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ARTICLE INFO ABSTRACT

Keywords: While there are many initiatives that strive to empower children with physical computing, there seems to be
Physical computing no validated questionnaire for rapidly measuring different children’s understanding of the basics of physical
Assessment computing. This paper presents the design of such an instrument—PCBUAQ. It is rapid in that it consists of few
Understanding

items. It is inclusive because designed for different young children. It is for the basics of physical computing in
that it considers physical input and output devices, basic patterns and programs that use them for interacting
with the physical world. Data gathered from experts, primary and middle schools were used to validate PCBUQ.

Rapid questionnaire
Inclusive questionnaire

School
Teacher The first items assess children’s capability of classifying physical devices as input (e.g., buttons), and output
Children devices (e.g., LED, speaker). The other items evaluate whether children can interpret problematic scenarios and

infer how to resolve them with adequate input and output devices, patterns and programs. PCBUQ was found
to have adequate reliability. The reported statistical analyses highlight the items that strongly and weakly
correlate with the construct under analysis, their difficulty and discrimination. Results are discussed to guide
future physical computing initiatives for children and their assessment.

1. Introduction of engaging learners in constructing computational artefacts in ways
that are meaningful to them, thus envisioning computing as an em-
powerment opportunity for all, by coupling CT with practice (Papert

& Harel, 1991). Recently, researchers in the area of Participatory

1.1. Motivation and rationale

Over the past ten years, computational thinking (CT) has become
the subject of numerous K-12 education interventions on computing,
with global efforts to bring it into schools and different learning con-
texts (Angeli & Giannakos, 2020; Barr, Harrison, & Conery, 2011;
Hayat Alajlan & Almassaad, 2023; Iwata, Pitkdnen, Laru, & Mékitalo,
2020; Kong, Abelson, & Kwok, 2022; Liu, 2023; Weintrop et al., 2016).
The variety of interventions reflects the different views that exist on CT,
which Denning and Tedre frame along six thematic dimensions (ma-
chines, methods, computing education, software engineering, design,
computational science), to conclude that CT is “the mental skills and
practices for designing computations” and “explaining and interpreting
the world as a complex of information processes” (Denning & Tedre,
2019). Lodi and Martini instead frame CT in a historical perspective,
and historically compare Wing’s and Papert’s views, “rectifying their
original meaning” (Lodi & Martini, 2021). In particular, they point out
that Papert, and then Papert and Harel have argued for the importance

* Corresponding author.

Design considered how to expand the domain of computing education
for fostering CT to include contextual, human-centred and societal
challenges (Dindler, Smith, & Iversen, 2020; Iversen, Smith, & Dindler,
2018). Resonating with a constructionism approach to computing, their
approach “shifts focus from programming skills as an end in themselves
towards providing children and young people with the means necessary
to take part in technological development” and “include a concern for
how children and youth are empowered through constructive, analyt-
ical and critical engagement with technology” (Dindler et al., 2020;
Iversen et al., 2018).

This approach voices the need of differentiating computing edu-
cation to reach further learners, including traditionally under-served
populations of learners, such as females, and all those specialising
in subjects other than computer science, and non-technical teachers.
To achieve this goal, it is necessary to differentiate computer science
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education and adopt new styles of teaching that promote broader
technology skills beyond screen-based coding. Making, fabrication and
other physical-computing activities have been employed with this
goal (Bjorn, Menendez-Blanco, & Borsotti, 2022).

1.2. Background and related project

The work reported in this paper refers to empowerment initiatives
that engage children in computing practices for developing digital
technology for concrete problems, responsibly and creatively, with
dedicated physical-computing toolkits (Gennari, Matera, Melonio, &
Rizvi, 2024). Physical computing involves using programmable devices
to create practical, interactive artefacts using software and hardware
that can perceive and respond to events in the physical world.

The growth in popularity and diversity of physical computing ini-
tiatives has resulted in an increasing number of tools, platforms and
courses designed explicitly for children (Hodges, Sentance, Finney, &
Ball, 2020). One of the most popular devices available is the BBC Mi-
cro:bit (Austin et al., 2020). There are web-based development envi-
ronments for it that support several different programming languages,
e.g., block or text based (Ball et al., 2019). There are also interactive
courses available for exploring and teaching physical computing with it
or similar devices. An example is the physical computing unit of code.
org, which aims at making learners explore the role of physical devices
in computing; other courses focus on electronic circuits and how to
control them with coding (Microsoft, 2024; Raspberry Pi Foundation,
2024).

The research presented in this paper originated from the 3P project,
a collaborative initiative between computer science and interaction
design researchers and a teacher specialising in computing education.
The project aimed at empowering primary and middle schools through
physical computing and design activities (Bonani, Gennari, Melonio,
& Rizvi, 2022; Gennari, Melonio, & Rizvi, 2023). Briefly, it organised
courses for teachers with Micro:bit and the loTgo rapid-prototyping
toolkit to acquire an understanding of physical computing to then de-
sign different smart things, which are every-day’s things enhanced with
physical computing. Each course started with loTgo for exploring how
physical inputs and outputs work, either on the Micro:bit or easy to
connect to it, e.g., a PIR motion sensor. It continued with loTgo boards,
of progressive complexity. The basic boards offered teachers different
simple scenarios for children, each with a problem or issue (e.g., a
sickly person in a park) and a goal to achieve with a physical-computing
solution, e.g., Gennari et al. (2023). An example is shown in the left
side of Fig. 1. The boards also show resolution patterns and programs
with an infinite loop and conditionals, with different conditions, with
or without alternatives. See the right side of the aforementioned figure.
Teachers were then invited to elaborate on their own problematic
scenarios, for their classes, which became part of the materials for
their interventions. The course then challenged participants to maintain
the same patterns, and modify the given programs to address the
problematic scenarios, with different physical inputs and outputs. In the
end, the course asked participants to create their own smart things, for
a scenario of interest, and explore more complex problems, resolution
patterns and programs.

