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A B S T R A C T

This paper presents a new methodology combining multiple criteria sorting or ranking methods with a project
portfolio selection procedure. The multicriteria method permits the comparison of projects in terms of their
priority based on qualitative and quantitative criteria. Then, a feasible set of projects, i.e. a portfolio, is selected
according to the priority defined by the multiple criteria method and satisfying a set of resources and logical
constraints. The proposed portfolio selection methodology is called Priority Based Portfolio Selection (PBPS)
and can be applied in different contexts. We present an application in the urban planning domain where
our approach allows us to select a set of urban projects based on their priority, budgetary constraints, and
urban policy requirements. Given the increasing interest of historical cities to reuse their cultural heritage, we
applied and tested our methodology in this context. In particular, we show how the methodology can support
the prioritization of the interventions on buildings with some historical value in the historic city center of
Naples (Italy), taking into account several points of view.
1. Introduction

Portfolio decision analysis (PDA) handles selecting a set of projects
that optimize some objectives subject to several constraints and not
exceeding the available budget [1]. PDA has many applications in sev-
eral contexts ranging from selecting research and development projects
in the energy domains [2] to choosing environmental management
decisions [3].

Many methodologies have been proposed for the portfolio selection
problem. Nonetheless, the primary approach [4] assigns a value func-
tion to all the projects based on their evaluations on a set of criteria.
Then, the portfolio that maximizes the sum of the values of all the
included projects is selected.

In this paper, we consider the case in which the decision maker
(DM) wants to select the projects for the portfolio based on a previous
prioritization which is a rather general procedure in the current op-
erational practice [see e.g.,5,6]. For this reason, we call the approach
we propose the Priority-Based Portfolio Selection methodology (PBPS).
PBPS is based on a preference relation on portfolios built upon a
preference relation on projects that we call priority. The fundamental
difference between PBPS and the classical PDA approach is that we
consider only the preference order of projects without considering the
value assigned to them. To do this, we use ordinal priorities rather than

∗ Correspondence to: Department of Economics, University Ca’ Foscari of Venice, Campus San Giobbe Cannaregio 873, 30121 Venezia, Italy.
E-mail address: maria.barbati@unive.it (M. Barbati).

the cardinal utilities adopted in the classical approach. The theoretical
foundation of the basic idea of PBPS, that is, ranking sets of objects
(i.e. portfolios) based on the preference for the objects (i.e. projects),
has been primarily studied in economics [7].

PBPS consists of two steps. In the first step, a Multiple Criteria
Decision Aiding (MCDA) method [see e.g.,8] is used to define a priority
relation on the set of projects. In the second step, an optimization
procedure selects the portfolio with the highest priority projects, con-
sidering some constraints related to the available budget and specific
requirements, such as selecting a minimal number of projects with
specified characteristics.

Due to its peculiarities, adopting PBPS is very beneficial in ur-
ban planning. Nowadays, cities are critical actors in accomplishing
targets of strategic and global importance, such as achieving sustain-
able development [9]. Therefore, cities need to improve the use of
resources, enhancing their innovation capacity and becoming resilient
and sustainable systems [10]. Thus, urban policies must be able to
pursue at the same time several objectives. These objectives are both of
economic nature [e.g.,11] and of non-economic nature [12]. In addition
to that, policies need to be sustainable and deal with improving the
environment and the urban landscape [13].
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Moreover, the definition of urban policies has to consider some
significant restrictions, such as the current reduction of public ex-
penditures or emergencies. In this context, the definition of urban
policies needs a more systemic and holistic approach in planning [14],
and it has to focus on the management and optimization of available
resources [15].

Consequently, in such an increasingly complex urban context [16],
it is necessary to develop decision-aiding methodologies for defining
urban policies that are:

– More accurate, specific, and selective about characterizing the
potential actions [17].

– More flexible, adaptive, and robust regarding their implementa-
tion [18].

– More pluralist and participatory concerning the involvement of
the stakeholders [19].

Indeed, our PBPS methodology satisfies the listed requirements
through a decision procedure characterized by the following main
points:

– The characterization of the potential projects through a priority
relation obtained with an MCDA procedure that accurately takes
into account all the criteria and heterogeneous points of view of
the specific urban planning policy.

– The selection of integrated sets of projects as part of a comprehen-
sive strategy to be evaluated in its totality. The whole portfolio
of projects to implement is restricted by constraints that can be
flexibly adapted to the changing conditions in the definition of
urban planning policies.

– The involvement of various stakeholders to elicit preference pa-
rameters of the MCDA method and react to the portfolio se-
lection procedure results. This way, the requirements from a
plurality of participants can be iteratively included in the urban
policy-making process.

To show how PBPS can support urban planning decisions, we apply
it to a case study related to cultural heritage reuse in the historical
city of Naples (Italy), listed among the UNESCO World Heritage sites
since 1995. Defining the reuse of cultural sites is a highly complex task
that generates multiple impacts when developing a sustainable urban
environment. Therefore, the mere economic aspect of the problem
needs to be integrated with several criteria related to very different
aspects, often intangible and difficult to quantify. The government of
the city of Naples, in 2011, approved a management plan for this
area, identifying objectives and projects to be implemented to preserve,
reuse and enhance its cultural heritage [20]. However, the plan fails
to indicate which projects should be prioritized and which are the
most beneficial for addressing the strategic objectives defined. Unfortu-
nately, when there is an increasing need for rationalizing expenses and
resources, it is unrealistic to think that all the projects will be funded
or will be funded altogether. Therefore, it is necessary to select only
some projects from the plan.

This paper is organized as follows. In Section 2 we briefly review
how multicriteria approaches have been adopted for the definition of
portfolios, emphasizing the urban context. In Section 3, we detail the
PBPS methodology. In Section 4 we present the main elements of our
case study. In Section 5 we describe the implementation of the selected
MCDA method for the case study, while in Section 6 we describe the
results obtained for the selection process. Lastly, Section 7, concludes
the paper.

2. Literature review

PDA approaches help DMs to make informed decisions. Such ap-
proaches have been implemented in several contexts, e.g., from the
location of wind farms [21] to the selection of research and develop-
ment projects [e.g.,22]. Moreover, adopting such an approach allows
2

the definition of a strategy that does not consider only one project but
the whole portfolio of projects.

Recently, [23] have reviewed the latest developments in PDA high-
lighting, among the several insights, how portfolio problems are usually
addressed from a multicriteria perspective [e.g.,24]. Then, several ap-
proaches can be defined to find the preferred portfolio. The most
common one is using multi-attribute utility theory [e.g.,25], where a
value for each project on each criterion is assigned, and the utility
of the portfolio consists in the utility of all the projects that made
the portfolio. Alternatively, the use of AHP or ANP [e.g.,26] and the
use of outranking methods such as PROMETHEE methods [e.g.,27] can
support the sorting or the ranking of a set of projects. In addition, Data
Envelopment Analysis [e.g.,28] or scoring templates [e.g.,29] are also
adopted to define which projects are the most beneficial ones. Besides,
other modelling aspects can be considered, such as uncertainty for the
evaluation of the performances of the projects [e.g.,30], interaction
with the stakeholders [e.g.,31], risk-averse preferences [e.g.,32] and
robustness of the portfolios [e.g.,33].

Nevertheless, independently from the particular approach proposed,
the main aim for organizations is to propose a prioritization of the
projects that include the appraisal of the projects and the construction
of the portfolio itself [34]. Indeed, according to [35] it is essential that
organizations, in the first place, categorize the projects; following that,
and based on this categorization, they assign a priority to each project.

In this sense, a significant example is provided by the internationally
recognized consultancy company ‘‘McKinsey & Company" in their tech-
nical report [36]. In the first step, they suggest ranking projects based
on metrics such as net present values and the easiness of implementa-
tion. In the second step, they advice assigning each project into tiers to
identify the highest priority projects. Then, the management can select
a portfolio of projects based on those priorities and according to their
capacity and capability. However, they do not specify which techniques
should be applied for each step.

Some attempts to prioritize projects and then select portfolios have
been proposed. For example, [37] determines, thanks to the use of
ANP and DEMATEL, a priority index for prioritizing a portfolio of
potential investments followed by selecting a portfolio of projects
without specifying how the selection process should be conducted.
Similarly, [38] combined a PROMETHEE method with three integer
programming formulations that maximize the scores obtained by the
MCDA approach, the average of the scores, and a parametric solution
on the number of companies selected, respectively. They aimed to select
a subset of applications made by private companies applying for public
funding. Also,[39] adopted a PROMETHEE method and defined optimal
portfolios based on the number of projects included in the portfolio.
Another example is reported in [40] where portfolios are selected after
ordering the projects based on probabilistic economic return, budget
available and priorities of the projects. Unfortunately, the authors
do not provide any formulations of the models used in both steps.
Finally, [41] applied a knapsack approach based on the priority classes
obtained by an AHP-K Means algorithm. Although they proposed the
two steps approach, they did not formulate a proper portfolio problem,
and their method was particular to the peculiar application proposed.

Although many organizations can benefit from such an approach
[42], prioritizing projects is extremely important when dealing with
urban policies [43] and, in particular, in the context of the cultural
heritage [44].

Regrettably, when dealing with urban policies in the literature, the
decisions are not concerning the whole portfolio but focus only on rank-
ing or sorting urban projects. Usually, many criteria are adopted [45]
and several ranking or sorting MCDA methods are adopted to sup-
port the decision process in the urban context such as AHP [46,
i.e], ELECTRE methods [47, i.e] and PROMETHEE methods [48, i.e].
Moreover, peculiar approaches are developed according to the specific
application’s needs, except for the work of [49], who proposed an
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integrated framework involving MCDA methods for evaluating complex
urban systems.

