as surviving fragments 
of a now lost designed landscape (Fig. 3); gaps in the 
Scottish Roman road system shout out as potential 
areas for new research; sites previously ignored 
because point density in survey areas gave the 
impression they were already recorded, now clearly 
stand out as new to the record and lost canals, shown 
on modern maps as drains, regain their connection 
with our industrial past. 

Figure 2��7KH�UHFRUG�UHYLHZ�DQG�PDSSLQJ�SURFHVV�DGRSWHG�E\�WKH�'H¿QLQJ�6FRWODQG¶V�3ODFHV�SURMHFW��6LPSOH�SRLQWV�
DUH�WUDQVIRUPHG�WR�UHÀHFW�WKH�VSDWLDO�H[WHQWV�RI�WKH�PRQXPHQWV�WKH\�UHSUHVHQW��%DVH�PDS��&��&URZQ�&RS\ULJKW�DQG�
database right 2012. All rights reserved. Ordnance Survey Licence number 100020548.
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Locally every area extent is an improvement 
RQ� WKH�SRLQW� GDWD��%XW� WKH�PRVW� LPSRUWDQW� EHQH¿W�
is that the data is nationally consistent, produced 
to a standardised template with a core set of 
attributes that provide all users with basic discovery 
information on who, what, why, where and when; 
empowering them to make decisions based on their 
needs and giving them the detail on who they need 
to contact if they need more information.

4. Summary

Access to spatial information is changing. 
Through the development of Spatial Data 
Infrastructures, organisations are releasing their 
information for remote consumption.  To remain 
relevant, information about the historic environment 
needs to be visible, compatible and understandable 
to those using it. If it is to be considered alongside 
ecological and bio-diversity data, information about 
WKH� KLVWRULF� HQYLURQPHQW� PXVW� EH� ¿W� IRU� SXUSRVH��
conform to standards and be nationally consistent. 
Information released must consider the end-user 
and how they view and understand information 
they are unfamiliar with.  Building on the release of 
a point dataset for the national inventory, RCAHMS 
is now developing data focused on the end user. 
'H¿QLQJ�6FRWODQG¶V�3ODFHV�LV�D�GDWDVHW�WKDW�DLPV�WR�
respond to user needs by mapping known extents 
complemented by user focused attribution. Yet 
WKHVH�DUH�MXVW�WKH�¿UVW�VWHSV��$�ORQJ�YLHZ�LV�UHTXLUHG��
for next we must look at data capture by those that 
deposit with RCAHMS and look to how deposition 
of data can feed into the next generation SDI.
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1. Introduction

SEAD, the Strategic Environmental 
Archaeology Database, is an open access archive for 
environmental archaeology and Quaternary science 
data. It aims to provide easy access to the raw data 
from a variety of investigation types where, primarily, 
biological or physical proxy data have been used to 
study the past. As an environmental archaeology 
database, the focus naturally leans towards the 
human and cultural aspects of prehistory, but the 
“natural”, Quaternary science, background data 
essential in the interpretation of these phenomena 
are considered fundamental to the long-term 
usefulness of the system. Modern calibration and 
environmental survey data (e.g. insect pitfall traps, 
vegetation surveys) are also within the scope of 
the system. These are limited in number at the 
moment, but are scheduled to play an increasingly 
more important role in quantitative landscape and 
archaeological reconstructions, as science demands 
more empirically supported interpretations. This 
paper discusses a number of data ingestion and 
archiving related aspects of the project, the initial 
development phase of which runs from 2008 to 
2013. It is hoped that the information here will 
Corresponding author: phil.buckland@arke.umu.se

prove useful to those considering undertaking 
similar ventures, or considering entering their own 
data into an existing archive such as SEAD. Readers 
interested in more applied aspects of the project are 
kindly directed towards Buckland et al. 2010.

2. Project Outline

The primary objective of SEAD is to provide 
a research infrastructure for environmental 
archaeology and palaeoenvironmental science. 
6SHFL¿FDOO\�� V\VWHPV� DQG� SDWKZD\V� IRU� ��� GDWD�
collation, storage and management; 2) integration, 
access and dissemination; 3) analysis and 
visualisation and 4) networking and support. 
These aims are to be achieved through the long-
WHUP�¿QDQFLQJ�RI�D�VWDEOH�UHVRXUFH�EDVHG�RQ�H[SHUW�
domain science and technology. SEAD is a bottom 
up, research driven project, in that it originates 
from an expressed need from primary researchers 
and is designed and implemented by the same, 
in collaboration with technology experts. An 
appreciation of the need for large scale databases 
is essentially nothing new (e.g. Maurer et al. 
2000; see earlier CAA volumes for archaeological 
examples), and the SEAD initiative stems from 
the Environmental Archaeology Lab’s observation 
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that the large amount of raw data accumulating 
its archives (paper and digital) were no longer 
manageable without a systematic data storage 
and management system. In common with much 
archaeological research and consultancy data, 
these data are also largely the results of publicly 
funded projects, and as such subject to open access 
requirements. An online database system is the ideal 
solution for public dissemination of digital data, and 
with the addition of data-entry and quality control 
systems can provide a trusted resource for archiving 
research data. 

Whilst these are worthy goals, the SEAD 
team believe that the addition of advanced data 
interrogation and analysis tools are essential if we 
are to realise the vision of transdisciplinary science, 
especially with respect to the use of data from 
multiple institutions, regions and disciplines. These 
tools may not only save research users time when 
aggregating sample data from multiple sites, over 
multiple chronologies, or synthesising habitat data 
for species, but also inspire and empower them to 
interrogate or analyse the data in new ways. The 
WHDP�¿UPO\�EHOLHYH� WKDW� EUHDNWKURXJK� VFLHQFH�ZLOO�
be enabled by systems such as SEAD.

2.1 Project organisation

The database and associated software is a 
cooperative venture between the Environmental 
Archaeology Lab. (http://www.idesam.umu.se/

english/mal/) and HUMlab (http://www.humlab.
umu.se/english/) at Umeå University, Sweden. It 
is funded by the Swedish Research Council, with 
co-funding from the Department of Historical, 
Philosophical & Religious Studies at Umeå 
University. Closely related research and development 
projects have been funded by Umeå University 
Faculty of Arts, and systems analysis and data entry 
of ceramics and dendrochronological data have 
been funded by the Nation Laboratories for Ceramic 
Research and Dendrochronology respectively at 
Lund University, Sweden (Figs 1 and 3). The project 
is advised by national and international reference 
groups, and close collaboration with the Neotoma 
Palaeoecology database ensures the optimal use of 
funds, by sharing ideas, software tools and data. As 
well as being an open access database, the project 
is run on open development principles, in that 
those interested in collaborating, both in terms of 
software development and data entry, are actively 
encouraged. 

2.2 Data collation, storage and management

Data are entered into SEAD through a 
downloadable software application which includes 
an internal copy of the database (see http://www.
sead.se for download). This copy can be synchronised 
with the online master at any time to provide local 
access to the latest datasets, and thus ensure that 
newly entered data can be analysed with respect 
to the latest data before publication. Users may of 
course wish to analyse their data with respect to a 
snapshot of the database, providing a stable base 
IRU� TXDQWL¿FDWLRQ��2QFH� UHDG\� IRU� SXEOLFDWLRQ�� WKH�
data can be submitted to the SEAD clearing house 
�RQH�RU�PRUH�H[SHUWV�LQ�WKH�UHOHYDQW�¿HOG��IRU�TXDOLW\�
control (Fig. 1). This includes an assessment of the 
completeness of the data, with special attention 
being paid to the often neglected meta- and spatial 
location data, and a dialog with the submitter for 
any potentially inconsistent or extreme values. As 
archaeology is a science where it is most often the 
anomalies that are interesting, expert knowledge 
LV� HVVHQWLDO� IRU� GL̆HUHQWLDWLQJ� XQXVXDO� GDWD� IURP�
errors.

2.3 Transparency

A fundamental concept in the SEAD project is 
that of data and analysis transparency; that research 

Figure 1. SEAD project structure and overview data 
ÀRZ� PRGHO�� 'HYHORSPHQW� LV� OHG� E\� WKH� (QYLURQPHQWDO�
$UFKDHRORJ\�/DE��0$/���LQ�FROODERUDWLRQ�ZLWK�+80ODE��
ZKR� LQ� WXUQ� UXQ� WKH� ZHE� VHUYHU�� 'DWD� VXEPLWWHG� E\�
SDUWQHUV�DQG�XVHUV�DUH�YHWWHG�E\�WKH�FOHDULQJ�KRXVH�EHIRUH�
publication in the public database.
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results and interpretations should be traceable to 
the raw data underpinning them and that methods 
should be thoroughly described and reproducible. All 
GDWDVHWV�DUH�XQLTXHO\�LGHQWL¿HG��'2,�LV�VXSSRUWHG��
but has yet to be implemented), permanent and 
version logged. The user can identify exactly which 
data were used to undertake an analysis, even 
when the datasets used have been subsequently 
revised. This also facilitates the retesting of earlier 
hypotheses with updated data, and the online 
interface supports saved viewstates which can be 
used to save, share and retrace analysis pathways. 
Datasets and selected metadata are linked to an 
internal bibliography, and the system is capable of 
providing citations at multiple levels, so that the 
nature of the publication’s content can be assessed 
(e.g. publication of primary data; reanalysis of 
existing data; summary site interpretations). Virtual 
constituent databases (or master datasets) are used 
to help retain the identity of datasets ingested from 
other sources, or projects wishing to maintain their 
LQGLYLGXDO�SUR¿OHV��ZKLOVW�WDNLQJ�DGYDQWDJH�RI�DFFHVV�
to the larger archive and analysis system, without the 
substantial costs involved in creating and managing 
it.

Transparency is also essential in connection 
with the storage of modern reference data. At 
the time of writing, this includes mainly insect 
ecology, distribution and climate data from the 
BugsCEP database (Buckland & Buckland 2006), 
but the aim is to expand the database, either 
internally or through linking, to cover other proxies 
DQG� ¿HOGV� VXFK� DV� ERWDQ\� DQG� HWKQRJUDSK\�� 7KH�
methodology of environmental reconstruction, 
and the interpretation of archaeological deposits, 
ranges from subjective descriptions, based on the 
expert knowledge of an individual researcher, to 
FRPSOH[� PDWKHPDWLFDO� PRGHOV� ZKLFK� DUH� GL̇FXOW�
to understand for those without expert knowledge. 
Giving users access to the raw source data allows 
them to see where interpretations come from and 
even assess the viability of reconstructions based 
on their understanding of the models and the 
description of the methods (Fig. 2).

2.4 System and database structure

SEAD is built around a PostgreSQL relational 
GDWDEDVH��ZLWK�RQOLQH�DQG�R̈LQH�FRPSRQHQWV�ZULWWHQ�
in Java, Javascipt and PHP. The highly normalised 

relational model, though perhaps not the most 
ÀH[LEOH�V\VWHP��ZKHQ�FRPSDUHG�WR�REMHFW�RULHQWDWHG�
or more abstracting database models), provides a 
OHYHO�RI�GHWDLO�DQG�DQDO\WLFDO�SRZHU�GL̇FXOW�WR�UHDOLVH�
through more abstract models without a more 
considerable programming overhead. The structure 
is extensible, in that data tables are able to accept 
any form of continuous, discrete or categorised 
values or measurements and that any type of sample 
or feature metadata can be included. The entry of 
metadata types is regulated by the clearing house to 
prevent duplication or ambiguity. As the database 
implements a standard minimum divisible unit, 
that of a single analysis of a single sample, further 
tables can easily be added in order to extend the 
scope into the territory of new data forms, such as 
spectroscopic data, or linked to external databases. 
The potential for linking to external databases is 
also facilitated by permitting the storage of multiple 
LGHQWL¿HUV� IRU� REMHFWV� FRPPRQ� WR� DUFKDHRORJLFDO�
research (e.g. sites, features, contexts, samples etc.). 
This means that the same sample can be referred to 
E\�ODE�QXPEHU��PXVHXP�QXPEHU�RU�¿HOG�QXPEHU�DV�
appropriate. 

The database stores comprehensive details 
and references for all methods (e.g. proxy analysis 
methods, pre-treatments, measurements, coordinate 
systems, processing methods), and care is taken to 
assign method descriptions to any area of metadata 
ZKLFK� ZRXOG� UHTXLUH� D� TXDOL¿HG� GHVFULSWLRQ� IRU�
quality assurance. Methods may also be grouped, 
allowing for multiple methods for each analysis 
W\SH��VXFK�DV�WKH�XVH�RI�GL̆HUHQW�SKRWRVSHFWURPHWHUV�

Figure 2�� 6FKHPDWLF� RI� WUDQVSDUHQW� GDWDEDVH�VRIWZDUH�
EDVHG� XVH� RI� 6($'�� VKRZLQJ� WKH� ÀRZ� RI� GDWD� �OLJKW�
DUURZV��DQG�WUDQVSDUHQF\�RI�SURFHVV��GDUN�DUURZV��IURP�
PRGHOV�WR�UHVXOWV��DQG�YLFH�YHUVD�
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in phosphate measurement. Whilst the details of 
many methods may be considered irrelevant for 
many users, they are essential for the assessment of 
GL̆HUHQW�PHWKRGV��DQG�SURYLGLQJ�EDFNJURXQG�GDWD�
for improving existing and developing new methods. 
The system is also capable of recording uncertainty 
values where relevant and available. To paraphrase 
an anonymous attendee of another conference, “true 
transparency, is not achieved by providing the data, 
but by providing enough information to enable the 
assessment of the quality of the data”. 

The latest database design, modelled using 
0LFUR2ODS� �KWWS���ZZZ�PLFURRODS�FRP���� FDQ� EH�
found on the project website at http://www.sead.
se/database/.

2.5 Data scope

Whilst SEAD’s structure technically allows it 
to cover an essentially unlimited scope of methods 
in environmental archaeology, the current scope 
RI� WKH� SURMHFW� �7DEOH� ��� LV� FRQ¿QHG� E\� LWV� EXGJHW��
This is in no way an indication of future limits, 
integration of the ceramics and dendrochronological 
FRPSRQHQWV� KDYLQJ� EHJXQ� DIWHU� WKH� SURMHFW¶V� ¿UVW�
WKUHH�\HDUV��2WKHU�ODERUDWRULHV�DQG�UHVHDUFK�JURXSV�
are actively encouraged to contact the SEAD team 
with respect to further expanding the scope of 
the database and analysis tools. In the long term, 
large scale, sustainable and queryable research 
archives can only be realised through community 
based data entry and development. The project is 
particularly interested in integrating archaeological 
and Quaternary science data, the latter dominated 
by studies of “natural” environmental change not 
directly related to archaeological investigations, 
and more often than not conducted from the point 
of view of the natural sciences. As well as being 
interesting in their own right, these studies provide 
data and information essential for the study of 
past human activities, not only in terms of the 
background climate and environment, but also for 
describing the immediate history and surroundings 
of archaeological sites.

SEAD has no chronological limits, meaning 
not only that any fossil data may be entered, but 
also any modern data. Currently, this extends 
only to insect survey data, which will be used as 
proof of concept for the integration of fossil and 

modern data, building on work undertaken in the 
Bugs database project (Buckland 2007). This will 
LPSURYH� WKH� ḢFLHQF\�ZLWK�ZKLFK� UHVHDUFKHUV� FDQ�
interpret sites, but also opens up possibilities for 
UH¿QLQJ� SDODHRHQYLURQPHQWDO� UHFRQVWUXFWLRQV��
With time, similar data will be added for plants 
and geoarchaeology in order to build up a powerful 
reference database. Similar projects are well 
established for landscape reconstruction through 
pollen (Mitchell 2011), although they are not yet 
represented by integrated databases. 

2.6 Geographical scope

The majority of data currently included in 
6($'¶V�GDWD�HQWU\�VFKHGXOH�DUH�(XURSHDQ��UHÀHFWLQJ�
the research scope and history of the labs involved 
in the initial development. Figure 3 shows the 
contribution of each of the data sources to the current 

Figure 3. Four maps showing the geographical location 
RI� VLWHV� FXUUHQWO\� EHLQJ� LQJHVWHG� LQWR� 6($'�� 7KH�ZKLWH�
SRLQWV� LQ� HDFK� PDS� LQGLFDWH� WKH� VLWHV� RULJLQDWLQJ� IURP�
RQH�RI� WKH� LQLWLDO� IRXU�PDVWHU�GDWDVHWV��D��%XJV&(3��E��
(QYLURQPHQWDO� $UFKDHRORJ\� /DE�� 8PHn�� F�� 1DWLRQDO�
/DERUDWRU\�IRU�&HUDPLF�5HVHDUFK��/XQG��DQG�G��1DWLRQDO�
/DERUDWRU\� IRU� 'HQGURFKURQRORJ\�� /XQG� �6PnODQG� WHVW�
GDWD���1RWH�WKDW�FRRUGLQDWH�HUURUV�PD\�VWLOO�EH�SUHVHQW�DV�
DOO�WKH�GDWD�KDYH�\HW�WR�EH�FKHFNHG�
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Proxy data sources

Biological proxies Raw counts of insects/arthropods, plant macrofossils, pollen, molluscs

Geoarchaeology Soil chemistry (pH, phosphates) and physical properties (conductivity, organic content, colour)

Ceramics
7KLQ�VHFWLRQ�TXDQWL¿FDWLRQ�DQG�SURSHUWLHV��H�J��WHPSHULQJ�PDWHULDO��LQFOXVLRQV��¿ULQJ�WHPSHUDWXUH��

vessel chara cteristics)

Dendrochronology
Dates and support data, tree species, building history, dated object description and location (e.g. 

church, west tower, third beam from roof)

Dating evidence

Scope
14C and other radiometric methods, dendrochronology, archaeological typology dates, period 

FODVVL¿FDWLRQV��FDOHQGDU�GDWHV�DQG�UDQJHV��WHSKUDV

Chronological extent Theoretically unlimited, but current range from 2.4 MyBP to present day.

Bibliographic data

References
May be linked to site, sample group, sample and dataset levels as well as to methods, ecological 

codes and more.

SGI�¿OHV For references where available and not restricted by copyright

Modern reference data

Abstracted text Insect habitats and distributions, abstracted from trusted sources, with citations

Coded descriptors or 
FODVVL¿FDWLRQV

Insect ecology, in-house system and Koch (1989-1992). Used for quantitative habitat 
reconstruction/visualisation (Buckland 2007)

Climate Beetle Mutual Climatic Range (MCR) temperature reference data

Location data

Coordinates
Three dimensional at site, sample group and sample levels (latitude, longitude, altitude and 
SURMHFW�VXUYH\�JULGV���&DSDFLW\�IRU�QDWLRQDO�JULG�EDVHG�VWRUDJH��6HH�VHFWLRQ�����DQG�¿JXUH���IRU�

current geographical extent

Depth
Multiple types of depth recorded as positive or negative numbers, e.g. depth from lake/soil 

surface, depth from datum line or reference level (especially useful for stratigraphic sequences)

Archaeological, geological and sampling data

Descriptive metadata
Site, feature and sample metadata to allow correlation between environmental and archaeology 
RU�OLWKRORJ\�GDWDVHWV��6DPSOH�QDPHV��H�J��¿HOG�ODEHO��ODE�QXPEHU��PXVHXP�QXPEHU���'HVFULSWLYH�

information for all objects

Sample dimensions
Capacity for multiple measurements (volume, size, weight) at multiple stages of analysis (initial 

sample, analysed subsample, residue etc.). Position in sample group

Images
Scans, photographs, plans etc. for multiple levels in the site hierarchy and reference data (e.g. 

seeds, insects)

Table 1��2XWOLQH�RI�WKH�LQLWLDO�GDWD�VFRSH�RI�6($'��$�IXOO�OLVW�RI�PHWDGDWD�ZLOO�EH�SURYLGHG�LQ�WKH�GDWDEDVH�GRFXPHQWDWLRQ�
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geographical scope of the database. At the time of 
writing, the dendrochronological data consists only 
of a small proof of concept digitalisation, roughly 
1.5 % of the Dendrochronology lab’s archived data 
(Meissner et al. 2012). 

3. Interfaces and Analysis Tools

The SEAD online interface, referred to as 
QSEAD after its aesthetic and technical origins in the 
QVIZ inter-archive project (www.qviz.eu; Palm 2008, 
2009), is based around a facetted browser system 
XVLQJ�VHOHFWDEOH��UHDUUDQJHDEOH�DQG�FDVFDGLQJ�¿OWHUV�
�)LJ������(DFK�¿OWHU�SDVVHV�LWV�UHVXOWV�WR�WKH�QH[W�RQH�
on the list, and can be rearranged should the logic of 
the research question require it. Figure 5 shows an 
example of the type of (palaeo)biogeographical and 
archaeological research which is made considerably 
easier by the system. The inclusion of relevant 
archaeobotanical and geological data in the system 
will increase the scope for such studies, both through 

the investigation of parallel lines of evidence and 
the capacity to undertake the synthetic analysis of 
multiple proxies.

The system is currently able to show results 
as a list of datasets in tabular form as well as on 
maps, and customisable reporting functions are in 
the pipeline. Data can be exported (csv, xml), as a 
composite dataset of aggregated samples where 
the query includes multiple sites. Later, the ability 
to transfer the same dataset to more advanced 
analysis functions within the online software will 
be provided. A climate reconstruction explorer 
is under development at the moment, which will 
allow the faunal implications of insect based climate 
reconstructions to be investigated, summary 
statistics generated, and the relative importance of 
species in an assemblage assessed. Further tools 
DUH� SODQQHG�� LQFOXGLQJ� PRUH� ÀH[LEOH� YHUVLRQV� RI�
the abundance and habitat diagrams and statistics 
provided in BugsCEP (see Buckland 2007), which 
can be applied to any data of appropriate type.

7KH� HQJLQH� EHKLQG� 46($'� LV� D� ÀH[LEOH��
semi-automated, abstracting query system based 
on a network graph of the database (Palm 2009). 
Whilst this works well for many queries and up to a 
certain level of database complexity, additional web 
services are under development to provide database 
subsets which can be chained together for more 

Figure 4�� 46($'�� WKH� RQOLQH� IDFHWWHG� EURZVHU� IRU� WKH�
6($'� GDWDEDVH�� )DFHWV� DUH� FODVVL¿HG� E\� WKHPH� DQG�
DFWLYDWHG�E\�FOLFNLQJ�RQ�WKHLU�QDPHV�DORQJ�WKH�WRS�RI�WKH�
VFUHHQ��6HOHFWHG�¿OWHUV�DSSHDU�RQ�WKH�OHIW��FROODSVLEOH�WR�
IRU� DQ� HDVLHU� RYHUYLHZ�� 5HFRUGV� PD\� EH� PXOWL�VHOHFWHG�
ZLWKLQ� HDFK� ¿OWHU�� WKH� UHVXOWV� FDVFDGLQJ� WR� VXEVHTXHQW�
¿OWHUV� DQG� WKH� UHVXOWV� GLVSOD\LQJ� DIWHU� D� VKRUW� GHOD\��
GHSHQGHQW�RQ�WKH�FRPSOH[LW\�RI�WKH�TXHU\�DQG�WKH�DPRXQW�
RI�GDWD�LQYROYHG��7KH�H[DPSOH�XVHV�*RRJOH�0DSV�WR�VKRZ�
WKH�ORFDWLRQ�RI�WKH�����VLWHV�ZKLFK�PDNH�XS�WKH�GDWDEDVHG�
IRVVLO�UHFRUG�RI�WKH�JUDLQ�ZHHYLO��6LWRSKLOXV�JUDQDULXV��/����
0DS� LPDJHU\� ������ 1$6$�� 7HUUD0HWULFV�� ,QVHFW� GDWD�
IURP�WKH�%XJV&(3�GDWDVHW��%XFNODQG�	�%XFNODQG�������
LQ�ZKLFK�FLWDWLRQV�IRU�RULJLQDO�VRXUFHV�FDQ�EH�IRXQG�

Figure 5�� $Q� H[DPSOH� UHVHDUFK� DSSOLFDWLRQ� RI� WKH�
UHVXOWV�H[SRUWHG�IURP�)LJXUH����7KH�VSUHDG�RI�SRLQWV�DQG�
GDWHV� VKRZV� WKH� VWDWH� RI� �GDWDEDVHG�� NQRZOHGJH� RQ� WKH�
SDODHRELRJHRJUDSK\�RI� WKH�VSHFLHV�DQG�KLJKOLJKWV�VRPH�
REYLRXV�JDSV��VXFK�DV�WKH�UHODWLYHO\�ODWH�GDWHV�IURP�*UHHFH�
and southern Scandinavia. Arrows show the probable 
VSUHDG�RI�WKH�JUDLQ�ZHHYLO�ZLWK�DJULFXOWXUH�DQG�WUDQVSRUW�
RI�VWRUH�SURGXFWV��6HH�3ODUUH��������DQG�UHIHUHQFHV�IRU�D�
PRUH�FRPSUHKHQVLYH�VWXG\�RI�WKH�VSHFLHV�
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complex queries. These services will also allow for 
easier integration with other databases and external 
software.

4. Data Entry and Ingestion

The four initial data sources are described 
EULHÀ\� EHORZ� ZLWK� UHVSHFW� WR� WKHLU� VFRSH�� TXDOLW\�
DQG�VSHFL¿F�SUREOHPV�UHODWLQJ�WR�WKHLU�LQJHVWLRQ��,Q�
SEAD terminology, these are referred to as master 
datasets, denoting their nature as virtual constituent 
databases. There is no limit to either the number 
of datasets stored under a master dataset or the 
volume and scope of its data. Although each of the 
master datasets are continually being added to, the 
import of legacy data is the main focus below.

4.1. The BugsCEP master dataset

BugsCEP is a downloadable, Microsoft Access 
and Visual Basic for Applications based insect 
ecology database and software package which 
contains the large part of the Quaternary fossil 
insect record (http://www.bugscep.com, Buckland 
& Buckland 2006; Buckland 2007). It contains over 
�����VLWHV��)LJ���D���PRVW�RI�ZKLFK�LQFOXGH�TXDQWL¿HG�
abundance data in the form of minimum numbers 
of individuals of each taxon found in each sample. 
The database includes ecology, distribution and 
climate reference data, as well as a comprehensive 
bibliography. The software incorporates a number 
of advanced data interrogation and analysis tools. 
Bugs has its origins in the 1980s (Sadler et al. 1992) 
and was presented in a previous incarnation at the 
2001 CAA meeting in Gotland, Sweden (Buckland & 
Buckland 2002).

Having existed in some form for over 30 years, 
there have been various versions and improvements. 
(DFK� VWDJH� KDV� UH¿QHG� WKH� GDWD�� SDUVLQJ� WH[W� DQG�
PHPR�¿HOGV��DQG�DGGHG�WR�WKH�VFRSH�RI�WKH�SURMHFW��
The database is partially normalised, and includes 
a number of compromises which enabled the more 
rapid development of interfaces. These compromises 
have occasionally resulted in a lack of structural 
referential integrity, which in combination with 
LQVẊFLHQW� FKHFNV� RQ� GDWD� HQWU\� KDYH� DOORZHG�
inconsistent data to be entered, and important 
data to be omitted. However, the ingestion of Bugs 
into SEAD has comprised of the relatively simple 
task of devising SQL schema for mapping the two 

database structures, with a set of integrity catches 
which report to the data manager. This report can be 
used to correct any problems in BugsCEP or SEAD 
before publication, either using the interfaces or via 
backend hacking. Although simple in nature, this 
task requires a large amount of manual checking 
given the more than 10 500 taxa and 144 000 fossil 
records in the database. As always, the most vital 
resource in this undertaking is the knowledge of 
H[SHUWV�LQ�WKH�¿HOG��7KH�DVVHVVPHQW�RI�GDWD�TXDOLW\�
cannot be undertaken by inexperienced technicians 
or students, and training is therefore essential for 
long-term sustainability.

The BugsCEP software provides a number 
of analysis tools which could be usefully applied 
to other proxy data sources, and it is the author’s 
intention, given time and funds, to reproduce 
all of these features online. Some of this will be 
achieved through the SEAD project, but until it is 
IXOO\� UHDOLVHG�� DQG� IRU� WKH�EHQH¿W�RI� FXUUHQW�XVHUV��
the two systems must run in parallel. This has 
required a synchronisation system based on the 
SQL transactions which can cope with alterations as 
well as additions and deletions. Bugs unfortunately 
has a more limited and free text based approach to 
metadata, the automated linking of archaeological 
databases being outside of its scope. Sites are, 
by practice, uniquely named on data entry. The 
%XJV&(3� XQLTXH� VLWH� LGHQWL¿HU� KDV� QR� H[WHUQDO�
relevance and is not seen by the user, and sites are 
unique on the basis of their name, location, date and 
references combined.

The primary linking attribute of the Bugs 
species reference data is that of the unique 
LGHQWL¿HU�IRU�DQ�LQVHFW�WD[RQ��WKH�QDPH�DORQH�EHLQJ�
LQVẊFLHQW�GXH�WR�GL̆HUHQFHV�EHWZHHQ�LQWHUQDWLRQDO�
and the numerous national taxonomies. Where 
%XJV�FDQ�RQO\�KROG�D�VLQJOH�LGHQWL¿HU�IRU�HDFK�WD[RQ��
SEAD can store multiple parallel taxonomies and 
thus record and export occurrences in whatever 
taxonomic system the user chooses. The database 
stores a comprehensive and referenced synonym 
list, but interrelating these taxonomies for data 
retrieval may be far from simple, and more 
problems will be encountered where pollen are 
concerned (e.g. Birks & Birks 2000). The approach 
of this project is, therefore, based on the concept of 
getting the data in and sorting out the details later, 
a principle which works best in the presence of 
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comprehensive metadata recording and consistency 
RI� GDWD� HQWU\�� 2QWRORJLHV� DUH� EHLQJ� GHYHORSHG�
parallel to this process, rather than in advance, due 
to the complexity of the data and large number of 
unknowns.

4.2 The Environmental Archaeology Lab. (MAL), 
Umeå, master dataset

Research and consultancy in environmental 
archaeology has existed in some form since the 
1970’s at Umeå University. Consequently, MAL 
(Miljöarkeologiska laboratoriet) has amassed a 
considerable amount of data (Fig. 3b), much of it 
analogue and very little of it in database ready form. 
The lab’s activities have encompassed a number of 
methods, but most frequently the analysis of plant 
macrofossils, pollen, geoarchaeology and insects 
(the latter covered by BugsCEP above). Although 
much of the recent data (from at least the year 
2000) are stored digitally, far from all datasets are 
in easily ingestible spreadsheet or database form 
(Buckland et al. 2006). Even the spreadsheets, which 
should theoretically be based on a small number 
of templates, have had columns moved, renamed 
and new ones added due to the lack of a strict data 
KDQGOLQJ�UHJLPH��2FFDVLRQDOO\��WKH�ZURQJ�GDWD�KDYH�
been entered under a heading, with an explanatory 
note in another column. These factors are a severe 
hindrance to the automated import of data, and have 
necessitated the development of data ingestion tools 
which allow spreadsheet columns to be checked 
and mapped to the appropriate analysis methods or 
metadata tables. Fully automated ingestion is out of 
the question due to the unpredictable nature of the 
variation.

A primary goal of ingesting the MAL dataset, 
and one of the pillars of the SEAD project, is 
that of making so called grey literature publicly 
available. These reports, although always available 
on request, are often only included as appendices 
in archaeological reports and would be more 
conveniently available online. SEAD will make 
the raw data which underpin or are included in 
the reports available online and queryable, with 
WKH� UHSRUWV� DYDLODEOH� DV�SGI�¿OHV��0HWDGDWD�ZLOO� EH�
ascribed, national antiquities numbers checked, 
and English summaries provided for Swedish texts. 
The short reports presenting null results will also be 
included as a guide to future studies. This work is 

H[WUHPHO\� WLPH� FRQVXPLQJ�� DQG� UHTXLUHV� TXDOL¿HG�
VWD̆� FDSDEOH� RI� XQGHUWDNLQJ� GHWHFWLYH�ZRUN� LQ� WKH�
reports and paper and digital archives (which span 
¿YH�JHQHUDWLRQV�RI�0DFLQWRVK���$�FRQVLGHUDEOH�SDUW�
of the project budget goes to such assignments, a 
fact that is sometimes forgotten when planning or 
reviewing large scale database projects.

It may be prudent to mention at this point 
that, from the contract side of archaeology, it is the 
VFLHQWL¿F�OLWHUDWXUH�WKDW�PD\�EH�FRQVLGHUHG�DV�³JUH\´�
in that it is not accessible without membership 
of a university or through considerable fees. The 
publication of data from these publications, if 
not the papers themselves, in open archives is a 
step towards a more democratic dissemination of 
VFLHQWL¿F�GDWD�ZKHUH�WKRVH�QRW�IRUWXQDWH�HQRXJK�WR�
have a university post may make use of them.

If SEAD is to achieve the vision of its designers, 
then all sample and analysis data should be cross-
queryable – that is to say that it should be possible 
to identify the commonality of samples based on 
their location, chronology and properties, between 
projects. This is no simple task, and the data 
detective must deal with obscure or badly recorded 
VDPSOH� GHVFULSWLRQV� DQG� LGHQWL¿HUV�� PLVVLQJ� RU�
incorrect dating information, partial data, missing 
metadata and even the occasional bit of cryptography 
(older ecologists have been known to code their 
LGHQWL¿FDWLRQ� GDWD��� :KHUH� PXOWLSOH� SUR[LHV� KDYH�
been used on an excavation their results may be 
published in separate reports, sometimes with little 
indication of having come from the same samples. 
Part of the solution has been the use of standardised 
spreadsheets for the intermediate storage of data 
whilst problems are sorted out. An alternative 
exists where pollen data are concerned, in that Erik 
Grimm and the Neotoma project’s (Neotoma 2009) 
7LOLD� VRIWZDUH� LV� DEOH� WR� UHDG� ROGHU� 7LOLD� ¿OHV� DQG�
H[SRUW�WKHP�DV�;0/�RU�VSUHDGVKHHWV��7KHVH�¿OHV�FDQ�
then be easily imported into SEAD, leaving the main 
LVVXH�DV�WKH�¿QGLQJ�RI�PHWDGDWD�DVVRFLDWHG�ZLWK�HDFK�
sample. Unfortunately, such metadata are rarely 
stored together and in unfortunate cases common 
sample names were not used for all analyses. In such 
FDVHV��LW�LV�RQO\�E\�WKH�LQWHUURJDWLRQ�RI�VWD̆�LQYROYHG�
in the projects that an acceptable level of metadata 
can be extracted (a process that is familiarly referred 
to as “chaining senior researchers to their desks” 
within the SEAD project).
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4.3 The National Laboratory for Ceramic Research, 
Lund, master dataset

At the inception of SEAD it was never 
conceived that ceramics data would form part of its 
scope. After discussions with researchers at Lund, 
however, it was clear that certain commonalities 
existed between the environmental data and aspects 
of the ceramics data. In particular, it was decided 
that the ingestion of already partially digitised data 
from the analysis of ceramic thin sections would be 
highly desirable, and SEAD was adapted to accept 
them (Fig. 3c). A number of the recorded properties 
of thin sections are essentially geochemical or can 
EH� UHFRUGHG� DV� WKH� SUHVHQFH�DEVHQFH� RI� VSHFL¿F�
components. The facility to cross-query the ceramics 
and macrofossil data of multiple sites holds great 
potential for archaeological research. Among other 
things, it could expedite contributions to the study 
of plants as foods and medicines, crop processing, 
agricultural development, diets and rituals by 
IDFLOLWDWLQJ� WKH� LQWHJUDWLRQ� RI� GL̆HUHQW� VWUHDPV� RI�
evidence for the same activities.

The ingestion of the ceramic data serves to 
illustrate an interesting problem in the assimilation 
of legacy data: that of recording absence. In this 
master dataset, representing data accumulated by 
several researchers over the past 30 years, but also 
LQFOXGLQJ�VRPH�GDWD�IURP�WKH�����¶V��WKHUH�DUH�¿YH�
GL̆HUHQW� DEVHQFH� UHFRUGLQJ� PHWKRGV�� EODQN�QXOO��
³QR´��³QR�LQIRUPDWLRQ´��³PLVVLQJ´�DQG�³XQGH¿QHG´��
For the sake of simplicity, it has been decided to 
assume that all of these mean the absence of whatever 
was being recorded, although as the authors of 
earlier investigations are inactive we may never 
know the truth. There is always a danger of losing 
resolution when digitising or migrating between 
database systems. To ensure data transparency 
the intermediate spreadsheets, which contain this 
variety, will be preserved in case the variation has 
meaning. The general problem of recording absences 
is perhaps one of standardisation, and common to 
many databases. Problems occur more often when 
PHUJLQJ�IURP�GL̆HUHQW�GDWD�VRXUFHV��ZKHUH�LQWHUQDO�
standardisation may not have been consistently 
applied to each source. We can, however, at least 
hope to try to maintain that null is a state and not 
a value.

4.4 The National Laboratory for Dendrochronology, 
Lund, master dataset

With the exception of a few dates, 
dendrochronological data are the latest edition 
to SEAD (Fig. 3d), and a test dataset consisting of 
material from the Swedish county of Småland was 
entered in early 2012 (Meissner et al. 2012). Although 
data from a number of archaeological projects (35) 
were entered, using intermediate spreadsheets, 
the majority of the data relate to building heritage 
management (71 projects). The latter orientation 
was also an extension of the initial mandate of SEAD, 
and required the expansion of generic description 
tables to enable the attribution of multiple types 
(e.g. building type, building purpose, building 
structural form etc). Although dendrochronology 
is often considered primarily as dating evidence for 
the context in which wood is found, there is a large 
amount of measured and descriptive data behind 
every date. For SEAD to provide anything but a 
date retrieval system for these data, it was therefore 
essential that it be able to store these supporting 
GDWD�� 7KLV� ZDV� DFKLHYHG� E\� D� PLQRU� PRGL¿FDWLRQ�
of spatial data tables, so that they could cater for 
a descriptive location within a structure; and the 
DGGLWLRQ�RI� D� VSHFL¿F�GHQGURFKURQRORJLFDO� VXSSRUW�
data table. The existing structure provides for the 
storage of tree species, and allows the retrieval of all 
analyses performed on a particular species, be they 
macrofossil, pollen, 14C or dendrochronological.

Entering the remainder of the archived 
dendrochronological data is estimated to take the 
equivalent of four years (Meissner et al. 2012), 
a monumental task planned to start in 2013. In 
addition to the above, the Dendrochronology Lab. 
has also undertaken the analysis of wood in wrecks 
and living trees. With time, these datasets will also 
be entered into SEAD and provide an extremely 
useful continuity between ancient and modern 
measurements, land and sea.

5. External-linking

The BugsCEP project has shown the 
advantages of being able to rapidly summarise the 
ecology of fossil insects found in samples, with 
over 80 publications citing use of the latest version 
alone (see http://bugscep.com/publications.html). 
Bugs has been managed from the environmental 
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archaeology point of view, with an understanding 
of the importance to archaeology of Quaternary 
science data. Although the latter may be obvious to 
some, there are many archaeologists who believe 
that only samples taken on-site may reveal useful 
archaeological information. This is a misconception 
which must be overcome if archaeology is to progress 
and collaborate with other palaeoenvironmental 
sciences. By doing so, it may increase its contribution 
to the body of accepted knowledge on an integrated 
picture of past human activities and environmental 
and climate change. As ecologists become more 
interested in palaeobiogeography, perhaps with the 
explosion of molecular studies of potential origins 
and refugia (e.g. Schönwetter et al. 2005), there is 
an indication that they themselves may themselves 
become more interested in palaeoenvironmental 
databases (see Brewer et al. 2012), especially 
when the DNA, fossil record and morphology may 
disagree.

Within Sweden, the standard cultural heritage 
LGHQWL¿HU� LV� WKH� 5$b� �5LNVDQWLNYDULHlPEHWHW��
number, the equivalent of the British SMR number. 
7KH�FRPELQDWLRQ�RI�SDULVK�QDPH�DQG�5$b�QXPEHU�
are supposedly unique, although mistakes have 
occurred and this cannot be guaranteed. Discussions 
are underway on how to resolve this and similar 
issues and enable reliable linking between SEAD and 
the Swedish National Heritage Board’s databases. 
The latter are undergoing a large scale redesign 
and there is good scope for improved low level 
DFFHVVLELOLW\� �/DUV� /XQTXLVW�� 5$b�� SHUV� FRPP����
Recently, the Swedish National Data Service (SND) 
has released excavation data in GIS form (http://
snd.gu.se/sv/node/564), an important step in 
creating online archaeological databases with a level 
RI�GHWDLO�VẊFLHQW�IRU�FRPSOH[�PXOWL�VLWH�TXHULHV�

An important issue yet to be fully dealt with is 
the representation and visualisation of sites without 
spatial data or dates. These will not show up on maps 
or timelines respectively without special attention, 
and may contain useful data which should not be 
omitted from a query. A similar problem is posed 
by sites/objects with multiple locations, such as an 
Egyptian mummy stored at the British museum.

6. Concluding Remarks

The creation of large scale research data 

LQIUDVWUXFWXUHV�LV�HVVHQWLDO�IRU�VFLHQWL¿F�DGYDQFHPHQW�
LQ� DQ� LQFUHDVLQJO\�GDWD�ULFK�ZRUOG��2SHQ�DFFHVV� WR�
published data, as well data citation, encourages 
data reuse and large scale syntheses which would 
RWKHUZLVH� EH� H[WUHPHO\� GL̇FXOW�� 3URYLGLQJ� HDVLHU�
DFFHVV� WR� SUHYLRXV� UHVXOWV� H̆HFWLYHO\� ERRWVWUDSV�
research within and across disciplines (Mooney 
& Newton 2012). Such initiatives may also help 
to satisfy public and political demands for greater 
research transparency, the importance of which was 
made particularly clear during the “climategate” 
D̆DLU��ZKHUH� ODFN�RI� WUDQVSDUHQF\�ZDV�XVHG�DV�RQH�
of numerous arguments against the viability of 
evidence for global warming (Maibach et al. 2012). 
The examples provided in this paper highlight the 
fact that although there are considerable advantages 
to integrated data sharing, the construction and 
maintenance of such infrastructures is far from 
simple. It not only requires long-term funding and 
commitment from a core research community, 
preferably distributed over multiple research 
groups, but perhaps more importantly a persistent 
user base. SEAD is still at an early stage and it 
remains to be seen as to whether it will achieve the 
required momentum for long term success.

Expert systems have been discussed earlier 
in the history of the Bugs project (Buckland et al. 
1997), the implications being of a software system 
that could provide explanations for new datasets 
based on the existing database. This is still a goal 
for many palaeoecologists, even if, in the absence 
RI� DUWL¿FLDO� LQWHOOLJHQFH�� WKH� SUHIHUUHG� WHUP� PD\�
now be decision support systems. Ultimately the 
system should be able to provide a list of statistically 
similar sites or samples to those selected, along 
with multiple environmental reconstruction 
scenarios and other tools to aid interpretation. 
There is however, always a cost based limit to the 
amount of “intelligence” that can be built into a 
system, after which the designers must rely on the 
intelligence of the user. Even with advanced ecology 
based, quantitative environmental reconstruction, 
a detailed knowledge of environmental science 
and the ecology of the organisms/proxies used for 
reconstruction is required, if the reconstruction is to 
be reliably interpreted. It is never a case of push a 
button and get an answer, but always push the right 
button and get something that will help provide 
potential answers to the research questions.
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1. Introduction

Horizontal transhumance is the seasonal 
migration of people with their domestic livestock 
EHWZHHQ�¿[HG�VXPPHU�DQG�ZLQWHU�SDVWXUHV��LQ�,WDO\¶V�
south-central regions from the higher Apennines 
PRXQWDLQV� WR� WKH� VRXWKHUQ� ORZHU� YDOOH\V� LQ� 3XJOLD�
region (Fig. 1). 

+HUH� WKH� WUDQVKXPDQFH� SDWKZD\V�� WKH� VR�
FDOOHG� µWUDWWXUL¶� LQ� PRGHUQ� ,WDOLDQ� ODQJXDJH� �DQG�
WKHLU� EUDQFKHV�� µWUDWWXUHOOL¶� RU� µEUDFFL¶��� DUH� D� NLQG�
RI� YHU\� ORQJ� µJUHHQ� KLJKZD\V¶� ZLWK� D� FRQVLGHUDEOH�
ZLGWK��VRPHWLPHV�XS�WR�����PW��D�VWULS�RI�ODQG�QRW�
cultivated but left as enclosed tracts of pastures to 
DOORZ�WKH�VXVWHQDQFH�RI�WKH�ÀRFNV�GXULQJ�WKH�ORQJ�
GLVWDQFH�MRXUQH\��)LJ������

7KH� PRVW� VLJQL¿FDQW� H[DPSOHV� RI� WKHVH�
SDWKZD\V� DUH� GRFXPHQWHG� EHWZHHQ� $EUX]]R� DQG�
3XJOLD� UHJLRQV� ZKHUH� WKLV� WUDGLWLRQDO� SUDFWLFH�
KDV� VKDSHG� WKH� ODQGVFDSH� E\� EHLQJ� SUDFWLFHG� XS�
WR� PRGHUQ� WLPH� VLQFH� /DWH� $QWLTXLW\� DQG� 0LGGOH�
$JHV�ZLWK�VLPLODU�XQGHUO\LQJ�SURFHGXUHV�IRU�WDNLQJ�
advantage of remote seasonal pastures (Fig. 3). 

7KLV�QHWZRUN�RI�SDWKZD\V�ODVWHG�XQWLO�PRGHUQ�
WLPHV�DOPRVW�LQWDFW�LQ�VRXWK�,WDO\��DV�LI�LW�KDG�EHHQ�
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FU\VWDOOL]HG�LQ�WKH�ODQGVFDSH��WKDQNV�WR�$OIRQVR�9�RI�
$UDJRQD�� NLQJ� RI� 1DSOHV� LQ� ������ ZKR� HVWDEOLVKHG�
LQ� ����� D� QHZ� ODZV� �WKH� VR�FDOOHG� 3UDPPDWLFD�
Aragonese) to regulate the transhumance of the 
.LQJGRP�RI�1DSOHV��*DEED�	�&OHPHQWL�������

8QIRUWXQDWHO\�WKH�UHVW�RI�WKH�,WDOLDQ�SHQLQVXOD��
VXFK�DV�3DSDO�6WDWHV�LQ�8PEULD�DQG�6DELQD�UHJLRQV�
QRUWK�RI�WKH�ERUGHU�ZLWK�WKH�.LQJGRP�RI�1DSOHV���KDV�
XQGHUJRQH� D� GL̆HUHQW� IDWH�� WKH� ODFN� RI� D�PHGLHYDO�
OHJLVODWLRQ�WR�UHJXODWH�WKH� µWUDWWXUL¶�QHWZRUN�FDXVHG�
their disappearance at the end of the Roman period 
DQG� WRGD\� WKH\� DUH� EDUHO\� UHFRJQL]DEOH� LQ� WKH�
ODQGVFDSH��H�J��LQ�8PEULD�6SDGD�������
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WR�UHFRJQL]H�WKH� OD\RXW�RI� WUDQVKXPDQFH�SDWKZD\V� � LQ�8PEULD�DQG�6DELQD�UHJLRQV��&HQWUDO�,WDO\��DQG�
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Figure 1. Summer and winter pastures in south-central 
Italy and the network of 'tratturi' in the Kingdom of 
Naples. 
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But we know from Latin sources that in Roman 
WLPHV� WKH� µFDOOHV¶� �WKH� WUDQKXPDQFH� SDWKZD\V� LQ�
/DWLQ�� FDPH� YHU\� IDU� QRUWK�� XS� LQ� 8PEULD� DQG�
6DELQD���3UREDEO\� WKHVH�SDWKZD\V� DUH� WKH� µREVFXUD�
LWLQHUD¶�PHQWLRQHG�E\�WKH�/DWLQ�DXWKRU�)URQWLQXV3 as 
WKH�EHVW�URXWH�FKRVHQ�E\�WKH�5RPDQ�FRQVXO�0��&XULR�
'HQWDWR�LQ�WKH�DXWXPQ�RI�����%&�WR�PRYH�IDVW�IURP�
6DPQLXP� WR� WKH�QRUWK� IRU� WKH� FRQTXHVW�RI�6DELQD��
³0�� µ�&XULXV�DGYHUVXV�6DELQRV��TXL�LQJHQWL�H[HUFLWX�
FRQVFULSWR��UHOLFWLV�¿QLEXV�VXLV�QRVWURV�RFFXSDYHUDQW��

�� �9DUUR��'H�5H�5XVWLFD�������������������������������
�� )URQWLQXV��6WUDWDJHPDWD��������

RFFXOWLV� LWLQHULEXV�� PDQXP� PLVLW�TXDH� GHVRODWRV�
DJURV�HRUXP��YLFRVTXH�SHU�GLYHUVD�LQFHQGLW´��

*RLQJ� EDFN� LQ� WLPH�� DFFRUGLQJ� WR� VHYHUDO�
DXWKRUV� �&RUELHU� ������ *LDUGLQD� ������ +HUPRQ�
������0DJJL� HW� $O�� ������1DUFLVLR� ������:KLWWDNHU�
������ ZH� FDQ� WKHUHIRUH� HVWDEOLVK� WKDW� WKH� RULJLQ�
RI� KRUL]RQWDO� WUDQVKXPDQFH� LQ� ,WDO\� GDWHV� WR� SUH�
5RPDQ� DJH� EXW� � WKH� JUHDW� H[SORLWDWLRQ� RI� WKLV�
HFRQRP\� GDWHV� EDFN� WR� WKH� 5RPDQ� SHULRG�� GXULQJ�
WKH� ,,,� FHQWXU\��%&� WKH�5RPDQ� FRQTXHVW� RI� LQODQG�
VRXWK�FHQWUDO�,WDO\��WKH�FRQ¿VFDWLRQ�RI�VHYHUDO�ODQGV�
RQFH�EHORQJLQJ�WR�WKH�,WDOLF�FRPPXQLWLHV�DQG�WKHQ�
WKHLU� WUDQVIRUPDWLRQ� LQWR� µDJHU� SXEOLFXV¶�� ERWK� IRU�
JUD]LQJ� RU� DJULFXOWXUH�� OHG� 5RPH� WR� D� ZLGHVSUHDG�
H[SORLWDWLRQ�RI�WKH�PLJUDWLRQ�RI�GRPHVWLF�OLYHVWRFN��
even through the investment of considerable capital 
DQG�WKH�UHJXODWLRQ�RI�WUDGHV��3DVTXLQXFFL�������

7KLV� SDSHU� SUHVHQWV� WZR� GL̆HUHQW� PHWKRGV�
DSSOLHG� E\� WKH� DXWKRUV� WR� UHFRJQL]H� WKH� OD\RXW� RI�
WUDQVKXPDQFH�SDWKZD\V�LQ�8PEULD�DQG�6DELQD�DQG�
to investigate their relationship with pre-Roman 
VHWWOHPHQWV�� D� SXUHO\� WRSRJUDSKLFDO� DSSURDFK� DQG�
D� *,6�EDVHG� DQDO\VLV�� 7KH� VWXG\� DUHD� ����� NP���
is located in south-est Umbria and is included 
LQ� WKH� PXQLFLSDOLWLHV� RI� &DPSHOOR� VXO� &OLWXQQR��
&DVFLD��&HUUHWR�GL�6SROHWR��0RQWHOHRQH�GL�6SROHWR��
1RUFLD��3RJJLRGRPR��3UHFL��6DQW¶$QDWROLD�GL�1DUFR��
6FKHJJLQR��6HOODQR��9DOOR�GL�1HUD��)LJ�����. 
�� $OO� FRRUGLQDWHV� DUH� LQ� WKH� V\VWHP�(36*������0RQWH�0DULR�
��,WDO\�]RQH����VHH�KWWS���VSDWLDOUHIHUHQFH�RUJ�UHI�HSVJ��������

Figure 2. The 'tratturo' between Trivento and Lucito 
(Campobasso, Molise, South Italy). 

Figure 3. Aerial picture of the 'tratturo' between Trivento 
and Lucito (Campobasso, Molise, South Italy) (from 
GoogleEarth, 41° 44' 36” N, 14° 40' 33” E). 

Figure 4. The study 
area with the 'callis' 
found in the Roman 
centuriation, the 
main roman road and 
the main connecting 
point used in the 
GIS cost distance 
analysis. 
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2. The Topographical Approach

7KH� UHVHDUFK� FDUULHG� RXW� LQ� ����� IRU� WKH�
FHOHEUDWLRQ� RI� WKH� ELUWK� RI� WKH�(PSHURU�9HVSDVLDQ��
KDV� FRQFHUQHG� WKH� VWXG\� RI� 5RPDQ� FHQWXULDWLRQ�
RI� 8PEULD� DQG� 6DELQD� UHJLRQV� �&DPHULHUL� ����D��
����E�� ����F�� &DPHULHUL� HW� $O��� ������ &DPHULHUL�
	� 0DWWLROL�� ������� 7KH� UHVXOWV� KDYH� XQH[SHFWHGO\�
EURXJKW� WR� OLJKW�� LQ� D� VLQJXODU� DQG� HORTXHQW�
ZD\�� WKH� H[LVWHQFH� RI� D� VLQJOH� DFW� RI� 5RPDQ� ODQG�
reorganization of this area that followed the brief 
PLOLWDU\�FDPSDLJQ�RI�0DQLR�&XULR�'HQWDWR�LQ�����%&�
and the presence of transhumance paths within the 
geometric land division of the intramontane basin 
RI�5HDWH��)DODFULQDH��1XUVLD��9LOOD�6DQ�6LOYHVWUR�DQG�
Amiternum. 

The Roman plot of land divisions of these 
EDVLQV�� LGHQWL¿HG� E\� KLVWRULFDO� FDGDVWUDO� PDSV�
DQG� DHULDO� SKRWRJUDSKV�� VKRZHG� XV� VRPH� PRGHUQ�
roads (low-volume roads not paved or surfaced 
ZLWK�JUDYHO��� WKDW��DOWKRXJK� WKH\�DUH� IROORZLQJ�DQG�
emphasizing the ancient location of roman Kardus 
DQG� 'HFXPDQXV�� WKH\� DUH� QRW� WUDFLQJ� D� VWUDLJKW�
GLUHFWLRQ�� WKH\� VHHP� WR� PRYH� OLNH� D� ]LJ]DJ� LQ� D�
FRQVWDQW�UDQJH�RI�DPSOLWXGH����DFWXV�RU�����PHWUHV���
ZKLOH� PDLQWDLQLQJ� D� GLUHFWLRQ� VWULFWO\� FRQVLVWHQW�
ZLWK�WKH�5RPDQ�¿HOG�GLYLVLRQ��)LJ������

7KLV� XQXVXDO� URDG� ÀXFWXDWLRQ� ZLWKLQ� D� ¿[HG�
UDQJH� VKRZHG� HYLGHQW� DQDORJ\� ZLWK� WKH� VKDSH� RI�
WKH� µWUDWWXUL¶� LQ� WKH� .LQJGRP� RI� 1DSOHV� �)LJ�� ����
WKDW�FORVHO\�IROORZ�WKH�ROGHVW�URPDQ�URXWHV�DQG�WKH�
PDLQ�D[LV�RI�FHQWXULDWLRQ��+HUH�WKH�PRGHUQ�URDG��LI�
SUHVHQW��EHKDYHV� LQ�D�VLPLODU�ZD\�DQG�VXUSULVLQJO\�
WKH� DPSOLWXGH� RI� ÀXFWXDWLRQ� LV� DOZD\V�PDLQWDLQHG�
ZLWKLQ� D� UDQJH� RI� DERXW� ����PHWHUV�� D�PXOWLSOH� RI�
5RPDQ�DFWXV�DQG�H[DFWO\��WKH�ZLGWK�RI�WKH�µWUDWWXUL�
UHDOL¶��UR\DO�µWUDWWXUL¶��SUHVFULEHG�E\�WKH��$UDJRQHVH�
ODZ�LQ�WKH�;9�FHQWXU\�

,Q� FRQFOXVLRQ�� WKH� WRSRJUDSKLFDO� VWXG\� RI�
5RPDQ�FHQWXULDWLRQ�SURYLGHG�XV�ZLWK�D�QHZ�NH\�WR�
ORFDWH�ZKHUH�WKH�µFDOOHV¶�RU�µWUDWWXUL¶��WUDQVKXPDQFH�
SDWKZD\V�� FURVV� WKH� LQWUDPRQWDQH� SODLQV� GXULQJ�
5RPDQ� SHULRG� DQG�� DERYH� DOO�� LQIRUPV� XV� WKDW�
5RPDQV��GXULQJ�WKHLU�PDVVLYH�SXEOLF�ZRUN�SURMHFWV��
SUREDEO\� UHJXODWHG� DQ� ROGHU� WUDQVKXPDQFH�
SDVWRUDOLVP� DOUHDG\� SHUIRUPHG� E\� WKH� ,WDOLF�
population.

3. The GIS-based Analysis

Transhumant pastoralism involves the 
PRYHPHQWV� IROORZLQJ� DOUHDG\� HVWDEOLVKHG� DQG�
SUHFLVH� URXWHV� ZKLFK� DUH� UHSHDWHG� HYHU\� \HDU��:H�
know where these routes entered in (or left) the 
intramontane centuriated plains of Umbria and 
6DELQD�DQG��DV�FRQVHTXHQFH��ZH�FDQ�WU\�WR� LGHQWLI\�
what are the paths connecting them through the 
XVH� RI� D� *,6� FRVW�GLVWDQFH� DQDO\VLV�� $� OLVW� RI� WKH�
connecting points is provided in Table 1�.  

$V� LW� ZDV� SUHYLRXVO\� GLVFXVVHG�� � WKH�
WUDQVKXPDQFH�SDWKZD\V�LQ�8PEULD�DQG�6DELQD�VHHP�
WR� GDWH� EDFN� WR� SUH�5RPDQ� DJH�� 7KH� ,WDOLF�PRELOH�
SDVWRUDOLVWV� ZLOO� SUREDEO\� UHTXLUH� VHFXULQJ� WKH�
UHVRXUFHV�WKH\�QHHG�DV�ZHOO�DV�KDYLQJ�ÀH[LEOH�VRFLDO�
and spatial patterns of resource use. During this 
DFWLYLW\��RQH�RI�WKH�SULQFLSDO�SUREOHPV�WKH\�SUREDEO\�
encounter is to deal with the right of passage through 
D� ODQGVFDSH�WKDW�PD\�QRW�EH�HVWDEOLVKHG�DV�SULYDWH�
SURSHUW\� DQG� WR� HQVXUH� FRQWURO� RI� WKH� WHUULWRU\��
During the pre-Roman period the archaeological 
UHFRUG�RI�8PEULD�DQG�6DELQD�PRXQWDLQV� LV�DOPRVW�
H[FOXVLYHO\� FRPSRVHG� RI� SDUWLFXODU� VWUXFWXUHV��
WKH� VR�FDOOHG� µFDVWHOOLHUL¶� �WKH� QDPH� GHULYHV� IURP�
µFDVWHOOR¶�� D� IRUWL¿HG� ERURXJK��� GHYHORSHG� IURP� WKH�
ODWH� %URQ]H� $JH� WR� WKH� 5RPDQ� FRQTXHVW�� D� NLQG�

�� 7KH� *,6� DQDO\VLV� � WDNH� LQWR� FRQVLGHUDWLRQ� DOVR� RWKHU�
archaeological sites well known in the archaeological literature 
�%RQRPL�������������

Figure 5. An example of a modern unpaved road moving 
in a constant range of amplitude (3 actus = 106 metres) 
LQWR�WKH�URPDQ�¿HOG�GLYLVLRQ�ZKLOH�PDLQWDLQLQJ�D�GLUHFWLRQ�
strictly consistent with the Kardus (Nursia, Umbria, 
Central Italy). 
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RI� KLOOIRUWV� XVXDOO\� ORFDWHG� RQ� WKH� WRS� RI� KLOOV� RU�
PRXQWDLQV� FRQVWLWXWHG� E\� RQH� RU� PRUH� FRQFHQWULF�
VHULHV�RI�ZDOOV�EXLOW�ZLWK�XQFXW� VWRQHV��RI� URXQGHG�
or elliptical shape within which was the inhabited 
RU�VDFUHG�DUHD��)LJV���DQG������$V�GLVFXVVHG�E\�RWKHU�
DXWKRUV��%RQRPL��������������LW�KDV�EHHQ�VXJJHVWHG�
that these structures functioned as markers in the 
landscape with the purpose of visual control of 
PRYHPHQWV�RU�ERXQGDU\�GHIHQVH��

)ROORZLQJ�WKLV�DUJXPHQW��RXU�VHFRQGDU\�DLP�LQ�
WKH�*,6�DQDO\VLV�LV�WR�HVWDEOLVK�WKURXJK�D�VWDWLVWLFDO�

FRPSXWDWLRQ�WKH�VSDWLDO�FRUUHODWLRQ��LI�DQ\��EHWZHHQ�
SUH�5RPDQ� µFDVWHOOLHUL¶� DQG� WUDQVKXPDQFH� URXWHV�
LGHQWL¿HG�E\�*,6� FRVW�GLVWDQFH� DQG� WR� YHULI\� LI� WKH�
µFDVWHOOLHUL¶� VHWWOHPHQWV� FRXOG� UHVWULFW� RU� HQVXUH�
the access to plentiful and predictable resources 
�WKH� SDVWXUHV��� 7KH� OLVW� RI� µFDVWHOOLHUL¶� DQG� WKHLU�
JHRJUDSKLFDO�IHDWXUHV�LV�SURYLGHG�LQ�7DEOH���.

7UDGLWLRQDOO\�� LW� KDV� EHHQ� EHOLHYHG� WKDW�
transhumance routes were developed taking into 
DFFRXQW�GLYHUVH�QDWXUDO�YDULDEOHV���WLPH�RI�WUDYHOLQJ��
WKH� H̆RUW� FRQVXPHG�� WHUUDLQ� W\SHV� DQG� JURXQG�
NQRZOHGJH�� WKH� DFFHVV� WR� EDVLF� UHVRXUFHV� ZKLOH�
WUDYHOLQJ�� WHUULWRULDOLW\�� VRFLDO� QHWZRUNV� DQG� RWKHU�
UHODWLRQVKLSV��0XUULHWD�)ORUHV��������

,Q� WKLV� UHVHDUFK� ZH� SHUIRUPHG� WZR� *,6�
H[SHULPHQWV� UHJDUGLQJ� WZR� IDFWRUV� WKDW�ZH� EHOLHYH�
FRXOG�D̆HFW�PRELOLW\�LQ�SDVWRUDO�VRFLHWLHV��WKH�WLPH�
consumed during the traverse in all the landscape 
RI�WKH�VWXG\�DUHD��SDWK����DQG�WKH�RSWLPDO�SDWK�RQ�D�
IULFWLRQ�VXUIDFH�REWDLQHG�IURP�D��ZHLJKWHG�RYHUOD\�RI�
YHJHWDWLRQ�FRYHU��QDWXUDO�REVWDFOHV��ULYHUV��DQG�WKH�
DOWLWXGH�DERYH�VHD�OHYHO��SDWK�����

7KH�¿UVW�H[SHULPHQW�FRQFHUQV�D�VLPSOH�FRQFHSW�
RI�PRELOLW\��H�J��WKH�EHVW�SDWK�WR�UHDFK�TXLFNO\�RQH�
ORFDWLRQ� IURP� DQRWKHU��� WKH� VHFRQG� RQH� WDNHV� LQWR�
consideration the environment and its target is to 

���7KH�DUFKDHRORJLFDO�GDWD�FRPH�IURP�µ&$8��&DUWD�$UFKHRORJLFD�
GHOO¶8PEULD���SURMHFW�DQG�LQ�SDUWLFXODU�IURP�WKH�DQDO\VLV�RI�DHULDO�
SKRWRJUDSKV�PDGH���LQ������E\�3URI��)UDQFRYLFK�DQG�'U��&RVFL�DW�
WKH�8QLYHUVLW\�RI�6LHQD��7KH�FDVWHOOLHUL�ZHUH�FODVVLI\��DV��µYHUL¿HG¶�
DQG�µQRW�YHUL¿HG¶��WR�DFFRUGLQJ�WR�GDWD�FRPLQJ�IURP�GLUHFW�VXUYH\V�

Table 1.  The list of the connecting points analyzed by GIS 
cost distance tool.

Figure 6. Aerial photograph of the 'castelliere' at Forca 
Canapine (Norcia) (courtesy of Umbria Region). 

Figure 7. Oblique aerial photograph of the 'castelliere' at 
Monte Pianciano (Spoleto). 
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¿QG��DPRQJ�WKH�EHVW�SDWKZD\V��RQO\�WKRVH�WKDW�DOORZ�
the shepherd and the herd to cross favorable surface 
with grass for grazing as long as possible. 

(VWLPDWLQJ� WUDYHO� WLPH� LQ� KRXUV� EHWZHHQ�
source-and-site and site-and-source was calculated 
LQ� DQ� DQLVRWURSLF� FRVW� VXUIDFH� EDVHG� RQ� 7REOHU¶V�
µKLNLQJ�IXQFWLRQ¶��7REOHU�������D�PHWKRG�FRPPRQ�WR�
DUFKDHRORJLFDO�UHFRQVWUXFWLRQV�RI�PRELOLW\��.DQWQHU�
������:KHDWOH\�	�*LOOLQJV��������&RVW�VXUIDFHV�ZHUH�
EDVHG� RQ� D� UDVWHU� GLJLWDO� HOHYDWLRQ� PRGHO� �'(0��
���P�FHOO�VL]H��SURYLGHG�E\�,635$��,VWLWXWR�6XSHULRUH�
SHU�OD�3URWH]LRQH�H�OD�5LFHUFD�$PELHQWDOH����:H�XVHG�
�� KWWS���ZZZ�VLQDQHW�LVSUDPELHQWH�LW�0HPEHUV�PDLV�
elevazione/ 

WKH� 3DWK� 'LVWDQFH� DQG� &RVW� 3DWK� WRROV� LQ� $UF*,6�
�������(65,��ZLWK�6SDWLDO�$QDO\VW�H[WHQVLRQ��ZLWK�D�
YHUWLFDO�IDFWRU�WDEOH�EDVHG�RQ�7REOHU¶V�HTXDWLRQ���WR�
create path distance and back link rasters. 

7KH� IULFWLRQ� VXUIDFH� ZDV� REWDLQHG� E\� D�
:HLJKWHG� 2YHUOD\� LQ� 6SDWLDO� $QDO\VW� H[WHQVLRQ�
DPRQJ� WKH� K\GURJUDSK\� VKDSH¿OH�� WKH� '(0� DQG�
&RULQH�/DQG�&RYHU������SURYLGHG�E\�,635$� (Figs 
��DQG�����

The three raster datasets were weighted as 
shown in Table 3. Due to the fact that we did not have 
DFFHVV�WR�GDWD�WKDW�FRXOG�OHDG�XV�WR�UHFUHDWH�DFFXUDWHO\�
the vegetation cover (such as paleoenvironmental 
VWXGLHV��ZH�WULHG�WR�¿JXUH�RXW�WKH�DQFLHQW�ODQGVFDSH�
E\� FRPELQLQJ� WKH� H[LVWLQJ� YHJHWDWLRQ� FRYHU� LQ� WKH�
\HDU�������WKH�$SHQQLQHV�PRXQWDLQV�RI�8PEULD�DQG�
6DELQD� DUH� SRRUO\� SRSXODWHG� DQG� WKH� HQYLURQPHQW�
LV� KLJKO\� FRQVHUYDWLYH�� DQG� WKH� ODQG� SODFHG� RYHU�
����� PHWHUV� RI� DOWLWXGH�� WKH� OLPLW� EH\RQG� ZKLFK�
WKH� JUDVVODQG� SDVWXUHV� DUH� ORFDWHG�� &URVVLQJ� FHOOV�
UHSUHVHQWLQJ�D�ULYHU�KDV�D�YHU\�KLJK�FRVW�HVSHFLDOO\�
in the Apennines area where mountains are incised 
�� KWWS���PDSDVSHFWV�RUJ�QRGH������
�� )RU�WKH�ODQG�FRYHU�QRPHQFODWXUH�VHH�KWWS���ZZZ�HHD�HXURSD�
HX�SXEOLFDWLRQV�&25��ODQGFRYHU��

Table 2.  The list of 'castellieri' and 
their geographical features. 

Table 3. Weigthed overlay between Corine Land Cover 
2006, altitude and hydrography.
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E\� GHHS�� FDQ\RQ�OLNH� ULYHU� YDOOH\V� ZLWK� D� KLJK�
YROXPH� UDWH� RI� ZDWHU� ÀRZ�� :H� FODVVLI\� ULYHUV� � E\�
WKHLU� GLVFKDUJH�� WKH� YROXPH�RI�ZDWHU�ZKLFK�SDVVHV�
through a given cross-section of the river channel 
per unit time.

4. Results

$V� VKRZQ� LQ� WKH� ¿JXUHV� ��� DQG� ���� WKH�
*,6� DQDO\VLV� KDV� SURYLGHG� WZR� GL̆HUHQW� SDWKV��
6XUSULVLQJO\� WKH� EHVW� QHWZRUN� RI� SDWKV� WR� UHDFK�
TXLFNO\� RQH� ORFDWLRQ� IURP� DQRWKHU� �SDWK� ��  � �����
NP�� ������� DYHUDJH� VORSH�� LV� ORQJHU� DQG� ZLWK� DQ�
higher average steepness than the optimal network 
of paths to allow the shepherd and the herd to cross 
favorable surface with grass for grazing as longer as 
SRVVLEOH� �SDWK� ��  � ����� NP�� ������ DYHUDJH� VORSH���
7KLV�RFFXUV�GXH�WR�WKH�IDFW�WKDW�XVXDOO\�WKH�RSWLPDO�
SDWKV��SDWK����UDSLGO\�UHDFK�KLJK�DOWLWXGHV�DQG��PRYH�
LQ�D�VWUDLJKW�OLQH�DFURVV�VXE�KRUL]RQWDO�SODQH��ZKLOH�
best paths (path 1) avoid large gradients of slope.

,Q�RUGHU�WR�HVWDEOLVK�WKH�YLVXDO�FRUUHODWLRQ��LI�
DQ\�� EHWZHHQ� SUH�5RPDQ� µFDVWHOOLHUL¶� DQG� WKH� WZR�
SDWKZD\V�DQG�WR�YHULI\�LI�WKH�µFDVWHOOLHUL¶�VHWWOHPHQWV�

FRXOG�UHVWULFW�RU�HQVXUH�E\�GLUHFW�FRQWURO�WKH�DFFHVV�
WR�SOHQWLIXO�DQG�SUHGLFWDEOH�UHVRXUFHV��WKH�SDVWXUHV���
ZH� H[SORUHG� WKH� YLVXDO� FRQWURO� RI� WKH� µFDVWHOOLHUL¶�
E\� WKH� DSSOLFDWLRQ� RI� D� YLHZVKHG� DQDO\VLV� � ZLWK�
6SDWLDO� $QDO\VW� H[WHQVLRQ� LQ� $UF*,6� ������ �(65,���
9LHZVKHG� DQDO\VLV� ZDV� EDVHG� RQ� WKH� VDPH� UDVWHU�

Figure 8�� 7KH� WKUHH� UDVWHU� GDWDVHWV� UHFODVVL¿HG� DQG�
weighted as shown in table 3 to obtain the friction surface.  

Figure 9. The friction surface obtained from a weighted 
RYHUOD\�DPRQJ�WKH�K\GURJUDSK\�VKDSH¿OH��WKH�'(0�DQG�
the Corine Land Cover 2006 (see Table 3). 

Figure 10. Left. Cost paths 1 based on Tobler’s 
µKLNLQJ� IXQFWLRQ
� ZLWK� WKH� YHUL¿HG� 
FDVWHOOLHUL
� �UHG�
VTXDUH�� DQG� XQYHUL¿HG� 
FDVWHOOLHUL
� �EOXH� VTXDUH�� 
Figure 11. Right. Cost paths 2 based on friction surface 
ZLWK�WKH�YHUL¿HG�
FDVWHOOLHUL
��UHG�VTXDUH��DQG�XQYHUL¿HG�
'castellieri' (blue square).
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GLJLWDO�HOHYDWLRQ�PRGHO��'(0�����P�FHOO�VL]H���WZR�
R̆VHW� ���PHWHUV��ZHUH�XVHG� WR�GH¿QH� WKH�KHLJKW�RI�
the observer point (castelliere) and the height of the 
IHDWXUH�FRQVLGHUHG� IRU�YLVLELOLW\� �SDWK��DQG�SDWK����
$FFRUGLQJ�WR�D�SUHYLRXV�VWXG\�RQ�YLVXDO�FRQWURO�EDVHG�
RQ�WKH�+LJXFKL�KXPDQ�H\H¶V�GHJUHH�RI�SHUFHSWLRQ�RI�
GL̆HUHQW�REMHFWV�WDUJHWV��MaTTioli�������WKH�VHDUFK�
GLVWDQFH� ZDV� OLPLWHG� WR� ����� PHWUHV� �UDGLXV� ���
WHUULWRULDO�FRQWURO�RI�ODQGVFDSH�HOHPHQWV��DQG������
PHWHUV��UDGLXV����KRUL]RQ��

)LJXUH����VKRZ�KRZ�PDQ\�NLORPHWHUV�RI�SDWK���
DQG�SDWK���DUH�XQGHU�WKH�YLVXDO�FRQWURO�RI�µFDVWHOOLHUL¶�
ZLWKLQ� D� UDGLXV� RI� ����� DQG� ����� PHWUHV�� 7KH�
,WDOLF� VHWWOHPHQWV� VHHP� WR� KDYH� D� JUHDWHU� DSWLWXGH�
for visual dominance on the optimal paths for the 
WUDQVKXPDQFH� �SDWK� ��� UDWKHU� WKDQ� EHVW� SDWK� WR�
UHDFK�TXLFNO\�RQH�ORFDWLRQ�IURP�DQRWKHU��SDWK�����

)XUWKHUPRUH�D�FRQ¿UPDWLRQ�RI�WKLV�K\SRWKHVLV�
LV�DOVR�SURYLGHG�E\�)LJXUH����WKDW�VKRZV�KRZ�PDQ\�
KHFWDUHV�RI�ODQG�ZLWK�GL̆HUHQW�YHJHWDWLRQ�FRYHU�DUH�
FRQWUROOHG�E\�µFDVWHOOLHUL¶��WKHLU�LQWHUHVW�VHHPV�WR�EH�
DLPHG�SULPDULO\�WRZDUG�ODQG�ZLWK�PL[HG�YHJHWDWLRQ�
�IRUHVW� RU�PHDGRZV� VXLWDEOH� IRU� JUD]LQJ��� FDUHIXOO\�
avoiding the visual control of  open spaces with little 
RU�QR�YHJHWDWLRQ��VFUHH��FOL̆V��URFNV�DQG�RXWFURSV��RU�
GHHS��FDQ\RQ�OLNH�ULYHU�YDOOH\V�

5. Conclusions

The origin of transhumance routes of Umbria 
DQG�6DELQD�UHJLRQV�VHHP�WR�GDWH�EDFN�WR�SUH�5RPDQ�
age. The Roman centuriation of the intramontane 

basins in Apennines mountains seems to keep trace 
RI�WKLV�ROGHU�QHWZRUN�RI�SDWKZD\V�DQG���DFFRUGLQJ�WR�
GDWD��GHULYLQJ�IURP�*,6�FRVW�GLVWDQFH�DQG�YLHZVKHG�
DQDO\VLV�� WKH� W\SLFDO� IRUWL¿HG� VHWWOHPHQWV� RI� ,WDOLF�
SRSXODWLRQV� �VR�FDOOHG� µFDVWHOOLHUL¶�� VHHP� WR� SUHIHU��
DPRQJ� WKH� EHVW� SDWKZD\V�� WKH� YLVXDO� FRQWURO� RI�
those paths crossing favorable surface with grass for 
grazing as long as possible.
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1. The Extent of Archaeological Predictive 
Modelling In Europe1

In late 2011, the words ‘archaeological 
predictive modelling’ followed by the name of each 
of the countries of Europe were entered into the 
Google search engine. Thirty six countries (72%) 
had reference to research into archaeological 
predictive modelling within that country, fourteen 
countries (28%) had no reference to archaeological 
predictive modelling (Fig. 1) and twelve countries 
(24%) had reference to the technique being used (in 
part) for cultural heritage management. However, 
just because there was no reference to research into, 
or the use of, archaeological predictive modelling on 
the internet, does not mean that it does not exist in 
WKDW�FRXQWU\��+HQFH��WKH�DERYH�¿JXUHV�DUH�SUREDEO\�
conservative. Internet references for research into 
archaeological predictive modelling were also found 
in Australia, the USA, Canada, parts of Africa, etc. 
The conclusion from this provisional survey is that 
there is a lot of interest in the technique world-wide 
and that some countries are starting to incorporate 
the technique into their systems of cultural heritage 
management. 