In case they wished so, teachers could then bring similar inter-
ventions at school with the course materials or materials available on
online platforms, e.g., BBC (2024), Gennari et al. (2023) and Microsoft
(2024). Their interventions were recommended to take 15 hours at
school, organised in 3-h sessions, in different weeks. Before moving
onto more complex problems and resolution algorithms, and into the
design of novel solutions, however, it was important for teachers to
have a formative assessment point to investigate whether the basics
of physical computing were acquired, a prerequisite for the success
of any physical-computing interventions for the empowerment of chil-
dren. There was no rapid and standardised tool for assessing children’s
understanding of the basics of physical computing, in many mainstream
schools and a short time. Thereby, an ad-hoc one was created, pilot
tested, and assessed.
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1.3. Focus and outline of the paper

This paper offers a rapid questionnaire, PCBUQ, resulting from
the 3P project, for rapidly assessing children’s understanding of the
basics of physical computing. The first items ask to classify physical-
computing devices according to how they work. Then other items
ask to critically interpret problematic scenarios, and infer the relevant
physical devices for tackling them. The final items ask to interpret
problematic scenarios, and infer resolution patterns and programs for
them, relying on an infinite loop and conditionals.

The paper starts discussing the most relevant related work concern-
ing physical computing interventions and assessment instruments for
children. The PCBUQ instrument, which is the focus of the paper, is
presented next. Its development process is detailed, considering its goal,
format and content in relation to a relevant taxonomy for computing
education interventions for non-computing experts. A field study with
primary and middle school children was run for standardising the
instrument. This part is detailed next in the paper. Results are discussed
in the conclusions to the paper, considering the limitations of the
reported study and future work.

2. Related work
2.1. Physical computing

Physical computing is one of the most prevalent methods of inte-
grating computing into K-12 education. Physical computing activities
require CT, namely, abstraction, algorithmic thinking, automation, de-
composition, debugging, and generalisation (Psycharis, Kalovrektis,
Sakellaridi, Konstantinos, & Mastorodimos, 2018). Moreover, it com-
bines computation with a physical system, and a smooth integration
with other design-oriented disciplines, as in the 3P project reported
above.

Physical computing was born from Papert’s concept of construc-
tionism, which sustains that learners can understand new theories
about their world if they construct these new theories from their own
experiences, and that the best way of doing that is through the creation
of a shareable object by learners (Blikstein, 2013). The nature of these
shareable objects has evolved greatly over the years, stepping from
the early physical computing kits with programmable bricks, such as
Lego Mindstorms RCX, to embeddable micro-controllers such as BBC
Micro:bit or Arduino (Austin et al., 2020; Galadima, 2014; Lego, 2024).

Physical computing toolkits have been used in educational contexts
to learn about computational concepts by engaging learners in the
making of interactive projects, to apply those concepts in authentic
environments (Kim & Min, 2021; Neutens & wyffels, 2016; Przybylla &
Romeike, 2014; Stager & Martinez, 2013). As reported by Katterfeldt
and colleagues, learning is more engaging when one interacts with
and programs tools and materials to create a computational arte-
fact. Classes that use physical computing tools provide opportunities
for learners to communicate differently by using and sharing phys-
ical artefacts (Katterfeldt, Dittert, & Schelhowe, 2015). Additionally,
physical computing enables learners to make abstract programming
concepts concrete and tangible, besides providing them with hands-on
experiences (Hodges et al., 2020; Przybylla & Romeike, 2014).

In the physical-computing and making literature, multiple examples
exist of successful integration of physical computing into empowerment
initiatives for children and young people. Several situated studies have
shown that incorporating physical computing tools such as Micro:bit
into specific classes can significantly empower them to critically re-
flect on the developed technology (Gennari, Matera, Melonio, Rizvi, &
Roumelioti, 2020; Lechelt, Rogers, & Marquardt, 2020; Wu & Su, 2021).
Like the one reported in this paper, several initiatives guide children in
crafting their own digital solutions, in the form of smart things, with
various physical-computing components, allowing for different degrees
of autonomy (Gennari et al., 2020; Gennari, Melonio, & Rizvi, 2022;
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problematic scenario

title problem goal

!
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Whenever a sickly person is in the park, to monitor his or her
wellbeing the cold watch does this:

if the temperature is low, then the watch shows a sad little face,
else it shows nothing.
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Fig. 1. An example of a simple problematic scenario, resolution pattern and program.

Wang, Zhao, Kleek, & Shadbolt, 2023). Finally, the benefit of “getting
physical” is a gained view of computing as a tool that “encourages
creativity, promotes learning by doing and engaging the whole mind
and body learning” (Capay & Klimova, 2019).