Instead, only some attempts have been provided that involve select-
ing a whole set of projects to be defined altogether, taking into account
the effects of the whole portfolio on the different objectives. In this
sense, [50] integrates a PROMETHEE Method with a genetic algorithm
proposing a framework for selecting sustainable urban development
projects. Analogously, [3] proposes a general framework for selecting
projects in environmental management. Furthermore, [51] models the
investment selection of historic buildings as a knapsack problem with
several criteria adopting a weighted sum criteria approach to choose
the best portfolio.

3. The priority based methodology for portfolio selection

The PBPS methodology is based on integrating a portfolio decision
problem with a ranking or a sorting procedure. In the following, we
describe the methodology detailing how we define the priority relation
among portfolios and how MCDA methods can be embedded in PBPS.

3.1. Defining a priority relation among portfolios

We have a set 𝐴 = {𝑎1,… , 𝑎𝑛} of projects and a relation ≿ on 𝐴 such
that for all 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴, 𝑎𝑖 ≿ 𝑎𝑖′ means that project 𝑎𝑖 has a priority not
smaller than 𝑎𝑖′ . It is supposed that ≿ is a preorder, i.e. it is reflexive and
transitive but not necessarily complete. We shall denote by ≻, ∼ and ⋈
the preference (asymmetric part of ≿), the indifference (symmetric part
of ≿) and the incomparability, respectively, in the preorder ≿, that is,
for all 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴

– 𝑎𝑖 ≻ 𝑎𝑖′ if 𝑎𝑖 ≿ 𝑎𝑖′ and not 𝑎𝑖′ ≿ 𝑎𝑖,
– 𝑎𝑖 ∼ 𝑎𝑖′ if 𝑎𝑖 ≿ 𝑎𝑖′ and 𝑎𝑖′ ≿ 𝑎𝑖,
– 𝑎𝑖 ⋈ 𝑎𝑖′ if not 𝑎𝑖 ≿ 𝑎𝑖′ and not 𝑎𝑖′ ≿ 𝑎𝑖.

A portfolio 𝑃 is a set of projects, that is 𝑃 ⊆ 𝐴, with the powerset 2𝐴 of
𝐴 being the set of all potential portfolios. In general, there is a set  of
constraints to be satisfied by the portfolio, such as budget constraints.
A portfolio is defined as feasible if it satisfies all the constraints from
. The set of all feasible portfolios is denoted by  ⊆ 2𝐴. In PBPS, we
select as many projects with the highest priority as long as the portfolio
is feasible. Then, as many with the second highest priority as long as
the portfolio is feasible until we explored all the priority levels. In this
perspective, the formal definition of the priority based portfolio selection
can be given as follows.

If the priority ≿ is a complete order,1 it is straightforward to deter-
mine the solution for the PBPS. Indeed, we can reorder the elements of
each potential portfolio 𝐵 = {𝑏1,… , 𝑏ℎ} ⊆ 𝐴 based on the priority ≿,
so that 𝑏≿(1) is the highest priority project from 𝐵, 𝑏≿(2) is the second
highest priority project from 𝐵, and so on, until 𝑏≿(ℎ) being the least
priority project from 𝐵. Given potential portfolios 𝐵,𝐶 ⊆ 𝐴,𝐵 ≠ 𝐶,𝐵 ≠
, 𝐶 ≠ ∅ and considering a priority relation ≿ being a complete order on
, we say that portfolio 𝐵 is priority preferred to portfolio 𝐶, denoted
y 𝐵 ≿∗ 𝐶, if one of the three following conditions is satisfied

lex0 𝑏≿(𝑡) = 𝑐≿(𝑡) for 𝑡 = 1,… , |𝐵| = |𝐶|

lex1 there exists 𝑘 = 1,… , |𝐵|−1 such that 𝑏≿(𝑡) = 𝑐≿(𝑡) for 𝑡 = 1,… , 𝑘−1
and 𝑏≿(𝑘) ≻ 𝑐≿(𝑘),

lex2 𝑏≿(𝑡) = 𝑐≿(𝑡) for 𝑡 = 1,… , |𝐶| and |𝐵| > |𝐶|.

1 Let us remember that a complete order 𝑅 on a set 𝑋 is a binary relation
strongly complete (that is 𝑥𝑅𝑦 or 𝑦𝑅𝑥 for all 𝑥, 𝑦 ∈ 𝑋), transitive and
antisymmetric (if 𝑥𝑅𝑦 and 𝑦𝑅𝑥, then 𝑥 = 𝑦 for all 𝑥, 𝑦 ∈ 𝑋). A complete
order sorts the elements of a set 𝑋 one after the other without ex aequo
and incomparability, i.e., a complete order is a preorder presenting neither
3

ex aequo nor incomparability cases.
Condition lex 0 states that if two portfolios are made of the same
number of projects of the same priority, they are equivalent with
respect to the portfolio priority preference ≿∗. Condition lex1 states
that if the first 𝑘−1 projects in portfolios 𝐵 and 𝐶 are characterized by
the same priority levels and the 𝑘th project of 𝐵 has a higher priority
than the 𝑘th project of 𝐶, then B is preferred to C. Condition lex2
states that if all the projects from portfolio 𝐶 are also included in
portfolio 𝐵, but 𝐵 includes at least one more additional project, then
𝐵 is preferred to 𝐶. The priority order ≿∗ corresponds to the leximax
rdering introduced in [52].

If the priority relation ≿ is a complete order, then the preference
elation ≿∗ is a complete order on the set of potential portfolios 2𝐴, and,

consequently, on the set of feasible portfolios  . Therefore, one portfo-
lio is preferred to all other portfolios from  , which, consequently, is
the solution of the PBPS.

Despite its definition’s simplicity, finding the solution of PBPS in
real-world problems can become very complex in case of a large
number of available projects and the presence of constraints . Thus
a combinatorial optimization problem must be adopted to find the
solution to the PBPS. It can be formulated as a 0− 1 knapsack problem
with constraints . More precisely, reordering the projects from 𝐴 in
the priority order, so that 𝑎𝑖 ≿ 𝑎𝑖′ if 𝑖 ≥ 𝑖′, we can associate a 0 − 1
decision variable, 𝑥𝑖, to each 𝑎𝑖 ∈ 𝐴, such that 𝑥𝑖 = 1 if 𝑎𝑖 is selected,
and 𝑥𝑖 = 0, otherwise. The priority based portfolio to be selected is the
optimal solution of the following problem K1:

max 𝑓 (𝑥) =
∑

{𝑖 ∶ 𝑎𝑖∈𝐴}
𝑐𝑖𝑥𝑖,

ubject to the constraints , with

𝑖 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 for 𝑖 = 1,

𝑖−1
∑

𝑘=1
𝑐𝑘 + 1 for 𝑖 = 2,… , 𝑛,

that is, 𝑐𝑖 = 2𝑖−1. The idea is that the coefficient 𝑐𝑖 of a project 𝑎𝑖 should
be strictly larger than the sum of all the coefficients 𝑐𝑘 associated with
all the projects 𝑎𝑘, 𝑘 = 1,… , 𝑖−1, having a lower priority. Therefore, for
each 𝑎𝑖 ∈ 𝐴, the contribution 𝑐𝑖 to the objective function 𝑓 (𝑥) is greater
than the contribution ∑

{𝑎𝑘∈𝐴,𝑘<𝑖} 𝑐𝑘 of all 𝑎𝑘 ∈ 𝐴 with smaller priority,
that is 𝑖 > 𝑘.

Let us now consider a more complex case in which the priority
relation ≿ is a preorder, so that there can be cases of ex aequo,
i.e., 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴 with 𝑎𝑖 ≠ 𝑎𝑖′ such that 𝑎𝑖 ∼ 𝑎𝑖′ , and cases of
incomparability, i.e. 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴 with 𝑎𝑖 ≠ 𝑎𝑖′ such that neither 𝑎𝑖 ≿ 𝑎𝑖′
nor 𝑎𝑖′ ≿ 𝑎𝑖′ . In this case, PBPS can be formulated as follows.

A complete order 𝑅 on the set of projects 𝐴 is compatible with the
priority ≿ if for all 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴

𝑎𝑖𝑅𝑎𝑖′ ⇒ 𝑎𝑖 ≿ 𝑎𝑖′ or 𝑎𝑖 ⋈ 𝑎𝑖′

Therefore a complete order 𝑅 is compatible with the priority ≿ if
it orders the projects from 𝐴 without any inversion concerning the
priority, that is, there must not exist 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴, 𝑎𝑖 ≠ 𝑎𝑖′ such that
𝑎𝑖 ≻ 𝑎𝑖′ , but 𝑎𝑖′𝑅𝑎𝑖. Let us observe that if ≿ is not a complete order,
multiple compatible complete orders exist.

Given the set  of feasible portfolios and a priority relation ≿, we
say that 𝐵 ∈  is one solution of the priority based portfolio selection
problem if at least one complete order ≿𝑞 compatible with ≿ such
that 𝐵 ≿∗

𝑞 𝐶 for all 𝐶 ∈  exists. In simple words, since there are a
plurality of complete orders ≿𝑞 compatible with the preorder ≿ and
since there is no a priori reason to consider one compatible order ≿𝑞
more reliable than another, we have to accept as solutions of the PBPS
problem based on ≿ all the solutions of the analogous problem related
to the compatible complete orders ≿𝑞 . Observe that the same solution
can be obtained by more than one compatible order ≿𝑞 . In general, all

the obtained solutions or, at least a set of representative solutions have
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to be discussed with the decision maker to select one of them, which
will become the definitive project portfolio.