Corresponding author: Archaeology53@gmail.com

2. Types of Modelling

From internet research and background 
reading, there appears to be as many archaeological 
predictive modelling techniques as there are 
archaeological predictive models. Examples include; 
models based on ethnographic and ethno-historic 
literature (Dalla Bona & Larcombe, 1996), adjusted 
deductive modelling (Altamira Consulting Ltd, 
2009), least-cost path modelling (Verhagen, 2010), 
optimal foraging theory and diet-breadth modelling 
(Whitley, 2010), geographically weighted regression 
(Löwenborg, 2010), fuzzy logic (Hatzinikolaou, 
2006), intelligent network structures, based on 
neural networks (Ducke 2003), K-means cluster 
analysis and Dempster-Shafer theory (Veljanovski 
	�6WDQþLþ���������ELQDU\�ORJLVWLF�UHJUHVVLRQ�DQDO\VLV�
(Cuming, 2002), and so on. The reason for this 
variety appears to be because each study area is 
unique. Some study areas have a large amount of 
known archaeological data and hence inductive 
(statistical) techniques can be applied and other 
areas have little archaeological data and hence 
deductive techniques have to be applied. Inductive 
techniques rely upon representative data, which is 
not always available and deductive techniques rely 
upon expert judgement, which can be biased. 

Transparency, Testing and Standards for 
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University of East Anglia, United Kingdom
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This paper starts with considering the extent of archaeological predictive modelling in Europe and the 
YDULRXV�GL̆HUHQW�WHFKQLTXHV�XVHG��2QH�RI�WKH�PDLQ�FULWLFLVPV�DJDLQVW�DUFKDHRORJLFDO�SUHGLFWLYH�PRGHOOLQJ�
LV� WKDW� LW� LV� RIWHQ�YLHZHG�DV�D� µEODFN�ER[¶� WHFKQLTXH�DQG� WKLV�SDSHU� VXJJHVWV�RQH�SRVVLEOH�ZD\� WR�PDNH�
the procedure more transparent to the non-technical user and allow that user to test and interrogate a 
PRGHO��7KH�SDSHU�VWUHVVHV�WKDW��LI�SRVVLEOH��DUFKDHRORJLFDO�SUHGLFWLYH�PRGHOV�VKRXOG�EH�WHVWHG�DJDLQVW�QHZ�
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compared to another model and standardised attribute data could be exchanged between models and 
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Archaeologists are interested in where (and 
how) people lived or worked in the past and it is 
assumed that concentrations of artefacts and/
or features are an indication of such areas, which 
are often called settlements or sites. Terrain can 
LQÀXHQFH� WKH�SRZHU�RI�D�SUHGLFWLYH�PRGHO�DV�VRPH�
landscapes funnel human settlement or restrict 
the human exploitation of the landscape. For 
example, settlement patterns of hunter-gatherers 
DUH�YHU\�GL̆HUHQW�WR�VHWWOHPHQW�SDWWHUQV�RI�IDUPHUV�
as hunter-gatherers used temporary camps (based 
on access to foraging and hunting), whilst farmers 
lived in permanent houses (based on access to good 
arable or pastoral land). Further, the modelling 
RI� VSHFL¿F� IXQFWLRQ� VLWHV� ZRXOG� UHODWLYHO\� VWUDLJKW�
forward as they tend to be located near to sources 
of raw materials. For example, pottery production 
would be based near a good source of clay, water 
and fuel; sheep farming would be based near to 
grass land that is not easily cultivated (possibly 
on steep slopes), etc. Hence, the type of site 
being modelled should be fully understood as the 
grouping of all site types together reduces the power 
of any archaeological predictive model. Due to these 
variants, it does not appear possible to directly 
compare one archaeological predictive model or 
technique with another model or technique, unless 
they are based in the exact same study area, the 
same archaeological and environmental data, for 
the same historical era and for the same type of site.  

3. Criticisms Against the Use of 
Archaeological Predictive Modelling for 
Cultural Heritage Management

There are various criticisms against using 
the technique for cultural heritage management 
(for example see; Kamermans 2008, Wheatley 
2004, etc.) and these criticisms must be addressed 
before the technique can fully accepted by the 
archaeological community. However, such 
criticisms should be considered in relation to 
existing systems of cultural heritage management 
as no system of cultural heritage management 
is, or can ever be, 100% perfect. For example, in 
England all planning applications for development 
(new housing, factories, roads, railways, etc.) are 
reviewed by the local archaeological department 
who, if considered necessary, will issue a written 
brief on what archaeological investigation is 
required before that development takes place. 

Within four English counties in 2008, only 2% 
of all development applications involved some 
form of archaeological investigation and over a 
third of that investigation found no archaeological 
artefacts or features whatsoever. Therefore, it 
appears somewhat pedantic to argue that an 
archaeological predictive model in England should 
predict all archaeological data. Another criticism 
is that archaeological predictive models are self-
IXO¿OOLQJ�DQG�WKDW�LI�DUHDV�RI�KLJK�SUHGLFWLRQ�DUH�RQO\�
LQYHVWLJDWHG��LW�LV�QRW�SRVVLEOH�WR�¿QG�DUFKDHRORJLFDO�
data in low prediction areas, thus apparently 
strengthening the predictive power of the model. 
Whilst this is true, in several English counties the 
existing system of cultural heritage management 
is based on the proximity of known archaeological 
data. For example, within some English counties 
an archaeological investigation is required if a 
development is within a certain distance from a 
medieval church. Hence, this system of heritage 
PDQDJHPHQW� LV� DOVR� VHOI�IXO¿OOLQJ�� 7KHUHIRUH�� WR�
further the cause of using archaeological predictive 
modelling for cultural heritage management, we 
must directly compare the technique with existing 
systems of cultural heritage management. That is 
to say, would archaeological predictive modelling 
preserve more or less archaeological heritage than 
an existing system of cultural heritage management, 
for the same cost? In this respect, archaeological 

Figure 1. A provisional survey of countries in Europe 
that carryout research into archaeological predictive 
modelling or employ the technique (in part) for cultural 
heritage management. Dark grey = countries with 
research into, or use of, archaeological predictive 
modelling noted on the internet. Light grey = no reference 
to archaeological predictive modelling found on the 
internet.
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predictive modellers appear to have a case to prove 
and further research into this issue is required.

Completed (and proposed) large building 
projects such as new road and rail schemes, housing 
estates, pipelines and areas of mineral extraction 
R̆HU� JRRG� RSSRUWXQLWLHV� WR� SURYH� WKH� ZRUWK� RI�
archaeological predictive modelling. First, determine 
the total cost of the archaeological work carried 
out, the time taken and, if some archaeological 
investigation was unproductive, how much? Second, 
carryout an archaeological predictive model, 
based on the known data before the archaeological 
investigation, and then determine (or not) how 
well the model agrees with the archaeological data 
found and how much unproductive archaeological 
investigation could have been saved should the 
archaeological predictive model have been used to 
determine where to carry out the archaeological 
investigation. Third, determine the potential cost 
saving to the project should an archaeological 
predictive model had been used. 

)LJXUH���VKRZV�D�¿FWLWLRXV�QHZ�KRXVLQJ�HVWDWH�
where three evaluation trenches were demanded 
by the governing archaeological body, which were 
duly excavated, recorded and reported. Trench 02 
uncovered no archaeological data!  Figure 3 shows 
the same housing estate where an archaeological 
predictive model predicted that evaluation trench 
02 would be archaeologically sterile. Should the 
cost of the archaeological predictive model be less 
than the excavation, recording and reporting of 
evaluation trench 02, the use of an archaeological 

predictive model in this case would have saved the 
developer both time and money. 

Have such comparisons ever been carried out? 
An archaeological predictive model was produced 
to determine where archaeological investigations 
should be carried out on a 7.0Km long proposed 
pipeline between Andijk-West and Wervershoof 
in the Netherlands. The model suggested that 
only 2.5Km of the pipeline was in an area of high 
potential. However, due to the unexpectedly 
large amount of archaeological data found in 
the high category, it was decided to extend the 
archaeological investigations to include the whole 
length of the pipeline, which resulted in further 
VLJQL¿FDQW� DUFKDHRORJLFDO� ¿QGV� �9HUKDJHQ�� �������
Later analysis concluded that some of the original 
modelling assumptions were wrong and that ground 
disturbance played a greater part in archaeological 
survival than previously thought. Whatever the 
reason, the archaeological community could see this 
as a failure of archaeological predictive modelling 
and supporting evidence of why the technique should 
not be used for cultural heritage management. 

Introduced in 1999 at a cost of $4.5 million, the 
Minnesota archaeological predictive model is said 
to be saving the US state $3.0 million per annum, 
compared to the original system of cultural heritage 
management (Madry el al. 2006). Unfortunately, 
ZKHQ�SUHVVHG�IRU�MXVWL¿FDWLRQ�RI�WKHVH�¿JXUHV��LW�ZDV�
revealed that these were ball-park estimates only, 
which had been reached by a consensus of opinion 
RI� WKH�VWD̆�ZRUNLQJ�RQ�WKH�SURMHFW��:KLOVW� WKHUH� LV�

Figure 2.� $� ¿FWLFLRXV� QHZ� KRXVLQJ� HVWDWH� ZLWK� QR�
archaeological predictive model.

Figure 3. The  VDPH�¿FWLFLRXV�QHZ�KRXVLQJ�HVWDWH�ZLWK�DQ�
archaeological predictive model.
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no doubt that the introduction of this archaeological 
predictive model saves the state money, it would be 
far more persuasive to the archaeological community 
LI� DFWXDO� ¿JXUHV� FRXOG� EH� SURGXFHG�� :LWKLQ� WKH�
Weyerhaeuser Grande Prairie forest management 
area in Alberta, Canada, archaeological predictive 
models are used in advance of tree harvesting (see 
Altamira Consulting Ltd website). These models 
are said to have a success rate around 85% and the 
archaeological community (and contractors) see 
this as a good way of concentrating archaeological 
investigation, thus saving time and money. However, 
with the large Canadian wilderness containing little 
archaeological data, it is probably the only realistic 
technique available to cultural heritage managers. 

So what about when there is a huge amount 
of archaeological data available within a study area 
(Fig. 4), is it necessary to produce an archaeological 
predictive model for cultural heritage management? 
3UREDEO\� QRW�� DV� WKHUH� ZRXOG� EH� VẊFLHQW�
archaeological information with which to base sound 
archaeological decisions upon. In other words, an 
archaeological predictive model would probably not 
reveal much more than what is already known.

Whilst England contains large archaeological 
databases, there are some areas where the 
archaeological record is sparse and archaeological 
predictive modelling could be viable. For example, 

EHWZHHQ�XUEDQ�DUHDV�RU�DUHDV�RI�R̆�VKRUH�PLQHUDO�
extraction. Whilst there is no shortage of building 
material (sand, gravel and rock) in the UK, open 
quarries are often resisted by the local population. 
Hence, aggregate companies now obtain about 20% 
RI�DJJUHJDWHV�E\�R̆�VKRUH�GUHGJLQJ�LQ�WKH�1RUWK�6HD�
and English Channel. However, when past sea levels 
were lower than today, the North Sea and English 
Channel were inhabited by man and modern 
aggregate dredging destroys any archaeological 
remains or features. The Regional Environmental 
Characterisation (REC) project (funded by the 
Marine Aggregate Levy Sustainability Fund), is an 
attempt (in part) to produce maps showing areas 
of potential underwater archaeological data. With 
large areas involved and little known archaeological 
data, archaeological predictive modelling is a 
possible candidate to help with this study - based 
on bathymetric data (old rivers and coastlines), 
geological data, etc. 

4. Transparency

As previously discussed (see Wilcox, 2011), I 
EHOLHYH�WKDW�D�VLJQL¿FDQW�SRUWLRQ�RI�WKH�DUFKDHRORJLFDO�
community is suspicious of archaeological predictive 
modelling and view it as a black box technique. 
They do not fully understand the intricacies and 
limitations of the technique and as if by magic the 
technique produces beguiling coloured maps, which 
the modeller says are based on sound mathematical 
principles or expert opinion and simply asks the 
user to accept as being correct. It is like buying a 
second-hand car from a second-hand car salesman. 
Hence, every archaeological predictive model 
should be open to scrutiny by non-experts and 
hence should be accompanied by adequate data 
DQG� D� VLPSOL¿HG� H[SODQDWLRQ� RI� WKH� PDWKHPDWLFDO�
principles involved. To illustrate this point, Figure 
5 is an inductive predictive model (based on binary 
logistic regression analysis) for Late Anglo-Saxon 
settlement in the county of Norfolk (UK), which is 
divided into above 50% probability (dark grey) and 
below 50% probability (light grey) of containing 
archaeological data. 

Position A (above 50% probability) and 
position B (below 50% probability) can be chosen 
HLWKHU� UDQGRPO\� RU� VSHFL¿FDOO\� WDUJHWHG�� +HQFH��
at position A the various values assigned to each 
environmental factor are: soil description (deep 

Figure 4. An area of dense archaeological data in 
Norfolk, England (Source: Norfolk Heritage website).
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loamy soil) = 1; soil drainage (freely draining) = 1; 
contour level (below 32m above datum) = 1; ground 
slope (above 1°) = 1; distance to river (900m) = 
�����8VLQJ� WKH� FRḢFLHQWV� IURP� WKH�ELQDU\� ORJLVWLF�
regression analysis:

/LQHDU� 3UHGLFWRU�  � ������ �� �±������ î� ��
>JURXQG� VORSH@�� �� ������� î� �� >FRQWRXU� OHYHO@�� ��
�±������î����� >ULYHU�GLVWDQFH@���� �±������î�� >VRLO�
GHVFULSWLRQ@�����������î��>VRLO�GUDLQDJH@�� �������

3UHGLFWHG� 3UREDELOLW\�  � ����H[S� ���������  �
�����

7KHUHIRUH�� WKH� SUREDELOLW\� RI� ¿QGLQJ� /DWH�
Anglo-Saxon archaeological data at point A is just 
above 50% (0.514 > 0.5).  Thus, the model can 
easily be tested and interrogated by a non-expert. 
)RU�H[DPSOH��WKH�UHJUHVVLRQ�FRḢFLHQW�IRU�GLVWDQFH�
from a river is -0.377, showing a negative preference 
IRU�GLVWDQFH�IURP�D�ULYHU�DQG�WKH�FRḢFLHQW�IRU�VRLO�
drainage is 0.394, which shows a positive preference 
for land with good drainage.

5. Testing

The main criticism against archaeological 
predictive modelling is that models are rarely 
WHVWHG��'H¿QLQJ�DQ� LQGXFWLYH�PRGHO�E\�KRZ�ZHOO� LW�
predicts its own input data is a circular argument 
DQG� GH¿QLQJ� D� GHGXFWLYH� PRGHO� E\� KRZ� ZHOO� LW�
predicts the known archaeological sites is also a 
circular argument. In both cases, the archaeological 

data may not be representative as such data is often 
FROOHFWHG�LQ�GL̆HUHQW�ZD\V��)RU�H[DPSOH��WKH�VSDWLDO�
GL̆HUHQFH� EHWZHHQ� NQRZQ� DUFKDHRORJLFDO� GDWD� LQ�
the counties of Norfolk and Cambridgeshire (UK) is 
large (Wilcox, 2011). Hence, the success of testing 
archaeological predictive models using data from 
these counties would vary considerably and would 
RQO\�KLJK�OLJKW�WKHVH�VSDWLDO�GL̆HUHQFHV��7KH�ZKROH�
point of archaeological predictive modelling is to 
predict and models should be tested by how well 
they predict new data. Unfortunately, archaeological 
investigation to uncover new data is expensive 
and the whole point of archaeological predictive 
modelling is to avoid costly excavation. One way 
to resolve this chicken and egg situation is to use 
the technique in advance of large scale projects. 
1HZ� URDGV�� SLSHOLQHV� DQG�PLQHUDO� H[WUDFWLRQ� R̆HU�
excellent opportunities to test predictive models, 
as archaeological investigations will be carried out 
regardless of any modelling. Further, it is these 
ODUJH�SURMHFWV�WKDW�PD\�KDYH�WKH�¿QDQFHV�WR�SD\�IRU�
the modelling process. Examples of such projects 
in England would be the proposed extension to 
Stansted Airport (32 hectares of archaeological 
investigation) and the new East Kent Access 
Road - A256/A299 (40 hectares of archaeological 
investigation) (Fig. 6).  

Archaeological predictive models should also 
be interrogated upon completion. It is accepted 
that an archaeological predictive model will not 
predict every settlement but when a model does not 
predict certain types of settlement or settlements 

Figure 5.  Archaeological predictive model of Late 
Anglo-Saxon settlement in Norfolk, England. Dark grey 
is above 50% probability and light grey is below 50% of 
¿QGLQJ�DUFKDHRORJLFDO�GDWD��

Figure 6. The East Kent Access Road – 6.5Km long and 
40 hectares of archaeological investigations (source: 
EastKent.owarch website).
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in a particular region, questions should be asked 
as to why. Archaeological predictive modellers 
are beginning to split their study areas down 
into ‘archaeo-regions’ in order to account for 
WKH� GL̆HUHQFHV� LQ� WHUUDLQ� DQG� VR� SURGXFH� KLJKHU�
predictive gains. Such is the case for the Dutch 
national archaeological predictive model called the 
IKAW (Fig. 7). Whilst this is a perfectly acceptable 
technique, it does raise the question of how to merge 
these individual models to make one large model. 
The problem is that one model (say bounded by a 
river) and based on one set of variables may predict 
a high probability next to that river. Another model 
�RQ�WKH�RWKHU�VLGH�RI� WKH�ULYHU��DQG�XVLQJ�GL̆HUHQW�
variables may predict a low probability next to that 
river!

In England, calculations by one Engineer are 
often checked by another Engineer for compliancy 
with the relevant standards and regulations. This 
system is regulated and controlled by the governing 
body for Engineers in the UK. Could such a system 
work with archaeological predictive models? One 
university or governing archaeological department 
produces an archaeological predictive model (to 
be used for cultural heritage management) that 
is then checked by another. I’m not suggesting a 
full mathematical check or that an independent 
PRGHO� EH� SURGXFHG� WR� FKHFN� WKH� ¿UVW� PRGHO�� EXW�
a reasonability check. For example, if the values 
for a predictive model state that the probability of 
discovering an archaeological settlement decreases 
the further away from a river, this could be viewed 
as a reasonable assumption, even if the checker may 
not fully agree with the actual values used. Such a 
system would require the establishment of a new 
governing body to control it. For example, it could 
be established within English Heritage or it could be 
incorporated with the Institute for Archaeologists 
(IFA). Could this be a simple way to induce 
FRQ¿GHQFH�LQ�WKH�WHFKQLTXH�RU�ZRXOG�WKLV�MXVW�UHVXOW�
in two sets of experts disagreeing?  

6. Standards

With interest in archaeological predictive 
modelling growing and researchers using ever more 
inventive methods, it is proposed that some agreed 
simple standards at this stage could allow research 
to be integrated in the future and duplication 
avoided. However, given the ever increasing number 

RI� GL̆HUHQW� ZD\V� WR� SURGXFH� DQ� DUFKDHRORJLFDO�
predictive model, writing standards for producing 
archaeological predictive models would not be an 
easy task. Hence, standards should concentrate on 
how models are presented and tested as opposed 
to how they are produced. The modeller would be 
free to model how he or she likes but if the model is 
to be checked by others, used for cultural heritage 
management or published, the model should 
comply with some standards. The only standard for 
archaeological predictive modelling that the writer 
is currently aware of is in British Columbia, Canada.

7KH�IROORZLQJ�VXJJHVWLRQV�DUH�R̆HUHG�

• An agreed modelling resolution and projection 
should be agreed for each country.

• $Q� DJUHHG� ¿OH� IRUPDW� VKRXOG� EH� XVHG� IRU�
SUHGLFWLYH� PRGHOV�� 3RVVLEO\� (65,� ¿OHV�� DV� WKH\�
are very common and compatible with most GIS 
programs, both commercial and Open Source.

• The Kvamme’s gain of any archaeological 
predictive model should be quoted, so that 
models can be compared. Kvamme’s Gain = 
1 – (percentage of study area / percentage of 
archaeological data). 

Figure 7. The various Kvamme’s gains for different 
‘archaeo-regions’ of the IKAW (source: Verhagen, 2007).



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

���

• The archaeological site density within each 
probability category should be quoted, 
for risk assessment by cultural heritage 
managers. For example, High probability 
category = 1.23 archaeological sites per square 
kilometre, Medium probability category = 0.89 
archaeological sites per square kilometre, etc.

• 6SHFL¿F� GDWD� FROXPQV� LQ� WKH� DWWULEXWH� WDEOHV�
should be agreed so that data can be used in 
other models or applications.

Metadata for each model should be given, that 
includes:

• The author, contact details, date and modelling 
background should be given.

• A detailed description of the study area, including 
geology, topology, etc.

• A detailed assessment of the archaeological and 
environmental data used for the model should be 
given, including any and all biases, restrictions, 
etc. 

• A detailed description of the methods used to 
make the model should be given, including 
theoretical and mathematical principles.

• A detailed description of how the model was 
tested should be given.

• $� GHWDLOHG� OLVW� RI� UHJUHVVLRQ� FRḢFLHQWV�H[SHUW�
derived weights for each variable, along with 
worked examples of using these to justify the 
category of prediction at any location should be 
given, in order that non-experts can interrogate 
and test the model.

7. Conclusions

It is possible that some members of the 
archaeological community see archaeological 
predictive modelling as the Philosophers stone of 
cultural resource management. Simply plot any 
development application against an archaeological 
predictive model and issue a standard letter stating 
exactly what (if any) archaeological investigation 
should be carried out. Could such a system replace 
experienced archaeologists? It can never be that 

simple - archaeological predictive modelling is 
a tool, applicable for use in certain (but not all) 
FLUFXPVWDQFHV� DQG� WKH� ¿QDO� GHFLVLRQ� UHJDUGLQJ�
cultural heritage management should always 
be made by a human. It is only human to make 
mistakes, but you need a computer to really mess 
things up! Hence, we must make our models 
accessible for scrutiny by non-technical users by 
SURYLGLQJ� VẊFLHQW� GDWD� DQG� ZRUNHG� H[DPSOHV� RI�
how to interrogate and test a model at any point. 

We must strive to answer all the criticisms 
raised against the technique, admitting that 
some aspects can never be fully resolved, but 
comparing the technique against the existing 
system of cultural heritage management. Cultural 
heritage management is about managing risk on a 
given budget. Does the existing system of cultural 
KHULWDJH�PDQDJHPHQW� R̆HU� WKH� EHVW� SURWHFWLRQ� IRU�
undiscovered archaeological remains/artefacts or 
would archaeological predictive modelling do a 
better job for the same budget - in which case this 
needs to be proved!

Whilst we should support new ideas about 
modelling the past, it is not ever more inventive 
modelling techniques that we need right now. It is 
(more) hard proof that archaeological predictive 
models actually predicts new archaeological data to 
a high degree and that (in certain circumstances), 
it can do a better and cheaper job than the existing 
system of cultural heritage management. 
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1. Introduction1

During the last years digital technologies have 
been used in Archaeology for the documentation, 
the management  and  the  representation  of 
archaeological data. A consequence of this 
phenomenon is the increasing popularity of 
Geographical Information Systems (GIS) as 
powerful tool for the organization and the 
visualization of archaeological data in relation with 
the correspondent spatial information, while less 
attention is paid to the application of spatial statistics 
IRU�GHWHFWLQJ�VSHFL¿F�SDWWHUQV�RI�VXFK�GDWDVHWV�

Recently, however, GIS has been used by 
archaeologists not only for data management, but 
also for analysing data and their spatial references. 
Thus, researchers can detect particular patterns from 
archaeological data collected through archaeological 
surveys or excavations by carrying out statistical 
spatial analyses. It is important to point out that 
statistics and spatial analysis have the power to 
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detect and explain even the most vague and complex 
aspects of the world (Shennan 1997, 3). Researchers, 
by using statistics, can discern the presence or the 
absence of any pattern in the archaeological data, 
and detect the relationships between the spatial 
and the attribute datasets (Conolly and Lake 2006, 
122). Many foundations of spatial analyses were 
established by geographers in the 1950’s and 1960’s, 
DQG�WKHQ�DGRSWHG�DQG�PRGL¿HG�E\�DUFKDHRORJLVWV�LQ�
the 1970’s and 1980’s (Hodder and Orton 1976). In 
the past 20 years there have been several important 
advances and a renewed interest in the application 
of spatial statistics techniques to the study of the 
past human behaviour (Williams 1993; Beardah 
1999; Premo 2004; Crema et al. 2010; Ladefoged 
and Pearson 2010; Bevan 2012). 

This paper focuses on a set of point pattern 
and process models that now put archaeologists in 
a position to return to the analysis of spatial pattern 
and process with renewed ambition, especially with 
UHJDUG� WR� GLVWULEXWLRQ� PDSV�� 7KHUHIRUH�� WKH� ¿UVW�
VHFWLRQ�R̆HUV�DQ�RYHUYLHZ�RI�WKH�H[LVWLQJ�VWDWLVWLFDO�
approaches to settlement patterning in Archaeology 
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by one multi-scalar method (Ripley’s K function) 
and shows both problems and potentiality of such 
technique dealing with spatial data. The subsequent 
section focuses on one particular case study (the 
Iron Age I settlements in the actual West Bank 
or Cisjordan2), which highlights some important 
conceptual issues and new analytical opportunities.

2. Spatial Statistics and Settlement Patterns

Archaeologists frequently use points for 
representing the location of artefacts, sites, particular 
features, etc. The analysis of point distribution can 
be an important tool for understanding, interpreting 
DQG� H[SODLQLQJ� WKH� VSDWLDO� FRQ¿JXUDWLRQ� RI� RXU�
observations in a given study area. There are three 
idealised point distributions: random, clustered and 
regular. Nevertheless, these states rarely occur so 
clearly in reality and settlement patterns are more 
complex above all if we consider that the scale of 
DQDO\VLV� FDQ� FKDQJH� WKH� VSDWLDO� FRQ¿JXUDWLRQ� RI� D�
spatial pattern. A regular distribution of sites can 
UHÀHFW� D� IRUP� RI� FRPSHWLWLRQ� DPRQJ� VHWWOHPHQWV��
the existence of agricultural catchments or both 
(Hodder and Orton 1976, 54-85). Clustering of sites 
may be due to a localized distribution of sources or 
to the presence of polities and regional centres. On 
the other hand, random distributions have been 
usually treated as null-hypotheses, although this 
NLQG�RI�VSDWLDO�SDWWHUQ�FDQ�EH�GHWHUPLQHG�E\�VSHFL¿F�
environmental and social variables (Bevan and 
Conolly 2006, 218). The most known technique in 
Archaeology for detecting spatial patterns among 
settlements is nearest neighbour analysis, which 
was originally designed by Clark and Evans (1954) 
for ecological purposes. The widespread of this 
technique among archaeologists is due to the fact 
that it is simple to calculate and it provides an easy 
FRḢFLHQW�WR�LQWHUSUHW��1HYHUWKHOHVV��WKLV�WHFKQLTXH�
FRQVLGHUV�RQO\�WKH�¿UVW�QHDUHVW�QHLJKERXU��LW� LV�QRW�
PXOWL�VFDODU�DQG�LWV�UHVXOW�LV�VWURQJO\�D̆HFWHG�E\�WKH�
size of the analysed area. 

At this point, I will propose a multi-scalar 
spatial statistics technique known as Ripley’s 

2  The West Bank is a landlocked territory bordering Jordan to 
the east and Israel to the west, north and south. Since the Oslo 
peace’s accords in the 1993, parts of the West Bank are under 
full or partial control of the Palestinian Authority. Actually, 164 
nations refer to the West Bank, including East Jerusalem, as 
“Occupied Palestinian Territory”.

K function, designed to detect spatial patterns 
of aggregation or segregation of point data at 
GL̆HUHQW�VFDOHV��5LSOH\��������,Q�WKLV�VHFWLRQ�,�ZLOO�
try to identify the possible interactions between 
settlements distributed in a given study area by 
carrying out point pattern analyses to investigate 
if phenomena of attraction or repulsion are mainly 
UHODWHG�WR�WKH�¿UVW�RU�VHFRQG�RUGHU�RI�H̆HFWV��:LWK�
WKH� WHUP� ³¿UVW� RUGHU� RI� H̆HFWV´� ,� PHDQ� WKDW� WKH�
observations throughout a study area “vary from 
place to place due to the changes in the underlying 
properties of the local environment” (O’Sullivan 
DQG�8QZLQ������������7KH�VHFRQG�RUGHU�RI�H̆HFWV��
instead, is due to the local interaction between the 
observations. Therefore, in the present paper, I am 
going to investigate how the environmental variables 
�¿UVW� RUGHU� RI� H̆HFWV�� DQG� WKH� GLUHFW� LQWHUDFWLRQ�
between the settlements themselves (second 
RUGHU� RI� H̆HFWV�� FDQ� GHWHUPLQH� GL̆HUHQW� VSDWLDO�
patterns (cluster, even or random distribution of 
settlements). In practice, it is important to point 
RXW� WKDW� LW� LV� QRW� HDV\� WR� GLVWLQJXLVK� WKH� ¿UVW�
VHFRQG�RUGHU�H̆HFWV�LQ�WKH�SRLQW�SDWWHUQ�VLPSO\�E\�
observing as the intensity of a process varies across 
space. In fact, any points distribution documented 
in a given study area can be thought as the result 
of one or more underlying processes. Moreover, 
in many real world examples, it is probably that 
GL̆HUHQW� VSDWLDO� SDWWHUQV� �FOXVWHU�� HYHQ�RU� UDQGRP�
distribution of points) are due to multiple processes 
EHKDYLQJ�GL̆HUHQWO\� LQ�GL̆HUHQW�SDUWV�RI� D� VSHFL¿F�
study area. Therefore, is it important to make a 
GLVWLQFWLRQ�EHWZHHQ�WKH�¿UVW�RUGHU�H̆HFWV�DV�IDFWRUV�
DQG� SKHQRPHQD� D̆HFWLQJ� WKH� LQWHQVLW\� RI� SRLQWV�
DFURVV� D� UHJLRQ�� DQG� WKH� VHFRQG� RUGHU� H̆HFWV� WKDW�
GHVFULEH� GL̆HUHQW� SDWWHUQV� RI� LQWHUDFWLRQ� DPRQJ�
points such as attraction and segregation.  

,Q� WKLV� VHFWLRQ� ,� ZLOO� XVH� WZR� GL̆HUHQW�
point pattern analyses for investigating if the 
spatial patterns of the Iron Age I settlements are 
due to the direct interaction among them or to 
the environmental variables: homogenous and 
inhomogeneous Ripley’ K functions. I will also 
LQYHVWLJDWH� WZR� GL̆HUHQW� NLQGV� RI� KRPRJHQRXV�
Ripley’s K functions: global and local.   

The homogeneous Global Ripley’s K function 
describes the second order properties of a point 
pattern by using measures based on distances 
between all events in the study area (Lloyd 2007). 
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The K function for distance d is given by the 
following formula:

where #(C(x,d)) indicates the number of events 
in the circle C(x,d), with radius d centred on location  
[��)LJ�����DQG�Ǌ�LV�WKH�DYHUDJH�LQWHQVLW\��0 �1�D��$��
of the process. This global function examines spatial 
dependence over small spatial scales by assuming 
homogeneity and isotropy over the scale of analysis 
(stationary point process) (Lloyd 2007, 177). The 
K function is obtained by counting the number of 
point within radius d of an event and calculating the 
mean count for all events; then, the mean count is 
divided by the overall study area event density. We 
FDQ�UHSHDW�WKH�VDPH�SURFHGXUH�DW�GL̆HUHQW�VFDOHV�E\�
modifying the values of the radius d around each 
event. 

The local K function is similar to the global K 
function, but only pairs of points that have a given 
point i as one of the members of the pair are included 
(Lloyd 2007, 186-187). A local K function of distance 
G�LV�GH¿QHG�E\�WKH�IROORZLQJ�IRUPXOD�

where counts are of all points within distance 
d of point i and |A| indicates the area of the window 
analysis. Unlike the Global Rypley’s K function, 
the local K function allow us to show the spatial 
distribution of clustering at each spatial scale 
by plotting the K value for all artefacts at each 
bandwidth in turn. 

Nevertheless, the homogeneous Ripley’s 
K function has some weaknesses: it supposes 
homogeneous space and is characterized by a 
stationary point process, where the intensity 

IXQFWLRQ�Ǌ3 is constant throughout the whole study 
area (Marcon and Pluech 2003, 2). If an initial 
analysis suggests that a pattern is not characterized 
by a constant intensity over the study area, the 
homogenous K function does not allow further 
analyses (Baddeley et al. 2000, 330). 

Inhomogeneous point pattern could arise if, 
for instance, we detect that our observations are 
distributed according to environmental variables 
such as soil fertility, water source proximity and 
so on. Therefore, the inhomogeneous K function 
is a non-parametric second order analysis, which 
allows us to analyse point patterns distributed in 
a heterogenic space. This is possible by creating 
a predictive surface including the environment 
variables as covariates (Baddeley and Turner 2005, 
23). Therefore, an inhomogeneous K function will 
not only depend on the distribution of points in a 
study area, but also on the underlying intensity 
IXQFWLRQ��VR�WKDW�WR�GH�WUHQG�WKH�¿UVW�RUGHU�RI�H̆HFWV�
(Comas et al. 2008, 390).   

3. Study Area and Dataset

My study focuses on past human settlement 
in Southern Levant, particularly in the West Bank 
highlands (Cisjordan). This area (coordinates: 
�����Ļ1� �����Ļ(�� KDV� D� WRWDO� H[WHQVLRQ� RI� ������
km² and an average altitude of 600 m. The highest 
and best known peak is Tall Asur (1,016 m), a mount 
located 10 km North-East of Ramallah, while the 
lowest point is located in the Dead Sea (- 408 m). 

The peak settlement that took place in 
the West Bank highlands, during the Iron Age 
I period (12th-11th centuries B.C.), is one of the 
most controversial and discussed topics in the 
history of the land of Israel. Many scholars have 
VWXGLHG� WKLV� VWRUP\�SHULRG�ZLWK�GL̆HUHQW�SRLQWV�RI�
view: the biblical interpretation (Albright 1939; 
Dever 1992; Thompson 1992), historical research 
and archaeology (Finkelstein 1996; Finkelstein 
1998; Finkelstein and Mazar 2007). Most of them 
assumed, in their researches, the presence of a 
unique ethnical group living in this region during 
Iron Age I period: the proto-Israelites. Instead, in 
this paper I will generally speak about Iron Age I 

�� �7KH�LQWHQVLW\�LV�JLYHQ�E\�WKH�IROORZLQJ�IRUPXOD��Ǌ 1�$��ZKHUH�
N indicates the number of events and A is the overall area of the 
window analysis.

Figure 1. Number 
of events within 
the circle with 
radius d centred 
on location x. 
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settlers without assuming any ethnical boundary 
but assessing how in this region the environmental 
features, related to cultural-socio-economic aspects, 
PD\� KDYH� D̆HFWHG� WKH� KXPDQ� GHFLVLRQ�PDNLQJ�
process and the settlement distribution of Iron Age 
I people.

The principal archaeological surveys 
throughout the West Bank have been carried out 
in the north by A. Zertal between 1978 and 1988 
(Zertal 2004) and by Finkelstein, Lederman and 
Magen between 1980 and 1988 (Finkelstein and 
Lederman 1997; Finkelstein and Magen 1993); in 
the south by M. Kochavi in 1967-68 and A. Ofer in 
early 90’s (Kochavi 1972).

The methodology of the surveys consisted 
of making a grid of a selected region and then 
spreading out in a line and walking throughout the 
whole area looking for all traces of ancient remains. 
The archaeologists carefully recorded any natural 
(topography, distance from water sources, soil 
typology, elevation) and archaeological feature (wall 
lines, buildings remains, potsherds, etc.) in order 
to detect the nature of ancient occupation. After 

surveying all sites, maps of each archaeological 
period were drawn to show the location and 
distribution of sites recorded by size and typology. I 
managed to identify and locate 270 sites distributed 
throughout the whole area in the Iron Age I by 
gathering the data coming from the archaeological 
surveys that I have above mentioned (Fig. 2). 

4. Analyses and Results

I carried out an univariate global Ripley’s K 
function for all 270 settlements by using an interval 
of 60 metres (the minimum nearest neighbour 
distance between the settlements) and a maximum 
bandwidth of 20 Km. 

The resultant K function plot shows the 
cumulative frequency distribution of average point 
intensity at set increments (equal to 60 m) of r. I 
used Monte Carlo simulations of points random 
GLVWULEXWLRQV� WR� HVWLPDWH� ORFDO� FRQ¿GHQFH� OLPLWV� RI�
the null hypothesis of complete spatial randomness 
�&65���DQG�REWDLQHG����SHUFHQW�FRQ¿GHQFH�LQWHUYDO�
by carrying out 1000 iterations (Bevan and Conolly 
2006, 220). These estimates are, then, compared to 
the observed values of K (L) in order to provide a 
statistical robust measure of a clustered or regular 
point distribution in our study area (Conolly and 
Lake 2006, 166). The Ripley`s K plot (Fig.3) shows 
D� VWURQJ� SRVLWLYH� GHYLDWLRQ� IURP� WKH� FRQ¿GHQFH�

Figure 2. Map showing the West Bank boundaries (in 
black) and the total surveyed area. 

Figure 3. Global homogeneous Ripley’s K function for 
Iron Age I settlements.
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interval and indicates that from a distance (r) greater 
WKDQ���.P�VLWHV�FOXVWHU� LQWR�VWDWLVWLFDOO\�VLJQL¿FDQW�
groups (p<0.01) indicating that there are more 
neighbours than expected at almost all distances r. 

Unlike the univariate  Global Rypley’s K 
function, the local K function allow us to show the 
spatial distribution of clustering at each spatial scale 
E\�SORWWLQJ�WKH�PRGL¿HG�.�GLVWULEXWLRQ��/��IXQFWLRQ�
value for all settlements types at each bandwidth in 
WXUQ��$W�WKLV�SRLQW��,�FUHDWHG�GL̆HUHQW�SORWV�RI�DOO�����
settlements at bandwidth 2, 5 and 10 km in order to 
GHWHFW�GL̆HUHQW�ORFDO�SDWWHUQV��,�ZRXOG�OLNH�WR�SRLQW�
out that there is not an ideal bandwidth’s value 
because this kind of spatial statistics technique   is 
multi-scalar and its results depend on the scale 
DGRSWHG��6R��LQ�WKLV�FDVH�,�KDYH�XVHG�WKUHH�GL̆HUHQW�
bandwidths for showing the common general trends 
RFFXUULQJ�LQ�P\�VWXG\�DUHD�DW�GL̆HUHQW�VFDOHV��

In my plots the dimension of black circles 
represents the degree of aggregation of a site, while 
the dimension of white circles represents the degree 
of segregation of each point. So, the greater is a black 
circle the more clustered are the corresponding 
sites. If we look at the local clusters of all sites at 
bandwidth equal to 2km (Fig. 4a) we can see that 
some small clusters are distributed mainly on the 
eastern and north-western ridges of the West Bank. 
Instead, at bandwidth 5 (Fig. 4b) and 10 Km (Fig. 
4c), the clusters appear greater than the cluster 
obtained by using a bandwidth equal to 2 km. That 
means that the results change according our scale 

and that there is not an ideal 
bandwidth to use for detecting 
the spatial distribution of 
clusters in our study area. Thus, 
ZH� FDQ� FRPSDUH� WKH� GL̆HUHQW�
results obtained by making use 
RI� GL̆HUHQW� EDQGZLGWKV� HLWKHU�
for detecting general trends 
occurring in any scale or for 
inquiring particular pattern at a 
given scale. The results of local 
Ripley’s K function, by looking 
at the three outputs obtained 
ZLWK�WKUHH�GL̆HUHQW�EDQGZLGWKV��
tell us that the settlements 
were generally clustered in 
the Central West Bank and in 
the northern edge of the study 

area. The inhomogeneous K function, as we have 
previously said, allows us to detect the interaction 
EHWZHHQ� WKH� VLWHV� E\�GH�WUHQGLQJ� WKH�¿UVW� RUGHU� RI�
H̆HFWV��HQYLURQPHQWDO�IDFWRUV��WKURXJK�WKH�FUHDWLRQ�
of an-inconstant intensity surface underlying all our 
study area.

We can therefore build some formal point 
process models to consider what environmental 
D̆RUGDQFHV� FRXOG� KDYH� VLJQL¿FDQWO\� D̆HFWHG� WKH�
distribution of settlements in the West Bank 
highlands. We begin by considering, as examples, 
six related environmental factors: elevation, slope, 
DVSHFW�� ULGJH�WRS� ODQGIRUPV�� GLVWDQFH� LQWR�RXW� RI�
the dolomite geological typology and topographic 
wetness in a local catchment (Figures 5a-f)4.

This selection is prompted in part by many 
commentators’ informal impressions that rugged 
topography and hydrology were important factors 

4  The digital elevation model (DEM) used here is NASA’s 30m  
$67(5� GDWDVHW�� 5LGJH�OLNH� ODQGIRUPV� ZHUH� GH¿QHG� IURP� WKH�
'(0� YLD� D� IX]]\� IHDWXUH� FODVVL¿FDWLRQ� DFURVV� IRFDO� ¿OWHU� VFDOHV�
from 3x3 to 11x11 cells (Fisher et al. 2004). Catchment-based 
WRSRJUDSKLF�ZHWQHVV�ZDV�FDOFXODWHG�YLD�IRFDO�¿OWHULQJ�RI�D�VWDQGDUG�
topographic wetness index surface (itself derived from the DEM) 
in a way that summed all values within a circular neighbourhood 
of 1.5 km radius (the average of the nearest neighbour distance 
of the Iron Age I sites). The slope and aspect maps were derived 
from the DEM. After carrying out a chi-squared test  (p-value : 
0.02813) I assessed that there was a spatial correlation between 
the settlements distribution and the geology type, and more 
than expected sites were located in dolomite geological category. 
Therefore, I created a raster surface indicating the distance of 
each pixel into and out of dolomite.                                                    

Figure 4. Local Rypley’s K values for all settlements at bandwidth 2, 5 & 10 Km. 
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Figure 5��,URQ�$JH�,�VLWHV�LQ�WKH�:HVW�%DQN�DQG�VL[�SRVVLEOH�¿UVW�RUGHU�
FRYDULDWHV���D��HOHYDWLRQ��OLJKW�WR�GDUN�UDQJHV�IURP�������±������P�
ASL), (b) slope map, (c) aspect map, (d) ridge landforms (darker is 
PRUH�OLNHO\�WR�EH�JHRPRUSKRPHWULFDOO\�FODVVL¿HG�DV�D�ULGJH����H��0DS�
of the study area showing the distance into dolomite (positive values) 
and the distance out of the dolomite (negative values),(f) topographic 
wetness index summed over a local neighbourhood (darker is wetter).

behind settlement locations in this region and 
period, for a variety of practical reasons (e.g. Zertal 
1988; Gibson 2001). 

If we now run a multivariate regression and 
select the best combination of these six variables 
via stepwise comparison (minimising an Akaike 
,QIRUPDWLRQ�&ULWHULRQ���ZH�¿QG�WKDW�WKDW�HOHYDWLRQ��
GLVWDQFH�LQWR�RXW�RI�WKH�GRORPLWH�DQG�WKH�DVSHFW�DUH�
not particularly good predictor of the intensity of sites 
across the landscape, that the other three variables 
DUH�DOO� VLJQL¿FDQW� �S������RU�EHWWHU���DQG� WKDW� WKLV�
QHZ�PRGHO�ZLWK�D�¿UVW�RUGHU� WUHQG� LV�VXEVWDQWLDOO\�
PRUH�H̆HFWLYH�WKDW�D�QXOO��UDQGRP�K\SRWKHVLV��)LJ�����
:H�FDQ�WKHQ�FUHDWH�D�SUHGLFWHG�¿UVW�RUGHU�LQWHQVLW\�
surface (Fig.7) by implementing covariates that are 
good predictors: slope, topographic wetness index 

and ridge-like landforms. I performed 
Monte Carlo simulations of random points 
GLVWULEXWLRQ� WR� HVWLPDWH� ORFDO� FRQ¿GHQFH�
limits of the null hypothesis of complete 
spatial randomness (CSR) and I obtained 
���SHU�FHQW�FRQ¿GHQFH�LQWHUYDO�E\�FDUU\LQJ�
out 500 iterations. Unlike the homogenous 
Ripley’s K function, the random points 
created at each iteration are distributed 
according the highest values of the intensity 
surface. 

If we look at the inhomogeneous K 
function plot of the 270 settlements (Fig. 
8), we can see that the sites are randomly 
spaced at small distances r (lower than 
1 km) and they tend to be clustered at a 
distance approximately greater than 1km. 
7KHVH�UHVXOWV�UHÀHFW�WKH�VDPH�SDWWHUQ�WKDW�
we have when we perform a homogeneous 
Ripley’s K function and they tell us that 
WKH� HQYLURQPHQWDO� YDULDEOHV� �¿UVW� RUGHU�
RI� H̆HFWV�� LPSOHPHQWHG� LQ� RXU� PRGHO�
FRXOG� KDYH� QRW� VWURQJO\� D̆HFWHG� WKH�
spatial distribution among the Iron Age I 
settlements in the West Bank highlands. 
So, the phenomena of aggregation or 
repulsion among the sites could be due 
either to socio-cultural factors or to other 
environmental factors not included in the 
model.

The analyses’ results could be framed 
into a long term study including a time span 

from the Chalcolithic period (fourth millennium 
%&�� WR� WKH� ,URQ� $JH� ,,� �¿UVW� PLOOHQQLXP� %&��� ,W�
would be worth investigating the cyclic mechanism 
of alternating processes of sedentarization and 
nomadization of indigenous groups in response 
to the changing political, economic, and social 
circumstances. This could be done through the 
study of the faunal assemblage of the sites, where 
SDVWRUDO� FRPPXQLWLHV� ZLOO� \LHOG�PRUH� VKHHS�JRDWV�
remains and sedentary society more cattle remains. 
In fact, there were three peaks of settlement with two 
intervals of collapse in the West Bank in the third 
and second millennium BC. The peaks of settlement 
occurred in the Early Bronze Age I (3300-3000 
BC), in the Middle Bronze Age (ca. 1750-1550 BC) 
and in the Iron Age I (ca. 1200-1000BC), while the 
demographic collapses occurred in the Intermediate 
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Middle Bronze Age (ca. 2200-2000 BC) and in the 
Late Bronze Age (ca. 1550-1200 BC). Therefore, in 
a future research it would be worth investigating 
DQG� FRPSDULQJ� WKH� GL̆HUHQW� VHWWOHPHQW� SDWWHUQV�
occurred in the area across the millennia in order 
to have a better understanding of the phenomena 
causing this cyclic settlement process.  

5. Conclusions

,Q�WKLV�SDSHU�,�KDYH�DQDO\VHG�KRZ�WKH�¿UVW�DQG�
WKH� VHFRQG� RUGHU� RI� H̆HFWV�PD\� KDYH� D̆HFWHG� WKH�
distribution of Iron Age I settlements in the West 
Bank highlands. The results of the global and local 
univariate homogenous Ripley’s K function indicate 
that the settlements are clustered at almost all scales. 
Nevertheless, the results of these analyses have to 
be analysed carefully because the homogeneous 
K function assumes the stationarity of the point 
process and that the space is homogeneous. These 
assumptions cannot be valid for the West Bank 
highlands, a large study area characterized by 
environmental heterogeneity, geological and 
topographical properties that can determine 
inhomogeneous structure. This does not mean 
that it is useless investigating settlement patterns 
UHJDUGLQJ� WKH� VHFRQG� RUGHU� RI� H̆HFWV�� ,Q� DGGLWLRQ��
the local Ripley’s K has revealed that the settlements 
were mainly located in the central West Bank and 
along the northern edges of the study area. This 
FRXOG� UHÀHFW� VSDWLDO� SDWWHUQV� DOVR� FRQQHFWHG� ZLWK�
GL̆HUHQW�HQYLURQPHQWDO�FRQGLWLRQV�DQG�VXEVLVWHQFH�
strategies. 

As I have formerly pointed out, the 
homogenous K function shows some weaknesses 
and it is not completely reliable for our purposes. 
For this reason I carried out the inhomogeneous 
5LSOH\¶V�.�IXQFWLRQ�DQDO\VLV�E\�GH�WUHQGLQJ�WKH�¿UVW�
RUGHU�RI�H̆HFWV��7KH�UHVXOWV�RI�WKLV�DQDO\VLV�LQGLFDWH�
that at a distance greater than 1km the Iron Age I 
VHWWOHPHQWV�DUH�VLJQL¿FDQWO\�FOXVWHUHG��E\�LQGLFDWLQJ�
that in this particular study area the environmental 
IDFWRUV��¿UVW�RUGHU�RI�H̆HFW��FRXOG�KDYH�QRW�D̆HFWHG�
the spatial pattern among the settlements. Therefore, 
the homogeneous and inhomogeneous Rypley’s K 
analyses should be used complementarily in order 
to detect both the environmental and the cultural 

Figure 6��7RS��3�U��DQG�S�YDOXHV�IURP�PXOWLYDULDWH�ORJLVWLF�UHJUHVVLRQ�RI�
the settlement distribution.

Figure 7��5LJKW��3UHGLFWLRQ�VXUIDFH�EDVHG�RQ�WKH�WKUHH�VLJQL¿FDQW�FRYDULDWHV�
(lighter is higher point intensity).

Figure 8. Global inhomogeneous Ripley’s K function for 
Iron Age I settlements.
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IDFWRUV� WKDW� FRXOG� KDYH� D̆HFWHG� WKH� VHWWOHPHQWV�
patterns in the West Bank highlands during the Iron 
Age I period.    

It is interesting to notice that about 70 % of the 
settlements were located on the ridges, suggesting 
that this environmental feature was the privileged 
location where to settle. The results of the analyses 
make us state that the settlements were located 
on the top hills for a series of reasons such as the 
building of agricultural terraces, and the visibility. 
Most Iron Age I settlements were small and 
PHGLXP�XQIRUWL¿HG�DJULFXOWXUDO�YLOODJHV�VSHFLDOL]HG�
in a horticulture-oriented economy including the 
industrialization of orchard’s products. Considering 
this aspect, the agricultural terraces were the most 
striking man made features dominating the highland 
landscape of the West Bank. The terraces were built 
to guarantee additional ground space dedicated 
to the cultivation of fruit trees and other crops. 
The terraces were located on the slope of hills, on 
sloping plateau areas and over gullies and valleys. In 
this context the proximity of water sources and land 
suitable for cultivation played an important role. 
In fact, the sites were mainly located on the ridges 
bounding green and fertile intermountain valleys, 
where the agricultural productivity was higher. The 
northern and central West Bank, with vast fertile 
intermountain valleys and a relatively moderate 
topography were suitable zones for the proliferation 
of small sedentary rural communities. 

Therefore, some archaeological features such 
as the plastered cisterns, the pillared room houses 
and the agricultural terraces mirror the socio-
economic conditions of Iron Age I settlers to adapt 
and exploit the hilly landscape and not the cause that 
favoured the peak of settlements over the region. 

7KH� HDVWHUQ� ÀDQN� RI� WKH�ZHVW� %DQN�� LQVWHDG��
characterized by the presence of steppes and the 
proximity to the desert fringes, was more suitable 
IRU� DQLPDO� KXVEDQGU\� DQG� GU\� IDUPLQJ� �LQ� ÀDW�
and open areas) undertaken by nomadic or semi-
nomadic communities.

Another important aspect is that I have 
LGHQWL¿HG�VHYHUDO�FOXVWHUV�GLVWULEXWHG�RQ�WKH�ZHVWHUQ�
and eastern edges of my study area and in some 
intermountain valleys in the central highlands. 
These clusters are mostly composed by settlements 

not located on the ridges but mainly distributed 
over intermountain valleys (central and western 
West Bank) and steppes (eastern West Bank). This 
could suggest that the position of settlements on 
WKH� ULGJHV� PD\� UHÀHFW� WKH� QHHG� RI� VHJUHJDWLRQ� RI�
the “highlanders”, while the settlements located in 
the valleys and in the steppes tended to be more 
clustered. 

The vacuum of power following the Sea People 
advent and the end of Egyptian domination, may 
have turned the relationships of various groups 
within highlands into a form of competition among 
villages resultant in the raise of “totemic” and “local” 
identities (Faust 2006, 229). This determined the 
proliferation of many rural and small communities 
spread over large areas and divided into several 
local “factions”. 

In the end, I conclude by stating that perhaps 
the “proto-Israelites” were not a unique ethnical 
group living in the West Bank highlands, but one of 
the several communities that inhabited the region in 
the Iron Age I. 
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1. Introduction

When thinking about socio-cultural 
IDFWRUV� LQÀXHQFLQJ� VHWWOHPHQW� ORFDWLRQ� FKRLFH��
the accessibility of places in the landscape is a 
SRWHQWLDOO\�LPSRUWDQW�YDULDEOH�WR�WDNH�LQWR�DFFRXQW��
$PRQJ�WKH�SRVVLEOH�IDFWRUV�GHWHUPLQLQJ�VHWWOHPHQW�
ORFDWLRQ��DFFHVV�WR�UHVRXUFHV�DQG�HDVH�RI�PRYHPHQW�
LQ�WKH�ODQGVFDSH�PD\�KDYH�EHHQ�LPSRUWDQW�HOHPHQWV��
)RU� H[DPSOH�� VHWWOHPHQWV� PLJKW� EH� SUHIHUHQWLDOO\�
ORFDWHG� LQ� DUHDV� WKDW� R̆HU� JRRG� DFFHVV� WR� SULPH�
DJULFXOWXUDO� ODQG�� DQG� WKDW� DOORZ� WKHP� WR� LQWHUDFW�
HDVLO\�ZLWK�QHLJKERXULQJ�VHWWOHPHQWV��+RZ�WR�GH¿QH�
DFFHVVLELOLW\�LQ�VXFK�D�ZD\�WKDW�LW�PLJKW�EH�XVHG�DV�
D� YDULDEOH� IRU� VLWH� ORFDWLRQ� DQDO\VLV� DQG� SUHGLFWLYH�
PRGHOOLQJ�LV�KRZHYHU�VWLOO�YHU\�PXFK�RSHQ�WR�GHEDWH��
Most published research considering landscape 
DFFHVVLELOLW\�OLPLWV�LW�WR�WKH�HDVH�ZLWK�ZKLFK�KXPDQV�
FDQ� UHDFK� D� FHUWDLQ� ORFDWLRQ�� 6R�FDOOHG� KLNLQJ�
Corresponding author: j.w.h.p.verhagen@vu.nl

equations are often used to obtain cost surfaces of 
DFFHVVLELOLW\��DQG�DFFXPXODWLYH�FRVW�VXUIDFHV�DUH�WKHQ�
DSSOLHG�WR�¿QG�WKH�WUDYHO�WLPH�RU�HQHUJ\�H[SHQGLWXUH�
QHHGHG�WR�UHDFK�D�VLQJOH�GHVWLQDWLRQ�IURP�DOO�SRLQWV�
�SL[HOV�� LQ� WKH� DUHD� VWXGLHG�� %\� DGGLQJ� XS� WKHVH�
DFFXPXODWHG�FRVW�VXUIDFHV�IRU�HDFK�DQG�HYHU\�SL[HO��
D�PDS�RI�GL̆HUHQWLDO� DFFHVVLELOLW\�RI� WKH� ODQGVFDSH�
FDQ� EH� REWDLQHG� �WRWDO� SDWK� FRVWV�� /OREHUD� �������
7KLV�DFFHVVLELOLW\�FDQ�DOVR�EH�DQDO\]HG�IRU�GL̆HUHQW�
WUDYHO�WLPHV��VKRUW�PHGLXP�ORQJ�GLVWDQFH��VHH�DOVR�
0OHNXå�DQG�9HUPHXOHQ�LQ�SUHVV��

+RZHYHU��WKHVH�PHWKRGV�GR�QRW�SURYLGH�PXFK�
LQIRUPDWLRQ� RQ� WKH� SRVVLEOH� IRFL� RI� PRYHPHQW� LQ�
WKH�ODQGVFDSH��:H�DUJXH�WKDW�WR�WKLV�SXUSRVH�VRPH�
DGGLWLRQDO� VWHSV� DUH� QHHGHG�� :H� GHSDUW� IURP� WKH�
creation and addition of least cost paths (LCPs) 
IURP�DQG�WR�PXOWLSOH�ORFDWLRQV�LQ�WKH�ODQGVFDSH��VHH�
H�J�� =DNãHN� HW� DO�� ������:KLWOH\� DQG� %XUQV� ������
0XUULHWD�)ORUHV�������9HUKDJHQ�LQ�SUHVV���7KLV�ZLOO�
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Abstract:
In this paper, we describe an exploratory analysis of the possibilities of combining least cost path analysis 
and network analysis techniques. Accessibility is a potentially important site location factor. So far, the 
GH¿QLWLRQ�RI�DFFHVVLELOLW\�KDV�EHHQ�DSSURDFKHG�WKURXJK�WKH�FUHDWLRQ�RI�DFFXPXODWHG�FRVW�VXUIDFHV�DQG�OHDVW�
cost paths. However, these methods do not provide direct information on the foci of movement. Starting 
from networks created from least cost paths, network analysis and space syntax were used to obtain 
additional information on the structural features of the network. It is concluded that both techniques can 
be used with least cost path-based networks, and will provide new insights into the characteristics of the 
network. For most applications however the space syntax measures that take the geographical dimension 
into account seem to be preferable to the simple network analysis measures used here.
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UHVXOW� LQ� VWUXFWXUHV� RI� FXPXODWLYH� OHDVW� FRVW� SDWKV�
WKDW� UHVHPEOH� QHWZRUNV� ZLWK� GL̆HUHQW� ZHLJKWV�
DWWDFKHG�WR�WKH�HGJHV��EXW�WKDW�GR�QRW�KDYH�DQ\�UHDO�
µQRGHV¶��:H�FDQ�WKHQ�DVVXPH�WKDW�HGJHV�ZLWK�D�KLJK�
ZHLJKW�ZLOO�KDYH�EHHQ�PRVW�DWWUDFWLYH�WR�WUDYHO��DQG�
WKXV�PD\� KDYH� EHHQ�PRUH� DWWUDFWLYH� WR� VHWWOHPHQW�
DV� ZHOO�� +RZHYHU�� VLQFH� WKHVH� µQHWZRUNV¶� DUH�
UDVWHU�EDVHG�� WKH\�GR�QRW�DOORZ�XV� WR�H[SORUH� WKHLU�
WRSRORJLFDO�FKDUDFWHULVWLFV��DV�FDQ�EH�GRQH�WKURXJK�
QHWZRUN� DQDO\VLV�� 7KH� DQDO\VLV� RI� WKH� FRQQHFWLRQV�
DQG� GLVWDQFHV� EHWZHHQ� QHWZRUN� QRGHV� FDQ� WHOO� XV�
VRPHWKLQJ�DERXW�WKHLU�SRWHQWLDO�IRU�LQWHUDFWLRQV��:H�
XVHG�VLPSOH�H[SORUDWRU\�QHWZRUN�DQDO\VLV�PHDVXUHV�
DQG� VSDFH� V\QWD[� WR� H[DPLQH� D� UDQJH�RI� VWUXFWXUDO�
IHDWXUHV�RI�WKH�MXQFWLRQV�LQ�WKH�ODQGVFDSH�WKDW�ZHUH�
LGHQWL¿HG�E\�WKH�PXOWLSOH�/&3V�

2. Case Study

$V�D� FDVH� VWXG\��ZH�KDYH� WDNHQ� WKH� UHJLRQ�RI�
=XLG�/LPEXUJ�LQ�WKH�1HWKHUODQGV��)LJ������7KLV�DUHD��
URXJKO\�PHDVXULQJ� ��� E\� ��� NPV�� LV� FKDUDFWHUL]HG�
E\�XQGXODWLQJ�KLOOV��GLVVHFWHG�E\�YDOOH\V��(OHYDWLRQ�
YDOXHV� UDQJH� EHWZHHQ� DSSUR[�� ��� P� D�V�O�� LQ� WKH�
0HXVH�9DOOH\�WR�PRUH�WKDQ�����P�LQ�WKH�VRXWKHDVW�
FRUQHU� RI� WKH� UHJLRQ� �)LJ�� ���� $FFHVVLELOLW\� RI� WKH�
ODQGVFDSH�LV�QRW�JUHDWO\�KDPSHUHG�E\�WHUUDLQ��EXW�WKH�
GL̆HUHQFHV�LQ�HOHYDWLRQ�DQG�VORSH�DUH�ODUJH�HQRXJK�WR�
VXSSRVH�WKDW�WHUUDLQ�FRQGLWLRQV�ZLOO�KDYH�LQÀXHQFHG�
PRYHPHQW�SUHIHUHQFHV��DV�LV�LQ�IDFW�ZLWQHVVHG�E\�WKH�
ORFDWLRQ�RI�URDGV�RQ�KLVWRULFDO�PDSV��7KH�HOHYDWLRQ�

PRGHO�XVHG�ZDV�FUHDWHG�XVLQJ�WKH�$UF*,6�����Topo 
to Raster tool2 on the basis of contour lines digitized 
IURP� ����V� WRSRJUDSKLFDO�PDSV�� VFDOH� ��� ��� ������
7KH� YHUWLFDO� DFFXUDF\� RI� WKH� FRQWRXU� OLQHV� LV� ����
PHWHUV��HOHYDWLRQ�SRLQW�PHDVXUHPHQWV�ZHUH�DGGHG�
ZKHUH� DYDLODEOH�� 7KH� KRUL]RQWDO� UHVROXWLRQ� XVHG� LV�
���[����P�

$�FXPXODWLYH�FRVW�SDWK�PDS�ZDV�WKHQ�FUHDWHG�
XVLQJ�WKH�PHWKRG�GHVFULEHG�LQ�9HUKDJHQ��LQ�SUHVV���
&RVW� VXUIDFHV� ZHUH� FDOFXODWHG� IRU� VDPSOH� SRLQWV�
����P�DSDUW��XVLQJ�7REOHU¶V��������KLNLQJ�HTXDWLRQ�
WR� VSHFLI\� WKH� FRVWV� RI� PRYHPHQW�4 For each cost 
VXUIDFH�� /&3V� ZHUH� WKHQ� FUHDWHG� GHSDUWLQJ� IURP�
���UDGLDOO\�GLVWULEXWHG�SRLQWV�DW�D�GLVWDQFH�RI���NP�
IURP�WKH�VDPSOH�SRLQW���7KH�/&3V�IRU�HDFK�VDPSOH�
SRLQW�ZHUH� WKHQ�DGGHG� WR� FUHDWH�D� FXPXODWLYH� FRVW�
SDWK� PDS�� WKDW� UHSUHVHQWV� WKH� DWWUDFWLYHQHVV� RI�
WKH� ODQGVFDSH� IRU�PRYHPHQW�ZLWKLQ�D���NP�UDGLXV�
�)LJ������,W�VKRZV�D�GHQVH�QHWZRUN�RI�SDWKV��ZLWK�D�

2  This is a discretized thin plate spline technique, for which the 

URXJKQHVV�SHQDOW\�KDV�EHHQ�PRGL¿HG�WR�DOORZ�WKH�¿WWHG�'(0�WR�IROORZ�
abrupt changes in terrain, such as streams and ridges.

�� � &KURPRWRSRJUD¿VFKH� .DDUW� GHV� 5LMNV� RU� %RQQHEODGHQ�� WKH� ¿UVW�
detailed topographical maps of the Netherlands, made between the 

1890s and 1930

4  W = 6e
3.5|s+0.05| ZKHUH

:� �ZDONLQJ�VSHHG�LQ�NP�K��H� �WKH�EDVH�RI�QDWXUDO�ORJDULWKPV�
V� �VORSH�LQ�P�P
��  These were created using the ArcGIS (anisotropic) PathDistance 

and CostPath modules

N
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a
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Figure 1. Location of the study area in the Netherlands, and a general impression of the landscape in the area.
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FRQFHQWUDWLRQ�RI�PRYHPHQW�SRWHQWLDO�LQ�WKH�YDOOH\V�
DQG�RQ�ULGJHV��L�H��WKH�DUHDV�ZLWK�WKH�JHQWOHVW�VORSHV��

,Q�RUGHU�WR�LQYHVWLJDWH�WKH�SRWHQWLDO�RI�QHWZRUN�
DQDO\VLV�WHFKQLTXHV��WZR�DSSURDFKHV�KDYH�EHHQ�WHVWHG��
7KH�¿UVW�RQH�LV�EDVHG�RQ�VLPSOH�QRGH�EDVHG�QHWZRUN�
DQDO\WLFDO�WRROV�RQ�XQGLUHFWHG�DQG�XQZHLJKWHG�HGJHV�
�1HZPDQ� ������� 7KH� PHDVXUHV� XVHG� LQFOXGH� WKH�
QXPEHU�RI�QRGHV��FRQQHFWHG�FRPSRQHQWV��FOXVWHULQJ�
FRḢFLHQW��GHQVLW\��KHWHURJHQHLW\��GLDPHWHU��DYHUDJH�
VKRUWHVW� SDWK� OHQJWK�� DYHUDJH� GHJUHH�� FORVHQHVV�
FHQWUDOLW\�� DQG�EHWZHHQQHVV� FHQWUDOLW\�� WKH\�DUH�DOO�
GHVFULEHG� LQ� WKH� QH[W� VHFWLRQ�� :H� GHFLGHG� WR� XVH�
WKHVH�VLPSOH�QHWZRUN�PHDVXUHV�EHFDXVH�WKH\�UHÀHFW�
DQG�VXPPDULVH�NH\�VWUXFWXUDO�IHDWXUHV�RI�QHWZRUNV�
�H�J�WKH�UDWLR�RI�OLQNV�RYHU�QRGHV��WKH�GLVWULEXWLRQ�RI�
SDWKV��WKH�OHYHO�RI�FOXVWHULQJ���DQG�WKH\�DUH�WKHUHIRUH�
PRVW�FRPPRQO\�XVHG�WR�FRPSDUH�GL̆HUHQW�QHWZRUN�
VWUXFWXUHV��1HZPDQ��������7KLV�FDVH�VWXG\�DLPV�WR�
HYDOXDWH�ZKHWKHU� WKHVH�PHDVXUHV� FDQ�DOVR�EH�XVHG�
IRU�H[SORULQJ�QHWZRUN�VWUXFWXUHV�ZKHUH�JHRJUDSKLFDO�
GLVWDQFH� EHWZHHQ� QRGHV� SOD\V� DQ� LPSRUWDQW� UROH��
7KH�RSHQ�VRXUFH�VRIWZDUH�SODWIRUP�&\WRVFDSH6�ZDV�
XVHG�IRU�WKLV��6PRRW�HW�DO���������EXW�RWKHU�QHWZRUN�
DQDO\VLV� SDFNDJHV� FRXOG� EH� DSSOLHG� DV� ZHOO�7 This 
QRGH�EDVHG�DSSURDFK�ZDV�WKHUHIRUH�FRQIURQWHG�ZLWK�
D�VHFRQG�DSSURDFK�WKDW�IRFXVHV�RQ�WKH�FRQQHFWLRQV��
)RU� WKLV� ZH� DSSOLHG� PHDVXUHV� FRPPRQO\� XVHG� LQ�
VSDFH�V\QWD[��+LOOLHU�DQG�+DQVRQ�������%DIQD�������
6  www.cytoscape.org

7 �$OWHUQDWLYHV�LQFOXGH�3DMHN��GH�1RR\�HW�DO���������8&,1(7��%RUJDWWL�
HW�DO���������DQG�*HSKL��%DVWLDQ�HW�DO��������

DQG� LPSOHPHQWHG� XVLQJ� 'HSWKPDS�� �IUHHZDUH��
7XUQHU��������QR�FRPSHWLQJ�SURGXFWV�DUH�DYDLODEOH�

,Q�RUGHU�WR�SUHSDUH�WKH�UDVWHU�EDVHG�FXPXODWLYH�
FRVW�SDWKV�IRU�DQDO\VLV�LQ�WKH�YHFWRU�EDVHG�QHWZRUN�
DQDO\VLV� SDFNDJHV�� VRPH� SUH�SURFHVVLQJ� KDG� WR�
EH�GRQH��:H�DVVXPHG� WKDW�RQO\� WKH�SDWKV� WKDW�DUH�
PRVW�IUHTXHQWO\�FKRVHQ�LQ�WKH�/&3�PRGHOOLQJ�ZRXOG�
KDYH� EHHQ� FDSDEOH� RI� VXSSRUWLQJ� ORQJ�GLVWDQFH�
FRQQHFWLRQV��:H�WKHUHIRUH�H[WUDFWHG�WKH�XSSHU�����
DQG�����RI�PRVW�IUHTXHQWO\�FKRVHQ�SDWKV�IURP�WKH�
FXPXODWLYH� FRVW� SDWKV� PDS�� 7KHVH� QHHGHG� WR� EH�
WKLQQHG�DQG�FRQYHUWHG�WR�SRO\OLQHV��EHIRUH�H[SRUWLQJ�
WKH�UHVXOWLQJ�HGJHV�WR�&\WRVFDSH�DQG�'HSWKPDS�

3. Cytoscape Results

2QO\� WKH� PRVW� FRPPRQ� QHWZRUN� DQDO\VLV�
PHDVXUHV�SURYLGHG�LQ�&\WRVFDSH�ZHUH�XVHG�IRU�WKLV�
FDVH�VWXG\��2Q�WKH�RQH�KDQG�� WKH�VRIWZDUH�R̆HUV�D�
QXPEHU� RI� JOREDO�PHDVXUHV� WKDW� KLQW� DW� VWUXFWXUDO�
FKDUDFWHULVWLFV� RI� WKH� WRWDO� QHWZRUN�� 2Q� WKH� RWKHU�
KDQG�� ORFDO� PHDVXUHV� DUH� DYDLODEOH� WKDW� SURYLGH�
LQIRUPDWLRQ�RQ�WKH�VWUXFWXUDO�SRVLWLRQ�RI�LQGLYLGXDO�
QRGHV� LQ� WKH� QHWZRUN�� 'H¿QLWLRQV� RI� PHDVXUHV�
DQG� WHUPV� LQ� QHWZRUN� DQDO\VLV� FDQ� GL̆HU� EHWZHHQ�
VRIWZDUH�SDFNDJHV��VR�WKH�GH¿QLWLRQV�JLYHQ�KHUH�DUH�
VSHFL¿F�WR�&\WRVFDSH�

7KH�GDWD�LQFOXGHG�D�ORW�RI�ORRSV��L�H��HGJHV�IURP�
RQH�QRGH�WR�LWVHOI���7KHVH�ZHUH�UHPRYHG�EHIRUH�DQ\�
DQDO\VLV�WRRN�SODFH��$�IHZ�HGJHV�DUH�DOVR�GXSOLFDWHG�
EHFDXVH� WKH\� DSSHDU� LQ� ERWK� GLUHFWLRQV� �H�J�� IURP�
$� WR� %� DQG� IURP� %� WR� $��� 6LQFH� WKH� /&3V� GR� QRW�
�� �ZZZ�YU�XFO�DF�XN�GHSWKPDS

Figure 2. Digital elevation map of the study area.

Figure 3. Cumulative cost path (or path density) map of 
the study region.
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OHQJWK�GLVWDQFH�EHWZHHQ�WZR�QRGHV��,I�D�QHWZRUN�
LV�GLVFRQQHFWHG��LWV�GLDPHWHU�LV�WKH�PD[LPXP�RI�
DOO�GLDPHWHUV�RI�LWV�FRQQHFWHG�FRPSRQHQWV�

• The average shortest path length is the 
DYHUDJH� RI� DOO� VKRUWHVW� SDWK� VFRUHV� EHWZHHQ� DOO�
SRVVLEOH�SDLUV�RI�YHUWLFHV�LQ�WKH�QHWZRUN�

7KH� DQDO\VLV� UHVXOWV� DUH� VKRZQ� LQ� 7DEOH� ���
%RWK�WKH�����DQG�����QHWZRUNV�FRQVLVW�RI�RQH�ELJ�
FRQQHFWHG�FRPSRQHQW�WKDW�LQFOXGHV�RYHU�����RI�DOO�
QRGHV��$OO� RWKHU�QRGHV� DUH� SDUW� RI� D� ODUJH�QXPEHU�
RI�VPDOO�FRPSRQHQWV�RU�DUH�LVRODWHG��,W�ZDV�GHFLGHG�
WR� RQO\� DQDO\]H� WKH� ODUJHVW� FRQQHFWHG� FRPSRQHQW�
RI�HDFK�QHWZRUN��7KH�QHWZRUNV�DUH�YHU\� OLQHDU�� L�H��
QRGHV�WHQG�WR�IROORZ�RQH�DIWHU�WKH�RWKHU�DQG�UDUHO\�
EUDQFK� R̆�� 7KLV� LV� UHÀHFWHG� LQ� WKH� ORZ� DYHUDJH�
GHJUHH��DQG�LV�D�GLUHFW�UHVXOW�RI�XVLQJ�WKH�FXPXODWLYH�
FRVW�SDWK�DSSURDFK��7KLV�LV�DOVR�WKH�UHDVRQ�ZK\�WKH�
GHQVLW\�VFRUH�DQG�FOXVWHULQJ�FRḢFLHQWV�DUH�ORZ��WKH�
GLDPHWHU�KLJK�DQG�WKH�DYHUDJH�VKRUWHVW�SDWK�OHQJWK�
YHU\�KLJK��7KH�RYHUDOO�VWUXFWXUH�GRHV�QRW�VHHP�WR�EH�
YHU\�PXFK�D̆HFWHG�E\�WKH�QHWZRUN�VL]H��VLQFH�ERWK�
WKH�����DQG�����QHWZRUNV�VKRZ�VLPLODU�UHVXOWV��7KLV�
QHWZRUN�VWUXFWXUH�PHDQV�WKDW�LW�LV�KLJKO\�OLNHO\�IRU�D�
QXPEHU�RI� ORFDO�PHDVXUHV� �OLNH�QRGH� FHQWUDOLW\�� WR�
HPSKDVL]H�RQH�RU�WZR�SDWKV��$OVR��WKH�JHRJUDSKLFDO�
DQG�OLQHDU�QDWXUH�RI�WKLV�QHWZRUN�PDNHV�LW�H[WUHPHO\�
VXVFHSWLEOH� WR� HGJH�H̆HFWV�� WKH� SHULSKHUDO� QRGHV�
ZLOO� DOPRVW� DOZD\V� EH� XQGHUUHSUHVHQWHG� DQG� ZLOO�
FRQWULEXWH� WR� WKH� RYHUUHSUHVHQWDWLRQ� RI� WKH� FRUH�
QRGHV�

3.2 Results local measures

$� QXPEHU� RI� ORFDO� PHDVXUHV� ZHUH� XVHG� EXW�
RQO\� WZR�RI� WKHP�SURYLGHG� LQWHUHVWLQJ� UHVXOWV��7KH�
IROORZLQJ� GH¿QLWLRQV� DSSO\� WR� WKH� ORFDO� PHDVXUHV�

Table 1. Results 
global measures 
Cytoscape.