2.2. Assessment

Much research has been published on assessing computational con-
cepts, in relation to CT (Babazadeh & Negrini, 2022). Various CT-
based methods have been used to measure the efficacy of CT interven-
tions (Chiazzese, Arrigo, Chifari, Lonati, & Tosto, 2019). These methods
range from specific quantitative instruments like questionnaires, to
qualitative instruments like interviews and product analyses.

Among quantitative instruments are Visual Blocks Creative Com-
puting (TVBCC) and CT-Test. They are comprehensive questionnaires,
with 40 and 28 items respectively. They assess specific programming
concepts such as loops andsequences (Brackmann et al., 2017; Roméan-
Gonzalez, Moreno-Leén, & Robles, 2017; Sdez-Lopez, Roman-Gonzélez,
& Vazquez-Cano, 2016). Others use large sets of tasks to assess CT
skills, such as Bebras tasks (Chiazzese et al., 2019), which consist of
small problems or challenges, relying on unplugged activities. As for
children’s learning of computing, the VELA Assessment instrument as-
sesses middle-school children’s learning of foundational programming
concepts (Grover, 2020).

To empower learners beyond specific computing concepts, alterna-
tive forms of assessment are required, e.g., interviews, observations,
thinking-aloud or eye-tracking methods (Greenstein, 2012; Miliou,
Adamou, Mavri, & Ioannou, 2023). In 2021, Liu conducted an integra-
tive review of CT assessment, which shows the prevalence of assessment
items and artefact analysis, which tend “to regard CT as a learning
outcome”, and not as a process to evaluate step by step (Liu, Luo, &
Israel, 2021). They focus specifically on neglected assessment methods
that consider visual behaviours and verbalisation. In general, these and
similar assessment methods draw on learners’ perspective. They present
they own challenges, though, e.g., they tend to be time-consuming,
requiring specific skills that are not available normally in school
settings (e.g., eye-tracking) and, if qualitative, difficult to generalise.
They support the need of rapid, formative assessment instruments.

Assessing physical computing interventions for children is a com-
plex issues per se, differently tackled. For instance, Bieraugel and
Neill developed a self-assessment tool to measure learners’ confidence
with digital fabrication technologies, but faced challenges with com-
plex knowledge (Bieraugel & Neill, 2017). Bowler and Champagne
used question prompts to encourage reflections in young people about
technological artefacts in makerspaces, noting that preparation time
and time for reflection need to be factored in Bowler and Cham-
pagne (2016). When physical computing kits are used in empower-
ment projects, the evaluation of their use by children is often situated

and qualitative, e.g., Lechelt et al. (2020). In other cases, researchers
have developed specific and contextualised assessment tasks with pro-
gramming paradigms and languages for children (Microsoft, 2024;
Raspberry Pi Foundation, 2024). The code.org course offers circa 10
classes on physical computing, with a specific physical computing
board. At the end of each class, there are 2-4 tasks related to the class
material, such as to read a problem and program a resolution from
scratch, without pictorial representations.

However, inclusive assessment instruments for children require a
specific design, which takes care of ethical considerations and their
expression means. Younger learners tend to need structured informa-
tion and support to master their self-assessment (Greenstein, 2012). In
particular, in a mainstream school setting with many different children
and strict timing, questionnaires need to cater for them all, and the
administration has to consider time constraints (di Mascio, Melonio,
Tarantino, & Vittorini, 2014). Not only questionnaires need to be
rapid to administer and process, but, given the variety of children
in mainstream schools, such instruments need to consider that some
of them may be unable to read fluently. Therefore, to be inclusive,
they are recommended to adopt a visual format, so that textual items
are accompanied by pictorial representations; they should also pay
attention to characteristics such as brevity, word simplicity, structured
format, gender issues, besides pictorial representations (Harter & Pike,
1984).

Overall, to the best of our knowledge, there is no rapid and inclusive
questionnaire for assessing the understanding of the basics of physical
computing in mainstream classes, which is relevant for the success of
physical-computing interventions for their empowerment. This paper
offers it.

3. Methods and material
3.1. Goal and objectives

The Bloom’s taxonomy, in the original (Bloom, Engelhart, Furst,
Hill, & Krathwohl, 1964) and revised versions (Anderson, Krathwohl,
& Bloom, 2001), has been employed in diverse manners in the com-
puting education field, e.g., for the instructional design of classes,
their evaluation, structuring this or grading the evaluation in difficulty
levels.

Bloom’s Taxonomy (Bloom et al., 1964) outlines a framework for
categorising educational goals, divided into stages, to help educators
guide learners’ progress. Krathwohl revised and specialised Bloom’s
taxonomy for computer programming education. This paper leverages
the revised Bloom’s taxonomy by Anderson et al. (2001) to concep-
tualise cognitive stages, and it draws on the discussion of Bloom’s
classification by Thompson, Luxton-Reilly, Whalley, Hu, and Robbins
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Fig. 2. Examples of visual and textual representations in PCBUQ.