The PBPS problem related to a priority relation ≿ being a preorder2

can be handled by applying the knapsack problem K1 to all complete
compatible orders ≿𝑞 compatible with the priority relation ≿. However,
computing all compatible orders ≿𝑞 , could be a non-trivial problem for
large instances. In case the priority relation ≿ is a complete preorder3

a much simpler and effective way to handle the problem is through the
reformulation of problem K1 obtained as follows. Let us define by 𝐶ℎ,
ℎ = 1,… , 𝑞, the equivalence classes of the priority relation ≿ that is,
the sets of elements being indifferent with respect to ∼, i.e. the set of
elements characterized by the same priority. The classes are ordered
from the one with the highest priority to the one with the lowest
priority. This means that for 𝑎𝑖, 𝑎𝑖′ ∈ 𝐴

– if 𝑎𝑖 ∈ 𝐶ℎ, 𝑎𝑖′ ∈ 𝐶ℎ′ and ℎ > ℎ′, then 𝑎𝑖 ≻ 𝑎𝑖′ ,
– if 𝑎𝑖, 𝑎𝑖′ ∈ 𝐶ℎ, then 𝑎𝑖 ∼ 𝑎𝑖′ .

Taking into account the partition of 𝐴 in equivalence classes 𝐶ℎ, ℎ =
1,… , 𝑞, the priority based portfolio to be selected is the optimal solu-
tion for the following problem K2:

max 𝑓 (𝑥) =
∑

{𝑖 ∶ 𝑎𝑖∈𝐴}
𝑐𝑖𝑥𝑖,

subject to the constraints , where 𝑐𝑖 = 𝛾ℎ if 𝑎𝑖 ∈ 𝐶ℎ, with

𝛾ℎ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 for ℎ = 1,

ℎ−1
∑

𝑘=1
𝛾𝑘|𝐶𝑘| + 1 for ℎ = 2,… , 𝑞.

The idea is that the coefficient 𝛾ℎ, being equal to the contribution
𝑐𝑖 to the objective function 𝑓 (𝑥) of projects 𝑎𝑖 from equivalence class
𝐶ℎ, ℎ = 1,… , 𝑞, is greater than the contributions

∑

{𝑎𝑖′∈𝐶𝑘 ,𝑘<ℎ}
𝑐𝑘 =

ℎ−1
∑

𝑘=1
𝛾𝑘|𝐶𝑘|

of all 𝑎𝑖′ ∈ 𝐶𝑘 with 𝑘 < ℎ. In other words, for all 𝑎𝑖 ∈ 𝐴, a portfolio
including only 𝑎𝑖 assigns to 𝑓 (𝑥) a greater value than a portfolio
including all the projects with smaller priority. With the proposed
procedure, projects with the highest priority are selected first, unless
this is impossible due to the constraints. In that case, the optimization
process considers projects of the next lower priority level until it
reaches the projects in the lowest level.

As we have already observed, there can be a plurality of solutions,
in fact, one for each complete order ≿𝑞 compatible with the priority
relation ≿, with the caveat that some of these solutions can be equal.
Nonetheless, in general, there is no a priori reason to prefer one solution
to another one [53], so the selection of one portfolio among all those
pluralities of solutions requires an interaction with the stakeholders.

The knapsack optimization problem K2 can be used also in case ≿ is
a preorder with some cases of incomparability, proceeding as follows.
Analogously to what happens for complete orders, a complete preorder
𝑅 on the set of projects 𝐴 is compatible with the priority ≿ if for all
𝑎𝑖, 𝑎𝑖′ ∈ 𝐴

𝑎𝑖𝑅𝑎𝑖′ ⇒ 𝑎𝑖 ≿ 𝑎𝑖′ or𝑎𝑖 ⋈ 𝑎𝑖′

Any preorder ≿ can be expressed as the intersection of all its com-
patible preorders 𝑅 [54]. Consequently, once all the complete preorders
compatible with the priority relation ≿ are determined, the knapsack
optimization K2 can be applied to each of these complete preorders
obtaining all the solutions. Moreover, applying K2 to all complete

2 With possible cases of incomparability and ex aequo.
3 In case there can be cases of ex aequo but there are not cases of

ncomparability.
4

preorders compatible with ≿ is more convenient than applying K1
to all complete orders compatible with ≿, because the compatible
complete preorders are generally less than the compatible orders. Let
us observe that there are several algorithms to compute the whole set
of complete orders 𝑅 compatible with a preorder ≿, technically called
linear extensions [see e.g.,55]. Moreover, since the number of linear
extensions can be very large, some algorithms to obtain a uniform
random sample have been proposed [see e.g.,56].

3.2. MCDA methods for the PBPS methodology

The priority relation ≿ can be obtained by adopting different pro-
edures; among them, we look at the MCDA methods for their capacity
o deal with multiple criteria and represent multiple stakeholders. In
he following, we explain how to embed them in the PBPS according
o their characteristics:

(1) using some aggregation functions giving an overall numerical
evaluation 𝑈 (𝑎𝑖) for the priority of projects 𝑎𝑖 ∈ 𝐴 based on a
set of given attributes (for example, using a Multiple Attribute
Utility Theory value function [4] or PROMETHEE II outranking
method [57]), one can obtain a priority relation ≿ by stating
𝑎𝑖 ≿ 𝑎𝑖′ if 𝑈 (𝑎𝑖) ≥ 𝑈 (𝑎𝑖′ ). In this case, the priority relation ≿ is
a complete preorder that admits cases of ex aequo but does not
admit cases of incomparability. Consequently, after computing
all complete compatible orders with the priority relation ≿, the
knapsack optimization model K2 can be used in this case.

(2) using an outranking method such as ELECTRE III [58,59] or
PROMETHEE I [57], based on a given set of criteria, one can
partially rank projects from 𝐴 obtaining a priority relation ≿
being a preorder that in general admits cases of ex aequo as
well as cases of incomparability. Consequently, after computing
all complete preorders compatible with the priority relation ≿,
knapsack optimization model K2 can be used on each of these
compatible complete preorders.

(3) using a sorting procedure such as the pessimistic or optimistic
procedure of ELECTRE TRI [59,60] assigning each project to one
single class in a set of predefined classes ordered according to the
priority of their elements 𝐶𝑞 (e.g. 𝐶1 ≡ { low priority projects },
𝐶2 ≡ { medium priority projects }, 𝐶3 ≡ { high priority projects }
In this case the priority relation ≿ is obtained by stating 𝑎𝑖 ≿ 𝑎𝑖′
if 𝑎𝑖 ∈ 𝐶ℎ, 𝑎𝑖′ ∈ 𝐶ℎ′ and ℎ ≥ ℎ′. Observe that the classes of the
sorting procedure are the equivalence classes of ≿ in the sense
that the same priority level characterizes them. In this case, ≿ is
a complete preorder; therefore, this case is equivalent to case 1)
and, consequently, we can use the knapsack optimization problem
K2.

(4) using a sorting procedure assigning each project to an interval
of contiguous classes [𝐶𝑝, 𝐶𝑝′ ] as it is the case with ELECTRE TRI
nC [61] one can obtain a preorder by defining the priority relation
as follows:

𝑎𝑖 ≿ 𝑎𝑖′ if 𝑝(𝑖) ⩾ 𝑝(𝑖′) and 𝑝′(𝑖) ⩾ 𝑝′(𝑖′)

where [𝐶𝑝(𝑖), 𝐶𝑝′(𝑖)] and [𝐶𝑝(𝑖′), 𝐶𝑝′(𝑖′)] are the interval of classes to
which 𝑎𝑖 and 𝑎𝑖′ are assigned, respectively. Once obtained the
priority relation ≿, this case is equivalent to case 2) and one has
to proceed as explained at that point. However, observe that in
case 𝑝′(𝑖) − 𝑝(𝑖) ≤ 2 for all 𝑎𝑖 ∈ 𝐴 (that is, each action 𝑎𝑖 can be
assigned to intervals [𝐶𝑝(𝑖′), 𝐶𝑝′(𝑖′)] of no more than two classes),
the priority relation ≿ is a complete preorder ordering the interval
[𝐶ℎ, 𝐶ℎ+1], ℎ = 1,… , 𝑞 − 1, after [𝐶ℎ, 𝐶ℎ] and before [𝐶ℎ+1, 𝐶ℎ+1],
that is,

[𝐶1, 𝐶1] ≺ [𝐶1, 𝐶2] ≺ [𝐶2, 𝐶2] ≺ …[𝐶ℎ, 𝐶ℎ] ≺ [𝐶ℎ, 𝐶ℎ+1] ≺ [𝐶ℎ+1, 𝐶ℎ+1]…

… ≺ [𝐶 ,𝐶 ] ≺ [𝐶 ,𝐶 ] ≺ [𝐶 ,𝐶 ]
𝑞−1 𝑞−1 𝑞−1 𝑞 𝑞 𝑞
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where [𝐶ℎ, 𝐶𝑘] ≺ [𝐶ℎ′ , 𝐶𝑘′ ] means that 𝑎𝑖′ ≻ 𝑎𝑖 for all 𝑎𝑖 ∈ [𝐶ℎ′ , 𝐶𝑘′ ]
and 𝑎𝑖′ ∈ [𝐶ℎ, 𝐶𝑘]. This case is, therefore equivalent to case 1) and
case 3), and consequently, the project portfolio to be selected can
be found to solve the knapsack optimization problem K2.

3.3. PBPS steps

The following steps should be pursued to apply the PBPS method-
ology to real-life applications:

1. Identification of the problem. From the analysis of the problem,
the following elements should be identified:

– The stakeholders involved in the decision process, and the
criteria, used to assess the performance of the projects.