UHSUHVHQW� GLUHFWHG� QHWZRUNV� WKHVH� PXOWLSOH� HGJHV�
DUH� PHDQLQJOHVV� DQG� WKH\� ZHUH� UHPRYHG� EHIRUH�
SHUIRUPLQJ�DQ\�DQDO\VLV�

3.1 Results global measures

7KH� IROORZLQJ� GH¿QLWLRQV� DSSO\� WR� WKH� JOREDO�
PHDVXUHV�FDOFXODWHG�E\�WKH�1HWZRUN�$QDO\]HU�SOXJ�
LQ�LQ�&\WRVFDSH�

• A component� LV� D� FRQQHFWHG� VXEQHWZRUN�� L�H��
QRGHV� LQ� RQH� FRPSRQHQW� DUH� QRW� FRQQHFWHG� WR�
QRGHV�LQ�RWKHU�FRPSRQHQWV�

• The average degree� LV� WKH� DYHUDJH� RI� WKH�
QXPEHU�RI�QHLJKERXUV�RI�DOO�QRGHV�

• The density� LV� D� QRUPDOL]HG� YHUVLRQ� RI� WKH�
DYHUDJH�GHJUHH�WKDW�UHSUHVHQWV�WKH�IUDFWLRQ�RI�DOO�
possible connections that are actually present 
�VHOI�ORRSV�DQG�GXSOLFDWHG�HGJHV�DUH�LJQRUHG��

• The network heterogeneity� UHÀHFWV� WKH�
WHQGHQF\�RI�D�QHWZRUN�WR�FRQWDLQ�KXE�QRGHV�WKDW�
DUH�OLQNHG�WR�PDQ\�RWKHU�QRGHV�

• The FOXVWHULQJ� FRḢFLHQW calculates the 
DYHUDJH� SUREDELOLW\� WKDW� WZR� QHLJKERXUV� RI� D�
YHUWH[� DUH� WKHPVHOYHV� QHLJKERXUV�� DV� D� UDWLR� RI�
WKH� QXPEHU� RI� HGJHV� EHWZHHQ� WKH� QHLJKERXUV�
RI� D� JLYHQ� QRGH� DQG� WKH� PD[LPXP� QXPEHU� RI�
HGJHV� WKDW� FRXOG� SRVVLEO\� H[LVW� EHWZHHQ� WKHVH�
QHLJKERXUV� �:DWWV� DQG� 6WURJDW]� ������� 7KH�
QHWZRUN� FOXVWHULQJ� FRḢFLHQW� XVHG� KHUH� LV� WKH�
DYHUDJH�RI�WKH�FOXVWHULQJ�FRḢFLHQWV�IRU�DOO�QRGHV�
LQ�WKH�QHWZRUN�

• The network diameter is the largest path 

Network 10% Network 
10% largest 
connected 

component

Network 
20%

Network 
20% largest 
connected 

component

Number of nodes ����� ����� ����� �����

Connected components  74 �� ��� ��

Density ������ ������ ������ ������

Heterogeneity ������ ������ ������ ������

&OXVWHULQJ�FRḢFLHQW ������ ������ ������ ������

Diameter  67  67 ���� ����

Average shortest path length ������� ������� ������� �������

Average degree ������ ������ ������ ������
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FDOFXODWHG� E\� WKH� 1HWZRUN� $QDO\]HU� SOXJLQ� LQ�
&\WRVFDSH�

The closeness centrality of a node is “the 
QXPEHU�RI�RWKHU�YHUWLFHV�GLYLGHG�E\� WKH�VXP�RI�DOO�
>WRSRORJLFDO@� GLVWDQFHV� EHWZHHQ� WKH� YHUWH[� DQG�
DOO� RWKHUV´� �GH� 1RR\� HW� DO� ������ ������ &ORVHQHVV�
FHQWUDOLW\�LV�RIWHQ�FRQVLGHUHG�D�PHDVXUH�RI�KRZ�IDVW�
LQIRUPDWLRQ� VSUHDGV� IURP� D� JLYHQ� QRGH� WR� RWKHU�
UHDFKDEOH�QRGHV�LQ�WKH�QHWZRUN�

The betweenness centrality of a node is the 
SURSRUWLRQ�RI�DOO�VKRUWHVW��WRSRORJLFDO��SDWKV�EHWZHHQ�
SDLUV� RI� RWKHU� YHUWLFHV� WKDW� LQFOXGH� WKLV� YHUWH[� �GH�
1RR\�HW�DO� ������������7KH�EHWZHHQQHVV�FHQWUDOLW\�RI�
D�QRGH�LV�RIWHQ�WDNHQ�WR�UHÀHFW�WKH�DPRXQW�RI�FRQWURO�
WKDW�WKLV�QRGH�H[HUWV�RYHU�WKH�LQWHUDFWLRQV�RI�RWKHU�
QRGHV� LQ�WKH�QHWZRUN��7KLV�PHDVXUH�IDYRXUV�QRGHV�
WKDW�MRLQ�FRPPXQLWLHV��GHQVH�VXEQHWZRUNV���UDWKHU�
WKDQ�QRGHV�WKDW�OLH�LQVLGH�D�FRPPXQLW\�

The results of the analysis are displayed 
LQ� )LJXUHV� �� DQG� ��� )RU� WKH� ���� QHWZRUN� WKH�
FORVHQHVV� FHQWUDOLW\� VFRUHV� DUH� JHQHUDOO\� ORZ�� DQG�
WKHLU� IUHTXHQF\� IROORZV� D� QRUPDO� GLVWULEXWLRQ�� $�
VXEVWDQWLDO� QXPEHU� RI� QRGHV� KDV� D� KLJKHU� VFRUH��
WKHVH� VHHP� WR� OLH� DW� WKH� FHQWUH� RI� WKH� UHJLRQ� DQG�
SDUWO\� LQ�WKH�1:�FRUQHU��7KH� ORZHVW�VFRUHV�DUH� IRU�
QRGHV�DW�WKH�SHULSKHU\�RI�WKH�QHWZRUN��SDUWLFXODUO\�
WKRVH�DW�WKH�HDVWHUQ�DQG�VRXWKHUQ�HGJHV��7KLV�HQWLUH�
SDWWHUQ�LV�D�UHVXOW�RI�WKH�VHQVLWLYLW\�WR�HGJH�H̆HFWV�RI�
WKLV�PHDVXUH�

7KH�IUHTXHQFLHV�RI�WKH�EHWZHHQQHVV�FHQWUDOLW\�
VFRUHV�DUH�PRUH�H[WUHPHO\�GLVWULEXWHG�WKDQ�IRU�WKH�
FORVHQHVV� VFRUHV��0DQ\�QRGHV�KDYH�D� VFRUH�RI���RU�
DQ� H[WUHPHO\� ORZ� VFRUH�� 6RPH� KDYH� D� UHODWLYHO\�
KLJK�VFRUH��ZKLFK�DUH�WKH�QRGHV�WKDW�DUH�IUHTXHQWO\�
WUDYHUVHG�� 7KHVH� KLJKHU� VFRUHV� VHHP� WR� IROORZ� D�
QXPEHU�RI�GLVWLQFW�SDWKV�SLFNHG�XS�E\�WKH�OHDVW�FRVW�
SDWK�DQDO\VLV�

Figure 5. Closeness and betweenness centrality for the 
20% network, obtained from Cytoscape and plotted on a 
hillshaded relief map of the study region.

Figure 4. Closeness and betweenness centrality for the 
10% network, obtained from Cytoscape and plotted on a 
hillshaded relief map of the study region.
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)RU� WKH� ����QHWZRUN� WKH� FRUH� DUHD�ZLWK� WKH�
highest closeness scores is still situated at the centre 
RI�WKH�UHJLRQ��EXW�QR�ORQJHU�LQ�WKH�1:�FRUQHU��7KH�
UHVXOWV�DUH�YHU\�VLPLODU�WR�WKRVH�RI�WKH�����QHWZRUN��
DJDLQ�VWUHVVLQJ�WKH�LQÀXHQFH�RI�HGJH�H̆HFWV�RQ�WKLV�
PHDVXUH�

7KH� EHWZHHQQHVV� FHQWUDOLW\� VFRUHV� VKRZ� D�
VLPLODU�GLVWULEXWLRQ�RI�VFRUHV�DV�IRU�WKH�����QHWZRUN��
7KH�DQDO\VLV�DJDLQ�VHHPV�WR�SLFN�XS�D�QXPEHU�RI�PRUH�
SURPLQHQW�SDWKV��$OWKRXJK�WKH\�DUH�PRUH�RU�OHVV�LQ�
WKH�VDPH�DUHD�DV�WKRVH�RI�WKH�SUHYLRXV�QHWZRUN��WKH�
SDWKV�GR�VHHP�WR�EH�GL̆HUHQW��,W�VHHPV�WKHQ�WKDW�WKLV�
PHDVXUH�LV�TXLWH�VHQVLWLYH�WR�QHWZRUN�VL]H�DQG�PRVW�
LPSRUWDQWO\� WR� WKH�SUHVHQFH�RU�DEVHQFH�RI�SRVVLEOH�
VKRUWFXWV�ZKLFK�FDXVH�NH\�SDWKV�WR�EH�GLYHUWHG�

4. Depthmap Results

6SDFH� V\QWD[� DSSOLHV� D� GL̆HUHQW� WHUPLQRORJ\�
WKDQ�PDQ\�QHWZRUN� DQDO\VLV� DSSURDFKHV�� DOWKRXJK�
WKHUH�LV�VWURQJ�VLPLODULW\�LQ�WKH�PHDVXUHV�XVHG�VLQFH�
ERWK� DSSURDFKHV� DUH� URRWHG� LQ� JUDSK� WKHRU\�� 7KH�
'HSWKPDS� PHDVXUHV� XVHG� KHUH� DUH� FDOFXODWHG� IRU�
WKH�HGJHV�RI�QHWZRUNV�DQG�GR�QRW�SURYLGH�DQ\�GLUHFW�
LQIRUPDWLRQ� RQ� WKH� FKDUDFWHULVWLFV� RI� WKH� QRGHV�
WKHPVHOYHV��6RPH�RI�WKH�PHDVXUHV�DUH�YHU\�VLPLODU�
WR�WKRVH�XVHG�LQ�&\WRVFDSH��KRZHYHU��EXW�DSSOLHG�WR�
HGJHV� UDWKHU� WKDQ� QRGHV�� ,W� WKHUHIRUH� EHFRPHV� DQ�
LQWHUHVWLQJ� H[HUFLVH� WR� FRPSDUH� UHVXOWV� RI� D� QRGH�
EDVHG�QHWZRUN�DQDO\VLV�LQ�&\WRVFDSH�ZLWK�DQ�HGJH�
EDVHG�VSDFH�V\QWD[�DQDO\VLV�LQ�'HSWKPDS��7KLV�ZLOO�
DOORZ� XV� WR� HYDOXDWH� ZKLFK� DSSURDFK� XVLQJ� IUHHO\�
DYDLODEOH� XVHU�IULHQGO\� VRIWZDUH� LV� PRVW� VXLWDEOH�
IRU�H[SORULQJ�JHRJUDSKLFDO�/&3�QHWZRUNV��:H�KDYH�
FDOFXODWHG�WKH�IROORZLQJ�PHDVXUHV�LQ�'HSWKPDS�

• Step depth� LV�WKH�WRSRORJLFDO�GLVWDQFH�FRYHUHG�
EHWZHHQ� WZR� QRGHV�� ZKHQ� SDVVLQJ� WKURXJK� DOO�
WKH�QRGHV�EHWZHHQ�WKHP��VLPLODU�WR�FDOFXODWLQJ�D�
SDWK�LQ�&\WRVFDSH�

• Mean depth� LV� WKH� WRSRORJLFDO� GLVWDQFH� IURP�
D�QRGH� WR� DOO� RWKHU�QRGHV� VXPPHG�DQG�GLYLGHG�
E\� WKH�QXPEHU�RI�QRGHV�PLQXV�RQH��7KLV� LV� WKH�
LQYHUVH� RI� FORVHQHVV� FHQWUDOLW\� LQ� &\WRVFDSH��
ZKHUH�WKH�QXPEHU�RI�QRGHV�LV�GLYLGHG�E\�WKH�VXP�
RI�DOO�SDWKV�

• Relative/relativised asymmetry is the 
QRUPDOL]HG�PHDQ�GHSWK�RQ�D�VFDOH�RI�����

0HDQ�GHSWK�DQG�UHODWLYH�DV\PPHWU\�DUH�XVHG�
to analyze the integration�RI�WKH�QHWZRUN��$�KLJKO\�
LQWHJUDWHG� QHWZRUN� KDV� D� ODUJH� QXPEHU� RI� GLUHFW�
FRQQHFWLRQV��LW�LV�V\PPHWULF��$�VHJUHJDWHG�QHWZRUN�
KDV�IHZ�GLUHFW�FRQQHFWLRQV��LW�LV�DV\PPHWULF�

• Control� LV� WKH� QXPEHU� RI� QRGHV� WKDW� DUH�
FRQQHFWHG� WR� D� QRGH� UHODWLYH� WR� WKH� QXPEHU� RI�
QRGHV�WKDW�WKHVH�KDYH�FRQQHFWHG�WR�WKHPVHOYHV�

• Controllability�LV�WKH�UDWLR�RI�QRGHV�ZLWK�GHSWK�
��DQG�QRGHV�ZLWK�GHSWK���IURP�D�QRGH

Control is used to calculate the 
distributedness� RI� WKH� QHWZRUN�� L�H�� LI� QRGHV�
GRPLQDWH�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�ORFDOO\��,I�WKH�
VWUXFWXUH� GHSHQGV� RQ� D� UHODWLYHO\� ODUJH� QXPEHU� RI�
QRGHV��WKHQ�WKH�QHWZRUN�LV�GLVWULEXWHG��,I�IHZ�QRGHV�
GRPLQDWH�WKH�QHWZRUN��WKHQ�LW�LV�QRQ�GLVWULEXWHG�

• Degree centrality or connectivity is the 
QXPEHU�RI�QHLJKERXUV�RI�D�QRGH��L�H��WKH�GHJUHH�
RI�D�QRGH��

• Closeness centrality�LV�WKH�DYHUDJH�WRSRORJLFDO�
GLVWDQFH�IURP�RQH�QRGH�WR�DOO�RWKHU��OLNH�WKH�VDPH�
PHDVXUH�LQ�&\WRVFDSH�

• Choice�LV�QXPEHU�RI�VKRUWHVW�SDWKV�WKDW�SDVVHV�
WKURXJK� D� QRGH� �L�H�� WKH� VDPH� DV� EHWZHHQQHVV�
FHQWUDOLW\�LQ�&\WRVFDSH��

1RWH� WKDW� WKH� GH¿QLWLRQV� DUH� JLYHQ� KHUH� DV�
PHDVXUHV� IRU� QRGHV�� )URP� WKH� GRFXPHQWDWLRQ� LW�
LV� QRW� LPPHGLDWHO\� FOHDU� KRZ� WKH� PHDVXUHV� DUH�
FDOFXODWHG�� L�H�� LI� PHDVXUHV� GHULYHG� IURP� QRGHV�
DUH�DWWDFKHG�WR�HGJHV��RU�FDOFXODWHG�GLUHFWO\�RQ�WKH�
HGJHV��WKH�UHVXOWV�REWDLQHG�KRZHYHU�VXJJHVW�WKDW�WKH�
PHDVXUHV� DUH� FDOFXODWHG� RQ� WKH� HGJHV�� 6RPHZKDW�
FRQIXVLQJO\�� WKH� WHUP� µQRGH� FRXQW¶� LQ� 'HSWKPDS�
UHIHUV�WR�WKH�QXPEHU�RI�HGJHV�

,W� LV� QRW� SRVVLEOH� WR� DQDO\]H� VXEQHWZRUNV�
VHSDUDWHO\� LQ� 'HSWKPDS� ZLWKRXW� EUHDNLQJ� XS�
WKH� QHWZRUN�� DQG� UXQQLQJ� D� QHZ� DQDO\VLV� RQ� WKH�
VXEQHWZRUN�� 6LQFH� 'HSWKPDS� RSHUDWHV� RQ� HGJHV�
WKDW�DUH�SODFHG�LQ�D��JHRJUDSKLFDO��FRRUGLQDWH�JULG��
UDWKHU� WKDQ� RQ� QRGHV� WKDW� RQO\� KDYH� WRSRORJLFDO�
FRQQHFWLRQV��LW�FDQ�DOVR�LQFOXGH�QRGH�WR�QRGH�PHWULF�
GLVWDQFHV� LQ� LWV� DQDO\VLV��7RSRORJLFDO�GLVWDQFH�RQO\�
WDNHV� LQWR� DFFRXQW� WKH� QXPEHU� RI� VWHSV� LW� QHHGV�
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WR� PRYH� IURP� QRGH� $� WR� QRGH� %�� 'HSWKPDS� FDQ�
DOVR� FDOFXODWH� WKH� DFWXDO� PHWULF� GLVWDQFH� LW� WDNHV�
WR�PRYH�IURP�$�WR�%�ZKHQ�SDVVLQJ�WKURXJK�DOO� WKH�
QRGHV�EHWZHHQ�WKHP��DQG�LQ�WKLV�ZD\�REWDLQ�PHWULF�
PHDVXUHV�DV�ZHOO��7KLV�OHDGV�WR�VRPH�GL̆HUHQFHV�LQ�
WKH� DQDO\VLV� UHVXOWV�� 'HSWKPDS� FDQ� DOVR� SHUIRUP�
DQDO\VHV� DW� GL̆HUHQW� VFDOH� OHYHOV�� E\� VHWWLQJ� WKH�
UDGLXV� RI� DQDO\VLV� WR� D� PD[LPXP� WRSRORJLFDO� RU�
PHWULF�GLVWDQFH�

4.1 Global results

7KH�JOREDO�PHDVXUHV�REWDLQHG�ZLWK�'HSWKPDS�
DUH� VKRZQ� LQ�7DEOH� ��� 7KH� UHVXOWV� DUH� LQ� OLQH�ZLWK�
WKRVH�REWDLQHG�WKURXJK�&\WRVFDSH��7KH�FRQQHFWLYLW\�
RI� WKH� QHWZRUN� LV� ORZ�� QRGHV� ZLOO� KDYH� IHZ� GLUHFW�
FRQQHFWLRQV��UHVXOWLQJ�LQ�D�ORZ�DYHUDJH�LQWHJUDWLRQ��
,Q� RUGHU� WR� UHDFK� QRGHV� LQ� WKH� QHWZRUN�� D� ODUJH�
QXPEHU� RI� RWKHU� QRGHV� KDV� WR� EH� SDVVHG�� 7KLV� LV�
WKH�FRQVHTXHQFH�RI�XVLQJ�WKH�FXPXODWLYH�FRVW�SDWK�
DSSURDFK�

4.2 Local results

The results for closeness centrality are 
FRPSDUDEOH�WR�WKRVH�REWDLQHG�ZLWK�&\WRVFDSH��0RUH�
LQWHUHVWLQJ� DUH� WKH� UHVXOWV� IRU� WKH� PHWULF� FKRLFH�
PHDVXUH� �)LJ�� ���� ,W� VKRZV� YHU\� FOHDU� SUHIHUUHG�
SDWKZD\V� IRU� WKH� ���� QHWZRUN�� IRU� WKH� ����
QHWZRUN� SDWWHUQV� DUH� OHVV� FOHDU� ZLWK� D� UHODWLYHO\�
HYHQ� GLVWULEXWLRQ� RI� SUHIHUUHG� SDWKZD\V� RYHU� WKH�
DUHD�� ,Q�ERWK�FDVHV�� WKH�FHQWUDOO\� ORFDWHG�DUHDV�DUH�
JLYHQ� D� KLJKHU� ZHLJKW�� DV� D� FRQVHTXHQFH� RI� HGJH�
H̆HFWV��)RU�WKH�����QHWZRUN��LW�LV�YHU\�FOHDU�WKDW�WKH�
SUHIHUUHG�SDWKV�IROORZ�WKH�YDOOH\V��$�SUHIHUUHG�URXWH�
is also present on the north side of the region; this 

LV� UHODWHG� WR� WKH� H̆HFW� GLVFXVVHG�
LQ� ����� ZLWK� WKH� FRQFHQWUDWLRQ�
RI� KLJK� FORVHQHVV� YDOXHV� LQ� WKH�
1:� FRUQHU� RI� WKH� DUHD�� 2Q� WKH�
EDVLV� RI� WKH� 'HSWKPDS� UHVXOWV��
ZH� FDQ� FRQFOXGH� WKDW� WKLV� LV� GXH�
to the lack of a direct connection 
LQ� WKH� FHQWUDO� YDOOH\� RI� WKH� ULYHU�
*HXO�� IRUFLQJ� URXWHV� WR� WKH� QRUWK�
LQVWHDG� RI� IROORZLQJ� WKH� PRUH�
GLUHFW� HDVW�ZHVW� FRQQHFWLRQ�� ,Q�
WKH�����QHWZRUN��WKLV�FRQQHFWLRQ�
is present and therefore the high 
FORVHQHVV�DQG�PHWULF�FKRLFH�YDOXHV�
are concentrated in the centre of 
WKH�DUHD�

7KH�GL̆HUHQFHV�EHWZHHQ�WKH�FKRLFH��QRW�VKRZQ�
LQ� WKH� ¿JXUH�� DQG� PHWULF� FKRLFH� SDUDPHWHUV� DUH�
QRW�YHU\�FRQVSLFXRXV�ZKHQ�YLVXDOO\�FRPSDULQJ�WKH�

Network 10% Network 20%

Node count (number of edges) ���� ������

Average connectivity �������� ��������

Maximum connectivity ��  6

Average step depth �������� ��������

Maximum step depth ���� ���

Average mean depth �������� ��������

Maximum mean depth �������� ��������

Average integration ��������� ���������

Average control �� ��

Average controllability ��������� ���������

Table 2. Results global measures Depthmap.

Figure 6. Metric choice for the 10% and 20% network, 
obtained from Depthmap and plotted on a hillshaded 
relief map of the study region.
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UHVXOWV��DOWKRXJK�WKH\�DUH�PRUH�VWULNLQJ�IRU�WKH�����
WKDQ�IRU�WKH�����QHWZRUN��7KLV�LV�SDUWO\�EHFDXVH�RI�
WKH�SUHVHQFH�RI�DUWHIDFWV�RI�WKH�/&3�PRGHOOLQJ��WKDW�
creates tightly packed clusters of nodes in places 
ZKHUH�PDQ\�/&3V�PHHW��7KLV�H̆HFW� LV� VWURQJHU� IRU�
WKH� ���� QHWZRUN�� 3DVVLQJ� WKHVH� FOXVWHUV� RI� QRGHV�
ZLOO�LQFUHDVH�WKH�WRSRORJLFDO�GLVWDQFH�PXFK�TXLFNHU�
WKDQ�PHWULF�GLVWDQFH�

5. Discussion

7KHUH�DUH�VRPH�FOHDU�GL̆HUHQFHV�EHWZHHQ�WKH�
WZR�DSSURDFKHV�XVHG�LQ�WKLV�FDVH�VWXG\�

&\WRVFDSH�ZDV�XVHG�WR�RQO\�FDOFXODWH�PHDVXUHV�
IRU�QRGHV��'HSWKPDS� IRU� HGJHV�� ,W�GHSHQGV�RQ� WKH�
DSSOLFDWLRQ�ZKHWKHU�RQH� LV�SUHIHUDEOH� WR� WKH�RWKHU��
,Q�DUFKDHRORJ\��WKH�FKDUDFWHULVWLFV�RI�VHWWOHPHQWV�LQ�
D�QHWZRUN�PLJKW�EH�LQWHUHVWLQJ�WR�DQDO\]H��EXW�LW�FDQ�
DOVR�EH�XVHIXO�WR�VHH�ZKHUH�WKH�PDMRU�FRQQHFWLRQV�DUH��
,Q�WKH�¿UVW�FDVH��D�QHWZRUN�SDFNDJH�OLNH�&\WRVFDSH�LV�
WR�EH�SUHIHUUHG��LQ�WKH�VHFRQG�FDVH�LW�LV�EHWWHU�WR�XVH�
VSDFH�V\QWD[��([SRUWLQJ�GDWD�IURP�*,6�WR�'HSWKPDS�
LV�HDVLHU�VLQFH�LW�RQO\�QHHGV�DQ�H[SRUW�WR�0,)�0,'�
IRUPDW��)RU�XVH�LQ�&\WRVFDSH��D�OLVW�RI�FRQQHFWLRQV�LQ�
WKH�IRUPDW�RI�VRXUFH�QRGHV�DQG�WDUJHW�QRGHV�KDV�WR�
EH�SURGXFHG�

9LVXDOLVDWLRQ� LQ� ERWK� SDFNDJHV� LV� FRPSOHWHO\�
GL̆HUHQW��'HSWKPDS�LV�YHU\�PXFK�FRPSDUDEOH�WR�D�
*,6�� DQG� UHWDLQV� WKH� RULJLQDO� VSDWLDO� FRQ¿JXUDWLRQ�
RI� WKH� HGJHV�� ZKLFK� PDNHV� LQWHUSUHWDWLRQ� RI� WKH�
patterns easier (at least for the purposes of this 
FDVH� VWXG\��� 7KH� OD\�RXW� DOJRULWKPV� HPEHGGHG� LQ�
&\WRVFDSH� FDQ� GLVSOD\� WKH� QRGHV� LQ� D� ZLGH� DUUD\�
RI� FRQ¿JXUDWLRQV�� QRQH� RI� ZKLFK� WDNH� WKH� VSDWLDO�
FRQ¿JXUDWLRQ�LQWR�DFFRXQW��7KLV�KDV�WKH�DGYDQWDJH�
RI�HPSKDVL]LQJ�DQG�YLVXDOO\� LGHQWLI\LQJ�WRSRORJLFDO�
IHDWXUHV� WKURXJK� GL̆HUHQW� OD\�RXWV�� ,Q� WKLV� FDVH�
VWXG\�� KRZHYHU�� WKH� QHWZRUNV� ZHUH� WRR� ODUJH� DQG�
WKH�QHWZRUN�DQDO\VLV�UHVXOWV�QRW�VWULNLQJ�HQRXJK�WR�
PRWLYDWH� D� YLVXDO� WRSRORJLFDO� H[SORUDWLRQ�� ,Q�RUGHU�
WR� YLVXDOO\� FRPSDUH� WKH� DQDO\VLV� UHVXOWV� IURP�ERWK�
SDFNDJHV��WKH�GDWD�KDV�WR�H[SRUWHG�EDFN�WR�*,6�

%RWK� &\WRVFDSH� DQG� 'HSWKPDS� R̆HU� JOREDO�
DQG� ORFDO� QHWZRUN� DQDO\VLV� PHDVXUHV�� 7KHVH� DUH�
QRW�IXOO\�FRPSDUDEOH��HYHQ�ZKHQ�VWURQJ�VLPLODULWLHV�
DUH� IRXQG��:H�KDYH�QRW� XQGHUWDNHQ� DQ� H[KDXVWLYH�
VXUYH\�RI�DOO�WKH�GL̆HUHQFHV�DQG�VLPLODULWLHV�EHWZHHQ�
WKH� WHFKQLTXHV�� HYHQ� ZKHQ� WKLV� ZRXOG� EH� D� XVHIXO�

H[HUFLVH�LQ�LWVHOI��,W�VHHPV�WKDW�'HSWKPDS�LV�OHVV�ZHOO�
GRFXPHQWHG��PHDVXUHV�LQ�WKH�PDQXDO��7XUQHU�������
DUH� XVXDOO\� GHVFULEHG� LQ� IDLUO\� JHQHUDO� WHUPV��ZLWK�
UHIHUHQFHV� WR� WKH� FRUUHVSRQGLQJ� VFLHQWL¿F� SDSHUV��
7KH� DQDO\VLV� RI� JHQHUDO� QHWZRUN� VWUXFWXUH� DQG� WKH�
LGHQWL¿FDWLRQ�RI�WKH�PRVW�LPSRUWDQW�FRQQHFWLRQV�FDQ�
HTXDOO\�ZHOO�EH�GRQH�LQ�ERWK�SDFNDJHV��&\WRVFDSH�LV�
VRPHZKDW�VWURQJHU�RQ�WKH�JOREDO�PHDVXUHV��WKH\�DUH�
HDVLHU�WR�H[WUDFW�XVLQJ�WKH�1HWZRUN�$QDO\]HU�SOXJLQ�
DQG�R̆HU�D�ZLGHU�UDQJH�RI�RSWLRQV��7KH�FDOFXODWLRQ�
RI� WKH� FRQWURO� PHDVXUH� KRZHYHU� LV� VSHFL¿F� WR�
'HSWKPDS�� 7KH� FOXVWHULQJ� FRḢFLHQW� RI� QRGHV�
FDOFXODWHG�LQ�&\WRVFDSH�LV�VLPLODU� LQ�WKDW� LW�UHÀHFWV�
ORFDO�GL̆HUHQFHV�LQ�GHJUHH��EXW�WKLV�PHDVXUH�GLG�QRW�
SURYLGH�LQWHUHVWLQJ�UHVXOWV�IRU�WKLV�FDVH�VWXG\�

7KH� VWURQJHVW� SRLQW� RI� 'HSWKPDS� LV� WKDW� LW�
R̆HUV�WKH�RSSRUWXQLW\�WR�FDOFXODWH�PHWULF�PHDVXUHV�
DORQJVLGH� WKH� WRSRORJLFDO� RQHV�� ,Q� JHRJUDSKLFDO�
VSDFH�� UHDO� GLVWDQFH� LV� DQ� LPSRUWDQW� IDFWRU� WR�
WDNH� LQWR� DFFRXQW� ZKHQ� FDOFXODWLQJ� QHWZRUN�
FKDUDFWHULVWLFV��1HWZRUN�DQDO\VLV�VRIWZDUH�SDFNDJHV�
GR�QRW� R̆HU�PDQ\� VSDWLDO� DQDO\VLV� WHFKQLTXHV� DV� D�
VWDQGDUG� IHDWXUH�� $Q� DOWHUQDWLYH� DSSURDFK� ZRXOG�
EH�WR�DGG�JHRJUDSKLFDO�GLVWDQFH�WR�HGJHV��EXW�VLQFH�
WKHVH� GLVWDQFHV� DUH� UHODWLYH� WR� FRRUGLQDWH� V\VWHPV�
DQG�SURMHFWLRQV�D�*,6�LPSRUW�WRRO�ZRXOG�PDNH�PRUH�
VHQVH��RU�D�FRPELQDWLRQ�RI�D�VSDWLDO�GDWDEDVH�ZLWK�D�
QHWZRUN�DQDO\VLV�H[WHQVLRQ�

)XUWKHUPRUH�� 'HSWKPDS� FDQ� OLPLW� WKH�
FDOFXODWLRQ� RI� FHQWUDOLW\� PHDVXUHV� WR� D� FHUWDLQ�
GLVWDQFH��VR�FHQWUDOLW\�ZLOO�WKHQ�EH�PHDVXUHG�ZLWKLQ�
D� VHW� UDGLXV�� LQVWHDG� RI� WKH� ZKROH� UHJLRQ�� 7KLV�
UHGXFHV�HGJH�H̆HFWV��DQG�HPSKDVL]HV�WKH�ORFDO�DUHDV�
RI� WKURXJK�PRYHPHQW�� R̆HULQJ� D� ZLGHU� UDQJH� RI�
QHWZRUN�IHDWXUHV�WR�H[SORUH�

7KH� � UHVXOWV� REWDLQHG� � VKRZ� � WKDW� QHWZRUN�
DQDO\VLV� � WHFKQLTXHV� R̆HU� VRPH� DGGLWLRQDO�
LQIRUPDWLRQ� RQ� WKH� QHWZRUN� VWUXFWXUH� RI� WKH�
FXPXODWLYH�FRVW�SDWK�PDSV�WKDW�FDQQRW�EH�REWDLQHG�
IURP�WKH�UDVWHU�EDVHG�PDSV��7KH�QHWZRUNV�FUHDWHG�
IURP� WKH� FXPXODWLYH� FRVW� SDWKV� VKRZ� D� ZHDN�
LQWHJUDWLRQ� DQG� KLJK� GLVWULEXWHGQHVV��PDQ\� QRGHV�
KDYH�WR�EH�SDVVHG�WR�JR�IURP�RQH�ORFDWLRQ�WR�WKH�RWKHU��
DQG� MXQFWLRQV� XVXDOO\� FRQQHFW� RQO\� WKUHH� HGJHV��
7KLV� LV�D�FRQVHTXHQFH�RI�XVLQJ�WKH�FXPXODWLYH�FRVW�
SDWK�DSSURDFK��XVLQJ�D�GL̆HUHQW�VHW�RI�FRQQHFWLRQV��
H�J�� EHWZHHQ� VHWWOHPHQW� ORFDWLRQV�� ZRXOG� OHDG� WR�
GL̆HUHQW�UHVXOWV�
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7KH� PDMRU� FRQQHFWLRQV� WKDW� DUH� REWDLQHG�
WKURXJK� WKH� FDOFXODWLRQ� RI� EHWZHHQQHVV� FHQWUDOLW\�
�FKRLFH�� IROORZ� WKH� YDOOH\V� UDWKHU� WKDQ� WKH� ULGJHV��
7KLV�LV�EHFDXVH�WKH�SDWKZD\V�FUHDWHG�RQ�WKH�ULGJHV�
DUH�QRW�YHU\�ZHOO�FRQQHFWHG�WR�WKH�UHVW�RI�WKH�SDWKV��
7KH� VWHHS� VORSHV� RQ� WKH� YDOOH\� VLGHV�SUHYHQW� WKRVH�
URXWHV�RI� EHFRPLQJ�ZHOO�FRQQHFWHG� WR�RWKHU�SDWKV��
DQG�WKXV�WKURXJK�PRYHPHQW�LV�FRQFHQWUDWHG�LQ�WKH�
YDOOH\V� LQVWHDG�� +RZHYHU�� WKH� FHQWUDOLW\� PHDVXUHV�
FDOFXODWHG� IRU� WKH� ZKROH� UHJLRQ� DOVR� WHQG� WR�
HPSKDVL]H�WKH�FHQWUDOO\�ORFDWHG�QRGHV��WKH\�DUH�YHU\�
VHQVLWLYH�WR�HGJH�H̆HFWV��)XUWKHUPRUH��WKH�FKRLFH�RI�
QHWZRUN�VL]H� �����RU�����PRVW� IUHTXHQWO\� FKRVHQ�
SDWKV� IURP� WKH� FXPXODWLYH� FRVW� SDWK� PDS�� KDV� D�
VWURQJ� LQÀXHQFH� RQ� WKH� EHWZHHQQHVV� FHQWUDOLW\��
:KHQ� OHVV� IUHTXHQWO\�XVHG�SDWKV� DUH� LQFOXGHG�� WKH�
JHQHUDO�VWUXFWXUH�RI�WKH�QHWZRUN�EHFRPHV�OHVV�FOHDU�

7KH�UHVXOWV�DOVR�VKRZ��KRZHYHU��WKDW�QHWZRUN�
PHDVXUHV�LQFRUSRUDWLQJ�JHRJUDSKLFDO�VSDFH�SURYLGH�
WKH� PRVW� LQWHUHVWLQJ� UHVXOWV�� 7KH� JOREDO� QRQ�
JHRJUDSKLFDO� QHWZRUN� DQDO\VLV� UHVXOWV� KHOSHG� WR�
LGHQWLI\� WKH� JHQHUDO� VWUXFWXUH� RI� WKH� GDWDVHW�� WKH�
ORFDO�QHWZRUN�PHDVXUHV�WKDW�ZRXOG�EH�PRVW�VXLWDEOH�
DQG�WKH�NLQGV�RI�UHVXOWV�ZH�FRXOG�H[SHFW�WR�HPHUJH��
$OO�RI�WKH�UHVXOWV�RI�ORFDO�PHDVXUHV�ZH�GHULYHG�ZLWK�
&\WRVFDSH��KRZHYHU��IRXQG�DQ�HTXLYDOHQW�LQ�UHVXOWV�
GHULYHG� ZLWK� 'HSWKPDS�� ,W� VHHPV� WKHQ� WKDW� WKH�
VSDWLDO� QDWXUH� RI� QHWZRUNV� GHULYHG� E\� WKH� /&3V� LV�
QRW�WULYLDO�DQG�VLJQL¿FDQWO\�D̆HFWV�QHWZRUN�DQDO\VLV�
UHVXOWV�� ,Q� RUGHU� WR� DWWDLQ� QRQ�WULYLDO� QHWZRUN�
DQDO\VLV�UHVXOWV�WKH�QHWZRUNV�DQG�PHDVXUHV�QHHG�WR�
DGGUHVV�WKLV�VSDWLDO�QDWXUH�H[SOLFLWO\�
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1. Introduction

There are books analysts can rely on in order 
to analyse pieces of historic architecture in space 
(dictionaries, maps, etc.) or to spot the time slots 
they can be connected with (literature about History 
and History of Architecture). There are also some 
books that relate changes in shapes over time to a 
context, and thereby provide means for relations 
assessment: a typical example is Viollet Le Duc’s 
encyclopaedia of architecture.

But in all three cases, graphics used almost 
never fully integrate the time parameter and the 
spatial features. They rather put them side by side, 
like in the classic timeline+ cartography paradigm, 
or provide low-level indications (a limited number 
of variables taken into consideration) like in the 
typical map+arrows or map+layers paradigms. Now 
maybe this was before the computer age? Well, of 
course not. What computer solutions can we today 
rely on if we need to understand and represent the 
SDWWHUQV� RI� GL̆XVLRQ� RI� DQ� DUFKLWHFWXUDO� WUHQG�� LQ�
time and space? Animation techniques, where time 
is mapped by time? These techniques are well suited 
for following movements, but they also have proven 
LQḢFLHQW�LQ�VXSSRUWLQJ�QRWDEO\�H[SORUDWLYH�WDVNV��
Corresponding author: jean-yves.blaise@map.archi.fr

In this contribution, we investigate how 
VROXWLRQV� VWHPPLQJ� IURP� WKH�¿HOGV�RI� ,QIRUPDWLRQ�
visualisation (infovis) can reveal patterns of change, 
and more generally can support background tasks 
researchers need to carry out when analysing the 
HYROXWLRQ� RI� KLVWRULF� DUFKLWHFWXUH� �UHODWH� ¿QGLQJV�
on individual cases to general knowledge, underline 
contradictions, local architectural inventions, foster 
the understanding of the individual’s position with 
regards to trends at that time and that place, renew 
WKH�LQWHUSUHWDWLRQ�RI�D�VW\OLVWLF�FODVVL¿FDWLRQ��HWF��

In a state of the art preliminary section, the 
contribution positions the above infovis� ¿HOG� LQ�
WHUPV� RI� VFLHQWL¿F� OHJDFLHV�� DQG� ZLWK� UHJDUGV� WR�
spatio-temporal datasets. In this same section 
we also shortly comment on the visual solutions 
that will be tested and then focus on the four 
combinations (Fig. 1) that we have implemented on 
a test case – Z.Dmochowski’s architecture of Poland 
(Dmochowski, 1956). 

However it has to be said that we shall make no 
general claim on the history of Polish architecture: 
'PRFKRZVNL¶V�FODVVL¿FDWLRQ�±�DOWKRXJK�LQWHUHVWLQJ�
by many aspects – relies on a subjective, partial 
VHOHFWLRQ� RI� HGL¿FHV�� 2XU� LQWHQW� LV� WR� XVH� KLV�
FODVVL¿FDWLRQ� DV� D� PHDQ� WR� LQYHVWLJDWH� SRWHQWLDO�

Can Infovis Tools Support the Analysis of 
6SDWLR�7HPSRUDO�'L̆XVLRQ�3DWWHUQV�LQ�+LVWRULF�

Architecture?

Jean-Yves Blaise  and Iwona Dudek
CNRS, UMR CNRS/MCC 3495 MAP

Abstract:
7KLV� SDSHU¶V� PDLQ� FODLP� LV� WKDW� DQDO\WLFDO� UHDVRQLQJ� RQ� VSDWLR�WHPSRUDO� GL̆XVLRQ� SDWWHUQV� UHTXLUHV�
D� VWHS� LQWR� DEVWUDFWLRQ� WKDW� WUDGLWLRQDO� ¿JXUDWLYH� VROXWLRQV� OLNH� PDSV� RU� �'� YLUWXDO� PRGHOV� GR� QRW�
encourage. Accordingly, we investigate alternative research practices, namely infovis (Information 
visualisation) and visual analytics, where the focus is put on revealing patterns of change, and more 
generally on gaining insight on individuals and collections through visual means. We introduce four 
JUDSKLF� FRPELQDWLRQV� LPSOHPHQWHG�RQ�D� WHVW� FDVH�±�=ELJQLHZ�'PRFKRZVNL¶V�DUFKLWHFWXUH�RI�3RODQG��D�
UHVSHFWHG�DQG�FRPSUHKHQVLYH�FODVVL¿FDWLRQ�RI�DUFKLWHFWXUDO�IDFWV�	�WUHQGV�LQ�3RODQG�RYHU�D�PLOOHQQLXP�
that combines morphological, stylistic and functional division lines. The contribution presents the pluses 
DQG�PLQXVHV�RI�WKHVH�FRPELQDWLRQV��WKH�DUJXPHQWV�EHKLQG�WKHLU�PDNLQJ��KRZ�WKH\�KDYH�VKHG��RU�QRW��D�
new light on the test case. 

Keywords:
$UFKLWHFWXUDO�KHULWDJH��,QIRUPDWLRQ�9LVXDOLVDWLRQ��6SDWLR�7HPSRUDO�'DWD��&ODVVL¿FDWLRQ
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EHQH¿WV�RI�,QIRYLV�VROXWLRQV�

• in uncovering unsaid biases,

• in uncovering spatial and temporal patterns,

• in underlining exceptions, unexpected 
behaviours,

• in supporting lacking / uncertain / imprecise 
data.

,Q� WKH� IROORZLQJ� VHFWLRQV�ZH� ¿UVW� FRPH� EDFN�
to Bertin’s vision of “graphics as an answer to 
D� TXHVWLRQ” (Bertin 2005) and propose a short 
introduction to Z.Dmochowski’s choices so as to 
underline what we wish to understand. We then 
present the pluses and minuses of our combinations 
and how they have shed (or not) a new light on the 
WHVW� FDVH�� EHIRUH� FRQFOXGLQJ�RQ�KRZ� WKH� VSHFL¿FLW\�
of the data handled in historic sciences can be taken 
into consideration in the visual analytics process.

2. Conceptual Background

In his clear-cut “brief history of data 
visualization” Michael Friendly (Friendly 2006) 
LGHQWL¿HV�FDUWRJUDSK\�DQG�VWDWLVWLFV�DV�WKH�WZR�PDLQ�
VFLHQWL¿F� OHJDFLHV� RI� LQIRYLV�� TXRWLQJ� IRU� LQVWDQFH�
*DOWRQ¶V�WLPH�VHULHV�RU�0LQDUG¶V�¿JXUDWLYH�PDSV��%\�
choosing these examples, Michael Friendly somehow 
already makes the point we wish to make: at the 
origin of infovis is a concern for spatio-temporal 
data sets, a need to foster a better understanding of 
spatio-temporal patterns, and at the end of the day 
the idea that graphics can help us conduct reasoning 

tasks on such data sets so as to uncover unthought-
of explanations. All through E.R Tufte’s stunning 
written works further proofs are given that graphics 
can usefully back up analyses of trends in space and 
WLPH� �7XIWH� ������ 7XIWH� ������ 7XIWH� ������ 7XIWH�
2006). A number of ground-breaking contributions 
still emerge today on applications of infovis and 
UHODWHG� ¿HOGV� WR� VSDWLR�WHPSRUDO� GDWDVHWV�� DV�
H[HPSOL¿HG�LQ��.HLP�HW�DO���������

In the typical contexts of geovisualisation 
RU� *HR6SDWLDO� 9LVXDO� $QDO\WLFV� ¿HOGV�� DSSOLFDWLRQV�
range for instance from analyses of moving objects 
�%LDGJLOJQ� HW� DO�� ������ �=KDR� HW� DO�� ������ �.DSOHU�
and Wright 2005) – a revival of the time geography 
SDUDGLJP� �&KDUGRQQHO� ������ �� WR� PRUH� DEVWUDFW�
developments like the use of visual metaphors for 
the assessment of semantic relations (Sabol and 
Scharl 2008).

In parallel, a number of contributions focus 
on the temporal aspects – may it be in terms of 
visual solution like (Havre et al. 2002)’s Theme 
River, or in terms of time-oriented data modelling 
challenges like (Aigner et al. 2008). Issues related 
to the production and readability of graphics – in 
the shadow of Bertin’s graphic semiology- are also 
addressed such as the classic 2D vs. 3D debate 
(Vrotsou et al. 2010).

Yet it has to be said that infovis covers a 
ZLGH�UDQJH�RI�DSSOLFDWLRQ�¿HOGV��IDU�EH\RQG�VSDWLR�
temporal data sets – and a comprehensive overview 
of related works would be, if not unreachable, for 
sure irrelevant here. Moreover, the term infovis itself 

Figure 1. The four combinations, from left to right, Timeline + small multiples, concentric time, cartography + 
multidimensional icons, timeWheel (Aigner at al. 2008). 
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has here and there been complemented or replaced 
by other terms such as Knowledge Visualisation 
or Visual analytics. So we consider more fruitful 
WR� EULHÀ\� LQWURGXFH� LQ� WKH� QH[W� VXE�VHFWLRQ� VRPH�
GH¿QLWLRQV� DQG� SLQSRLQW� VRPH� GL̆HUHQFHV�� EHIRUH�
coming back to this contribution’s storyline. 

2.1 Infovis and visual analytics

7R�VWDUW�ZLWK�D�GH¿QLWLRQ�KDV� WR�EH�JLYHQ� IRU�
the term “visualisation”, a term that today can be 
IRXQG� LQ� OLWHUDWXUH�DV�D�VRUW�RI�ÀDEE\�V\QRQ\P�IRU�
representation, and used in the context of numerous 
practices (abstract diagrams, cartography, CAD and 
GIS, realistic rendering, etc.). As far as information 
and data visualisation are concerned, visualisation 
is not about drawing but about WKLQNLQJ– in the 
words of (Card et al. 1999) it is about using vision to 
WKLQN��,Q�KLV�RYHUYLHZ�RI�WKH�LQIRYLV�¿HOG��5�6SHQFH�
�6SHQFH� ������ GH¿QHV� YLVXDOLVDWLRQ� DV� D� cognitive 
activity, underlining the idea that we rephrased in 
the informative modelling 15th rule: If your graphics 
did not lead to new insight on your data, consider 
it useless (Dudek and Blaise 2006). In other words, 
whereas representation is an end – the end of a 

FRJQLWLYH�SURFHVV��YLVXDOLVDWLRQ�LV�D�PHDQ�±�D�PHDQ�
to perform reasoning tasks all along that process.

,QIRYLV�LV�GH¿QHG�E\�:��.LHQUHLFK��.LHQUHLFK�
2006) as the use of computer-supported, interactive, 
visual representations of abstract data to amplify 
cognition�� :�� .LHQUHLFK� VKRZV� WKDW� DQ� LQIRYLV�
solution is most often composed of three fundamental 
units combined inside a master visualisation: visual 
formalisms (using a diagrammatic visual language 
to convey info in an abstract way – bar charts, 
timelines, histograms - see Fig. 2), visual metaphors 
(basing on real world equivalents – a city layout for 
a bibliography for instance), and visual models (in 
cases when the information is itself a real-world 
equivalent – typically cartography). 

,QIRYLV� LV� DQ� H[SDQGLQJ�¿HOG��ZLWK� D�QXPEHU�
of branches we are not particularly interested in (in 
the context of this contribution). What makes an 
infovis solution distinguishable is the info (abstract 
information, large and/or complex information 
spaces) and the services expected (information 
seeking tasks, information discovery tasks).

Figure 2. Represented as a classic histogram, a time series (50 years granularity) showing density of changes on 
Kraków’s market square (Dudek and Blaise 2011). On the y axis, we represent the overall amount of changes and 
DOWHUQDWLYHV� IRU� WKH�ZKROH� FROOHFWLRQ� RI� ��� DUWHIDFWV� XQGHU� VFUXWLQ\�� FRXQWHG� HYHU\� ¿IW\� \HDUV�� 5HGGLVK� UHFWDQJOHV�
represent, from bottom to top, morphological changes (a storey added to the artefact for instances), episodic changes 
(basically maintenance, however can include major changes that have no impact on the artefact’s morphology such as 
FKDQJH�RI�URRI�PDWHULDO���GHVWUXFWLYH�FKDQJHV��SDUWLDO�RU�WRWDO�GHVWUXFWLRQ���*UHHQLVK�UHFWDQJOHV�UHSUHVHQW�FRQ¿UPHG�
�ERWWRP��DQG�XQFRQ¿UPHG��WRS��GDUNHU��DOWHUQDWLYHV��&RQ¿UPHG�DOWHUQDWLYHV�PHDQ�ZH�GHDO�ZLWK�SRVVLEOH�GLYHUJHQW�
options on what did occur, basing on indications that are duly established and related to the artefact under scrutiny. 
8QFRQ¿UPHG�DOWHUQDWLYHV�FRUUHVSRQG�WR�LQGLFDWLRQV�WKDW�PD\�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�RU�PD\�EH�QRW� – because 
the information is questionable, or more often because it is not directly related to the artefact under scrutiny but to a 
neighbour, or any semantic group it may belong to (typically useful when considering possible (but unaccounted for) 
FRQVHTXHQFHV�RI�D�¿UH�RQ�D�QHLJKERXULQJ�DUWHIDFW���,Q�WKLV�YLVXDOLVDWLRQ�QRWH�IRU�LQVWDQFH�IRU�WKH�¿UVW�KDOI�RI�WKH�;,;WK�
FHQWXU\�������������WKDW�HSLVRGLF�FKDQJHV��PRGL¿FDWLRQV���RUDQJH��ZLGHO\�RXWQXPEHU�GHVWUXFWLYH�FKDQJHV��EURZQLVK�
red). The visualisation shows the “pattern of destruction” usually associated with this period should rather be called 
³SDWWHUQ�RI�UHQXQFLDWLRQ´�LQ�IURQW�RI�PDLQWHQDQFH�DQG�UHSDLU�GLI¿FXOWLHV�



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

370

%\� FRQWUDVW�� WKH� VRPHWLPHV� GLVSXWHG� ¿HOG� RI�
knowledge visualisation often works on smaller, but 
highly organized sets of information, and focuses on 
the transfer of knowledge among persons – may the 
LQIRUPDWLRQ�EH�DEVWUDFW�RU�QRW��.LHQUHLFK��������

)LQDOO\�� WKH�UHFHQW�¿HOG�RI�visual analytics is 
GH¿QHG�DV�DQ�RXWJURZWK�RI�WKH�¿HOGV�RI�LQIRUPDWLRQ�
YLVXDOL]DWLRQ�DQG� VFLHQWL¿F�YLVXDOL]DWLRQ�� LW� IRFXVHV�
on “analytical reasoning facilitated by interactive 
visual interfaces” (Thomas and Cook 2005). 
2EYLRXVO\� WKH� GLVSXWH� RQ� ³ZKLFK� LV� ZKLFK´� LV� RI�
poor relevance here. What is key to mention though 
LV� WKDW� WKHVH�¿HOGV� VKDUH�RQ�RQH�KDQG�RYHUODSSLQJ�
legacies and on the other hand common techniques, 
goals, and sometimes methods. 

2.2 The visual solutions tested  

2YHU� WKH� \HDUV�� D� ODUJH� QXPEHU� RI� YLVXDO�
solutions have been introduced to cope with spatio-
temporal or time oriented data sets – an overview of 
this latter topic can be found in (Aigner et al. 2011). 
In this paper we shall analyse combinations of the 
following:

Timeline (Fig. 3, a) this is a concept we do 
not need to comment on very long, as its use is 
rather common (in particular in Western cultures 
where time is seen as linear). Naturally this is its 
major strong point: it is easily understood. In fact 
when analysing it from closer a timeline is strongly 
restrictive: it implies a de-facto discrete time model, 
needs continuity in the time scale to be readable, it 

is poor in assessing rhythms and frequencies, and 
furthermore it better adapted to long walls than 
to screens where it requires tedious zoom and pan 
interactions (see on this Mostern and Johnson 2008 
or Blaise and Dudek 2008). 

Small multiples (Fig. 3, b): this expression 
was introduced by E.R. Tufte (Tufte, 1990), but the 
concept itself is attributed by M. Friendly (Friendly, 
2006) to Christopher Scheiner’s 1611 solution 
WR� VKRZ� WKH� FKDQJLQJ� FRQ¿JXUDWLRQ� RI� VXQVSRWV�
over time. The idea is to show in a grid-like layout 
successive spatial distributions of this or that object, 
of this or that phenomenon, thereby allowing a visual 
analysis of changes. This solution was for instance 
used by Galton in his XIXth century multivariate 
weather charts to uncover meteorological trends 
(Friendly, 2006), and applied on historical data sets 
in (Dudek and Blaise 2011).

Concentric time (Fig. 3, c): this is a 
visualisation we introduced in a recent experiment 
RQ�WKH�GHYHORSPHQW�RI�WKH�PDUNHW�VTXDUH�LQ�.UDNyZ��
that combines time and space. It is composed of 
a central 2D map, with all around it expanding 
concentric circles that represent a move towards 
the past. To each artefact positioned inside the 2D 
map corresponds a classic timeline, developing 
radially, along which events connected to the 
artefact’s evolution can be localised in time. Various 
interactions between the temporal indications along 
the timelines and the spatial indications inside the 
central 2D map are then implemented to facilitate 
the analysis (Blaise and Dudek 2011). 

Figure 3.�3ULQFLSOHV�RI�WKH�¿YH�VROXWLRQV�FRPELQHG�
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Multidimensional icons (Fig. 3, d): there 
are a number of striking examples of how 
multidimensional icons can help fostering insight 
“at a glance” in (Spence 2001) or in (McCandless 
2010). The idea is to summarise the values of several 
variables for a given item in a collection through 
a simple 2D icon – often relying on analogies 
or metaphors. In the context of spatio-temporal 
datasets this solution however has drawbacks. 
Multidimensional icons are abstract representations 
(spatial features are hard to convey), and the number 
of variables that can be compared, in a readable way, 
is an issue (Chan 2006). Multidimensional icons are 
XVXDOO\�H[WUHPHO\�ḢFLHQW�LQ�GHSLFWLQJ�DQ�LQGLYLGXDO�
LWHP¶V� IHDWXUH�±�WKH\�DUH� OHVV�ḢFLHQW� LQ�XQGHUOLQJ�
similarities and trends.

7LPH:KHHO� �)LJ�� ��� H��� WKLV� FRQFHSW�� ¿UVW�
introduced in (Tominski et al, 2004), combines a 
classic horizontal timeline with segments distributed 
around the timeline in the shape of a polygon. Each 
segment of the polygon represents the range of values 
of a given attribute: for instance a length, an age, a 
price, etc. An item is localised in time on the central 
timeline, and then lines connect it to values of its 
attributes on each segment of the polygon. Although 
DW�¿UVW� JODQFH� LW�PD\�DSSHDU� FRPSOH[�� WKH� FRQFHSW�
LV�GH¿QLWHO\�ḢFLHQW� LQ�XQGHUOLQLQJ�WUHQGV�LQVLGH�D�
collection. In return, one to one comparisons are 
not that readable and naturally spatial distribution 
is clearly hard to convey.

3. The Test Case

In the introduction of his historical survey, 
Z.Dmochowski, a Polish architect exiled in Great 
%ULWDLQ� GXULQJ� ::,,�� GH¿QHV� KLV� REMHFWLYH� DV�
such: “show the development of architecture 
within the polish State from the Xth to the XIXth 
century“ (Dmochowski, 1956, pp. xvii). Yet 
Dmochowski’s book is more than a survey, it is a 
GH�IDFWR� FODVVL¿FDWLRQ� �� \HW� ZLWK� OLWWOH� LQGLFDWLRQV�
on the division lines used. Some hints are given in 
the introduction: ³WKH� ERRN� GLYLGHV� WKH� PDWHULDO�
according to style, but the distinctions should not 
be pressed too far”. Dmochowski pushes this doubt 
further by adding “It is a great help, in studying 
WKH�KLVWRU\�RI�DUFKLWHFWXUH�RI�DQ\�FRXQWU\��WR�NQRZ�
VRPHWKLQJ�RI� LWV� SROLWLFDO� >«@�EDFNJURXQG´: a way 
WR�SXW�VW\OLVWLF�ḊOLDWLRQV�LQWR�D�ZLGHU�SHUVSHFWLYH��
)LQDOO\�� KLV� GH¿QLWLRQ� RI� DUFKLWHFWXUH� �� “[…] 

architecture, which of all the arts is the most socially 
conditioned” – further questions classic stylistic 
division lines. In short, Dmochowski acknowledges 
that styles are a key marker of trends, but in the 
same time that there are other aspects – context in a 
broad sense – that are equally key in a sensemaking 
FODVVL¿FDWLRQ�H̆RUW��

Dmochowski’s survey is basically a description 
DQG� D� FODVVL¿FDWLRQ� RI� LQGLYLGXDO� HGL¿FHV�� ZLWK�
varying amounts of information given depending on 
WKH�HGL¿FH��)RU�D�PDMRULW\��HOHPHQWV�RI�FKURQRORJ\�
DQG� D� VSDWLDO� OD\RXW� ��'� SODQ�� DUH� JLYHQ�� 2WKHU�
pieces of information on the morphology are more 
XQHYHQO\� DYDLODEOH�� (GL¿FHV� DUH� VHJUHJDWHG� E\�
groups (one group one chapter) that correspond to 
WKH�WKLUG�VWHS�LQ�D�WKUHH�OHYHOV�FODVVL¿FDWLRQ��)LJ�����

• At step 1, styles act as the main division line 
(5RPDQHVTXH��*RWKLF��5HQDLVVDQFH��HWF�)

• $W� VWHS���� XVH� DQG�RU�GHVWLQDWLRQ�RI� WKH� HGL¿FH�
UH¿QH� WKH� FODVVL¿FDWLRQ� �5RPDQHVTXH� VHFXODU�
DUFKLWHFWXUH�� 5RPDQHVTXH� HFFOHVLDVWLFDO�
architecture, etc.)

• At step 3 – groups - architectural composition 
and choices are introduced in order to further 
segregate the collection (Basilican churches with 
transept, Basilican churches without transept, 
Single cell circular churches, etc.). 

Beyond these three division steps there are 
other unsaid steps: space and time. Indications given 
here by Z.Dmochowski are quite hereterogeneous 
(dates like “XIIth century, or “1086“) and 
IXUWKHUPRUH� WKLV� YDULDELOLW\� GL̆HUV� IURP� JURXS� WR�
group. 

Now at this stage it has to be made clear that 
our goal was not to come out with an exhaustive 
analysis of Dmochowski’s survey, but to conduct 
something like a like a proof of feasibility experiment. 
So the experiment we report was carried out on a 
subset of Dmochowski’s survey: 50 ecclesiastic 
HGL¿FHV�� �� VW\OHV� �5RPDQHVTXH� �*RWKLF�� ���JURXSV�
(Fig. 4), time and space, plus a subjective selection 
of features (our interpretation step : dimensional 
and architectural features, corresponding to 
heterogeneous variables, not systematically present 
in the survey). In short, from Dmochowski’s survey 
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we extracted an information set that can appear as 
rather simple, with eight variables to combine (Fig. 
5):
• Style,
• Group,
• Foundation date,
• Localisation (2D coordinates),
• Length,
• Shape of the Apse,
• Number of chapels,

• Number of Interior volumes.

Yet it might not be that simple –even with such 
D�OLPLWHG�WHVW�FDVH�WKHUH�DUH�VRPH�FOHDU�GL̇FXOWLHV�

• Unsaid division lines in Dmochowski’s 
FODVVL¿FDWLRQ�

• Heterogeneous variables,

• Lacking / imprecise pieces of data,

• +DQGOLQJ�RI�%27+�WLPH�DQG�VSDFH�

• Need to depict each item, its relation to others, 
and the global features of the collection.

:HOO� WKHVH� GL̇FXOWLHV� DUH� SUHFLVHO\� ZKDW�
makes his input a great test case: our objective will 
EH� WR� WU\� DQG� VHH�� JLYHQ� WKHVH� GL̇FXOWLHV��ZKHWKHU�

or not visual tools can help us uncover information 
and knowledge, whether they can help us gain some 
LQVLJKW�RQ�KLV�FODVVL¿FDWLRQ�H̆RUW��RQ�HDFK�RI�WKH����
HGL¿FHV��DQG�RQ�WKH����RI�WKHP�DV�D�FROOHFWLRQ�

3.1 Timeline + small multiples

,Q�WKLV�¿UVW�FRPELQDWLRQ�D�SRLQW�FRUUHVSRQGLQJ�
WR�WKH�IRXQGDWLRQ�GDWH�RI�WKH�HGL¿FH�LV�ORFDOLVHG�DORQJ�
a classic timeline. In parallel, inspired by the small 
multiples precedent, we sum up inside a square 
the seven remaining variables through colour, 
value, position, shape. The square’s background 
colour and its value are used to convey the style 
and group variables (Fig. 6, a). The square acts as 
an equivalent to the map of Poland – more precisely 
a map of Poland is inscribed inside the square. As 
a consequence the localisation (2D geographic 
FRRUGLQDWHV��RI�WKH�HGL¿FH�FDQ�EH�LQWHUSUHWHG�DV��[�\��
coordinates inside the square (Fig. 6, b). Values for 
length, number of chapels and number of interior 
volumes are reported on three axes, forming a 
triangle (Fig. 6, c). Finally, a small icon on the top 
ULJKW�FRUQHU�LGHQWL¿HV�WKH�VKDSH�RI�WKH�DSVH��)LJ�����
d). 

But then how can these squares be connected 
to a chronology, to the timeline? If we just align 
them with the timeline there will be either clumsy 
RYHUODSSLQJ�ZKHQ�HGL¿FHV�DUH� FORVH� LQ� WLPH�±�RU�D�
lengthy visualisation unsuited to a context view 
(the whole collection within the eyespan). In fact 

Figure 4��&ODVVL¿FDWLRQ�OHYHOV��JURXSV�FRQVLGHUHG�LQ�WKLV�
H[SHULPHQW��H[DPSOHV�RI�HGL¿FHV��

Figure 5��³,'�FDUG´�RI�DQ�HGL¿FH�

Figure 6��9LVXDO�HQFRGLQJ�RI�DQ�HGL¿FH¶V�HLJKW�YDULDEOHV�
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this combination is not well suited to reading the 
chronology in discrete or continuous time. Instead, 
we use it to read the chronology in ordinal time (only 
the order is known): each group is represented with 
its oldest item duly aligned on the timeline (Fig. 
��� D��� DQG� WKH� UHVW� RI� WKH� JURXS� VLPSO\� SRVLWLRQHG�
horizontally by order of appearance. Interactions on 
each small multiple do allow the reader to precisely 
GDWH�LW�RQ�WKH�WLPHOLQH��)LJ�����F���

The result is a clear insight gained on 
the variability of items inside each group, and 
DFFRUGLQJO\� RQ� JURXSV� FRQVLVWHQFLHV� �)LJ�� ��� E���
([FHSWLRQDO�EHKDYLRXUV�IRU�RQH�VSHFL¿F�YDULDEOH�DUH�

DOVR� XQGHUOLQHG� �)LJ�� ��� G��� DV� ZHOO� DV� FDVHV� ZKHQ�
WKH�GDWLQJ� LV�TXHVWLRQHG�RU� LPSUHFLVH��)LJ�����H���$�
point can for instance be made on this subset of 
Dmochowski’s survey: the most “recent” group the 
least accurate in terms of dating…

A projection of each square along the timeline 
at a position corresponding to the actual foundation 
GDWHV�IRU�HDFK�HGL¿FH�FDQ�EH�DGGHG�VR�DV�WR�KLJKOLJKW�
densities of change, or to correlate changes to other 
factors.

This combination does have its weaknesses: 
ordinal time is convenient when wanting to reveal 
group behaviours, but costly in terms of readability 
for individual items. Furthermore, as it is, from this 
visualisation only a rather vague understanding of 
the consistency of a group in space is within reach. 

3.2 Concentric time + small multiples

This combination reuses the small multiple 
introduced above, but with the ambition to better 
handle and visualise the space parameter. A map 
of Poland is drawn in the central spatial layout of 
the visualisation, with coloured dots that position 
HGL¿FHV��FRORXU�DQG�YDOXH�DUH�XVHG�WR�FRQYH\�WKH�VW\OH�
DQG�JURXS�YDULDEOHV���,Q�FDVHV�ZKHQ�VHYHUDO�HGL¿FHV�
are localised in the same city rectangles are used 
LQVWHDG�RI�D�GRW��7R�HDFK�HGL¿FH�DOVR�FRUUHVSRQGV�D�
dot on the concentric circles – the older the farther 
from the central spatial layout. Each item in the 

Figure 7. Combining multiples in ordered time.

Figure 8. Assessing group behaviours with the concentric time visualisation.
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FROOHFWLRQ��HDFK�HGL¿FH��LV�WKHUHE\�ORFDOLVHG�LQ�WLPH�
DQG�SRVLWLRQHG�LQ�VSDFH��2Q�XVHU�GHPDQG�LWHPV�FDQ�
be browsed one by one, opening the small multiple 
and a plan view. This modality corresponds to a 
focus view: it allows one to one feature comparisons 
LQVLGH�D�JURXS��EHWZHHQ�QHLJKERXULQJ�HGL¿FHV��HWF��
Alternatively the whole collection of small multiples 
can be shown together. This modality corresponds 
to a context view: it delivers an overview of spatial 
and temporal features across the collection. 

At this stage the visualisation does allow a 
better analysis of spatial features, but groups are 
not as readable. In addition, by scattering squares 
all around the visual display, it in fact has little to do 
anymore with the very concept of small multiples. 
This combination can however be noticeably 
ameliorated when representing a group by an arc 
located at a position corresponding to the average 
IRXQGDWLRQ�GDWH�IRU�HGL¿FHV�RI�WKH�JURXS�

When doing so, temporal consistency inside 
the group is clearly highlighted (Fig. 8, a) – a point 
that could not be made with the previous solution. 
Furthermore, if interaction is implemented between 
the arc representing the group and the dots on the 
map, clear (yet unsaid in Dmochowski’s survey) 
spatial patterns are revealed. For instance, group 
9 “Double nave hall churches” appears typical of 
0DáRSROVND� �VRXWK�HDVW�� DURXQG� WKH� IRUPHU� 3ROLVK�
FDSLWDO�.UDNyZ��ZKHUHDV�JURXS��� ³7KUHH�QDYH�KDOO�
churches” is widespread rather in the northern half 
of Poland (Fig. 8, b). 

In short, this solution probably has a higher 
potential in rendering both spatial and temporal 
aspects. Yet it implies a steeper learning curve, and 
needs stronger interactions. 

3.3 Cartography + multidimensional icons

When handling geo-related pieces of data 
RQH� RI� WKH� ¿UVW� UHDFWLRQ� DQDO\VWV� WHQG� WR� KDYH� LV�
to produce some kind of cartography. And there 
is no reason to believe cartography can’t be used 
in the context of infovis solutions. In this third 
combination we start from a basic 2D cartography 
RI�3RODQG�RQ�ZKLFK�ZH�SRVLWLRQ�HGL¿FHV�DV�ZH�GLG�LQ�
WKH�SUHYLRXV� VROXWLRQ� �FRORXUHG�GRWV���(DFK�HGL¿FH�
LV� LGHQWL¿HG� E\� WKH� V\VWHP� DV� EHORQJLQJ� HLWKHU� WR�
the north or to the south part of Poland, and then 
either to the east or to west part of Poland. As a 
UHVXOW�HDFK�HGL¿FH�RQ�WKH�PDS�FDQ�EH�FRQQHFWHG�WR�
two multidimensional icons located on the sides 
of the map (Fig. 9, a). The remaining variables are 
VXPPDULVHG� LQ� D� PXOWLGLPHQVLRQDO� ³ÀRZHU�OLNH´�
icon composed as follows:

• Length of the stalk corresponds to the distance, 
LQ�WLPH��RI�WKH�FXUUHQW�HGL¿FH�WR�WKH�ROGHVW�LQVLGH�
the collection (here 990). The longer the stalk, 
WKH�\RXQJHU�WKH�HGL¿FH��)LJ�����E����

• Diameter of the corolla’s centre: length of the 
HGL¿FH��)LJ�����F��

• Number of petals: number of interior volumes 
(Fig. 9, d).

• Shape of  bottom leaf : shape of the apse(Fig. 9, 
e).

• Number of leaves: number of chapels (displayed 
on user demand). 

• ,OO�GH¿QHG�SRVLWLRQV�DQG�GDWLQJ�DUH�UHSUHVHQWHG�
by line styles and colour. 

Used in context view (Fig. 10, a), the 
YLVXDOLVDWLRQ� DOORZV� HDVW�ZHVW�� QRUWK�VRXWK�
comparisons. It helps for instance uncovering 
GL̆HUHQW� GLVWULEXWLRQ� SDWWHUQV� EHWZHHQ� WKH�
west (regular distribution in space) and the east 
(imbalanced distribution in space), or between the 
south (high diversity in groups present, consistent 

Figure 9. Combining a basic cartography with 
multidimensional icons.
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and long lasting time distribution) and the north 
(less diversity in groups, smaller temporal coverage).

Used in focus view (Fig. 10, b), the visualisation 
allows item to item comparisons among neighbours 
and helps for instance reading spatially consistent 
group behaviours. 

2Q� WKH� RYHUDOO�� WKLV� VROXWLRQ� RYHU�SHUIRUPV�
the previous ones on one aspect mainly: its capacity 
to superimpose some layer of spatial analysis – 
H[HPSOL¿HG�KHUH�E\�WKH�IRXU�VHFWRUV�WHVWHG��

However the solution also has its drawbacks 
–the spatial analysis layer requires a high level of 
interaction, and temporal aspects are seemingly 
UHQGHUHG�ZLWK�OHVV�ḢFLHQF\��,Q�GHWDLO��VRPH�FKRLFHV�
on the making of the multidimensional icon are 

questionable – typically representing a 1D value by 
a 2D object (mapping the length to the diameter of a 
circle) is a notably risky strategy.

Before developing the fourth solution 
it is important to make two intermediary 
statements. Whereas with cartography one tends 
to pack everything up inside a unique system 
of representation – in this approach – infovis 
applied to historic data sets - we rather make use 
various systems of representation. Up to here the 
three solutions proposed remain item-oriented: 
HDFK� HGL¿FH� LV� UHSUHVHQWHG� VHSDUDWHO\�� KHUH� E\� D�
small multiple, there by a multidimensional icon, 
etc. Accordingly these solutions allow one-to-one 
comparisons, but are not necessarily well suited 
to analyses of the collection as a whole. Typically, 
if my question is “are apses in majority polygonal” 
the above graphics can give the answer, but with a 
ERUHVRPH�GHFRGLQJ�H̆RUW�IURP�WKH�XVHU���

3.4 TimeWheel 

The TimeWheel concept (Aigner et al, 2008) 
combines a horizontal timeline with segments 
distributed it, along which values of various 
attributes can be reported. In our experiment 
foundation dates are distributed along the central 
timeline, the length of which being this of the time 
interval between the “oldest” and the “youngest” 
HGL¿FH� LQ� RXU� FROOHFWLRQ�� 7KH� SRO\JRQ� XVHG� LV� D�
hexagon, with a bottom side used to convey two 
variables: groups and style, reusing colour and value 

Figure 10��3DWWHUQ�LGHQWL¿FDWLRQ�LQ�FRQWH[W�DQG�IRFXV�YLHZV�

Figure 11. The TimeWheel concept, all variables values 
hidden except for groups.
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DV� IRU� WKH� SUHYLRXV� FRPELQDWLRQ� �)LJ�� ���� D��� 2Q�
either side of the hexagon are four segments used 
to convey the variables length, shape of the apse, 
number of chapels, and number of interior volumes 
(Fig. 12, b). Finally, we chose here to substitute to 
WKH�JHRJUDSKLFDO�FRRUGLQDWHV�RI�WKH�HGL¿FH�DQRWKHU�
indication: the size (number of inhabitants) of 
LWV� KRVW� FLW\� WRGD\� �)LJ�� ���� F��� $W� ¿UVW� JODQFH� WKH�
visualisation may appear rather visually crowded – 
but with some interaction it reveals its full potential 
(the time overlapping of styles is for instance clear-
cut to read Fig. 11, a). We represent on each segment 
all the values for the corresponding variable inside 
the collection by a point (for instance, all lengths are 
aligned in increasing order). As a result densities are 
straightforward to read (Fig. 11, b). 

Probably more interesting is the ease with 
which this graphics helps spotting expected 
patterns and exceptional behaviours. In the case we 
illustrate hereafter the visualisation shows that only 
RQH� HGL¿FH� FODVVL¿HG� E\� 'PRFKRZVNL� DV� ³JRWKLF´�
has a round apse (Fig. 12, d). When interactively 
KLJKOLJKWLQJ�WKLV�SDUWLFXODU�HGL¿FH��)LJ������H��IXUWKHU�
indications are given that can help the analyst get an 
RYHUDOO� LGHD� RI�ZKHUH� WKLV� SDUWLFXODU� HGL¿FH� VWDQGV�
with regards to other features (exceptional high 
amount of chapels in Fig. 12, f for instance).

)LQDOO\�� WKLV� YLVXDOLVDWLRQ� SURYHV� ḢFLHQW� LQ�
analysing how the value of a given variable varies 
over the whole collection. In the example above 
(number of chapels) value “zero” – no chapels - 
occurs almost in every group and style (Fig. 12, g). 
By contrast, high values always occur inside the 
same 2 groups (Fig. 12, h). 

However, the “spatial 
distribution” feature is 
noticeably absent from this 
visualisation. This calls for a 
general remark: when dealing 
with spatio–temporal data 
sets in the context of history, 
one probably needs to come 
RXW�ZLWK� D� VSHFL¿F�� ¿QH�WXQHG�
blend between abstraction 
– the infovis legacy - and 
¿JXUDWLRQ� �� WKH� VWRU\WHOOLQJ�
legacy.   

3.5 Interaction and implementation

In the context of this written contribution we 
basically show screenshots of a set of computer-
supported, interactive graphics. These graphics are 
created dynamically, at query time, from the reading 
of an RDBMS system storing the actual data. They 
are written in the standard SVG (Scalable Vector 
Graphics) format (ASCII format). The whole process 
is supported by ad-hoc programming, avoiding 
dependence on any piece of commercial software. 
Accordingly the can be easily duplicated, provided 
some knowledge of RDBMS and basic programming 
skills are at hand.

Graphics can be read on standard web 
browsers, and freely distributed. Interactions can 
be attached to each geometric object inside the SVG 
¿OH��PD\�LW�EH�D�VLPSOH�EDFNJURXQG�OLQH�RU�D�JURXS�±�
a multidimensional icon for instance. 

We do acknowledge that a number of issues 
are left uncommented in this paper (possible data 
pre-processing here and there, escaping from two-
dimensional visualisations, cognitive load and 
evaluation in general, etc.). The fact is that they 
would drive us too far from the paper’s main claim, 
and require quite extensive (and unplanned by the 
editors) explanations since visualisations we tried 
RXW�ZRXOG�HDFK�FDOO�IRU�VSHFL¿F�FRPPHQWV���

4. Conclusions

7KH�¿UVW� FRQFOXVLRQ�ZH� GUDZ� FDQ� EH� VHHQ� DV�
D� WULEXWH� WR� %HUWLQ¶V� YLHZ�� VLQFH� ḢFLHQW� JUDSKLFV�
are those designed as answers to a question, it 
is a necessity when facing several questions, to 

Figure 12. Distribution and cross examination of the variables.
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promote several graphics. Indeed, the four solutions 
ZH� KDYH� WHVWHG� VKHG� GL̆HUHQW� OLJKWV� RQ� RXU� GDWD�
set. Accordingly there is nothing like a universal 
visualisation – there are only visualisations that 
do help uncovering information, and the others - 
useless visualisations. 

Coming back to the test case, the visual 
solutions we have proposed did help us point out 
VRPH�LQWHUHVWLQJ�¿JXUHV�IURP�'PRFKRZVNL¶V�VXUYH\��

• basic spatio-temporal patterns, like a move 
northbound as time and styles pass by,

• architectural patterns, like higher or lower 
consistency in the architectural composition 
features depending on the groups,

• unsaid biases, like a relative (and questionable) 
homogeneity in the number of items presented 
in each group. 

But it would take more than a sub-set of the 
survey, more detailed architectural analysis of 
WKH� HGL¿FHV� FKRVHQ�� PRUH� FURVV�H[DPLQDWLRQ� ZLWK�
historic factors, to really question Dmochowski’s 
FODVVL¿FDWLRQ��

$W�¿UVW�JODQFH��ZKDW�ZH�KDYH�SURSRVHG�LQ�WKLV�
contribution is a method to re-read, re-interpret 
existing spatio-temporal data sets. From closer, 
ZH�KDYH�H[HPSOL¿HG�WKLV�DSSURDFK�WKURXJK�D�VHW�RI�
graphics that each with its pluses and minuses help 
uncovering patterns of the underlying data set, and 
KDYH�VKHG�D�QHZ�OLJKW�RQ�'PRFKRZNL¶V�FODVVL¿FDWLRQ�
H̆RUW�

Infovis and its outgrowth visual analytics 
are precisely about that: re-investigating a data set 
through visual means, and thereby giving ourselves 
chances to reach to some new conclusion, or at least 
to renew the way we picture the data set to ourselves.

However methods, tools and practises from 
WKHVH� ¿HOGV� UHO\� RQ� KXPDQ� UHDVRQLQJ� FDSDELOLWLHV��
the graphics by themselves are of no use if :

• They are not the result of adequate modelling 
DQG�¿OWHULQJ�FKRLFHV��IRU�LQVWDQFH�NHHSLQJ�WUDFNV�
of doubts), 

• They are dedicated to communication  rather 
than to  perform reasoning tasks.  

We hope this contribution showed infovis 
/ visual analytics solutions can apply to test cases 
like ours, and can be fruitful even when dealing with 
history-oriented data sets. In the same time it has 
to be stressed not all of the infovis / visual analytics 
methodology - solutions from visual analytics are 
not solutions unless we fully master the process 
from data modelling to the production and coding of 
graphics. In general scientists dealing with history-
related data sets should be cautious with statistics-
oriented formalisms and/or automatic methods, 
like for instance clustering (possibly deceptive).

To conclude, we wish to add that infovis 
solutions should not be seen as not yet another 
technological magic wand – but they can , and 
probably should, be seen as yet another mean for us 
to re-examine data sets in the light of our knowledge 
of historical data sets.
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1. Introduction

Archaeological predictive modelling has a 
long history of application, especially in cultural 
resources management (see Judge and Sebastian 
1988; Verhagen 2007; Kamermans et al. 2009). 
Despite its popularity for archaeological heritage 
management, it has also been the subject of 
substantial criticism from academic researchers 
(van Leusen 1996; Wheatley 2004; van Leusen and 
Kamermans 2005: Kamermans 2007). The goals 
of predictive modelling in heritage management 
DUH�WKH�DFFXUDWH�DQG�FRVW�H̆HFWLYH�SUHGLFWLRQ�RI�WKH�
location of archaeological remains within a limited 
region. However, academic researchers are usually 
PRUH� LQWHUHVWHG� LQ� ¿QGLQJ� H[SODQDWLRQV� RI� ZK\�
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archaeological remains are concentrated in particular 
parts of the landscape. Predictive modelling can be 
used as a tool for this purpose as well, but should 
be used with caution. Little attention is paid to 
the role of socio-cultural factors in prehistoric 
and historical site location choice (Verhagen et al. 
2010). The result is a rather static way of modelling, 
LQ� ZKLFK� WKH� KXPDQ� IDFWRU� UHPDLQV� XQH[SORUHG��
Furthermore, issues of temporality have been 
DGGUHVVHG�XQFULWLFDOO\�RU�LQVẊFLHQWO\��7R�PDLQWDLQ�
its value for archaeological research, therefore, 
predictive modelling needs new methodologies, 
concepts and theories.