(2008). Specifically, Thompson et al. provided concrete examples, en-
abling computer science educators to effectively use Bloom’s taxonomy
for programming assessment and evaluating introductory computing
educational activities. The revised Bloom’s taxonomy by Krathwohl
et al. envisions different cognitive categories, starting from remem-
bering, stepping through understanding, and ending with creating.
In particular, understanding is defined as constructing meaning from
instructional messages, and it includes the following:

« inference.

« classification, « interpretation,

By referring to it, the questionnaire presented in this paper has the
overall goal of assessing children’s understanding of the basics of physical
computing, to then create their own novel solution for a scenario. Un-
derstanding that requires the capability of classifying physical devices
into input devices (e.g., buttons, touch sensors) and output devices
(e.g., LED, speaker). It also takes to be able to interpret a problem-
atic scenario and infer how to resolve it with input devices, output
devices and a program that follows a suitable pattern, as exemplified in
Fig. 1. Therefore the questionnaire frames its goal along the following
objectives to assess:

» classifying devices as per their function,
+ interpreting problematic scenarios, and inferring resolutions.

The study in this paper aimed at assessing the validity and reliability
of the questionnaire.

3.2. Development process

3.2.1. Item generation, content and format

The Physical Computing Basic Understanding Questionnaire
(PCBUQ) was designed by considering that the main target population
included children who are expected to be capable of reading but have
varying fluency, vocabulary and reading comprehension skills. In line
with what recommended in the literature on assessment, outlined in the
related work section, that means that items of PCBUQ were designed
with pictorial representations besides textual information. Fig. 2 shows
such choices in the representation of devices and the states they are in,
with pictorials and textual descriptions.

Again in line with recommendations from the literature, text in
items was kept simple and at the minimal level. Moreover, the ques-
tionnaire was designed for children who had experienced at least the

basics of physical computing, as explained in the background part of
the paper—the working of physical input and output devices, infinite
loops and conditionals. Since MakeCode is a popular visual program-
ming environment, also used in the 3P project courses, items of the
questionnaire used it. This could be replaced by any other physical-
computing programming environment for primary and middle school
children, as elaborated in the paper conclusions.

The preliminary version of PCBUQ had 7 items. Items targeted
the aforementioned understanding objectives of the Bloom’s taxonomy:
classification, interpretation and inference. It was validated by an
expert panel.

3.2.2. Expert panel

The preliminary 7-item questionnaire was submitted to a group of
experts: two teachers and three researchers were invited by e-mail to
participate in the validation process. Specifically, the expert researchers
evaluated whether the items met the criteria of clarity, comprehensibil-
ity and suitability to the objective, freely expressing their suggestions
and observations.

The aim of the clarity criterion was to assess whether the wording
and pictorials of the item used a language and representations that
would be immediately clear to the target children. The aim of the
comprehension criterion was to assess whether what the item addressed
could be easily understood by children. For instance, anaphora res-
olutions were removed whenever unnecessary or confusing. See an
example in the text of Item 3 in Fig. 3, which uses a second occurrence
of “map” instead of a pronoun for enhancing comprehension.

The aim of the suitability criterion was to assess whether the item
was adequate for achieving the proposed objective. The original Item
1, in particular, represented different input and output devices like
in Fig. 2, for a total of 36. It asked children to classify them all, as
either input devices, by crossing them, or output devices, by circling
them. Item 1 was revised and split into two items, each with 3 possible
answers, out of which only 1 was correct. The first asked to identify
an input device, and the second to identify an output device. See the
revised first item in Fig. 4.

The validation occurred in two rounds. In the first round, each
expert evaluated whether each item was clear, comprehensive and
suitable. Consensus was considered reached when >70% of the experts
agreed. Items for which the minimum consensus was not reached were
rewritten in the second round (McMillan, King, & Tully, 2016). The
resulting questionnaire had 8 items, and it was tested in pilot studies.
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Christine has roughly described her idea as follows:

"~ instead of “it’

Fig. 3. Revision on text of Item 3 of the questionnaire due to the expert review.
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Fig. 4. Item 1 of the questionnaire after the expert review.

3.2.3. Pilot studies

A series of convenience-sampling pilot studies were implemented to
refine the 8-item questionnaire. All participants had a basic understand-
ing of how to design and program their own solutions with physical
computing.

The first pilot study included four 8-13 year olds. After answering
individually the questionnaire, they were asked about its questions by a
researcher, expert of the field. All children stated that they understood
the questions and how to answer them. According to the researcher,
the initial questions were too easy and required more items to choose
from. Specifically, Items 1 and 2, revised in light of the expert review,
had only 3 possible answers, and the researcher observed that children
could easily guess the single correct answer, e.g., see Fig. 4. They were
thus revised by increasing the number of answers to 4, with a further
device to classify, e.g., by referring to Fig. 5, “temperature is high” was
missing and added as further correct answer.

The second pilot study involved a primary school (sixteen 10-11 years
olds) and a middle school (thirteen 12-14 years olds), and the same
researcher of the first study. It was managed as in the previous study.
All children stated they understood the questions and liked its visual
format. However, the researcher observed that the younger children
had comprehension issues with Item 5; the format and text of Item
5 were thus changed to make it more understandable for younger
children, e.g., by providing possible answers instead of asking children
to write them down, thus promoting recognition rather than recall. The
initial and final formats are illustrated in Fig. 6. Moreover, another
revision was deemed necessary for Items 3 and 4, which initially had 3
answers instead of the final 6, as all children had guessed the correct
answers. See for example the resulting Item 3 in Fig. 7.

