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Research on spatial ability is interested in identifying the cognitive processes which
characterise it. It has been related to success in science, technology, engineering,
and mathematics. Completed as part of the French research project EXAPP_3D
e-FRAN, our study has focused on measuring engineering freshmen’s spatial and
3-D modelling skills. Pen-and-paper tests are currently the most popular method
used to measure spatial skills. Our research has shown that performance on these
tests is not indicative of the skills targeted by the tests alone: Our first subjects
reported a variety of solving strategies. The sensitivity of spatial tests to bypass
strategies, in the sense that those used do not correspond to the skills targeted by the
test, presents the challenge of defining an experimental protocol that characterises
both the performance measured in these tasks, as well as the skills they engage. This
article presents a mixed methodology which addresses this twofold issue.
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Mors cLEs: analyse de ’activité, habiletés spatiales, stratégies de résolution, tests
spatiaux

La recherche sur les habiletés spatiales s’intéresse a qualifier les processus cognitifs
qui la caractérisent. Dans le cadre du projet e-FRAN EXAPP_3D, notre recherche
s’est portée sur la mesure des habiletés spatiales et des compétences de modélisation
volumique d’étudiants ingénieurs primo-arrivants. Pour ce faire, nous avons
investigué la mesure des habiletés spatiales la plus fréquemment observée dans les
études contemporaines, c’est-a-dire les tests papier-crayon. Notre recherche a mis
en évidence que la performance relevée dans ces tests n'est pas révélatrice des seules
compétences visées : nos premiers entretiens ont révélé une pluralité de stratégies
(cognitives, comportementales) mobilisées. Cette sensibilité des tests spatiaux aux
stratégies de contournement présente le défi de définir un protocole expérimental qui
permette de caractériser aussi bien la performance mesurée dans ces tdaches que les
compétences qui y sont mises en euvre. Cet article présente la méthodologie mixte
que nous avons congue pour répondre a ce double enjeu.

PALAVRAS-CHAVE: analise da atividade, estratégias de resolugao, habilidades espaciais,
testes espaciais

A investigagcdo sobre as habilidades espaciais procura qualificar os processos
cognitivos que as caracterizam. No ambito do projeto e-FRAN EXAPP_3D, a nossa
investigagdo centrou-se na medi¢do das habilidades espaciais e das competéncias
de modelagdo volumétrica de estudantes de engenharia recémchegados. Para isso,
investigamos o método de avaliacdo das habilidades espaciais mais frequentemente
utilizado nos estudos contempordneos, ou seja, os testes de papel e lapis. A
nossa investigagdo revelou que o desempenho observado nesses testes ndo reflete
exclusivamente as competéncias visadas: as primeiras entrevistas mostraram uma
pluralidade de estratégias (cognitivas e comportamentais) mobilizadas pelos
estudantes. Esta sensibilidade dos testes espaciais as estratégias de contorno coloca
o desafio de definir um protocolo experimental que permita caracterizar tanto o
desempenho medido nessas tarefas como as competéncias efetivamente mobilizadas.
Este artigo apresenta a metodologia mista que concebemos para responder a este
duplo desafio.

Authors’ note: Correspondence regarding to this article may be addressed to
sophie.charles@isae-supmeca.fr
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Introduction

This article aims to present a methodology for investigating spatial
abilities more heuristic than simple performance assessment, by supple-
menting spatial performance measures with an investigation of engaged
cognitive processes. Observation of multiple and alternative strategies
used in spatial tests (Hegarty, 2018; Pilardeau, 2008; Workman et al.,
1999) raises the question of what they actually measure. According to
some researchers (Barratt, 1953; French, 1965; Guay, 1980; Guay et al.,
1978; Lohman, 1979, 1996; Thurstone, 1938), the use of strategies not
targeted by certain spatial tests is reason to question their validity. If a
test allows the use of alternative strategies, is it possible to be sure of
what it really measures?

Since Galton’s work on imagery (1883), research on spatial abilities
has focused on describing the cognitive processes they engage (Eliot,
1983; Tartre, 1990). Traditionally, these abilities have been measured
using performance tests and paper-and-pencil tests (Eliot, 1983). Paper
tests are more widely used, as they are considered easier to use (Lohman
et al., 1987), than performance tests, which require the manipulation of
materials (Lohman et al., 1987) or movement performance (American
Psychological Association, 2018c). Use of computerised tests for asses-
sing these skills has increased in recent years (Branoff & Dobelis, 2012;
Kelly Jr, 2013; Onyancha et al., 2009; Tsutsumi et al., 1999), as they allow
for automated management of answers and response time measurement
(Branoft, 2000).