For this study, we have tried to address 
this issue by developing a protocol for predictive 
modelling, using both environmental and socio-
cultural factors, that can easily be implemented for 
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GL̆HUHQW�UHJLRQV�DQG�WLPH�SHULRGV��7KH�PHWKRGRORJ\�
used was originally developed in the 1990s during the 
Archaeomedes Project (Favory et al. 1999; van der 
Leeuw 1998; van der Leeuw et al. 2003; Nuninger 
et al. 2008). In this project, the surroundings of 
Roman settlements in 8 study regions in the French 
Rhône Valley were analyzed in order to make 
cross-regional comparisons of potential settlement 
location factors, like slope, aspect, solar radiation 
and soil type. However, at the time this method was 
not used for predictive modelling purposes, and 
did not include an analysis of non-environmental 
factors. For the current research, we have adapted 
WKLV�DSSURDFK�DQG�DSSOLHG�LW�LQ�WKUHH�GL̆HUHQW�VWXG\�
regions, the Vaunage (Languedoc, France), Argens-
Maures (Provence, France) and Zuid-Limburg (the 
Netherlands; Fig. 1). 

When we are speaking of ‘socio-cultural’ 
YDULDEOHV�� ZH� FDQ� GLVWLQJXLVK� WZR� GL̆HUHQW�
classes. On the one hand, we have variables that 
can be described as measurable attributes of the 
archaeological site sample itself; they are not 
related to any environmental factor. These include 
properties like site location, size, functional type or 
duration of occupation. They can be considered as 
H[SUHVVLRQV�RI�IRUPV�RI�VRFLDO�EHKDYLRXU��HYHQ�ZKHQ�
WKH�LQWHUSUHWDWLRQ�RI�WKH�VSHFL¿F�EHKDYLRXU�LQYROYHG�
may be subject to discussion. In themselves, these 
YDULDEOHV� DUH� QRW� H[WUHPHO\� GL̇FXOW� WR� REWDLQ��
but the problems of analysing and interpreting 
archaeological site databases are manifold and must 
be addressed before these properties can actually 
be used for predictive modelling. The second class 
of socio-cultural variables concerns features of the 

landscape itself that can be interpreted as having 
VRFLR�FXOWXUDO� VLJQL¿FDQFH�� IRU� H[DPSOH� YLVLELOLW\��
topographical prominence, or accessibility. These 
could be described as socio-cultural landscape 
YDULDEOHV�� DQG� DUH� QRW� QHFHVVDULO\� H[FOXGHG� IURP�
‘traditional’ predictive modelling. It can, in fact, 
be argued that all environmental variables have a 
cultural component, even though for most variables 
used in traditional predictive modelling this cultural 
aspect is usually related to subsistence economy, 
and not to e.g. ritual practices.

When thinking about ways to include socio-
cultural factors in predictive modelling, two 
main approaches can be followed, that can be 
described as theory-driven (deductive) and data-
driven (inductive) modelling (see Verhagen 2007). 
Both approaches have been applied to predictive 
modelling ever since the technique was developed 
in the 1970s, but data-driven modelling has long 
been dominant (see also Judge and Sebastian 
1988; van Leusen and Kamermans 2005). Data-
driven models take a set of input variables, usually 
representing  natural landscape features, and use 
VWDWLVWLFDO� PHWKRGV� WR� ¿QG� FRUUHODWLRQV� EHWZHHQ�
archaeological site location and the environment. 
7KHVH� FRUUHODWLRQV� DUH� WKHQ� H[WUDSRODWHG� WR� DUHDV�
where no archaeological sites have been found. 
Theory-driven models on the other hand, depart 
from hypotheses about site location preferences, 
and combine the variables involved, usually 
by some form of multi-criteria analysis, into a 
predictive model. Theory-driven models have clear 
advantages over data-driven models: they involve 
the perspective of human decision making in 
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Figure 1. Location of the study areas in France and the Netherlands.
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modelling, and there is no need to develop elaborate 
archaeological site databases in order to run and 
test the models (Verhagen and Whitley 2012). 
There are however also disadvantages to this type of 
PRGHOOLQJ��EHFDXVH�LW�QHHGV�D�ZHOO�GH¿QHG�WKHRUHWLFDO�
framework for settlement location choice. Whitley 
HW� DO�� �������� IRU� H[DPSOH�� GHYHORSHG� DQ� HODERUDWH�
theory-driven predictive model for settlement 
location choice in the coastal areas of Georgia 
(USA), based on detailed historical and ecological 
information on subsistence strategies of the 16th 
century native American population in the area. In 
many cases, these frameworks are not available or 
LQVẊFLHQWO\�GHYHORSHG��RU�WKH�QHFHVVDU\�GDWD�PD\�
not be available. So, in practice, many predictive 
models will continue to be made using a data-driven 
approach, trying to get the most out of the available 
environmental and archaeological datasets. In those 
cases, the inclusion of socio-cultural factors can still 
be an option, but very few studies have actually tried 
to do this (but see Ridges 2006). The current paper 
takes a somewhat intermediate position, and uses 
theoretically informed data-driven modelling to 
better understand the role of socio-cultural variables 
for Roman rural settlement patterns. 

2. Study Areas

The study areas were chosen because they 
all have good quality archaeological data of rural 
settlements in the Roman period. This allows 
us to make cross-regional comparisons and test 
the quality of the predictive models made. Two 
of those areas, the Vaunage and Argens-Maures, 
are regions that were already analyzed during the 
Archaeomedes Project. The data for Zuid-Limburg 
are part of a larger dataset stretching into adjacent 
areas of Belgium and Germany that was analyzed 
by Karen Jeneson for her PhD-research (Jeneson in 
prep.).

The study regions show considerable 
GL̆HUHQFHV� LQ� ODQGVFDSH� �)LJ�� ���� 7KH� 9DXQDJH�
region is a basin surrounded by low hills in the 
Languedoc west of the town of Nîmes, with a 
total area of 204 km2. The Argens-Maures region 
consists of a mountain range (Massif des Maures) 
on the Mediterranean coast near Fréjus, with 
the Argens river valley running on its north side 
from east to west. The total area is 986 km2. Zuid-
Limburg is a hilly region of 914 km2, with the river 

Argens, Var Zuid -Limburg, Netherlands

Vaunage, Languedoc

Figure 2. The landscape characteristics of the study areas.
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Meuse running from south to north on its 
western margin. The major towns in it 
are Maastricht and Heerlen. The original 
research area stretches across the Dutch 
border into Belgium and Germany, but it 
was decided to restrict the study region to 
the Dutch part, since it was impossible to 
obtain environmental datasets at the same 
level of resolution for all three countries 
involved.

The archaeological data collected in 
the French study regions using systematic 
survey during the Archaeomedes 
Project have gone through a process 
RI� FDUHIXO� LQVSHFWLRQ� DQG� FODVVL¿FDWLRQ�
into functional categories on the basis 
RI� WKH� DYDLODEOH� ¿QGV� LQIRUPDWLRQ�
(predominantly building material and site 
size). It allows for a chronological resolution of 100 
years for most settlements. The dataset includes 
sites dating from 800 BC until 800 AD, so it covers 
a much longer time span than the Roman period. 
For Zuid-Limburg, the available information on 
site dating and function is much less detailed, no 
systematic survey was done, and in many cases 
the chronological resolution cannot be made more 
VSHFL¿F� WKDQ� µ5RPDQ� SHULRG¶� ���%&� ±� ���$'���
Nevertheless, within the Netherlands it is probably 
the most detailed and complete dataset available. 
We did not analyze geographical research biases for 
the three study regions, basically because of a lack 
of reliable evidence concerning this. The available 
evidence however does not indicate serious biases 
LQ�GDWD�FROOHFWLRQ��1XQLQJHU��������VR�ZH�H[SHFW�WKH�
GDWD�WR�EH�UHSUHVHQWDWLYH�IRU�DOO�ODQGVFDSH�FRQWH[WV��
H[FHSW� ORFDOO\� DV� LQ� WKH� $UJHQV� DOOXYLDO� SODLQ�
(Bertoncello 2011) - but this judgement is based on 
H[SHUW�RSLQLRQ�

3. Modelling Approach

Our main goal was to establish whether 
including socio-cultural factors actually makes a 
GL̆HUHQFH� IRU� WKH� LQWHUSUHWDWLRQ� RI� VLWH� ORFDWLRQ�
patterns and predictive model quality. The 
modelling was set up using a restricted set of 
variables based on the available digital elevation 
models and archaeological settlement data. While 
soil type is known to have been a factor for Roman 
rural settlement location choice as well (Favory and 

van der Leeuw 1998), synchronizing soil mapping 
V\VWHPV�EHWZHHQ�GL̆HUHQW�DUHDV�RI�)UDQFH�DQG� WKH�
Netherlands would have been too complicated. 
7KH����[����P�'(0V�XVHG� IRU� WKH�)UHQFK�UHJLRQV�
(originally obtained from the IGN) only contained 
integer values for elevation, and were therefore re-
LQWHUSRODWHG�WR�ÀRDWLQJ�SRLQW�WR�JHW�ULG�RI�WKH�DUWL¿FLDO�
terraces. For Zuid-Limburg, the impact of modern 
urbanisation and mining is much more evident than 
for the more rural French study regions. The modern-
GD\�GLVWXUEDQFHV�FRQWDLQHG�LQ�WKH�DYDLODEOH���[���P�
/L'$5�EDVHG�'(02 proved to be too disruptive for 
WKH�DQDO\VLV��VR�D�QHZ�'(0�ZDV�FUHDWHG�E\�GLJLWL]LQJ�
and interpolating the 2.5 m interval contours from 
1920s topographical maps scale 1:25,0003. These 
contours represent the situation just before large 
scale mining and urbanisation in the area started.

From the digital elevation models, three basic 
‘environmental factors’ were derived: slope, aspect 
and solar radiation. These are thought to have 
been important for site location primarily because 
of their interest for agricultural production, and 
ZHUH�DOUHDG\�VKRZQ�WR�KDYH�LQÀXHQFHG�VLWH�ORFDWLRQ�
patterns in the Archaeomedes Project. Furthermore, 
WKH�'(0V�ZHUH�XVHG�WR�H[WUDFW�WZR�DGGLWLRQDO�IDFWRUV�
that have a stronger socio-cultural connotation: 

2  Actueel Hoogtebestand Nederland or AHN (www.ahn.nl)

�� � &KURPRWRSRJUD¿VFKH�.DDUW� GHV�5LMNV� RU� %RQQHEODGHQ�� WKH�
¿UVW� GHWDLOHG� WRSRJUDSKLFDO� PDSV� RI� WKH� 1HWKHUODQGV�� PDGH�
between the 1890s and 1930

environmental 
context

slope aspect solar radiation

visibility
(total viewshed)

context
calculations

« natural » landscape « social » landscape

accessibility
(”path density”) heritage settlement hierarchy

test radius

network centrality

DEM settlements

test radius

per region per period

PCA and
maximum likelihood

classification

site distribution
analysis

Figure 3. The modelling protocol. Outlined in bold are the factors that 
were actually analyzed for this paper.
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the accessibility of the landscape (approached 
through the calculation of path density maps; see 
section 4), and visibility (through the calculation of 
total viewsheds). From the settlement data, three 
additional factors were derived that are potentially 
of interest to settlement location choice: the impact 
of previous settlement (‘heritage’), the position of 
sites in the settlement network, and the hierarchical 
position of the settlements (Fig. 3). In this paper 
however, we will only focus on the combination 
of the accessibility factor with the environmental 
factors, since the other analyses are still in progress. 
It illustrates the general process of model building, 
and gives some preliminary answers to the question 
if socio-cultural factors actually improve the 
SUHGLFWLYH�PRGHOV�DQG�R̆HU�D�QHZ�SHUVSHFWLYH�RQ�VLWH�
location patterns in these particular archaeological 
and environmental settings.

An important element of the modelling is 
WKH� FRQFHSW� RI� FRQWH[W�� LQVWHDG� RI� MXVW� DQDO\]LQJ�
the landscape characteristics at the location of an 
individual grid cell, a radius around each cell is 
used. This method was originally developed in the 
Archaeomedes Project, and originally only involved 
the analysis of radii around settlements (Favory 
et al. 1999; van der Leeuw 1998; van der Leeuw 
et al. 2003; Nuninger et al. 2008). For predictive 
modelling purposes however, it is also important 
to know the characteristics of locations where no 
archaeological evidence is found, so for the current 
study all grid cells in the study regions were taken 
into account. First, it involves the categorization 
of the variables used into discrete classes. For 
H[DPSOH�� WKH� VORSH� PDS� ZDV� UHFODVVL¿HG� LQWR� ��
classes (0-2%, 2-4%, 4-8%, 8-15% and > 15%) that 
are roughly equally distributed over the total of the 
three study areas. For each cell in the study areas, 
the proportions of these discrete classes within a 
certain radius are then calculated. 

It should be stressed that the choice of the size 
of the analysis radius is not based on theoretical 
considerations about site catchment sizes. Instead, 
WKH� DSSURSULDWH� UDGLXV� IRU� DQDO\VLV�ZDV� GH¿QHG� DV�
the one that provided most statistical contrast in the 
FRQWH[W�SUR¿OHV�� ,I�D�FDWHJRU\�ZDV�SUHVHQW� LQ�PRUH�
WKDQ� ���� RI� WKH� FDVHV� �L�H�� FRQWH[W� XQLWV� FHQWUHG�
on each cell), and if the standard deviation of the 
proportions for this category was > 15%, then the 
YDULDEOH�ZDV�FRQVLGHUHG�VLJQL¿FDQW��7KH�UDGLXV�ZLWK�

WKH�ODUJHVW�QXPEHU�RI�VLJQL¿FDQW�YDULDEOHV�ZDV�WKHQ�
considered the most appropriate one. For each of 
the three study regions the most appropriate radius 
obtained was 250 m, corresponding to a circular 
region around each cell location containing 81 grid 
FHOOV�RI����[����P�

,Q� WKH� ¿UVW� UXQ� RI� WKH� PRGHO�� RQO\� WKH�
environmental factors slope, aspect and solar 
radiation were analyzed, to provide a purely 
environmentally based model as a baseline. The 
FRQWH[W� SUR¿OHV� ZHUH� FDOFXODWHG� IRU� ��� YDULDEOHV�
for each cell in each region, a total of 819,398 grid 
FHOOV�� 7KHVH�SUR¿OHV�ZHUH� WKHQ�XVHG� WR� FODVVLI\� WKH�
landscape into broad, discrete regions sharing 
VLPLODU�HQYLURQPHQWDO�FKDUDFWHULVWLFV��)RU�WKLV��¿UVW�
a Principal Components Analysis (PCA) was done, 
to identify and isolate the main statistical trends. 
On the basis of inspection of the scree plot of the 
PCA, it was decided to keep the 5 most important 
IDFWRUV� H[SODLQLQJ� DOPRVW� ���� RI� WKH� YDULDWLRQ�� $�
0D[LPXP� /LNHOLKRRG� &ODVVL¿FDWLRQ4 was done on 
WKHVH��� IDFWRUV��UHVXOWLQJ� LQ�D�PDS�ZLWK���GL̆HUHQW�
landscape classes (Fig. 4). The resulting classes can 
be described in general terms as follows:

Class 1:  predominantly north-facing medium 
slopes, low solar radiation (west- and east-facing 
slopes represented as well).

Class 2:  steep slopes, predominantly low solar 
radiation, but sometimes with high solar radiation 
as well.

�� �7KH�3&$�DQG�0D[LPXP�/LNHOLKRRG�&ODVVL¿FDWLRQ�ZHUH�GRQH�
in ArcGIS 9.3, using the Isocluster command to create signatures, 
and inspecting the resulting dendrogram to decide into how 
PDQ\�FODVVHV�WKH�ODQGVFDSH�VKRXOG�EH�FODVVL¿HG�

Figure 4�� 0D[LPXP� /LNHOLKRRG� &ODVVL¿FDWLRQ� RI� WKH�
landscape into environmental factors.
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Class 3:  south-facing steep slopes, very high 
solar radiation.

Class 4:  predominantly south-facing gentle 
slopes, high solar radiation (west- and east-facing 
slopes represented as well).

&ODVV� ��� � ÀDW� DUHDV� RU� JHQWOH� VORSHV�� ORZ� WR�
medium solar radiation.

&ODVV�����ÀDW�DUHDV�RU�JHQWOH�VORSHV��PHGLXP�WR�
high solar radiation.

Importantly, these landscape classes are based 
RQ�WKH�WRWDO�QXPEHU�RI�FRQWH[W�SUR¿OHV�RYHU�DOO�WKUHH�
study regions. All classes occur in all three regions, 
but not in equal amounts, since the landscapes 
FKDUDFWHULVWLFV� DUH� GL̆HUHQW�� 6LQFH� WKH� 9DXQDJH�
region is much smaller than the other two regions, 
LWV�FRQWULEXWLRQ�WR�WKH�¿QDO�FODVVL¿FDWLRQ�LV�RI�FRXUVH�
less important.

The archaeological sites were then overlain 
RQ� WKH� ODQGVFDSH� FODVVL¿FDWLRQ�PDS�� DQG� D� ǒ2-test 
ZDV�HPSOR\HG�WR�VHH�LI�DQ\�VLJQL¿FDQW�VLWH�ORFDWLRQ�
preferences could be established. Relative gains 
(Wansleeben and Verhart 1992; Verhagen 2007) 
were calculated to see how strong site location 

preferences are (Table 1). 

For Zuid-Limburg, the results are not 
VWDWLVWLFDOO\� VLJQL¿FDQW�� DQG� GR� QRW� SURYLGH� DQ\�
HYLGHQFH�IRU�D�SUHIHUHQFH�RI�VHWWOHPHQW�LQ�D�VSHFL¿F�
HQYLURQPHQWDO�FRQWH[W��)RU�WKH�9DXQDJH��WKH�UHVXOWV�
DUH�VWDWLVWLFDOO\�VLJQL¿FDQW�DQG�LQGLFDWH�DQ�DEVHQFH�
of preference as well. For the Argens-Maures region, 
a stronger patterning can be discerned. This is 
probably due to the more rugged relief in this region. 
The steeper slopes in this region will have made 
VHWWOHPHQW�PRUH�GL̇FXOW�WKDQ�LQ�WKH�RWKHU�WZR�VWXG\�
areas. When looking at a more detailed chronological 
scale, we can see that for the French study regions 
the predictive power of the model is higher for the 1st 
century AD than for the 1st�FHQWXU\�%&��WKH�¿UVW�SHULRG�
of Roman settlement. It seems that during the initial 
agrarian colonization of the areas, environmental 
factors did not play an important role for choosing 
settlement locations. Later however, it seems that 
WKH�HQYLURQPHQWDO�FRQWH[W�EHFDPH�PRUH�LPSRUWDQW�
DQG� VHWWOHPHQWV� ZHUH� ORFDWHG� LQ� PRUH� VSHFL¿F�
locations. This phenomenon was already observed 
in the Archaeomedes Project (Favory et al. 1999; 
7RXUQHX[� ������� DV�ZHOO� DV� LQ� WKH� &RPEDV� UHJLRQ�
north of the Vaunage by Fovet (2005). For Zuid-
Limburg, this tendency seems to be reversed, with 
D�PRUH�VSHFL¿F�ORFDWLRQ�FKRLFH�LQ�WKH�¿UVW�SKDVH�RI�

Region Period ǒ�� p max. gain # settl. % settl. # contexts 
(cells) 

% contexts 
(cells) 

All 800 BC - 800 AD 57.98 0.0000 9.7% 1178 100% 819277 100% 

Limburg 
Roman 

(12 BC - 450 AD) 
7.97 0.1578 4.4% 378 100% 352971 43% 

  
(DUO\�5RPDQ��

(12 BC - 70 AD) 
5.29 0.3100 20.1% 26 7%     

  
Middle Roman 

(70 - 270 AD) 
4.35 0.5000 6.9% 54 14%     

Vaunage 800 BC - 800 AD 17.84 0.0030 8.0% 336 100% 81418 10% 

  200 - 101 BC 11.59 0.0400 27.7% 29 9%     

  100 - 1 BC 7.49 0.1868 10.2% 75 22%     

  1 - 99 AD 22.11 0.0005 14.5% 181 54%     

  100 - 199 AD 20.57 0.0010 14.9% 160 48%     

Argens 800 BC - 800 AD 24.47 0.0002 10.4% 464 100% 384888 47% 

  200 - 101 BC 6.86 0.2311 13.5% 76 16%     

  100 - 1 BC 1.85 0.8697 3.1% 134 29%     

  1 - 99 AD 59.43 0.0000 23.7% 205 44%     

  100 - 199 AD 62.68 0.0000 25.4% 189 41%     

Table 1. Site distribution and predictive value for the model based on environmental factors.
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colonization, and an occupation of all environmental 
niches in the Middle Roman period. However, given 
the low number of accurately dated sites for this 
region, the reliability of this interpretation may be 
questioned.

4. Including Accessibility

Accessibility of the landscape is a variable 
WKDW� FDQ�EH�GH¿QHG� LQ� D�QXPEHU� RI�ZD\V�� )RU� WKLV�
study, we used the method developed by Verhagen 
(in press). For a number of sample points that are 
distributed systematically at a distance of 250 m 
in each study region, accumulative cost surfaces 
are calculated that give the cost distance to each 
sample point for each grid cell. The costs used are 
based on Tobler’s (1993) hiking equation, in which 
slope is determining the speed of movement by 
foot5. We then used the accumulative cost surfaces 
to calculate least cost paths to the sample points, 
starting from 72 locations radially distributed on 
the edge of a circle with a 5000 m radius from the 
sample point. We then added the resulting least cost 
paths for each sample point to obtain a cumulative 
cost path, or path density grid, for the whole area. 
These cumulative cost paths represent the preferred 
PRYHPHQW�D[HV�LQ�WKH�ODQGVFDSH�ZKHQ�PRYLQJ�RYHU�
a distance of 5000 m, given the assumption of least 
H̆RUW��)LJ������+RZHYHU��DOWHUQDWLYH�PHWKRGV�FRXOG�
be used as well, like the total path costs developed 
E\� /OREHUD� �������� RU� WKH� SRWHQWLDO� SDWK� ¿HOGV� E\�
0OHNXå��LQ�SUHS���

5  W = 6e3.5|s+0.05|, where
W = walking speed in km/h; e = the base of natural logarithms; 
s = slope in m/m

Due to the limitations of available computing 
power, the path density maps have not been 
calculated for the Argens-Maures region yet, and 
we can therefore only present the results for the 
Vaunage and Zuid-Limburg. The path density 
PDSV�ZHUH�FODVVL¿HG�LQWR���GLVFUHWH�FDWHJRULHV�WKDW�
are roughly equally distributed over both regions, 
DQG� WKH� FRQWH[W� SUR¿OHV� RI� WKHVH� FDWHJRULHV� ZHUH�
calculated within a radius of 250 m for each grid cell, 
in the same way as it was done for the environmental 
YDULDEOHV�� 7KH� SDWK� GHQVLW\� FRQWH[W� SUR¿OHV� ZHUH�
WKHQ�DGGHG�DV�H[WUD�YDULDEOHV��DQG�D�QHZ�3&$�DQG�
0D[LPXP�/LNHOLKRRG�&ODVVL¿FDWLRQ�ZHUH�SHUIRUPHG�
RQ� WKH� H[WHQGHG� VHW� RI� YDULDEOHV�� $IWHU� LQVSHFWLRQ�
RI�WKH�VFUHH�SORW��WKH�¿UVW���FRPSRQHQWV�RI�WKH�3&$�
ZHUH� UHWDLQHG�� DQG� WKH� FODVVL¿FDWLRQ� UHVXOWHG� LQ� ��
classes. 

Class 1: predominantly north-facing medium 
slopes, low solar radiation (west- and east-facing 
slopes represented as well).

&ODVV� ��� ÀDW� DUHDV� RU� JHQWOH� VORSHV�� ORZ� WR�
medium solar radiation.

&ODVV����ÀDW�DUHDV�RU�JHQWOH�VORSHV��PHGLXP�WR�
high solar radiation.

Class 4: predominantly south-facing medium 
slopes, high solar radiation (west- and east-facing 
slopes represented as well).

Class 5: north-facing medium slopes, low to 
very low solar radiation.

The characteristics and geographical 
GLVWULEXWLRQ� RI� WKHVH� FODVVHV� DUH� QRW� YHU\� GL̆HUHQW�
from the original, environmentally based 
FODVVL¿FDWLRQ�� 7KH� GLVWLQFWLRQ� EHWZHHQ� VWHHS�
and medium slopes that is quite clear in the 
HQYLURQPHQWDO�FODVVL¿FDWLRQ�KRZHYHU�LV�OHVV�REYLRXV�
LQ� WKH� QHZ� FODVVL¿FDWLRQ�� DQG� FODVV� �� UHSUHVHQWV� D�
VSHFL¿F�FDWHJRU\�RI�FROG��QRUWK��WR�QRUWKZHVW�IDFLQJ�
VORSHV��7KH�GL̆HUHQFHV�LQ�SDWK�GHQVLW\�DUH�QRW�FOHDUO\�
UHÀHFWHG�LQ�WKH�FODVVHV��7KLV�LV�SUREDEO\�GXH�WR�WKH�
fact that the cumulative cost paths are relatively 
evenly spread over the study region. There are no 
distinct zones that are clearly avoided or preferred 
for movement. Despite the modest changes in class 
FKDUDFWHULVWLFV��D�VOLJKW�EXW�VLJQL¿FDQW�LPSURYHPHQW�
in predictive power can be observed for both regions 

Figure 5. Path density map for Zuid-Limburg.
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(Table 2). How to interpret this slight increase in 
predictive power is for the moment still open to 
GHEDWH��HVSHFLDOO\�VLQFH� LW� LV�QRW�UHÀHFWHG�ZKHQ�ZH�
look at the relative gains per period, and we have not 
looked at the individual contribution of path density 
to site location preference.

5. Conclusions

The results presented are preliminary, and 
we still need to improve on it, by including the path 
densities for the Argens-Maures region, and by 
H[SHULPHQWLQJ�ZLWK�RWKHU�DSSURDFKHV�WR�DFFHVVLELOLW\�
that may be less demanding in terms of computing 
resources. Since the modelling protocol is clearly 
GH¿QHG�� LW� LV� UHODWLYHO\�HDV\� WR� LQFOXGH�DQG�DQDO\]H�
new variables. The models provide information on 
the relevance of variables for site location choice, 
and allow us to make cross-regional and diachronic 
comparisons of settlement pattern development. 
The prediction of potential settlement locations is 
LPSOLHG��EXW�LV�QRW�WKH�PDLQ�JRDO�RI�WKH�H[HUFLVH�

We want to stress that in this modelling 
protocol, the choice of settlement location factors 
for the modelling is not governed by considerations 
of optimal model performance, such as would be the 
goal of standard statistical approaches like logistic 
regression; the ‘non-performance’ of a variable is 

an equally important result. Neither is this method 
based on an elaborate theoretical framework of 
Roman agricultural production, including all the 
possible factors that might have played a role in 
choosing a settlement location. Instead, we use the 
SURWRFRO� WR� H[WUDFW� WKH�PDLQ� IDFWRUV� WKDW� LQÀXHQFH�
settlement location over the longer term, and that 
have relevance for not just one study region, but 
IRU�WKUHH�UHJLRQV�LQ�GL̆HUHQW�JHRJUDSKLFDO�FRQWH[WV��
(YLGHQWO\�� WKHUH� DUH� OLPLWV� WR� WKLV� DSSURDFK�� VLQFH�
the environmental side of the model is developed 
using elevation data, it will not work for areas that 
DUH�FRPSOHWHO\�ÀDW��6LPLODUO\��FHUWDLQ�VRFLDO�YDULDEOHV�
may not be relevant for other archaeological settings, 
or cannot even be modelled in all situations because 
of the limitations of the available archaeological 
GDWD�� )RU� H[DPSOH�� LQFOXGLQJ� WKH� KLHUDUFKLFDO�
status of settlements in the model implies that 
we can actually discern a hierarchy between 
settlements. Furthermore, the availability of good 
quality archaeological data sets is essential to this 
approach. In areas with little reliable archaeological 
data, a purely theory-driven approach will be more 
appropriate.
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1. Introduction

The application of geographic information 
systems (GIS) is a powerful tool for investigating 
the complexity of socio-archaeological entities. 
Recent developments in the application of GIS 
software in archaeology have, in fact, led to the 
creation of a reference framework incorporating 
the methodological insights achieved in spatial 
archaeology during the last twenty years (Lock and 
6WDQþLþ 1995; Lock 2000; Wheatley and Gillings 
2002; Conolly and Lake 2006; Verhagen et al. 
2007). Spatial analysis, network analysis, map 
algebra, location models and prediction are some of 

Corresponding author: mdecet@gshdl.uni-kiel.de

the most important advancements and means used 
by archaeologists in the spatial decoding of past 
human behaviour.

Menorca has received special archaeological 
interest for more than one hundred years, due to 
the exceptional monumentality of its prehistoric 
architecture (e.g. Ramis and Ramis 1818; Cartailhac 
1892/1991). More recent research has promoted a 
growing interest in understanding the archaeological 
sequence, socio-economic development, and 
LGHQWL¿FDWLRQ� RI� VRFLR�LGHRORJLFDO� WUDQVIRUPDWLRQV�
in the Balearic communities during later prehistory 
(Lull et al. 1999 a, b, c, 2002, 2005, 2008; Guerrero 
and Gornés 2000; Micó 2005 a, 2006; Gili et al. 
2006). 
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The use of GIS approaches to understand 
Menorcan prehistory is relatively new. Initial 
analyses have been conducted on burial and domestic 
sites on the island using a GIS framework for the 
visualization of the prehistoric spatial trajectory 
and possible catchment areas (Gornés et al. 2004: 
327-350).  In addition, the general distribution of 
the prehistoric sites has been examined (Benejam 
1993), together with the investigation of possible 
occupational strategies (García-Argüelles et al. 1994) 
and population sizes (Aramburu Zabala 2002).

The remarkable number of radiocarbon dates 
(ca. 800) supporting a solid chronological framework 
(for a recent overview, see Lull at al. 2008), and the 
substantial volume of archaeological, anthropological 
and palaeoecological data concerning Balearic 
prehistory, provides an exceptional context for a 
systematic spatial analysis of human development 
in the western Mediterranean. Using a GIS-based 
approach, a large array of data was collected and 
systematized over the past years, which highlights 
interesting patterns of site density, settlement 
pattern and location preferences since prehistory 
and up to the 19th century AD. While this research 
is part of a broader, multidisciplinary project2 that 
aims to create a comprehensive model of the long-
term demographic and environmental dynamics of 
0HQRUFD�� WKH� SUHVHQW� SDSHU� VSHFL¿FDOO\� LQWHQGV� WR�
investigate the variability of the settlement evidence 
from the island. 

2. Study Area

Menorca is situated at the easternmost point of 
the Balearic Island archipelago, in the centre of the 
western Mediterranean basin. It is the most remote 
island from the Iberian Peninsula, located between 
200 and 400 km from eastern Iberia, northern 
Africa, southern France and Sardinia (Fig. 1). 

With a total area of ca. 700 km2 and 216 km 
of coastline, Menorca has been a Biosphere Reserve 
since 1993 and presents a variety of landscapes, but 
in particular two distinct geological and geographical 

2  On-going PhD project with the working title “The Prehistory 
of Menorca: Environment and Demography”; PhD Student: 
0RQLFD�'H�&HW��VFLHQWL¿F�VXSHUYLVRUV��3URI��-��0�OOHU��&KULVWLDQ�
Albrechts-Universität zu Kiel), Prof. R. Risch (Universitat 
Autònoma de Barcelona), and Prof. R. Duttmann (Christian-
Albrechts-Universität zu Kiel).

settings: The northern region with a rugged terrain 
called Tramuntana, consisted of geological material 
from the Palaeozoic, Mesozoic and Palaeogene, 
and the southern region, 0LJMRUQ, which is much 
less mountainous, mainly composed of Tertiary 
FDOFDUHQLWLF� PDWHULDOV� ZLWKLQ� D� ÀDW� WHUUDLQ�� 7KH�
central area of 0LJMRUQ, also known as Barrancs 
(ravines) is characterized by parallel, steep gullies 
running more or less perpendicular to the southern 
coast. Finally, there is also a north-eastern wetland 
area in the $OEXIHUD�GHV�*UDX nature park (Didac 
1997; Cardona et al. 1998; Fórnos et al. 2004). 
Despite the diverse elevation levels, Menorca has 
DQ� RYHUDOO� ÀDW� VXUIDFH� DQG� LV� RIWHQ� FRQVLGHUHG� DQ�
“invisible island”. The highest elevation is a minor 
rise in the centre of the island, El Toro, which is 357 
m above sea level (Fig. 2). 

Archaeological records show that the Balearic 
Islands were permanently occupied since the second 
half of the third millennium cal BC (Alcover et al. 

Figure 1. The Island of Menorca (Balearic Islands, 
Spain) in the Mediterranean Sea.

Figure 2. The Island of Menorca (Balearic Islands, 
Spain). Hillshade map obtained from Digital Elevation 
Model, courtesy of Ordenació del Territori Department - 
CIM Menorca, Spain. Software: ®ArcGIS 10.0.
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2001; Lull et al. 2004; Micó 2005). The earliest dates 
correspond to Majorcan sites and can be associated 
with the Bell Beaker Culture (2500/2300-2000 cal 
BC). In Menorca, human occupation began around 
2100-2000 cal BC, with evidence showing shelter 
habitats and open-air settlement structures with 
perishable materials. During 1600-1500 cal BC, 
RSHQ�DLU�VHWWOHPHQWV�ZHUH�DEDQGRQHG�DQG�WKH�¿UVW�
reliable domestic features appeared: Large, boat-
shaped stone structures called QDYLIRUPHV.  In the 
9th� FHQWXU\� FDO� %&�� D� VHULHV� RI� VLJQL¿FDQW� FKDQJHV�
took place and settlements organized around one or 
several monumental towers called talaiots expanded 
across the island. The mid-6th century cal BC saw the 
end of the Talaiotic sites and the start of the Post-
talaiotic settlements. The construction of unique 
buildings with centrally placed large T-shaped stone 
slabs, called taules (table) (Micó 2005 b, 2006), is 
representative of the architecture of this period. 
Moreover, Post-talaiotic communities maintained 
intense contact with the Punic, Greek and Roman 
world. Most notable is the participation of important 
GHWDFKPHQWV�RI�VOLQJ�¿JKWHUV�LQ�WKH�3XQLF��DQG�ODWHU�
also the Roman, armies. In 123 BC Menorca became 

part of the Roman Empire. When this fell apart, the 
island successively shifted from the Vandal, to the 
%\]DQWLQH� DQG� ¿QDOO\� WR� WKH� $QGDOXVLDQ� SROLWLFDO�
spheres. Today, the historical and rural countryside 
persist over a large part of Menorca. Examples of this 
socio-natural heritage are the Barrancs with their 
hydraulic system originating from the Andalusian 
times and the Llocs, an agrarian economic structure 
from the 19th century AD.  Further detailed 
chronology will be discussed in the next section.

3. Methodological Framework

Geo-referenced archaeological data collected 
since 2010 was the primary source for this study. 
We used a substantial database composed of 708 
domestic sites based on the Menorcan Heritage 
database3, map archives, survey campaign, and 
detailed bibliographical analyses. The entire dataset 
has been linked to the geographical information 
regarding UTM coordinates and topography. 
Moreover, evidence from architecture, ceramic 
artefacts, numismatics, bibliography, epigraphy, 
and settlement extension was described for each 
record. 

,Q� RUGHU� WR� H̆HFWLYHO\� FDWHJRUL]H� HDFK�
VLWH�� UHFRUGV� ZHUH� FODVVL¿HG� DFFRUGLQJ� WR� WKHLU�
chronological resolution. We have selected 
distinctive architectural units as indicators of 
chronology, chosen from time periods for which 
3  Data obtained with the courtesy of Consell Insular de 
Menorca-Heritage Department - Pl. Biosfera, 5 - 07703 Maó.

Figure 3. Architectural structural units used as 
indicators of chronology for Menorcan prehistory (Micó 
2005 b, 2006). a) Naviform boat-shaped habitation 
structure: Naviform period c. 1600- 1100/1000 cal 
%&� �&ODULDQD�� LQ� 3ODQWDODPRU� ������ ¿J�� ���� E�� 7DODLRW�
monumental tower: Talaiotic period c. 850- 550/500 cal 
%&��7RUUHOOy�� LQ�3ODQWDODPRU�������SODWH�,;���F��&DVDV�
Circulares circular-shaped habitation: Post-talaiotic 
period c. 550/500- 123 cal BC (S. Vincenç de Alcaidús, in 
3ODQWDODPRU�DQG�5LWD�������¿J��������G��7DXOD�7�VKDSHG�
monument: Post-talaiotic period c. 550/500- 123 cal BC 
�7RUUHWD�GH�7UDPXQWDQD��LQ�3ODQWDODPRU�������¿J�������

Figure 4. Historic pictures of Llocs, the agrarian 
economic structure taken into account as an indicator 
of chronology for the 19th century AD. Ses Cases in the 
Fornells area (Menorca 2012). 
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the density of archaeological sites, we used Kernel 
Density in the Spatial Analyst toolbox, which 
calculates the density of each site point feature around 
each output raster cell (Esri 2010 a; see also Beardah 
DQG� %D[WHU� ������ %HDUGDK� ������� 6SHFL¿FDOO\�� ZH�
used the 1000-metre circle radius, since it appeared 
as the most apt radius to choose considering the 
relatively small spatial scale that this island implies, 
together with the intensity of the settlement record. 
A larger radius would have implied considerable 
overlap between sites. Second, the mean distances 
were calculated through the function of Near (Esri 
2010b) in the Proximity toolset. Moreover, with the 
aim of analysing the general location patterns in our 

Figure 6. Right. Kernel density KDE maps output. Time 
SHULRGV��H��(DUO\�5RPDQ�(PSLUH�����%&�����$'���I��/DWH�
$QWLTXLW\� DQG� 'DUN� $JH� ��������� $'��� J�� $QGDOXVLDQ�
SHULRG� ����������$'��� DQG� K�� /ORFV� IURP� ��th century 
AD. Software: ®ArcGIS 10.0.

Figure 5. Left. Kernel density KDE maps output. Time 
SHULRGV�� D�� 1DYLIRUP� �F�� ������ ���������� FDO� %&��� E��
7DODLRWLF��F���������������FDO�%&���F��3RVW�WDODLRWLF��F��
��������� ���� FDO�%&��� DQG�G��5RPDQ�5HSXEOLFDQ� �����
cal BC-27 BC). Software: ®ArcGIS 10.0.

reliable settlement information is available, 
EDVHG� RQ� WKH� HVWDEOLVKHG� IUDPHZRUN� RI� GL̆HUHQW�
archaeological structures used throughout the 
prehistory of Menorca (Micó 2005 b: 521-545; 
Micó 2006: 428); (Fig. 3). As evidence from the 
¿UVW�VHWWOHPHQW�SKDVH� LV�YHU\�VFDQW�� WKH�SUHKLVWRULF�
GRPHVWLF� UHFRUG� ZDV� FODVVL¿HG� LQWR� WKH� 1DYLIRUP�
(c. 1600- 1100/1000 cal BC), Talaiotic (c. 850- 
550/500 cal BC) and Post-talaiotic (c. 550/500- 123 
cal BC) periods. For the historical periods, historical 
sources and classical archaeological records 
provided a chronological time depth for the Roman-
Republican (c. 123 cal BC-27 BC), the Early Roman 
Empire (c. 27 BC-284 AD), Late Antiquity and Dark 
Age (c. 425-903 AD) up to the Andalusian period 
(c. 903-1287 AD). Meanwhile, the Proto-talaiotic 
period (1100/1000-850 cal BC) and the Late Roman 
Empire (c. 284-425 AD) are hardly recognisable 
from survey or architectural information. Finally, 
the extraordinary conservation of agricultural, 
livestock, and demographic census data from the 
last six centuries and ethnographic heritage records4 
allowed us to expand the chronological extent of this 
research to the 19th century AD (Fig. 4).

With the aim of analysing the long-term 
settlement behaviour through this dataset, we 
consider that the GIS-based approach needs to be 
focused on the social sphere of the communities and 
their interaction with the landscape. Accordingly, 
we developed a methodological strategy based on 
the analysis of site density and location pattern. 
Site density, through Kernel Density analysis 
(KDE), informs us about the dispersed or nucleated 
character of the settlement pattern and represents 
an indirect measure of demographic pressure on 
the island. On the other hand, the location pattern, 
determined by means of Nearest Neighbor analysis 
(NN), provides us with further details about the 
spatial organization of human communities. Both 
parameters do not necessarily need to correlate 
with each other. When they do, it implies that the 
population is dispersed across the island in a rather 
homogenous pattern.

All the methodological steps were carried out 
by applying standard functions within ®ArcGIS 
10.0 spatial analysis. First, in order to investigate 

4  Ethnographic geo-referenced data of  948 “Llocs” from the 
19th century AD obtained with the courtesy of Consell Insular de 
Menorca-Territori Department - Pl. Biosfera, 5 - 07703 Maó.
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dataset, we used Average Nearest Neighbor in the 
Spatial Statistics toolbox, which compares the 
observed average distance between points and their 
nearest neighbour with the distance that is expected 
between neighbours in a random pattern (Esri 2010 
c; see also Hodder and Orton 1976; Ives 1985). 
Finally, preliminary site location preferences were 
estimated by combining settlement points with the 
geological map5, using the Intersect function in the 
Overlay (Esri 2010 d) toolset, and through statistical 
Chi-square tests.

4. Results and Discussion

During the last decades, the Consell Insular 
de Menorca and its Heritage Department have 
actively documented the archaeological sites of the 
island, through systematic revision of the abundant 
ELEOLRJUDSKLF� LQIRUPDWLRQ� DQG� ¿HOG� ZDONLQJ�� 7KH�
LVODQG� RI� 0HQRUFD� KDV� VX̆HUHG� UHODWLYHO\� OLWWOH�
urban pressure compared to the other Balearic 
Islands. Hence, the exceptional preservation of the 
island’s archaeological heritage allows Menorca to 
be considered as an “archaeological paradise”. The 
quality of the spatial record for this case study can 
be expressed quantitatively in terms of a mean site 
density of 1.04 sites per square km; an exceptionally 
KLJK� ¿JXUH� E\� ZHVWHUQ� 0HGLWHUUDQHDQ� VWDQGDUGV��
While former studies have often focused the 
DWWHQWLRQ� RQ� VSHFL¿F� DUHDV�� RXU� GDWDVHW� FRYHUV� WKH�
entire island of Menorca and has a more accurate 
chronological resolution.  

5  Data obtained with the courtesy of Consell Insular de Menorca-

Territory Department - Pl. Biosfera, 5 - 07703 Maó.

4.1 Site density

Our results using KDE show an increase in the 
number and density of settlements from Naviform 
to the Post-talaiotic period (Fig. 5). On the contrary, 
from the Roman Republican period towards the 
Early Roman Empire there is a decrease in density 
�)LJ�� ���� 6SHFL¿FDOO\�� WKLV� FKDQJH� LQ� GHQVLW\� LV�
illustrated by the variation in the mean distance 
between domestic sites of the same time period. 
Figure 7 indicates a clear increase in the values from 
the Post-talaiotic period (738.35 m) towards the 
Early Roman Empire (934.9 m). A return to short 
mean distance values is clearly detected from the 
19th century AD data (417.37 m). 

7KH� ÀXFWXDWLRQV� LQ� VLWH� GHQVLW\� DFURVV� WKH�
island also suggest a gradual shift in occupation 
density from the west of the island towards the east. 
As clearly visible in Figures 5-6, the prehistoric 
population is denser in the west and southwest areas 
of Menorca. Meanwhile, during the Andalusian 
period, human occupation seems to have been 
PRUH�LQWHQVH�DW�WKH�FHQWUH�RI�WKH�LVODQG��VSHFL¿FDOO\�
in the area of Barrancs. In contrast, 19th century 
AD occupation is denser in the eastern part of 
Menorca where the city of Mao, the capital and main 
demographic centre and market for agricultural 
products, is located. 

An unexpected observation from the site 
density maps is the intense prehistoric occupation 
of the northwest of Menorca, as this area has a 
very rugged landscape with little soil cover on 
the sandstone bedrock in the present day, due 

Mean Distance

NAV 1193.94

TAL 738.38

PST 525.16

RRE 620.88

ERE 934.9

LAN 919.12

ISL 925.34

LLOCS 417.37

Figure 7. Mean distance values between settlements of the same time-period. NAV: Naviform (c. 1600- 1100/1000 cal 
%&���7$/��7DODLRWLF��F���������������FDO�%&���367��3RVW�WDODLRWLF��F���������������FDO�%&���55(��5RPDQ�5HSXEOLFDQ�
�����FDO�%&����%&���(5(��(DUO\�5RPDQ�(PSLUH�����%&�����$'���/$1��/DWH�$QWLTXLW\�DQG�'DUN�$JH����������$'���
$1'��$QGDOXVLDQ�SHULRG�����������$'���DQG�//2&6��/ORFV�IURP���th century AD. 
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to intense Eolic erosive processes (Bourrouilh 
1983: 359). Its gradual abandonment since the 
Early Roman Empire is particularly interesting 
and implies that this environmental degradation 
is a product of the last two thousand years, whose 
causes need to be further explored. In order to 
prevent further soil degradation and to preserve the 
extraordinary richness of Menorcan heritage, this 
clearly vulnerable area of the island needs special 
protection.

Our analysis of the archaeological record 
shows a non-linear change in human occupation 
from prehistoric times to the 19th century AD, with 
periods of settlement increase and moments of 
apparent depopulation. This phenomenon can be 
associated with the concept of “social insularity” 

(Lull et al. 2002: 119). According to this theory, the 
Balearic Islands underwent intense immigration 
waves and interaction with the mainland continent 
that suddenly trigged very dense settlement 
SDWWHUQV� LQ� FRQMXQFWLRQ� ZLWK� SKDVHV� RI� VLJQL¿FDQW�
decrease in the number of archaeological sites. 
The causes of these demographic changes can 
be associated with the changing situation of the 
mainland continent, the development of the island 
itself, and the relationship between both factors. 
)RU�H[DPSOH��WKH�¿UVW�LPPLJUDQWV�ZKR�RFFXSLHG�WKH�
LVODQG�SURGXFHG�D�VLJQL¿FDQW�GHPRJUDSKLF�LQFUHDVH�
during the transition from the Early to Middle 
Bronze Age (17th-16th century BC) and during the 
Final Bronze Age (12th-9th� FHQWXULHV� %&��� 7KH� ¿UVW�
VLJQL¿FDQW� EUHDN� LQ� WKLV� SRSXODWLRQ� GHYHORSPHQW�
occurred at the beginning of the Roman Empire. 

Nearest 
Neighbor 

NAV 0.9

TAL 0.86

PST 0.84

RRE 0.89

ERE 0.84

LAN 0.86

AND 0.77

LLOCS 0.97

Figure 8��1HDUHVW�1HLJKERU�YDOXHV��1$9��1DYLIRUP��F������������������FDO�%&���7$/��7DODLRWLF��F���������������FDO�
%&���367��3RVW�WDODLRWLF��F���������������FDO�%&���55(��5RPDQ�5HSXEOLFDQ������FDO�%&����%&���(5(��(DUO\�5RPDQ�
(PSLUH�����%&�����$'���/$1��/DWH�$QWLTXLW\�DQG�'DUN�$JH����������$'���$1'��$QGDOXVLDQ�SHULRG�����������$'���
LLOCS: Llocs from 19th century AD. 

Mean Distance 
to Llocs

NAV 1641.66

TAL 915.13

PST 761.25

RRE 819.23

ERE 1444.08

LAN 1152.23

AND 1354.72

LLOCS 0.97

Figure 9. Mean distance values to Llocs of 19th century AD from Prehistoric settlements. NAV: Naviform (c. 1600- 
����������FDO�%&���7$/��7DODLRWLF� �F���������������FDO�%&���367��3RVW�WDODLRWLF� �F���������������FDO�%&���55(��
5RPDQ�5HSXEOLFDQ������FDO�%&����%&���(5(��(DUO\�5RPDQ�(PSLUH�����%&�����$'���/$1��/DWH�$QWLTXLW\�DQG�'DUN�
$JH����������$'���$1'��$QGDOXVLDQ�SHULRG�����������$'���DQG�//2&6��/ORFV�IURP���th century AD. 
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The settlement decrease can be closely related to the 
nucleation of population in centres and the decline 
in agricultural production. After the Late Roman 
Empire, when the countryside seems to have been 
sparsely populated, in Late Antiquity the settlement 
density rapidly recovered. The highest settlement 
density corresponds to the Llocs habitation pattern 
of the 19th century AD. The calculated values suggest 
a similarly dense scenario to that during the Post-
talaiotic occupation, especially if we consider that 
QRW� DOO� SUHKLVWRULF� VLWHV� ZLOO� KDYH� EHHQ� LGHQWL¿HG�
archaeologically.

4.2 General settlement pattern 

The obtained output from Nearest Neighbor 
analysis (NN) indicates the possible existence 
of closely nucleated settlements throughout all 
periods, since all the NN values are quite similar 
and within a narrow range of 0.78-0.96 (Fig. 8). 
This continuity of settlement distribution structure 
is also supported by the geographical proximity 
between the prehistoric sites and historic locations. 
In fact, the mean distance output shows striking 
location proximity between prehistoric settlement 
sites, in particular the Post-talaiotic period, and the 
domestic record from the 19th century AD Llocs (Fig. 
9). 

Furthermore, the correlation of the geological 
map and the domestic records show a similarity 

in location preferences in relation to geology 
throughout the last 3600 years (Fig. 10). As visible 
from the Chi-square test results (Fig. 11), a continued 
preference for occupying the Miocene platform is 
observed for all the periods. However, this tendency 
LV�VLJQL¿FDQWO\�PRUH�PDUNHG�LQ�WKH�WLPH�VSDQ�IURP�
the Naviform period to the Early Roman Empire 
(p-value: 0.0280). On the other hand, the 19th century 
AD Llocs, although still located preferentially on the 
Tertiary terrains, occupy the Tramuntana region 
more intensively (p-value: 0.0001). Late Antiquity 
and Andalusian occupations show an intermediate 
position between the prehistoric and the modern 
settlement pattern (Fig. 12).  

Overall, these results seem to reveal an 
apparent similarity in settlement pattern that 
continued from the Naviform period up to the 19th 
century AD. In fact, the long-term common thread 
EHWZHHQ�GL̆HUHQW�FKURQRORJLHV�LV�WKH�FRQWLQXLW\�RI�D�
clustered settlement pattern correlated with similar 
NN values and settlement location preferences 
associated with an intensive occupation of the 
Miocene platform in the 0LJMRUQ area. This last 
evidence is particularly interesting since it implies 
possible long-term factors in the location strategies. 
Furthermore, of considerable importance is the 
more intense occupation of the area of Tramuntana 
in the 19th century AD. This fact can probably be 
related to the construction of drainage systems 
in order to expand the agricultural potential in 
the northern part of the island. Wetlands seem to 
have been a common feature in these valleys due 
to impermeable soils and geology (Casanovas et 
al. 1993: 44-45), and caused conditions of scant 
salubriousness for human settlement (Vidal 1969: 
9). Consequently, further analyses are needed to 
better explore how other environmental variables 
such as soil, land-use, hydrology, and topography 
conditioned the settlement structure. Furthermore, 
as seen in the mean distance values, the 19th century 
AD Llocs and the prehistoric sites are strikingly the 
closest neighbours, suggesting that similar criteria 
in deciding where to settle prevailed through time. 

5. Conclusions

Given the quantity of spatial information, 
WKH�LVODQG�RI�0HQRUFD�R̆HUV�XQLTXH�DUFKDHRORJLFDO�
conditions for an analysis of socio-environmental 
interaction during the last four thousand years in a 

Figure 10. Geological periods and settlement records 
from prehistory to the 19th century AD. Map obtained 
from geological layer, courtesy of Ordenació del Territori 
Department - CIM Menorca, Spain. Software: ®ArcGIS 
10.0.
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Naviform to Early Roman Empire

Geology Hectares % Hectares Observed Expected Chi2 values p-values

MIOCENE 36038.6 51.9% 986 670.6 148.4 0.0000

OTHER 33449.9 48.1% 307 622.4 159.8 0.0000

Total 69488.5 100% 1293 1293 308.2 0.0000

Late Antiquity

Geology Hectares % Hectares Observed Expected Chi2 values p-values

MIOCENE 36038.6 51.9% 105 79.3 8.3 0.0040

OTHER 33449.9 48.1% 48 73.7 8.9 0.0028

Total 69488.5 100% 153 153 17.2 0.0068

Andalusian

Geology Hectares % Hectares Observed Expected Chi2 values p-values

MIOCENE 36038.6 51.9% 87 63.3 8.9 0.0029

OTHER 33449.9 48.1% 35 58.7 9.6 0.0020

Total 69488.5 100% 122 122 18.5 0.0049

Llocs

Geology Hectares % Hectares Observed Expected Chi2 values p-values

MIOCENE 36038.6 51.9% 611 491.7 29.0 0.0000

OTHER 33449.9 48.1% 337 456.3 31.2 0.0000

Total 69488.5 100% 948 948 60.2 0.0000

Figure 11. Left. Chi-
square test results 
table. Time periods: 
Naviform to Early 
Roman Empire (c. 
�����FDO�%&������$'���
Late Antiquity and 
Dark Age (425-903 
$'���$QGDOXVLDQ������
�����$'��� /ORFV� IURP�
19th century AD. 

Figure 12. Bottom. 
Chi-square test results 
table. Time periods: 
Naviform to Early 
Roman Empire (c. 
�����FDO�%&������$'���
Late Antiquity and 
Dark Age (425-903 
$'���$QGDOXVLDQ������
�����$'��� /ORFV� IURP�
19th century AD.

Sites on Miocene geology

Time periods
Total sites 

periods
% Total sites 

periods
Observed Expected Chi2 values p-values

Naviform to Early Roman 
Empire 1293 51.4% 986 919.4 4.8 0.0280

Late Antiquity 153 6.1% 105 108.8 0.1 0.7163

Andalusian 122 4.8% 87 86.7 0.0 0.9784

Llocs 948 37.7% 611 674.1 5.9 0.0151

Total 2516 100% 1789 1789 10.9 1.7378

Sites not on Miocene geology

Time periods
Total sites 

periods
% Total sites 

periods
Observed Expected Chi2 values p-values

Naviform to Early Roman 
Empire

1293 51.4% 307 373.6 11.9 0.0006

Late Antiquity 153 6.1% 48 44.2 0.3 0.5686

Andalusian 122 4.8% 35 35.3 0.0 0.9661

Llocs 948 37.7% 337 273.9 14.52 0.0001

Total 2516 100% 727 727 26.7 1.5354
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ca. 700 km2 region of the Mediterranean. The results 
obtained through this preliminary exploratory 
analysis have revealed a noteworthy pattern of 
occupational behaviour in a long-term perspective. 
6SHFL¿FDOO\��RXU�UHVXOWV�KLJKOLJKW��

Fluctuation in the density of the archaeological 
domestic sites from prehistory to the 19th century 
AD. This non-linear development is accompanied 
by a gradual shift in the main occupation density 
from west to east across the island, possibly as 
a consequence of the growing importance of the 
harbour and city of Maó in historical times. Striking 
similarities are observed in the general settlement 
SDWWHUQ��7KH�YDOXHV�UHÀHFW�VLPLODU�1HDUHVW�1HLJKERU�
ratios over time and clear location proximity 
between the prehistoric and 19th century AD Llocs 
sites.  Preliminary tendencies in settlement location. 
The correlation of prehistoric and historic domestic 
site records with the geological map shows a 
FRQWLQXHG�DQG�VLJQL¿FDQW�SUHIHUHQFH�IRU�RFFXS\LQJ�
the Miocene platform, in the southern 0LJMRUQ 
area of Menorca.The northern Tramuntana region 
started to be more intensely occupied during the 19th 
century, probably when the wetland areas existing 
on this impermeable geological ground could 
gradually be drained. 

These results clearly demonstrate a complex 
domestic trajectory on Menorca, where gradual 
changes in site density were combined with important 
similarities in settlement structure from prehistory 
to the 19th century AD. Moreover, our study supports 
the utility of using historical data as an interpretative 
framework for archaeological reconstruction. 
The copious data from agricultural practices and 
subsistence patterns from the 19th century AD can 
be used as a comparative framework in addressing 
the question of sustainability, availability, and 
management of resources over time. In particular, 
these data seem to reveal an economic continuity 
since prehistoric times, such as the importance of 
agriculture and small-scale husbandry as a basic 
resource for population subsistence and the usage 
of traditional technology with no chemical fertilizers 
(Bisson 1966: 37; Vidal 1969: 108-153; Casanovas 
2006: 286-301). Accordingly, these data can help 
us to test the archaeological methodology and 
develop a more solid model of socio-environmental 
interaction.

The intense occupation of the Miocene 
platform foreshadows more complex location trends 
in relation to the environmental variables. Hence, 
further analyses will be conducted to assess the long-
term agricultural potential and land-use on Menorca. 
For instance, recent studies indicate that Naviform 
communities were possibly composed of extended 
IDPLOLHV� ZLWK� OLWWOH� RU� QR� HFRQRPLF� GL̆HUHQWLDWLRQ�
(Lull et al. 1999 a; Rihuete 2003; Van Strydonck et al. 
2002; Gili et al. 2006). Meanwhile, in the Talaiotic 
settlements, we observe a probable concentration 
of social forces and economic resources in larger 
political entities (Lull et al. 1999 a; Gili et al. 2006), 
and lastly, Post-talaiotic communities seem to have 
reoccupied previous settlements in accordance with 
a new socio-economic tendency (Micó 2006: 431). 
While future investigations are necessary to shed 
additional light on the palaeo-economic sphere of 
the communities, this study shows how geo-spatial 
techniques can be an informative tool for identifying 
the underlying natural constraints and the long term 
social organisation of land use and settlement in the 
Mediterranean islands.
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1. Introduction

This paper introduces the Relative 
Neighbourhood (RN) method of spatial analysis, a 
series of procedures oriented to extract relational 
networks from point sets, which can be used to 
discover meaningful association patterns among 
archaeological artefacts or sites.

We illustrate the application of the RN method 
XVLQJ�D�JURXS�RI�$]WHF�R̆HULQJV��DQ�LQWHUHVWLQJ�FDVH�
of spatially symbolic contexts. These comprise 
groups of objects whose arrangement and meaning 
are determined by symbolic ideas expressed 
WKURXJK�WKH�VSDWLDO�RUGHULQJ�RI�GL̆HUHQW�FDWHJRULHV�
RI� DUWHIDFWV�� ,Q� VXFK�GHSRVLWV�� WKH� VSHFL¿F� ORFDWLRQ�
of each object -as well as its spatial association with 
the rest of the assemblage- creates characteristic 
observable ‘patterns’. In studying contexts like these, 
analysts seek to identify meaningful arrangements 
from the spatial links of the artefacts. The following 
section describes these deposits, while the 
remaining sections explain the concept of relative 
neighbourhood and the procedures to analyse global 
and local spatial features.

2. 7KH�$]WHF�2̆HULQJV�DV�D�6WXG\�&DVH� IRU�
6SDWLDO�$QDO\VLV

For more than a hundred years Mexican 
Corresponding author: diego.jimenez61@gmail.com

archaeologists have discovered numerous caches of 
artefacts among the remains of the Sacred Precinct 
of Tenochtitlan, the main ceremonial centre of the 
Aztec people (Matos Moctezuma 1979, 1982, 1986, 
1988). Nearly 200 deposits have been found so far 
(2012) within the boundaries of the archaeological 
site and some more in the surroundings.

The caches provide valuable evidence of 
R̆HULQJ� ULWXDOV�SHUIRUPHG� WR� UHTXHVW� IDYRXUV�RU� WR�
pay tribute to some of the many deities of the Mexica 
pantheon (López Luján 1994: 48, 52). Therefore, 
they are the key to understand important aspects of 
this religion.

Although some caches are very simple most of 
them are rather complex, both in terms of the variety 
DQG� WKH� TXDQWLW\� RI� DUWHIDFWV� GHSRVLWHG�� ,QGHHG��
some contexts include hundreds or even thousands 
of items. Among the most noteworthy contents 
DUH�¿JXUHV�RI�GHLWLHV��DV�ZHOO�DV�VFHSWUHV��SHFWRUDOV��
masks, ear-plugs, small-scale models of musical 
LQVWUXPHQWV�� VDFUL¿FLDO� WRROV�� HWF�� 6RPH� R̆HULQJV�
also include remains of beheaded people, as well 
DV� ÀRUD� DQG� IDXQD� UHPDLQV��$PRQJ� WKH� DQLPDOV� LW�
LV� ZRUWK� PHQWLRQLQJ� VDZ¿VK� VQRXWV�� FURFRGLOHV��
jaguars, lynxes, serpents and a great diversity of 
ELUGV��¿VKHV�DQG�PDULQH�VKHOOV��)LJV�������DQG����

The selection of objects for a particular 
REODWLRQ�UHVSRQGHG�WR�VSHFL¿F�JRDOV��)RU�LQVWDQFH��LI�

$�1HZ�0HWKRG�RI�6SDWLDO�$QDO\VLV�%DVHG�RQ�WKH�
([WUDFWLRQ�RI�3UR[LPLW\�*UDSKV

'LHJR�-LPpQH]�%DGLOOR
INAH, Museo de Templo Mayor, Mexico  

$EVWUDFW�
This paper introduces the Relative Neighbourhood (RN) method of spatial analysis, a series of procedures 
oriented to extract relational networks from point sets, which can be used to discover meaningful association 
patterns among archaeological artefacts or sites. The underpinning elements of such method are the 
relative neighbourhood concept, the retrieval of proximity graphs, the measurement of graph-theoretic 
relational properties both at global and local levels, and the visualisation of spatially-based connectivity 
patterns. The method is particularly useful to analyse a special type of archaeological deposits, which we 
refer to as “spatially symbolic contexts”. However, it is important to highlight that the method is generic 
DQG�FDQ�EH�DSSOLHG�WR�PDQ\�GL̆HUHQW�NLQGV�RI�DUFKDHRORJLFDO�FRQWH[WV�RU�HYHQ�DV�SDUW�RI�VWXGLHV�IRFXVHG�RQ�
exploring relations between archaeological sites.
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WKH�SXUSRVH�RI�WKH�R̆HULQJ�ZDV�WR�SURSLWLDWH�WLPHO\�
rains, then the priests selected objects that according 
to Aztec religion were suitable for receiving forces 
from the gods of fertility. Chosen artefacts may 
include sculptures resembling the gods themselves, 
their insignia, or items symbolizing the region of the 
cosmos where such deities were believed to inhabit. 
6XFK� DQ� R̆HULQJ�PD\� DOVR� LQFOXGH� LWHPV� LQWHQGHG�
to keep other forces, like drought and death, under 
control (López Luján 1994).

����7KH�VSDWLDO�GLPHQVLRQ�RI�WKH�R̆HULQJV

Aztec religion revolved around the concept of 
complementary opposition of divine energies and 
WKH�R̆HULQJV�DUH�H[DPSOHV�RI�D�V\VWHP�RI�UHODWLRQV�
governed by combinatorial rules that were expressed 
onto space. In Aztec world-view a rule dictated that 
WKRVH�VSDFHV�ZLWK�DQ�H[FHVV�RI�³FROG´�LQÀXHQFHV�PXVW�
be balanced with objects symbolically associated 
with “hot” energies. Another rule indicated that 
“feminine” artefacts ought to be balanced with 
“masculine” items; sculptures of the god of rain and 
IHUWLOLW\� XVXDOO\� ZHUH� SODFHG� RSSRVLWH� WR� ¿JXUHV� RI�
WKH�JRG�RI�¿UH��HWF��

Those rules guided not only the kind of 
DUWHIDFWV� FKRVHQ� IRU� HDFK� SDUWLFXODU� R̆HULQJ��
but more importantly they prescribe the spatial 
DUUDQJHPHQW�RI�WKH�LWHPV��7KLV�H[SODLQV�ZK\�VSHFL¿F�
categories of artefacts are found facing cardinal 
directions; below or above certain boundaries; next 
to or in opposition to other objects or features, and 
so on (López Luján 1994).

Figure 3. Some objects recovered in the offerings of the 
Sacred Precinct of Tenochtilan.

Figure 1. One of the offerings recovered from the remains 
of the Sacred Precinct of Tenochtitlan (Offering 60).

Figure 2. Offering H, recovered from the remains of the 
Sacred Precinct of Tenochtitlan.
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The need to revealing the structure of these 
archaeological contexts led us to developing 
a method that explores the network of spatial 
UHODWLRQVKLSV� EHWZHHQ� WKH� R̆HULQJ� LWHPV� LQ� RUGHU�
WR�GLVFRYHU�ZKHWKHU�VSHFL¿F�FODVVHV�RI�DUWHIDFWV�DUH�
recurrently located in proximity or in opposition to 
each other. If some patterns are discovered, then it 
would be easier to determine their meaning. 

When looking for a solution for that challenge 
we came across with an interesting concept of 
adjacency known as relative neighbourhood. This 
DOORZV� H[SORULQJ� GL̆HUHQW� GHJUHHV� RI� DVVRFLDWLRQ�
between artefacts and provides the foundation 
for the method described below (Jiménez-Badillo 
2004).

3. 7KH�&RQFHSW�RI�5HODWLYH�1HLJKERXUKRRG

Relative neighbourhood is an interesting 
notion that formalises mathematically the idea 
of two objects being “more or less” adjacent and 
therefore associated up to a certain measurable 
degree (Lankford 1969; Toussaint 1980a, 1980b, 
1980c, 1988; Gabriel and Sokal 1969; Matula and 
6RNDO�������.LUNSDWULFN�DQG�5DGNH�������8UTXKDUW�
������������������$GDPDW]N\�������

In earlier publications we detailed its use in 
archaeology for discovering contextual relationships 
RU�IRU�¿QGLQJ�GL̆HUHQW�OHYHOV�RI�FRQQHFWLRQ�EHWZHHQ�
sites or artefacts (Jiménez and Chapman 2002; 
Jiménez-Badillo 2004, 2006, 2009a, 2009b, 2012).

Analysing relative neighbourhoods is better for 
exploratory analysis than using absolute concepts 
such as nearest neighbour. 

Imagine a point set P = {p1, p2, p� ... pn} and 
take any two elements, say pi and pj. We say that pi 
and pj are relative neighbours if, and only if, both 
are at least as near to each other as they are to the 
rest of the points. This is expressed mathematically 
as follows:

 

7KH�HTXDWLRQ�LPSOLHV�GHOLPLWLQJ�D�UHJLRQ�RI�LQÀXHQFH�
for a pair of points and then checking if such region 
is empty (i.e. if no other point is located inside its 
boundaries). If that happens we declared those 
two points as relative neighbours drawing a link 

between them On the contrary, if the region contains 
any other point of the dataset, the relationship is 
declared null and no link is drawn.

Applying such procedure to every pairwise 
permutation produces a relational network. 
Interestingly, the shape and connectivity of the 
QHWZRUN� GHSHQG� RQ� WKH� VSDWLDO� FRQ¿JXUDWLRQ� �L�H��
topology) of the whole point set, and therefore 
corresponds to its morphological structure.

7KH� UHJLRQ� RI� LQÀXHQFH� FDQ� EH� GH¿QHG� DV� D�
circle whose perimeter passes through pi and pj or 
as the intersection of two circles of radio d(pi, pj) 
centred at pi and pj respectively (i.e. versica piscis). 
,Q� WKH� ¿UVW� FDVH� WKH� UHVXOWLQJ� QHWZRUN� LV� FDOOHG�
Gabriel Graph (GG) while the second alternative 
produces the Relative Neighbourhood Graph (RNG) 
(Fig. 4).

For exploratory reasons we can enlarge or 
UHGXFH� YROXQWDULO\� WKH� UHJLRQ� RI� LQÀXHQFH� XVLQJ� D�
SDUDPHWHU� EHWD� �ǃ�� �.LUNSDWULFN� DQG�5DGNH� �������
High values of beta produce coarser networks while 
low values of beta produce networks with higher 
edge-density. Testing several values of beta produces 

Figure 4. Test of “region emptiness” based on drawing 
circles (above) and lune-shaped regions (below). In this 
example, the neighbourhood of the points (p1,p2) is 
empty. Therefore, they are declared relative neighbours 
and a link is drawn between them. On the contrary, the 
region corresponding to pair (p3, p4) is not empty and the 
points are declared no-neighbours.
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a parameterized family of networks known as Beta-
skeletons (Fig. 5) (see more details in Jiménez-
Badillo 2004: 96-145, 2012).

Extracting networks using consecutive values 
of beta constitutes a great exploratory procedure 
to analyse the spatial structure of archaeological 
contexts, mainly because interesting details are 
often exposed through the connectivity changes 
between successive Beta-skeletons. Algorithms 
to compute these graphs have been developed by 
Huang (1990), Hurtado et al. (2001), Jaromczyk 
and Toussaint (1992), Jaromczyk and Kowaluk 
(1987, 1991), Rao (1998), Su and Chang (1990, 
1991a, 1991b), Toussaint and Menard (1980).

4. $QDO\VLQJ� WKH�*OREDO�6WUXFWXUH�RI�$]WHF�
2̆HULQJV

One way to analyse spatially symbolic contexts 
OLNH�WKH�R̆HULQJV�FRQVLVWV�LQ�FRPSDULQJ�WKHLU�VSDWLDO�
structure at a global level. All artefacts involved 

are recorded with a point, which corresponds 
WR� LWV� FHQWHU� RI� JUDYLW\�� :H� ¿QG� WKDW� GL̆HUHQFHV�
LQ� DUHDO� H[WHQG� RI� WKH� REMHFWV� GR� QRW� D̆HFW� WKH�
analysis considerably. This is due to the fact that 
the neighbourhood relations depend on the relative 
position of all the artefacts in the set and not on the 
absolute distance between two objects. In contrast, 
ZKHQ�OLQHDU�LWHPV�DUH�SUHVHQW��VXFK�DV�WKH�VDZ¿VK�
VQRXWV�IRXQG�LQ�R̆HULQJV����DQG������WKH�FRQYHQWLRQ�
is to record the objects with several points marked at 
¿[HG�LQWHUYDOV��

We start extracting a family of Beta-skeletons 
IRU� HDFK�R̆HULQJ�XQGHU� VWXG\�XVLQJ�D� YDOXH�RI�ǃ = 
1. Then, we continue incrementing beta by one-
WHQWK�VWHSV��WKDW�LV����������������HWF��,W�LV�ZRUWK�QRWLQJ�
WKDW� WKH� VNHOHWRQ�REWDLQHG�ZLWK�ǃ� � �� FRUUHVSRQGV�
WR�WKH�*DEULHO�*UDSK��ZKLOH�ǃ� ���FRUUHVSRQG�WR�WKH�
Relative Neighbourhood Graph. 

We propose using the Gabriel Graph as a 
benchmark for comparing spatial structure of 
GL̆HUHQW�SRLQW� VHWV�EHFDXVH� LW�KDV�VRPH� LPSRUWDQW�
geometric properties, namely:

The Gabriel Graph is always connected and 
contains the largest number of edges in a family of 
Beta-skeletons. Therefore, it can be considered as an 
upper connectivity threshold (UCT) for any spatial 
distribution of nodes.

7KH�*DEULHO�*UDSK�LV�XQLTXH��ZKLFK�PHDQV�WKDW�
IRU� DQ\� VSHFL¿F� VSDWLDO� GLVWULEXWLRQ� RI� QRGHV� WKHUH�
is one and only one Gabriel Graph. In practice this 
means that similar node spatial distributions tend 
WR�KDYH� VLPLODU�**V��DQG�YLFH�YHUVD�� YHU\�GL̆HUHQW�
spatial distributions of nodes tend to produce very 
GL̆HUHQW�JUDSKV��7KHUHIRUH��ZH�PD\�WKLQN�RI�**�DV�
the signature of a point set.

When the nodes under study are located in 
2D space, the Gabriel Graph is always a connected 
planar graph. As we explain in the following 
VHFWLRQ� WKLV� JLYHV� XV� WKH� SRVVLELOLW\� RI� TXDQWLI\LQJ�
connectivity properties by using standard measures 
of Graph Theory. In a previous paper we explain 
the extraction of two connectivity measures called 
control and integration (Jiménez-Badillo 2012), 
while in this paper we extend the method with 
additional measures.

Figure 5. A family of Beta-skeletons resulting when 
WKH� UHJLRQ�RI� LQÀXHQFH� FKDQJHV� GXH� WR� WKH� LQWURGXFWLRQ�
RI�D�SDUDPHWHU�ȕ��1RWLFH�WKH�YDULDWLRQ�LQ�WKH�QXPEHU�RI�
connections detected with different beta values.
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Another interesting value of beta is what we 
called the Lower Connectivity Threshold (LCT). This 
LV�GH¿QHG�DV� WKH�KLJKHVW�YDOXH�RI�EHWD�SURGXFLQJ�D�
connected Beta-skeleton with the lowest number of 
edges; in other words the highest beta value before 
the graph gets split into two or more sub-graphs. 
In any spatial distribution of nodes such value is 
JUHDWHU� WKDQ� �� EHFDXVH� D� JUDSK� H[WUDFWHG� ZLWK� ǃ�
= 2 corresponds to the RNG and this is always a 
connected graph (see more details in Jiménez-
Badillo 2004: 166-172).

4.1 Calculating some measures of global spatial 
structure

The next step is to measure global spatial 
structure in the Beta-skeletons extracted previously. 
The most basic measure is the edge to vertex ratio 
(EVR), which yields edge-density; then we can 
observe other characteristics such as the number 
of planar faces (if the nodes are in 2D space) or the 
QXPEHU�RI�LQGXFHG�F\FOHV�LQ��'�VSDFH��

Another, more interesting measure is the so-
called planar network structure (Gabriel and Sokal 
1969; Matula and Sokal 1980). This is applicable to 
connected Beta-skeletons (i.e. those that are not split 
into two or more subgraphs), which include Gabriel 
and Relative Neighbourhood graphs. Connected 
graphs are those that contain a path from each 
vertext to any other vertex. The measure exploits the 
additional fact that connected Beta-skeletons derived 
from a 2D point set are always planar graphs. Planar 
graphs are those that can be drawn in such a way 
that no edges cross each other. They are important 
because they have very well known connectivity 
properties given by Euler’s theorem, expressed in 
the following formula (Haggett and Chorley 1969): 

Number of vertices – number of edges + number of faces = 2

Euler’s formula predicts how many 
connections can be found in a fully connected planar 
graph and therefore can be used as a benchmark to 
compare the connectivity of a real adjacency graph 
with its fully-connected counterpart.

Planar Network Structure is given by:

As Matula and Sokal (1980) rightly notes, the 
above measure corresponds to the actual number of 
interior faces in graph G divided by the maximum 
number of interior faces in an ideal planar connected 
graph on as many vertices. Thus, they call it planar 
face density and developed the following formula 
more appropriate for GGs and RNGs (i.e skeletons 
for ǃ = 1 and ǃ = 2, respectively):

����3URGXFLQJ�SUR¿OHV�RI�VSDWLDO�VWUXFWXUH�IRU�,QWHU�
R̆HULQJ�FRPSDULVRQV

Either one of the above measures can be used 
WR�SURGXFH�ZKDW�ZH�FDOO�JUDSK�FRQQHFWLYLW\�SUR¿OHV��
These are used to compare the morphology of the 
R̆HULQJV�WKURXJK�FKDQJHV�LQ�WKH�YDOXH�RI�EHWD��7KRVH�
that have similar spatial layout will have similar 
SUR¿OHV��:KHQ� WKLV�KDSSHQV�ZH�FRXOG�DVVXPH� WKDW�
they belong to the same class of caches and therefore 
we may analyse them together when looking for 
local connectivity patterns.

7KH� VKDSH� RI� WKH� FXUYH� LQ� HDFK� SUR¿OH� LV�
important. In some cases, tiny increases of beta 
SURGXFH� VLJQL¿FDQW� GURSV� LQ� WKH�QXPEHU� RI� HGJHV��
In other situations the numbers of connections may 
not change dramatically even with strong changes 
of beta. All this depends on the morphology and 
relational structure of the point sets under study. 

The meaning of these variations depends 
RQ�HDFK�DSSOLFDWLRQ��,Q�WKH�FDVH�RI� WKH�R̆HULQJV�� LW�
KHOSV� XV� LGHQWLI\� FODVVHV� RI� R̆HULQJV� ZLWK� VLPLODU�
spatial layout. Indeed, through this procedure we 
KDYH�LGHQWL¿HG�VHYHUDO�R̆HULQJV�WKDW�FRQWDLQ�VLPLODU�
categories of artefacts distributed almost in the 
same way, which suggest a common meaning.