3.3. The revised questionnaire

In developing items, researchers addressed the major issues iden-
tified by the expert panel and during the pilot studies, as briefly
outlined above. This process led to the creation of a concise instru-
ment with 8 items. Like for the preliminary questionnaire, the final

Table 1
Items of the revised questionnaire, their level and understanding objectives from the
revised Bloom’s taxonomy.

Item Level Understanding objectives

1,2 Basic Classifying devices into input and output

3-5 Intermediate Interpreting a problematic scenario and
inferring resolution input and output
devices

6-8 Advanced Interpreting a problematic scenario and

inferring a resolution pattern and
program

items of the revised one were organised into expected progressive
levels in relation to the understanding objectives from the Bloom’s
taxonomy—classification, interpretation and inference.

Specifically, the revised questionnaire starts from what are expected
to be basic level items, demanding to classify physical devices into input
and output ones (Items 1-2). See Fig. 5 for an example. It continues
with items that require to interpret a problematic scenario and infer
the correct physical device for tackling it computationally (Items 3—
5), of intermediate level. See Fig. 7 for an example. It ends with items
that are considered of an advanced level, each requiring to interpret a
problematic scenario and infer a resolution pattern and program (Items
6-8). See Fig. 8 for an example. See Table 1 for a recap of the structure
of the questionnaire.

3.4. Methodology

The revised questionnaire was analysed in terms of reliability, dif-
ficulty, discrimination and structure as follows.

3.4.1. Reliability analysis

Researchers measured the reliability of the questionnaire through
Cronbach’s alpha (Cronbach, 1951). Cronbach’s alpha ranges from 0
to 1, with higher values indicating that the questionnaire is reliable in
measuring the construct under evaluation and vice-versa. Even though
no standardised thresholds is available, the thresholds of 0.5,0.7 and
0.9 are commonly used to indicate a low, acceptable, good, or too-high
alpha value! Nunnally and Bernstein (1994). Two actions can be taken
regarding a low Cronbach’s alpha: (i) items with low correlation with
the questionnaire total score should be discarded or revised, and (ii)
items that may add more variability to the questionnaire should be
added. On the other hand, an alpha that is too high suggests that some
items may be redundant, i.e., they ask the same thing in different ways.

1 It is worth mentioning that the thresholds are also domain-dependent.
For instance, in medicine, an instrument is considered reliable if it shows an
a ~ 0.9, whereas, in other research fields, an a ~ 0.7 is considered a value for
good reliability.
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Fig. 5. Item 1 of the questionnaire after the pilot studies.
Anna has described her idea as follows: Anna has described her idea as follows:
| enjoy listening to my grandma's stories or when she reads a book to 1 enjoy listening to my grandma's stories or when she reads a book to
me at night. However, due to her age, she faces difficulty seeing in the me at night. However, due to her age, she faces difficulty seeing in the
dark even when she wears glasses. dark even when she wears glasses.
Therefore, | came up with an idea of creating a light necklace that could Therefore, | came up with an idea of creating a light necklace that could
help her. When she wants to read me a story, she can press a button on help her. When she wants to read me a story, she can press a button on
the necklace which will light up and assist her in seeing better." the necklace which will light up and assist her in seeing better."
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Fig. 6. An example of the outcome of the pilot studies for Item 5: the initial one (left), and the revised one (right).
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Fig. 7. Item 3 of the questionnaire after the pilot studies.

3.4.2. Difficulty and discrimination analysis higher the g, the higher the item’s difficulty; the higher the §, the higher
To measure the characteristics of the questionnaire’s items, several the item’s ability to differentiate students.

approaches can be followed. Item Response Theory (IRT) is among the
most consolidated (Hambleton & Swaminathan, 1985). Through several 3.4.3. Structure analysis

models and algorithms, different parameters can be estimated. This A confirmatory factor analysis (CFA) was chosen to evaluate if
research focused on the difficulty f and discrimination § parameters. The children’s answers fit the questionnaire structure, which divides items
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Plants suffer too! Alex had this idea to show it, which he described a bit in a rush:
The smart pot for my plant always does this. If the temperature is above 20 degrees, then the pot shows a
happy face. If the temperature is less than or equal to 20 degrees, then the pot shows a sad face.

Which program should Alex use? Place an X on it.

forever

if temperature (°C) < @ then

show icon L.

®

else

®

if temperature (°C) > v @ then

show fcon 1",

show icon LI v

Fig. 8. Item 7 of the questionnaire after the pilot studies.

into levels according to understanding objectives of the Bloom’s tax-
onomy (Thompson, 2004). See Table 1. To this aim, the questionnaire
model was defined: (i) a latent variable was introduced for each row
of Table 1; (ii) each latent variable was considered inferable from the
respective items. A CFA then explores if: Items 1 and 2 measure the
expected basic level on classification; Items 3, 4 and 5 evaluate the
intermediate level about interpretation and inference; Items 6, 7 and 8
assess the advanced level about interpretation and inference. Therefore,
the following was calculated:

» the correlation of each item with its related latent variable. The
correlation coefficient may range from —1 to 1: the highest is
the (absolute) value, the strongest (positive or negative) is the
correlation;

the Root Mean Square Error of Approximation (RMSEA) to mea-
sure how far the data are from the theoretical questionnaire
structure. The lower the RMSEA, the better the data fits the
theoretical model. Values less than 0.05 are good, values between
0.05 and 0.1 are acceptable, and values greater than 0.1 are
poor (Fabrigar, MacCallum, Wegener, & Strahan, 1999).