– The actions to implement, i.e. the projects that could be
implemented and their performances in terms of each cri-
terion.

– The constraints related to the execution of the projects.

2. Choice of a method to define the priority relation. We suggest using
a multiple criteria sorting or ranking method in a constructive
perspective [62], in which the stakeholders are involved in
the building process of the priority relation. Any other assign-
ment methods could also be adopted as, for example, cluster-
ing methods [i.e.,63]. Thus, the following elements should be
identified:

– The elicitation of the preference to be used in the interac-
tive process.

– The parameters to be defined to implement the sorting or
the ranking method.

– The priorities of each project based on the priority rela-
tion(s) ≿ achieved as a result of the ranking or the sorting
method implemented.

3. Selection of a portfolio of projects through the knapsack problems
K1 or K2. We define ‘‘the preferred portfolio’’, i.e. a set of
projects that should be executed taking into account the different
points of view of the stakeholders and the criteria used to assess
the projects themselves while satisfying the constraints. The
following steps should be implemented:

– Determine the coefficients 𝑐𝑖 for knapsack problem K1 or
K2 for each project 𝑎𝑖 ∈ 𝐴 considering all the possible
priority relations according to the procedure described in
Section 3.

– Solve the single objective PBPS problem for all the pri-
ority relations identified, considering all the constraints
formulated for the particular urban problem.

– Present the best portfolios as their best options in the
current context to the stakeholders and discuss them.

4. Robustness Analysis. In order to verify that the preference as-
signed to the portfolios obtained by our methodology is suf-
ficiently stable regarding variations of the parameters of the
model, an appropriate robustness analysis should be carried out
in a procedure consisting of the following steps: [64,65].

– Perturb some of the parameters used for the ranking or the
sorting method (e.g. weights for the criteria);

– Explore the possibility of relaxing or strengthening some
of the imposed constraints;

– Discuss the results with the stakeholders and conclude the
analysis by identifying the preferred portfolio;

– Considering the possibility of introducing stochastic as-
pects in the model, such as the probability of different
scenarios happening.
5
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We would like to stress that stakeholders can be involved at differ-
ent levels in each of these steps, making our methodology strongly
participatory.

3.4. When to use the PBPS methodology

Let us note that our methodology assumes that the projects 𝑎𝑖 are
ndependent in the sense that they are defined since the beginning,
nd there is no possibility of modifying them. In other words, we
uppose that the robustness of strict preference implies that portfolios
f lower-priority projects cannot be combined with projects of the same
r lower priority to reach the performance level of the higher priority
nes. We are aware that this is a limitation of our approach. However,
ortfolio selection procedures defined in lexicographic priorities are
requently adopted, as explained in the literature review section. Our
ethodology aims to formalize such a practical approach and should

e adopted in situations where a lexicographic approach is retained
pplicable. Nevertheless, the main theoretical contribution of PBPS
s that it permits combining project portfolio selection methods with
oncompensatory multicriteria aggregation supplied by well-known
nd widely appreciated MCDA methods. PBPS is specifically relevant
n at least two cases,

– when the domain related to the portfolio selection problem
presents specific aspects for which it is difficult to give a quan-
titative numerical evaluation, as it is the case, for example, of
environmental sustainability [66] or cultural heritage, which is
the object of the application we present in this paper: indeed, in
these cases, it is more convenient to use an outranking method
which is more suitable to handle ordinal qualitative evaluations;

– when the decision maker has already experimented with an out-
ranking method appreciating the good properties of its outputs
because, in this case, the use of the same outranking method
increases the confidence placed by the decision maker in the
portfolio selection facilitating the decision-aiding procedure and
improving the quality of the provided recommendation.

et us also note that eventually, DMs may want to model some in-
eractions among projects as described by [23]. Indeed, the possible
nteraction between projects 𝑎𝑖, 𝑎𝑗 ∈ 𝐴 for which there can be an
nteraction in case they should be selected together can be modelled
hrough dummy variables 𝑥𝑖𝑗 such that 𝑥𝑖𝑗 = 1 if both 𝑎𝑖 and 𝑎𝑗 are
ctivated and 𝑥𝑖𝑗 = 0 otherwise. Of course, more complex interactions
elated to the simultaneous presence of projects from 𝐼 ⊆ 𝐴 can be
odelled using dummy variable 𝑥𝐼 for which 𝑥𝐼 = 1 if all the projects

rom 𝐼 are selected and 𝑥𝐼 = 0 otherwise.
Let us highlight that when adopting outranking methods, as in the

roposed case study, we intend to use the assumption that the set
f priority levels is defined to represent how the projects assigned to
ach priority level should further be processed [67]. We recognize that
ank reversals [68] could happen in the definition of priority levels,
.e., projects assigned by the outranking model to a lower priority level
re preferred over projects with a higher priority class. Nevertheless,
s suggested in [69] particular attention should be devoted to those
rojects whose assignment is more likely to be borderline and incor-
ect. Thus, identifying such projects may help, also thanks to specific
ndicators that may be developed to understand the likelihood of pairs
f projects being subjected to rank reversal situations.

Moreover, using an optimization model allows us to be very flexible
nd adaptable, with the ability to include different requirements related
o an urban policy as constraints in our model.

Let us stress that our methodology could be applied in any real-life
ontext, especially in the processes related to project portfolio man-
gement (PPM) [6]. PBPS can represent a very effective tool for PPM

roblems intrinsically based on prioritization and selecting projects.
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4. The urban planning problem: cultural heritage preservation in
the city of Naples

Being a World UNESCO site, the government of the city of Naples
approved a management plan for its historical centre which defines
the vision, the general objectives and the approach to preserve the
universal values associated with its cultural heritage [see20]. This plan
highlights the stakeholders involved and the strategic challenges, listing
possible improvements in the area concerning tangible and intangible
cultural heritage. Although the plan indicates a set of projects to be
implemented, and their associated benefits and disadvantages, it fails
to indicate which projects should be prioritized and which are the most
beneficial for addressing the strategic challenges previously mentioned.

Moreover, in the last few years, the historic centre has become a
top-rated touristic attraction, causing changes in habits and everyday
life. Nowadays, the city’s government has to manage a very complex
regeneration process of its historic centre. Although, on the one hand,
it must regenerate the most ancient part of the city, on the other hand,
it must also preserve its immaterial values related to the intangible
cultural heritage, which seems even more at risk.

Unfortunately, when there is an increasing need for the rational-
ization of expenses and resources, it is not realistic to think that all
the projects will be funded, or at least they cannot be funded alto-
gether. Therefore, the opportunity arises to select only a set of projects
according to their priorities.

In the following, we describe the characteristics of our urban plan-
ning problem.

4.1. Stakeholders and criteria

Several stakeholders, such as institutional bodies, social and cultural
organizations, and local businesses, were involved in the definition of
the management plan [see20] which explicates their interests in four
significant points of view: (1) conservation of the tangible cultural
heritage; (2) promotion of the traditional craftsmanship, tourism, and
local businesses; (3) improvement of the urban environment quality;
and (4) social benefits for the community. These points of view, along
with their respective operational criteria and subcriteria were listed
in the management plan and are presented next. Therefore, we have
adopted them as described in the plan, while we have further specified
how they have been measured.

1. Conservation of the tangible cultural heritage point of view.
This point of view regards the care and protection of the tangible
cultural heritage, particularly with the possibility of restoring
old buildings to enrich and improve their current use or to
adapt them to an alternative use. These aspects can be rendered
operational by considering the following two criteria.

(a) Compatibility of the project with the affected tangible
cultural heritage (notation: 𝑔1; label: CON-COMP; unit:
qualitative levels; preference direction: to maximize). For
each project, we evaluate the compatibility of the build-
ing with the proposed use for the building. This criterion
can be modelled through a 4-level qualitative scale with
the following verbal statements and respective labels:
very high (VH), high (H), medium (M), low (L).

(b) Increasing the usability of the tangible heritage (notation:
𝑔2; label: CON-USAB; unit: percentage; preference direc-
tion: maximize). This criterion consists of considering the
increased usability of the building. We adopt a percentage
scale to consider the fact that beyond a certain level,
a project cannot improve the usability of the tangible
heritage.
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2. Promoting traditional craftsmanship-tourism-business point of
view.
This point of view regards the actions that should be taken
to promote the activities of traditional craftsmanship and the
expansion of the production of local products, as well as tourism
and the establishment of new local businesses.

(a) Promotion of traditional craftsmanship and traditional
knowledge (notation: 𝑔3; label: PRO-CRAF; unit: qual-
itative levels; preference direction: to maximize). This
criterion consists of the enhancement and safeguarding in
the historic city centre of traditional craftsmanship and
knowledge and the enrichment of local products. Let us
underline that, as it has been specified in the management
plan, this criterion comprises two subcriteria:

i. Creation of new jobs and expansion of local prod-
ucts. It uses a 4-level qualitative scale as in crite-
rion 1.𝑎.

ii. Dissemination of the intangible cultural heritage.
Availability of activities to promote traditional
knowledge. The same type of scale as in the pre-
vious subcriterion is used.

The two subcriteria can be combined to generate the
scale of the criterion defining a 16-level qualitative scale
of profiles for the criterion: VH-VH(16), VH-H(15),. . . ,
H-VH(12),. . . , M-VH(8),. . . , L-VH(4),. . . , L-L(1).
Initially, the numbers from 16 to 1 were only used to
code the profiles, so that, e.g. 16 is not a value, but
a code for VH-VH. However, the assumption that the
first subcriterion is more important than the second one
was adopted. Consequently, the qualitative levels were
ordered lexicographically, so that one level, represents a
better evaluation of another level if

– the first subcriterion has a better evaluation, or
– the evaluations for the first subcriterion are the

same but the second subcriterion has a better eval-
uation.