&RPSDULQJ� VHYHUDO� R̆HULQJ� SUR¿OHV� LQ� WKH�
same chart would help establish similarities and 
GL̆HUHQFHV�EHWZHHQ�VHYHUDO�DUFKDHRORJLFDO�FRQWH[WV��
As an example, we illustrate the edge-to-vertex 
�(95�� SUR¿OHV� RI� WKUHH� FDFKHV� NQRZQ� DV� R̆HULQJV�
22, 58 and U (Figs 6, 7, and 8).

)LJXUH� �� H[KLELWV� PDMRU� GL̆HUHQFHV� LQ� WKH�
VSDWLDO�VWUXFWXUH�RI�R̆HULQJ�8�DQG�R̆HULQJ�����%RWK�
curves follow dissimilar paths and present a very 
clear intersection caused by a strong contrast of 
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VORSH�DQG�GL̆HUHQFHV�LQ�OHQJWK��,Q�RUGHU�WR�KLJKOLJKW�
VXFK�GL̆HUHQFH�ZH�RYHUODLG�WHQGHQF\�OLQHV��WKH�EROG�
lines) using a standard polynomial formulae. This 
VLPSOL¿HV�WKH�JHQHUDO�VKDSH�RI�WKH�FXUYHV�IDFLOLWDWLQJ�
comparison procedures. Notice, for example, that 
despite having almost the same number of objects, 
R̆HULQJ�8�VWDUWV�ZLWK�DQ�(95�KLJKHU�WKDQ������ZKLOH�
its counterpart hardly reaches 1.7. On the other side, 
R̆HULQJ� ��� LV� ORQJHU� EXW� ¿QLVKHV� ZLWK� DOPRVW� DV�
IHZHU�HGJHV�WKDQ�R̆HULQJ�8�

,Q�FRQWUDVW��WKH�FRPSDULVRQ�RI�R̆HULQJ����DQG�
58 yield some important similarities (Fig. 10). The 
most remarkable is that they appear closer to each 
other in both shape and length. Both curves in fact 
follow mostly a parallel trajectory. There is only a 
PLQRU�GL̆HUHQFH�EHWZHHQ�WKH�WZR��7KLV�LV�UHYHDOHG�E\�
the intersection of both curves at ƨ = 1.5. However, 
LI� ZH� GLVSODFH� RQH� RI� WKH� SUR¿OHV� WR� WKH� ULJKW� LW� LV�
notable that both curves coincide almost entirely. 
:KDW� LV� WKH� VLJQL¿FDQFH� RI� WKHVH� REVHUYDWLRQV"�
Most of all, they provide a gross indication of global 
structural similarities and dissimilarities among the 
three point sets under consideration. Concordances 
DUH�VWURQJHU�EHWZHHQ�R̆HULQJV����DQG�����ZKHUHDV�
R̆HULQJ� 8� UHSUHVHQWV� D� GHSDUWXUH� IURP� ERWK� RI�
them. This latter cache, for instance, shows a higher 
degree of linearity in the middle of the assemblage 
as well as certain concentration of items in its 
corners. In contrast, the other two caches seem to 
show only one aggregate in the lower portion, while 
WKH�DOLJQPHQW�LV�QRW�DV�VWURQJ�DV�LQ�R̆HULQJ�8��7KLV�
LV� QRW� VXUSULVLQJ� JLYHQ� WKH� IDFW� WKDW� R̆HULQJV� ���
and 58 share almost the same type of objects (see 

Figure 8. Excavation drawing of offering U. It features 
D�VDZ¿VK��IRXU�FRSDO�EDOOV��VHYHUDO�PDULQH�VKHOOV��HDJOH�
and lynx remains, a pot with portray of Tlaloc (god of 
IHUWLOLW\��� D� VFXOSWXUH� RI� ;LXKWHFXKWOL� �JRG� RI� ¿UH��� D�
VDFUL¿FLDO� NQLIH�� VRPH� JUHHQVWRQH� EHDGV�� HWF�� �'UDZLQJ�
E\�)HUQDQGR�&DUULVR]D��0XVHR�GHO�7HPSOR�0D\RU��,1$+��
Mexico).

Figure 7. Excavation drawing of Offering 58 (level 
���� ,W� IHDWXUHV� �D�� VDZ¿VK�� �E�� WZR� KXPDQ� VNXOOV�� �F�� D�
EURNHQ�SRW�ZLWK�WKH�HI¿J\�RI�D�IHUWLOLW\�JRGGHVV���G��WKUHH�
VFHSWHUV� �L�H��[LFDKXD]WOL�� VHUSHQWLIRUP��DQG�GHHU�KHDG���
�H��;DQFXV�VKHOO���I��WXUWOH�VKHOOV��DQG��J��PRWKHU�RI�SHDUO�
shells.

Figure 6. Excavation drawing of Offering 22.
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Table 1). Whether or not those variations actually 
UHÀHFW�GL̆HUHQW�PHDQLQJV�RI�WKH�FDFKHV�LV�D�TXHVWLRQ�
that the RN method would help to answer with 
additional measures oriented to discover patterns at 
a local level.

5. $QDO\VLQJ� WKH� /RFDO� 6WUXFWXUH� RI� $]WHF�
2̆HULQJV

$QRWKHU�� HTXDOO\� LPSRUWDQW� ZD\� WR� DQDO\VH�
WKH� $]WHF� R̆HULQJV� FRQVLVWV� LQ� LGHQWLI\LQJ� VSDWLDO�
DUUDQJHPHQWV� RI� DUWHIDFWV� WKDW� DUH� VLJQL¿FDQW� DW� D�
local level. To this end, we apply a visual clustering 
WHFKQLTXH��7KH�JRDO�LV�WR�¿QG�FOXVWHUV�FRQVWLWXWHG�E\�
the same combination of artefacts and to investigate 
whether the same arrangements are found across 
several caches. If certain combinations of artefacts 
DSSHDU� UHSHDWHGO\� LQ�PDQ\� R̆HULQJV� ZH� ZRXOG� EH�
in a position to infer that such arrangements were 
intentionally created and therefore we can treat 
them as “symbolic themes”. The meaning of these 
SDWWHUQV� FRXOG� ¿QDOO\� EH� GHFLSKHUHG�ZLWK� WKH� KHOS�
of iconographic as well as historic and ethnographic 
information.

5.1 Visual clustering through the extraction of 
Limited Neighbourhood graphs

Local analysis is based on the extraction of a 
lesser known graph called Limited Neighbourhood 
JUDSK�� � 7KLV� ZDV� GH¿QHG� E\�8UTXKDUW� �������� EXW�
unfortunately has not attracted much attention 
among specialists.

7KH� /1*� DOVR� DWWDFKHV� UHJLRQV� RI� LQÀXHQFH�
to pairs of points –just like the Beta-skeletons- but 
adds an extra parameter sigma (ı) to transform the 
shape of such region. This produces two new shapes 
for the extraction of proximity graphs which are 
composed by a combination of circles and lunes, as 
follows:

:KHUH�/XQH�SL��SM��LV�D�UHJLRQ�GH¿QHG�RQ�WKH�
relative neighbourhood principle; G-Circle(pi, pj) 
LV� D� UHJLRQ� GH¿QHG� RQ� WKH� OHDVW� VTXDUH� DGMDFHQF\�
criterion or Gabriel neighbourhood; and x is the 
variable representing those locations in space that 
GH¿QHG�WKH�5�VKDSH�

R1 corresponds to the shape illustrated in 
Figure 11a, while R2 corresponds to the region in 
Figure 11b.

7KH�PDLQ�H̆HFW�RI�DQ\�RI�WKHVH�WZR�VKDSHV�LV�
cutting the resulting graph into several components. 
They isolate the most obvious aggregations of nodes 
within a set. Therefore, LNG is a useful tool to 
detect local morphological traits in a heuristic way, 
complementing any knowledge given by the global 
ones viewed with graphs that are always connected, 
such as RNG and GG. 

As sigma controls the local fragmentation of 
WKH�JUDSK��LW�LV�REYLRXV�WKDW�DSSO\LQJ�GL̆HUHQW�YDOXHV�
RI�VLJPD�SURGXFHV�D�VHTXHQFH�RI�QHVWHG�FOXVWHULQJV�
�8UTXKDUW�������������

8UTXKDUW�SUHVHQWV�HYLGHQFH�WKDW�KLV�KLHUDUFKLF�
strategy is useful as a visual clustering approach. As 
he characterises it: “A visual model of the clustering 
SUREOHP� LV� RQH� LQ� ZKLFK� FOXVWHUV� DUH� GH¿QHG� ������
in a way that relates to human visual perception” 
�8UTXKDUW�������������

Within this framework sigma represents a 
factor of relative edge consistency, from which the 
index of dissimilarity for each clustering can be 
easily calculated: d*=1/s. 

*UDSKV� H[WUDFWHG� ZLWK� GL̆HUHQW� YDOXHV� RI�
VLJPD� ZRXOG� LPPHGLDWHO\� IXO¿O� WKUHH� LPSRUWDQW�
FULWHULD�RI�FOXVWHULQJ��8UTXKDUW������������

•  Connectivity: all points within a cluster ci 
element of C(P) should be connected. This 
means that points belonging to the same cluster 
must be highly connected, while those belonging 
WR�GL̆HUHQW�FOXVWHUV�PXVW�EH�VHSDUDWHG�

• Consistency: for adding a new point t with a set 
of neighbours N(pi), if ci is element of C(P) and 
N(pi)  ci then there exists a cluster c’i element 
of C(P U pi) such that c’i is identical with (ci U 
pi) for some partition of P. That is, if a point is 
recognised as member of a group of neighbours 
at some level, that membership should remain 
along the whole hierarchy containing the same 
group of neighbours.

• Local stability. Inserting a point p in cluster ci 
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VKRXOG�QRW�D̆HFW�FOXVWHU�Fj, when ci ¹ cj.

&RQVHTXHQWO\��WKH�/1*�LV�FDSDEOH�RI�GHWHFWLQJ�D�
much wider range of aggregation patterns than other 
YLVXDO� DSSURDFKHV� �8UTXKDUW� ������ ������ ,Q�)LJXUH�
12 we illustrate the range of cluster types detected by 
this particular method. These include not only well-
separated groups, but also aggregations that exhibit 
local changes in point density, those with a ‘bridge’ 
connecting two subclusters, and points having a 
Gaussian distribution.

7KH� DSSOLFDWLRQ� RI� WKLV� FOXVWHULQJ� WHFKQLTXH�
WR� WKH� $]WHF� R̆HULQJV� VHHNV� WR� GHWHUPLQH�ZKHWKHU�
the caches under study contain clusters constituted 
by the same types of artefacts. If repetitive 
combinations of artefacts were found, then it would 
be reasonable to assume that such regularities 
were intentional. Therefore, they could be regarded 
DV� µV\PEROLF� WKHPHV¶�� 7KH� VLJQL¿FDQFH� RI� WKRVH�
SDWWHUQV�FRXOG�¿QDOO\�EH� LQWHUSUHWHG�ZLWK�HYLGHQFH�
provided by other sources of Aztec symbolism such 
as iconography, as well as historic and ethnographic 
information. Suppose, for example, that we identify 
a cluster formed by four greenstone beads located at 
WKH�FRUQHUV�RI�DQ�LPDJLQDU\�VTXDUH��SOXV�RQH�PRUH�DW�
WKH�FHQWUH�FRPSOHPHQWHG�E\�D�VDFUL¿FLDO�NQLIH��:H�
DVVXPH�WKLV�WR�EH�VLJQL¿FDQW�DQG�WKHUHIRUH�LQYHVWLJDWH�
ZKHWKHU�RWKHU�R̆HULQJV�FRQWDLQ�DUUDQJHPHQWV�ZLWK�
the same combination of artefacts. If the search is 
positive, we refer to the pattern as a symbolic theme.

Such a pattern actually exists. It has been 
IRXQG� LQ� WKH� LQWHJUDWLRQ� FRUH� RI� R̆HULQJ� 8� DQG� LW�
LV� UHSHDWHG� LQ� WZR� R̆HULQJV� QXPEHUHG� DV� ��� DQG�
16a. Some experts -based on iconographic analysis 

of codices, sculptures, ceramics, and documentary 
evidence-, interpret the pattern as a quincunx, the 
PRVW�VFKHPDWLF�UHIHUHQFH�WR�WKH�¿YH�PDMRU�SRLQWV�RI�
the Aztec universe, which includes the four cardinal 
points plus the centre. Furthermore, López Luján 
(1994, 172-192) has found recurrent evidence for 
the association of this arrangement with the god 
Xiuhtecuhtli. It is worth mentioning that sculptures 
of this deity have been found in several caches, 
LQFOXGLQJ�R̆HULQJ�8�LWVHOI��)LJ������

The procedure is perhaps the most simple to 
follow and it is also one of the more useful of the 
RN-Method:

To start, we may choose a beta value of 2. 
This, in addition to some sigma value, would yield 
clusters based on the R1�VKDSH�GH¿QHG�E\�8UTXKDUW�
(1982), illustrated in Figure 11a. Alternatively, we 
may start with ǃ = 1 and any value of sigma, so the 
clusters would be based on the R2 shape (illustrated 
in Figure 11b). A third option, which we found 
SDUWLFXODUO\� XVHIXO� LQ� R̆HULQJ� DQDO\VLV�� LV� WR� EHJLQ�
with a beta value that matches the lower connectivity 
WKUHVKROG��/&7���$V�ZH�GH¿QHG�LW�HDUOLHU��/&7�LV�WKH�
highest beta value before the graph gets split into 
WZR�RU�PRUH�VXE�JUDSKV��,Q�WKH�FDVH�RI�R̆HULQJ�8��
this corresponds to ǃ� �������ZKLOH�LQ�R̆HULQJ����ǃ� �
������DQG�LQ�R̆HULQJ����ǃ� �������6XFK�D�WKUHVKROG�LV�
then combined with any sigma value.

At the same time we have to choose a value 
of sigma. We recommend to apply a whole series of 
YDOXHV�ZLWKLQ�WKH�UDQJH�����ı�� ����)RU�H[DPSOH��ı� �
^�������������������������������������������`��:KDWHYHU�
WKH�¿QDO�FRPELQDWLRQ�RI�EHWD�DQG�VLJPD�YDOXHV��WKH�

Figure 10. Comparison of edge-to-vertex ratio (EVR) 
SUR¿OHV�IURP�RIIHULQJV����DQG����

Figure 9. Comparison of edge-to-vertex ratio (EVR) 
SUR¿OHV�IURP�RIIHULQJV����DQG�8�
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purpose is to produce a family of nested graphs, each 
RQH�UHSUHVHQWLQJ�D�VSHFL¿F�OHYHO�ZLWKLQ�WKH�KLHUDUFKLF�
clustering process. Within this framework, an index 
of dissimilarity can be easily measured for each 
edge, by taking into account how long it remains 
connected to a cluster. This is calculated as follows:

d* = 1/s.

$Q�HGJH�WKDW�GLVDSSHDUV�IURP�WKH�JUDSK�DW�ı� �
0.1, for example, would have a very high dissimilarity 
YDOXH��ZKHUHDV�DQ�HGJH�WKDW�UHPDLQV�SUHVHQW�XQWLO�ı�
reaches a value 0.9 would have low dissimilarity.

In fact, sigma represents a factor of relative 
edge consistency. The level of consistency 
refers to how essential are certain edges for the 
structure of the pattern. Inconsistent edges are 
those that appear joining two clusters that should 
be separated. ‘Inconsistency’ also applied to 
redundant connections, which generally are not 
very meaningful. It is worth mentioning that lower 
sigma values tend to yield more ‘inconsistent’ edges 
than higher sigma values. This means that very few 
FOXVWHUV� DSSHDU� LQ� WKH� JUDSK��PDNLQJ� LW� GL̇FXOW� WR�
YLVXDOLVH� DQ\� VLJQL¿FDQW� DUUDQJHPHQW� RI� DUWHIDFWV��
In contrast, high sigma values yield only the most 
‘consistent’ edges. These represent the strongest, 
more meaningful connections, but would perhaps 

eliminate some other essential edges. Therefore, 
YHU\� KLJK� VLJPD� YDOXHV� PLJKW� EH� LQVẊFLHQW� WR�
reveal interesting patterns. Therefore, we suggest 
H[SORULQJ� HDFK� R̆HULQJ� ZLWK� GL̆HUHQW� EHWD�VLJPD�
values until some pattern emerges. More attention 
should be given to arrangements perceived with 
VLJPD�YDOXHV�HTXDO�WR����������RU������

)RU� WKH� DQDO\VLV� RI� R̆HULQJV� ��� DQG� ��� ZH�
choose the lower connectivity threshold as the value 
RI�EHWD�DQG�NHHS�LW�FRQVWDQW��7KHQ��ZH�WU\�GL̆HUHQW�
YDOXHV�RI�VLJPD��$W�WKH�HQG��WKH�FRPELQDWLRQ�ı� �����
DQG�ǃ� ������ IRU�R̆HULQJ�����DQG�ı� �����DQG�ǃ� �
������IRU�R̆HULQJ����OHG�WR�WKH�LGHQWL¿FDWLRQ�RI�WKH�
following artefact arrangements organized along 
WKH�VDZ¿VK�VQRXW��DOO�RI�ZKLFK�DUH�SUHVHQW� LQ�ERWK�
R̆HULQJV��)LJV����DQG������ � �  

$UUDQJHPHQW�RQH�(Fig. 15):
a) Sceptre deer-head
b) sceptre serpentiform
c) sceptre chicahuaztli
d) obsidian nose-plug.

$UUDQJHPHQW�WZR�(Fig. 16):
a) Human skull
b) Necklace of 7 Oliva shells
c) Copper bells
G��&UDGOH��RQO\�LQ�R̆HULQJ����

$UUDQJHPHQW�WKUHH�(Fig. 17)�
a) Human skull
E��6DFUL¿FLDO�NQLIH

Table 1. Categories of artefacts found in Offering 22 and 
2IIHULQJ� ����1RWLFH� WKH� VLPLODULWLHV� LQ� WKH� TXDQWLW\� DQG�
type of objects, as well as the similar spatial layout (see 
Figures 8 and 9).

Figure 11�� 7KH� UHJLRQV� RI� LQÀXHQFH� WKDW� SURGXFH�
/LPLWHG�1HLJKERXUKRRG�*UDSKV���D��6KDSH�5���D�OLPLWHG�
QHLJKERXUKRRG�GHULYHG�IURP�WKH�51�OXQH���E��VKDSH�5���
D�OLPLWHG�QHLJKERXUKRRG�GHULYHG�IURP�WKH�*DEULHO�FLUFOH�
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c) Two oyohualli pendants

$UUDQJHPHQW�IRXU�
a) Several turtles
b) Several mother-of-pearl shells
c) Xancus shells
G��6HD�XUFKLQV��RQO\�LQ�R̆HULQJ����

$UUDQJHPHQW�¿YH��Fig. 18)�
D��3RW�ZLWK�KXPDQ�ḢJ\
b) Either turtle shell or mother-of-pearl   

  shell

Once the patterns have been found, the analysis 
proceeds with an examination of iconographic and 
documentary sources (codices, historic texts, etc.) 
in order to decipher their meaning. In previous 
ZRUNV�� ZH� R̆HUHG� D� GHWDLOHG� LQWHUSUHWDWLRQ� RI� WKH�
above arrangements highlighting the importance 
RI�WKH�VDZ¿VK�VQRXW�DV�D�PHWDSKRU�RI�WKH�HDUWK�DQG�
explaining the symbolism of each combination of 
DUWHIDFWV��-LPHQH]�%DGLOOR�����������������������

Due to limitations of space, we exemplify this 
step only with regard to Arrangement 2. The human 
skull belongs to a child who was subject to a rite of 
beheading. This practice was very common in sowing 
DQG�KDUYHVWLQJ�ULWHV� WKDW�HPXODWHG�GL̆HUHQW�VWDJHV�
of maize growth. Those known as Ochpaniztli, Tititl, 
and Huey Tecuilhuitl - each lasting twenty days, were 
SHUIRUPHG� HYHU\� \HDU� WR� PDUN� GL̆HUHQW� SKDVHV� RI�
the agricultural cycle and included the decapitation 
RI� WHHQDJH� JLUOV� WKDW� SHUVRQL¿HG� HDUWK�� ZDWHU� DQG�
maize deities (Graulich 1999���������� ����������
Huey Teculhuitl was especially important because 
FRLQFLGHG�ZLWK�WKH�DUULYDO�RI�FRUQ�LQ�FXOWLYDWHG�¿HOGV��
At that time, a young girl was dressed with the attire 
of the goddess Xilonen, which included a necklace 
of seven gold pendants with corncob shape. We 
EHOLHYH� WKDW� WKH� VHYHQ� VKHOOV� IRXQG� LQ� R̆HULQJV� ���
and 58 were alternative symbols of corncobs or 
VHHGV�� ;LORQHQ� SHUVRQL¿HG� D� µWHQGHU� FRUQFRE¶� DQG�
by dressing like the goddess the girl was supposed 
WR�DFTXLUH�KHU�JHUPLQDWLRQ�SRZHUV�� LQ�RWKHU�ZRUGV�
she became a sacred “seed”. At a certain point of the 
rite, the girl’s heart was extracted and her throat cut 
ZLWK�WKH�VQRXW�RI�D�VDZ¿VK��2QO\�DIWHU�WKH�JLUO�ZDV�
killed the common people were allowed to harvest 

and consume earth’s new produce (Durán 1967, 125-
�����6DKDJ~Q����������).  

7KH� FHUHPRQ\� IXO¿OOHG� WKH� JRGGHVV� UHTXHVW�
for devolving germination powers to earth in order 
WR� UHQHZ� WKH� DJULFXOWXUDO� F\FOH�� 7KLV� UHTXHVW� LV�
described in the myth of Cipactli, the earth monster 
WKDW� H[SOLFLWO\� GHPDQGHG� VDFUL¿FHV� DQG� EORRG�
R̆HULQJV� IURP� PDQNLQG� DV� UHVWLWXWLRQ� IRU� WKH� OLIH�
that she would provide on earth. Interestingly, the 
VQRXW� RI� WKH� VDZ¿VK� ZDV� FDOOHG� acipactli, which 
WUDQVODWHV�DV�µWRRO�IRU�VDFUL¿FH¶�

,W� LV� SUHFLVHO\� LQ� WKH� FRQWH[W� RI� VDFUL¿FH� WR�
mother-earth goddesses where we can situate the 
PHDQLQJ�RI�WKH�FUDGOH�PRGHOV�IRXQG�LQ�R̆HULQJV����
DQG�����'XUiQ�����������������JLYHV�LQWHUHVWLQJ�FOXHV�
while describing the ceremonies held during Huey 
Tecuilhuitl. He mentions a curious ritual performed 
every time that Cihuacoatl-Quilaztli have spent more 
WKDQ�HLJKW�GD\V�ZLWKRXW�UHFHLYLQJ�KXPDQ�VDFUL¿FHV��
,Q�WKRVH�RFFDVLRQV��KHU�SULHVWV�SXW�D�VDFUL¿FLDO�NQLIH�
within a cradle and had a woman carried it to the 
PDUNHW��7KHUH��VKH�UHTXHVWHG�D�VDOHVZRPDQ�WR�ORRN�
after the cradle promising to return soon. After 
several hours of waiting, the saleswoman discovered 
that the cradle contained only a knife and from this 
she deduced that the goddess had visited the market 
to show her hunger and to reprimand human beings 
IRU�WKH�ODFN�RI�VDFUL¿FH��7KH�FRQFHSW�RI�VDFUL¿FH�ZLWK�
the purpose to obtain new life was so embedded 
in Aztec mentality, that the whole existence was 
conceived as a cyclic process of life-death-life (i.e. 
as opposed to a linear one). In this mindset, the idea 

Figure 12��'LIIHUHQW�NLQGV�RI�FOXVWHUV�WKDW�FDQ�EH�SURSHUO\�
LGHQWL¿HG�E\�DSSO\LQJ�WKH�OLPLWHG�QHLJKERXUKRRG�FRQFHSW��
�D��YDULDEOH�GHQVLW\���E��*DXVVLDQ���F��OLQHDU�
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of devolving vital forces to earth was accepted as a 
necessary act of preservation for the entire cosmos.

6. &RQFOXVLRQV

We conclude this paper by highlighting the 
criteria that justify the adoption of proximity graphs 
in the analysis of spatial symbolic contexts:

1. The representation of artefact relations in 
the form of graphs provides a good foundation to 
DQDO\]H�DUFKDHRORJLFDO�FRQWH[WV�ERWK�TXDQWLWDWLYHO\�
and in a visual way. 

2. The proximity graphs described in this 
paper make possible the discovery of connectivity 
patterns without making any a priori assumption 
about the morphological features that would 
eventually emerge from the point set under study.

���%RWK�51*�DQG�**�VDWLVI\� WKH�FRQGLWLRQ�RI�
EHLQJ�XQLTXH��7KDW�PHDQV�WKDW�WZR�RU�PRUH�GL̆HUHQW�
patterns can be compared in order to determine 
how similar they are with respect to each other. As 
Kirkpatrick and Radke (1985, 218) say: “On one 
hand, we might like to know if two or more input 
sets have the same or similar forms. Alternately, we 
PLJKW�LQTXLUH�ZKHWKHU�WKH�IRUP�RI�D�VLQJOH�LQSXW�VHW�
is regular or homogeneous, and if not, isolate the 
irregularities or homogeneous components.”

4. The adoption of Beta-skeletons and Limited 
1HLJKERXUKRRG�*UDSKV�EULQJV�DGGLWLRQDO�EHQH¿WV�WR�
the method:

�D�� %HWD�VNHOHWRQV� DOORZ� LGHQWL¿FDWLRQ� RI� WKH�
most strong and consistent morphological features 
in the point set by highlighting those groups of nodes 
whose connections remain constant throughout 
FKDQJHV�LQ�WKH�UHJLRQ�RI�LQÀXHQFH��

Figure 14�� 7KH� ¿YH� DUWHIDFW� DUUDQJHPHQWV� IRXQG� LQ�
Offering 58 through the application of the limited 
neighbourhood concept. These arrangements coincide 
ZLWK�WKRVH�IRXQG�LQ�2IIHULQJ���������'HHU�KHDG�VFHSWUH��
VHUSHQWLIRUP�VFHSWUH��FKLFDKXD]WOL�VFHSWUH��DQG�QRVH�SOXJ��
(2) human skull, necklace of seven shells (Oliva sp), and 
FRSSHU�EHOOV������$QRWKHU�KXPDQ�VNXOO��VDFUL¿FLDO�NQLIH��
DQG� WZR� R\RKXDOOL� SHQGDQWV�� ���� ;DQFXV� VKHOOV�� FRQFK�
VKHOOV��WXUWOH�VKHOOV�DQG�VHD�XUFKLQV������SRW�SRUWUD\LQJ�DQ�
XQLGHQWL¿HG�GHLW\�DQG�WXUWOH��RIIHULQJ������RU�FRQFK�VKHOO�
(offering 58). The cradle appears linked to shells.

Figure 13�� 7KH� ¿YH� DUWLIDFW� DUUDQJHPHQWV� IRXQG� LQ�
Offering 22 through the application of the limited 
neighbourhood concept. These arrangements coincide 
ZLWK�WKRVH�IRXQG�LQ�2IIHULQJ�����7KH�QXPEHUV�LGHQWL¿HG�
HDFK�SDWWHUQ������'HHU�KHDG�VFHSWUH��VHUSHQWLIRUP�VFHSWUH��
FKLFDKXD]WOL� VFHSWUH�� DQG� QRVH�SOXJ�� ���� KXPDQ� VNXOO��
QHFNODFH�RI�VHYHQ�VKHOOV��2OLYD�VS���DQG�FRSSHU�EHOOV������
$QRWKHU�KXPDQ�VNXOO��VDFUL¿FLDO�NQLIH��DQG�WZR�R\RKXDOOL�
SHQGDQWV�� ���� ;DQFXV� VKHOOV�� FRQFK�VKHOOV�� WXUWOH� VKHOOV�
DQG�VHD�XUFKLQV������SRW�SRUWUD\LQJ�DQ�XQLGHQWL¿HG�GHLW\�
and turtle (offering 22), or conch-shell (offering 58). The 
cradle appears linked to this pattern in offering 22, while 
in offering 58 it is associated to shells.
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(b) Limited Neighbourhood Graphs on the 
RWKHU� KDQG�� UHYHDO� GL̆HUHQW� SRVVLELOLWLHV� RI� KRZ�
the objects might be symbolically linked, attaching 
dissimilarity measure to the point connections. 

(c) Together, Beta-skeletons and Limited 
Neighbourhood Graphs make the procedure suitable 
for exploratory spatial analysis.

(d) Finally, they provide a formal way to 
FRPSDUH�V\VWHPV�DFURVV�GL̆HUHQW�OHYHOV��RI�UHODWLYH�
proximity.
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1. Introduction

In this paper, we present spatial analysis with 
the R-INLA software using a set of radiocarbon dates 
and a dataset from Typical Comb Ware (TCW) from 
the Finnish National Archaeological Database. The 
data is the same as used previously by Kammonen 
et al. (2012) in spatial analysis with MCMC methods 
of the WinBUGS software. The results are compared 
with those of the previous approach. In addition, 
performance of the R-INLA software is assessed 
with a simple benchmark test in laptop computer 
environment.

1.1 Archaeological background

During recent years, the archaeological record 
of eastern Fennoscandia, especially the territory 
of Finland and ceded Karelia (Fig. 1), has faced 
increased research activity on both sides of the 
border. Ceded Karelia refers to the region southeast 
of the current borders of Finland, which was part 
&RUUHVSRQGLQJ�DXWKRU��MXKDQD�NDPPRQHQ#KHOVLQNL�¿

of the country before Moscow Armistice in 1944. 
Due to post-World War II standstill, most of the 
Karelian Isthmus remained only fractionally studied 
until the collapse of Soviet Union. Due to several 
Fenno-Russian joint research projects the Stone 
Age research in northern part of Karelian Isthmus 
KDV� QRZ� EHHQ� LQWHQVL¿HG� �VHH� H�J�� /DYHQWR� ������
1RUGTYLVW�HW�DO��������6HLWVRQHQ�HW�DO��������

The archaeological records from all of 
the excavations conducted in Finland have 
been documented in the Registry of Ancient 
Monuments, a national database of the National 
Board of Antiquities (http://kulttuuriymparisto.
nba.fi/netsovellus/rekisteriportaali/mjreki/read/
asp/r_default.aspx). This database is currently 
being updated and digitized to enable extensive 
use of data analysis. The augmentation is done in 
our multidisciplinary research project Argeopop 
(http://www.helsinki.fi/bioscience/argeopop). 
5DGLRFDUERQ� GDWLQJ� RI� WKH� DUFKDHRORJLFDO� ¿QGV� LQ�
the database is an ongoing process.  At its present 
state the database already allows for spatial, and in 
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the future, also spatiotemporal analysis of the data.

 Based on archaeological studies, eastern 
)HQQRVFDQGLD� LV� EHOLHYHG� WR� KDYH� UHFHLYHG� LWV� ¿UVW�
inhabitants from the south, southeast and east 
in prehistory. The human occupation in the area 
begins at approximately 9,000 years cal BCE, 
immediately after the retreat of glacial ice of the 
9LVWXOD� ,FH� $JH�� :KHQ� WKH� ¿UVW� VHWWOHUV� DUULYHG��
vast areas that are located on dry land today were 
underwater, especially on the western coast of the 
region. From a small founder population and very 
OLNHO\� WKURXJK� D� VHULHV� RI� IRXQGHU� H̆HFWV� �6XQGHOO�
et al. in press), there was a period of population 
growth and a temporary population maximum 
around 4000-3500 cal BCE (Tallavaara et al. 
2010). The population peak period coincides with a 
local maximum in mean temperatures, which may 
have made living conditions more pleasant. The 
population peak period is followed by a distinct 
weakening in the archaeological signal (Tallavaara 
et al. 2010). This is indicative that after the peak 
period, the population in the area has gone through 
a severe decline but has eventually recovered – 
without being replaced. This kind of demographic 
event is called a population bottleneck and is 
assumed to explain some peculiar components of 
WKH�JHQHWLF�SUR¿OH�RI�SUHVHQW�GD\�)LQQV�(Sajantila et 
DO��������.LWWOHV�HW�DO���������3RSXODWLRQ�ERWWOHQHFNV�
DQG� WKHLU� H̆HFW� RQ� JHQHWLF� GLYHUVLW\� KDYH� EHHQ�
extensively studied with population genetic analyses 
and computer simulation methods (e.g. Sundell et 
DO��������6XQGHOO�HW�DO��LQ�SUHVV��9DOWRQHQ�HW�DO��������

$� VSDWLDOO\� ORFDWHG� DUFKDHRORJLFDO� ¿QG� LV� D�
distinct sign of previous human activity in that 
location, a self-evident fact that from the viewpoint 
of this paper validates the concept of archaeological 
signal in our analysis. Consequently, studying 
WKH� GLVWULEXWLRQ� RI� ¿QGV� RQ� D� ODUJHU� JHRJUDSKLFDO�
DUHD� IRU� GL̆HUHQW� WLPH� SHULRGV� LV� OLNHO\� WR� SURYLGH�
FOXHV�RI�GL̆HUHQWLDO�KXPDQ�DFWLYLW\� LQ� WKH�DUHD��$V�
the radiocarbon dated artefacts of the National 
Archaeological Database have a record of the 
VSDWLDO� ORFDWLRQ� RI� WKH� ¿QG�� WKH� GDWDVHW� LV� PRVW�
suitable for spatial and spatiotemporal analysis. In 
addition to radiocarbon dating, it is possible to date 
archaeological artefacts typologically, which is the 
case with the Typical Comb Ware (TCW) dataset of 
����¿QGV�IURP�WKH�VWXG\�DUHD��7KLV�FHUDPLF�VW\OH�LV�
associated with the hunter-gatherers that are known 

to have been living in the area around 4000-3500 
cal BCE, the temporal span for the radiocarbon 
dataset used in this study.

1.2. Computational and statistical issues 

Latent Gaussian models are a popular 
DQG� ÀH[LEOH� FODVV� RI� PRGHOV�� +RZHYHU�� %D\HVLDQ�
inference for these models has proved very time 
consuming. This is usually due to overwhelmingly 
multidimensional posterior probability distributions 
of the response variables. Recently, Rue, Martino 
and Chopin (2009) have introduced the Integrated 
Nested Laplace Approximation (INLA) method for 
deterministic fast approximate inference. INLA 
provides a way to approximate posterior marginal 
distributions of non-Gaussian response variables 
frequently encountered in Bayesian computing.

The INLA method was designed to provide 
fast inference for a large class of practical Bayesian 
problems (Simpson et al. 2011). The R-INLA package 
works through an R (http://www.r-project.com) 
interface to the INLA program. The INLA program 
itself is written in C. The syntax for the R-INLA 
package is based on the inbuilt Generalized Linear 
Model (glm) function in R. The R-INLA package is 
available at http://www.r-inla.org

Finally, R-INLA has been extended to include 
models with data from various sources. Individual 

Figure 1. Reference map showing the location of Finland 
(black) and ceded Karelia (dark grey) in Northern 
Europe.
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OLNHOLKRRG�IXQFWLRQV�UHTXLUHG�E\�WKH�GL̆HUHQW�VHWV�RI�
data can be programmed in R-INLA by reformatting 
the data into a matrix where the number of columns 
is equal to the number of likelihoods.

2. Materials and Methods

Following the initial settings of our previous 
approach (Kammonen et al. 2012) Finland and ceded 
.DUHOLD�ZHUH�¿UVW�GLYLGHG�LQWR�D�JULG�RI���NP�WR���NP�
square cells. The division results in a total of 3997 
cells. Initially, each cell were given an integer value 
�� LI� WKHUH�ZHUH�QR�DUFKDHRORJLFDO�¿QGV� LQ� WKLV�FHOO��
DQG���LI�WKHUH�ZHUH�RQH�RU�PRUH�DUFKDHRORJLFDO�¿QGV�
(Fig. 2). The grid is contiguous, as to say that every 
cell has at least one neighbour and the grid doesn’t 
contain any isolated components. The grid was not 
FRQ¿JXUHG�WR�DFFRXQW�IRU�JHRJUDSKLFDO�IDFWRUV�VXFK�
as lakes, rivers, hills and sea shore. Thus, the only 
boundaries of the grid are the actual spatial limits of 
the grid which correspond roughly to the land area 
of Finland and ceded Karelia (Fig. 2).

We employed the Besag-York-Mollie (BYM) 
model inbuilt in R-INLA. The BYM-model is based 
RQ� LPDJH� DQDO\VLV� �%HVDJ� ������ DQG� DVVXPHV�
similarity of neighbouring areas in geospatial 
applications. The value of response variable pi , 
which corresponds to the posterior probability of 

PDNLQJ�DW�OHDVW�RQH�DUFKDHRORJLFDO�¿QG�LQ�FHOO i , was 
achieved via a logit link:

logit(pi) = Į0 + Ǌi  (1)

in which Į0 is the general probability of making 
DQ� DUFKDHRORJLFDO� ¿QG� DQ\ZKHUH� LQ� WKH� VWXG\� DUHD�
and Ǌi�LV�WKH�ORFDO�VSDWLDO�H̆HFW�LQ�FHOO�i. Ǌi was given 
an improper conditional autoregressive (CAR) prior 
GLVWULEXWLRQ�� 3RVWHULRU� GLVWULEXWLRQV� ZHUH� WKHQ�
produced according to Bayesian framework and 
based on archaeological data.

To compare the results of the INLA approach 
with those of Kammonen et al. 2012, we used 
WKH� H[DFWO\� VDPH� UDGLRFDUERQ� GDWDVHW� ����� GDWHV�
from 4000-3500 cal BCE) and the Typical Comb 
:DUH� GDWDVHW� RI� ���� ¿QGV�� $OVR� WKH� VWXG\� DUHD� LV�
exactly the same. We also ran a series of test runs 
in a simple laptop computer environment (1.6 
*+]� $0'� SURFHVVRU� ZLWK� �� JLJDE\WHV� RI� 5DQGRP�
Access Memory). The aim of this was to assess the 
performance of the software.

The results were visualized with the graphics 
PHWKRGV�RI�WKH�5�LQWHUIDFH�DV�ZHOO�DV�3LWQH\�%RZHV¶�
Business Insights (http://www.pbinsight.com) 
MapInfo 10.0. Geographical details such as rivers, 
lakes, country borders and an estimate of the Baltic 
Sea shoreline were added for illustration purposes 
and are identical to those used in Kammonen et al. 
2012.

3. Results

The built-in BYM-model of R-INLA presents 
WKH�XVHU�ZLWK�D�FRPSOHWHO\�GL̆HUHQW� LQWHUIDFH� WKDQ�
the previous MCMC approach. Instead of the 
R/Splus-like syntax of the WinBUGS language 
(Lunn et al. 2000), model descriptions in R-INLA 
DUH� LPSOHPHQWHG� E\� GH¿QLQJ� IRUPXODH� LQ� WKH� 5�
programming environment. These formulae are 
then passed to the inla()-function of the software 
that performs the actual approximations. Assigning 
prior probability distributions and initial values to 
hyperparameters is largely built-in, but allows for 
very smooth exchange between priors and latent 
model families.

The comparison between the MCMC approach 
of Kammonen et al. 2012 and the INLA approach is 

Figure 2. Finland and ceded Karelia divided into a grid 
of 3997 squares. Each square covers an area of 10 km to 
10 km. Red dots mark the locations (on 10 km to 10 km 
VFDOH��RI�UDGLRFDUERQ�GDWHG�¿QGV������������FDO�%&(��
of the National Archaeological Database. For full colour 
pictures please see the online versions of the proceedings.
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presented below (Figs. 3 and 4) The results for the 
test runs to assess the performance of the R-INLA 
software are in Table 1.

4. Discussion and Conclusions

The posterior mean maps (Figs. 3 and 4) 
outline an apparent congruence between the 
UHVXOWV� RI� WKH�0&0&� DSSURDFK� �)LJ�� �� OHIW�� )LJ�� ��
OHIW��DQG�UHVXOWV�RI�WKH�,1/$�DSSURDFK��)LJ����ULJKW��
Fig. 4 right). The probability (1) achieved through 
the response variable pi with the INLA approach 
highlights the same geospatial areas as the response 
variable of the MCMC approach. This is especially 
HYLGHQW�LQ�WKH�DQDO\VLV�XVLQJ�7&:�FHUDPLF�¿QGV�DV�
data, where areas with higher posterior probability 
DQG� WKH� UDQJH� RI� WKH� VSDWLDO� H̆HFWV� DUH� DOO� EXW�
identical (green-yellow-red colour scale in Fig. 4).

In addition, the INLA approach proved 
computationally faster (Table 1) and less memory 
consuming. We could even run the model with 1km 
to 1km grid cell size in a reasonable time, something 
that could not be done even in supercomputer 
environment with the MCMC approach (Table 
1, bottom row). Evidently, R-INLA is a very 

ḢFLHQW�SLHFH�RI�VRIWZDUH�IRU�VSDWLDO�DQDO\VLV�XVLQJ�
GL̆HUHQWLDO�GDWDVHWV�ZLWK�LUUHJXODU�VSDWLDO�ODWWLFHV�

As expected, the inbuilt BYM-model of 
R-INLA works similarly than that presented in the 
earlier MCMC approach (Kammonen et al. 2012), 
PHDQLQJ�WKDW�D�VSDWLDOO\�ORFDWHG�DUFKDHRORJLFDO�¿QG�
results in an archaeological signal in the location. 
The similarity assumption of neighbouring areas 
in the BYM-model then accordingly propagates 
this signal to adjacent cells, which is disclosed by 
the elevated posterior probability in those areas. 
The main setback with the BYM-model is that the 
response variable pi has an improper CAR-prior 
distribution, meaning that a closed form for the 
probability density function does not exist. This is 
exactly where the computational problems of the 
approach arise - especially with models that are 
more complicated than presented in this case study. 
An obvious mathematical solution to this kind of 
problem would be to approximate the probability 
GHQVLW\�IXQFWLRQ�DQG�WKH�,1/$�DSSURDFK�R̆HUV�D�IDVW�
and reliable way to do this.

The results of the INLA approach are relatively 
compatible with the results produced with the 

Grid cell size TMCMC TINLA

20 km to 20 km 1200 sec 26 sec

10 km to 10 km 3600 sec 270 sec

1 km to 1 km - �����VHF

Table 1. Comparison of average computing times (T) 
between the MCMC approach of Kammonen et al. 2012 
(TMCMC) and computing times with the corresponding 
PRGHO�LQ�5�,1/$��7,1/$).

Figure 3. Results (posterior mean values) of the spatial 
DQDO\VLV� RI� UDGLRFDUERQ� GDWHV� IURP� SHULRG� ����������
FDO�%&(� IURP�.DPPRQHQ�et al. 2012 (on the left)  and 
WKH� FRUUHVSRQGLQJ� UHVXOWV� ZLWK� WKH� ,1/$� DSSURDFK� �RQ�
the right). For full colour pictures please see the online 
versions of the proceedings.

Figure 4. Results (posterior mean values) of the spatial 
DQDO\VLV� RI� 7\SLFDO� &RPE� :DUH� �7&:�� ¿QGV� IURP�
Kammonen et al. 2012 (on the left) and the corresponding 
UHVXOWV�ZLWK� WKH� ,1/$�DSSURDFK� �RQ� WKH� ULJKW���For full 
colour pictures please see the online versions of the 
proceedings.
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methods in our previous approach (Kammonen 
HW� DO�� ������ GHVSLWH� WKH� DSSDUHQW� GL̆HUHQFHV� LQ�
the scale of the posterior means (green-yellow-
red colouring in Figs. 3 and 4). With the help of 
5�,1/$�ZH�KDYH�UH¿QHG�RXU�PHWKRGRORJ\�RI�VSDWLDO�
analysis of archaeological data to the point where 
extensions into the spatiotemporal domain become 
feasible. In future, a set of guidelines (“a toolbox”) 
IRU�¿WWLQJ�YDULRXV� VSDWLRWHPSRUDO�PRGHOV� �,OOLDQ�HW�
al. submitted) should be used to enable lightweight 
DQG�V\VWHPDWLF�H[FKDQJH�EHWZHHQ�GL̆HUHQW�PRGHOV�

To enable spatiotemporal extensions of the 
PHWKRGRORJ\��RXU�DLP�LV�WR�¿UVW�SKDVH�LQ�D�3RLVVRQ�
SRLQW� SURFHVV� PRGHO�� 3RLVVRQ� SRLQW� SURFHVVHV� DUH�
a type of a random process and are well studied 
objects in probability theory. A thorough discussion 
of the basic theory is given in Daley and Vere-Jones 
��������2Q�RQH�KDQG��3RLVVRQ�SURFHVV�LV�D�VWRFKDVWLF�
process which calculates the number of objects and 
the time that these objects occur in a given time 
interval. The number of events in disjoint intervals 
LV� LQGHSHQGHQW�DQG�KDV�D�3RLVVRQ�GLVWULEXWLRQ��2Q�
WKH� RWKHU� KDQG�� 3RLVVRQ� SRLQW� SURFHVV� PHDQV� WKH�
DSSOLFDWLRQ� RI� D� 3RLVVRQ�SURFHVV� LQWR� D� VSDFH�ZLWK�
2 (or more) dimensions. As spatiotemporal models, 
they are most feasible in exploring archaeological 
research questions often concerning both space and 
time.

Spatiotemporal modelling is a hot topic in 
FRPSXWHU�DLGHG� DUFKDHRORJ\�� +DYLQJ� D� V\VWHPDWLF�
PHWKRG� WR� SURGXFH� DQG� UH¿QH� VSDWLRWHPSRUDO�
models is attractive as new data becomes available 
for free use in the form of location information and 
enormous GIS databases. Eventually phasing in a 
3RLVVRQ�SRLQW�SURFHVV�PRGHO�DQG�ODWHU�DQ�HYHQ�PRUH�
VXLWDEOH�&R[�SURFHVV�PRGHO�LV�WKH�¿UVW�VWHS�LQ�DFWXDO�
spatiotemporal analysis of archaeological data from 
eastern Fennoscandia.
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Abstract:
0HGLHYDO� DQG� PRGHUQ� ¿VFDO� GRFXPHQWV� SURYLGH� YDOXDEOH� LQIRUPDWLRQ� DERXW� WKH� VSDWLDO� RUJDQL]DWLRQ�
RI� WKH�FRXQWU\VLGH��7KH\�XVXDOO\�GHVFULEH�HDFK�SORW�� LQGLFDWLQJ� WKH�RZQHU¶V�QDPH�� WKH�VXUIDFH�DUHD�� WKH�
ODQG�XVH��WKH�QHLJKERXUV��DQG�WKH�ORFDWLRQ��7KHVH�OLVWV��ZKLFK�FRQWDLQ�KXQGUHGV�RI�SORWV�ZLWK�WKHLU�UHODWLYH�
ORFDWLRQ��KDYH�JUHDW�SRWHQWLDO�IRU�DQDO\]LQJ�WKH�VSDWLDO�SDWWHUQ�RI�YLOODJH�WHUULWRULHV�DQG�WKH�HYROXWLRQ�RI�
WKH�ODQGVFDSH��HVSHFLDOO\�ZKHQ�WKHUH�LV�D�VHULHV�RI�VXFFHVVLYH�GRFXPHQWV�IRU�WKH�VDPH�WHUULWRU\��DV�LV�RIWHQ�
WKH�FDVH��1HYHUWKHOHVV��WKH\�KDYH�EHHQ�GUDPDWLFDOO\�XQGHU�H[SORLWHG�EHFDXVH�LW�LV�GL̇FXOW�WR�UHFRQVWUXFW�
WKH� ODQGVFDSH� IURP�¿HOGERRNV�ZLWKRXW�PDSV�±�DQG�¿HOG�PDSV� LQ�)UDQFH�RQO\�DSSHDUHG� LQ� WKH� ��th���th 
FHQWXULHV��7R�RYHUFRPH�WKLV�GL̇FXOW\��ZH�SURSRVH�D�PRGHO�RI�SORWV�GHVFULEHG�LQ�¿VFDO�GRFXPHQWV�EDVHG�
RQ�WKH�XVH�RI�JUDSK�WKHRU\��7KH�PDLQ�LGHD�LV�WR�WDNH�VSDWLDO�LQIRUPDWLRQ�IURP�UHJLVWHUV�DQG�IRUPHU�SORW�
SODQV�DQG�WUDQVIRUP�LW�LQWR�JUDSKV��7KH�WUDQVODWLRQ�RI�VSDWLDO�GDWD�LQWR�JUDSKV�VKRXOG�DOORZ�D�EULGJH�WR�
EH�FUHDWHG�EHWZHHQ�PDSSHG�DQG�XQPDSSHG�KLVWRULFDO�GRFXPHQWV��2Q�WKHVH�JUDSKV��HDFK�SORW�FRUUHVSRQGV�
WR� D� YHUWH[� DQG� HDFK� QHLJKERXUKRRG� UHODWLRQVKLS� �DGMDFHQF\�� �� YLVLEOH� RQ� D� SODQ� RU� GHVFULEHG� LQ� WKH�
GRFXPHQWV�DV�D�QHLJKERXU���WR�DQ�HGJH��7KH�ZRUN�LV�FDUULHG�RXW�XVLQJ�WZR�FRPSOHPHQWDU\�DSSURDFKHV��WKH�
¿UVW�IRFXVHV�RQ�HVWDEOLVKLQJ�D�GDWDEDVH�GHDOLQJ�ZLWK�UHFRUGV�ZLWKRXW�PDSV��7KH�VHFRQG�H[WUDFWV�WKH�JUDSK�
IURP�IRUPHU�SORW�SODQV�LQ�D�*HRJUDSKLF�,QIRUPDWLRQ�6\VWHP��7KH�JRDO�LV�WR�PDWFK�WKH�JUDSKV�SURGXFHG�E\�
WKHVH�WZR�DSSURDFKHV�LQ�RUGHU�WR�DQDO\]H�VSDWLDO�FKDQJHV�E\�FRPSDULQJ�WKH�JUDSKV��ZKLFK�LV�QRW�SRVVLEOH�
IURP�SODQV�RU�UHJLVWHUV�DORQH��)LUVW��WKH�SURWRFRO�WR�WUDQVIRUP�SORW�SODQV�LQWR�JUDSKV�LQ�WKH�*,6�ZLOO�EH�
GHYHORSHG��6HFRQGO\��ZH�ZLOO� FRQVLGHU� WKH�SRVVLELOLWLHV�RI� FRPSDULQJ� WZR�JUDSKV�FRUUHVSRQGLQJ� WR� WZR�
VXFFHVVLYH�VWDWHV�LQ�WKH�*,6�
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Among all the documents available to historians 
and archaeologists to reconstruct the dynamics of 
land use during mediaeval and modern times (13th-
18th centuries), there is a category of sources that is 
particularly rich in spatial organization data, namely 
land registers including terriers� �¿HOGERRNV�� DQG�
cadastres, commonly called “FRPSRL[” in the south 
of France. For France alone, there are several tens of 
WKRXVDQGV�RI�¿VFDO�UHJLVWHUV�SULRU�WR�WKH���th century, 
WKH� ROGHVW� JRLQJ� EDFN� WR� WKH� ��th century. These 
documents, drawn up for the purpose of levying 
taxes on land ownership (private for the terriers, 
public for the cadastres), are generally in the form 
of registers, the most recent documents sometimes 
including plans, and they can be considered as the 
forerunners of present-day cadastres. This type of 
source, found in France and throughout Europe, 
provides a wealth of high quality information, its 
main interest lying in the form of the register, namely 
the list of names and lands, together with a large 
number of details, notably the amount of dues to be 
paid (“allivrement” in the cadastre or “FRPSRL[”). 
The standardized registration of these long series 
�RIWHQ� PRUH� WKDQ� VHYHUDO� WKRXVDQG� LWHPV�� PDNHV�
the use of analysis tools, particularly statistics, 
particularly apt. Above all, the documents give not 
only the name and profession of the landowner, but 
also sometimes the name of the farmer and often 
the surface area, land use (arable land, vineyard, 
meadow, game preserve, woodland, house, etc.), 
location through microtoponyms, the names of the 
RZQHUV� RI� DGMDFHQW� SORWV� �NQRZQ� DV� ³confronts”), 
HWF��� PDNLQJ� LW� SRVVLEOH� WR� VLWXDWH� WKH� SORWV� LQ�
relation to each other within a territory, with the 
help of a terrier if there is one, or of the Napoleonic 
cadastre. Various historical issues regarding land 
organization (landscape structures, distribution of 
land use, property and farm organization, etc.) can 
thus be addressed. 

$OWKRXJK� WKHVH�PHGLDHYDO� DQG�PRGHUQ� ¿VFDO�
documents provide a wealth of spatial information, 
with whole areas described in detail, plot by plot, 
and at successive periods, historians are never 
able to correlate this spatial information over long 
periods of time, which would enable them to identify 
WKH� G\QDPLFV� RI� UHRUJDQL]DWLRQ�� 7KLV� GL̇FXOW\� LV�
increased by the absence of plot plans (with a few 
exceptions) prior to the 17th-18th centuries. The 
researcher thus has to put together the pieces of 
a puzzle using topographic and microtoponymic 

details, and particularly references to neighbouring 
plots (confronts��� 7KLV� ZRUN�� ZKLFK� LV� ORQJ� DQG�
IDVWLGLRXV��LV�GL̇FXOW�GXH�WR�JDSV�LQ�WKH�LQIRUPDWLRQ�
(e.g. neighbouring plots that are not described), 
ambiguities (e.g. the names of neighbours), and 
errors. It is however conceivable to reconstruct the 
land divisions of a restricted area, but in no case for 
the whole of a rural area. Historians de facto use 
essentially recent documents from the time that 
SODQV�ZHUH� DYDLODEOH��7KH� ODFN� RI� DQ\� FDUWRJUDSKLF�
referent complicates the use and processing of the 
whole information, and particularly the possibility 
of observing changes in the plot plan from one state 
to another in order to gain a better understanding 
of spatial dynamics. Thus, processing the spatial 
information in the terriers and FRPSRL[ generally 
UHPDLQV�OLPLWHG�WR�RQH�R̆�LQLWLDWLYHV��XVLQJ�³KRPH�
made” solutions with little emphasis on the dynamic 
character (Claveirole and Pélaquier 2001; Brunel et 
DO�� ������� 7KH� ����� FRQIHUHQFH� LQ�5RPH� �%LJHW� HW�
DO��������SURYLGHG�D�JURXQG�EUHDNLQJ�DQG�HVVHQWLDO�
way forward for research in this area. It raised 
issues that still exist today, highlighting the need 
to create a tool capable of managing the mass of 
spatial data in mediaeval urban cadastres. An article 
written at that time even considered the possibility 
of using a mathematical object, graphs, to speed up 
the process of reconstituting mediaeval urban plot 
divisions from “FRPSRL[´� �0RQWSLHG� DQG� 5RXDXOW�
������� 7KLV� SURMHFW� ZDV� ¿UVW� GLVFXVVHG� LQ� D� VKRUW�
article in the journal /H�PpGLpYLVWH�HW� O¶RUGLQDWHXU 
�0RQWSLHG� DQG� 5RXDXOW� ������� 7KH� SURSRVHG�
experiment was essentially limited to constructing 
the graph (the plots were reduced to a single dot, 
and two neighbouring plots were indicated by two 
DGMDFHQW�SHDNV�RQ� WKH�JUDSK���DQG� WKHQ� WR�YLVXDOO\�
identifying “topological accidents” on the graph. 
$V� IDU� DV� ZH� NQRZ�� QR� IXUWKHU� SURJUHVV� KDV� EHHQ�
made in terms of developing this type of method to 
³UHFRQVWUXFW´�DQFLHQW�SORW�GLYLVLRQV�VLQFH�WKLV�ZRUN�
LQ�WKH�PLG�����V��DOWKRXJK�WKH�PRVW�UHFHQW�VWXGLHV�
have highlighted this technical shortfall (Leturcq 
2007; Truel 2007; Conesa 2007; Poirier 2010).

3LFNLQJ� XS� WKLV� LGHD� RI� XVLQJ� WKH� FRQFHSW�
RI� PDWKHPDWLFDO� JUDSKV� �%HUJH� ������� D� UHVHDUFK�
programme was launched in 2010, supported 
IRU� WKUHH� \HDUV� E\� WKH� )UHQFK� 1DWLRQDO� 5HVHDUFK�
$JHQF\� �$15��� FDOOHG�02'(/(63$&(1. The aims 
�� $15����%/$1��������� ©0RGpOLVDWLRQ� GHV� HVSDFHV�
préindustiels». This 2010-2012 project is led by Florent 
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of this programme are to go beyond the manual 
reconstruction of plot plans by generating a tool 
ZKLFK�ZRXOG�HYHQWXDOO\�PDNH�LW�SRVVLEOH�WR�FDUU\�RXW�
ambitious projects to analyse the spatial dynamics 
of urban or rural areas for which several terriers, 
FRPSRL[ and cadastres are available, constituting 
successive records of land organization. This tool for 
modelling spatial dynamics thus proposes a change 
RI�VFDOH��DV�LW�VKRXOG�PDNH�LW�SRVVLEOH�WR�LQFRUSRUDWH�
the successive states of a single space into the same 
data base, to provide a graphic model of each of these 
states, and to measure spatial changes by comparing 
WKHVH� GL̆HUHQW� UHSUHVHQWDWLRQV�� RYHUFRPLQJ� WKH�
obstacle of using heterogeneous documents (notably 
plan vs. register). The aim is thus not to create an 
automatic tool to reconstruct a plot structure as 
close as possible to past reality; that would not only 
be unrealistic, but also based on a static concept of 
areas and landscapes.

7KHUH� KDV� EHHQ� H[WHQVLYH� ZRUN� RQ� JUDSK�
WKHRU\� E\� PDWKHPDWLFLDQV� LQ� WKH� ODVW� ��� \HDUV��
notably with regard to its application to social 
sciences. The use of graph theory to analyse large 
LQWHUDFWLRQ� QHWZRUNV� �VRFLDO� QHWZRUNV�� LQWHUQHW�
QHWZRUNV�� SURWHLQ� LQWHUDFWLRQV�� WUDQVSRUW�� HWF���
developed rapidly in the 2000s with the possibility 
of direct on-line access to vast quantities of data and 
the development of mathematical models of graphs 
�:DWWV� DQG� 6WURJDW]� ������ %DUDEiVL� DQG� $OEHUW�
�������:H� SURSRVH� FRPELQLQJ� WKHVH� QRZ� FODVVLFDO�
QHWZRUN�DQDO\VLV�WRROV�ZLWK�WRSRORJ\�WRROV2 to study 
graphs in which each node represents a plot and 
WZR�QRGHV�DUH�OLQNHG�E\�DQ�HGJH�ZKHQ�WKH�WZR�SORWV�
DUH�JHRJUDSKLFDOO\�DGMDFHQW�WR�HDFK�RWKHU��6LQFH�WKH�
JURXQG�EUHDNLQJ�VWXG\�E\�$WNLQ��$WNLQ��������UHFHQW�
studies have led to advances in the interactions 
between graph and topology (Babson et al. 2006; 
&KHQ� HW� DO�� ������'RFKWHUPDQ� ������%RXOHW� HW� DO��

+DXWHIHXLOOH��)5$0(63$���%HUWUDQG�-RXYH��(5,&��DQG�6DPXHO�
Leturcq (Citeres-LAT). The internet site can be consulted at the 
following address: http://modele-espace.univ-tlse2.fr/
2  Topology, the science of spatial relations, is a branch of 
mathematics created by the French mathematician Poincaré 
DW� WKH�HQG�RI� WKH���WK�FHQWXU\� LQ�RUGHU� WR� IRUPDOL]H� UHDVRQLQJV�
of a qualitative nature. Topology is concerned with the spatial 
relationships between objects, whether or not they are located 
geographically. It allows an approach, a qualitative description, to 
be formalized mathematically. The neighbourhood relationships 
between objects are expressed in terms of continuity, contiguity, 
proximity, adjacency and connectivity. Modifying the spatial 
relationships brings about a change in topology (Pirot2004, 426).

������� 7KH� SUHVHQW� VWXG\� DSSOLHV� WKLV� ZRUN� WR� DQ�
actual data base. 

 To test this method, we chose the parish 
RI�2GDUV�RQ�WKH�RXWVNLUWV�RI�7RXORXVH��)LJ������7KH�
records of this parish contain a particularly large 
collection of FRPSRL[ and terriers, with and without 
PDSV�� PDNLQJ� LW� SRVVLEOH� WR� GHYHORS� PHWKRGV� WR�
measure spatial dynamics. There are three successive 
FRPSRL[� IRU� ������ ����� DQG� ������ D� terrier with a 
PDS�GUDZQ�XS�LQ�������DQG�D�³1DSROHRQLF´�FDGDVWUH�
dated 1811.

� %DVHG� RQ� WKLV� FRUSXV�� ZH� ORRN� ¿UVW� DW� WKH�
JHQHUDO� SULQFLSOHV� RI� WKH�ZRUN� WR� FUHDWH� WKH� VHULHV�
RI� JUDSKV�� 6HFRQGO\�� ZH� GHVFULEH� WKH� GL̇FXOWLHV�
encountered in comparing these graphs, and the 
possible courses of action to measure changes in the 
RUJDQL]DWLRQ�RI�ODQG�LQ�2GDUV�EHWZHHQ�WKH���th and 
��th centuries.

1.  The Foundations of Spatial Analysis: 
Spatial Construction and Adjustment of 
the Graphs3

����*UDSK�FRQVWUXFWLRQ

The procedure involves transforming spatial 

3  For further details, see Le Couédic et al. 2012 (forthcoming).

Figure 1. Map locating the district of Odars (31, France).
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information from registers and ancient plot plans 
into graphs (called “dual graphs”) in which each 
SORW�FRUUHVSRQGV�WR�D�SHDN�DQG�HDFK�QHLJKERXUKRRG�
relationship (visible adjacency on a map or 
described in documents by mention of “confronts”) 
FRUUHVSRQGV� WR� DQ� HGJH�� 'HSHQGLQJ� RQ� WKH� W\SH�
RI� VRXUFH�� ZLWK� RU� ZLWKRXW� PDSV�� WZR� GL̆HUHQW�
procedures are followed (Fig. 2).

7KH�¿UVW� �)LJ����� LQYROYHV�H[WUDFWLQJ� WKH�GXDO�
JUDSK� �%HUJH� ������ ��������� RI� WKH� DQFLHQW� SORW�
SODQV� LQ� D� *HRJUDSKLF� ,QIRUPDWLRQ� 6\VWHP� �*,6���
7KH�¿UVW�VWHS�LV�WR�YHFWRUL]H�WKH�RULJLQDO�SODQ�XVLQJ�
a topological structure in order to obtain a planar 
graph of the plot system4��7KH�SHDNV�RI�WKLV�JUDSK�DUH�
the intersection points of the plot boundaries and 
the curves are the plot boundaries. From this graph, 
the dual graph is then extracted, in which each plot 
LV� UHSUHVHQWHG� E\� D� SHDN�� DQG� WZR� QHLJKERXULQJ�
SORWV�DUH�OLQNHG�E\�DQ�HGJH��,Q�WKLV�GXDO�JUDSK��WKH�
DWWULEXWHV�RI�WKH�SORWV�DUH�DVVLJQHG�WR�WKH�SHDNV�WKDW�
represent them in order to obtain what we call the 
plot adjacency graph. 

The second process involves designing a tool 
WR� HQWHU� DQG� DQDO\]H� WKH� VSDWLDO� GDWD� RI� WKH� ¿VFDO�

4  A plot plan is a topological planar graph. Thus a graph G is 
planar if it can be represented on a plan in such a way that the 
SHDNV�DUH�DW�GLVWLQFW�SRLQWV�DQG�VLPSOH�HGJHV�RQO\�PHHW�DW�WKHLU�
extreme points. A topological planar graph is a representation of 
D�SODQDU�JUDSK�*�RQ�D�SODQH´��3LURW����������������%HUJH�������

registers in order to draw the graphs. The database 
is created in such a way as to incorporate the data 
of several registers and matrices into a single set 
in two steps��� ,Q� WKH�¿UVW� VWHS��DOO� WKH� LQIRUPDWLRQ�
FRQWDLQHG�LQ�WKH�UHJLVWHUV�LV�HQWHUHG��QRW�RQO\�WDNLQJ�
into account the variety of editorial forms, but also 
XVLQJ�WRROV�WKDW�FDQ�OLQN�ZRUGV�GHVLJQDWLQJ�WKH�VDPH�
SHUVRQ� RU� WKH� VDPH� SODFH� ZLWK� GL̆HUHQW� VSHOOLQJV�
(disambiguation tools). The second step provides 
algorithms for pairing plots with neighbourhood 
OLQNV� �)LJ�� ���� 7KHVH� DOJRULWKPV� DOORZ� SDLUV� RI�
plots with a common boundary to be extracted 
automatically. These features are recognized directly 
RU� DUH� EDVHG� RQ� GL̆HUHQW� ZRUNDURXQG� PHWKRGV�
to remove ambiguities (place names, neighbour’s 
QHLJKERXU�� HWF����7KLV�PHWKRG�PDNHV� LW�SRVVLEOH� WR�
JHQHUDWH�D�JUDSKPO�¿OH�DXWRPDWLFDOO\��ZKLFK�FDQ�EH�
read directly by a graph display programme such as 
<('�RU�*(3+,��)LJ������$�FOHDU�GLVWLQFWLRQ�LV�PDGH�
between the confronts based on ownership (which 
PD\�EH� OLQNHG�WR�DQRWKHU�SORW�GHVFULEHG�HOVHZKHUH�
in the register), and those which are “invariant”, 
corresponding to roads, rivers or demesnes not 
described elsewhere in the compoix. The latter 
category has the advantage of being relatively 
�� �7KH�7HUFRPS�EDVH�FDQ�EH�FRQVXOWHG�RQ�OLQH��KWWS���PRGHOH�
espace.univ-tlse2.fr/

Figure 3. Left: Transition from original plans to adjacency 
graph of plots of land. Right: construction of the different 
types of graph from a plot plan (boundaries in grey); top, 
topological planar graph; middle, dual graph; bottom, 
adjacency graph.

Figure 2. Stages of processing registers and plans.
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stable over time and thus can be used as a basis for 
constructing the graph. It should be stressed that 
while the Tercomp tools enable most of the plots 
to be located in spite of errors, gaps or ambiguities 
in the registers, some of the information remains 
disconnected from the graph (Fig. 4). When the 
registers do not include maps, the graphs are 
incomplete, with a few exceptions. The reproduction 
quality of the graph obviously depends on the 
accuracy of the data in the register. In its current 
YHUVLRQ�� 7HUFRPS� FDQ� EH� XVHG� WR� PRGHO� ¿VFDO�
registers whether or not they show the orientation 
of the confronts. However, the results are less good 
when they do not show the orientation. Currently, 
WKH�GDWDEDVH�DOORZV�WKH�UHFRQVWLWXWLRQ�RI����WR�����
RI�FRQIURQWV��HQDEOLQJ�PRUH�WKDQ�����RI�SORWV�WR�EH�
OLQNHG�WR�WKH�UHODWHG�JUDSK��EDVHG�RQ�WKH�LQYDULDQWV�

����7KH�VSDWLDO�DGMXVWPHQW�RI�WKH�JUDSKV

Each state of the documentation is translated 
into a graph. However, the graphs need to be 
spatially adjusted so that they can be compared in 
order to measure the spatial dynamics. The graphs 
based on the Napoleonic cadastral map (1811) 
and the terrier� PDS� RI� ����� SRVH� QR� DGMXVWPHQW�
problem, in that the cartographic information base 
DOORZV�YHU\�SUHFLVH�JHRORFDWLRQ�RI�HDFK�SHDN�RI�WKH�
two graphs. This is not the case for the graphs based 
RQ� LQIRUPDWLRQ� WDNHQ� IURP� UHJLVWHUV�ZKLFK� GR� QRW�
KDYH�PDSV��)LJ������ ,Q�RUGHU�WR�PDNH�WKHVH�JUDSKV�
spatially comparable to the former, we attempted 
to georeference them using invariant geolocation 
HOHPHQWV�DV�ODQGPDUNV�IRU�DOO�RU�SDUW�RI�WKH�SHULRG�
FRYHUHG�E\�WKH�GRFXPHQW��7KHVH�ODQGPDUNV�LQFOXGH�

Point features (e.g. church, chapel, cemetery, 
FDVWOH��FURVVURDG�RU�UHPDUNDEOH�KRXVH���7KLV�LV�D�YHU\�
mixed category and can only be used in conjunction 
with the two following categories. 

Linear features (e.g. permanent stream or 
ULYHU��RU�VLJQL¿FDQW�URDG���7KLV�FDWHJRU\��FRPSULVLQJ�
essentially linear elements, has the advantage of 
covering the whole of the studied space evenly. 
However, it has two disadvantages. First, the linear 
features are modelled using a single point which 
generates concentrations of confronts in a spider 
PDS�� 6HFRQGO\�� WKH� VDPH� OLQHDU� HOHPHQW� FDQ� EH�
GHVLJQDWHG� LQ� GL̆HUHQW� ZD\V� LQ� RQH� UHJLVWHU�� 7KLV�
leads to doubles, requiring thorough sorting of these 
data.

6XUIDFH� IHDWXUHV�� WRSRQ\PLF� HQWLW\6
 (e.g. 

communes, parishes, seigneuries, etc.); 

neighbourhood entity (e.g. communal, 

demesnes - in the case of compoix). This category 
is also homogeneous but has the disadvantage of 
the impermanence of place names. For example, in 
2GDUV��RQO\����RI�WKH�SODFH�QDPHV�PHQWLRQHG�LQ������
are found in the Napoleonic cadastre. Furthermore, 
LQ� WKH� ODUJH� FRPPXQHV�� LW� LV� QRW� XQXVXDO� WR� ¿QG�
several identical microtoponyms, or ones which 
have been further subdivided.

The spatial adjustment of graphs based 
on registers without maps was simulated in an 
experiment on graphs based on the cadastre of 
1811 and the terrier�ZLWK�PDS�RI�������)LJ������7KH�
adjacency matrices of these two graphs, which are 
SHUIHFWO\�¿[HG�LQ�VSDFH��ZHUH�H[SRUWHG�LQWR�D�JUDSK�
HGLWLQJ� SURJUDPPH� �<('�� WR� UHPRYH� DOO� VSDWLDO�
information, in other words a similar situation to the 
graphs drawn from registers with no maps. These 
“aspatial” graphs were then spatially adjusted using 
WKH�DYDLODEOH� ODQGPDUNV��7KLV�UHVXOWHG� LQ�GLVWRUWHG�
JUDSKV�� DV� FDQ�EH� VHHQ� LQ�)LJXUH� ��� 7KH�GLVWRUWLRQ�
can be measured by comparing the aspatial graph of 
WKH� ����� terrier�� UHDGMXVWHG�XVLQJ� ODQGPDUNV��7KLV�
GLVWRUWLRQ�VKRZV� WKH�H[WHQW�RI� WKH�GL̇FXOW\�RI� WKLV�

�� � ³7RSRQ\PLF� HQWLW\´� UHIHUV� WR� D� GL̆XVH� DUHD�ZLWKLQ�ZKLFK� D�
microtoponym is concentrated. For each step, it is possible to 
draw up a list of these toponymic entities, showing features that 
appeared or disappeared, changes in size or position, etc. (Vue 
������� 7KHVH� WRSRQ\PLF� HQWLWLHV� SOD\� DQ� HVVHQWLDO� UROH� GXULQJ�
the construction of graphs from registers without maps when 
resolving ambiguities.

Figure 4. Dual graph aspatial from the cadastre (without 
plan) of Odars (1598), issued from the database Tercomp.
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spatial adjustment phase. The aspatial graphs have 
WRSRORJLFDO� GLVWRUWLRQV� ZKLFK� PDNH� FRPSDULVRQ�
WULFN\�� $� FRPSDUDEOH� SURWRFRO� ZDV� VHW� XS� IRU� WKH�
registers without maps. The matrix of neighbouring 
SORWV�LV�WDNHQ�GLUHFWO\�IURP�WKH�7HUFRPS�GDWDEDVH��,W�
LV�DOVR�SRVVLEOH�WR�WDNH�LQWR�FRQVLGHUDWLRQ�WKH�VXUIDFH�
DUHD�RI� WKH�SORWV�ZKHQ� WKLV� LV�NQRZQ��DQG� WR� VKRZ�
WKH�RULHQWDWLRQ�RI� WKH� OLQNV� MRLQLQJ�WZR�SORWV�XVLQJ�
FRORXU�FRGLQJ��2QFH�WKHVH�SRLQWV�KDYH�EHHQ�¿[HG��WKH�
data can be adjusted by setting the Force-directed 
DOJRULWKP� �%UDQGHV� ������ 'L� %DWWLVWD� HW� DO�� ������
which controls the graph display. While technical 
improvements are still possible, particularly by 
improving the inclusion of the confront orientation 
in the graph display, they will not lead to a real 
spatialization of data; but this is not the aim. 
2XU� DLP� LV� ¿UVW� WR�PDWFK� WKH� GXDO� JUDSKV� RI� SORWV�
JHQHUDWHG�IURP�VRXUFHV�DV�GL̆HUHQW�DV�UHJLVWHUV�DQG�
PDSV��DQG�VHFRQGO\�WR�PDNH�WKHP�FRPSDUDEOH��RU�DW�
least to identify the patterns revealing characteristic 
spatial organizations. 

2. Comparing Graphs: Some Possible Lines 
of Action

� 7KH�0RGHOHVSDFH�WHDP�LV�FXUUHQWO\�ZRUNLQJ�
RQ� PHWKRGV� IRU� FRPSDULQJ� WKH� JUDSKV�� 2XU� DLP�
KHUH�LV�WKXV�QRW�WR�SUHVHQW�D�¿QLVKHG�UHVXOW�EXW�WKH�
various lines of action considered to achieve a valid 
method of measuring the dynamics of land use. It is 

not possible to compare graphs at the plot scale from 
one period to another, even with the most complete 
and precise restitution from a register. Coherent 
sub-graphs between the invariant points need to 
be drawn. The aim is to characterize the spatial 
RUJDQL]DWLRQV� RI� WKHVH� VHFWRUV� E\� ¿QGLQJ� SDWWHUQV�
that represent the plot structure in the graphs. 

����&UHDWLQJ�D�FDWDORJXH�RI�SORW�SDWWHUQV�

 In order to analyze land-use dynamics by 
comparing graphs of successive states of the same 
DUHD��LW�LV�HVVHQWLDO�¿UVW�WR�FUHDWH�D�FDWDORJXH�RI�VSDWLDO�
transformations and their graphic representation. 
7KLV� OH[LFRQ� RI� WUDQVIRUPDWLRQV� SURYLGHV� WKH� ¿UVW�
interpretation tool.

In brief, the following cases can be found (Fig. 
6):

• 6WDELOLW\��QR�SHUFHSWLEOH�FKDQJH�EHWZHHQ�W1 and t2

• 6SOLWWLQJ��D�SORW�DW�W1 is split into n fragments at t2

• Merging: several plots at t1 have been combined 
to form a single plot at t2

• A combination of splitting and merging, leading 
to a relative stability of the plot system: plots 
at t1 are reorganized, leading to a shift in the 
boundaries at t2 without any major change of the 
plot structure,

• A complex combination in which plots 
simultaneously split and merge: at t1, plots are 

Figure 5. Two spatial adjustment tests of the dual graphs 
taken from the adjacency matrix of the plot plan of Odars 
(31, France) dated 1759 with a spring algorithm (on the 
left, adjustment based on place-name entities; on the 
right, based on place-name entities and neighbouring 
villages).

Figure 6. Spatial transformation of plots.
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reorganized, leading to a shift of boundaries 
at t2 whereby the plot system is completely 
transformed.

����7KH�FXPXODWLYH�JUDSK��JHQHUDO�SULQFLSOH��)LJ����

� 2QH� FRPSDULVRQ� PHWKRG� LQYROYHV�
cumulating the data of the two graphs t1 and t2 to 
create a third graph that can help interpret the 
transformations between t1 and t2. This is based on 
WKH� SULQFLSOH� RI� EUHDNLQJ� WKH� VSDFH� GRZQ� LQWR� WKH�
number of entities that are produced when several 
states of plans are combined in a overall graph. 
This principle gives good results when analyzing 
spatial transformations from maps. By contrast, 
tests carried out from the dual graphs of plot plans 
indicate that identifying changes in the overall 
graph is too complex, and the method has thus been 
abandoned.

����7KH�VSDWLR�DQG�WHPSRUDO�JUDSK

� 7KLV�DSSURDFK��WDNHQ�IURP�ZRUN�FDUULHG�RXW�
E\�*,6�VSHFLDOLVWV��'HO�0RQGRW�HW�DO���������LV�EDVHG�
on the principle of analyzing plot transformations 
RYHU� WLPH�� 7KH� UHODWLRQVKLSV� EHWZHHQ� WKH� SHDNV�
of graphs t1 and t2 are used to create a temporal 
graph in which each edge is interpreted according 
to the transformation lexicon (stability, splitting, 
merging). It should be stressed that this technique is 

only applicable when the relationship between plots 
from one state to another can be established, which 
is rarely possible for documents prior to the 18th 
century. The experiment is currently being carried 
RXW� IURP�JUDSKV�GUDZQ� IURP� WKH�PDSV�GDWHG� �����
and 1811. In this case, the relationships have been 
established spatially by overlapping the two states. 