3.4.4. Final analysis specifications

To deal with missing data, the fully conditional specification method
was adopted, where each incomplete variable is imputed by using spe-
cific models (e.g., random forest, linear/logistic regressions) (Van Bu-
uren, Brand, Groothuis-Oudshoorn, & Rubin, 2007). All analyses were
executed using R 4.3.1, with packages “psych” for the reliability analy-
sis, “mirt” for the IRT analysis, and “lavaan” for CFA (Philip Chalmers,
2012; Revelle, 2022; Rosseel, 2012).

4. Field study
4.1. Participants and consent

According to the results of the first pilot study, which included a
small number of children of a larger age range (8-13 years old), younger
children could only tackle the first two classification items of the
questionnaire. In view of this and their very different developmental
capabilities, the questionnaire was administered to 163 children, aged
10-14 year old, attending mainstream primary and middle schools. A
total of 75 children, aged 10-11 year old, were from primary school. Ad-
ditionally, 88 children were from middle school, distributed among the
6th grade (17 children, aged 11-12), 7th grade (44 children, aged 12—
13), and 8th grade (27 children, aged 13-14). Only 116 complete ques-
tionnaires were returned, which were retained for the data processing
detailed below.

4.2. Procedure

The questionnaire was administered after children had experienced
the basics of physical computing, outlined in the introductory sec-
tion. In brief, they had experienced diverse physical input and output
devices, infinite loops, and conditionals. These had a condition that
depends on the state a physical input device is in (if a button is
pressed), and a reaction of a physical output device (e.g., then the
LED matrix shows a happy icon). Moreover, children were introduced
to alternative conditions (e.g., with if—else control-flow structures),
besides sequencing. Examples are in Fig. 8.

The intervention for the basics of physical computing was run
by teachers during their class hours. Timing depended on school-
related constraints, and the organisation of an intervention could not
be controlled. However, in total, each intervention lasted circa 15 h,
as recommended. The teacher with expertise in computing education,
who had managed the 3P courses for teachers with researchers, was
also present in classes at school. Moreover, the questionnaire was
always administered by teachers with the support of the external
expert teacher for a correct administration, again during their class
hours, at the conclusion of the intervention. Additionally, teachers
read the questionnaire aloud to the entire class to ensure that all
children understood the items. Both teachers and researchers were
present while it was being completed by the children, to identify and
address potential misunderstandings or doubts the children might have
had regarding its items. Their presence ensured clarity and supported
children in completing the questionnaire confidently and accurately.
The questionnaire was administered in paper format, anonymously.
Completing the questionnaire took between 20 and 40 min circa. Data
were then organised in electronic tabular format, and cleaned by two
researchers of 3P. Then, another researcher, expert in psychometric
measurements, processed them with the aforementioned methodology.

5. Results, discussion and revisions

Results are first presented and discussed. The main revisions to the
questionnaire are thus derived and explained per item.

5.1. Results and discussion

The value of Cronbach’s alpha calculated on the 116 sample units
is « = 0.58. It can be considered acceptable, even if with space for
improvements. A detailed analysis is reported in Table 2. In the first
three columns, the table reports the item number, the reliability if
the item is dropped (column «) and the item correlation with the
questionnaire (column R). The results suggest that the “critical” item is
Item 5 (marked in grey): it is the least correlated item and the one that
— if removed — could improve the reliability of the questionnaire.

The table also reports the difficulty and discrimination parameters
of the IRT analysis, defining the items’ probability functions depicted
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Analysis details. Column «a shows the reliability if the corresponding item is dropped; column R shows the item
correlation with the questionnaire; column g reports the difficulty of the corresponding item and § the discrimination;
column LV contains the names of the latent variables and Corr. the correlation coefficient of the item with the

respective latent variable.

Item Reliability IRT CFA
a R p 8 LV Corr.

1 0.54 0.57 —0.04 0.94 B 0.68
2 _0s6 0s0_ 102 __ _____ 080 M _______ 054
3 0.56 0.44 1.89 0.93 0.49
4 0.55 0.48 1.35 0.95 B, 0.61
. co Geomgm 03 ______ B Uomm  __________1 LS
6 0.52 0.56 1.32 1.44 0.56
7 053 0.51 3.32 2.35 B, 0.56
8 0.53 0.56 0.04 1.26 0.46

6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
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Fig. 9. Items’ probability functions.

in Fig. 9. Each curve shows, for each item, how the estimated student’s
ability (on the x-axis) is related to the probability of answering correctly
the corresponding item (on the y-axis). The parameters indicate that the
first and the last items are the easiest (in green), whereas the seventh
is the hardest (in violet).