For example, VH-M(14) is now better than L-VH(4) be-
cause 14 has a better evaluation on the first criterion. The
levels are, therefore, now all comparable among them and
ordered according to their codes.

(b) Promotion of local entrepreneurship and businesses (nota-
tion: 𝑔4; label: PRO-BUSI; unit: qualitative levels; prefer-
ence direction: maximize). New local companies created,
use of a 4-level qualitative scale as in criterion 1.𝑎.

(c) Promotion of tourism (notation: 𝑔5; label: PRO-TOUR;
unit: qualitative levels; preference direction: to maxi-
mize). Flow of visits in the city. Use of a 4-level quali-
tative scale as in criterion 1.𝑎.

3. Quality of the urban environment point of view.
This point of view regards the urban context as essential for
improving the perception of the historic urban landscape and its
conservation. There is only one criterion to render operational
the quality of the urban environment point of view.

(a) Maintenance of urban spaces (notation: 𝑔6; label: ENV-
MAIN; unit: 𝑚2; preference direction: to maximize). This
criterion consists of the urban area that has been restyled.

4. Social benefits from the community point of view.
This point of view regards the need to improve the identity
of the local communities and their knowledge of their cultural
heritage. This is a point of view with the utmost importance, and
it is rendered operational using two different criteria, as stated
below.
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Table 1
List of projects.

Project Notation Label

Murazione Aragonese di Porta Capuana 𝑎1 (Mura-Capua)
Castel Capuano 𝑎2 (Cast-Capua)
Complesso ex-ospedale di Santa Maria della Pace 𝑎3 (Comp-Maria)
Complesso S. Lorenzo Maggiore 𝑎4 (Comp-Loren)
Complesso S. Gregorio Armeno ed ex Asilo Filangieri 𝑎5 (Comp-Grego)
Insula del Duomo – Area archeologica 𝑎6 (Area-Duomo)
Complesso di S. Lorenzo maggiore (Area archeologica) 𝑎7 (Area-Loren)
Teatro antico di Neapolis 𝑎8 (Teat-Neapo)
Chiesa SS. Cosma e Damiano 𝑎9 (Chie-Cosma)
Castel dell’Ovo 𝑎10 (Cast-D’Ovo)
Complesso dei Girolamini 𝑎11 (Comp-Gerol)
San Gioacchino a Pontenuovo 𝑎12 (SanG-Corvo)
Sant’Aniello a Caponapoli 𝑎13 (SanA-Capon)
Complesso Trinità’ delle Monache 𝑎14 (Comp-Monac)
Mercatino S. Anna Di Palazzo 𝑎15 (Merc-Palaz)
Chiesa San Giovanni Battista delle Monache 𝑎16 (Chie-Monac)
Complesso Santa Maria della Fede 𝑎17 (Comp-Mfede)
Carminiello al Mercato 𝑎18 (Carm-Merca)
Complesso di S. Paolo Maggiore 𝑎19 (Comp-Paolo)
Villa Ebe alle rampe di Lamont Young 𝑎20 (Vill-EbeRa)

(a) Enrichment of the cultural offer (notation: 𝑔7; label: SOC-
CULT; unit: qualitative levels; preference direction: to
maximize). This criterion consists of initiatives to enrich
the cultural offer, aiming to increase the city’s public
awareness and cultural identity.

i. New cultural proposals. Use of a 4-level qualitative
scale as in criterion 1.𝑎

ii. Increasing attendance at museums and other cul-
tural sites. Use of a 4-level qualitative scale as in
criterion 1.𝑎.

The overall scale of this criterion is built as in 2.𝑎 adopting
the first subcriterion as the most important one.

(b) Social cohesion (notation: 𝑔8; label: SOC-COHE; unit:
qualitative levels; preference direction: maximize). Use of
a 4-level qualitative scale as in criterion 1.𝑎.

4.2. The interventions to preserve the tangible urban cultural heritage:
Projects

In this subsection, we present a list of the projects related to the
tangible urban cultural heritage included in our study. More details
about these projects can be seen in the plan for the city of Naples [20].
This plan also considers some of the intangible cultural heritage, which
is not included in our study. In addition, we have integrated the
plan with some additional projects added over time. We discussed the
characteristics of the projects and their status with a representative
of the municipality, who has a thorough knowledge of the ongoing
projects in the historic city centre. He provided important information
about the details and the peculiarities of the projects. In Table 1 we
report the selected projects and their associated notation and label.
In Appendix A, for the selected projects, we list the typology of the
tangible cultural heritage, the state of the building, and what type of
intervention has been planned.

Moreover, for each of the projects, one or more functions, intended
as the planned activities, have been identified. These are classified as:

– Tourist facilities (label 𝑈1);
– Museum and archaeological sites (label 𝑈2);
– Accommodations for students and the elderly (label 𝑈3);
– Leisure Activities (label 𝑈4);
– Record Office Archives (label 𝑈5);
– Public Services (label 𝑈 ).
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Table 2
Budgets available in K€.

Budget 𝐵(1) 𝐵(2) 𝐵(3) 𝐵(4) 𝐵(5) 𝐵(6) 𝐵(7)

52240 45710 39180 32650 26120 19590 13060

The functions have been listed for each project in Table A.3 in
Appendix A.

To evaluate the performance of the projects, we have examined
them in detail (see Table A.1 in Appendix A with all the performances
for each project and each criterion).

4.3. Constraints

Constraints for the problem were discussed with the representative
of the municipality. Then, to have an actual perspective on the problem,
the representative of the municipality was asked to describe the restric-
tions to be considered in this context. At the same time, the authors
formulated the constraints, adopting the 𝑥𝑖 binary variables from the
knapsack problem K2 in Section 3. We have several constraints related
to different aspects.

The most important constraint is related to the budget available for
the implementation of the projects. Each project 𝑎𝑖 ∈ 𝐴 is associated
with a cost 𝑠𝑖 (see Table A.2 in Appendix A for the costs of each project).
Given that, at the moment, the budget allocated to these projects
still needed to be uniquely defined, several scenarios with different
available budgets were considered. Denoting the available budget by
𝐵, this constraint can be formulated as

∑

{𝑖∶𝑎𝑖∈𝐴}
𝑠𝑖𝑥𝑖 ⩽ 𝐵. (1)

The scenarios with the following available budgets were tested,
denoted by 𝐵(1),… , 𝐵(7) as specified in Table 2.

In addition, the municipality representative remarked that we could
have constraints related to the type of functions each building or
area will have after its restoration. Furthermore, the project’s location
is a strategic element in the decision. On this basis, several logical
constraints can be formulated.

First, there are three main roads in the historic city centre, called
‘‘decumano’’, highlighted in Fig. 1. These roads are the main attractions
for tourists and citizens, and there is an urgent need to restore them.
For this reason, the municipality’s representative suggested having a
minimum number of regeneration projects implemented in this part
of the city. From the map, we can see that the set of projects 𝐴𝑑 =
{𝑎2, 𝑎3, 𝑎7, 𝑎8, 𝑎11, 𝑎19} are located on one of the ‘‘decumano’’. The
representative of the municipality suggested that among those projects,
a minimum number of projects, let us say 𝑄𝑑 , should be carried out.
We formulate this as

∑

{𝑖∶𝑎𝑖∈𝐴𝑑}
𝑥𝑖 ⩾ 𝑄𝑑 . (2)

The municipality representative supplied the desired value for 𝑄𝑑 = 4.
Second, the ancient city centre can be divided into smaller areas,

called ‘‘insulae’’, derived from the intersection of the ‘‘decumano’’
with the smaller roads called ‘‘cardines’’ as represented in Fig. 1. In
our case, the representative of the municipality suggested that f two
projects are located on the same ‘‘insula’’, they can generate a more
significant benefit than the sum of each of their separate benefits,
creating a synergy. However, he could not specify by how much was
the improvement. For this reason, he indicated that he is willing to
consider portfolios where at least a given number, called 𝑁 , of those
synergies, will be implemented. To model that, we define the set of
‘‘insula’’ 𝐼 = {𝐼1,… , 𝐼𝑠,… , 𝐼6}, such that 𝐼𝑠 ⊆ 𝐴, 𝑠 = 1,… , 6, which
contains all the projects in the 𝑠th ‘‘insula’’ and the 0 − 1 decision
variables 𝑥 with 𝑎 ∈ 𝐼 and 𝑎 ∈ 𝐼 such that 𝑥 = 1 if both 𝑎 and
𝑖𝑗 𝑖 𝑠 𝑗 𝑠 𝑖𝑗 𝑖
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Fig. 1. ‘‘Decumano’’, ‘‘Insula’’ and Quadrants in the historic city centre.
𝑎𝑗 are activated and 𝑥𝑖𝑗 = 0 otherwise. The following set of constraints,
then, should be imposed:

𝑥𝑖𝑗 ⩾ 𝑥𝑖 + 𝑥𝑗 − 1; (3)

𝑥𝑖 ⩾ 𝑥𝑖𝑗 ; (4)

𝑥𝑗 ⩾ 𝑥𝑖𝑗 ; (5)

∑

{𝑖,𝑗∶𝑎𝑖∈𝐼𝑠 ,𝑎𝑗∈𝐼𝑠}
𝑥𝑖𝑗 ⩾ 𝑁, ∀𝐼𝑠 ∈ 𝐼. (6)

Constraints (3) to (6) specify that if two projects are located in the
same ‘‘insula’’, then the variable 𝑥𝑖𝑗 associated with that two projects
should be equal to 1. We want that at least 𝑁 of the 𝑥𝑖𝑗 variables will
be equal to 1, meaning we want at least 𝑁 synergies. The municipality
representative expressed that at least one synergy among the ones
presented in every ‘‘insula’’ should be realized. For this reason, 𝑁 was
set to 1.