3. Conclusions

 The results achieved so far enable the 
creation of graphs, either from maps or from 
matrices in the registers. For maps, this involves 
simply a protocol of extraction from the dual graph. 
By contrast, for registers, reconstruction of the 
graph required developing the Tercomp database 
FRPSULVLQJ� GLVDPELJXDWLRQ� WRROV�� )RU� 2GDUV�� WKLV�
enabled us to produce graphs that are more than 
����FRPSOHWH�

 This initial phase having been completed, 
ZRUN�QRZ�LQYROYHV�FRPSDULQJ�JUDSKV�XVLQJ�VHYHUDO�
approaches that are currently being explored. It 
has already been shown that the relevant scale of 
comparison cannot be the plots, and that sectors 
GHOLPLWHG�E\�LQYDULDQW�SRLQWV�QHHG�WR�EH�LGHQWL¿HG�

 In the short term, analyses based on the 
graph structure will be completed by statistical 
H[SORUDWLRQ�RI�WKH�DWWULEXWHV�DWWDFKHG�WR�WKH�SHDNV��
surface area, type of crop, owner’s name, place name, 
HWF�� 7KH� DLP� LV� WR� LGHQWLI\� VLJQL¿FDQW� LQGLFDWRUV��
alone or in combination, of spatial organizations 
for each state, in order to measure the dynamics of 
landscape change.

References

$WNLQ��5�+�� ������Combinatorial connectivities in social 
V\VWHPV��DQ�DSSOLFDWLRQ�RI�VLPSOLFLDO�FRPSOH[�VWUXFWXUHV�
WR�WKH�VWXG\�RI�ODUJH�RUJDQL]DWLRQV��%DVHO��%LUNKlXVHU�

%DEVRQ�� (��� +�� %DUFHOR�� 0�� GH� /RQJXHYLOOH�� 5��
Laubenbacher. 2006. “Homotopy theory of graphs.” 
-RXUQDO�RI�$OJHEUDLF�&RPELQDWRULFV 24: 31-44.

%DUDEiVL��$��/���DQG�5��$OEHUW��������³(PHUJHQFH�RI�VFDOLQJ�
LQ�UDQGRP�QHWZRUNV�´�Science��������������

%HUJH��&��������7KpRULH�GHV�JUDSKHV�HW�FHV�DSSOLFDWLRQV. 
3DULV��'XQRG�

Figure 7. Cumulative graph: general principle.



�)URP�6SDFH�WR�*UDSKV�WR�8QGHUVWDQG�6SDWLDO�&KDQJHV�8VLQJ�0HGLHYDO�DQG�0RGHUQ�)LVFDO�6RXUFHV 
Xavier Rodier et al.

���

%HUJH��&��������*UDSKHV�HW�+\SHUJUDSKHV��3DULV��'XQRG�

%LJHW��-��/���+HUYp��-��&���7KpEHUW��<��������Les cadastres 
DQFLHQV�GHV�YLOOHV�HW� OHXU� WUDLWHPHQW�SDU� O¶LQIRUPDWLTXH. 
5RPH��eFROH�IUDQoDLVH�GH�5RPH�

%RXOHW��5���)LHX[��(���-RXYH��%��������³6LPSOLFLDO�VLPSOH�
KRPRWRS\�RI�ÀDJ�FRPSOH[HV�LQ�WHUPV�RI�JUDSKV�´�(XURSHDQ�
Journal of Combinatorics 31: 161-176.

%UDQGHV�� 8�� ������ ³'UDZLQJ� RQ� SK\VLFDO� DQDORJLHV�´� ,Q�
'UDZLQJ�*UDSKV��HGLWHG�E\�0��.DXIPDQQ�DQG�'��:DJQHU���
/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH����������±���

%UXQHO�� *��� 2�� *X\RWMHDQQLQ�� 2��� DPG� -��0�� 0RULFHDX��
2002. 7HUULHUV�HW�SODQV�WHUULHUV�GX�;,,,H�DX�;9,,,H�VLqFOH��
$FWHV� GX� &ROORTXH� GH� 3DULV� ������� VHSWHPEUH� �����. 
&DHQ�3DULV��$VVRFLDWLRQ�G¶+LVWRLUH�GHV�6RFLpWpV�5XUDOHV�
eFROH�1DWLRQDOH�GHV�&KDUWHV�

&KHQ��%���6��7��<DX��DQG�<��1��<HK��������³*UDSK�KRPRWRS\�
and Graham homotopy.” Discrete Mathematics 241 (1-3): 
��������

Claveirole, A., and E. Pélaquier. 2001. /H�FRPSRL[�HW�VHV�
XVDJHV��$FWHV�GX�&ROORTXH�GH�1vPHV������HW����QRYHPEUH�
����. Montpellier: Publications de l’Université Paul 
Valéry-Montpellier 3.

&RQHVD�� 0�� ������ ³&DSEUHX� HW� SD\VDJH�� 5HPDUTXHV�
sur l’utilisation d’une source notariale dans l’étude des 
paysages des Pyrénées de l’est. (Cerdagne, XVIe-XVIIIe 
siècle).” /,$0(��%XOOHWLQ�GX�FHQWUH�G¶KLVWRLUH�PRGHUQH�HW�
FRQWHPSRUDLQH�GH�OD�0pGLWHUUDQpH�HW�GH�VHV�SpULSKpULHV 
�����������

'HO�0RQGR��*���-��*��6WHOO��&��&ODUDPXQW��DQG�5��7KLEDXG��
2010. “A graph model for spatio-temporal evolution.” 
-RXUQDO�RI�XQLYHUVDO�FRPSXWHU�VFLHQFH��������������������

'L�%DWWLVWD��*���3��(DGHV��5��7DPDVVLD��DQG�,��*��7ROOLV��,��*��
������*UDSK�'UDZLQJ��$OJRULWKPV�IRU�WKH�9LVXDOL]DWLRQ�
RI�*UDSKV��(QJOHZRRG�&OL̆V��1-��3UHQWLFH�+DOO�

'RFKWHUPDQ�� $�� ������ ³+RPRWRS\� JURXSV� RI� KRP�
complexes of graphs.” Journal of Combinatorial Theory 
����������������

/H� &RXpGLF�� 0��� 6�� /HWXUFT�� ;�� 5RGLHU�� )�� +DXWHIHXLOOH��
%��-RXYH��DQG�(��)LHX[��,Q�SUHVV��³'X�FDGDVWUH�DQFLHQ�DX�
JUDSKH��/HV�G\QDPLTXHV�VSDWLDOHV�GDQV�OHV�VRXUFHV�¿VFDOHV�
médiévales et moderne.” Archéosciences 36.

/HWXUFT�� 6�� ������ 8Q� YLOODJH�� OD� WHUUH� HW� VHV� KRPPHV��
7RXU\�HQ�%HDXFH��;,,H�;9,,H�VLqFOH���3DULV��&7+6�

0RQWSLHG�� *��� DQG� -�� 5RXDXOW�� ������ ³5HFRQVWLWXWLRQ� HW�
cartographie d’un parcellaire à partir de cadastres textuels 
du XVe siècle.” /H�PpGLpYLVWH�HW�O¶RUGLQDWHXU 8: 11-13.

0RQWSLHG��*��DQG�-��5RXDXOW��������³'X�WH[WH�DX�JUDSKH��
établissement d’une carte du parcellaire à partir des 
GRQQpHV� GH� GHX[� FDGDVWUHV� GH� OD� ¿Q�GX�0R\HQ�ÆJH�´� ,Q�
/HV� FDGDVWUHV� DQFLHQV� GHV� YLOOHV� HW� OHXU� WUDLWHPHQW� SDU�
O¶LQIRUPDWLTXH��HGLWHG�E\�-��/��%LJHW��-��&��+HUYp��DQG�<��
7KpEHUW�����������5RPH��eFROH�IUDQoDLVH�GH�5RPH�

Pirot, F. 2004. “Glossaire.” +LVWRLUH� HW�PHVXUH��'RVVLHU�
6\VWqPH� G¶LQIRUPDWLRQ� JpRJUDSKLTXH�� DUFKpRORJLH� HW�
histoire 3-4 (XIX): 422-427. 

Poirier, N. 2010. 8Q� HVSDFH� UXUDO� j� OD� ORXSH�� 3D\VDJH��
SHXSOHPHQW�HW�WHUULWRLUHV�HQ�%HUU\�GH�OD�SUpKLVWRLUH�j�QRV�
MRXUV��7RXUV��3UHVVHV�XQLYHUVLWDLUHV�)UDQoRLV�5DEHODLV�

Truel, Y. 2007. ³5HSUpVHQWDWLRQ� ¿VFDOH� DX� ;9,,H� VLqFOH��
OH�+DXW�6pJDOD�TXHUF\QRLV��/H�FRPSRL[�GH�6DLQW�&\UJXHV�
�������´� 0DVWHU� 'LVVHUWDWLRQ�� 8QLYHUVLWp� GH� 3DULV� ,�
3DQWKpRQ�6RUERQQH�

9XH�� %�� ������ ³0LFURWRSRQ\PLH� HW� DUFKpRORJLH� GHV�
SD\VDJHV� j�1HXLOO\�/¶pYrTXH� ����� GX� ��H� DX� ��H� VLqFOH� ��
FRPSRUWHPHQW� GHV� PLFURWRSRQ\PHV� DX� ¿O� GHV� VLqFOHV��
le nom, l’espace et l’homme qui le nomme.” 3K'� GLVV��
Université de Nancy 2.

:DWWV��'��-���DQG�6�+��6WURJDW]��������³Collective dynamics 
RI�³VPDOO�ZRUOG´�QHWZRUNV�´�Nature��������������



428

1. Introduction

7KH� MXVWL¿FDWLRQ� DQG� DWWUDFWLYHQHVV� RI�
SHUIRUPLQJ�YLVLELOLW\� VWXGLHV�XVLQJ�*,6� LV� WKDW� LW� LV�
DQ�DWWHPSW� WR�PRGHO�KXPDQ�YLVXDO�SHUFHSWLRQ�DQG�
XQGHUVWDQG� VLWXDWHG� YLVXDO� H[SHULHQFHV� DQG� WKHLU�
VLJQL¿FDQFH� WR� SDVW� ODQGVFDSH� VHWWLQJV� �:KHDWOH\�
������� 0XFK� ZRUN� RQ� YLVLELOLW\� KDV� IRFXVHG� RQ�
WKH� SODFHPHQW� RI� PRQXPHQWV� LQ� WKH� ODQGVFDSH��
$UFKDHRORJLFDO� IHDWXUHV�PD\� EH� VHYHUDO� NLORPHWUHV�
DZD\� IURP� WKH� REVHUYHU� DQG� WKH� GURS� LQ� YLVLELOLW\�
PD\�VHYHUHO\�D̆HFW�KRZ�PRQXPHQWV�DUH�SHUFHLYHG�
DW�GLVWDQFH��HVSHFLDOO\�RQ�DSSURDFK��7KH�PRWLYDWLRQ�
IRU�YLVLELOLW\�UHVHDUFK�LV�WKDW�WKH�DQDO\VLV�RI�YLVLELOLW\�
SDWWHUQV� FDQ� VKHG� OLJKW� RQ� KXPDQ� RFFXSDWLRQ� DQG�
ODQGVFDSH� XVH� DQG� H[SORLWDWLRQ�� DQG� WKH� UHODWLYH�
LPSRUWDQFH� RI� VHOHFWHG� ODQGVFDSH� UHJLRQV� DQG�
IHDWXUHV�� ([DPSOHV� RI� DUFKDHRORJLFDOO\�RULHQWHG�
YLVLELOLW\�UHVHDUFK�LQFOXGH�D�VXUYH\�RI�*,6�DQG�QRQ�
*,6�YLVLELOLW\�VWXGLHV�ZLWK�SDUWLFXODU�DSSOLFDWLRQ�WR�
VWRQH� FLUFOHV� LQ� WKH� *UDPSLDQ� UHJLRQ� RI� 6FRWODQG�
�/DNH�DQG�:RRGPDQ��������DUFKDHRORJ\�DQG�*,6�
EDVHG�VSDWLDO�WHFKQRORJLHV��/RFN�DQG�+DUULV��������
VWXGLHV� RI� YLVLELOLW\� SURPLQHQFH� RI� PRQXPHQWV�
�/OREHUD��������DQG�DQ�LQYHVWLJDWLRQ�RI�ZKHWKHU�RU�
QRW�WKH�VLWLQJ�RI�WKH�%URQ]H�$JH�FDLUQV�RI�1RUWK�0XOO�
,VODQG� LQ�6FRWODQG�KDYH�D� FDXVDO� LQÀXHQFH�RI� WKHLU�
YLVLEOH�DUHD��)LVKHU�et al��������

'HVSLWH� ZLGHVSUHDG� DFFHSWDQFH� RI� *,6� DV� D�
WRRO� IRU� YLVLELOLW\� DQDO\VLV�� WKHUH� KDV� EHHQ� MXVWL¿HG�
Corresponding author: mariza.kormann@kellogg.oxon.
org

FULWLFLVP� RI� HDUO\� DWWHPSWV� DW� *,6�EDVHG� DQDO\VLV�
DV�LW�HQFRXUDJHV�REMHFWLYLVP�DQG�LJQRUHV�VXEMHFWLYH�
H[SHULHQFH� �:KHDWOH\� ������ *D̆QH\� DQG� YDQ�
/HXVHQ�������%U�FN�����������*,6�EDVHG�PHWKRGV�
IRU� YLVLELOLW\� DQG� PRYHPHQW� DQDO\VLV� KDYH� VLQFH�
GHYHORSHG� WR� LQFOXGH� IRU� LQVWDQFH�� FXPXODWLYH�
YLHZVKHGV��+LJXFKL� DQG�GLUHFWLRQDO� �:KHDWOH\� DQG�
*LOOLQJV� ������� VXUIDFH� DSSURDFKHV� �/RFN� et al�� ,Q�
SUHVV�� DQG� )X]]\� &XPXODWLYH� 9LVLELOLW\� $QDO\VLV�
�)&9$� ±� D� IRUP� RI� UHVWULFWHG� WRWDO� YLHZVKHG��
�.RUPDQQ�DQG�/RFN�,Q�SUHVV��

+RZHYHU�� D� QXPEHU� RI� WKHRUHWLFDO� DQG�
PHWKRGRORJLFDO� LVVXHV� FRQFHUQLQJ� YLVLELOLW\� VWXGLHV�
VWLOO� UHPDLQ� DQG� KDYH� EHHQ� SRLQWHG� RXW� E\� PDQ\�
DXWKRUV� RYHU� WKH� ODVW� GHFDGH�� ,Q� SDUWLFXODU�� YDQ�
/HXVHQ��������KDV�GLVFXVVHG�WKH�SUREOHPV�RI�UHDOLW\��
RI� HGJH� H̆HFWV�� DQG� RI� VLJQL¿FDQFH�� 9DQ� /HXVHQ�
GH¿QHV�WKH�LVVXH�RI�UHDOLW\�DV�EHLQJ�FRQFHUQHG�ZLWK�
KRZ� DFFXUDWHO\� WKH� GDWD� UHÀHFW� WKH� UHDOLW\� LQ� WKH�
ODQGVFDSH��RU�KRZ�FORVH�WKH�FDOFXODWHG�YLHZVKHG�LV�WR�
WKH�UHDO�YLHZVKHG"�7KH�REYLRXV� IDFWRUV� LQÀXHQFLQJ�
WKLV� GH¿QLWLRQ� RI� UHDOLW\� DUH� UHODWHG� WR� WKH� TXDOLW\�
RI� WKH� '(0� DQG� WKH� OHYHO� RI� VRSKLVWLFDWLRQ� LQ� WKH�
DOJRULWKPV�XVHG�WR�FDOFXODWH�YLVLELOLW\��

&RQFHUQLQJ� WKH� TXDOLW\� RI� WKH�'(0� WKH� RQO\�
UHDVRQDEOH� DSSURDFK� LV� WR� VHOHFW� WKH� EHVW� DYDLODEOH�
DQG�EHLQJ�DZDUH�RI�LQWULQVLF�LQDFFXUDFLHV��,W�LV�RIWHQ�
DFFHSWHG� WKDW� D� '(0� ZLWK� ��P� FHOO� ZRXOG� \LHOG�
DGHTXDWH�UHVROXWLRQ�IRU�YLVLELOLW\�FDOFXODWLRQV��/RFN��
.RUPDQQ� DQG� 3RXQFHWW�� LQ� SUHVV��� &RQFHUQLQJ� WKH�
TXDOLW\�RI�WKH�DOJRULWKPV�XVHG�WR�FDOFXODWH�YLVLELOLW\�

([SORULQJ�WKH�(̆HFWV�RI�&XUYDWXUH�DQG�5HIUDFWLRQ�
RQ�*,6�EDVHG�9LVLELOLW\�6WXGLHV

0DUL]D�.RUPDQQ�DQG�*DU\�/RFN
University of Oxford, United Kingdom

$EVWUDFW�
7KH� FXUYDWXUH� RI� WKH� HDUWK� D̆HFWV� YLVLELOLW\� VWXGLHV�ZKHQ�XVLQJ� D�'(0� �'LJLWDO� (OHYDWLRQ�0RGHO�� DQG�
QHHGV� WR�EH� WDNHQ� LQWR�FRQVLGHUDWLRQ�DV�SRLQWHG�RXW�E\�&RQROO\�DQG�/DNH� LQ�������DOWKRXJK� OLWWOH�ZRUN�
KDV�EHHQ�GRQH�LQ�DUFKDHRORJ\�WR�H[SORUH�WKH�LPSOLFDWLRQV�RI�WKLV�ZDUQLQJ��7KLV�SDSHU�DGGUHVVHV�UHODWHG�
PHWKRGRORJLFDO�LVVXHV�LQ�YLVLELOLW\�VWXGLHV�QDPHO\�WKH�LVVXH�RI�UHDOLW\��RI�HGJH�H̆HFWV��DQG�RI�VLJQL¿FDQFH��
:H�XVH�WKH�ORQJ�EDUURZV�RI�WKH�'DQHEXU\�UHJLRQ�LQ�(QJODQG�DV�D�FDVH�VWXG\��1HZ�PHWKRGV�WR�FDOFXODWH�DQG�
DVVHVV�WKH�FRPELQHG�H̆HFWV�RI�FXUYDWXUH�DQG�DWPRVSKHULF�UHIUDFWLRQ�RQ�YLVLELOLW\�VWXGLHV�DUH�SUHVHQWHG��,W�
LV�VKRZQ�WKDW�ZLWKLQ�D�YLVLELOLW\�UDQJH�RI���NP�WKHUH�LV�D�GHFUHDVH�LQ�YLVLELOLW\�RI�DSSUR[LPDWHO\�����IRU�
WKH�'DQHEXU\�ODQGVFDSH��WKH�H̆HFW�LV�ODUJHU�DW�DUHDV�FORVHU�WR�WKH��KRUL]RQ�

.H\ZRUGV�
*,6��'(0��9LVLELOLW\��(DUWK�&XUYDWXUH��$WPRVSKHULF�5HIUDFWLRQ
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PDSV��WKH�LGHDO�ZRXOG�EH�WKDW�DOJRULWKPV�VKRXOG�WDNH�
LQWR� FRQVLGHUDWLRQ� WKH� FXUYDWXUH� RI� WKH� HDUWK�� WKH�
H̆HFWV�RI�DWPRVSKHULF�UHIUDFWLRQ��WKH�H̆HFWV�RI�OLJKW�
VFDWWHULQJ� RQ� DLUERUQH� SDUWLFOHV�� OLJKW� DEVRUSWLRQ�
DQG� XQHYHQ� LOOXPLQDWLRQ�� 7KHVH� FRPELQHG� IDFWRUV�
D̆HFW�YLVLELOLW\�RI�GLVWDQW�SRLQWV�LQ�VXFK�D�ZD\�DV�WR�
GHYLDWH� FRQVLGHUDEO\� IURP� VLPSOH� FDOFXODWLRQV� WKDW�
DUH�RQO\�EDVHG�RQ�'(0�KHLJKWV��DV�VKRZQ�EHORZ�

7KHUH�DUH� WZR�RYHUULGLQJ�FRQFHUQV� UHODWHG� WR�
EXLOGLQJ�DFFXUDWH�PRGHOV�RI�DWPRVSKHULF�SDUDPHWHUV��
¿UVW�� LW� LV�GL̇FXOW� WR�PRGHO�DWPRVSKHULF� UHIUDFWLRQ�
SUHFLVHO\� DV� SDUWLFOHV¶� PXOWLSOH� VFDWWHULQJ� H̆HFWV�
DQG�DEVRUSWLRQ� WRJHWKHU�ZLWK� DWPRVSKHULF�SDUWLFOH�
FRPSRVLWLRQ� DUH� QRW� SUHFLVHO\� NQRZQ� DQG� VHFRQG��
LOOXPLQDWLRQ� FKDQJHV� FRQWLQXRXVO\�� 7KHUHIRUH��
WKH� UHGXFWLRQ� LQ� DWPRVSKHULF� FRQWUDVW� D̆HFWLQJ�
YLVLELOLW\� RI� GLVWDQW� SRLQWV� LV� DQ� HOXVLYH� PHDVXUH�
DQG� FDQ� RQO\� EH� HVWLPDWHG��$WWHPSWV� DW�PRGHOOLQJ�
UHIUDFWLRQ�DQG�VLQJOH�VFDWWHULQJ�H̆HFWV�DUH�GHVFULEHG�
LQ� )UHQFK� ������� DQG� %RKUHQ� DQG� )UDVHU� ��������
7KH�DOJRULWKPV�GLVFXVVHG�LQ�WKLV�SDSHU�DUH�EDVHG�RQ�
WKH�PRGHOV� RI� WKH� HDUWK¶V� FXUYDWXUH� DQG� VLPSOL¿HG�
UHIUDFWLRQ� PRGHO� GHVFULEHG� E\� )UHQFK� ������� DQG�
<RXQJ� �������� ,W� LV� VWUHVVHG�KHUH� WKDW�DWPRVSKHULF�
OLJKW� VFDWWHULQJ� DQG� XQHYHQ� LOOXPLQDWLRQ� DUH� QRW�
LQFOXGHG�LQ�WKH�PRGHOV�SURSRVHG�LQ�6HFWLRQ���

7KH�LVVXH�RI�HGJH�H̆HFWV�LV�KHUH�DGGUHVVHG�LQ�
VHYHUDO� ZD\V�� )LUVW�� ZKHQ� FDOFXODWLQJ� YLVLELOLW\� IRU�
FHOOV� WKDW� OLH� FORVH� WR� WKH� ERXQGDULHV� RI� WKH� '(0��
YLUWXDO�FHOOV�DUH�FRQVLGHUHG�ZLWKLQ�WKH�JLYHQ�UDGLXV�
VXFK� WKDW� YDOLG� YLVLELOLW\� LQGLFHV� DUH� FDOFXODWHG� XS�
WR� WKH� ERXQGDU\� FHOOV�� 7KLV� QHJDWHV� WKH� QHHG� IRU� D�
EX̆HU�UHJLRQ��ZKLFK�LV�WKH�VWDQGDUG�VROXWLRQ�WR�HGJH�
H̆HFWV��DV�DGGLQJ�YLUWXDO�FHOOV�ZRUNV�DV�D�EX̆HU�DQG�
WKH�IDOO�R̆�H̆HFW�LV�HOLPLQDWHG��6HFRQG��E\�FRXQWLQJ�
WKH� FHOOV� DQG�FDOFXODWLQJ� FRUUHFW�SHUFHQWDJHV�EHLQJ�
FDUHIXO�QRW�WR�LQFOXGH�FHOOV�LQ�WKH�FDOFXODWLRQV�ZKHQ�
YLVLELOLW\� UDGLL� H[FHHG� WKH� ERXQGDULHV� RI� WKH� VWXG\�
DUHD��WKDW�LV��FHOOV�WKDW�OLH�LQ�WKH�YLUWXDO�EX̆HU�GR�QRW�
FDUU\� VWDWLVWLFDO� YDOXH�� )RU� H[DPSOH�� LI� D� SDUWLFXODU�
YLHZVKHG� SDUWLDOO\� IDOOV� RXWVLGH� WKH�'(0� WKHQ� WKH�
SHUFHQWDJH�RI�YLVLEOH�FHOOV�PXVW�RQO\�UHIHU�WR�WKH�WRWDO�
QXPEHU�RI�FHOOV�WKDW�IDOO�LQVLGH�WKH�'(0�ZLWKLQ�WKDW�
YLHZVKHG�� 7KLUG�� LW� LV� SURSRVHG� LQ� WKLV� SDSHU� WKDW�
WKH� HDUWK¶V� FXUYDWXUH� DQG� UHIUDFWLRQ� FRUUHFWLRQ� EH�
DSSOLHG�LQ�D�ZD\�WKDW�FDWHUV�IRU�HGJH�H̆HFWV��7KLV�LV�
DFKLHYHG�E\�FDOFXODWLQJ�D�FRUUHFWLRQ�PDWUL[�WKDW�LV���
WLPHV� ODUJHU�WKDQ�WKH�DFWXDO�'(0��WZLFH�WKH�ZLGWK�
DQG� WZLFH� WKH� KHLJKW� RI� WKH�'(0��� 7KH�PHWKRG� LV�

GHVFULEHG�LQ�6HFWLRQ���DQG�HQVXUHV�D�FRQVLVWHQW�ZD\�
WR�DGMXVW�WKH�UHODWLYH�KHLJKWV�RI�HDFK�FHOO�LQ�UHODWLRQ�
WR�WKH�REVHUYHU�SRLQW�

)LQDOO\� WKH� ODVW� RI� WKH� WKUHH� WKHRUHWLFDO� DQG�
PHWKRGRORJLFDO�LVVXHV�UDLVHG�E\�YDQ�/HXVHQ��������
LV� WKH� LVVXH� RI� VLJQL¿FDQFH�� ZKLFK� LV� UHODWHG� WR�
KRZ� VLJQL¿FDQW� WKH� UHVXOWV� DUH� ZKHQ� FRPSDUHG� WR�
JHQHUDO�SURSHUWLHV�RI�WKH� ODQGVFDSH��,W� LV�FOHDU�WKDW�
XVLQJ� YLVLELOLW\� WR� LQIHU� WKH� PHULWV� RI� D� SDUWLFXODU�
VLWH�ORFDWLRQ�RQH�KDV�WR�GLUHFWO\�FRPSDUH�ZLWK�ZLGHU�
VWDWLVWLFDO� SURSHUWLHV� RI� WKH� ODQGVFDSH�� 7KH� FKRLFH�
RI�YLVLELOLW\�UDGLXV�FDQ�OHDG�WR�PLVLQWHUSUHWDWLRQV�DV�
D� VPDOO� UDGLXV� IDYRXUV�D�KLJKHU�SHUFHQWDJH�RI� FHOOV�
EHLQJ� ORFDWHG� DW� ORZHU� HOHYDWLRQV� UHODWLYH� WR� WKH�
REVHUYHU��ZKLOH�D�ODUJHU�UDGLXV�IDYRXUV�FHOOV�ORFDWHG�
DW� KLJKHU� HOHYDWLRQV� �WKH� SHDNV� DQG� ULGJHV� H̆HFW���
7KH� µSUHIHUHQWLDO¶� YLVLELOLW\� RI� SHDNV� DQG� ULGJHV� IRU�
ODUJHU� UDGLL� DUH� GRFXPHQWHG� LQ� WKH� OLWHUDWXUH�� H�J��
�:KHDWOH\� ������ DQG� �YDQ� /HXVHQ� ������� ,Q� RUGHU�
WR� DGGUHVV� WKHVH� LVVXHV�� LW� LV� SURSRVHG� KHUH� WKDW�
ZKHQHYHU� YLVLELOLW\� VWXGLHV� DUH� FRQGXFWHG� VHYHUDO�
UDGLL� VKRXOG� EH� XVHG�� WKLV� FDQ� EH� GHVFULEHG� DV�
JHQHUDWLQJ�YLVLELOLW\�ZLWKLQ�EDQGV�ZKHUH�HDFK�EDQG�
LV� GH¿QHG� E\� D� JLYHQ� UDGLXV�� 7KHQ� IRU� HDFK� EDQG�
LQGHSHQGHQW� VWDWLVWLFV� FDQ� EH� FROOHFWHG� SURYLGLQJ�
H[WUD� OHYHOV� RI� LQIRUPDWLRQ�SHU� YLVLELOLW\� EDQG� WKDW�
ZRXOG�QRW�EH�DYDLODEOH�LI�D�VLQJOH�UDGLXV�ZHUH�WR�EH�
XVHG�

$GGUHVVLQJ� WKH�PHWKRGRORJLFDO� LVVXHV� DERYH��
WKLV�SDSHU�SURSRVHV�PHWKRGV�WR�FDOFXODWH�DQG�DVVHVV�
WKH�FRPELQHG�H̆HFWV�RI�FXUYDWXUH�DQG�DWPRVSKHULF�
UHIUDFWLRQ� RQ� YLVLELOLW\� VWXGLHV�� 7KH� PRGHOV� DUH�
GHVFULEHG� LQ�6HFWLRQ����6HFWLRQ���GHVFULEHV�D� FDVH�
VWXG\�XVLQJ�WKH�ORQJ�EDUURZV�RI�WKH�'DQHEXU\�UHJLRQ�
LQ� (QJODQG� DQG� 6HFWLRQ� �� DWWHPSWV� WR� GHWHUPLQH�
SDWWHUQV� LQ� WKH� GDWD�� )LQDOO\� D� GLVFXVVLRQ� DQG�
FRQFOXVLRQ�LV�SUHVHQWHG�LQ�6HFWLRQ���

2. &RUUHFWLQJ�IRU�WKH�&XUYDWXUH�RI�WKH�(DUWK�
DQG�$WPRVSKHULF�5HIUDFWLRQ

����(DUWK�FXUYDWXUH

7KH� (DUWK¶V� FXUYDWXUH� DQG� DWPRVSKHULF�
SURSHUWLHV� VLJQL¿FDQWO\� D̆HFW� YLVLELOLW\� UDQJH� DQG�
PXVW�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�DV�SRLQWHG�RXW�E\�
5XJJOHV� DQG� 0HG\FN\M�6PLWK� ������� DQG� &RQROO\�
DQG� /DNH� �������� $� GHWDLOHG� DQDO\VLV� KDV� EHHQ�
FDUULHG� RXW� E\� )UHQFK� ������� RI� WKH� JHRPHWU\� RI�
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YLVLELOLW\�DV�D� IXQFWLRQ�RI�DOWLWXGH�DQG�DWPRVSKHULF�
UHIUDFWLRQ�� 7KH� VWXGLHV� IRFXV� RQ� KRZ� IDU� FDQ� WKH�
KRUL]RQ� EH� VHHQ�� DVVXPLQJ� WKDW� WKHUH� LV� HQRXJK�
FRQWUDVW�WR�WKH�QDNHG�H\H�EHWZHHQ�WKH�KRUL]RQ�DQG�
WKH�VN\��$Q�DSSUR[LPDWH�FRUUHFWLRQ�IRU�UHIUDFWLRQ�LV�
SURSRVHG� LQ�ZKLFK� LW� LQFUHDVHV� WKH� GLVWDQFH� WR� WKH�
YLVLEOH�KRUL]RQ�E\�DERXW�����7KH�DQDO\VLV�LV�YDOLG�XS�
WR�D�YHUWLFDO�GLVWDQFH�RI�DERXW���NP��

%RKUHQ� DQG� )UDVHU� ������� H[WHQGHG� WKH�
DQDO\VLV� WR� FRQVLGHU� WKH� H̆HFWV� RI� OLJKW� VFDWWHULQJ�
E\� SDUWLFOHV� LQ� WKH� DWPRVSKHUH�� 7KHLU� DQDO\VLV�
ZDV� IRFXVHG� RQ� GHWHUPLQLQJ� DW� ZKDW� GLVWDQFH� WKH�
KRUL]RQ�ZRXOG�FHDVH�WR�EH�YLVLEOH��DV�LW�LV�FOHDU�WKDW�
HYHQ�RQ�H[WUDRUGLQDULO\�FOHDU�GD\V�LW�LV�QRW�SRVVLEOH�
WR� VHH� IRUHYHU� GXH� WR� FRQWUDVW� UHGXFWLRQ�� 6WURQJ�
DVVXPSWLRQV� UHQGHU� WKHLU� PRGHO� D� YHU\� VLPSOH�
RQH�� DV� LW� DVVXPHV� QR� PXOWLSOH� VFDWWHULQJ� H̆HFWV��
FRQVWDQW�LOOXPLQDWLRQ��DQG�LJQRUHV�OLJKW�DEVRUSWLRQ�
E\�SDUWLFOHV�LQ�WKH�DWPRVSKHUH��+RZHYHU��WKH�UHVXOWV�
DUH� SODXVLEOH� DQG� DJUHH� ZLWK� WKH� REVHUYDWLRQ� WKDW�
IRU� ORQJ� GLVWDQFHV� DQG� KLJK� DOWLWXGHV� WKHUH� LV� QRW�
HQRXJK�FRQWUDVW�EHWZHHQ�HDUWK�DQG�VN\�WR�DFFXUDWHO\�
GHWHUPLQH�ZKHUH� WKH�KRUL]RQ� OLHV��7KH�FRQFOXVLRQV�
DUH� WKDW� WKH� H[DFW� ORFDWLRQ� RI� WKH� KRUL]RQ� LV� QRW�
SRVVLEOH� WR� GHWHUPLQH� IRU� DOWLWXGHV� JUHDWHU� WKDQ�
��NP�

:KLOH� VXFK� DQDO\VLV� KLJKOLJKWV� WKH� UROH� RI�
DWPRVSKHULF� FRQWUDVW� UHGXFWLRQ� IRU� ERWK� ORQJ�
GLVWDQFHV� DQG� KLJK� DOWLWXGHV� GXH� WR� XQHYHQ�
LOOXPLQDWLRQ�� OLJKW� VFDWWHULQJ� DQG� DEVRUSWLRQ�� LW�
DOVR� LQGLFDWHV� WKDW� WKHVH� IDFWRUV� FDQ� EH� OXPSHG�
LQWR� D� VLQJOH� FRQWUDVW� UHGXFWLRQ� FRUUHFWLRQ� IDFWRU���
7KH� DQDO\VLV� DQG� WKH� PRGHOV� RI� FXUYDWXUH� DQG�
UHIUDFWLRQ� SUHVHQWHG� EHORZ� GHULYH� IURP� WKH� ZRUN�
GHVFULEHG�LQ�)UHQFK��������ZLWK�FRQWUDVW�UHGXFWLRQ�
QRW� FRQVLGHUHG� ±� WKH� MXVWL¿FDWLRQ� EHLQJ� WKDW� D�
FRQWUDVW�UHGXFWLRQ�IDFWRU�DV�GH¿QHG�E\�%RKUHQ�DQG�
)UDVHU� ������� FDQ� EH� DSSOLHG� WR� WKH� UHVXOWV� IURP�

FXUYDWXUH�DQG�UHIUDFWLRQ��LI�GHVLUHG��7KDW�ZRXOG�EH�
DQ�DFFHSWDEOH�UHSODFHPHQW�IRU�DQ�RWKHUZLVH�GL̇FXOW�
WR�PRGHO�H̆HFW��6LPLODU�DQDO\VLV�LV�DOVR�SUHVHQWHG�LQ�
<RXQJ��������LQ�ZKLFK�FXUYDWXUH�DQG�UHIUDFWLRQ�DUH�
OXPSHG�WRJHWKHU��

'(0� KHLJKWV� DUH� QRUPDOO\� GH¿QHG� RQ� D�
UHFWDQJXODU� JULG� DQG�� LI� RQH� H[WHQGV� WKH� JULG� WR�
UHSUHVHQW�WKH�HQWLUH�(DUWK¶V�VXUIDFH�WKHQ�FOHDUO\�WKLV�
ZRXOG�SRLQW�WR�D�ÀDW�(DUWK��$OWKRXJK�LQFRQJUXRXV��
WKLV�ZRXOG�PHDQ�WKDW�RQ�D�YLVLELOLW\�VWXG\�XVLQJ�D�*,6�
LI�WKH�REVHUYHU�ZHUH�RQ�WKH�KLJKHVW�SRLQW�RQ�(DUWK��
WKHQ� LW� ZRXOG� EH� SRVVLEOH� WKDW� HYHQ� WKH� IXUWKHVW�
FHOOV�RQ�WKH�(DUWK�VXUIDFH�FRXOG�EH�YLVLEOH��7KH�ÀDW�
(DUWK�VXUIDFH�PRGHO� LV�GHSLFWHG� LQ�)LJXUH� ��E\� WKH�
KRUL]RQWDO�OLQH�ODEHOOHG�³'(0�KHLJKWV´�

,Q�)LJXUH����5�LV�WKH�UDGLXV�RI�WKH�(DUWK�DQG�WKH�
REVHUYHU�LV�DW�ORFDWLRQ�$�ORRNLQJ�DW�FHOO�'��+RZHYHU��
WKH� FHOO� '� LV� QRW� DW� LWV� DSSDUHQW� SRVLWLRQ� RQ� D� ÀDW�
HDUWK�� EXW� RQ� WKH� VXUIDFH� RI� WKH� HDUWK� DW� ORFDWLRQ�
%�� 7KHUHIRUH�� WKH� GLVWDQFH� %'� LV� WKH� DPRXQW� WKH�
FHOO�KDV�WR�EH�ORZHUHG�LQ�UHODWLRQ�WR�REVHUYHU�$�DQG�
LW� LV� D� IXQFWLRQ� RI� WKH� GLVWDQFH�AD�� ,W� LV� FOHDU� WKDW�
DV� '� LQFUHDVHV� WRZDUGV� '¶� WKH� ORFDWLRQ� EHFRPHV�
RFFOXGHG� E\� WKH� FXUYDWXUH� RI� WKH� HDUWK� DQG� WKLV� LV�
UHSUHVHQWHG�E\�SRLQW�%¶��7KH�DYHUDJH� UDGLXV�RI� WKH�
HDUWK� �5�� LV� NQRZQ�DQG� WKH�GLVWDQFH�d =AD is the 
GLVWDQFH� IURP� WKH� YLHZSRLQW� WR� D� JLYHQ� FHOO��*LYHQ�
WKDW�WKH�DQJOH�EHWZHHQ�$'�DQG�$%�LV�YHU\�VPDOO�DQG�
WKDW�WKH�GLVWDQFH�%'�LV�YHU\�VPDOO�FRPSDUHG�WR�WKH�
UDGLXV�RI�WKH�HDUWK��LW�LV�UHDVRQDEOH�WR�FRQVLGHU�WKH�
ULJKW� WULDQJOH�OA�AD�DO� LQ� )LJXUH� �� DQG� FDOO� WKH�
FRUUHFWLRQ�IDFWRU�F� �%'�DQG�H[SUHVV�WKH�UHODWLRQVKLS�
E\�3\WKDJRUDV¶�WKHRUHP�

   R2�G2 �5�F�2   ���������������

IURP�ZKLFK�c�FDQ�EH�FDOFXODWHG�DV�

 � F ¥�52�G2����5� � �����������������

$V� YLVLELOLW\� LV� FDOFXODWHG� IURP� HYHU\� FHOO�
ORFDWLRQ��LW�ZRXOG�EH�WLPH�FRQVXPLQJ�DQG�XQSUDFWLFDO�
WR�FDOFXODWH�QHZ�YDOXHV�RI�c�IRU�DOO�SRVVLEOH�GL̆HUHQW�
YLHZSRLQWV�� 7R� VROYH� WKLV� SUREOHP� D� PHWKRG� LV�
SURSRVHG�WR�SUH�FDOFXODWH�WKH�FRUUHFWLRQV�WKDW�PXVW�
EH�DSSOLHG�WR�HDFK�KHLJKW�RI�WKH�'(0�SODFLQJ�WKHVH�
FRUUHFWLRQ� IDFWRUV� LQWR� D� PDWUL[�� 7KH� FHOO� DW� WKH�
FHQWUH� KDV� D� FRUUHFWLRQ� YDOXH� RI� �� �]HUR��ZKLOH� DOO�
RWKHU� FHOOV� KDYH� D� FRUUHFWLRQ� IDFWRU� WKDW� LQFUHDVHV�

Figure 1��7KH�FXUYDWXUH�FRUUHFWLRQ�YDOXHV�DUH�GH¿QHG�E\�
the distance BD (not to scale, curvature is exaggerated).
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ZLWK�WKH�GLVWDQFH�IURP�WKH�YLHZSRLQW��7KHVH�IDFWRUV�
DUH� FRQVWDQW� DQG� RQO\� QHHG� WR� EH� FDOFXODWHG� RQFH�
�IURP�WKH�(DUWK¶V�UDGLXV�DW�WKH�UHTXLUHG�ODWLWXGH��

����7KH�H̆HFWV�RI�DWPRVSKHULF�UHIUDFWLRQ

7KH�(DUWK¶V�DWPRVSKHUH�ZRUNV�DV�D�OHQV�ZLWK�D�
EHQGLQJ�H̆HFW�±�WKH�UHVXOW�LV�WKDW�WKLV�HQDEOHV�XV�WR�
VHH�IXUWKHU�IURP�DQ\�YLHZSRLQW��<RXQJ��������)URP�
)LJXUH� ��� FRQVLGHU� WKDW� DQ� REVHUYHU� ORFDWHG� DW� WKH�
SRVLWLRQ�PDUNHG�$�ZRXOG�VHH�%�DV�WKH�IXUWKHVW�SRLQW�
LQ� WKH� KRUL]RQ� LI� RQO\� WKH� HDUWK¶V� FXUYDWXUH� H̆HFWV�
ZHUH� FRQVLGHUHG�� %HFDXVH� WKH� DWPRVSKHULF� OHQV�
H̆HFW�H̆HFWLYHO\�µUDLVHV¶�VRPH�SRLQWV�WKDW�OLH�EH\RQG�
WKH�KRUL]RQ��QRZ�SRLQW�%¶�EHFRPHV�YLVLEOH��DOWKRXJK�
WKH� JHRPHWU\� LPSOLHV� WKDW� LW� LV� QRW� YLVLEOH�� 7KH�
GL̆HUHQFH�EHWZHHQ�%¶²%�LV�WKH�H̆HFW�RI�DWPRVSKHULF�
UHIUDFWLRQ��7KLV� LV� QRUPDOO\� YHU\�GL̇FXOW� WR�PRGHO�
DV� LW� GHSHQGV� RQ� DWPRVSKHULF� FRPSRVLWLRQ� DQG�RQ�
D� QXPEHU� RI� RWKHU� SDUDPHWHUV� WKDW� YDU\� ZLWK� WKH�
WLPH�RI� WKH�GD\�� EULJKWQHVV�� DOWLWXGH�� ORFDWLRQ�� DQG�
VR� RQ�� $Q� DSSUR[LPDWH� PRGHO� KDV� EHHQ� SURSRVHG�
�)UHQFK�������<RXQJ�������DQG� LW� LV�DGRSWHG�KHUH��
7KH�PRGHO�VWDWHV�WKDW�WKH�LQFUHDVHG�YLVLELOLW\�GXH�WR�
DWPRVSKHULF�UHIUDFWLRQ�FDQ�EH�LQFRUSRUDWHG�LQWR�WKH�
PRGHO�RI�WKH�(DUWK¶V�FXUYDWXUH�E\�VLPSO\�DGGLQJ�WR�
WKH�(DUWK¶V�UDGLXV�����RI�LWV�YDOXH�

   5µ �5�5��� � ���������������

7KLV�HQODUJHG�UDGLXV�5¶� LV�XVHG�WR�FDOFXODWH�D�
FRUUHFWLRQ�PDWUL[�&M�ZKLFK�FRQWDLQV�WKH�YDOXHV�RI�c 
WR�EH�DSSOLHG�WR�HDFK�FHOO�LQ�WKH�'(0�DV�D�IXQFWLRQ�
RI�LWV�GLVWDQFH�d�WR�WKH�REVHUYHU�FHOO��7KH�&M�PDWUL[�
LV� FDOFXODWHG� WKURXJK� (TXDWLRQ� ���� ZKHUH� ERWK�

FXUYDWXUH� RI� WKH� HDUWK� DQG� DWPRVSKHULF� UHIUDFWLRQ�
DUH� FDOFXODWHG� LQ� D� VLQJOH� VWHS�� %HFDXVH� ERWK� DUH�
FRUUHFWHG�DW�WKH�VDPH�WLPH��WKH�H[SUHVVLRQ�curvature 
correction matrix�UHIHUV�ERWK�WR�WKH�FXUYDWXUH�DQG�
UHIUDFWLRQ�FRUUHFWLRQ�PDWUL[�

7KH�1HROLWKLF� ORQJ� EDUURZV� LQ� WKH�'DQHEXU\�
UHJLRQ�RI�FHQWUDO�(QJODQG�DUH�XVHG�KHUH�DV�D�FDVH�VWXG\�
�/RFN�DQG�+DUULV��������7KH�'(0�IRU�WKH�'DQHEXU\�
UHJLRQ�LV�GHSLFWHG�LQ�)LJXUH���ZLWK�����[�����FHOOV�
ZLWK�FHOO�VL]H�RI���P��VR�WKH�GLVWDQFH�d LV�GH¿QHG�DW�
HYHU\���P�LQWHUYDO��7KH�YDOXHV�RI�c�DUH�SUH�FDOFXODWHG�
DQG�VDYHG�WR�WKH�correction matrix &M��,Q�RUGHU�WR�
FDWHU�IRU�HGJH�H̆HFWV�WKH�VL]H�RI�WKH�FRUUHFWLRQ�PDWUL[�
LV�VHW�WR�����[�����FHOOV��ZKLFK�LV�IRXU�WLPHV�DV�ODUJH�
DV�WKH�RULJLQDO�'(0�±�WKLV�ZLOO�HQVXUH�WKDW�ZKHQ�WKH�
FRUUHFWLRQ�PDWUL[� LV� FHQWUHG� RQ� DQ\� IHDWXUH� RI� WKH�
'(0�� DOO� FHOOV� RI� WKH�'(0�ZLOO� EH� FRYHUHG� E\� WKH�
PDWUL[�� )LJXUH� �� VKRZV� D� JUDSKLFDO� UHSUHVHQWDWLRQ�
RI� D� SUH�FDOFXODWHG� PDWUL[� &M� ZKHUH� WKH� SRLQW� DW�
LWV� FHQWUH� UHSUHVHQWV� D�PLQLPXP� FRUUHFWLRQ� YDOXH��
ZKLFK�LQFUHDVHV�WRZDUGV�WKH�ERXQGDULHV��7KH�YDOXH�
DW�WKH�FHQWUH�RI�PDWUL[�&M�ZLOO�EH�]HUR��EHFDXVH�d=0 
DW�WKLV�SRLQW��DQG�ZLOO�LQFUHDVH�WRZDUGV�WKH�ERUGHUV�
RI�WKH�PDWUL[�LQ�DOO�GLUHFWLRQV��)RU�LQVWDQFH��IRU�D�FHOO�
��NP�DZD\� IURP� WKH� FHQWUH� WKH� FRUUHFWLRQ�ZLOO� EH�
��P�IRU�WKH�'DQHEXU\�ODQGVFDSH��WKLV�LV�FDOFXODWHG�
WKURXJK�HTXDWLRQ���ZLWK�' ��������

,QWHJUDO� WR� WKLV� DSSURDFK� LV� ZKDW� LV� WKH�
PD[LPXP�GLVWDQFH�WKDW�FDQ�EH�VHHQ�IURP�D�YLHZSRLQW�
DW�����P��WKH�H\H�OHYHO�RI�D�SHUVRQ��DQG�WKLV�FDQ�EH�
FDOFXODWHG�VLPSO\�DV�WKH�GLVWDQFH�d�ZKHQ�c ����P��
7KH�(DUWK�LV�QRW�D�SHUIHFW�VSKHUH�DQG�WKH�UDGLXV�DW�
WKH�SROHV� LV�VPDOOHU�WKDQ�WKH�UDGLXV�DW�WKH�(TXDWRU�
������NP� DQG� �����NP� UHVSHFWLYHO\��� 7R� JHW� DQ�
DFFXUDWH�UHSUHVHQWDWLRQ�RI�WKH�(DUWK¶V�UDGLXV�IRU�WKH�
'DQHEXU\� UHJLRQ� DW� ODWLWXGH� ���������� GHJUHHV� LWV�
YDOXH�ZDV�HVWLPDWHG�DV������NP��,I�WKH�WHUUDLQ�ZHUH�
D�SHUIHFWO\�ÀDW�SODQH�VXFK�DV�DW�VHD�� WKH�PD[LPXP�
GLVWDQFH� WKDW� FRXOG� EH� VHHQ� IURP� D� YLHZSRLQW� DW�
����P�LV�WKHQ�FDOFXODWHG�DV�d �����P�

,I� WKH� H̆HFWV� RI� UHIUDFWLRQ� DUH�QRZ�DGGHG�E\�
XVLQJ�5¶ �����NP� DQG� WKH� SUHYLRXV� FDOFXODWLRQ� LV�
UHSHDWHG� WKH� UHVXOW�RI�d �����P� LV�REWDLQHG��:LWK�
WKLV�VLPSOH�H[DPSOH�IRU�D�YLHZLQJ�SRLQW�DW�D�KHLJKW�
RI�����P��LW�LV�VKRZQ�WKDW�WKH�H̆HFWV�RI�DWPRVSKHULF�
UHIUDFWLRQ�LQFUHDVH�WKH�YLHZLQJ�GLVWDQFH�E\����ZKHQ�
FRPSDUHG� WR� FXUYDWXUH� DORQH�� 7KLV� DJUHHV� ZLWK�
UHVXOWV�UHSRUWHG�LQ�WKH�OLWHUDWXUH��)UHQFK�������

Figure 2��7KH�'DQHEXU\�UHJLRQ�WRSRJUDSK\�PDS�VKRZLQJ�
WKH� ORFDWLRQ� RI� WKH� ��� ORQJ� EDUURZV�� /LJKWHU� DUHDV� DUH�
higher elevations.
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����$SSO\LQJ�WKH�FRUUHFWLRQ�PDWUL[�WR�'(0�KHLJKWV

2QFH�WKH�FRUUHFWLRQ�PDWUL[�&M� LV�REWDLQHG�DV�
DERYH�� LW� LV� XVHG� WR� JHQHUDWH� D� QHZ�'(0� IRU� HDFK�
ORFDWLRQ� IURP� ZKHUH� YLVLELOLW\� LV� WR� EH� FDOFXODWHG��
7KH�&M�PDWUL[�PXVW�¿UVW�EH�RYHUODLG�RQWR�WKH�'(0�
PDWUL[� VXFK� WKDW� LWV� FHQWUH� LV� H[DFWO\� RQ� WKH� FHOO�
RI� LQWHUHVW�� 6LQFH� WKH� '(0� DQG� &M� PDWULFHV� KDYH�
GL̆HUHQW� GLPHQVLRQV� �WKH� &M� LV� IRXU� WLPHV� ODUJHU�
WKDQ�WKH�'(0���&M�PXVW�EH�FURSSHG�WR�WKH�VDPH�VL]H�
DV�WKH�'(0�

&0�FURSSHG��>5RZV�&ROXPQV@� �&M>��5'(0�±U���5'(0�±U�
+ R'(0����&'(0�±F���&'(0�±F���&'(0��@  � ���

:KHUH��U�F��DUH�WKH�URZV�DQG�FROXPQ�LQGLFHV�
RI�WKH�ORFDWLRQ�ZKHUH�YLVLELOLW\�LV�WR�EH�FDOFXODWHG����
����PHDQV�WKH�UDQJH�RI�URZV�DQG�FROXPQV��from:to���
DQG��5'(0��&'(0��DUH�WKH�WRWDO�QXPEHU�RI�URZV�DQG�
FROXPQV�RI� WKH�'(0��7KHQ�D�QHZ��FRUUHFWHG�'(0�
FDQ�EH�JHQHUDWHG�IRU�WKDW�ORFDWLRQ�

'(0QHZ� �'(0�±�&0�FURSSHG�� � ���

7KH�FRUUHFWHG�'(0QHZ�LV�WKHQ�XVHG�WR�JHQHUDWH�
YLHZVKHGV��1RWH�WKDW�HDFK�FHOO�RI� LQWHUHVW�ZLOO�KDYH�
LWV� RZQ� FRUUHFWHG� '(0� WKURXJK� (TXDWLRQV� �� DQG�
���EXW�WKH�JHQHUDWLRQ�RI�VXFK�'(0V�RQO\�LQYROYHV�D�
VLPSOH�FURSSLQJ�DQG�D�PDWUL[�VXEWUDFWLRQ�RSHUDWLRQ�

7KH� SURSRVHG� PHWKRG� R̆HUV� D� QXPEHU� RI�
DGYDQWDJHV� RYHU� H[LVWLQJ� PHWKRGV� DYDLODEOH� LQ�
$UF*,6�IRU� LQVWDQFH��+HUH��RQO\�D�VLQJOH�FRUUHFWLRQ�
PDWUL[� LV� FDOFXODWHG� IRU� DQ\� JLYHQ� ODWLWXGH�� WKHQ�
IRU� HDFK� FHOO� LQ� WKH� '(0� �L�H�� IRU� HDFK� REVHUYHU�
SRLQW�� WR� JHQHUDWH� D� QHZ�� FRUUHFWHG� '(0� FHQWUHG�

DW� WKH� REVHUYHU� SRLQW� LV� MXVW� D�PDWWHU� RI� FURSSLQJ�
�(TXDWLRQ� ��� DQG� D� PDWUL[� VXEWUDFWLRQ� �(TXDWLRQ�
���� ,Q� FRQWUDVW�� LQ� $UF*,6� IRU� HDFK� REVHUYHU� SRLQW�
DOO�FRUUHFWLRQV�DUH�FDOFXODWHG�DQHZ�IRU�HYHU\�VLQJOH�
FHOO�PDNLQJ�LW�PXFK�PRUH�FRPSXWDWLRQDOO\�LQWHQVLYH�
WKDQ� WKH� PHWKRG� SURSRVHG� KHUH�� ,Q� DGGLWLRQ�� WKH�
SURSRVHG�PHWKRG�HVWLPDWHV�WKH�(DUWK¶V�UDGLXV�DW�WKH�
UHTXLUHG�ODWLWXGH��ZKLOH�LQ�$UF*,6�DQ�DYHUDJH�LV�XVHG��
7KLV�PDNHV�WKH�SURSRVHG�FRPSXWDWLRQV�RI�FXUYDWXUH�
DQG�UHIUDFWLRQ�PRUH�DFFXUDWH�DV�WKH\�DUH�SHUIRUPHG�
XVLQJ� D�PRUH� DFFXUDWH� (DUWK� UDGLXV�� )RU� LQVWDQFH��
IRU�WKH�'DQHEXU\�UHJLRQ�XVLQJ�WKH�SURSRVHG�PHWKRG�
�LPSO\LQJ�XVLQJ�WKH�(DUWK�UDGLXV�IRU�WKH�'DQHEXU\�
ODWLWXGH��\LHOGV�D�PRUH�SUHFLVH�UHIUDFWLRQ�FRUUHFWLRQ�
LQGH[�RI������ZKLOH�LQ�$UF*,6�WKLV�LV�������D�FRQVWDQW�
YDOXH�WKDW�LV�LQGHSHQGHQW�RI�ORFDWLRQ�RQ�WKH�(DUWK¶V�
VXUIDFH�� )LQDOO\�� WKH� SURSRVHG� PHWKRG� LV� IXOO\�
FRQWUROOHG� E\� WKH� XVHU�ZKHQ� FUHDWLQJ� WKH� UHTXLUHG�
FRUUHFWHG�'(0V��ZKLOH� LQ�$UF*,6� LW� LV� D�EODFN�ER[�
DSSURDFK�

3. $VVHVVLQJ� WKH� ,PSDFW� RI� &XUYDWXUH� DQG�
5HIUDFWLRQ�RQ�9LVLELOLW\

,Q� RUGHU� WR� DVVHVV� WKH� UHODWLYH� LPSDFW� RI� WKH�
(DUWK¶V� FXUYDWXUH� DQG� DWPRVSKHULF� UHIUDFWLRQ� RQ�
YLVLELOLW\� WKH� IROORZLQJ�PHWKRG� ZDV� DSSOLHG�� )LUVW��
GH¿QH� YLVLELOLW\� EDQGV� IRU� UDGLL� IURP� �� WR� ��NP�
DQG� FDOFXODWH� YLHZVKHGV� XVLQJ� VWDQGDUG� YLHZVKHG�
DOJRULWKPV� IRU� HDFK� ORQJ� EDUURZ� LQ� WKH� 'DQHEXU\�
VWXG\� UHJLRQ� ���� EDUURZV� LQ� WRWDO��� 5HSHDW� WKH�
FDOFXODWLRQV� XVLQJ� WKH� DOJRULWKPV� IRU� FRUUHFWLQJ�
IRU� HDUWK� FXUYDWXUH� DQG� DWPRVSKHULF� UHIUDFWLRQ� DV�
GH¿QHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� 6HFRQG�� SURGXFH�
VWDWLVWLFV� E\� FRXQWLQJ� WKH� QXPEHU� RI� YLVLEOH� FHOOV�

Figure 3��5HSUHVHQWDWLRQ�RI�WKH�FXUYDWXUH�SOXV�UHIUDFWLRQ�FRUUHFWLRQ�PDWUL[�&0��5HJLRQV�QHDU�WKH�FHQWUH�VKRZ�VPDOO�
FRUUHFWLRQV��DZD\�IURP�WKH�FHQWUH�ODUJHU�FRUUHFWLRQV��QRW�WR�VFDOH��FXUYDWXUH�HIIHFWV�DUH�H[DJJHUDWHG��
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DW� HDFK� YLVLELOLW\� EDQG� IRU�ERWK� VWDQGDUG� YLHZVKHG�
DQG�ZLWK�FXUYDWXUH�DQG�UHIUDFWLRQ�DOJRULWKPV��(GJH�
H̆HFWV� DUH� WDNHQ� LQWR� DFFRXQW� E\� VWDQGDUGL]LQJ�
UHVXOWV� WR�SHUFHQWDJHV�DQG�EHLQJ�FDUHIXO� WR�XVH� WKH�
FRUUHFW�WRWDO�QXPEHU�RI�FHOOV� LQ�FDVHV�ZKHUH�DQ\�RI�
WKH�UDGLL�JR�RYHU�WKH�ERUGHUV�RI�WKH�VWXG\�UHJLRQ��

7KH� VLJQL¿FDQFH� RI� WKH� UHVXOWV� QHHGV� WR� EH�
FRPSDUHG� WR� YLVLELOLW\� SURSHUWLHV� RI� WKH� JHQHUDO�
ODQGVFDSH�� 6LQFH� WKHUH� DUH� ��� ORQJ� EDUURZV� LQ� WKH�
'DQHEXU\� UHJLRQ�� YLVLELOLW\� IRU� IXUWKHU� ��� UDQGRP�
ORFDWLRQV� DUH� DOVR� FDOFXODWHG� WR� JLYH� D� XQLIRUP�
VDPSOH�VL]H��5HVXOWV�DUH�VKRZQ�LQ�7DEOHV���DQG���

7DEOHV� �� DQG���SURYLGH� D� VXPPDU\�RI� YLVLEOH�
FHOO�FRXQWV�IRU�ERWK�EDUURZV�DQG�UDQGRP�ORFDWLRQV��
7KH�FROXPQV�XQGHU�³6WDQGDUG�YLHZVKHG´�VKRZ�WKH�
QXPEHU� RI� YLVLEOH� FHOOV� IURP� VWDQGDUG� YLHZVKHG�
FDOFXODWLRQV� ZLWK� SHUFHQWDJHV� IRU� HDFK� EDQG�� 7KH�
FROXPQV�XQGHU�WKH�ODEHO�³&XUYDWXUH�ZLWK�UHIUDFWLRQ´�
VKRZ� WKH� H̆HFWV� RI� WKH� HDUWK¶V� FXUYDWXUH� DQG�
UHIUDFWLRQ�ZLWKLQ�HDFK�EDQG��QRWH�WKDW�WKH�QXPEHU�RI�

YLVLEOH�FHOO�FRXQW�GURSV�LQ�HDFK�DQG�HYHU\�EDQG��7KH�
FROXPQV� ³&KDQJH� LQ� YLVLEOH� FHOOV´� DQG� ³3HUFHQWDJH�
FKDQJH´�DUH�FDOFXODWHG�E\�WKH�QXPEHU�RI�FKDQJH�LQ�
YLVLEOH� FHOOV� LQ� UHODWLRQ� WR� WKH� VWDQGDUG� YLHZVKHG�

Table 1.�6XPPDU\�VWDWLVWLFV�IRU�YLVLEOH�FHOO�FRXQWV�IRU����ORQJ�EDUURZV�

Table 2.�6XPPDU\�VWDWLVWLFV�IRU�YLVLEOH�FHOO�FRXQWV�IRU����UDQGRP�ORFDWLRQV�

Figure 4��$YHUDJH� SHUFHQWDJH� GHFUHDVH� LQ� YLVLEOH� FHOOV�
SHU�YLVLELOLW\�EDQG��'DVKHG�OLQH��ORQJ�EDUURZV��VROLG�OLQH��
random locations.
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FDOFXODWLRQ��7KLV�LV�WR�DVVHVV�WKH�VLJQL¿FDQFH�RI�WKH�
GURS�LQ�YLVLELOLW\�ZKHQ�WKH�FRPELQHG�H̆HFWV�RI�(DUWK�
FXUYDWXUH�DQG�DWPRVSKHULF�UHIUDFWLRQ�DUH�WDNHQ�LQWR�
DFFRXQW�

,W�LV�DSSDUHQW�IURP�FRPSDULQJ�WKH�WZR�WDEOHV�
�WKH� ³3HUFHQWDJH´� FROXPQV�� WKDW� ORQJ� EDUURZV� DUH�
ORFDWHG� LQ� DUHDV� RI� KLJKHU� YLVLELOLW\� WKDQ� UDQGRP�
ORFDWLRQV� �SUREDEO\� WKH� H[SHFWHG� UHVXOW��� 2YHUDOO��
WKH�LPSDFW�RI�WKH�(DUWK¶V�FXUYDWXUH�DQG�DWPRVSKHULF�
UHIUDFWLRQ� RQ� YLVLELOLW\� UHGXFWLRQ� LV� VLJQL¿FDQW�
ZKHQ� FRPSDUHG� WR� VWDQGDUG� YLVLELOLW\� FHOO� FRXQWV�
DV� VKRZQ�E\� WKH� ODVW� FROXPQ�³3HUFHQWDJH� FKDQJH´��
7KH�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�YLVLEOH�FHOOV�EHFRPHV�
PRUH� VLJQL¿FDQW� IRU� SRLQWV� IXUWKHU� DZD\� IURP� WKH�
YLHZLQJ�SRLQW�� LQ�RWKHU�ZRUGV�� LW�KDV�D� ODUJH�H̆HFW�
RQ�FHOOV�FORVHU�WR�WKH�KRUL]RQ��7KLV�LV�VKRZQ�IRU�WKH�
ODUJHU� UDGLL� ZKHUH� WKH� UHGXFWLRQ� LV� XS� WR� ���� IRU�
UDQGRP� ORFDWLRQV� DQG� ���� IRU� EDUURZ� ORFDWLRQV��
7KLV� H̆HFW� LV� LOOXVWUDWHG� LQ� WKH� VXPPDU\� VWDWLVWLFV�
RI�)LJXUH��� �WDNHQ� IURP�7DEOHV���DQG�����ZKHUH�RQ�
WKH�[�D[LV� LV� VKRZQ� WKH����YLVLELOLW\�EDQGV��DQG�RQ�
WKH� \�D[LV� WKH� DYHUDJH� GHFUHDVH� LQ� YLVLELOLW\� IRU� DOO�
EDUURZV� �GDVKHG� FXUYH�� DQG� DOO� UDQGRP� ORFDWLRQV�
�VROLG�FXUYH��

$�YLVXDO�UHSUHVHQWDWLRQ�RI�YLVLELOLW\�GHFD\�GXH�
WR�FXUYDWXUH�DQG�UHIUDFWLRQ�LV�LOOXVWUDWHG�LQ�)LJXUHV�

�� DQG� �� IRU� EDUURZV� ��� DQG� ��� UHVSHFWLYHO\�� 7KH�
LPDJHV� RQ� WKH� OHIW� VKRZ� WKH� YLHZVKHGV� FDOFXODWHG�
XVLQJ�WKH�VWDQGDUG�PHWKRG��DQG�LQ�WKH�PLGGOH��XVLQJ�
WKH�PHWKRG�GHVFULEHG� LQ� WKLV�SDSHU�ZLWK�FXUYDWXUH�
DQG� UHIUDFWLRQ� H̆HFWV�� 7KH� ULJKW� LPDJHV� VKRZ� WKH�
DFWXDO�FHOOV�WKDW�JR�RXW�RI�YLHZ�ZKHQ�WKH�FXUYDWXUH�
DQG� UHIUDFWLRQ� H̆HFWV� DUH� WDNHQ� LQWR� DFFRXQW�� ,W� LV�
QRWLFHDEOH�WKDW�DV�WKH�YLVLELOLW\�EDQGV�LQFUHDVH��DQG�
WKXV�FHOOV�DUH�FORVHU�WR�WKH�KRUL]RQ��WKH�H̆HFW�LV�PRUH�
SURPLQHQW�� EXW� LW� DOVR� D̆HFWV� FORVHU� FHOOV�� 7KHVH�
UHVXOWV� FOHDUO\� TXDQWLI\� WKH� UHGXFWLRQ� LQ� YLVLELOLW\�
DV� D� IXQFWLRQ� RI� WKH� GLVWDQFH� IURP� WKH� REVHUYHU�
SURYLGLQJ�HYLGHQFH�IRU�WKH�H̆HFWV�RI�YLVLELOLW\�GHFD\�
DQG� VWURQJO\� LQGLFDWH� WKDW� WKHVH� H̆HFWV� VKRXOG�QRW�
EH�LJQRUHG�

4. 3DWWHUQV�RI�9LVLELOLW\�

7R� H[SORUH� WKH� H̆HFWV� RI� KRZ� HDFK� YLVLELOLW\�
EDQG� FKDQJHV� DFURVV� DOO� EDUURZV� DQG� UDQGRP�
ORFDWLRQV�� WKH� EDQGV� ZHUH� SORWWHG� LQGHSHQGHQWO\�
DV� VKRZQ� LQ� )LJXUH� �� IRU� VWDQGDUG� YLHZVKHG� �OHIW�
FROXPQ��DQG�ZLWK�WKH�FRPELQHG�H̆HFWV�RI�FXUYDWXUH�
DQG�UHIUDFWLRQ��ULJKW�FROXPQ���7KH�OLJKWHU�FRORXUHG�
URXQG� PDUNHUV� DUH� IRU� WKH� ��� EDUURZV� DQG� WKH�
GDUN�VTXDUH�PDUNHUV� IRU����UDQGRP�ORFDWLRQV��7KH�
SORWV� RQ� WKH� WRS� URZ� VKRZ� WKH� ��� YLVLELOLW\� EDQGV�
RQ�WKH�[�D[LV�DQG�WKH�SHUFHQWDJH�RI�YLVLEOH�FHOOV�RQ�

Figure 6��%DUURZ�����/HIW��VWDQGDUG�YLHZVKHG��0LGGOH��ZLWK�WKH�HIIHFWV�RI�FXUYDWXUH�DQG�UHIUDFWLRQ��5LJKW��WKH�FHOOV�WKDW�
JR�RXW�RI�YLHZ�GXH�WR�FXUYDWXUH�DQG�UHIUDFWLRQ�

Figure 5��7KH�HIIHFWV�RI�YLVLELOLW\�UHGXFWLRQ�GXH�WR�HDUWK�FXUYDWXUH�DQG�UHIUDFWLRQ�IRU�EDUURZ�����/HIW��YLVLEOH�FHOOV�
FDOFXODWHG�ZLWK�VWDQGDUG�YLHZVKHG��0LGGOH��ZLWK�FXUYDWXUH�DQG�UHIUDFWLRQ��5LJKW��WKH�GLIIHUHQFH�RU�WKH�DFWXDO�FHOOV�WKDW�
JR�RXW�RI�YLHZ�GXH�WR�FXUYDWXUH�DQG�UHIUDFWLRQ�
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Figure 8��'HFUHDVH�LQ�WKH�QXPEHU�RI�YLVLEOH�FHOOV��/HIW��GHFUHDVH�SHU�YLVLELOLW\�EDQG��ULJKW��GHFUHDVH�DFURVV�DOO�ORFDWLRQV��
/LJKW�URXQG�PDUNHUV��ORQJ�EDUURZV��GDUN�VTXDUH�PDUNHUV��UDQGRP�ORFDWLRQV�

Figure 7�� 7RS� URZ�� SHUFHQWDJH� RI� YLVLEOH� FHOOV� SHU� YLVLELOLW\� EDQG� IRU� EDUURZV� �OLJKW� URXQG�PDUNHUV�� DQG� UDQGRP�
ORFDWLRQV��GDUN�VTXDUH�PDUNHUV���%RWWRP�URZ��SHUFHQWDJH�SHU�ORFDWLRQ��/HIW�FROXPQ��VWDQGDUG�YLVLELOLW\��ULJKW�FROXPQ��
ZLWK�WKH�HIIHFWV�RI�FXUYDWXUH�DQG�UHIUDFWLRQ�
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WKH� \�D[LV�� 7KH� SORWV� RQ� WKH� ERWWRP� URZ� VKRZ� ���
ORFDWLRQV� RQ� WKH� [�D[LV� �IRU� EDUURZV� DQG� UDQGRP�
ORFDWLRQV��DQG�WKH�SHUFHQWDJH�RI�YLVLEOH�FHOOV�RQ�WKH�
\�D[LV��1RWH�WKDW�IRU�DOO�EDQGV�WKH�ORQJ�EDUURZV�KDYH�
D� VLJQL¿FDQWO\� KLJKHU� YLVLELOLW\� WKDQ� WKH� UDQGRP�
ORFDWLRQV��WKH�JHQHUDOO\�H[SHFWHG�UHVXOW�EDVHG�RQ�WKH�
DVVXPSWLRQ�WKDW�EDUURZ�ORFDWLRQV�ZHUH�VHOHFWHG�IRU�
WKHLU�KLJKHU�YLVLELOLW\��

:KHQ�FRPSDULQJ�WKH�SORWV�RQ�WKH�OHIW�FROXPQ�
RI� )LJXUH� �� DJDLQVW� WKH� RQHV� RQ� WKH� ULJKW� FROXPQ��
WKH� GHFUHDVH� LQ� RYHUDOO� YLVLELOLW\� GXH� WR� FXUYDWXUH�
DQG� UHIUDFWLRQ� LV� QRW� FOHDUO\� DSSDUHQW�� $OWKRXJK�
WKH� GHFUHDVH� LV� VLJQL¿FDQW� LQ� D� QXPEHU� RI� FHOOV� DV�
GHPRQVWUDWHG�LQ�7DEOHV���DQG���DQG�LQ�)LJXUHV���DQG�
��� VXFK�GHFUHDVH� LQ� UHODWLRQ� WR� WKH�RYHUDOO�QXPEHU�
RI� YLVLEOH� FHOOV� LV�PRUH� FOHDUO\� VHHQ� RQ� WKH� SORW� RI�
)LJXUH���OHIW��7KH�YHUWLFDO�D[LV�RI�)LJXUH���VKRZV�WKH�
QXPEHU�RI�FHOOV�WKDW�JR�RXW�RI�YLHZ�GXH�WR�FXUYDWXUH�
DQG� UHIUDFWLRQ� IRU� HDFK� YLVLELOLW\� EDQG� DQG� DFURVV�
DOO� ORFDWLRQV��7KH� H̆HFWV� DUH�PRUH�SURQRXQFHG� IRU�
ODUJHU�EDQGV�DQG�FOHDUO\�FDQQRW�EH�LJQRUHG�±�D�SRLQW�
WKDW�KDV�EHHQ�PDGH�HDUOLHU�DQG�LV�UHLQIRUFHG�KHUH�

5. 'LVFXVVLRQ�DQG�&RQFOXVLRQV�

7KLV�SDSHU�KDV�DGGUHVVHG�PHWKRGRORJLFDO�DQG�
WKHRUHWLFDO� LVVXHV� LQ� YLVLELOLW\� VWXGLHV� E\� XVLQJ� WKH�
ORQJ�EDUURZV�RI�WKH�'DQHEXU\�UHJLRQ�LQ�(QJODQG�DV�D�
FDVH�VWXG\��$�QHZ�PHWKRG�LV�GHPRQVWUDWHG�LQ�ZKLFK�
FRUUHFWLRQV� WR� WKH� '(0� KHLJKWV� WR� FDWHU� IRU� WKH�
(DUWK¶V� FXUYDWXUH� LQ� UHODWLRQ� WR� WKH� REVHUYHU�SRLQW�
DUH�SUH�FDOFXODWHG�PDNLQJ�LW�KLJKO\�FRPSXWDWLRQDOO\�
ḢFLHQW�� 7KHVH� FRUUHFWLRQV� DUH� DGMXVWHG� WR� D� ORFDO�
ODQGVFDSH�E\�XVLQJ�WKH�HDUWK¶V�DYHUDJH�UDGLXV�DW�WKH�
JLYHQ�ODWLWXGH�

7KH� SDSHU� KDV� DGGUHVVHG� WKH� LVVXH� RI� UHDOLW\�
LQ� YLVLELOLW\� VWXGLHV� DV� GH¿QHG� E\� YDQ� /HXVHQ�
��������7KH�GL̇FXOWLHV�RI�DFFXUDWHO\�PRGHOOLQJ� WKH�
FRPELQHG�H̆HFWV�RI�DWPRVSKHULF�UHIUDFWLRQ��PXOWLSOH�
OLJKW�VFDWWHULQJ�DQG�DEVRUSWLRQ�E\�DLUERUQH�SDUWLFOHV�
WRJHWKHU�ZLWK�XQHYHQ�LOOXPLQDWLRQ�KDYH�EHHQ�SRLQWHG�
RXW�� � %RWK� WKH� (DUWK¶V� FXUYDWXUH� PRGHO� WRJHWKHU�
ZLWK� DQ�DSSUR[LPDWH�PRGHO� RI� UHIUDFWLRQ� IURP� WKH�
OLWHUDWXUH��)UHQFK�������<RXQJ�������ZHUH�DGDSWHG�
WR� VXSSRUW� FXUYDWXUH� DQG� UHIUDFWLRQ� FRUUHFWHG�
YLVLELOLW\� FDOFXODWLRQV�� ([SHULPHQWDO� UHVXOWV�
GHPRQVWUDWH�WKDW�WKH�H̆HFWV�DUH�PRVW�QRWLFHDEOH�IRU�
SRLQWV�WRZDUGV�WKH�KRUL]RQ��UHGXFWLRQV�RI�WKH�RUGHU�
RI�����DUH�REVHUYHG�IRU�WKH�FDVH�VWXG\�IRU�GLVWDQFHV�

DURXQG� ��NP�� 7KHVH� UHVXOWV� FOHDUO\� VKRZ� WKDW� WKH�
H̆HFWV� RI� WKH� HDUWK� FXUYDWXUH� DQG� DWPRVSKHULF�
UHIUDFWLRQ�PXVW� EH� WDNHQ� LQWR� DFFRXQW� LQ� YLVLELOLW\�
VWXGLHV� RWKHUZLVH� WKH� FDOFXODWHG� YLVLELOLW\�PD\� QRW�
FRUUHVSRQG�WR�UHDOLW\��7KLV� LV�RI� LPSRUWDQFH�ZLWKLQ�
YLVLELOLW\� VWXGLHV� JHQHUDOO\� EXW� SDUWLFXODUO\� ZKHUH�
UHODWLRQVKLSV� EHWZHHQ� VLWHV� DQG� YLVLEOH� KRUL]RQV�
DUH� LQYHVWLJDWHG� �IRU� H[DPSOH� DUFKDHR�DVWURQRP\�
DQG�VWRQH�FLUFOHV�DV�LQ�5XJJOHV�DQG�0HG\FN\M�6FRWW�
������

7KH� LVVXH�RI� VLJQL¿FDQFH�ZDV�DOVR�DGGUHVVHG��
,Q�RUGHU�WR�FRPSDUH�YLVLELOLW\�IURP�VHOHFWHG�IHDWXUH�
SRLQWV� DQG� GUDZ� FRQFOXVLRQV� LQ� UHODWLRQ� WR� WKH�
SURSHUWLHV� RI� WKH� ZLGHU� ODQGVFDSH�� WKLV� SDSHU� KDV�
VHOHFWHG� ��� ORFDWLRQV� ���� ORQJ� EDUURZV� SOXV� ���
UDQGRP� ORFDWLRQV�� DQG�HDFK�YLHZVKHG�ZDV�GLYLGHG�
LQWR����EDQGV��IURP���WR���NP��7KDW�PHDQV�YLVLELOLW\�
PDSV� ZHUH� FDOFXODWHG� ��� WLPHV� ���� WLPHV� XVLQJ� D�
VWDQGDUG�YLVLELOLW\�DOJRULWKP��DQG����WLPHV�ZLWK�WKH�
H̆HFWV�RI�FXUYDWXUH�DQG�UHIUDFWLRQ��

7KH� H̆HFWV� RI� FXUYDWXUH� DQG� UHIUDFWLRQ� ZHUH�
TXDQWL¿HG� DQG� WDEXODWHG�� /RRNLQJ� IRU� SDWWHUQV� LQ�
WKH�GDWD��SORWWLQJ�D�FRPELQHG�GDWD�RYHU�DOO�ORFDWLRQV�
DQG� DOVR� IRU� HDFK� YLVLELOLW\� EDQG� SURYHG� XVHIXO� WR�
DVVHVV�FKDQJHV�LQ�YLVLELOLW\��7KH�H̆HFWV�RI�UHGXFWLRQ�
LQ� QXPEHU� RI� YLVLEOH� FHOOV� GXH� WR� FXUYDWXUH� DQG�
UHIUDFWLRQ� ZHUH� TXDQWL¿HG� DQG� YLVXDOL]HG� ±� LW� KDV�
EHHQ�VKRZQ�WKDW�WKH�UHGXFWLRQ�FDQ�EH�XS�WR�����IRU�
WKH�'DQHEXU\�GDWD�IRU�VRPH�YLVLELOLW\�EDQGV��

7KH� PDLQ� WKUXVW� RI� WKLV� SDSHU� KDV� EHHQ�
FRQFHUQHG� ZLWK� PHWKRGRORJLFDO� LVVXHV� LQ� YLVLELOLW\�
VWXGLHV� E\� DQDO\VLQJ� DQG� TXDQWLI\LQJ� WKH� (DUWK�
FXUYDWXUH� H̆HFWV� RQ� YLVLELOLW\�� 7KH� SDSHU� PDNHV�
WKHRUHWLFDO� DQG� PHWKRGRORJLFDO� FRQWULEXWLRQV� LQ�
WKLV�UHJDUG�DQG�DOVR�DGGUHVVHV�WKH�LVVXHV�RI�UHDOLW\��
HGJH�H̆HFWV�DQG�VLJQL¿FDQFH��7KH�FXUYDWXUH�PRGHOV�
GHVFULEHG�KHUH�RQO\�FRQVLGHU�DWPRVSKHULF�UHIUDFWLRQ��
DQG� LW� LV� FOHDU� WKDW� IXUWKHU� ZRUN� VKRXOG� DGGUHVV�
WKH� PRGHOOLQJ� RI� FRPSOH[� DWPRVSKHULF� YDULDEOHV�
VXFK� DV� PXOWLSOH� SDUWLFOH� LQWHUDFWLRQ� FRQFHUQLQJ�
OLJKW� VFDWWHULQJ� DQG� DEVRUSWLRQ� DQG� XQHYHQ�
LOOXPLQDWLRQ�� $OVR�� IXUWKHU� ZRUN� RQ� TXDQWL¿FDWLRQ�
LQFOXGHV� LQFUHDVLQJ� WKH� VDPSOH� VL]H� IRU� IXUWKHU�
WHVWLQJ� WKH� SURSHUWLHV� RI� EDUURZV� DQG� ODQGVFDSH�
DQG� WKH� GHYHORSPHQW� RI� SDWWHUQ� DQDO\VLV� DQG� GDWD�
YLVXDOL]DWLRQ�PHWKRGV�
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Abstract:
The ArchaeDyn team has investigated territorial dynamics by comparing areas over long time spans 
between the Neolithic and Modern times. Datasets on various themes have been shared and indicators and 
DQDO\WLFDO�PRGHOV�SURGXFHG��7KLV�SDSHU�SUHVHQWV�ERWK�WKH�IRUPDOL]DWLRQ�RI�VFLHQWL¿F�SURFHVV�XVHG�LQ�WKH�
ArchaeDyn programme and a conceptual model of the systems and components so that synchronic and 
diachronic comparisons can be made. The aim is to clarify the transition from an archaeological feature 
(a site or an artefact) or a recording unit (survey area) as the input, to the characterization of spaces 
describing a system as the output. The approach is described by the successive steps corresponding to 
semantic, spatial or temporal analytical processes from the prospecting level to the level of complex objects 
such as the territories and spaces under study. These complex objects— consumption areas, agricultural 
areas and settlement patterns—are the subsystems in the dynamics of human territorial occupation. The 
main contribution of this formalization is that it describes synthetically the hypotheses tested and the 
approach implemented. In addition, it provides a collective validation of the research team’s reasoning.