According to this analysis, Item 2 tends to be more difficult than
Item 1, both targeting basic classification; Item 1 targets the classifica-
tion of input devices, with a motor and light as distractors; 2 addresses
the classification of output devices, with an accelerometer and a slider
as distractors. Finally, regarding the advanced items, Items 6, 7 and 8
have a loop, and at least a conditional statement. A difference between
Item 7 and the others is in the condition—Item 7 refers only to analog-
ical sensors (i.e., for temperature and light). Moreover, the phrasing of
the condition is also different: Item 7 negates the if -condition instead of
using else. The analysis shows that their difficulties differ significantly:
Item 7 is the hardest, and Item 8 is among the easiest. However, Item 8
like Items 6 and 7 have high discrimination, with Item 7 being the most
discriminant (in violet). Most critically, Item 5 is neither the easiest nor
the hardest item according to the IRT analysis, and it is the item least
capable of discriminating performances.

The CFA returned a very good RMSEA of 0.017, which means that
the data fit the questionnaire’s theoretical structure well. Details are
in the last two columns of Table 2 and in Fig. 10. Item 5 is again the
critical item, because it almost does not correlate with the expected
latent variable (B,;, for interpretation and inference, intermediate
level). Moreover, Items 1 and 2 show, respectively, a good and average
correlation with their B, ; latent variable (classification, basic). Average
correlations are found in the other items for their latent variables, B,
and B,, (interpretation and inference, intermediate and advanced).
Focusing on the latent variables, Fig. 10 shows that the lowest corre-
lations are between the basic (B,p) and intermediate/advanced (B,;,

B, ) latent variables and the highest is between the intermediate (B,;)
and advanced (B,,). A low correlation indicates discriminant validity
between the two latent variables, i.e., they represent distinct constructs,
and vice versa. This means that the first two items distinctly measure
the basic abilities, whereas the other items measure more intertwined
abilities that require both interpretation and inference.

5.2. Revision decisions

The final questionnaire, PCBUQ, was obtained as follows. In line
with the results of all analyses, Item 5 was dropped. It is the only
item that, once dropped, increases reliability, from 0.58 to 0.60; it is
neither the easiest nor the most challenging; it is the least capable of
discriminating learners’ performances; it is the item least correlated
with the corresponding latent variable.

According to the CFA (see Fig. 10), all other items could be con-
sidered to match the expected level (basic, intermediate, advance)
of understanding of the revised Bloom’s taxonomy. In particular, B,;
and B,,, targeting interpretation and inference, showed to have good
correlation.

According to the difficulty results reported in Table 2, Item 2, which
requires to classify outcome devices, tended to be more difficult than
Item 1. It was kept as is in PCBUQ to maintain variability.

Item 7 turned out to be hardest according to the IRT difficulty
analysis. It is worth reminding that Item 7 differed from Items 6 and
8 in the usage of analogical sensors, and the phrasing of alternative
condition. Thus, in PCBUQ, to slightly simplify its difficulty, Item 7
was modified with else for phrasing the alternative condition, but it kept
analogical sensors to maintain variability. Item 8, though simpler than
the other Items 6 and 7, had a good discrimination ability, comparable
to that of Item 6, and hence it was maintained as is in PCBUQ.
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0.48
/—0.08 0.66——
0.68 0.54 0.49 0.61 0.08 0.56 0.56 0.46
ITEM1 ITEM2 ITEM3 ITEM4 ITEM5 ITEM6 ITEM7 ITEM8

Fig. 10. CFA for the structure of the questionnaire, shown in Table 1. On the top the latent variables: B,; = classification, of basic level; B,, = interpretation and inference,
intermediate; B,, = interpretation and inference, advanced. On the bottom, the questionnaire’s items. On the centre, the arrows describe how strong items are related with the

corresponding latent variable (the higher the value, the stronger the relationship).

6. Conclusions

The work in this paper stems from the 3P project for the empower-
ment of primary and middle schools with physical computing, carried
out in Italy. The curriculum is standardised across all primary and
middle schools in Italy, ensuring that learners had a common baseline
of educational experiences. 3P offered open courses and material for
teachers to carry out interventions in their classes. The basic interven-
tion starts with simple problematic scenarios for children, a resolution
pattern and programs. It continues and challenges to maintain the same
pattern, and modify it by experimenting with diverse physical input and
output devices. Before tackling more complex challenges, a formative
assessment step is recommended and a specific instrument was missing,
in line with the critical review by Liu et al. which shows that most
assessment methods tend “to regard CT as a learning outcome”, and
not as a process to evaluate step by step (Liu et al., 2021). The paper
thus reports on the creation of the PCBUQ questionnaire for it, for
investigating children’s understanding of the basics of physical com-
puting, to administer before children tackle more complex challenges.
Specifically, the questionnaire was designed to be: (1) inclusive, that is,
clear, suitable and adequate for diverse children attending mainstream
schools (e.g., with textual-pictorial items), (2) rapid to administer and
process in time-constrained class hours by teachers on their own, to
obtain formative feedback on their interventions.

The questionnaire development process, detailed in the paper,
served to refine items and classify them into understanding-related
levels of the Bloom’s taxonomy for non-computing experts, shown in
Table 1. The final statistical analyses served to assess it, as shown in
Table 2, and suggested to drop Item 5 and slightly revise Item 7 in terms
of phrasing. In brief, the reported analyses show that PCBUQ can be
considered a satisfactorily reliable instrument capable of discriminating
performances of learners of the basics of physical computing in terms
of classification, interpretation and inference.