Spatial skills have been specifically linked to success in science, tech-
nology, engineering and mathematics (STEM), both for success in stu-
dying these disciplines and career orientation in these specialties (Wai et
al., 2009). Studies specific to engineering training programmes have esta-
blished the predictive nature of spatial tests for performance in volumetric
modelling tasks (Branoff & Dobelis, 2012; Steinhauer, 2012), i.e. com-
puter simulation of an object in three dimensions (Lieu & Sorby, 2009).
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As part of the French e-FRAN investment programme, which focuses
on the positive and negative effects of the use of digital technology in
teaching and learning practices (Ministry of National Education, Higher
Education and Research, Ministry of Economy, Industry and Digital
Affairs, and General Commission for Investment, 2016), our research
(Charles, 2023) explored the measurement of spatial skills and volume-
tric (3-D) modelling abilities of first-year engineering students. The pri-
mary objective was to use tests to study the link between performance in
3-D modelling and spatial performance, with performance understood
as a result obtained by collecting responses (American Psychological
Association, 2018b). This work examined the prerequisites for engineering
students who learn 3-D modelling in design studies, training necessary for
professional practice (Ault & John, 2010; Geronimi et al., 2005; Hamon,
2009). The first phase of our work consisted in identifying, obtaining, and
experimenting tests designed to measure various spatial factors. Our initial
experiments revealed that the participants used several problem-solving
strategies to solve the tasks presented in the tests. In light of this confir-
mation of previous findings by Hegarty (2018) and Pilardeau (2008), we
designed a methodology for characterising spatial performance and pro-
blem-solving strategies. For the data collection, we combined quantitative
and qualitative methods, putting first-year engineering students through a
battery of five spatial tests to assess their performance, then asking parti-
cipants to complete open and closed questions on the strategies they had
used to observe the cognitive processes at work.

Conceptual framework

Spatial ability

According to Lohman (1996), spatial ability refers to the ability to
“generate, retain, retrieve, and transform well-structured visual images”
(p. 98). No consensus has been reached on the nature or number of skills
it requires (Uttal et al., 2013), but several authors (Hegarty, 2010; Linn &
Petersen, 1985; Maier, 1996; Tartre, 1984; Uttal et al., 2013) have proposed
classifications. Drawing on eleven models in the existing literature, we obser-
ved the recurrence of two main factors (Charles, 2023): Spatial visualisa-
tion and spatial orientation. The first factor, spatial visualisation, relates
to the mental manipulation of two- and three-dimensional objects (Linn
& Petersen, 1985; McGee, 1979; Tartre, 1984). The second factor, spatial
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orientation, refers to a person’s ability to determine the orientation of an
object from a given point of view (McGee, 1979; Tartre, 1984). Thus, in the
case of spatial visualisation, the observer mentally manipulates an object,
whereas in the case of spatial orientation, it is a matter of “comprehending
or making sense out of a visual representation” (Tartre, 1984, p. 28).

Tartre’s classification (1984), illustrated in Figure 1, uses this distinc-
tion to categorise tasks designed to measure spatial skills according to the
cognitive process they are intended to mobilise (Tartre, 1990). The author
reiterates the distinction made by Kersh & Cook (1979, cited in Tartre,
1984) between the skill of manipulating an entire object, known as mental
rotation, and that of manipulating part of an object, known as mental
transformation. For example, a mental rotation task consists in mentally
rotating a shape, whereas imagining folding a pattern to make a cube is a
mental transformation.

Similarly, Tartre (1984) separates the ability to “understand a visual
representation” or “some change that has taken place between two repre-
sentations” (p. 6) from the ability to understand the relationship between an
object and the whole from which it originates. For example, understanding
the two possible interpretations of Necker’s cube (1832) requires a change
of perspective, whereas placing a piece in a jigsaw puzzle requires understan-
ding the relationship between the piece and the pattern of which it is a part.

Figure 1
Tartre’s spatial skills classification scheme (1984)

Spatial skills

visualisation

Spatial
orientation
q 5 q Reorganised .
Rotation Transformation Part of field
whole

Note. Simplified representation of Tartre’s spatial skills classification (1984, p. 27).
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Measuring spatial ability

Results of psychometric tests were explored to identify the spatial
factors used in solving spatial problems and hence define spatial ability
(Eliot, 1983). This section presents five tests devised to measure the four
spatial factors derived from Tartre’s classification (1984). The process for
this selection will be described in the methodology.