Third, another important aspect is the set of functions each building
will have concerning the area in which it is located. For each project,
8

we have identified all the possible functions (see Table A.3 in Ap-
pendix A). In addition, four more extensive areas called ‘‘quadrants’’
were considered to balance the budget distribution at territorial level.
These areas of the ‘‘insula’’ represent four crucial areas of the ancient
city centre. Note that a project can have one or more functions. In
particular, if 𝐾 = {1,… , 𝑘,… , 6} indexes the set of the functions, and
𝑈 = {1,… , 𝑢,… , 4} is the set of the four quadrants, we can define the
binary coefficients 𝑧𝑖𝑢𝑘 as equal to 1 if the project 𝑎𝑖 is in quadrant 𝑢 and
delivers function 𝑘, but 0 otherwise. The municipality representative
indicated two types of constraints concerning these two aspects. For a
specific function, a given number of projects 𝑛𝑘 should be implemented.
This constraint can be modelled as

∑

{𝑢∈𝑈,𝑎𝑖∈𝐴}
𝑧𝑖𝑢𝑘𝑥𝑖 ⩾ 𝑛𝑘 ∀𝑘 ∈ 𝐾 (7)

The representative of the municipality stressed that in what con-
cerns the functions of the projects, he would like to have at least
three projects for function 𝑈3, i.e. accommodation for students and the
elderly so that 𝑛3 was set to 3 in constraint (7).

He also suggested that it would be ideal to distribute equally some of
the functions in some quadrants. For this purpose, we define the binary
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variables 𝑦𝑢 ∀𝑢 ∈ 𝑈 . The constraints are of the following type:
∑

{𝑖∶𝑎𝑖∈𝐴∶𝑧𝑖𝑢𝑘=1}
𝑥𝑖 ⩾ 1 −𝑀𝑦𝑢 ∀𝑘 ∈ 𝐾,∀𝑢 ∈ 𝑈 (8)

with 𝑀 being a large number, and
∑

𝑢
𝑦𝑢 ⩽ 4 − 𝑞, 𝑞 ∈ {0, 1, 2, 3}, (9)

ith 𝑞 being a number between 0 and 3.
Those two constraints imply that at least one project with a given

unction should be open in at least 4− 𝑞 quadrants. For example, if 𝑞 is
qual to 2, two quadrants should have at least one project implemented
or one of the functions defined.

The municipality’s representative would consider a portfolio which
ncludes at least one project providing facilities for the citizens and one
or the tourists in at least three of the four quadrants as excellent. This
ay, 𝑞 in constraint (9) should be equal to 1.

Let us highlight that the discussion of the municipality’s repre-
entative was also oriented to understand which constraints could be
eakened in case of a smaller budget. The municipality representative

ndicated that he would happily compromise on the synergy constraints
nd the urban constraints related to the position of the projects to
mplement on the ‘‘decumano" and the ‘‘insulae".

. Implementing the sorting method Electre Tri-nC

As highlighted in Section 3, any MCDA method could be integrated
nto our PBPS methodology. For this particular application, we adopted
n Electre Method [for more details see70]. According to [59], our
hoice was led by both quantitative and qualitative criteria; in addi-
ion, the scales are rather heterogeneous, with different units: 𝑚2, K𝑒,
umber, and verbal levels. Moreover, the choice of the scales for some
riteria was somewhat arbitrary, as for example, for the criterion PRO-
RAF . Furthermore, it is not easy to define the concrete meaning of all

he qualitative levels of some scales. Thus, the data are only imperfectly
nown, which is related to this arbitrariness when building the criteria,
ince there is some imprecision and/or uncertainty in this process.

Among the Electre methods we felt that the Electre Tri-nC [62] was
he most adequate since the problem was already approached in the
anagement plan as a sorting problem. In this sense, it is possible

ssigning each project 𝑎𝑖 ∈ 𝐴 to an interval of contiguous classes
𝐶𝑝, 𝐶𝑝′ ], i.e. categories. The method allows to classify the projects
n categories and there is a possibility of choosing any representative
eference action per category. This is a much easier task in comparison
o delimit the categories by (lower and upper) limiting profiles as in
lectre Tri-B and nB [see71], or to define a more or less ‘‘central’’
eference action for each category as in Electre Tri-C [see62]. As
xplained in Section 3.4 we acknowledge that any Electre method can
roduce ranks reversals [68] in priority levels. However, we believe
hat the nature of the case study, the detailed information provided
y the municipality’s representative, and the presence of the analyst
ith deep knowledge of the projects allowed us to assign adequate
riority levels to the reference projects. Furthermore, we believe that
ossible rank reversals could be uncovered and discussed thanks to the
onstructive interaction process.

.1. Preference elicitation through the involvement of a group of experts

In this subsection, we present the preference elicitation process
e have adopted. On the basis of [72–75], we used a focus group

echnique involving four experts expressing the stakeholders’ points of
iew described in Section 4.1, that is

– an expert in conservation of the tangible cultural heritage,
– an expert in promotion of traditional craftsmanship and local

products,
– an expert in quality of urban environment,
9

– an expert in social benefits for the community point of view.

ach expert had a deep knowledge of the local context and had expe-
iences of urban participatory processes.

We interacted with the group of experts as follows:

1. First, for each point of view we interviewed the related expert.
Every interview lasted less than one hour.

2. Second, we asked the same four experts to interact in a focus
group.

he interviews were conducted by one of the authors that has a deep
nowledge of the urban context in Naples. The interaction with the
xperts permitted modelling the preferences concerning the criteria
isted, considering the different points of view.

The Simos–Roy–Figuiera (SRF) method, proposed in [76] is ap-
lied for determining the weights representing the criteria’ relative
mportance. In the interviews and, afterwards, in the focus group, the
ollowing procedure was followed:

In the following, we shall refer to each ranking of criteria, number of
lank cards and 𝑧 value provided by each expert as configuration. The
onfigurations provided by the experts in our case study are reported
n Appendix B in Tables B.1–B.4.

After obtaining each of the configurations from each expert, the
xperts were gathered in a focus group. The focus group was smoothly
mplemented and lasted around 1 h. Of course, the experts had a lot of
xchanges and discussions but they provided a first configuration for
he criteria, reported in the Appendix B, Table B.5.

Nevertheless, after some comments and a quite long discussion,
he expert also provided an additional configuration. In particular,
hey felt that they could change the ranking of some criteria. The
eight vector 𝐰 = [𝑤𝑗 ] obtained by the new configuration, as well
s the corresponding updated classification are reported in Table B.6
n Appendix A.

In Table 3 we report the weights originating from the individual
nteraction with every expert and with the focus group, in particular:

– The weight vector 𝐰1 = [𝑤1
𝑗 ] was obtained from the first configu-

ration provided in the focus group;
– The weight vector 𝐰2 = [𝑤2

𝑗 ] was obtained from the second
configuration provided in the focus group;

– The weight vector 𝐰3 = [𝑤3
𝑗 ] was obtained from the configuration

provided by the expert in the conservation of the tangible cultural
heritage point of view;

– The weight vector 𝐰4 = [𝑤4
𝑗 ] was obtained from the configu-

ration provided by the expert in the promotion of traditional
craftsmanship and local products;

– The weight vector 𝐰5 = [𝑤5
𝑗 ] was obtained from the configuration

provided by the expert in the quality of the urban environment;
– The weight vector 𝐰6 = [𝑤6

𝑗 ] was obtained from the configuration
provided by the expert in the social benefits for the community
point of view.

.2. Determining the parameters for the use of Electre Tri-NC

For the determination of the indifference and preference thresholds
lso called discriminating thresholds, we follow the method proposed
n [77]. If there are important reasons for rejecting the hypothesis
f constant thresholds, the analyst can consider using affine functions
o model the discriminating thresholds. These functions can be direct
when varying with the worst performance) or inverse (when varying
ith the best performance). The two are equivalent, as can be seen

n [77].
In what follows we present the procedure adopted for deciding the

hresholds for each criterion (for the sake of the space we reported the
etails of the procedure in Appendix B):
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Table 3
Weight vectors obtained from the focus group and the experts.

Criteria 𝑔1 𝑔2 𝑔3 𝑔4 𝑔5 𝑔6 𝑔7 𝑔8
weights CON-COMP CON-USAB PRO-CRAF PRO-BUSI PRO-TOUR ENV-MAIN SOC-CULT SOC-COHE

𝑤1
𝑗 20.0 8.0 14.0 8.0 2.0 17.0 14.0 17.0

𝑤2
𝑗 22.7 6.4 14.5 10.5 2.3 18.6 6.4 18.6

𝑤3
𝑗 13.4 18.3 6.1 18.3 6.1 18.3 13.4 6.1

𝑤4
𝑗 11.3 11.3 16.1 16.1 1.6 11.3 16.1 16.1

𝑤5
𝑗 4.3 14.7 11.2 11.2 11.2 21.5 7.8 18.1

𝑤6
𝑗 20.8 6.3 16.6 4.2 18.7 12.5 16.7 6.1
– Criteria 𝑔1 (CON-COMP), 𝑔4 (PRO-BUSI), 𝑔5 (PRO-TOUR) and
𝑔8 (SOC-COHE): For these three criteria the scale is the same,
with only four qualitative levels. There were no strong reasons to
consider indifference and preference thresholds.