The reported work indicates that similar formative questionnaires
can be analogously designed for different intervention curricula to be
inclusive and rapid for teachers to administer, keeping reliability at
an acceptable level. The advantage of such questionnaires with respect
to more advanced methods (e.g., eye-tracking, think-aloud) is that they
could be used by teachers, independently of researchers or experts in
assessment methods, to understand those who are most likely to be in
need of further scaffolding.

In particular, the external teacher, who followed interventions in
schools and the administration of the questionnaire, noted that the
difference in difficulties of what were envisioned as basic items (1, 2)

and advanced items (6, 7, 8) in Table 1 could be explained with the
variability in length of the interventions, besides teachers’ confidence in
their knowledge. In particular, the teacher observed that not all schools
managed to spend time on the exploration of analogical devices. This
factor may have affected the results of the questionnaire in relation
to those items that tackle their understanding, besides the different
way of phrasing Item 7. A suggestion for future versions of this and
other similar questionnaires is to clearly differentiate the items that
require digital and analogical devices, use the same language structure
for them, and study the type of devices (analogical versus digital) as a
criterion for clustering items into difficulty levels.

A limitation of the reported work was that the last three items of the
questionnaire were designed by referring to a block-based environment
that teachers had used in class. On the one hand, they refer to basic
control-flow structures (loops and conditionals), which are present in
other programming environments for physical computing for children;
these items could be adapted accordingly, still paying attention to
differences in devices as recommended by a reviewer, e.g., the available
input and output devices.

Furthermore, the intermediate and the advanced-level items of the
questionnaire refer to a problematic scenario to interpret for inferring
solutions. This was consistent with the overall goal of the interventions
reported in the paper, which was to empower learners to design their
own smart solutions for every-day’s scenarios with physical computing,
and not to scaffold future computer-science coursework (Weintrop &
Wilensky, 2019). On the other hand, the questionnaire was designed
and tested with young learners, who had started learning of physical
computing, and then designed their solutions for problematic scenarios
with it. Moreover, as commented by a reviewer, other interventions
at school not only require to design an artefact for a problematic
scenario, like the interventions reported in the paper, but they also
target electronics knowledge, e.g., the usage of breadboards. This is not
addressed by the questionnaire presented in the paper.

Thereby, it remains open the issue of investigating the design of sim-
ilar formative instruments for more experienced learners and advanced
physical-computing interventions, e.g., addressing more advanced elec-
tronics knowledge (e.g., of breadboards), or computing knowledge
(e.g., of data structures).

Selection and participation
The questionnaire and overall data processing were submitted to the

privacy and ethical boards of the leading university. The approval was
received in Fall 2022. Moreover, the questionnaire was administered
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ITEM 1
Place an X on ALL input cards
= s
- u
- )
button is temperature switch on rotate the
pressed is high the light motor

ITEM 2
Place an X on ALL output cards
] B
l.‘
3 £\ %
switch off show asad | |acceleration slider is at
the light icon is high maximum

Fig. A.11. Item 1 and 2 of the final questionnaire.

-
B When a boy presses the button on
the map, the map reproduces a
button is bright, smiling face.
pressed

Place an X on the OUTPUT card that Christine needs for her idea:

oy
. L U
. . light
switch on button is play a intensity is show a turn animation
the light not pressed | | happy tune high happy icon on

When it is very warm, a sad icon is
shown on the birdhouse.

show a sad
icon

Place an X on the INPUT card that Nicholas needs for his idea:

J L || @9 || @& .

light ) there is o .
intensity is | |temperature| | switch on movement slider is at switch on
high is high the fan around maximum the light

Fig. A.12. Item 3 and 4 of the final questionnaire.
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Mary came up with this idea: The bin shows what should be thrown inside it. If the button on the bin is pressed, then the bin asks for paper, else
it does not. If the bin is shaken, it plays a funny sound, else it does not.

Which program should Mary use? Place an X on it.

if  button A+ is pressed

then
show icon

else
clear screen if

pause (ns) ELLRJ

® ®

if  is shake v gesture then

Togo is pressed  then

if  is shake v gesture then

play melody funk » until done v

play melody funk » until done ~

® @®

ITEM 6

Plants suffer too! Alex had this idea to show it, which he described a bit in a rush:
The smart pot for my plant always does this. If the temperature iis above 20 degrees, then the pot shows a happy face, else the pot shows a sad

face.

Which program should Alex use? Place an X on it.

temperature Q)

e @t

ITEM7

“Relax, kids!". Martha had this idea to relax her class, which she described a bit in a rush:
Whenever someone leans against the wall in class, the wall plays a relaxing music, else it plays no sound.

Which program should Martha use? Place an X on it.

forevar
i button A+ is pressed then

play melody blues »  until done »

© else
stop all sounds

®

sound Level ||z (@) ehen

play melody blues ~  until done v

i logo is pressed then

play melody blues > looping in background =

®

Fig. A.13. Item 5, 6 and 7 of the final questionnaire.

by teachers, with an external teacher, as part of their class curricula.
Parents were informed by schools and their approval sought. Data
were always anonymously collected by teachers and safely processed
by researchers in line with national, European regulations and the
guidelines of the two boards.
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