The first three tests focus on spatial visualisation. The Mental Rotation
Test (MRT) (Vandenberg & Kuse, 1978) and the Revised Purdue Spatial
Visualisation Test: Rotations (R PSVT:R) (Yoon, 2011) aim to measure
mental rotation. The Mental Cutting Test (MCT) (College Entrance
Examination Board, 1939) intends to assess mental transformation. The
last two tests focus on spatial orientation: the Purdue Spatial Visualisation
Test: Visualisation of Views (PSVT:V) (Guay, 1976a) targets the ability to
understand an object regardless of how it is represented, and the Closure
Flexibility Test (Concealed Figures) Form A (CFT) (Thurstone & Jeffrey,
1965) the ability to isolate an element embedded in a complex pattern.

The MRT presents 20 questions in which the respondent must identify
the two orientations of an object that are identical to the one presented
as a stimulus from among four possibilities. Respondents must provide
two correct answers per question to earn one point (Vandenberg & Kuse,
1978), with a maximum score of 20 points. This test is organised in two
parts, separated by a break. The duration of the test must be adapted
according to the experience of the respondents and the test battery used
(A. R. Kuse, personal communication, 25 June 2018).

The R PSVT:R presents 30 questions for which the participant must
identify the correct answer from five possibilities. To do so, they are asked
to observe the sequence of rotations applied to an example to use it on
the stimulus presented in the question. Each correct answer is worth one
point, the highest score is 30 points. The response time is unlimited in
order to measure the respondents’ actual level of spatial ability (Yoon &
Mann, 2017).

The MCT presents 25 questions in which the respondent must choose
from five alternatives to identify the section resulting from the cut shown
on the stimulus. As each correct answer is worth one point, the highest
score is 25 points. The response time is limited to 20 minutes (Eliot &
Macfarlane Smith, 1983).
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The PSVT:V presents 30 questions in which an object is depicted. The
respondent must imagine this object floating in the middle of a glass cube.
A black dot, positioned on one of the corners of the glass cube, indicates
the viewpoint to be adopted to imagine the representation of the stimulus
from this angle. The respondent must choose between five possibilities the
view of the stimulus determined by the viewpoint indicated on the glass
cube. Each correct answer is worth one point and the highest score is
30 points. The response time is limited to 20 minutes (Eliot & Macfarlane
Smith, 1983).

The CFT presents 49 questions in which the respondent must indicate
whether the stimulus is embedded in four complex patterns. For some
questions, there are several correct answers. The score is calculated by
adding the number of correct answers and subtracting the number of
incorrect answers. The maximum score is 196 points. The time limit is ten
minutes, and the instructions specify that respondents are not expected to
answer all the questions within the time limit (Thurstone & Jeftrey, 1956).

Characteristics of spatial tests and affordance

The format of the tests described above have common attributes:
they are multiple-choice questionnaires (MCQs) with a time limit (with
the exception of the R PSVT:R). MCQs have been described as promo-
ting comparison and selection among possible answers (Leclercq, 2006;
Lohman, 1979) and not encouraging the production of an independent
answer (Bloom & Broder, 1950; Hopkins, 1998; Leclercq, 2006). Tests
without time limits are considered to allow for the implementation of a
greater number of strategies (Schwartz, 1963), whereas tests with very tight
time limits, whose instructions specify that answers must be correct despite
this constraint, would modify the participants’ response style (Hopkins,
1998). For example, Cooke-Simpson and Voyer (2007) observed that
female respondents, faced with the dual constraint of responding quickly
and correctly, preferred to not respond rather than respond randomly.

Furthermore, the shapes used in the questions have specific charac-
teristics. In the PSVT:V, the R PSVT:R and the MCT, the shapes are
isometric representations. Representing the front, top and side views in
the same proportions (Yue, 2006), these figures are easy to draw but diffi-
cult to understand for respondents who are not familiar with them (Yue,
2006). The MRT presents sets of cubes bent twice, characterised by salient
features, such as the number of cubes and the orientation of the bends.
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These characteristics are affordances, i.e. invitations to action, such as
manipulation: “A rigid object with a sharp dihedral angle, an edge, affords
cutting and scraping: it is a knife” (Gibson, 2015, p. 125). Drawing on
Gestalt theory (Wertheimer, 1923), Gibson (2015) defined affordance as
invariants, which observers may or may not perceive. It concerns objects
as well as the environments where they are found. External to respondents
and their needs, affordances are constantly available for perception, even
if they are not always perceived. They are part of a “process of perceiving
a rich-value ecological object” (Gibson, 2015, p. 132) and are “specified in
stimulus information” (Gibson, 2015, p. 131). In the case of tests, Gibson’s
definition of affordance was supplemented by Salmani Nodoushan (2021),
who contrasted it with that of a test’s function, which concerns the spe-
cific and limited use of a test, whereas affordances encompass all subsi-
diary functions and uses. Like a chair, the main function of which is to
allow someone to sit down but which can also be climbed on or thrown,
tests have peripheral affordances that are different from the skill they are
intended to measure. Hence, we propose that the characteristics of spatial
tests, such as the nature of the stimuli or the method of administration,
are affordances, because they structure the respondents’ mode of reaso-
ning. For example, multiple-choice questions and the characteristics of
the objects presented afford resolution strategies.