– Criterion 𝑔2 (CON-USAB): The increase of the usability of the
buildings is not precisely defined, leading to imperfect knowl-
edge. The authors felt there were strong reasons favouring the
need for building affine functions as explained in [77]. For the
sake of the space, we reported the details of the procedure in
Appendix B.

– Criteria 𝑔3 (PRO-CRAF) and 𝑔7 (SOC-CULT): These two criteria
possess a 16-level qualitative scale. The same process as in crite-
rion 𝑔2 was used, but now for a discrete scale. These assumptions
led to considering only constant thresholds, and the same for both
criteria.

– Criterion 𝑔6 (ENV-MAIN): Similarly to criterion 𝑔2 the use of
affine functions was adopted.

The reference actions were defined by the authors taking into ac-
ount, on the one hand, the results of the focus group, and, on the other
and, the specific technical requirements of the Electre Tri-NC method

(see Sections 2 and 4 in [78]). The categories of priority concerning
conservation, promotion, environmental and social points of view are
the following:

– Category 𝐶1: This category contains the projects with low priority.
– Category 𝐶2: This category contains the projects with medium

priority.
– Category 𝐶3: This category contains the projects with high prior-

ity.
– Category 𝐶4: This category contains the projects with very high

priority.

Table B.7 in Appendix B presents the set of representative actions
that were constructed.

The process for assessing the veto is similar to the one used for the
discriminating thresholds. Their values are presented in Table B.8 in
Appendix B. Let us remark that for some criteria, no discriminating
threshold was identified.

5.3. The priority relations ≿ obtained with the Electre Tri-NC method

According to the data reported in Appendix B, we used the MCDA-
LAVAL software,4 which implements the majority of the Electre
ethods, including the Electre Tri-nC method, allowing the insertion

f all the data and parameters elicited.
We applied the method for each weight vector 𝐰𝑒, 𝑒 = 1,… , 6 from

Table 3 using the other necessary data of Appendix B. The results are
shown in Table 4.

The projects belong to similar categories even after changing the
weights. In particular, we can see that projects can be allocated to

4 Available at http://cersvr1.fsa.ulaval.ca/mcda/.
10
a single category or they belong to two consecutive categories. Only
for some projects the use of a different set of weights leads to an
assignment to different categories (𝑎4 and 𝑎7) or falling between two
categories (i.e., 𝑎6, 𝑎13, 𝑎15 and 𝑎16).

6. Implementation of the PBPS model

The authors considered all the priority relations ≿ corresponding to
the different assignment supplied by the Electre Tri-nC method with
respect to different weight vectors 𝐰𝑒, 𝑒 = 1,… , 6. For our application,
we adopted the knapsack problem K2 as described in Section 3 and, in
particular, for case (4), given that, for all 𝑎𝑖 ∈ 𝐴 we have that 𝑝′(𝑖) −
𝑝(𝑖) ≤ 2. For each of the priority relations obtained varying the weight
vectors 𝐰𝑒, 𝑒 = 1,… , 6, the priority relation ≿ is a complete preorder
and therefore it is not necessary to find all the compatible complete
preorders. In light of this, the calculation of the 𝑐𝑖 coefficients was
carried out for the classification obtained from every possible weight
vector 𝐰𝑒 (these are given in Table C.1 in Appendix C). The constraints
included in the knapsack problem K2 are described in Section 4 and
fully detailed in Appendix C. We used as value for the budget constraint
(1) the budgets from Table 2 in Section 4. We denoted each possible
overall configuration composed of weight vector 𝐰𝑒, 𝑒 = 1,… , 6, and
available budget 𝐵(𝑓 ), 𝑓 = 1,… , 7, by 𝐹𝐵(𝑓 )

𝐰𝑒 .
We started solving the knapsack problem K2 for each budget sce-

nario adopting the weight vector 𝐰1 obtained by the configuration
defined by the expert in the focus group.

At this point, the authors needed to discuss this first set of portfolios
with the experts. Therefore, a second focus meeting with the same
experts was run. The multiple optimal portfolios were shown to the
experts gathered in the focus group. After some discussion, they were
able to converge on the most preferred portfolios for the different
budget scenarios, as listed in Table 5 (note that the symbol ✓means
that a project should be carried out, while the symbol × denotes that
the project should not be implemented).

As expected, the number or projects to be implemented decreased
with a decrease in the available budget.

The experts were invited to reflect on the portfolios identified when
adopting the weight vector 𝐰1. They provided the following comments:

– The portfolio of configuration 𝐹𝐵(1)
𝐰1 was chosen by the experts

after a long discussion. Indeed, the discussion was focused on
the opportunity to implement the project 𝑎14 that has the highest
cost. The experts underlined that it is a strategic site for the city
and its historic centre. Indeed, they discussed that its reuse could
generate several benefits (such as improvement of the open spaces
for the citizens, improvement of the links between the upper and
lower part of the city, creation of a new city attraction). However,
they believed that the project 𝑎14 should be redefined according to
the changed needs of the city and the community. Consequently,
the experts agreed to compromise putting on hold project 𝑎14 and
carrying out all the other projects.

– The portfolio of overall configuration 𝐹𝐵(2)
𝐰1 represents a good

compromise for the experts because it selects projects with dif-
ferent functions in different areas of the historic centre. This

http://cersvr1.fsa.ulaval.ca/mcda/
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Table 4
Assignment to priority categories obtained with the Electre Tri-NC method varying the weights 𝑤𝑗 .

Weight vector 𝐰1 𝐰2 𝐰3 𝐰4 𝐰5 𝐰6

𝑎1(Mura-Capua) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎2(Cast-Capua) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎3(Comp-Maria) [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4]

𝑎4(Comp-Loren) 𝐶3 𝐶2 𝐶2 𝐶2 𝐶2 𝐶3

𝑎5(Comp-Grego) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎6(Area-Duomo) 𝐶1 𝐶1 𝐶1 𝐶1 𝐶1 [𝐶1 , 𝐶2]

𝑎7(Area-Loren) 𝐶2 [𝐶1 , 𝐶2] 𝐶2 [𝐶1 , 𝐶2] 𝐶1 𝐶2

𝑎8(Teat-Neapo) [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4] [𝐶3 , 𝐶4]

𝑎9(Chie-Cosma) 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2

𝑎10(Cast-D’Ovo) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎11(Comp-Gerol) 𝐶4 𝐶4 𝐶4 𝐶4 𝐶4 𝐶4

𝑎12(SanG-Corvo) 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2

𝑎13(SanA-Capon) 𝐶2 [𝐶1 , 𝐶2] 𝐶2 𝐶2 [𝐶1 , 𝐶2] [𝐶2 , 𝐶3]

𝑎14(Comp-Monac) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎15(Merc-Palaz) 𝐶2 𝐶2 [𝐶2 , 𝐶3] [𝐶2 , 𝐶3] [𝐶2 , 𝐶3] 𝐶2

𝑎16(Chie-Monac) 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2 [𝐶2 , 𝐶3]

𝑎17(Comp-Mfede) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎18(Carm-Merca) 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2 𝐶2

𝑎19(Comp-Paolo) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3

𝑎20(Vill-EbeRa) 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3 𝐶3
Table 5
Most preferred portfolios for the different available budgets with weight vector 𝐰1.

Configuration 𝐹𝐵(1)
𝐰1 𝐹𝐵(2)

𝐰1 𝐹𝐵(3)
𝐰1 𝐹𝐵(4)

𝐰1 𝐹𝐵(5)
𝐰1

𝑎1(Mura-Capua) ✓ ✓ ✓ ✓ ×

𝑎2(Cast-Capua) ✓ ✓ × × ×

𝑎3(Comp-Maria) ✓ ✓ ✓ ✓ ✓

𝑎4(Comp-Loren) ✓ ✓ ✓ ✓ ×

𝑎5(Comp-Grego) ✓ ✓ ✓ ✓ ✓

𝑎6(Area-Duomo) ✓ × × × ×

𝑎7(Area-Loren) ✓ × × ✓ ×

𝑎8(Teat-Neapo) ✓ ✓ ✓ ✓ ✓

𝑎9(Chie-Cosma) ✓ ✓ ✓ ✓ ×

𝑎10(Cast-D’Ovo) ✓ ✓ ✓ ✓ ×

𝑎11(Comp-Gerol) ✓ ✓ ✓ ✓ ✓

𝑎12(SanG-Corvo) ✓ ✓ × ✓ ×

𝑎13(SanA-Capon) ✓ × × × ×

𝑎14(Comp-Monac) × × × × ×

𝑎15(Merc-Palaz) ✓ ✓ × × ×

𝑎16(Chie-Monac) ✓ ✓ × ✓ ×

𝑎17(Comp-Mfede) ✓ ✓ ✓ ✓ ×

𝑎18(Carm-Merca) ✓ × × × ×

𝑎19(Comp-Paolo) ✓ ✓ ✓ × ✓

𝑎20(Vill-EbeRa) ✓ ✓ ✓ × ×

portfolio permits regenerating some marginal areas of the city
suitable for citizens and not only for tourists. Indeed, preserving
the identity of the historic centre and improving the quality of
urban environment, are two crucial points for the experts.

– The portfolio of overall configuration 𝐹𝐵(3)
𝐰1 was suggested as

the preferred portfolio by the experts even if it is not among
the optimal portfolios selected by the optimization problem K2.
Indeed, the optimal portfolios were all including projects 𝑎12 and
𝑎16 instead of project 𝑎9. However, the experts pointed out that
they would have preferred a portfolio including project 𝑎9. Let
us underline that all these projects belong to the same category,
i.e. they have the same priority. In addition, the sum of the costs
of projects 𝑎12 and 𝑎16 is the same as the cost of project 𝑎9.