Keywords:
Models, Formalization, Analytical Process, Agricultural Areas, Settlement Patterns, Consumption Areas

Introduction

This paper is the outcome of collaboration 
as part of the ArchaeDyn programme funded by 
France’s ANR (ANR-08-BLAN-0157) (Gandini et al. 
2012). The ArchaeDyn programme was launched in 
2004 to study territorial dynamics from Neolithic 
to Modern times. The programme is conducted by 
three workgroups focusing on separate themes: (i) 
Corresponding author: laure.saligny@u-bourgogne.fr

the movement of raw materials and manufactured 
objects, (ii) agricultural areas; (iii) settlement 
patterns and territories.

All three workgroups exploit archaeological 
LQYHQWRULHV� FROODWHG� DV� SDUW� RI� RWKHU� VFLHQWL¿F�
programmes. The ArchaeDyn members have 
implemented an analytical approach for sharing these 
datasets and producing indicators and analytical 
models with which to compare geographical spaces 
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over large time spans  (Gandini et al. 2012; Poirier 
and Tolle 2008).

The sheer diversity of analysis produced in 
the eight years the programme has been running 
(for the same purpose of describing and comparing 
GL̆HUHQW� µSLHFHV� RI� VSDFH¶� RFFXSLHG� E\� KXPDQV��
means that, although the analytical methods are 
properly applied, the process is not always clear at 
each stage.  

This paper begins by presenting the 
theoretical models underpinning the programme’s 
DVVXPSWLRQV�� GH¿QLQJ� WKH� VFLHQWL¿F� JRDOV� LQ� WHUPV�
of thematic, spatial and temporal issues and 
hypotheses. The second part of the paper sets out 
the way in which each workgroup formalizes the 
VFLHQWL¿F� SURFHVV�� 7KHVH� SURFHVV� VFKHPHV� H[SODLQ�
ERWK� WKH� WUDQVIRUPDWLRQ� RI� VWXG\� µVLWHV¶� LQWR� D�
FKDUDFWHUL]DWLRQ�RI�µSLHFHV�RI�VSDFH¶�DQG�WKH�GL̆HUHQW�
levels of studies, the various objects composing the 
systems under study and their interrelations. The 
purpose of this formalization is to develop a scheme 
E\� ZKLFK� WR� GHVFULEH� GL̆HUHQW� REMHFWV� DQG� WKHLU�
transformations and to clarify the transition from 
an archaeological feature (a site or an artefact) or 
a recording unit (survey area) as an input, to the 
FKDUDFWHUL]DWLRQ�RI�VSDFHV�DV�DQ�RXWSXW��7KH�¿QDO�SDUW�
of the paper describes the conceptual models of each 
system in order to answer the questions: What are 
the objects composing the spaces under study? How 
do they evolve individually within theses spaces? 
:KDW� LV� WKH� EDVLF� VSDWLDO� DQG� WHPSRUDO� VLJQL¿FDQW�
unit of the studies? With these conceptual models, 
the aim is to understand the rule for each dimension 
(semantic, time and space) at every step of the 
analytical process. 

1. Theoretical Models and Hypotheses

The ArchaeDyn programme brings together 
many researchers working from common 
assumptions in order to compare spaces between 
Neolithic and Modern times. The programme 
is formed around three workgroups engaged 
LQ� YDULRXV� DUHDV� RI� UHVHDUFK� DW� GL̆HUHQW� VSDWLDO�
DQG� FKURQRORJLFDO� VFDOHV� DQG� XVLQJ� GL̆HUHQW�
archaeological data. One workgroup investigates 
the movement of raw materials and manufactured 
objects over geographical areas that may be as 
vast as Europe and that range in time from the 

Neolithic to the Iron Age. Its data are mostly 
inventories of movables. A second group works on 
the micro-scale level on agricultural areas from the 
end of Protohistory to the Middle Ages based on 
¿HOGZDONLQJ�GDWD��$�WKLUG�JURXS�VWXGLHV�VHWWOHPHQW�
patterns and territories from 800 BC to 800 AD 
on a regional scale by processing data from various 
VRXUFHV��¿HOG�VXUYH\V��WH[WXDO�VRXUFHV��HWF����

The three workgroups have developed 
WKHLU� RZQ� DQDO\WLFDO� PRGHOV� EDVHG� RQ� WKH� VSHFL¿F�
theoretical models described below.

1.1 Product distribution model

In order to analyse the spatial phenomena 
related to the movement of Pre- and Protohistorical 
raw materials and manufactured objects in Western 
Europe, the workgroup began by identifying the 
SURFHVVHV� LQYROYHG� LQ� WKHLU� GL̆XVLRQ� �*DXWKLHU� HW�
al. 2012a). Substantial modelling was carried out to 
OLVW� WKH� HOHPHQWV� FRPSRVLQJ� WKH� GL̆XVLRQ� V\VWHPV�
and their organization, their interactions, the 
IDFWRUV�LQÀXHQFLQJ�WKH�ORFDWLRQ�RI�SURGXFWV�RU�WKHLU�
transfers. The general theoretical model suggested 
is intended for the products under study. The 
REMHFWLYH�RI�WKLV�¿UVW�PRGHO�LV�WR�HVWDEOLVK�DQG�GH¿QH�
the relevant concepts and terminology. 

7KUHH� SRVVLEOH� µGRPDLQV¶� LQ� WKH� OLIH� F\FOH�
RI� D� SURGXFW� DUH� LGHQWL¿HG� �)LJ�� ���� SURGXFWLRQ��
GL̆XVLRQ�DQG�FRQVXPSWLRQ��ZLWK�WKH�ODWWHU�LQFOXGLQJ�
both the use and the hoarding of products. Each 
DUFKDHRORJLFDO�µSODFH¶�LV�DVVRFLDWHG�ZLWK�RQH�RI�WKHVH�
three domains.

8QOLNH� WKH� ¿UVW� VWHS� RI� VXSSO\� DQG� WKH� ¿QDO�
step of voluntary or involuntary abandonment (or 
UHF\FOLQJ���ZKLFK�GH¿QH�WKH�EHJLQQLQJ�DQG�WKH�HQG�
of the life cycle, none of the intermediate stages is 
mandatory. The object may have followed a variable 
pathway, moving backwards and forwards among 
the three domains. The transition from one type 
of site to another is a transfer. A sequence of such 
transfers may entail the product being moved in 
VSDFH�RYHU�WLPH��ZKLFK�LV�WHUPHG�GL̆XVLRQ�

1.2 Agricultural area model

The workgroup studying agricultural areas 
DLPV� WR� HYDOXDWH� KXPDQ� DSSURSULDWLRQ� DQG� LQ¿HOG�
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dynamics of exploited spaces in order to ensure 
domestic supply, from Protohistory to Modern 
times. 

The possible transformations of these spaces 
can be summarized as follows: 

• cultivated to uncultivated

• cultivated to forest,

• cultivated to pasture,

• cultivated to cultivated (change of crops),

• and vice versa.

These transformations may be repeated on a 
number of occasions over the course of time.

This agricultural area is studied on a local scale 
LQ�PDQ\�VWXG\�DUHDV�IURP�WKH�LGHQWL¿FDWLRQ�RI�DUG�
PDUNV� �VXFK� DV�PDQXULQJV� LGHQWL¿HG� IURP� R̆�VLWH�
PDWHULDO� GXULQJ� ¿HOGZDONLQJ� VXUYH\V��� RU� DQFLHQW�
¿HOG� V\VWHPV�� RU� DJUDULDQ� VWUXFWXUHV� SUHVHUYHG�
under forest cover.

The aim is to ascertain the criteria that 
determined the location of intensely appropriated 
spaces, with regard to water, soils, relief and distance 
from settlements. Which settings were intensively 
and durably occupied? Which ones were ignored?

The idea is also to evaluate the validity of 
centrality models, like von Thünen’s model (Thünen 
1826)  for agricultural activities (O’Kelly et al. 1996). 

Is there a linear relationship between the degree of 
appropriation and the distance from settlements 
(Fig. 2)?

1.3 Settlement model  

The workgroup aims to analyse the intensity, 
stability and organization of rural occupation 
in southern and central France from 800 BC to 
800 AD using indices related to settlement. The 
goals are to characterize the regional settlement 
systems (density, spatial and hierarchical structure 
and evolution) by using common criteria and to 
understand the mechanisms or processes causing 
changes in the systems (Bertoncello et al. 2012). It is 
essential to compare study areas in order to evaluate 
the scale on which changes occur (regional or supra-
UHJLRQDO���ZKLFK�PD\�SRLQW�WR�GL̆HUHQW�FDXVHV�

The archaeological objects considered for the 
study of the settlement systems are the remains 
of dwellings or similar buildings (farm or craft 

Figure 1. Modelling of transfers between functional 
places (Gauthier et al. in press, Fig. 6).

Figure 2. The Von Thünen model (http://www.csiss.org/
classics/uploads/vonthunen2.jpg).
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buildings). Religious sites and burial sites are 
excluded because they are not to be found in all 
WKH�DUHDV�DQG�WKH\�UHÀHFW�VSHFL¿F�VSDWLDO�VWUDWHJLHV�
DQG� WHPSRUDO� UHVROXWLRQV� WKDW� GL̆HU� IURP� WKRVH�
of habitat. Because networks of settlements are 
under study, the remains taken into account are 
considered in the broad sense of the term habitat, 
DV�GH¿QHG� LQ�JHRJUDSK\�E\�5RJHU�%UXQHW�� µ+DELWDW�
is the grouping and layout of dwellings in a given 
space; it can include outbuildings for animals and 
stores, as well as workshops and other constructions 
for occupational use. […] Rural habitat [is] anything 
built in the countryside’ (Brunet et al., 1992: 229).

2. Process Formalization

To study these models and make synchronic 
and diachronic comparisons, it is necessary to 
describe and formalize the objects under study and 
the way they are processed and analysed.  

For each schema (Figs. 3, 4 and 5), the 
components are the entities (or objects) and the 
processes.

The entities are grouped into six classes (the 
ovals in the diagrams):

•  recording units which are arbitrary: they are used 
LQ�¿HOG�VXUYH\V�WR�ORFDWH�DQG�TXDQWLI\�VKHUGV�

•  observed objects or primary data which are 
artefacts, remains, sherds, etc. 

•  constructed objects construed from the primary 
data which are interpreted and validated, for 
example a settlement or an agricultural area.

These observed and constructed objects are 
unambiguous objects.

• �DQDO\WLFDO�REMHFWV�RU� µWRROV¶��GHYLVHG� IRU�DQDO\VLV�
and comparison, 

•  theoretical objects, used as references.

The analytical and theoretical objects are 
abstract objects, such as a cell in which qualitative 
and quantitative archaeological information can be 
aggregated. 

• �VWXGLHG�REMHFWV��WKH�H[SHFWHG�UHVXOWV��WKH�µSLHFHV�
RI� VSDFH¶� RU� WKH� VSDWLDO� FRQ¿JXUDWLRQ�ZKLFK� WKH�
ArchaeDyn programme aims to characterize.

Three kinds of processes are distinguished 
(the diamonds in the diagrams):

•  process based on knowledge and on 
archaeological interpretation: they involve the 
classical archaeological approach,

•  process involving statistical, spatial or 
geoprocessing methods,

•  comparative process, which may include methods 
of analysis with archaeological descriptions and 
interpretations. 

Each entity and process occurs at a level of 
observation and study of the phenomena. 

7KH�¿UVW�OHYHO�FRQFHUQV�WKH�H[SORUDWLRQ�SKDVH�
�¿HOG� VXUYH\� RU� GRFXPHQWDU\� LQYHQWRULHV�� ZLWK�
REMHFWV� FRQWDLQLQJ� VSHFL¿F� LQIRUPDWLRQ� RU� SULPDU\�
data. The second level is the functional level for 
FKDUDFWHUL]LQJ� µSLHFHV� RI� VSDFH¶�� $W� WKLV� OHYHO�� WKH�
abstract objects are developed so that data can be 
standardized, compared and analysed over time and 
space. It is the level of transition at which primary 
data are selected and converted into interpreted 
data. Moreover this level involves a transformation 
in the way space is perceived: it is the transition from 
LVRODWHG�REMHFWV�WR�D� µSLHFHV�RI�VSDFH¶��7KLV�VSDFH�LV�
characterized by the presence or absence of certain 
REMHFWV�DQG�WKHLU�UHODWLRQV��7KH�¿QDO�OHYHO�LV�WKDW�RI�
WKH� FKDUDFWHUL]DWLRQ� RI� µSLHFHV� RI� VSDFH¶� GHVFULELQJ�
the study area. It is at this level that dynamics 
EHWZHHQ� GL̆HUHQW� SHULRGV� RU� EHWZHHQ� GL̆HUHQW�
regions can be compared.

���� 3URFHVV� IRUPDOL]DWLRQ� IRU� SURGXFW� GL̆XVLRQ�
systems

The team seeks to identify production, 
transformation or consumption areas and the 
circulation network connecting these areas, as 
GHVFULEHG� E\� LQIRUPDWLRQ� DERXW� ÀRZ� DQG� W\SH� RI�
transfer (Fig. 3).

To this end, the investigators collate several 
heterogeneous inventories of archaeological 
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DUWHIDFWV�� 7KHQ�� D� VHULHV� RI� VFLHQWL¿F� SURFHVVHV�
drawing on archaeological knowledge is used to 
homogenize these data, such as a descriptive grid to 
classify objects as characterized objects. As the next 
stage, these objects are grouped into sets according 
to criteria of similarity and distance. A second 
method is the building of a georeferenced database of 
VLWHV�RU�ORFDWLRQV�ZKHUH�REMHFWV�DUH�IRXQG��7KH�¿QGV�
are usually located by reference to contemporary 
municipal boundaries. The last process at this stage 
is the interpretation made for sites and for objects 
at the same time. The presence of an object at a 
site could help in ascribing that place to a category 
of production, transformation or hoarding, etc. 
These constructed entities (sites and characterized 
objects) are used for building the analysis units 
such as grids and zoning by spatial abstraction or 

VWDWLVWLFDO�DQG�VSDWLDO�PHWKRGV��7KH�¿QDO�SURFHVV�LV�
to use comparative tools and methods and to make 
interpretations by reading maps or charts.

The end-results are proposals for items related 
to the description of the system: areas of production, 
transformation, use or hoarding and the transfer or 
circulation network as a mode of transfer and in 
WHUPV� RI� ÀRZ�� 7KHVH� UHVXOWV� DUH� FRPSDUHG� ZLWK� D�
corpus of models used in archaeology (Renfrew 1975; 
Needham 1998; Pétrequin et al. 2012), ethnology 
(Godelier 1996) and geography (Reilly 1931).

2.2 Process formalization for agricultural areas

The approach implemented in this workgroup 
is formalized in Figure 4. The diagram obeys the 
same logic as above to depict the transition from 
one level to another through the transformation 
of objects and the processes employed for those 
transformations.

As in the previous case, three levels are 
LGHQWL¿HG��7KH�¿UVW�LV�WKH�OHYHO�RI�LQYHQWRU\�RI�DUG�
PDUNV� UHFRUGHG� LQ�PDQ\� VWXG\� DUHDV�� VXFK� DV� R̆�
VLWH�VKHUGV�LQ�¿HOG�VXUYH\�FROOHFWLRQ�XQLWV��DJUDULDQ�
structures and fragmented fossilized structures 
(lineaments or piles of stones) beneath forest cover . 

For the second level, these archaeological 
objects are transformed into a spatial or time-space 
cluster based on knowledge or on concentration 
thresholds. 

The parcel plan level is the level of description 
and interpretation of shapes and areas. It includes 
two categories of objects: archaeological objects, but 
by this stage they have been interpreted, and abstract 
objects, developed so the data can be standardized, 
compared and analysed. 

A manuring or a delimited area entity is an 
interpreted object because it is the archaeologist 
who chooses (on the strength of empirical or 
mathematical criteria) whether or not to form a 
group. The zoning, for example, as an abstract and 
analytical object, is the outcome of aggregating 
neighbouring cells with the same attributes or 
indicators, this group being arrived at by statistical 
methods. This second level with the analysis units is 
also a transformation of space: we no longer study 

Figure 3. Process formalization for product diffusion 
systems (L. Saligny, X. Rodier – WG4, Archaedyn ANR-
08-BLAN-0157, 2012).

Figure 4. Process formalization for agricultural areas 
(L. Saligny, X. Rodier – WG4, Archaedyn ANR-08-
BLAN-0157, 2012).
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isolated and interconnected objects but a space 
subdivided into areas.  

This level is a transitional stage of abstraction 
DW�ZKLFK�WKHVH�µSLHFHV�RI�VSDFH¶�FDQ�EH�FKDUDFWHUL]HG�
by means of gradients or degrees of human 
appropriation (in terms of exploitation). This 
level is also one that makes regional comparisons 
possible and enables (or maximizes) the use of all 
archaeological sources. In case studies of manuring, 
recording by collection units prevents any studies at 
the level of parcels. The last level is that of exploited 
space around the habitats that allows inter-regional 
comparisons of dynamics (trends will be compared 
by comparing spectra or curves).

2.3 Process formalization for settlement systems 

This approach can be summarized in four 
steps (Fig. 5):

1. Constructing the site database. This is the 
OHYHO�DW�ZKLFK�DUFKDHRORJLFDO�VLWHV�DUH�LGHQWL¿HG�E\�
¿HOG�VXUYH\V��7KHVH�VLWHV�DUH�XQGHUVWRRG�DV�ORFDOL]HG�
and bounded concentrations of archaeological 
UHPDLQV�WKDW�DUH�VẊFLHQWO\�FKDUDFWHUL]HG�IRU�WKHP�
to be dated.

2. Constructing the settlement database. At this 
(functional) level, dating (pottery assemblage) and 
preliminary interpretation of the primary data from 
the sites makes it possible to identify settlements. 
7KH� WHUP� µVHWWOHPHQW¶� UHIHUV�KHUH� WR� D�SODFH�ZKHUH�
people settled (with no structural or functional 
connotation) at some time, in a more or less 
permanent and uninterrupted manner. A settlement 
may therefore correspond to a site or part of a site: 
several human occupations (= several settlements) 
could have occurred in succession at the same point 
of space (= on the same site). The functional level 
corresponds to a process of interpretation and 
decomposition of the primary information, based 
on knowledge. The site is an intermediate object for 
building interpreted settlements. 

��� +LHUDUFKLFDO� FODVVL¿FDWLRQ� RI� VHWWOHPHQWV��
In a systemic approach, it is assumed that the 
organization and evolution of the system depends 
on the interactions among its components, i.e. 
settlements in our case (Durand-Dastès et al. 1998). 
The nature and intensity of these interactions 

depend on the relative rank of the settlements 
within a functional hierarchy. In order to estimate 
WKLV� KLHUDUFK\�� VHWWOHPHQWV� DUH� FODVVL¿HG� E\� D�
common set of criteria (size, building materials, 
length of occupation, function: Gandini et al. 2008) 
using Factor Analysis (AFC) and Agglomerative 
Hierarchical Clustering (CAH–Ward’s method). The 
LQWHUSUHWDWLRQ� DQG� YDOLGDWLRQ� RI� WKH� FODVVL¿FDWLRQ�
FRPELQH� WKH� DQDO\VLV� RI� WKH� SUR¿OHV� RI� WKH� FODVVHV�
and archaeologists’ knowledge of the settlements.  

 4. Spatial abstraction. Spatial tools and 
models are used to characterize the organization, 
intensity and stability of settlements in each study 
area. The study areas are constructed according to 
the scatter of settlements in each region (Nuninger 
HW� DO�� �������7KH\�DUH� DUWL¿FLDO� REMHFWV�GHVLJQHG� WR�
be the analysis units and exploration windows of the 
settlement systems and to perform inter-regional 
comparisons.

The functional level of abstraction is the 
WUDQVLWLRQDO� VWHS� LQ� FKDUDFWHUL]LQJ� GL̆HUHQW�
VHWWOHPHQW�FRQ¿JXUDWLRQV�LQ�VSDFH�DQG�WLPH��

These processes are intended to provide a 
standardized approach and common analytical 
procedures for comparing areas with heterogeneous 
archaeological databases. 

3. The Conceptual Modelling

2QFH� WKH� VFLHQWL¿F� SURFHVVHV� KDYH� EHHQ�
formalized in this way, each system is described 

Figure 5. Process formalization for the settlement 
system. (L. Saligny, X. Rodier – WG4, Archaedyn ANR-
08-BLAN-0157, 2012).
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by a conceptual model in order to characterize 
each object in space and its evolution within the 
space. The purpose is also to explain the rules and 
importance of each dimension—space, chronology 
and theme/description/function—for building 
objects and their descriptors. So, the models are 
based on a deconstruction into three dimensions: 
space, time and semantics through which we are 
to understand the relationships between each 
dimension and each object in the system (Rodier 
and Saligny 2010; Rodier et al. 2010). The main aim 
of this conceptual modelling is to homogenize the 
archaeological inventories so as to be able to use 
them together and produce comparable results.

Each model has an upper and a lower part 
(Figs 6, 9, and 11) with the representation of nested 
boxes indicating a strict inclusion. At the top, the 
biggest box describes the system under study. The 
box contains a series of boxes representing each 
of the objects composing the system (described 
below, chap.2). The arrows specify the nature of 
the relationship between each object: the transfer 
of attributes, a spatial transformation (summary, 
account, etc.), and so on.

The lower part is composed of three 
dimensions used to describe objects: Description/
Function, Space and Time. Each of these dimensions 
XVHV� VSHFL¿F� IHDWXUHV� IRU� EXLOGLQJ� DQG� GHVFULELQJ�
archaeological and analytical objects. Between 
each part, relationships are drawn representing the 
combinations of association, inclusion, inheritance 
or transfer.

����7KH�FRQFHSWXDO�PRGHO�IRU�WKH�SURGXFW�GL̆XVLRQ�
system

In this model (Fig. 6), the time dimension is 
composed of a time feature which consists of long 
phases or chrono-cultural periods like the Early, 

Middle, Late Neolithic, and so on. Time features 
are used only for building artefacts and places or 
sites. Through the interplay of relationships among 
objects, datings are allocated to the characterized 
objects, then to the other units of analysis (like grids), 
DQG�¿QDOO\�WR�WKH�REMHFWV�VWXGLHG��OLNH�QHWZRUNV�RU�
production areas).

The space dimension is composed of spatial 
features consisting of standard geometrical entities 
such as points, lines and polygons. Only sites and 
abstract units have their own geometry. 

Through the interplay of relationships, the 
areas of production and transformation and the 
QHWZRUNV�H[LVW�DQG�DUH�GH¿QHG�RQO\�E\�WKH�H[LVWHQFH�
of grids, zonings and axes.

The semantic dimension is composed of three 
LQWHUFRQQHFWHG� ER[HV�� 7KH� ¿UVW�� WKH� VRFLDO� DQG�
economic values, describes artefacts according to 
GL̆HUHQW�VHWWLQJV��7KH�FRPELQDWLRQ�RI� WKHVH�YDOXHV���
is used to characterize and describe sites and groups.

Figure 6. The conceptual model for the product diffusion 
system (L. Saligny, X. Rodier – WG4, Archaedyn ANR-
08-BLAN-0157, 2012).

Figure 7. Variation of the 
proportion of Neolithic 
Alpine axeheads with 
distance from the workshop 
at Alba (Italy) (data: Jade, 
P. Pétrequin (ed), JADE; 
graph: L. Nuninger, WG3, 
Archaedyn ANR-08 BLAN-
0157, 2007).
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The other boxes, such as calculated values, 
TXDOL¿HG�DQG�TXDQWL¿HG�YDOXHV��GHSHQG�RQ�VHOHFWLRQV�
and on the analysis of social and economic values. 
These new values are to describe grids, zonings and 
axes and they   are based on the economic and social 
values of the areas or the sites connected by the axes.

7KH� VFLHQWL¿F� SURFHVV� DQG� WKH� FRQFHSWXDO�
PRGHOOLQJ� RI� WKH� GL̆XVLRQ� V\VWHP� DOORZ� WKH�
workgroup to achieve interesting results. The 
following diagram (Fig. 7) and the map (Fig.8) 
presents the number of Neolithic Alpine axeheads 

DW� GL̆HUHQW� GLVWDQFHV� IURP� WKH� SURGXFWLRQ� DUHD��
Ignoring the concentration of the axeheads in the 
vicinity of the quarry sites, we can observe several 
peaks corresponding to the centres where the axes 
were distributed in the direction of north-western 
Europe. The graph highlights an exceptionally 
high peak showing the extraordinary concentration 
in Morbihan (Brittany) mainly on the site of 
Carnac, depicting the importance of the Carnacean 
phenomenon in Neolithic Europe.  During the 
¿IWK�PLOOHQQLXP�%&�� (XURSH�ZDV� GLYLGHG� EHWZHHQ�
two systems, one with Varna and the other with 
WKH�0RUELKDQ� DV� WKH� HSLFHQWUH�� LQ� ZKLFK� GL̆HUHQW�
socially valued objects were used by elites: copper in 
the East and jade in the West (Pétrequin et al. 2012).

3.2 The conceptual model for agricultural areas 
(Fig.9)

The space dimension in this study is not 
FRQWLQXRXV�DQG�QRW�¿[HG�DW� WKH�EHJLQQLQJ�EHFDXVH�
the external limits and the internal divisions change 
depending on whether or not they belong to the 
agricultural area: the areas that become uncultivated 
or built are omitted from the studies. So, the 
analytical units such as grids are not totally included 
in the exploited space box, because, during the time 
period under study, space can be transformed into 
uncultivated land or can be overbuilt.

In the time dimension, time is continuous, 
with an (almost regular) division into phases. By 
extension, we can consider that time is eurythmic: 
the rhythm is predetermined upstream, so it is 
UHJXODU� DQG� FRQVWUDLQHG�� 7KH� WLPH� LV� D� µPHGLD�
time’or “temps-support” like a common framework 
for comparing study areas. Only the primary data 
are concerned by time and spatial features, but 
conversely, they do not have any descriptive or 
functional dimension. This third dimension is 
used with the functional level (see 2.2) for the 
constructed objects and the analysis units which 
have some description based on measurements. 
These measurements were obtained by analysing 
indicators which are created by analysis of space 
and possibly dating. In this study, the indicators 
of functional dimension are constructed from 
characteristics of spatial and temporal dimensions. 
In a second step, these indicators taken separately 
or combined become measurements for describing 
analytical units. 

Figure 8. The repartition of alpine jade axeheads and 
copper axeheads during the 5th millenium in Europe 
(Pétrequin et al. 2011).

Figure 9. The conceptual model for agricultural areas 
(L. Saligny, X. Rodier – WG4, Archaedyn ANR-08-
BLAN-0157, 2012).
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The exploited space is described by the level of 
human investment in terms of stability, instability or 
durability. For example, Figure 10 shows the results 
with characterization of space based on the ancient 
¿HOG� V\VWHP� SUHVHUYHG� XQGHU� WKH� IRUHVW� FRYHU�� WKH�
statistical combination of the lineament density, 
the sum of lineament lengths and the automated 
FODVVL¿FDWLRQ�RI�SORW�VKDSHV�JLYHV�D�PHDVXUH�RI� WKH�
intensity of human appropriation. We are thus able 
to distinguish areas with high densities of regular 
plots, areas with long lineaments, areas with high 
densities of disorganized isolated lineaments, or 
DUHDV� RI� ORZ�GHQVLW\� UHPDLQV�� 7KHVH� GL̆HUHQFHV�
are directly related to the level of appropriation 
by ancient societies in exploiting these spaces for 
agricultural purposes, requiring or not requiring the 
EXLOGLQJ�RI�D�UHJXODU�¿HOG�V\VWHP�

3.3 The conceptual model for the settlement system

In this model (Fig. 11), the settlement, 
interpreted entity, inherits the spatial dimension of 
the site. It is also the only object to be dated by the 
temporal feature.

The grids and the study area are located by 
VSDWLDO� IHDWXUHV� UHSUHVHQWHG�E\�GL̆HUHQW�JHRPHWULF�
objects. They are dated indirectly by the settlements 
they contain (with an inclusion relationship).

In this study, the functional dimension is built 
from objects of spatial and temporal dimensions, 
and their relationships, as in the conceptual model 
of agricultural area (see 3.2). It is the same process 
as above: the indicators taken alone or in association 
become measures with which to describe the grids 
and the study areas. 

7KH� PDLQ� GL̆HUHQFH� LV� WKH� LQFOXVLYH� ER[��
which is the settlement system in this case, as the 
DLP� LV� WR� FRPSDUH� GL̆HUHQW� UHJLRQDO� VHWWOHPHQW�
FRQ¿JXUDWLRQV�LQ�VRXWKHUQ�DQG�FHQWUDO�*DXO��

Therefore the Gaulish settlement system is 
the global object, studied with various indicators 
of settlement density (Fig.12), hierarchy or spatial 
FRQ¿JXUDWLRQ��%HUWRQFHOOR�HW�DO������E���

4. Conclusions

In conclusion, the main contribution of this 
formalization is the synthetic description of the 
hypotheses tested and the approach implemented. 
7KLV� µSV\FKRDQDO\WLF� ZRUN¶� PHDQV� WKH� $UFKDH'\Q�
WHDP�FDQ�GLVFRYHU�WKH�GL̆HUHQW�REVWDFOHV�DQG�µGHDG�
HQGV¶� DQG� ¿QG� VROXWLRQV� WR� WKHP�� ,Q� DGGLWLRQ�� LW�
provides for the research team a collective validation 

Figure 10. Intensity of human investmen (Data: M. 
Georges-Leroy, INRA Nancy, ONF; GIS: N. Poirier, 
WG1-ANR ArchaeDyn- 2011).

Figure 11. The conceptual model for the settlement 
system (L. Saligny, X. Rodier – WG4, Archaedyn ANR-
08-BLAN-0157, 2012).
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of its reasoning. With the end of the programme, 
this year, this modelling provides researchers 
with a synthesis of their processes, to clarify their 
assumptions and their analytical processes, and 
to explain to other researchers the connections 
between each analysis. In this sense, these 
conceptual schemes and diagrams are useful tools 
IRU� XQGHUVWDQGLQJ� DQG� VFLHQWL¿F� FRPPXQLFDWLRQ��
Moreover, these formalizations provide a heuristic 
value for the comprehension of the territorial 
dynamics patterns.

 Naturally, in any future programme, the team 
will have to examine how the three themes hinge 
WRJHWKHU�RQ�WKUHH�GL̆HUHQW�VFDOHV�DQG�UHÀHFW�RQ�WKH�
transitions and possible comparisons among these 
points of analytical focus and these chronological 
periods. 
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1. Introduction

‘Open’ is increasingly invoked as an attractive 
thing to be, across a host of human behavioural 
GRPDLQV� IURP� VFLHQWL¿F� SUDFWLFH� WR� FRUSRUDWH�
responsibility to governmental action (to name but a 
few). The concept readily suggests notions of public 
accountability, transparency of practice, plurality of 
RSLQLRQ�DQG�VFLHQWL¿F�UHSHDWDELOLW\��WKXV�SURYLGLQJ�D�
catchy banner for the advocacy of a range of perceived 
public goods. In contrast, while being ‘closed’ 
might occasionally carry positive connotations of 
increased security, it is less marketable and causes 
VLJQL¿FDQW�SUREOHPV� IRU�D�GRPDLQ�ZKRVH�DGYDQFHV�
are predicated on a developing and accessible 
corpus. Some aspects of the open agenda are now 
several decades old and have had a tangible impact 
RQ�PDQ\� GL̆HUHQW� VHFWRUV�� )RU� H[DPSOH�� WZR�ZHOO�
established international initiatives are Open Access 

Corresponding author: stefano.costa@okfn.org

(e.g. where publications such as journal articles are 
PDGH� SXEOLFO\� DYDLODEOH� ZLWKRXW� D� IHH�� DQG� )UHH�
/LEUH� DQG� 2SHQ� 6RXUFH� 6RIWZDUH� �)266�� ZKHUH�
source code is made available under liberal licenses 
WKDW� HQFRXUDJH� RQZDUG� XVH� DQG� PRGL¿FDWLRQ���
ERWK� DUJXDEO\� H[SUHVVLRQV� RI� D� ZLGHU� FKDQJH� LQ�
the free circulation of information and knowledge. 
A small minority of archaeologists have also been 
HPEUDFLQJ��GLVFXVVLQJ�DQG�RU�FRQWULEXWLQJ� WR�VXFK�
initiatives for some time, particularly those with an 
interest in customising digital tools or encouraging 
broader archaeological participation and dialogue 
EH\RQG� D� IHZ� ZHOO�UHVRXUFHG�:HVWHUQ� LQVWLWXWLRQV�
(e.g. in line with the participatory agenda espoused 
E\�:RUOG� $UFKDHRORJ\��� 1HHGOHVV� WR� VD\�� WKH�:HE�
has been a catalyst for these changes.

The latest chapter is Open Data, where 
priority is placed on full publication of vast tracts 
of undigested information that previously might 
only be referred to publicly in summary form, if 

'H¿QLQJ�DQG�$GYRFDWLQJ�2SHQ�'DWD�LQ�
$UFKDHRORJ\

6WHIDQR�&RVWD
Working Group on Open Data in Archaeology, Open Knowledge Foundation

$QWKRQ\�%HFN
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�$QGUHZ�%HYDQ
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PRVW��WR�WKH�UHTXLUHPHQW�WR�DWWULEXWH�DQG�VKDUH�DOLNH´��KWWS���RSHQGH¿QLWLRQ�RUJ����'ULYHQ�E\�GHPDQGV�
for greater transparency from government, general freedom of information and an increased awareness 
of the unanticipated re-use values of existing information, Open Data has seen dramatic growth in the 
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DUH�WKUHH�PDMRU�JRDOV���D�� LQGLYLGXDO�DQG�LQVWLWXWLRQDO�DGYRFDF\���E��HWKLFDO�GLVFXVVLRQ�DQG�FRQVHQVXV�
EXLOGLQJ��DQG��F��NQRZOHGJH�WUDQVIHU��OLFHQVHV�JXLGDQFH��ZLGHU�DFDGHPLF�FRQWH[W��UHSRVLWRULHV�HWF����,n this 
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DW� DOO��$V�ZLWK�2SHQ�$FFHVV� DQG�)266��2SHQ�'DWD�
LV� QRW� DQ� LQLWLDWLYH� WKDW� LV� VSHFL¿F� WR� DUFKDHRORJ\��
EXW� LQVWHDG�UHÀHFWV�PXFK�ZLGHU�FDOOV�� IRU�H[DPSOH��
for increased access to government data (data.
gov.uk, 2012) and data across academia (Royal 
Society, 2012). The underlying rationale of Open 
Data is that promoting untrammeled access to large 
amounts of ‘raw’ information enables patterns of 
UH�XVH�DQG�NQRZOHGJH�FUHDWLRQ�WKDW�ZHUH�SUHYLRXVO\�
LPSRVVLEOH� DQG�RU� ODUJHO\� XQDQWLFLSDWHG�� :H� VHHN�
WR� GH¿QH�ZKDW�ZH�PHDQ� E\� DUFKDHRORJLFDO� GDWD� LQ�
clearer terms below, but regardless of how this 
is done, most practitioners would certainly agree 
that archaeology produces a great deal of data and 
that a rapidly increasing portion of this is digital. 
Indeed, being digital is a necessary condition behind 
the free circulation of data over the Internet, and 
it is unsurprising that Open Data is particularly 
popular in the IT domain. In recent years, this 
popularity has generated an interest in Open Data in 
archaeology which is highlighted by the increasing 
number of sessions at the Computer Applications 
in Archaeology meetings dedicated to this topic. 
:KLOH�WKHUH�LV�XQGRXEWHGO\�DQ�HOHPHQW�RI�K\SH��WKLV�
growing enthusiasm remains a very positive trend in 
RXU�YLHZ��,Q�WKLV�SDSHU��ZH�WKHUHIRUH�H[SORUH�KRZ�ZH�
PLJKW�GH¿QH�WKH�QDWXUH�RI�DUFKDHRORJLFDO�GDWD��DQG�
thereafter use this as a backdrop for discussing the 
VWUHQJWKV�DQG�ZHDNQHVVHV�R̆HUHG�E\�H[LVWLQJ�PRGHOV�
for data sharing. In particular, we are interested in 
DGYRFDWLQJ� GDWD�VKDULQJ� PRGHOV� WKDW� HPSKDVLVH�
VXVWDLQDELOLW\�� UHPDLQ� DZDUH� RI� GL̆HUHQW� FXOWXUHV�
of practice and that engage with broader social and 
ethical issues in archaeology.

2. :KDW�LV�$UFKDHRORJLFDO�'DWD"

A traditional, often implicit view of 
archaeological ‘data’ places it in opposition to the 
DFW� RI� µLQWHUSUHWDWLRQ¶�� )URP� WKLV� SHUVSHFWLYH�� GDWD�
are (often standardised) information packets that 
are meant to capture the archaeological record or 
other kinds of archaeological evidence in raw form 
and which are typically obtained via a rigorous, 
VFLHQWL¿F�PHWKRG��H�J��WKURXJK�FRQWUROOHG�H[FDYDWLRQ�
or through instrumental analyses), whereas 
interpretation is seen as a subsequent, richer stage 
RI� WKH� DUFKDHRORJLFDO� SURFHVV�� :LGHU� GHEDWH� LQ�
DUFKDHRORJ\� DV� D� GLVFLSOLQH� �H�J�� EHWZHHQ� VR�FDOOHG�
SURFHVVXDO� DQG� SRVW�SURFHVVXDO� SHUVSHFWLYHV�� DQG�
value judgements about more and less important 

kinds of archaeology (e.g. digging versus synthesis 
and theorising) have often found purchase around 
this assumed contrast. In recent years, however, 
this contrast has rightly been subject to revision, 
as various commentators have noted the widely 
acknowledged, if often forgotten, fact that all 
VWDJHV� RI� DUFKDHRORJLFDO� SUDFWLFH� LQYROYH� WKHRU\�
laden assumptions, and hence that data collection 
and interpretation are closely entwined. Current 
perspectives on this kind of issue tend to emphasise 
pragmatism in making such distinctions (e.g. Lucas 
2012), and in line with this, here we retain an 
idea of data as being packets of information that 
are particularly amenable to easy reorganisation 
DQG�RU� DXWRPDWHG� SURFHVVLQJ�� (YHQ� VR�� WKH� NLQGV�
of information that can be thought of as data are 
much more diverse that some might initially think. 
Through interpretation and knowledge acquisition, 
data can be transformed. Sometimes the data 
transformation process consists of a series of steps, 
RU�D�ZRUNÀRZ��(DFK�VWHS�FDQ�FRQWDLQ�DVVXPSWLRQV�
DQG�JHQHUDOLVDWLRQV�WKDW�KDYH�DQ�LPSDFW�RQ�WKH�¿QDO�
interpretation. It is rare for this transformational 
process to be documented. Open archaeological 
data therefore should refer to all archaeological 
information that is shared (by whatever means) 
XQGHU� OLFHQVHV� WKDW� DOORZ� UH�XVH� E\� HYHU\RQH� �H�J��
DFFRUGLQJ�WR�WKH�2SHQ�.QRZOHGJH�'H¿QLWLRQ2). This 
GH¿QLWLRQ� LV� GHOLEHUDWHO\� QRW� D� QHXWUDO� GHVFULSWLRQ�
of the status quo in archaeology, but rather aims 
to provoke a wider shift in perspective about 
ZKDW� FRQVWLWXWHV� DUFKDHRORJLFDO� GDWD� LQ� WKH� ¿UVW�
SODFH�� :H� VKRXOG� DOVR� H[SDQG� RXU� VHQVH� RI� ZKR�
the stakeholder might be for open data, avoiding 
WKH� LGHD�RI� DQ� H[SHUWV�RQO\� HQYLURQPHQW� WR� RQH� LQ�
ZKLFK� WKH� UH�XVHUV�PLJKW� EH� DUFKDHRORJLVWV�� SROLF\�
makers, planners and the public. Put simply, the 
GDWD� UHTXLUHV� GHPRFUDWLVLQJ��:H� KRSH� WKH� NQRFN�
RQ� H̆HFW� RI� VXFK� DQ� H̆RUW� ZLOO� DOVR� UDLVH� GLJLWDO�
DZDUHQHVV�DQG�OLWHUDF\��7KLV�ZLOO�D̆HFW�WKH�FUHDWLRQ��
management and use of data at all levels.

$�EURDGHU�GH¿QLWLRQ�RI�GDWD� HQDEOHV�D� ULFKHU�
HQYLURQPHQW� RI� UHXVH� WR� GHYHORS�� )RU� H[DPSOH��
through the removal of paywalls Open Access 
results in increased public availability of  journals 
and publications in digital format. However, a fully 
open license also allows us to add value to Open 
$FFHVV�WH[WV�E\�XVLQJ�SRZHUIXO�WH[W�PLQLQJ�VRIWZDUH�

���2SHQ�.QRZOHGJH�'H¿QLWLRQ�KWWS���RSHQGH¿QLWLRQ�RUJ��
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in order to perform automated categorisation and 
H[WUDFWLRQ�RI�LQIRUPDWLRQ��7KLV�LV�DOUHDG\�SRSXODU�LQ�
ELRPHGLFDO� VFLHQFH� �VHH�2SHQ�.QRZOHGJH�:RUNLQJ�
*URXS� RQ� 2SHQ� 6FLHQFH� ������� %\�PHDQV� RI� WH[W�
mining, information that was previously thought to 
EH�ORFNHG�ZLWKLQ�WKH�VHPDQWLF�FRPSOH[LW\�RI�QDWXUDO�
ODQJXDJH�FDQ�EH�UHERUQ�DQG�H[WUDFWHG�DV�VWUXFWXUHG�
data. In line with this, the concept of a ‘derived 
dataset’ is key to the understanding of critical 
aspects of usage licenses and the determination of 
rights ownership, discussed below, but also for a 
ORQJ�WHUP� YLVLRQ� RI� KRZ� DUFKDHRORJLFDO� NQRZOHGJH�
might circulate if made free to do so. Certain kinds 
of open archaeological data have the potential to be 
‘big data’, not least because they can claim to have 
ZLGH� VSDWLR�WHPSRUDO� FRYHUDJH��+RZHYHU�� LW�ZRXOG�
be wrong to assume that only big data deserve to be 
open. As with anything else, scale and size should 
not be the sole parameter to assess quality. Models 
RI�GLVVHPLQDWLRQ�PD\�GL̆HU�VLJQL¿FDQWO\�GHSHQGLQJ�
RQ� WKH�VL]H�RI� WKH�GDWDVHW��EXW� VPDOO�VFDOH�GDWDVHWV�
are both important in their own right, and prone 
WR� EHFRPLQJ� ODUJH�VFDOH� YLD� MXGLFLRXV� DJJUHJDWLRQ�
with others at a later date. These initiatives allow 
us to rediscover a pathway to the kinds of synthetic 
perspectives on long term human culture last 
possible many decades ago (Bevan 2010).

3. 0RGHOV�RI��2SHQ��'DWD�6KDULQJ

It is clear that the sharing of archaeological 
GDWD�� HVSHFLDOO\� YLD� WKH�:HE� DQG� YLD� OLFHQVHV� WKDW�
HQFRXUDJH� UH�XVH�� LV� QRWKLQJ� QHZ� RU� SLRQHHULQJ��
:HOO�NQRZQ� DQG� HVWDEOLVKHG� VHUYLFHV� VXFK� DV� WKH�
UK Archaeology Data Service3��2SHQ�&RQWH[W4 and 
the Digital Archaeological Record5 host a range 
of archaeological datasets. Private bodies such 
DV� 2[IRUG� $UFKDHRORJ\� PDNH� WKHLU� JUH\� OLWHUDWXUH�
available as an open archive6. Research projects 
share through their websites parts or all of the data 
archives created during the project. Occasionally, 
researchers integrate their own published papers 
with digital data otherwise unavailable through 
traditional means. Some research teams have their 

�� $UFKDHRORJ\� 'DWD� 6HUYLFH� KWWS���DUFKDHRORJ\GDWDVHUYLFH�
DF�XN��

�� �2SHQ�&RQWH[W�KWWS���RSHQFRQWH[W�RUJ��

�� �WKH�'LJLWDO�$UFKDHRORJLFDO�5HFRUG�KWWS���ZZZ�WGDU�RUJ�

�� �2[IRUG�$UFKDHRORJ\�/LEUDU\�KWWS���OLEUDU\�WKHKXPDQMRXUQH\�
QHW��

DUFKLYHV� RQ� WKH�:HE�� EXW� XQGHU� UHVWULFWHG� DFFHVV��
The variety of actors engaged in data sharing is 
largely mirrored by the variety of technical choices 
DQG� WRROV� WKDW� DUH� DGRSWHG� WR� IXO¿OO� WKH� WDVN�� 7KH�
spectrum ranges from interactive web applications 
�WKURXJK� :HE*,6� RU� TXHU\�DEOH� GDWDEDVHV�� WR�
catalogues conforming to technical standards (such 
DV�WKH�(XURSHDQ�&RPPLVVLRQ�,163,5(�'LUHFWLYH7), 
DQG�IURP�FRPSOH[�GDWDVHWV�PDGH�LQWHURSHUDEOH�YLD�
VLPSOL¿HG�IRUPDWV�DQG�VWUXFWXUHV��WR�VLPSOH�GDWDVHWV�
available as web pages or documents. It is still rare 
WR� SXEOLVK� GDWDVHWV� DORQJVLGH� ¿QLVKHG� DUWLFOHV� DQG�
rarer still to have any means to reproduce analysis 
and processing chains as part of the standard review 
process.

*LYHQ� WKLV� ZLGHU� FRQWH[W�� ZH� FDQ� PDNH� D�
distinction between two alternative models for 
VKDULQJ�GDWD���D��µOLYLQJ¶�GDWDVHWV�WKDW�HLWKHU�LQYROYH�
LQWHUDFWLYH� DSSOLFDWLRQV� RU� FRQWLQXH� WR� H[SHULHQFH�
incremental updates, and (b) static datasets released 
as a stable resource (i.e. similar to a paper that does 
not undergo any changes once published). These two 
PRGHOV�DUH�QRW�PXWXDOO\�H[FOXVLYH��DQG�WHFKQLFDOO\�LW�
is possible to create snapshots from active datasets, 
or to develop interactive applications for the 
H[SORUDWLRQ�RI�LQDFWLYH�GDWDVHWV�

6RPH� RI� WKHVH� ZHE� DSSOLFDWLRQV� �WKH� ¿UVW�
model) are easy to install and quite popular because 
RI� WKHLU� DELOLW\� WR� SHUIRUP� TXHULHV� DQG� H[SORUH�
map data via an intuitive user interface. However, 
WKLV� G\QDPLF� PRGHO� LV� QRW� ZLWKRXW� LVVXHV�� )LUVW��
the scalability of these systems is comparatively 
ORZ�� ERWK� LQ� WHUPV� RI� ORQJ�WHUP�PDQDJHPHQW� DQG�
usability. Second, their duplicability is low as well, 
PDNLQJ�ORQJ�WHUP�SUHVHUYDWLRQ�SUREOHPDWLF�DW�EHVW��
VXFK� VHUYHU� GULYHQ� V\VWHPV� WHQG� WR� EHFRPH� RQH�
R̆V��0RUHRYHU�� LQ�PDQ\� FDVHV�� DFWXDO� GDWDVHWV� DUH�
locked up in the web service and cannot be easily 
downloaded. The risk is that when the web service is 
eventually deprecated the data can be lost. Third, no 
PDWWHU�KRZ�ÀH[LEOH�WKH�GHVLJQ�RI�WKH�LQWHUIDFH�DQG�
querying system, there will always be a limit to what 
users can do (i.e. the range of possible avenues for 
UH�XVH�LV�KHDYLO\�FRQVWUDLQHG���)LQDOO\��ZHE�VHUYLFHV�
LQ�JHQHUDO�DUH�PRUH�GL̇FXOW�WR�GHYHORS�DQG�PDLQWDLQ�
as fully open systems (e.g. as discussed in detail in 

�� �(XURSHDQ�&RPPLVVLRQ�,163,5(�'LUHFWLYH�KWWS���LQVSLUH�MUF�
HF�HXURSD�HX��
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GRFXPHQWV�OLNH�WKH�)UDQNOLQ�6WUHHW�6WDWHPHQW8 and 
WKH�2SHQ�6RIWZDUH�6HUYLFH�'H¿QLWLRQ9).

The second model, involving static datasets, 
is simpler from a technical point of view, and 
DOORZV� IRU� WKH� VKDULQJ� RI� ¿OHV� DQG� ¿OH� DUFKLYHV� E\�
XVHUV� ZKR� GRZQORDG� WKHP� IURP�� IRU� H[DPSOH�� D�
VWDEOH� 85/�� 7KH� DEVHQFH� RI� EXLOW�LQ� H[SORUDWRU\�
tools makes documentation particularly important 
in this case, even though catalogue software like 
&.$1� DUH� GHYHORSLQJ� VXFK� WRROV�� 'RFXPHQWDWLRQ�
need not be limited to a formal description of the 
FRQWHQW��EXW�VKRXOG�DOVR�EH�H[SOLFLW�DERXW�WKH�ZKR��
when, where, what, why and how the dataset was 
FUHDWHG� LQ� ¿UVW� SODFH�� 'DWD� FDQ� EH� SXEOLVKHG� LQ�
various formats, with some interoperable formats 
which have demonstrated widespread acceptance 
��FVY���[PO���VKS���+RZHYHU��WKH�XVH�RI�VRPH�RI�WKHVH�
LQWHURSHUDEOH�IRUPDWV�FDQ�PLQLPLVH�WKH�FRPSOH[LW\�
of the underlying source data leading to the 
publication of incomplete datasets. In terms of data 
‘objects’ this model is far more scalable, as from a 
technical point of view archiving is straightforward, 
and the cost of hosting even thousands of these 
datasets is linear to the quantity, not the quality or 
FRPSOH[LW\��+RZHYHU��GDWD�DJJUHJDWLRQ�IRU�DQDO\VLV�
beyond that envisaged by the original scale of data 
collection is complicated due to structural, syntactic 
and semantic heterogeneities (Bishr 1998).

In reality, the main data repositories cited 
above allow for some provision of both living and 
VWDWLF� GDWD�� 1HYHUWKHOHVV�� LW� LV� ZRUWK� KLJKOLJKWLQJ�
the strong analogies between the static model for 
data dissemination and traditional publication 
(either digital or printed). Hence, static approaches 
to data sharing not only are attractive for the 
technical reasons noted above, but also because 
they encourage a smoother transition from older 
(static, printed matter with restrictive licensing) 
to newer (static open data) knowledge sharing 
systems. Moreover, this approach can also work well 
within the current system of academic evaluation 
and reward, by making the dataset a typical type of 
publication such as a formal data paper. There are 
DOUHDG\�VRPH�LQWHUHVWLQJ�H[DPSOHV�LQ�WKLV�GLUHFWLRQ��

�� � ³)UDQNOLQ� 6WUHHW� 6WDWHPHQW´�� ODVW� PRGL¿HG� -XO\� ���� ������
KWWS���DXWRQRPR�XV������������IUDQNOLQ�VWUHHW�VWDWHPHQW��

�� �³2SHQ�6RIWZDUH�6HUYLFH�'H¿QLWLRQ´��ODVW�PRGL¿HG�2FWREHU����
������KWWS���RSHQGH¿QLWLRQ�RUJ�VRIWZDUH�VHUYLFH��

such as the Journal of Open Archaeology Data10 
ZKLFK� R̆HUV� D� FRQFHSW� RI� PHWDGDWD� WKDW� LV� QRW�
PHUHO\�WHFKQLFDO�EXW�DOVR�LQFOXGHV�DQ�H[SODQDWLRQ�RI�
WKH�YDOXH�RI� WKH�GDWDVHW�DQG�WKH�SRVVLEOH�XVH�FDVHV�
HQYLVDJHG�E\�WKH�DXWKRUV��7KH�GDWDVHW�DV�D�¿QLVKHG�
DQG�¿[HG�LWHP�DOVR�UHSUHVHQWV�D�SRLQW�RI�FRQ¿GHQFH�
for those who cite or use it, as happens with public 
domain radiocarbon calibration data.

A third emerging model is Linked Open Data 
�/2'���GLVFXVVHG�RQO\�EULHÀ\�KHUH��$� IXQGDPHQWDO�
aspect of LOD is the use of Uniform Resource 
,GHQWL¿HUV� �85,V��� XQLTXH� UHIHUHQFHV� WKDW� FDQ�
EH� DVVRFLDWHG� ZLWK� ERWK� KXPDQ�� DQG� PDFKLQH�
readable resources. LOD datasets are commonly 
distributed as downloadable, highly interoperable 
¿OHV��XVXDOO\�SODLQ�WH[W���,Q�RQH�VHQVH��/2'�LV�TXLWH�
similar to the static data model outlined above, but 
the use of URIs tends to encourage their treatment 
as a physical node in a wider network accessed via 
accompanying web service. Advanced querying 
of these kinds of LOD frameworks is possible via 
the SPARQL protocol, in a way which ushers in a 
highly interactive data environment, albeit one that 
DW�SUHVHQW� FDQ�RQO\�EH�SURYLGHG�E\�ZHOO�UHVRXUFHG�
institutions. LOD requires datasets to be harmonised 
to some degree but this need not be very onerous for 
GDWDVHW�FUHDWRUV��)RU�H[DPSOH��WRROV�VXFK�DV�*RRJOH�
5H¿QH��DUH�D�KHOSIXO�ZD\� WR� FOHDQ�XS�GDWD�ZLWK�DQ�
eye to LOD resources (such as those provided by 
)UHHEDVH���(YHQ�VR��ZH�ZRXOG�VWUHVV�WKDW�WKHVH�PRUH�
involved tasks, associated with the construction of 
richer semantic web content, can and should be 
kept separate from the easier one of publishing open 
data in simple open formats. If we continue to place 
an emphasis on simple open data, we leave fewer 
H[FXVHV�IRU�QRW�SDUWLFLSDWLQJ�DQG�\HW�DOVR�OHDYH�WKH�
door open if someone else is interested in enhancing 
the data via LOD at a later date.

4. (WKLFV

It is also worth discussing the ethical issues 
surrounding open data here, with regard both to the 
reasons why people should feel it incumbent on them 
to produce such data as part of their professional 
archaeological lives, and with regard to the potential 
misuse of open data in the archaeological domain. 
7KH� VRFLR�HFRQRPLF� DUJXPHQW� LV� SDUWLFXODUO\�
��� � -RXUQDO� RI� 2SHQ� $UFKDHRORJ\� 'DWD� KWWS���
RSHQDUFKDHRORJ\GDWD�PHWDMQO�FRP��
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compelling. The majority of archaeology is carried 
out in the interest of the public, often with public 
money and it is therefore only right that the public 
get access to the objects and outputs of activities 
WKDW� WKH\� KDYH� IXQGHG�� 7KLV� LV� SDUWLFXODUO\� FOHDU�
cut for academics working at publicly funded 
LQVWLWXWLRQV�DQG�RU�RQ�SXEOLFO\�IXQGHG�SURMHFWV��7KH�
issue initially appears more complicated in the case 
RI�GHYHORSHU�IXQGHG�DUFKDHRORJ\��ZKHUH�WKH�IXQGLQJ�
comes potentially from private commercial sources 
and the client is notionally the developer. However, 
LQ�WKH�8.��IRU�H[DPSOH��7KH�1DWLRQDO�3ODQQLQJ�3ROLF\�
)UDPHZRUN� �133)�� 'HSDUWPHQW� IRU� &RPPXQLWLHV�
and Local Government 2012) which describes the 
planning policies on the conservation of the historic 
HQYLURQPHQW� LQ�(QJODQG�DQG�:DOHV�VWLSXODWHV� WKDW�
local planning authorities should ‘make this evidence 
(and any archive generated) publicly accessible’. 
Hence, open data should be construed in this case 
DV�D�FUXFLDO�SDUW�RI�WKH�PLWLJDWLRQ�E\�UHFRUG�SURFHVV��
and not as an afterthought.

A second argument in favour of open data 
touches on a problem of particular relevance in 
DUFKDHRORJ\�� XQSXEOLVKHG� UHVHDUFK�� 7KHUH� DUH�
YDULRXV� UHDVRQV� IRU�QRQ�SXEOLFDWLRQ�� EXW� WKH� VKHHU�
cost of bringing archaeological research (especially 
¿HOGZRUN��WR�IRUPDO�SXEOLFDWLRQ�LV�RIWHQ�D�NH\�LVVXH��
,Q�VXFK�FDVHV��ZH�FDQ�QHYHUWKHOHVV�H[SHFW�WKDW�VRPH�
GDWD�H[LVWV��:KLOH�VRPH�PLJKW�DUJXH�WKDW�SXEOLVKLQJ�
GDWD�ZLWKRXW�R̆HULQJ�D�V\QWKHWLF�RYHUYLHZ�DORQJVLGH�
it makes for a very limited resource, it is undoubtedly 
better to have access to data than to have nothing at all. 
)RU�DXWKRUV��WKHUH�LV�DW�OHDVW�VRPH�UHFRJQLWLRQ�RI�WKH�
work done, as is already the case with archaeological 
UHSRUWV�¿OHG�LQ�JUH\�OLWHUDWXUH�DUFKLYHV��7KH�RSHQLQJ�
up of grey data is, in our view, an economic way to 
meet the minimal obligations to publish research. 
7KLV�REOLJDWLRQ�KDV�EHHQ�SURSRVHG�E\�WKH�(XURSHDQ�
$VVRFLDWLRQ�RI�$UFKDHRORJLVWV� � �($$�������DQG�E\�
some national organisations (e.g Research Councils 
8.�� $VVRFLD]LRQH� 1D]LRQDOH� $UFKHRORJL� �������
DOEHLW�VRPHWLPHV�WRJHWKHU�ZLWK�D������\HDU�HPEDUJR�
period. Including raw data, publications as part of 
these regulations would represent a major step not 
only for open data per se, but for the wider aim of 
professional organisations. In contrast, the current 
view is that publication equals a short report, 
much smaller than the total amount of information 
UHVXOWLQJ� IURP� DUFKDHRORJLFDO� DFWLYLW\��:H� QHHG� WR�
transform our understanding of what constitutes 

IXOO� DQG� VDWLVIDFWRU\� SXEOLFDWLRQ�� :H� ZRXOG� DUJXH�
that greater favour be given to data rather than 
synthesis, and more generally to decouple these as 
WZR�GL̆HUHQW�NLQGV�RI�SXEOLFDWLRQ�

:KLOVW�UHWDLQLQJ�WKLV�VHQVH�RI�WKH�LPSRUWDQFH�
and urgency of open data initiatives, it is still also 
worth noting some ethical arguments that might 
FDOO�IRU�D�PRUH�FDXWLRXV�DSSURDFK�WR�RSHQ�GDWD��)RU�
H[DPSOH�� WKH� RSHQ� SXEOLFDWLRQ� RI� DUFKDHRORJLFDO�
data may conceivably lead to greater levels of 
archaeological looting, especially where this 
LQYROYHV�SURYLVLRQ�RI�H[DFW�VSDWLDO�ORFDWLRQV�RI�VLWHV��
However, this argument is still largely theoretical 
and in dire need of some formal demonstration (that 
this does indeed lead to greater looting activity). In 
certain particularly vulnerable instances, it may be 
sensible to place restrictions over who has access 
WR� WKH� ¿QHVW�VFDOH� FRRUGLQDWHV� IRU� DUFKDHRORJLFDO�
¿QGV�� +RZHYHU�� WKLV� KDV� WKH� XQIRUWXQDWH� H̆HFW�
of making data available at multiple scales of 
granularity based on trust frameworks that are at 
present rather immature (e.g. probably just based 
RQ� LQVWLWXWLRQDO� ḊOLDWLRQ��� DQG� WKHUH� DUH� IXUWKHU�
licensing implications that make it hard to consider 
WKLV� DV� RSHQ� GDWD� LQ� D� VWULFW� VHQVH�� )XUWKHUPRUH��
SODFLQJ� DQ� HPEDUJR� RQ� GDWD� KDV� VLJQL¿FDQW� DQG�
XQTXDQWL¿HG�GRZQVWUHDP�LPSOLFDWLRQV� IRU�D�ZKROH�
range of legitimate activities that would make a 
positive contribution to knowledge.

A third ethical issue is the degree to which 
RSHQLQJ�XS�GDWD�PD\�FRQFHLYDEO\�SHUSHWXDWH�H[LVWLQJ�
imbalances and injustices amongst archaeological 
LQVWLWXWLRQV� DQG� SUDFWLWLRQHUV�� )RU� H[DPSOH�� DW� WKH�
institutional scale, the promotion of open data as a 
UHVHDUFK�RXWSXW�LQ�LWV�RZQ�ULJKW�ULVNV�UHḊUPLQJ�WKH�
advantage enjoyed by bigger institutions who have 
the wherewithal to absorb the costs of making data 
open. At the individual scale, it may conceivably 
risk making it easier for more senior collaborators, 
company heads, etc. to swallow up some of the 
rights of individual data creators (especially those 
early in their careers) by taking the main credit 
for the overall products (e.g. with respect to the 
LQGLYLGXDO� GDWD� RXWSXWV� RI� H[FDYDWRUV� YHUVXV� D�
project director), but ultimately we suspect the 
UHYHUVH�GDQJHU�WKDW�DOUHDG\�H[LVWV�LV�PRUH�ZRUU\LQJ��
currently, data access seems to scale with seniority 
(via who you know and how important they are; 
see Cella and Palombini 2012). However, as open 
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data increasingly becomes embedded in the data 
production process, it is likely that suitable metrics 
will be generated so that individual contributions 
to data impact and quality can be generated and 
retained.

5. *RRG�3UDFWLFH

The previous three sections have dealt with 
Open Data models and surrounding issues that are 
VWLOO�D�PDWWHU�RI�VLJQL¿FDQW�GHEDWH��ERWK�ZLWKLQ�DQG�
beyond archaeology. There is a growing platform of 
good practices for (open) archaeological data, some 
DOUHDG\� FRYHUHG� LQ� H[LVWLQJ� GRFXPHQWV� �H�J�� WKH�
Archaeology Data Service and Digital Antiquity’s 
Guides to Good Practice11), and most of these 
KDYH�JDUQHUHG�D�VẊFLHQW�OHYHO�RI�DFFHSWDQFH�WR�EH�
considered as common culture. Issues surrounding 
technical interoperability are perhaps the best 
known and the key point to stress is a need for the 
use of open formats that are independent of any 
VSHFL¿F� VRIWZDUH� SODWIRUP�� ,I�ZH� H[FOXGH� WKH�PRVW�
common and simple problem cases (e.g. documents 
PDGH�ZLWK� ṘFH� VXLWH� VRIWZDUH��� WKH� FULWLFDO� SRLQW�
is that currently there remain far too many de 
facto proprietary standards (e.g. .dwg) and far too 
many undocumented formats produced by survey, 
measurement and analysis tools. In contrast to 
technical format issues, metadata (structured 
background data describing a given dataset) is a 
method of documentation that is not very well known 
RXWVLGH�RI�H[SHUW�GRPDLQV��7KLV�LV�SDUWO\�EHFDXVH�RI�
WKH� ODFN� RI� GRPDLQ�VSHFL¿F� VWDQGDUGV�� DQG� SDUWO\�
because metadata are seen as mainly something to 
be done for large catalogues, while a single dataset is 
often not deemed worthy of this kind of treatment. 
)XUWKHUPRUH��VRPH�W\SHV�RI�PHWDGDWD�DUH�HDVLHU�WR�
add or more commonly produced (e.g. author and 
NH\ZRUGV�RI�D�GRFXPHQW��ERXQGLQJ�ER[�RI�D�VSDWLDO�
GDWDVHW��� ZKLOH� WKH� PHUH� H[LVWHQFH� RI� D� PHWDGDWD�
structure does not necessarily mean it will be used 
(e.g. photographic images where this functionality 
LV� SUHVHQW� EXW� UDUHO\� XVHG��� &OHDUO\�� WKH� VSHFL¿FLW\�
of each dataset asks for a detailed description of the 
methods and conditions with which data has been 
recorded and structured  regardless of the nature 
RI� GDWD�� 6R�� IRU� H[DPSOH�� ZKLOH� D� SKRWRJUDSKLF�
GDWDEDVH� PD\� KDYH� DOO� (;,)� PHWDGDWD� DERXW�
H[SRVXUH�WLPH��HYHQ�VSDWLDO�ORFDWLRQ��LW�PD\�RU�PD\�
��� � ³*XLGHV� WR� *RRG� 3UDFWLFH�´� DFFHVVHG� 6HSWHPEHU� ���� �������
KWWS���JXLGHV�DUFKDHRORJ\GDWDVHUYLFH�DF�XN��

not have information about about the aim of the 
photographer, the criteria for choosing what to 
photograph, in what detail and so on.

The legal aspects of open data are arguably 
PRUH� FRPSOH[� WKDQ� WKH� WHFKQLFDO� RQHV�� DQG� DOVR�
VRPHWKLQJ�WKDW�LV�SUHVHQWO\�XQGHU�DGGUHVVHG�LQ�WKH�
teaching of archaeology. Indeed, while choosing 
an open license for data is actually very simple, 
many people continue to prefer a restrictive closed 
license (perhaps because they are uncertain about 
WKH� QDWXUH� RI� SRWHQWLDO� UH�XVH�� RU� GR� QRW� VHH� WKH�
SRLQW�RI�GH¿QLQJ�DQ�H[SOLFLW� OLFHQVH��H�J�� WKH\�KDYH�
not realised that an open license is likely to be very 
EHQH¿FLDO�IRU�WKH�FLUFXODWLRQ�RI�WKHLU�ZRUN���)LQDOO\��
further problems can arise if open data need to be 
combined with proprietary data to create derived 
datasets. Some common cases of this issue occur 
with satellite imagery, but the same can happen with 
a photographic catalogue, or a dendrochronological 
calibration curve. The derived datasets will be 
necessarily restricted by the proprietary license, 
and it will not be possible to share them without 
breaking the license terms.

Bearing these issues of adoption in mind, 
there is nonetheless now a solid platform provided 
by two organisations that have been dealing with the 
problem of legal aspects of data for some time now, 
Creative Commons (CC) and Open Data Commons 
(ODC). There are not many licenses for open data, 
HVSHFLDOO\�LI�FRPSDUHG�WR�VRIWZDUH�OLFHQVHV��:H�FDQ�
PDNH� D� GLVWLQFWLRQ� DPRQJ� WKUHH� GL̆HUHQW� W\SHV� RI�
RSHQ� OLFHQVH�� VKDUH�DOLNH�� DWWULEXWLRQ� DQG� SXEOLF�
GRPDLQ�OLFHQVHV��6KDUH�DOLNH�OLFHQVHV�IROORZ�WKH�LGHD�
RI�FRS\OHIW�DQG�RI�³FDVFDGHG´�VKDULQJ�RI�GHULYHG�ZRUNV�
under the same license (for further discussion, see 
0XUUD\�5XVW�������&KHOLRWLV�������6WRGGHQ��������
:LNLSHGLD�DQG�DOO�:LNLPHGLD�SURMHFWV�XVH�D�VKDUH�
DOLNH�OLFHQVH��&&�%<�6$������WKDW�LV�DSSURSULDWH�IRU�
WH[W�DQG�LPDJHV��7KH�2SHQ�'DWDEDVH�/LFHQVH��2'E/��
is better suited for factual data12. Attribution licenses 
only require that copies and derived works maintain 
an indication of the original authors. In this case, 
WRR��WKH�&&�%<�����LV�EHVW� IRU�FUHDWLYH�FRQWHQW�DQG�
2'&�%<�IRU�IDFWXDO�GDWD��3XEOLF�GRPDLQ�OLFHQVHV�DUH�
waivers of any right, including the right to be cited as 

��� � ³2SHQ� 'DWDEDVH� /LFHQVH� )$4�´� DFFHVVHG� 6HSWHPEHU� ����
������ KWWS���RSHQGDWDFRPPRQV�RUJ�IDT�OLFHQVHV��ZK\�QRW�
XVH�D�FUHDWLYH�FRPPRQV�RU�IUHHRSHQ�VRXUFH�VRIWZDUH�OLFHQVH�
IRU�GDWDEDVHV�
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authors, and are appropriate for instrumental data 
without a clear creative dimension (e.g. chemical 
analysis), public domain data (bibliographic data), 
or big datasets that need to be aggregated in several 
LWHUDWLRQV��PDNLQJ�DWWULEXWLRQ�WUDFNLQJ�TXLWH�GL̇FXOW�
to achieve. The two available licenses, CC0 and the 
Public Domain Dedication License, are essentially 
identical, but the formulation of CC0 is more 
universally interoperable with normative systems, 
having a fallback declaration in those cases when 
it is not allowed to waive all rights upon one’s own 
ZRUN��1RWH�DOVR� WKDW� WKUHH�GL̆HUHQW� OLFHQVHV� LQ� WKH�
Creative Commons family are mentioned above, 
HDFK� RQH� ZLWK� LWV� VSHFL¿F� WUDLWV�� +HQFH�� WKHUH� LV�
QR� VXFK� WKLQJ�DV�D� ³&UHDWLYH�&RPPRQV� OLFHQVH´�RU�
³&UHDWLYH�&RPPRQV����´�DQG�XVHUV�VKRXOG�EH�JXLGHG�
in how they refer to their preferred license by the 
service available on the Creative Commons website.

Archaeological data collection is governed 
by a number of statutory, legislatory and 
professional frameworks. These represent the 
policy environments under which contractual and 
academic archaeological works are enacted. This 
policy has a direct impact on how, and on what 
terms, archaeological data should be archived 
and disseminated. Unsurprisingly, many of these 
frameworks advocate the deposition of data and 
other resources in publically accessible repositories. 
)RU� H[DPSOH�� LQ� WKH� 8.� WKH� 'HSDUWPHQW� IRU�
Communities and Local Government (2012, 32) 
state that evidence from archaeological works 
conducted as part of the planning process (and any 
archive generated) should be publicly accessible. 
(TXDOO\�IRU�WKH�DFDGHPLF�VHFWRU��5HVHDUFK�&RXQFLOV�
UK state that ‘Publicly funded research data are 
a public good, produced in the public interest, 
which should be made openly available with as few 
restrictions as possible in a timely and responsible 
manner that does not harm intellectual property’. 
Unfortunately, most policy does not make a 
distinction between digital and analogue resources 
and, as digital archaeology is relative immature, 
many of the established repositories are designed 
IRU� SK\VLFDO� DUFKLYHV� �SODQV�� FRQWH[WV�� DUWHIDFWV��
ecofacts and synthetic reports). However, the 
majority of archaeological data in the future will 
be collected, analysed, interpreted and published 
in-silico (digitally). It is important that the policy 
environments, which in principle support publicly 
accessible archive deposition for analogue archives, 

should do the same for digital archives and 
HPSKDVLVH�PHFKDQLVPV�WKDW�HQFRXUDJH�UH�XVH�

)LQDOO\��LW�LV�ZRUWK�KLJKOLJKWLQJ�KRZ�LPSRUWDQW�
it is to develop a broader understanding and 
stronger awareness of copyright among all kinds 
RI� DUFKDHRORJLFDO� SUDFWLWLRQHUV�� :H� HQYLVDJH�
the development and increasing importance of 
lightweight forms of copyright tracking and recording 
(e.g. by means of metadata and automatic tracking 
and versioning systems). Currently, authors’ rights 
with regard to archaeological data are more often 
than not an obstacle to the circulation of knowledge 
UDWKHU�WKDQ�DQ�ḢFLHQW�PHFKDQLVP�WR�SURWHFW�RQH¶V�
work. As such, these rights need to be standardised 
and constrained in terms of their downstream 
H̆HFWV��QRW�RQO\�RQ�DFWLYH�DQG�IXWXUH�ZRUN��EXW�DOVR�
IRU� H[LVWLQJ� �FXUUHQWO\� RUSKDQHG�� ZRUNV� DQG� JUH\�
literature.

6. &RQFOXVLRQV

)RU�VRPH�DUFKDHRORJLVWV��2SHQ�'DWD�UHTXLUHV�
a dramatic change of perspective, the acquisition of 
new skills and a major shift from curation of software 
WR�WKH�FXUDWLRQ�RI�GDWD��)RU�RWKHUV��2SHQ�'DWD�PD\�
be as simple as doing what they are already doing. In 
all cases, technical development alone is not enough. 
Technologies must be accompanied by a proper 
social framework. Open Data has the potential 
WR� EH� WUDQV�IRUPDWLYH� ZKLFK� PHDQV� WKDW� LW� FRXOG�
VLJQL¿FDQWO\� GLVUXSW� WKH� VHFWRU�� (GXFDWLRQ� DERXW�
WKH�SRWHQWLDO� EHQH¿WV� RI�2SHQ�'DWD� DQG� WKH� VRFLDO�
implications of any transformation are required to 
take full advantage of the new possibilities of open 
archaeological data. Therefore, the link between 
funding, publication and Open Data is a key area, 
DQG� ZH� UHḊUP� WKH� QHHG� WR� HQFRXUDJH� QDWLRQDO�
funding agencies, and international ones (private 
or public) to build in Open Data policies into the 
requirements of their grants and to check for such a 
track record in subsequent grants. Open Data needs 
to be a more relevant part of the archaeological 
publication, research, management, curation and 
policy process, and not merely an afterthought.
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Introduction

The study of the evolution of human site-
occupation is a common issue of current research 
programs in archaeology. Many studies seek to 
understand the settlement pattern over time using 
many inventories of occupied places (Poirier 2010 
; Gauthier et al. 2012 ; Nuninger et al. 2012). The 
main purposes of these studies are to observe 
spatial organizations, to identify any possible spatial 
patterns or particularities for each period of time 
and to put forth new theories. Archaeologists have 
long used methods for analyzing point patterns 
(Orton 2005) and produced indexes and maps of 
change between two chronological periods in order 
to compare them. The results contribute to raise 
the following questions: Is the space under scrutiny 
non-randomly organized? What are the visible 
spatial shapes? How do they evolve through time? 