– The portfolio of configuration 𝐹𝐵(4)
𝐰1 was selected by the experts
11

because it seems a good enough compromise for the available
budget. Indeed, although it does not permit implementation of all
the projects belonging to the category 𝐶3, it allows regenerating of
marginal areas of the ancient centre and not only the most central
one, and the experts appreciated this.

– The portfolios of configuration 𝐹𝐵(5)
𝐰1 permits to implement a

very limited number of projects. However, after some discussion,
the experts considered it still acceptable. Some concerns were
related to the synergy constraints (3)–(6). In view of this, it was
considered useful to discuss also a portfolio obtained by relaxing
the synergy constraints. Comparing the two portfolios, the experts
preferred that one taking into account the synergy constraints,
because it contains the projects 𝑎19 and 𝑎8 reckoned to be of
strategic importance for the historic centre.

– The experts suggested that the budget scenario 𝐵(6) and 𝐵(7) were
not worth investigating, given the minimal funds available and
the low quality of the portfolio. We would like to stress that for
budgets 𝐵(6) and 𝐵(7) there is no possible solution to the model
that satisfies all the constraints simultaneously. Therefore, the
experts were shown the portfolios obtained relaxing the set of
constraints (3)–(6) related to the presence of synergies. Moreover,
the number of the projects expected to be in the ‘‘decumano’’
was reduced to 2 and the number of student and elderly housing
facilities to 1. However, for those two configurations 𝐹𝐵(6)

𝑤1
𝑗

and

𝐹𝐵(7)
𝑤1
𝑗

the experts could not identify a most preferred portfolio.

The second focus group meeting lasted around two hours, and the
experts acknowledged that the methodology supported them in reach-
ing a consensus around the definition of the most preferred portfolios.
In general, the request to choose only one portfolio for the different
budget scenarios helped focus on the city’s and community’s current
needs. Moreover, the analysis was highly beneficial in understanding
how preferences change according to the available budget.

6.1. Robustness analysis

A robustness analysis is important to verify the stability of the
obtained results in case of perturbations of preference parameters, such
as weights [64,79].

In the considered case study, the robustness analysis explored the
results supplied by the adopted selection process in case the priority
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Table 6
Stability of the project portfolio selection obtained with
the weight vector 𝐰1, varying the weight vectors and the
available budget.

Weights 𝑤2
𝑗 𝑤3

𝑗 𝑤4
𝑗 𝑤5

𝑗 𝑤6
𝑗

B(1) ✓ ✓ ✓ ✓ ✓

B(2) ✓ ✓ × ✓ ×

B(4) × ✓ × × ×

B(5) ✓ × ✓ ✓ ×

relation is defined on the basis of the other sets of weights generated
by the interaction with the single experts and the alternative set of
weights identified during the first focus group (see Table 3). Therefore,
with the same constraints used in the previous set of simulations, the
knapsack problem K2 was solved again with the aim of finding all
the multiple optimal portfolios for each budget scenario. We verified
that the preferred portfolios from Table 5 could be obtained when
adopting a different weight vector. In Table 6 we have reported for
budget 𝐵(1),… , 𝐵(5) if the preferred portfolio, obtained with weight
ector 𝐰1 and reported in Table 4, could be selected when using a
ifferent weight vector 𝐰2,… ,𝐰6. We have excluded budgets 𝐵(6) and
(7) because the experts during the focus group commented that, with

hat amount of budget, the choice involved only very few projects,
o it was considered two scenarios not worth investigating. We also
xcluded budget 𝐵(3) because, during the focus group, the experts
elected a non-optimal portfolio. In this case, we recommended that
urther discussion be conducted with the stakeholders to verify the
elected portfolio’s robustness. Let us underline that the symbol ✓in
able 5 means that the same preferred portfolio, obtained adopting the
eight vector 𝐰1, can be selected when using a different weight vector
𝑒, 𝑒 = 2,… , 6, in correspondence of each budget scenario. The symbol
means that the procedure does not select the same preferred portfolio

or the considered weight vector and budget scenario.
The following insights can be discussed:

– Considering budget 𝐵(1), the preferred portfolio (composed of all
the projects apart from 𝑎14) is among the multiple solutions and,
consequently, can be selected for all weight vector 𝐰1,… ,𝐰6.
This means that the obtained project portfolio is quite robust
and its selection, in case of budget 𝐵(1), does not require further
investigation.

– Portfolios generated for budget 𝐵(2) and 𝐵(5) are also obtained
with weight vector 𝐰2 originated from the second configuration of
the rank of criteria, blank cards and 𝑧 value provided by the focus
group. Similarly, the portfolio related to budget 𝐵(2) can also be
selected for weight vectors 𝐰3 and 𝐰5, while it cannot be selected
for the weight vectors 𝐰4 and 𝐰6. Similarly, the portfolio related
to budget 𝐵(5) can also be selected for the weight vector 𝐰4 and
𝐰5, while it cannot be selected for weight vector 𝐰3 and 𝐰6.
Then, portfolios selected for budget 𝐵(2) and 𝐵(5) are relatively
robust, even if some further discussion with stakeholders and
investigation could be beneficial.

– The portfolio related to budget 𝐵(4) could be selected only with
weight vector 𝐰3. This means that the possible selection of this
portfolio needs some further discussion with stakeholders and in-
depth analysis. Let us underline that the debate on this portfolio
during the focus group was particularly long and difficult.

We also analysed the robustness of the obtained portfolios according
to the veto thresholds. We changed the veto thresholds for up to
30% of their values for the quantitative criteria and for each of the
weight vectors described above. The projects were allocated to the same
12

categories, and the same priority relation was defined.
7. Conclusions

In this paper we presented the Priority-Based Portfolio Selection
(PBPS) methodology, a new multiple criteria approach for the prior-
itization and the consequent selection of a portfolio of projects. The
methodology is very versatile and can integrate any sorting or ranking
MCDA method with a knapsack selection problem, exploiting the ad-
vantages of both approaches. PBPS can be adopted in complex contexts
where, especially in case of stringent conditions in terms of invest-
ment available, projects need to be prioritized according to multiple,
challenging and diverse objectives, different from the mere economic
point of view. Consequently, the portfolio selection has to be based on
defining a priority relation among the various feasible projects. The
PBPS methodology can support local or central governments as well
as non-governmental organizations in their project portfolio selection
and management procedures because it permits to take into account
different points of view, and it can help the final decision to have
an appropriate degree of participation of the different stakeholders.
From a theoretical point of view PBPS methodology gives a theoretical
foundation to operational approaches already implemented in current
managerial practices. Additionally, it has the merit of establishing a
link with the economic theory of preference among sets of objects [7].
It fills the gap between this well-established economic theory, more
speculative oriented, and the operational research methodology of
the project portfolio selection, supporting real-world relevant decision
problems.

We applied the PBPS methodology in a case study concerning the
urban context. The proposed methodology can help manage critical
concepts in the urban context, such as systems integration, flexibility,
cooperative behaviour, reuse, and resource optimization. Furthermore,
PBPS selects the project portfolio with an articulated decision support
process that permits consideration of the projects’ synergies and poten-
tial effects. In the proposed case study, we showed how PBPS worked in
the challenging context of cultural heritage preservation, where huge
investments are required to preserve artifacts representing the entire
population’s history.

Our methodology integrates the different participants’ preferences
and judgments into the decision process in the different steps of the
procedure. In fact, in the proposed case study, the adopted decision
model has been constructed with multiple interactions with a group of
experts representing different points of view. The methodology results
were discussed within a focus group environment involving the experts
in a decision process, producing final recommendations characterized
by a high level of consensus and adequately justified to the public.

The group of experts in our case study accepted the whole decision
support process. In the proposed decision aiding procedure, the experts
especially appreciated the contribution to attaining a general agree-
ment considering several different criteria in such a strategic decision
problem.

The positive experience of the proposed case study suggests the
application of PBPS methodology in all real-world decision problems re-
quiring a project portfolio selection based on a proper prioritization of
considered projects. The adoption of PBPS is especially recommended
in complex problems characterized by considering several points of
view related to different stakeholders and experts. Furthermore, we
believe that PBPS methodology could be improved and enhanced by
some methodological developments.

Our study also presents some limitations. Indeed, the methodology,
as explained in Section 3.4, can be adopted in some contexts and can be
subject to rank reversals. However, as discussed in previous papers [see
e.g.,68] multicriteria methods are not developed to deliver the absolute
truth but to support decision makers in co-constructing a shareable
solution. In addition to that, in the case study, we only studied the

application of Electre Tri-nC, and we did not explore the use of any
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other sorting or ranking method. However, let us point out that in other
contexts, using a ranking method could also be a valid option.

In this perspective, we believe that lines for future research should
include the following:

– The construction of the priority relation through different MCDA
methodologies from the Electre Tri-nC method used in our case
study.

– The consideration of interaction effects between criteria [see80]
to represent better the reality of the different applications that
may be proposed.

– The study of adequate procedures to take more systematically into
account robustness concerns.

– The adoption of multiobjective models [81] that can incorporate
in the project portfolio selection the temporal distribution of the
projects.

– The design of specific algorithms permitting handling significant
project portfolio selection problems with PBPS methodology.

– The development of user-friendly software supporting the appli-
cation of the methodology to the whole decision process.

– The addition of a proper robustness analysis could further
strengthen our approach [82]. Further studies could deal with
both uncertain project evaluations and decision maker prefer-
ences. It is also worth investigating how to evaluate synergies
among project evaluations and uncertainty in portfolio constraints
[83].
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