Corresponding author: lucile.pillot@u-bourgogne.fr
Abbreviations: CSR = Complete Spatial Randomness; ESDA = 
Exploratory Spatial Data Analysis; EN = Early Neolithic; KDE 
= Kernel Density Estimation; NDF = Neighborhood Density 
Function; MN = Middle Neolithic; PCF = Pair Correlation 
Function; PVC = Percent Volume Contour; SADIE = Spatial 
Analysis by Distance IndicEs.

With the development of the use of Geographic 
Information Systems (GIS) in archaeology, the 
use of analytical methods and spatial statistics has 
become both easier and automated. The studies that 
rely on these methods are based on measurements 
of distances between points. These became 
commonplace in archaeology. The method most 
used is the analysis of the nearest neighbor analysis 
(Clark and Evans 1954, Hodder and Orton 1976, 
Fletcher 2008). Other methods are applied and are 
becoming more widespread, such as for example 
Quadrats (Niknami, Amirkhiz 2008, Morgan 
2009), Ripley’s K function (Bevan and Conolly 2006, 
Winter Livneh et al. 2010), the K-mean method 
(Kintigh and Ammerman 1982), the recognition of 
Hot-Spots (Schwartz 2008, Pillot et al. accepted) or 
the density calculation with the method of Kernels 
(Baxter and Beardah 1997). All these methods of 
spatial and statistical analysis are borrowed from 
geography, epidemiology and ecology, and were 
developed for uses other than archaeology. These 
methods can involve certain conditions and implicit 
assumptions, such as the homogeneity of the studied 
phenomenon, or the value of the sample estimate for 
a complete population. However, these assumptions 
often remain underestimated or completely ignored 
(Crema et al. 2010). These studies often encounter 
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GL̇FXOWLHV� LQ� XVLQJ� DQG� FRPSDULQJ� ODUJH� VHWV� RI�
archaeological data exhibiting uncertainty or 
heterogeneity.

This paper seeks to discuss one commonly-
used method (Ripley’s K function and its derivates) 
DQG� WR� FRPSDUH� GL̆HUHQW� UHVXOWV�� ,W� DOORZV� XV� WR�
suggest a new approach of the use of these methods 
and to suggest how to render them better-suited to 
archaeological data.

1. Exploratory Spatial Data Analysis 
(ESDA) for Archaeological Point Pattern 

1.1 Exploratory Spatial Data Analysis (ESDA)

In archaeology, we use a range of methods 
to describe and analyze patterns in sets of events 
(points). These methods pertain to the Exploratory 
Spatial Data Analysis methods (ESDA). These can 
be used to qualify, quantify and visualize territorial 
transformations and to test the hypothesis that 
human occupation patterns have changed over time. 
ESDA was thus carried out to identify any possible 
spatial particularities, including local clusters or 
hot spots (Diggle 1983, Cressie 1993, 1994, Anselin 
1999, Banos 2001, Zaninetti 2005). These methods 
rely on the concept of “point process”, observing 
the tendency of the observed points to form spatial 
clusters3. These analyze point patterns4.

3  A spatial point process is a ‘‘stochastic mechanism which 
generates a countable set of events xi in the plane’’ (Diggle 2003, 
43). 
4  A point pattern is a realization of a process (Gatrell et al. 
1996), and is simply a collection of points (p1, p2, p3,..., pn) 

Currently, these statistical methods compare 
the distributions of point patterns to a reference 
distribution, according to the null hypothesis of 
a homogeneous point process (CSR), consisting 
of discrete random data in two dimensions whose 
number and location are independent of space, 
and whose intensity is constant (Ripley 1977, 1981, 
Cressie 1993, Zaninetti 2005). If the null hypothesis 
LV� YHUL¿HG�� WKH� GLVWULEXWLRQ� LV� UDQGRP�� ZKHUHDV�
LI� LW� LV� QRW� YHUL¿HG�� WKH� VSDWLDO� VWUXFWXUH� LV� HLWKHU�
aggregated or regular. In this paper, all the methods 
and approaches mentioned are used in univariate 
DQDO\VLV��ZLWKRXW�DQ\�GLVWLQFWLRQ�EHWZHHQ�GL̆HUHQW�
types of sites within the set of events5.

1.2 ESDA methods

Extending the use of GIS in archaeology, there 
is more work mobilizing these methods based on 
measurements of distances between events (Orton 
2005). These methods fall into two categories: local 
and global analyses. 

1.2.1 Global methods

The global analyses are used to verify a possible 
general organization of space. They produce indexes 
or values   in order to demonstrate that clusters 
H[LVW�DW�VSHFL¿F�VFDOHV��,Q�WKLV�FDWHJRU\��WKH�PHWKRG�
generally used in this paper is Ripley’s K function 
-K(r)- and its Besag L -L(r)- transformation. These 
functions consider the complete distribution of 
any distance in the point pattern (Ripley 1981, 
Cressie 1993, Zaninetti 2005). The process results 
are expressed as a correlogram (Fig. 1.1). Tests 
RI� VLJQL¿FDQFH� IRU� VSDWLDO� PHDVXUHV� DUH� XVXDOO\�
constructed using Monte Carlo procedures (Besag 
and Diggle 1977, Diggle 2003). A Monte Carlo 
simulation of the spatial process gives an estimate 
of the mean and the sampling distribution of the 
statistic test (Perry et al. 2006). Extreme limits 
are typically estimated as simulation envelopes, 
based on a null hypothesis of CSR, using the 
same intensity as the observed pattern. In the 
FRUUHORJUDP��LW�LV�H[SUHVVHG�DV�D�FRQ¿GHQFH�LQWHUYDO��
At a given scale, events sets may exhibit departure 
from CSR as either clustering, or regularity. Also, 

distributed in some region R.
5  Some of these methods are used in bivariate analysis, as KDE, 
ZLWK�GLVWLQFWLRQV�EHWZHHQ�GL̆HUHQW�W\SHV�RI�VLWHV�ZLWKLQ�WKH�VHW�RI�
events (weight between points –Goerlich Gisbert 2003).

Figure 1. Methods: 1: Ripley’s K function; 2: Kernel 
Density Estimation.
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CSR acts as the ‘dividing line’ between the two 
�'LJJOH��������LI�WKH�FXUYH�LV�DERYH�WKH�FRQ¿GHQFH�
interval, the process is aggregated: and there are 
some clusters in point pattern; if it is within the 
FRQ¿GHQFH� LQWHUYDO�� WKH� SURFHVV� LV� UDQGRP�� LI� LW� LV�
EHORZ�WKH�FRQ¿GHQFH�LQWHUYDO��WKH�SURFHVV�LV�UHJXODU�
(Fig. 1.1). Ripley’s K function is a “multiscalar” tool, 
XVHG�IRU�VWXG\LQJ�GDWD�RUJDQL]DWLRQ��GH¿QLQJ�VSDWLDO�
patterns in a homogeneous space and comparing 
GL̆HUHQW�DUHDV��7KHVH� IXQFWLRQV�DUH�ZLGHO\�XVHG� LQ�
archaeology (Orton 2005, Bevan and Conolly 2006, 
Winter Livneh et al. 2010). For more information 
see Appendix 1.

 1.2.2 Local and semi-local methods

These global analyses are a prerequisite for the 
implementation of local analyses, the second category 
of ESDA, which are employed for characterizing, 
identifying and mapping spatial shapes such as 
hot spots or clusters. There are two analysis types: 
some are based on distance measures and others 
are based on density calculation. We will return to 
some of these methods later. Some local methods 
derive from Ripley’s function and its algorithm of 
distances-calculation (Local L Function, SADIE 
method). One of the density-oriented methods is the 
Kernel Density Estimation (or KDE) (Fig. 1.2). KDE 
estimates the density for each cell in a grid overlaid 
on the map (Zaninetti 2005, Pillot et al. in press). 
It is also used regularly in archaeology (Baxter and 
Beardah 1997; Bertoncello et al. 2012). For more 
information see Appendix 1.

2. Uncertainty and Heterogeneity of Data 
Events 

2.1 Methodological questions and assumptions - 
(̆HFWV�RI�FHUWDLQ�IDFWRUV�RQ�UHVXOWV

Typically, point pattern analysis relies on 
three main assumptions: (1) the observed point 
pattern is a sample whose relationship with the 
whole population can be evaluated (completeness of 
WKH�LQYHQWRU\�������WKH�VSDWLDO�SDWWHUQ�LV�LQÀXHQFHG�
by the size and the shape of the study area; (3) the 
spatial pattern is stationary6 vs. the archaeological 
process which is considered as homogeneous, but 
the space has no impact in the localization of events. 
6  i.e. the mean and the variance of the point process is constant 
within the studied area (Bailey and Gatrell 1995, 33)

Methods of point patterns analysis produce results 
WKDW�DUH�EDVHG�RQ�D�QXPEHU�RI�VFLHQWL¿F�DVVXPSWLRQV��
Often the results are generated and compared, 
though archaeological information is inherently 
riddled with incompleteness and heterogeneity 
ZKLFK� LV�QRW�PHDVXUDEOH�RU�TXDQWL¿DEOH��+RZHYHU��
the assumptions mentioned above, are more or 
less discussed in the archaeological literature, from 
methodological and theoretical perspectives (Orton 
2000, 2005, Bevan and Conolly 2009, Crema et al. 
2010). Nevertheless, the full use of these methods 
in archaeological research is not questioned. In 
statistical approaches, these assumptions often 
remain underestimated or completely ignored 
(Pillot et al. 2012). We would therefore like to focus 
on three key issues relating to the use of the point 
patterns analysis in archaeology: the nature of 
archaeological data, the role of the study area and 
the impact of the tested process in the statistical 
analysis.

 2.1.1 The archaeological data

The homogeneity and isotropy assumption 
does not hold for two reasons:

(1) Archaeological samples are intrinsically 
non-homogeneous and biased. An archaeological 
inventory is never complete. We never have access 
to all the aspects of a studied human phenomenon, 
EHFDXVH�RI� WKH�QXPEHU�RI�³¿OWHUV´��FRQVHUYDWLRQ�RI�
sites, lack of documentation, etc.). What we study 
is often not even a sample. We are not always able 
to estimate the initial population, except by using 
appropriate statistical methods such as Bayesian 
approach (Ortman et al. 2007)7.

(2) The characterization and the chronology of 
a large part of these sites are uncertain, without any 
description of the chronological phases. All these 
added doubts create “unsuitable” datasets. Yet, there 
is a dependency between the results and the quality 
of the data used in statistical analysis (Orton 2005). 
2IWHQ��ZH�DUH�LQFOLQHG�WR�R̆VHW�D�ORZHU�GDWD�TXDOLW\�
with an accumulation of information (sites poorly 
dated and poorly characterized), which can generate 
“noise”, which therefore make it not possible to detect 
VLJQL¿FDQW�OHYHOV�RI�clusters (Pillot et al. accepted). 
Almost 10% of sites within a regional inventory of 
�� � ,Q� WKLV� VWXG\�� WKLV� HVWLPDWH� LV� GL̇FXOW� FRQVLGHULQJ� WKH�
heterogeneity of the data.
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FRQ¿JXUDWLRQ� LV� FRQVLGHUHG� DV� VWDWLRQDU\�� %XW���
logically, human occupation is not a homogeneous 
VSDWLDO� SKHQRPHQRQ�� LW� LV� LQÀXHQFHG� E\� VRFLDO�
and environmental factors that may condition the 
pattern of human settlements. When archaeologists 
seek spatial patterns, they want to determine the 
evidence of a spatial non-randomness of events in 
VSDFH��ZKLOH�VHHNLQJ�WR�LGHQWLI\�HYLGHQFH�RI�VSHFL¿F�
shapes. To quote an idea mentioned in the ecological 
¿HOG�� VWXGLHG� VSDFH� FDQ� EH� ³SDWFK\´� VSDFH� �'DOH�
1999), as we might expect, because randomness 
can imply in some studies an absence of behavior, 
and thus is a priori unlikely in the case of a space 
occupied by humans. Thereby with uncertain 
archaeological data, and with environmental 
DQG� VRFLDO� LQÀXHQFH� RQ� WKH� ORFDWLRQ� RI� VLWHV�� WKH�
distribution of archaeological places is clearly 
heterogeneous. In some cases, the application of the 
L function, does not detect clusters. The calculated 
YDOXHV� ��DUH� DERYH� WKH� FRQ¿GHQFH� LQWHUYDO� HYHQ� IRU�
large distances: the majority of points of datasets 
would be aggregated in a denser area which can be 
interpreted as a large cluster whose size is close to 
the study area. This curve shape is characteristic of a 
heterogeneous distribution. The use of this function 
on the basis of this null hypothesis is irrelevant in 
this case, as pointed out by some authors (Pelissier 
and Goreaud 2001, Ripley 1981)

2.2 In terms of other disciplines

Our thinking led us to confront two syntheses 
of the available literature in archaeology and in 
ecology in which these methods are widely used 
(Fig. 3.1). 

Figure 2. Differences between many types of reference 
area.

nearly 5000 events� KDYH� ḢFLHQW� FKDUDFWHUL]DWLRQ�
and chronological attribution. Data selection does 
not always help narrow the results any further. 
Subsequently, we compared the results of analyses 
on the entire data set and those of another one with 
better quality (Pillot et al. accepted, Fig.1). Despite 
considerable reduction in dataset size and area, the 
results show similar trends. 

 2.1.2 Study area 

Increasingly, ESDA involves carefully 
considering the study area. In univariate analysis, 
the dataset may be of two types: point-referenced 
data (x-y) or area-referenced data (x-y, A). 
What is the most appropriate type in the case of 
archaeological datasets? This question may be 
easier to answer for documentary research. For 
these, the study area is often set at the beginning by 
DGPLQLVWUDWLYH� ERXQGDULHV�� KRZHYHU�� LW� LV� GL̆HUHQW�
for inventories built with data obtained by surface 
survey. The areas could have some “voids” or they 
could be discontinuous. Often, Ripley’s K Function 
is used without any reference area, but under the 
H̆HFW�RI� WKH�FKDQJH�RI�SRLQWV�SDWWHUQ��L�H��EHWZHHQ�
two periods), the size and shape of the extent change 
(Fig. 2). To compare occupation over time, it is 
QHFHVVDU\� WR� VSHFLI\� DQG� WR� GH¿QH� WKH� VWXG\� DUHD��
An area larger than the points’ distribution will 
give clustering. Moreover, in the case of statistical 
methods, it is advised to apply edge corrections, 
because events at the limits of the study area have 
got fewer neighborhoods than the others. Several 
types of corrections are available, such as weighted 
edge correction (Ripley 1977, Goreaud and Pélissier 
1999), “guard area” (Yamada and Rogerson 2003) 
and the method of theoretical envelope (Yamada 
and Rogerson 2003, Diggle 2003) that takes into 
account the shape of the study area. These formulas 
can be taken into account in the calculation of 
Ripley’s K function (or Besag’s L). Without edge 
H̆HFWV�FRUUHFWLRQ��WKH�YDOXHV���RI�/��U��DUH�PXFK�OHVV�
accurate (Goreaud 2000, Fig. 122g). 

 2.1.3 The homogeneous process

The ESDA assumption about a homogenous 
process cannot be realistically applied to 
archaeological phenomena. A homogeneous process 
LV� QHXWUDO� DQG� KDV� QR� LQÀXHQFH� RQ� WKH� VSDWLDO�
distribution of points (Cressie 1993), and its spatial 
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The methodological requirements mentioned 
above are generally mentioned in the archaeological 
approaches, but are not treated in consistent ways. 
The hypothesis of a homogeneous process is always 
accepted, although the dataset is not, as in the case of 
the study area, the research setting, etc... To address 
this dearth, the authors suggest using homogeneous 
reference areas with a selection of the dataset based 
on a homogeneous environment or research context 
(Bevan et al.  2003, Bevan and Conolly 2006). 
However, the studied anthropic phenomenon 
remains innately spatially inhomogeneous (Orton 
2005). Nevertheless, the results arise from statistic 
assumptions. This methodological shortcoming has 
VLJQL¿FDQW�LPSOLFDWLRQV�IRU�SRVVLEOH�LQWHUSUHWDWLRQV��
A few authors have acknowledged these issues and 
provide alternative approaches (Waller 2006). 
Although software tools allow a large amount of 
swift statistical analyzes, it should be noted that 

archeologists will risk using them to adopt a perilous 
“shotgun” approach, as K. R. Schwarz and J. Mount 
wrote (Schwarz and Mount 2008).

In contrast, the synthesis of the ecology 
literature shows that the methods of point pattern 
analysis are both debated and well-determined, in 
order to study the spatial structure of botanical or 
faunal species (Fig. 3.2). The various parameters 
are discussed, as well as their diverse impacts. In 
ecology, the heterogeneity of datasets is included 
in the analysis by a generalized use of non-
homogeneous process functions (Law et al. 2009, 
Miller et al. 2010, Perry et al. 2006). So, we suggest 
using these methods the way the ecologists do, by 
taking into account all of the aspects of heterogeneity 
(spatial, studied phenomenon, etc.). With this 
methodological model we can recommend:

• Testing a non-homogeneous process with using 
a K Ripley derived function (Miller et al. 2010, 
Perry et al. 2006);

• Using a multi-scalar approach to observe trends 
(Bevan and Conolly 2006, Perry et al. 2006);

• Selecting homogeneous geographical, 
environmental and archaeological sectors 
(Pélissier and Goreaud 2001, Perry et al. 2006);

• Selecting reliable archaeological data (when the 
sample allows it);

• Using study area and correction of borders 
H̆HFWV��+DDVH�������*RUHDXG�������3pOLVVLHU�DQG�
Goreaud 2001, Perry et al. 2006).

On the other hand, ecologists underline the 
importance of weighted results, by a confrontation 
with other methods for analyzing point processes 
(Law et al. 2009, Perry et al. 2006, 2008). It 
is essential to apply complementary statistical 
PHWKRGV�WR�FRQ¿UP�RU�UHIXWH�WKHLU�UHVSHFWLYH�UHVXOWV�

3. Methodological Proposition: a Case 
Study

This approach was applied to an example 
of neolithic sites in the North-East of France 
(Burgundy). It concerns the study of the changes 
WKDW� D̆HFW�KXPDQ�RFFXSDWLRQ�GXULQJ� WKH�1HROLWKLF�

Figure 3. Between archaeological and ecological 
bibliographies: synthesis intent: 1: Archaeological 
bibliography; 2: Ecological bibliography.
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period. During the Middle Neolithic, around 4700-
4300 BC, we observe a break with the traditions of 
the earlier period. It is the development of the funeral 
monumentality, through monumental necropolises 
(Fig. 4. 2). According to the distribution of these 
monumental necropolises, it is supposed that 
settlement could be structured in large territorial 
entities, perhaps dispersed in space. 

7R�REVHUYH� WKH�VSHFL¿F�FKDUDFWHULVWLFV�RI� WKLV�
period, it is necessary to be able to compare them 
with what is happening both before and after in the 
same sector. Inventory data for each period (Early 
and Middle Neolithic) has been utilized (Fig. 4.3). 

3.1. Multiscalar approach and sampling

These data are very heterogeneous, despite 
an exhaustive inventory. They appear intrinsically 
and spatially non-homogeneous, because of the 
multiplicity of sources, research disparities, etc. 
Considering these degrees of heterogeneity, we 
recommend using various analysis levels, by 
data selection and by opening multiple and more 
consistent study areas (Bevan and Conolly 2006, 
Pillot et al. 2012). Three rectangular regions have 
been opened in the area. The whole dataset was 
also analyzed for comparison (Fig. 4: 1). Indeed, the 
PXOWLVFDODU�DSSURDFK�HQDEOHV�XV� WR� OLPLW� WKH�H̆HFW�
of the study area. It has the advantage of allowing 
VKLIWLQJ�EHWZHHQ�VPDOOHU�DQG�ODUJHU�VFDOHV�WR�UH¿QH�
the reading of the phenomena (Bevan and Conolly 
2006, Pillot et al. 2012). This method enables us to 
observe and compare the distribution and structure 
of events�DW�GL̆HUHQW�VFDOHV��

3.2. Derivatives of R or L functions 

The data of the study areas always remain 
LQFRPSOHWHO\� GLVWULEXWHG�� LW� LV� GL̇FXOW� WR� FRQVLGHU�
WKHLU� GLVWULEXWLRQ� VLJQL¿FDQWO\� DV� UHSUHVHQWDWLYH� RI�
any underlying social phenomena. To improve the 
results and bring them closer to the archaeological 
realities, it seems worth adapting the hypothesis 
tested in the statistical analysis. It is recommended 
to use a method that is very commonly used in 
ecology: derivatives of R or L functions which allow 
the comparison of datasets with heterogeneous 
distributions8. These functions use the intensity 
8  Distribution composed of discrete random variables in two 
dimensions, whose intensity, number and location vary in space 

estimation for each event (Baddeley et al. 2000). For 
more details on the use of the method, we refer to 
the work in ecology of J.N. Perry (Perry et al. 2006). 
These functions allow us to observe clustering trends 
over smaller distances. 

In the case of neolithic sites, given the low 
number of gathered samples and the highly irregular 
data distribution, K and L functions results were 
invalid: the hypothesis of regularity is not assumed 
DQG�WKHUHIRUH�QRW�YHUL¿HG��8VLQJ�WKH�LQYHUVH�IXQFWLRQ�
could help solve this problem (hypothesis of non-
homogeneity). The Besag function, with a hypothesis 
of non-homogeneous process, was applied by means 
of the already mentioned explicit parameters9. In 
this case, the results were more conclusive. The small 
scale results, however, go against those obtained on 
WKH�GL̆HUHQW� ODUJH�VFDOH�ZLQGRZV��)LJ������7KHUH� LV�
some consistency between these three smaller areas 
(B, C, D), with a lower trend of data aggregation, 
during the Middle Neolithic, despite more important 
samples. The small scale results can be explained by 
the disjointed distribution of the data: many areas 
are in fact unoccupied. The increasing number of 
VWXGLHG� DUHDV� KHOSV� UHLQIRUFH� WKH� LGHQWL¿FDWLRQ� RI�
a trend. Of course, the aggregation distances vary 
because of the scale changes. But, globally, for the 
Middle Neolithic, the distribution seems more 
dispersed with the largest aggregation distances 
(Fig. 5).

(the number of points per unit square changes)
�� � 0HWKRGRORJLFDO� SDUDPHWHUV�� FRUUHFWLRQ� RI� HGJH� H̆HFWV��
(correction-isotropic- Ripley 1977), using the study areas 
(Pélissier and Goreaud 2001) and setting the number of 
simulations (Perry et al. 2006, Pillot et al. accepted).

Figure 4. Studied data: 1: Location map; 2: Attempt of 
restoration of “Passy type” necropolises; 3: Data table.
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3.3. Complementary analysis

The use of these tests alone is biased. Indeed, 
a large battery of statistics is available for analyzing 
spatial point patterns. The judicious use of a 
combination of tests is recommended. It may well be 
the most informative approach; both Ripley (Ripley 
1981) and Diggle (Diggle 2003) state that the various 
statistical tests should be used to complement each 
other. 

3.3.1 Global methods

A problem with Ripley’s K or Besag L, is 
WKDW� RI� µFXPXODWLYH� H̆HFWV¶�� %HFDXVH� 5LSOH\¶V� .�
is cumulative, values of the statistic at a given 
GLVWDQFH� PD\� EH� XQGXO\� LQÀXHQFHG� E\� LWV� YDOXHV�
at smaller distances (Ward et al. 1996, Perry et al. 
2006). Also, it is possible to use other methods 
such as the Pair Correlation Function (PCF). This 
method is similar to Ripley’s K except that it is non-
cumulative, because of distance classes are annuli, 
not circles (Stoyan and Stoyan 1994). The clustering 
trend observed via�5LSOH\¶V�� LV� FRQ¿UPHG�E\�RWKHU�
statistical indicators, such as the PCF (Fig. 5). Its 
UHVXOW� FRUUHODWHV� VLJQL¿FDQWO\� ZLWK� WKH� SHDN� RI� WKH�
Besag L function curve. The global approach enables 
WR� FRQ¿UP� D� JHQHUDO� WUHQG� RI� GLVSHUVLRQ� LQ� VSDFH��
7KLV�¿QGLQJ�UHOHJDWHG�RQH�REVHUYDWLRQ�DOUHDG\�PDGH�
concerning the transition between the Middle and 
Late Neolithic in Burgundy (Pillot et al. accepted). 
The presence of clusters of sites during the Middle 
Neolithic is not excluded. The peak of L function 
and the PCF results might show an ability of spatial 
segregation of clusters of sites. It therefore calls 
for an examination of the place of the monumental 

cemeteries in space. For this, it is necessary to try 
to locate the aggregates with local methods. Indeed, 
global methods provide an average description of 
WKH� VSDWLDO� FRQ¿JXUDWLRQ�� 7KH� SUREOHP� LV� WKDW� LW�
underestimates the local variations in the spatial 
FRQ¿JXUDWLRQ�RI�WKH�events (Fotheringham 1997). 

3.3.2 Local and semi-local methods

Local statistical methods are highly 
complementary of the global ones. They allow to 
FRQ¿UP�RU�UHIXWH�WKH�REVHUYHG�FOXVWHULQJ�WUHQG��DQG�
especially to locate clusters. There is a set of tests 
based on distances calculations.

3.3.3 Local L Function 

7KHVH�UHVXOWV�DUH�FRQ¿UPHG�E\�RWKHU�VWDWLVWLFDO�
methods such as the Local L function. Indeed, it is 
possible to use local methods derived from Ripley’s 
K function such as Getis and Franklin’s (1987) L(d) 
statistic. It is similar to Ripley’s K, except that a 
value is calculated and mapped for each individual 
event. This statistic is valid even if the point pattern 
is inhomogeneous. For more information about the 
method, see appendix 1. Thus this local form can be 

Figure 6. Contour map of Getis and Franklin’s L(d) 
analysis for the area B during the Middle Neolithic 
(above : Besag’s L analysis for inhomogeneous data ; 
others: contour maps where d = 1 km, 2 km and 5 km). 
Black tick lines: d value and higher.

Figure 5. Comparison of Ripley’s K and PCF results 
between all studied areas: synthesis of Ripley’s K 
correlograms and PCF results.



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

464

used to indicate local areas of non-stationarity and/
RU� WR�H[SORUH� WKH� LQÀXHQFH�RI� LQGLYLGXDO�events on 
the fullness of the global statistic. For our example, 
at large scale resolution, it is possible to discern 
local variations (Fig. 6). With this analysis, for each 
VWXGLHG�DUHDV��FOXVWHUV�VHHP�VLJQL¿FDQW�XS�WR���NP�
distances (d = 2000 meters). Clusters of Middle 
Neolithic are bigger and more densely occupied 
than other periods. They are larger and denser. 

3.3.4 Spatial Analysis by Distance IndicEs 
(SADIE)

In the end, the application of one combined 
JOREDO±ORFDO� DSSURDFK� FRQWLQXHV� WR� FRQ¿UP� RXU�
results. It is a class of methods called Spatial 
Analysis by Distance IndicEs (SADIE). The strength 
of these methods comes from their ability to 
describe and map local variation of spatial pattern 
and association. For more information about the 
method, see appendix 1. This method produces the 
index of aggregation Ip

10(Perry 1995). This index 
enables to evaluate clustering trends. At local scales, 
SADIE can produce visual plots: the ‘initial and 
¿QDO¶��,$)��SORWV��,Q�RXU�FDVH��WKH�WUHQG�RI�FOXVWHULQJ�
VHHPV� WR�EH�FRQ¿UPHG�E\� WKH� ,p of SADIE analysis 
(Table 1). Globally, in each study area, the Middle 
Neolithic’s Ip value is superior of that of the Early 
Neolithic (Ip�����H[FHSW�IRU�DUHD�'���,$)�SORWV�VKRZ�
more complex patterns for the Middle Neolithic: 
the clustered nature of the pattern is revealed by 
line segments that show ranges of lengths. These 

10  It corresponds to the ratio of the mean distance between 
events that changed over the observed period relative to 
simulated CSR data.

segments are larger -EN : 2.5 ± 5.6 km ; 
MN : 4.3 ± 5.2 km. It is possible to make the 
assumption of the presence of larger clusters 
during the Middle Neolithic, a period during 
which they are also denser. 

3.3.5 Kernel Density Estimation (KDE)

Another local method is based on kernel 
density estimation: the KDE. The kernels’ 
densities were calculated for the various zones 
as well as their PVC (Fig. 7). After the use of 
various statistical indicators, we determine 
a bandwidth distance of 1.5 km11. Globally, 
for each large-scale area, we should observe 
the same trend: during the Middle Neolithic, 
occupations are more dispersed but in a rather 

dense way. They form large clusters (more than 3 
km around sites). These aggregates are dispersed 
enough in space. The 50 PVC, (thick white lines in 
the map) pinpoint areas which represent 50% of the 
volume of the density surface data. Most of the 50 
PVC are well-insulated from the rest of the spatial 
distribution data. The Middle Neolithic 50 PVC 
seem, in part, to be aggregated with the clustering 
areas, constituting larger areas with the highest 
density. For the Middle Neolithic, the average size 
of the zones surrounded by the 50 PVC, is superior 
to those of the Early Neolithic. Furthermore we 
observe larger inter-distances between PVC of the 
Middle and of the Early Neolithic. These areas seem 
more dispersed in space, but also denser.

3.3.6 Change map

7KH� UHDOL]DWLRQ� RI� D� FKDQJH� PDS� FRQ¿UPV�
the trend (Fig. 8). A change map between two 
periods, the Middle Neolithic and the previous 
period enables us to consider the transformations 
in the point patterns. We thus notice that sites are 
more dispersed in the Middle Neolithic, with an 
LQWHQVL¿FDWLRQ� RI� WKH� KXPDQ� RFFXSDWLRQ�� 7KHUH� LV�
persistence of occupation in various areas. There 
is even disappearance of sites. In clustered areas, 
we can notice the presence of necropolises. We 
can suppose their attraction for other occupations. 
Moreover, necropolises are situated in long-occupied 
areas. Globally, during the Middle Neolithic there 

11  The estimation made subjectively, by ’naked-eye observation’ 
is nearest to the index of Cross-Validation or to the peak of the K 
Ripley function, so between 1.5 and 2.3 km around sites.

period n OD RD Pp Ip 

Area A
EN 102 19.3 23.39 0.6 0.825

MN 223 43.6 38.34 0.2 1.137

Area B
EN 43 6 6.4 0.56 0.934

MN 73 6.4 4.4 0.51 1.468

Area C
EN 25 NS NS NS NS

MN 113 14.6 10.8 0.5 1.347

Area D
EN 26 0.8 0.9 0.51 0.903

MN 39 0.5 0.7 0.71 0.7

Table 1. Summary statistics of SADIE results: n=no. of events, 
OD=observed distance to regularity, RD = distance to regularity 
for CSR data, Pp=probability of as extreme aggregation under 
CSR, Ip=index of aggregation.
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is a reinforcement of most occupied areas (except 
for the area B). These sites were to have a role in 
structuring settlement patterns.

4. Discussion

4.1. Data heterogeneity 

Heterogeneity is a characteristic of anthropic 
systems that can be observed both in space and 
WLPH��7KHUH�DUH�D�ORW�RI�SURFHVVHV�WKDW�D̆HFW�KXPDQ�
dynamics and thus settlement spatial-structure, 
VXFK� DV� HQYLURQPHQWDO� LQÀXHQFH� �WRSRJUDSK\��
hydrography, etc) or social behavior. Also, point 
processes that are behind archaeological point 
pattern do not meet homogeneity and stationarity 
criteria for the application of spatial statistics. To 
quote the comments made by A. Barcelo (Barcelo 
and Maximiano 2007), human occupation of 
space (intentional), cannot necessarily generate 
random distributions. There is more often non-
random distribution (i.e., non-homogeneous) 
that fall between clustered and uniform patterns. 
Spatial point patterns that vary in a systematic way 
from place to place are thus called heterogeneous 
(Ripley 1981). Analysis of the spatial structure of 
KHWHURJHQHRXV� SRLQW� SDWWHUQV� LV� GL̇FXOW�� EHFDXVH�
the simple methods used to analyze spatial point 
patterns have been developed for homogeneous 
point patterns, i.e. for patterns resulting from 
stationary point processes (Goreaud and Pélissier 
2001). Indeed, these methods often use indexes or 
functions that are averaged over the whole study 
area and thus only make sense for homogeneous 
processes. We think that using more realistic 

models for hypothesis testing (i.e. beyond the 
CSR) may also help (Wiegand and Moloney 2004). 
The methodology described above show that it is 
SRVVLEOH� WR�SDUWO\� FRPSHQVDWH� IRU� WKHVH�GL̇FXOWLHV�
by using inhomogeneous forms of K or L functions: 
for non-stationary processes, the null hypothesis 
of CSR should be represented by inhomogeneous 
3RLVVRQ� SURFHVVHV�� 7KH� UHVXOWV� DUH� UH¿QHG� HYHQ�
more if you select more homogeneous areas in the 
dataset. This is all the more restrictive than the 
VWXGLHG� VSDWLDO� SDWWHUQ� FDQ� EH� ORJLFDOO\� VLPSOL¿HG�
as a series of events located in a two-dimensional 
Euclidean space. With spatial analysis, we compress 
observations into “temporal layers” assumed to 
be homogeneous (temporal information seen as 
ceramic typology). Nevertheless, ultimately it adds a 
degree of uncertainty. Indeed, temporal uncertainty 
adds to the uncertainty levels of the problems 
already mentioned. Finally, the datasets themselves 
DUH�D�PDVV�RI�XQFHUWDLQWLHV�� ,W�EHFRPHV�GL̇FXOW� WR�
adopt an unbiased exploratory approach. One may 
thus wonder whether spatial analysis in this context 
LV�VWLOO�MXVWL¿HG�

4.2. Archaeological interpretation: spatial pattern 
description vs. mechanism: what can we say?

The appropriateness of spatial analysis has 
been challenged in other disciplines such as ecology, 
over two major issues (Real and McElbany 1996):

(1) The detection and assessment of spatial 
patterning.

����7KH�LGHQWL¿FDWLRQ�RI�WKH�PHFKDQLVPV�WKDW�
UHVXOW� LQ�WKH� IRUPDWLRQ�RI�GL̆HUHQW� W\SHV�RI�VSDWLDO�
patterns

Figure 7. Kernel Density Estimation for the area B during 
the Early Neolithic (EN) and the Middle (MN) Neolithic 
(bandwidth=1.5 km).

Figure 8. Change Map between Early Neolithic and the 
Middle Neolithic for the area B: intent of interpretation.
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$W� ¿UVW�� ZH� FDQ� VD\� WKDW�� RYHUDOO�� WKH�
implementation methodology used does reveal 
trends. This enables researchers to describe various 
aspects of generic non-randomness in spatial 
data and to compare it over time. It is possible to 
identify clusters that are themselves organized 
into spatial and territorial shapes. Secondly, 
statistical approaches permit the testing and the 
exploration of archaeological data. Indeed, ESDA 
DUH� LQIRUPDWLYH� DQG� XVHIXO� GHYLFHV� IRU� ¿QGLQJ��
verifying and visualizing spatial data patterns 
(Bevan and Conolly 2006). We notice that there are 
two main issues: (1) the use of a priori hypotheses 
which are explicitly tested via the analysis, and (2) 
the produce of testable hypotheses as an outcome 
of the spatial analyses. We agree with the idea 
developed by J.N. Perry that using point pattern 
analysis serves to explicitly test stated hypotheses. 
It is a “useful means of avoiding data-dredging 
and is more likely to provide useful information 
on mechanism than an ad hoc approach” (Perry et 
al. 2006). In our case, we have seen that there are 
possible territorial transformations between Early 
and Middle Neolithic. A priori, the necropolises 
could perform an important role in the settlement 
pattern. ESDA allow us to make another ad hoc 
hypothesis: the presence of bigger clusters of sites, 
in which necropolises have a central role. 

5. Conclusions

Our approach outlines an exploratory 
and comparative method. We propose to take 
into account the heterogeneity of data and the 
“non-homogeneity” of the tested process. It is 
noteworthy that the previously used approaches 
can be improved by adjusted data models to more 
realistic assumptions (derived from Ripley’s K for 
non-homogeneous data). It is worth increasing 
WKH� DQDO\VLV� OHYHOV� WR� FRQ¿UP� WUHQGV� �PXOWLVFDODU�
DSSURDFK��� 2WKHU� DSSURDFKHV� FDQ� UH¿QH� WKH�
LGHQWL¿FDWLRQ�RI�WUHQGV�WKURXJK�VHOHFWLRQ�RI�GDWDVHWV�
that would be both more “reliable” and more 
comparable with each other. The choice of reference 
DUHDV� DQG� WKH� FRUUHFWLRQ� RI� HGJH� H̆HFWV� DOVR� OHDG�
to gaps. One of the major points of this paper is 
to show that each result should be compared to 
other analyzes: this makes it more meaningful and 
therefore more interpretable. Eventually, it would 
EH�XVHIXO�WR�UH¿QH�WKH�PHWKRGRORJ\�E\�XVLQJ�RWKHU�
models of non-homogeneous processes and to study 

them in terms of archaeological issues. Of course, 
many limitations remain, particularly regarding 
the incorporation of temporal uncertainties. An 
exploratory approach should be conducted within 
this framework to lead to untangling the nodes of 
uncertainties about the archaeological record.
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 Test 
statistic 

Description References

Global 
methods

Ripley’s K 
Function and 

its Besag L 
transformation

Considers the complete distribution of all the distances in the point pattern. The 
distribution is compared to a reference distribution called a homogeneous Poisson 

process under complete spatial randomness (calculated with Monte-Carlo Simulation) 
and the function tests three hypotheses: uniqueness, homogeneous stationarity and 
isotropic process. Method: Number of events within a circle of radius sequentially 
larger t from each focal event, and deviation from expectation at each t under CSR.

Ripley 
1977, 1981
Besag and 

Diggle 1977

Pair Correlation 
Function (PCF)

The average distance at which the Pair Correlation Function suggests a random 
GLVWULEXWLRQ��,W�LV�D�ORFDO�PHDVXUHPHQW�RI�WKH�VKDSH�DQG�FRQ¿JXUDWLRQ�RI�SRLQW�SDWWHUQV�

(to determine the size of clusters). The PCF is also known as the Neighborhood 
Density Function (Ward et al. (1996)) and the O-ring statistic (Wiegand and Moloney 

2004).The PCF is similar to Ripley’s K except that it is non-cumulative. Method: 
Number of events within distance classes that are annuli, not circles.

Stoyan and 
Stoyan 
1994

Perry 2006

Local 
methods

Kernel Density 
Estimation

Non-parametric method of estimating the probability density function based on point 
location. Method: Calculation of density for each cell of a grid overlaid on the map. 
Measures the distance between each cell and each point and determines the weight 
for the cell. The density estimate is the sum of each weight. The weight depends on: 
the distance from cell to point; the radius or bandwidth around each poin,t and the 

method of interpolation or function.

Silverman 
1986

Getis and 
Franklin’s L(d)

Local statistics (Local form of Ripley’s K) can be displayed as contour maps or, with 
the contours based on the values of L(d) for each individual at distance (length 

scale) di contours where d<L(d) denote areas of regularity and those where d>L(d) 
aggregation. The visualization advantages are clear—while the global tests above 

suggest there is spatial segregation and at which scale(s), the local tests can explicitly 
show where this is occurring. Method: L(d) is calculated for each event individually, 

providing information concerning local trends in pattern (e.g. areas of aggregation vs. 
areas of regularity in the same plot)

Getis and 
Franklin 

1987

Spatial Analysis 
by Distance 

indicEs 
(SADIE)

Based on an algorithm in which the observed events are iteratively moved until they 
achieve a regular arrangement. The ‘distance to regularity’ is assessed by summing the 

number of moves each event undergoes until regularity is achieved. The ratio of the 
mean distance moved during the observation relative to simulated CSR data is termed 

the index of aggregation Ip. This index enables to evaluate clustering trend. As well 
as this simple index of spatial pattern, SADIE provides “diagnostic” plots, which is a 
map showing the original and the rearranged patterns with line segments connecting 
SDLUV�RI�SRLQWV��WKH�µLQLWLDO�DQG�¿QDO¶��,$)��SORWV���0HWKRG��&DOFXODWHV�WKH�µGLVWDQFH¶�

from the event set to regularity by moving events until a regular Voronoi tessellation is 
achieved; allows calculation of an aggregation index (Ip).

Perry 1995
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1. Introduction

Investigating the evolution of historic artefacts 
most often starts with the cumbersome task of 
putting together various pieces of information, each 
ZLWK�LWV�VSHFL¿F�FKDUDFWHULVWLFV�LQ�WHUPV�RI�SUHFLVLRQ��
scope and reliability. Naturally, time slots are among 
WKH�PDLQ�FOXHV�DQDO\VWV�H[SHFW�WR�VSRW�ZKHQ�¿OWHULQJ�
and cross-examining these pieces of information. 

In order to proceed to any type of reasoning 
(teleological or causal) one has to place all the data 
and pieces of information. But due to the very nature 
of historic data sets – heterogeneity, uncertainty, 
missing data, uneven distribution in time (etc.) – 
time points and intervals the analyst will identify 
are often inconsistent in terms of granularity. Time 
intervals, typically the overall lifetime of an artefact, 
LWV� SHULRGV� RI� FRQVWUXFWLRQ� RU� PRGL¿FDWLRQ�� PD\�
be described by expressions like “between the last 
quarter of the XIIIth c. and the middle of the XIVth 
c.”, whereas some punctual events may be recorded 
more precisely, in cases like “WKH�¿UH�WKDW�RFFXUUHG�
on the night of November 29th 1554” or “the town’s 
siege between March 1445 and November 1445”. 

In parallel, describing an artefact’s life 
evolution often implies taking into consideration 
pieces of information that correspond to regular 
Corresponding author: idu@gamsau.map.archi.fr

or cyclic events, with here also inconsistent 
granularities. Typically, when analysing an isolated 
chapel at high altitude, the analyst will need to 
cope with a fuzzy cyclic behaviour – the chapel 
is inaccessible due to snow for a certain number 
of weeks during the year – as well as with a well-
GH¿QHG�F\FOLF�EHKDYLRXU�±�D�SLOJULPDJH�LV�RUJDQLVHG�
on the saint’s day every year.  

In other words, may it be because of the nature 
of historic data sets, or may it be because of the 
heterogeneity of the events we need to report, there 
are very few solutions analysts can count on if they 
need to visualise in a consistent, insight-gaining 
manner the time slots they have spotted. 

In historic sciences it appears clearly that the 
handling of multiple time granularities is one of 
the major bottlenecks in the analyst’s visualisation 
H̆RUW�� 1DWXUDOO\�� FRQYH\LQJ� SURSHUO\� GRXEWV� LV� DQ�
even harder challenge – with numerous overlapping 
issues, as will be shown. Our research aims at giving 
analysts means to combine in a single visualisation 
multiple aspects of the parameter time, and 
particularly multiple granularities. 

$V�D�¿UVW�H[SORUDWRU\�VWHS��ZH�LQLWLDOO\�IRFXVHG�
on a visual comparison of 25 alternative calendars 
covering a wide range of historic periods and cultures 
or civilisations (Julian and Gregorian calendars 
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CNRS, UMR CNRS/MCC 3495 MAP

Abstract:
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of course , but also Babylon, ancient Egypt, China 
and Japan, Incas, Inuits, Burma and Bali, etc.). The 
visualisation sums up in a synthetic way key aspects 
of calendars (cycles, divisions, period of validity, 
area of validity, the intercalation – i.e. correction 
mechanisms, etc.) corresponding to alternative time 
granularities. The visualisation helps underlining 
legacies in between periods and areas, alternative 
visions of time as linear or cyclic, common or 
opposing choices like solar/lunar/lunisolar, 
alternative divisions of the year, mechanisms to cope 
with intercalations, etc.��$�SURPLQHQW�VHUYLFH�R̆HUHG�
by this visualisation is that it enables comparisons at 
various time granularities, “ZLWKLQ�WKH�H\HVSDQ”, to 
quote E.R Tufte. 

7KLV�¿UVW�UHVXOW�KDV�EHHQ�H[WHQGHG�WR�SURSRVH�
a more generic framework for visualising time with 
multiple granularities. It is applied on two test 
FDVHV� UHSUHVHQWLQJ� GL̆HUHQW� VFDOHV� DQG� WHUULWRULHV��
The contribution will present the concepts and 
ideas behind this research, as well as their practical 
applications on the tests cases and accordingly their 
SRVVLEOH�EHQH¿WV�IRU�UHVHDUFKHUV�DQG�SUDFWLWLRQHUV�LQ�
historic sciences. 

2. Research Context

Reasoning on the historic artefacts requires a 
deeper understanding of the time parameter than 
what we understand of it in everyday life. And if in 
addition we want to use visualisations to inquire 
into what is behind our time-oriented data, we need 
even more extensive understanding, analysis and 
control over the time parameter.

In parallel, Information Visualisation and 
9LVXDO� $QDO\WLFV� DUH� PXOWLGLVFLSOLQDU\� ¿HOGV� WKDW�
are increasingly applied as a critical component 
LQ� VFLHQWL¿F� UHVHDUFK� ZKHUH� visual reasoning is 
a relevant method (i.e. analytical method that 
employs human perception in order to inform, 
reveal unknowns or as a part of the thinking 
process itself (MacEachren et al.2005,139–160)). 
In other words visualisation is about : … pictures of 
numbers … pictures of nouns … pictures of verbs, 
the representation of mechanism and motion, 
RI� SURFHVV� RI� G\QDPLFV�� RI� FDXVHV� HQG� H̆HFWV�� RI�
H[SODQDWLRQ�DQG�QDUUDWLYH… (Tufte 1997, 126). 

This is probably the reason why the time 

parameter has been carefully studied and structured 
QRWDEO\� LQ� DQG� DURXQG� WKH� DERYH� ¿HOGV� �� VHH� IRU�
example (Tufte 1990, 151), (Chardonnel 2007) 
(Knight 1993, 401-419), (Perlata 2004, 241-248), 
(Matoušek 2007, 239–254), (Allen 1984, 124-154) - 
although it doesn’t mean that we at this stage fully 
understand its nature. 

As demonstrated in (Aigner et al. 2008, 47-60) 
multiple aspects of time can be taken into account : 
time progression (linear time vs. cyclic time), time 
structure (ordered time, branching time, time with 
multiple perspectives), temporal entities and their 
relations (time points, time intervals), temporal 
scale (ordinal time, discrete time, continuous time, 
discontinuous time), time granularity, uncertainty 
of temporal position of temporal entities, etc..

However, as sagely remarked “,Q�WKHRU\��WKHUH�
LV� QR�GL̆HUHQFH�EHWZHHQ� WKHRU\�DQG�SUDFWLFH��%XW�
in practice, there is. �«� 7KHRU\�DQG�SUDFWLFH�ERWK�
have limitations. Sometimes, practice proves the 
YDOXH�RI�D�JRRG�WKHRU\ …” (West 2010).

����7KHRU\�YV�SUDFWLFH

Theoretical approaches are crucial in 
understanding the time parameter, still they are not 
the only solution to the problem. Another approach 
can be observing facts: here, historic calendars. 

&DOHQGDUV� DUH� EDVLFDOO\� DQ� H̆RUW� WR� SRVLWLRQ�
oneself in time, by observing and measuring 
objectively one or several phenomena that occur 
repeatedly, on a regular basis – may it be the course 
of planets, hunting seasons, market days in the 
neighbouring cities. In other words, understanding 
calendars means understanding how time is seen by 
a society, in a given space. This way calendars tell us 
something about societies, but in addition they also 
demonstrate the complexity of the time parameter, 
with several repetitive cycles to combine in a way 
that has to be understood by everyone (night & day, 
seasons & years, cultural events, etc.). 

Finally, calendars are used not only to position 
oneself in absolute time, but also to position oneself 
ZLWK� UHJDUGV� WR� RWKHU� VSHFL¿F� WHPSRUDO� VORW�� PD\�
they be “KRZ�PDQ\�PRQWKV�VLQFH�P\�ODVW�FKHFN�XS�
at the dentist” or less depressing “KRZ�PDQ\�JUDQG�
IDWKHUV� VLQFH� &RSHUQLF¶V� GLVFRYHU\”? (account in 
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grandfathers, as a tribute to T. Pratchett). Naturally 
this applies both to past and to future events. 
Accordingly calendars are de-facto examples of (at 
least) three key issues when talking about time:

• positioning a time slot inside a continuum,

• handling alternative cycles, granularities, 
rhythms,

• ordering, comparing, analysing time slots and 
the way they are depicted here and there, and 
trying to make sense out of it.

In this contribution, we will focus on historic 
calendars, i.e. calendars that have been introduced 
at sometime in the past, have evolved (Julian to 
Gregorian for instance), ceased to be used (Coligny 
Gaulish for instance), or remained unchanged 
(Chinese calendar for instance). The word “historic” 
might be here a bit confusing, however we have 
chosen it in order to insist on two aspects that are 
of importance:

• Handling calendars that are not used any more 
implies to some extent handling something 
known to us through testimonies, (i.e. 
questionable data sets, and accordingly implies 
FRQ¿GHQFH�DVVHVVPHQWV���

• Handling calendars that have succeeded to 
one another – may we know of it or not – 
implies highlighting parenthoods on one hand 
(Babylonian – Greek; Egyptian – French 
Republican) and on the other hand calls attention 
to the consistency of dating (shift of the new year 
in the Roman calendars).

Let us illustrate a classic implication of this 
last point with some well-known example:

To honour the date of death of Cervantes, 
Shakespeare and De la Vega, who supposedly 
died on the same day, April 23, 1616, UNESCO 
established April 23rd as the International Day of 
the Book (UNESCO 2011). But Shakespeare died on 
a GL̆HUHQW day than Cervantes and de la Vega – the 
date of his death (April 23, 1616) is given according 
to the Julian calendar, and not in the Gregorian 
calendar, already adopted by Spain but not by 
England in 1616. Since at that time the Gregorian 

calendar was ten days ahead of the Julian, the 
Spanish authors actually died ten days earlier than 
Shakespeare, whose date of death according to the 
Gregorian calendar was May 3, 1616. In other words, 
ZH�DUH� ṘFLDOO\� DVNHG� WR� UHPHPEHU� D� IDFW�±� WKUHH�
main authors dying the very same day – that never 
occurred, because of a ten days shift in calendars.

2.2  From calendars to architectural changes? 

Calendars are an interesting topic by 
themselves, but what is the connection with 
architectural changes? Why should we “start from 
the globe” – time in calendars – when what we are 
interested in is analysing the evolution of pieces of 
architecture?

7KH�¿UVW�UHDVRQ�LV�D�YHU\�VLPSOH�RQH��WKHUH�LV�
a clear relation of calendars to architecture. A well 
known example is the iterative reconstruction of 
the Temple in Ise (Japan), every 20 years – and 
20 years is precisely the Japanese calendar’s main 
cycle (along with eras, connected with the country’s 
rulers). Another simple example is the orientation 
of Christian churches and chapels in the medieval 
SHULRG�� 7KHVH� HGL¿FHV� DUH� XVXDOO\� GHGLFDWHG� WR� D�
given saint, and when possible oriented with the 
apse towards the East at sunrise on the Saint’s day, 
a clear dependence of architecture to the Christian 
calendar.

The second reason why we chose to “start 
from the globe” results from an analysis of our 
previous chronology assessment contributions 
(Dudek and Blaise 2008, 349-357), (Dudek and 
Blaise 2011, 632-641), (Blaise and Dudek 2010, 
91-100). We have introduced in the past years 
a number of visualisations aimed at facilitating 
analytical reasoning. Yet these visualisations rely 
on a single and common modelling choice, namely 
- using Aigner’s terminology – a one-year chronon 
time granularity.

And, although we did investigate ordinal time 
rather than discrete time (Dudek and Blaise 2011, 
632-641), branching time rather than ordered time 
(Blaise and Dudek 2011, 8) we are far from having 
investigated in a thorough way the temporal info we 
have about architectural changes. And this relative 
thinness is neither a choice nor an accident. It is 
the direct consequence of how time is viewed in the 



 Visualising Time with Multiple Granularities: a Generic Framework 
Iwona Dudek and Jean-Yves Blaise  

473

context of historical data sets where it is basically 
seen as a dating issue. Once you have said “circa 
1st half of the XIVth century” you’re done with the 
temporal aspect. And so we believe that, if we are 
to further investigate the time parameter we need 
to handle historic data sets that go beyond dating – 
and calendars are well suited to that need.  

We expect that developing better tools to 
model and visualise temporal aspects of historic 
calendars will help us to re-read our data sets and, 
IRU�LQVWDQFH��WR�XQFRYHU�VLPLODULWLHV�DQG�GL̆HUHQFHV��
constructive innovations, etc..

2.3 Issue and content

What does it take to analyse similarities and 
GL̆HUHQFHV�EHWZHHQ�FDOHQGDUV"�,W�QDWXUDOO\�UHTXLUHV�
D�PRGHOOLQJ�H̆RUW��WKURXJK�ZKLFK�FRPPRQ�IHDWXUHV�
can be pointed out. Poincaré wrote … it is in the 
relations alone that objectivity must be sought, 
it would be vain to seek it in beings considered as 
isolated from one another… (Poincaré 1902).

In a way this contribution’s main issue 
FRXOG�EH� VHHQ�DV�¿QGLQJ�D�PHDQ� WR�FRPSDUH� LQ�DQ�
insight gaining manner historic calendars. Because 
calendars were designed that way, modelling will be 
done by extension – with a subset of 25 calendars 
chosen (Section 3.1). Furthermore, we will need to 
LQWHJUDWH� FRQ¿GHQFH� DVVHVVPHQWV� LQ� FDVHV� ZKHUH�
WKH� GDWD� LV� TXHVWLRQDEOH�� *LYHQ� D� SUHGH¿QHG� VHW�
of descriptors for each calendar, we will need to 
develop visualisations in order to sum-up visually a 
VSHFL¿F� FDOHQGDU¶V� GHVFULSWRUV�� RU� WR� FRPSDUH� LW� WR�
others (Section 3.2). Finally, we will need to check 
out whether or not the proposed framework helps 
uncovering parenthoods (preferably unexpected – 
RWKHUZLVH�WKH�ZKROH�H̆RUW�PLJKW�KDYH�EHHQ�YDLQ��

An exploratory transfer of the calendar 
framework to the handling of multiple time 
granularities on architectural cases will be proposed 
in section 4. Remaining implementation challenges 
and perspectives of this research will be discussed 
in section 5.

One point has to be made clear here: this 
research is not about the parameter time in general, 
but about how time is handled inside calendars – i.e. 
discrete time, with a one-day chronon.

Result expected is a set of visualisations 
helping us to analyse where and when historic 
calendars have been used, in what they compare 
to one another. Finally, computational platforms 
helping users to translate 21st April 2023 (Gregorian 
calendar) into Chinese, Muslim, Hebrew or other 
calendars already exist, this aspect will therefore 
not be mentioned (see for example (Cultural-China 
2010), (Philosophia Islamica 2009), (Hebcal Jewish 
Calendar 2012)).  

3. Modelling and Visualising Historic 
Calendars

$V� D� ¿UVW� VWHS��ZH� LQLWLDOO\� IRFXVHG� RQ� YLVXDO�
comparison of 25 alternative calendars covering 
a wide range of historic periods and cultures or 
civilisations. 

(Japanese (7DLLQWDL\RUHNL), Tibetan, 
Babylonian, Burmese, Chinese, Hebrew, Pre-
Islamic ('ĪDKLOLMMD), Symmetry454, Incas (solar), 
French republican, Egyptian, Soviet, Coptic, Julian, 
Gregorian, Byzantine, Roman (republican), Inuit, 
Continental Celtic (&ROLJQ\),  Muslim calendar 
(+LMUL), Attic state calendar, Maya and Aztec 
calendars (Xiuhpohualli, Tonalpohualli), Badí’, 
Incas (lunar) and Balinese Pawukon calendars).

3.1 Modelling

$W�¿UVW�JODQFH�D�FDOHQGDU�LV�PDGH�RI�FRPPRQ�
notions (e.g. day, season, year) that need to be 
DGMXVWHG� GHSHQGLQJ� RQ� WKH� FXOWXUH� �GD\� ¿QLVKHV�
with the sunset in the Jewish calendar, there are 
nine seasons in the Inuit Calendar,  year started in 
November in Gaulish Coligny calendar).

In fact there also are less obvious features 
that need to be taken into consideration if we are to 
cross-examine calendars:

• What is the repetitive phenomenon the calendar 
bases on (sun / moon / seasons, ….)? 

• +RZ� DUH� FRQÀLFWV� EHWZHHQ� QDWXUDO� SKHQRPHQD�
(intercalation) solved? 

• What granules, are used (i.e.  weeks, fortnights, 
months)?
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YEAR DISCRETISATION

FKURQRQ��Ĳ� the smallest temporal unit of a calendar

JUDQXOH��OHYHO��� ¿UVW�OHYHO�JUDQXOH��Ǌ�� �QĲ����HTXLYDOHQW�RI�D�ZHHN�

JUDQXOH��OHYHO��� VHFRQG�OHYHO�JUDQXOH��Ǌ� PĲ���HTXLYDOHQW�RI�D�PRQWK�

JUDQXOH��OHYHO�����OHDS�\HDU�
sensible

FDOHQGDUV¶�EDVLF�JUDQXOH��Ǌ� \Ĳ���HTXLYDOHQW�RI�D�\HDU�

FDOHQGDUV¶�EDVLF�JUDQXOH�±�UHODWLRQ�ZLWK�¿UVW�OHYHO�JUDQXOH��Ǌ� V�Ǌ��

FDOHQGDUV¶�EDVLF�JUDQXOH�±�UHODWLRQ�ZLWK�VHFRQG�OHYHO�JUDQXOH��Ǌ� [�Ǌ��

order of second level elements 

intercalation mechanism 
insertion of a leap granule into a year in order to bring an average year’s duration closer to a 
length of the solar year

VHDVRQV��YDU\LQJ�JUDQXOHV� a number (integer)

beginning of the year a given moment (chronon or granule) inside a calendar, or an astronomic phenomenon

beginning of the day a given time point within the day/night cycle

ADDITIONAL PARAMETERS

beginning of time countdown originating position of temporal scale (ex. ab Urbe condita - traditionally dated to 754BC)

cycles present in calendar types and lengths of cycles

zone of usage geographical area

period of validity a time interval,  in history, during which a given calendar was in use 

calendar type SKHQRPHQRQ�RU�FDOHQGDU�SXUSRVH�WKDW�GH¿QHV�WKH�OHQJWK�RI�D�FRPPRQ�\HDU

Table 1. An illustration of the variety of the information / notions needed to depict and compare calendars (in terms of 
time span, in terms of actual formatting) – the list proposed here is not comprehensive. 

Figure 1. Visual 
encoding of the key 
descriptors taken 
into consideration 
in the comparison of 
calendars.
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• :KDW� VLJQL¿FDQW� F\FOHV� DUH� integrated in the 
calendar?

The conceptual model we propose combines 
several layers of information. Some examples are 
given in Table 1.

In the following section we present how these 
notions are actually transferred into graphics (visual 
cues used), and evaluated on real cases. It has to be 
made clear that initially we focused on the graphics 
– we needed to check out whether the whole idea 
of starting from the globe could make sense. So 
the implementation we propose is dynamic but 
poorly structured – script interpretation. Among 
perspectives of this research is to develop a robust 
OO-based structure to represent the notions we 
KDYH�LGHQWL¿HG�KHUH�DERYH�

3.2 Visualising

7KH�¿UVW�YLVXDOLVDWLRQ�ZH�SURSRVH�VXPV�XS�LQ�
D�V\QWKHWLF�ZD\�¿IWHHQ�NH\�GHVFULSWRUV�RI�FDOHQGDUV�
(Fig. 1) distributed inside six visual components 
(Fig. 2).

The most widespread calendar system today is 
the Gregorian calendar (solar) introduced in by Pope 
Gregory XIII in a papal bull signed on 24 February 
������,W�ZDV�DGRSWHG�LQ�WXUQ�E\�GL̆HUHQW�FRXQWULHV��
*UHJRULDQ� FDOHQGDU�PRGL¿HG� WKH� -XOLDQ� FDOHQGDU¶V�
regular cycle of leap years (leap years are exactly 
divisible by four except for years that are exactly 
divisible by 100, but the centurial years that are 
exactly divisible by 400 are still leap years). A Week 
is the smallest granule (7 days). Each year counts 
12 months (365 days in common years, 366 days in 
leap years). Beginning of a year was maintained on 
1st January.

Until the adoption of a resolution of the 
International Meridian Conference, each town used 
its own local time. Lengths of each day-time hour 
and night-time hour were unequal and depended 
on the geographical latitude and varied according 
to the seasons - what is more a day could begin at 
QRRQ��VXQULVH�RU�VXQVHW��UHÀHFWLQJ�WKH�ZLGH�GLYHUVLW\�
RI� FXVWRPV� IRU� GH¿QLQJ� DQG� FRXQWLQJ� WKH� KRXUV�
across the European continent (Fig. 3).

,QÀXHQFH� RI� D� FXOWXUH� DQG� FOLPDWH� LV� SODLQO\�

visible in Inuit calendar. The absence of a notion of 
day or week in Inuit’s culture, as well as surprising 
number of seasons (related to the cycles of nature). 
On the other hand the French republican calendar 
has a clear “goddess reason” decimal structure (Fig. 
4).

In order to foster comparison of the 
whole collection (Fig. 5), we developed a second 
visualisation underlining:

• legacies in between periods and areas (e.g. 
The Coptic Year is the extension of the ancient 
Egyptian civil year retaining its subdivision into 
the three seasons.), 

Figure 2. 'LVWULEXWLRQ� RI� WKH� ¿IWHHQ� NH\� GHVFULSWRUV� LQ�
graphic components.

Figure 3. Visual comparison of the Julian and Gregorian 
calendars.

Figure 4. Visual comparison of the Inuit and French 
republican calendars.
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• presence of cycles, alternative divisions of the 
year (e.g. Agriculture related calendars - Balinese 
Pawukon calendar or Incas agricultural calendar 
- seem quite weird compared to a calendars 
based on a sidereal year.), 

• mechanisms to cope with intercalations, etc. 

This comparison allowed us to ascertain 
similar mechanisms of time discretisation - day 
plays role of chronon in an overwhelming majority of 
cases and it is aggregated into widely used, standard 
granules (i.e. week, month, season, year, century) or 
some less employed ones (e.g. days outside a year). 
However the exact number of days in a given granule 
VXEVWDQWLDOO\� GL̆HUV� �H�J�� ���PRQWKV� LQ� D� FRPPRQ�
year is not a rule but only a dominant trend). 

Moreover beginning of time countdown and 
originating position of temporal scale strongly 

varies. These parameters as well as intercalation 
mechanisms, beginning of a year or a day are culture 
dependent – showing us more about societies and 
their way of life than about the time.

A very common and instructive parameter 
is periodicity of calendars - presence of natural 
or calendar based cycles. Once again, cultural 
based cycles (e.g. ruler’s lifetime, market day’s 
cycle, unlucky day’s cycle, intervals associated 
ZLWK�GL̆HUHQW�JURXSV�RI�GHLWLHV��«��WKURZV�OLJKW�RQ�
KXPDQV�DQG�VRFLHWLHV��]RQHV�RI�LQÀXHQFHV�KHOSLQJ�XV�
in teleological reasoning, etc..

Natural cycles (climate or astronomical related) 
although profoundly built in calendar structure are 
independent from the calendar structure – even in 
most precise calendars they move slightly inside a 
sequence of a year. This relative freedom of natural 
cycles is reinforced by a recurrent phenomenon: 

Figure 5. A visual comparison of 25 calendars. (a) natural or anthropogenic cycles present in a calendar, b) year 
discretisation for a common and a leap year, c) time gap between the lunar and solar years, d) intercalation rhythm, e) 
natural phenomenon established as beginning for the new year, f) beginning of the day, g) number of days in a week, h) 
calendar type, 1-3) three groups of calendars with similar patterns (year discretisation in particular).
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a discontinuity of time in calendars due to human 
manipulation - time in calendars is stretched or 
shortened from time to time (e.g. 80 additional 
days in year 46th BC, 11 days less in 1582 AD a.s. 
in Madrid and Cordoba, but not in Stratford-upon-
Avon or in Southampton).

7KLV�¿UVW�UHVXOW�KDV�EHHQ�H[WHQGHG�WR�SURSRVH�
a more generic framework for visualising time with 
PXOWLSOH�JUDQXODULWLHV��,W�LV�DSSOLHG�RQ�WZR�GL̆HUHQW�
test cases: chapel of St Anne in Southern Alps 
(France) and the belfry of Cracow’s former town hall 
in (Poland).

4. Visualising Time-oriented Historical 
Data

Naturally the visualisation of time-oriented 
GDWD�SRVHV�YDULRXV�W\SHV�RI�GL̇FXOWLHV��ZLWK�D�QXPEHU�
of them generating diverse types of uncertainties:

• modelling choices of temporal variables,

• data credibility (i.e. heuristic accuracy and bias 
of analyst),

• inconsistency of data  - that implies possibility of 
various scenarios,

• incompleteness of data, 

• subjectivity of choices (amount of interpretation 
or personal judgment included),

• approximations and imprecision in data 
description (e.g. How to interpret expressions 
like SUREDEO\�LQ�����?),

• temporal resolution of data – that relates to 
temporal granularity, etc.

All these elements should be integrated into 
any visualisations to improve the cognitive task of 
spatio-temporal understanding. In this paper we 
will limit our discussion to the last point that relates 
to time granularity.

We will start with a brief introduction 
into problems posed by visualisation of datasets 
characterised by varying temporal granularity. 
In a following section we will present a proposal 
framework of a method of visualising time with 
multiple granularities.

���� � � 9LVXDOLVDWLRQ� RI� GDWDVHWV� FKDUDFWHULVHG� E\�
YDU\LQJ�WHPSRUDO�JUDQXODULW\

Historical data sets are not consistent in 
terms of temporal granularity. In other words the 
individual temporal resolution of pieces data may 
vary.

/HW¶V�WDNH�DV�DQ�H[DPSOH�WKUHH�GL̆HUHQW�SLHFHV�
of information concerning the same object:

• A� ¿UH� LQ� WKH� WRZQ� KDOO¶V� WRZHU� WRRN� SODFH� LQ�
summer 1543.

• $�PRGL¿FDWLRQ�RI�D�WRZHU�VWDUWHG�RQ���WK�$XJXVW�
1543.

• A big quantity of bricks have been bought in 
August 1543.

Each piece of information has its own temporal 
granularity. If the chronon of our visualisation (the 
smallest unit) is one civil year (date format YYYY), 
information about the events that occurred in the 
same year can be represented only as a group of 
events that took place in 1543. What is more other 
hints about temporal relations between these events 
(i.e.” in summer” contains “in August” contains 
“15th August”) will disappear.

If our choice for the chronon is one day 
(date format DD MM YYYY), granularity of the 
visualisation will exceed the natural temporal 
granularity of the underlying information. In such 
situations the description and visualisation of events 

Figure 6. Cyclic time visualisation mode exploits a 
‘clock’ metaphor – one o’clock stands for beginning of 
January. Beginning of astronomical seasons is marked by 
colour dots and meteorological seasons are represented 
by coloured sectors (‘rose of seasons’) – they may not 
coincide (b).



CAA2012 Proceedings of the 40th Conference in Computer Applications and Quantitative Methods in Archaeology, 
Southampton, United Kingdom, 26-30 March 2012

478

compels to introduce approximated, interpretation-
derived values, thereby reinforcing the global 
uncertainty on temporal aspects (i.e.”in summer” 
GRHV�QR�PHDQ�HDFK�DQG�HYHU\�VXPPHU�GD\).

In other words, whatever chronon we choose, 
and represent, there will be pieces of information 
WKDW� MXVW� GRQ¶W� ¿W� ±� HLWKHU� WKH\� DUH� WRR� ³WKLQ´� DQG�
the foot moves in the shoe, or too big and the foot is 
VKUXQN�WR�¿W�LQ�WKH�VKRH��

Accordingly, and taking advantage of what 
we had observed on the variable granularity of 
calendars and on the importance of fuzzy periodic 
comportment of seasons, we have tried to support 
time-oriented reasoning tasks with mechanisms 
that would display in a unique visual layout several 
JUDQXODULWLHV�DW�D�JODQFH��7KH�YLVXDO�IRUPDOLVP��¿UVW�
experimented on calendars and seasons, provides a 
simple solution to handle both a day granularity and 
more fuzzy intervals within a cyclic-time enhancing 
visualisation (Fig 6). 

It is in fact a rather generic formalism (it could 
be applied to year and centuries, or to any other 
combination) that bases on two principles: 

• concentricity on one hand - mechanism to 
segregate granularities, 

• sector vs. point on the other hand -   mechanism 
to allow switches from chronon to granules, 
including fuzzy granules.

4.2  Impact on representing architecture changes

7KH� ¿UVW� FDVH� VWXG\� LV� &HLOODF¶V� FKDSHO� RI� 6W�
Anne, in Southern Alps (altitude 2400 m). 

The cyclic events related to this artefact 
include an annual pilgrimage to the chapel (July 
26th) and naturally the cycle of seasons (Fig 7a). At 
this altitude meteorological seasons do not coincide 
with astronomical seasons. Winter is the longest 

Figure 7. St Anne chapel  a) cyclic time visualisation mode;  b) timeline - Different colours mark different types of 
events. The overall evolution of the chapel is marked with the brownish line. All known transformations were described 
according to the Gregorian calendar.

Figure 8. St Anne chapel - Events 
dating represented with their natural, 
heterogeneous; temporal granularity; 
From left to right : DD/MM/YYYY 
format, MM/YYYY format, season + 
YYYY format, and YYYY format.

Figure 9. Visualisation produced for a whole life of the 
artefact. Note that all the events related to the chapel 
took place in summer (i.e. before st Anne’s day) except 
of a collect of the money and avalanche – a fact very 
easy to consider as obvious (altitude 2400m) once the 
visualisation did the job for us…
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season here but its length may vary (season’s 
length has a fuzzy periodic behaviour), therefore it 
is important to point out that in our cyclic events 
representation we show values for an average season 
length – variations of this factor has to be taken into 
consideration by analysts.

The information about the chapel of St Anne 
was gathered and represented using a classic 
timeline with a granularity of one year (Fig 7b), but 
it is not the natural temporal resolution of all the 
data we dispose. Pieces of information we dispose 
are dated with a variable precision (e.g. DD/MM/
YYY, MM/YYY, season YYYY, YYYY). Increasing the 
time granularity (e.g. operating with a day) makes 
a visualisation impractically long, what is more it 
introduces the unavoidable problem “shrinking the 
IRRW� WR� ¿W� LQ� WKH� VKRH´�ZLWK� LQWHUSUHWDWLRQ�GHULYHG�
values.

Our proposal is to use at visualisation time the 
natural temporal granularity of the dating associated 
with events (Fig 8).

This type of visualisations may be reorganised 
according to additional criterion (e.g. by events 
type) in order to help in reasoning. It is also possible 
to produce them for a selected time span (e.g. two 
decades, a century or a whole life of an artefact (Fig 
9).

Linear and cyclic visualisation modes 
XQGHUOLQH� GL̆HUHQW� SDUWLFXODULWLHV� RI� WKH� GDWD� VHWV��
it should be stated clearly that their combination 

notably reinforces their power of assistance in 
reasoning. What this simple experiment shows is 
not that one is better than the other – the basic linear 
timeline is for instance very useful in underlining 
temporal densities – but digging into that temporal 
aspects requires to think outside the square in terms 
of visualisation.

The second case study is the belfry of Cracow’s 
IRUPHU�WRZQ�KDOO��DQG�PRUH�SUHFLVHO\�LWV�¿UHV�

It is not trivial to note that two case studies 
- chapel of St Anne and the belfry of Cracow’s 
former town hall – have not the same location, 
WKHUHIRUH� WLPH� PHDVXUH� �GL̆HUHQW� FDOHQGDUV�� DQG�
FOLPDWLF� FRQGLWLRQV� DUH� GL̆HUHQW� �)LJ� ��D��� 7KH�
lifetime of the belfry traverses two calendars and it 
had some relation with the seasons that have been 
moving inside year cycle (we present only a rough 
approximation of the changes).

Although we managed to visualise all dates 
RI� NQRZQ� ¿UHV� RI� WKH� DUWHIDFW� ZLWK� WKHLU� VSHFL¿F�
WHPSRUDO�UHVROXWLRQ��LW�LV�KDUG�WR�¿QG�DQ\�UHJXODULW\�
basing our reasoning on four cases only. One could 
be tempted to say that : the oldest historical sources 
are less precise in terms of dating. 

:H� KDYH� WKHUHIRUH� YHUL¿HG� WKLV� K\SRWKHVLV�
on the ensemble of buildings that furnished the 
entire Main Market Square in Cracow (Fig 11) and 
it turned out to be false. Unsurprisingly, we notice 
no regularity, no cyclic comportment inside these 
datasets.

Figure 10. The belfry of Cracow’s former town hall. The 
classic timeline indicates intervals of transformations 
�JUHHQ�FRORXU��DQG�¿UHV�RI�WKH�DUWHIDFW��RUDQJH�FRORXU���D��
average meteorological seasons do not coincide with the 
astronomical seasons, summer is the longest season in 
Cracow, no cyclic event for this artefact has been found; 
b) rhythm of artefact transformations/ rhythm of a leap 
\HDU��F��GDWHV�RI�NQRZQ�¿UHV�RI�WKH�WRZQ�KDOO�WRZHU�ZLWK�
WKHLU�VSHFL¿F�WHPSRUDO�UHVROXWLRQ�

Figure 11D�� $� WLPHOLQH� OLVWLQJ� DOO� NQRZQ� ¿UHV� RI� WKH�
ensemble of buildings that furnished the entire Main 
PDUNHW�6TXDUH�LQ�&UDFRZ�±�D�¿UH�LQ�WRZQ�LV�D�SXQFWXDO�
SKHQRPHQRQ�� E�� ¿UHV� ZLWK� WKHLU� VSHFL¿F� WHPSRUDO�
resolution.
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5. Conclusions

This contribution presents bases of a method 
we have tried to develop in order to visualise time 
with multiple granularities, in order to support 
reasoning on various aspects of temporal relations 
(cyclic or fuzzy periodic comportments) in the 
context of heterogeneous temporal data sets. In 
short, this experience was primarily about “shaking 
the tree” of possibilities when one needs to handle 
multiple granularity.

At the current stage of development we wish 
to restrict our conclusions to the following remarks:

• properly designed visualisation helps in 
reasoning (visual comparisons, visual thinking),

• HDFK� KLVWRULFDO� FDOHQGDU� KDV� LWV� RZQ� VSHFL¿F�
granularity,

• historical calendars are subject to change over 
time, including in terms of granularity,

• the day/night notion could appear as the smallest 
common time interval (‘universal chronon’) 
within reach when wanting to compare calendars 
– however exceptions here exist (e.g. in Inuit’s 
calendar that notion is absent),

• study of cyclic and fuzzy periodic behaviour may 
help in better understanding data sets we handle 
in the context of historic sciences, but periodic 
EHKDYLRXU�DQDO\VLV� UHTXLUHV�VSHFL¿F�YLVXDO� WRROV�
(beyond basic linear timelines),

• depending on where changes over time occur, the 
DQDO\VLV�PD\�UHTXLUH�GL̆HUHQW�YLVXDO�LQVWUXPHQWV�
- ‘tailored’ to the local conditions (in particular 
to the succession of calendars with various - 
sometimes local - time discontinuities, cycles of 
seasons, time granulation, etc.),

•  if we deal with the notion of time in our research, 
it is worth to take some time to think about “time” 
for itself, and not about time as a date stamp we 
need to put on a given piece of data.

It has to be said clearly that further work, 
especially in terms of implementation, is necessary if 
ZH�ZLVK�WR�IXUWKHU�LQYHVWLJDWH�SRWHQWLDO�EHQH¿WV�DQG�

drawbacks of this approach. Yet there is one lesson 
that probably deserves to be drawn in conclusion: 
although most often a risky bet, starting from the 
globe – what we did by starting from calendars in 
order to depict temporal aspects of architectural 
changes - may be a fruitful attitude sometimes, in 
particular when talking about things we think we 
know well. Talking about time, Saint Augustin said: 
“If no one asks me [what is time], I know. But if I 
ZDQWHG�WR�H[SODLQ�LW�WR�RQH�ZKR�DVNV�PH��,�SODLQO\�
do not know”. Those who investigate the time 
parameter probably tend to think he was not that 
wrong – the issue remains today a challenging one, 
particularly in the context of historic sciences. 
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