Strategies for solving spatial tasks

While these tests assess the ability to solve spatial tasks, they do not
provide information about the activity engaged by the respondents. Part of
the research dedicated to spatial ability focuses on the sources of variance
in performance measured through spatial tests, including the resolution
strategies implemented in the tasks presented (Eliot, 1987). According to
Bloom & Broder (1950), because tests are designed to measure specific
skills, the accurate interpretation of individual performance cannot be
limited to the results. It must also “investigate the nature of the mental
processes underlying the responses to these instruments” (p. 3). Similarly,
Leplat (2004) considered that skill or competence is an abstract concept
that can only be analysed through observable manifestations of activity.
He posited that a task corresponds to a goal to be achieved and the condi-
tions under which it must be achieved, while an activity concerns what
is done by the subject to perform the task. This can be likened to the
strategy described in the online APA Dictionary of Psychology (2018d)
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as “a program of action designed to achieve a goal or accomplish a
task”. Whether discussing activity or strategy, researchers can study task
execution by observing respondents under normal conditions or under
conditions created by the analyst, for example, through verbal protocols
conducted during (Lemaire, 2015) or after the activity (Leplat, 2004). For
example, Hegarty (2018) combined concurrent and retrospective inter-
views to examine the strategies adopted by 47 students for solving the
questions in the second part of the MRT. Albaret & Aubert (1996) invited
288 high school students to describe in one sentence the method they
used to answer the MRT questions. These two studies revealed the use of
different strategies to solve a test that aims to measure mental rotation,
including mental rotation, comparing the stimuli using a salient element
(considered an analytical strategy (Eme & Marquer, 1998)), and the com-
bination of several strategies. However, these observations depend on the
participants’ ability to verbalise mental processes (Bloom & Broder, 1950;
Pilardeau, 2008), of which they are not always aware (Bloom & Broder,
1950; Lemaire, 2015; Lohman, 1979).

Another solution is to infer strategies from performance indicators,
such as completion time. For example, Lohman and Kyllonen (1983) assi-
gned completion times to previously defined strategy models. However,
according to Lemaire (2015), indirect investigation methods risk confu-
sing different strategies achieved in identical response times. He therefore
recommended studying strategies directly, whenever possible, to mini-
mise interpretations and inferences. According to Dunlosky and Hertzog
(2001), retrospective reports are suitable for describing problem-solving
strategies when they take place immediately after the test, to reduce the
risk of forgetting.

These studies revealed that spatial tests, designed to assess a specific
skill, can mobilise strategies other than the one targeted by the test. Other
studies revealed that participants use several strategies in the same test
(Hegarty, 2018; Workman et al., 1999), and that some change strategies
from one question to another (Pilardeau, 2008; Workman et al., 1999).

Our initial literature review aimed to characterise the relationship
between spatial skills and 3-D modelling (Charles, 2023). Currently,
this field of research is mainly investigated by authors in engineering
sciences (e.g. Martin-Gutiérrez et al., 2013; Metz et al., 2016), who seek
to design and evaluate educational tools for remedying spatial ability. This
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educational support is considered useful for increasing student retention
in science programmes (Sorby & Veurink, 2010), as there is a confirmed
correlation between spatial performance and success in STEM (Wai et al.,
2009). This approach focuses on spatial tests as measures of competence
and does not address problem-solving strategies, explaining why these stu-
dies have not addressed the issue of strategies, unlike research conducted
in the field of psychology (Hegarty, 2018; Hegarty & Waller, 2004).

Methodology

Our methodology was developed in three phases of experimentations
and results: (a) identification and use of the most widely employed tests
in the study of the link between spatial ability and volume modelling
(Experiment A); (b) investigation into the activity of respondents taking
part in spatial tests (Experiment B); and, (¢) the final methodology, which
combined spatial tests and observation of the activity involved in these
measurements (Experiment C).

Experiment A

The first step in this process was to investigate spatial tests. This
involved identifying, obtaining, and experimenting with tests. The most
readily available tests were those most cited in the literature review addres-
sing the link between spatial ability and engineering studies (Ault & John,
2010; Kelly Jr, 2013): the MRT, the MCT, and the original version of
the R PSVT:R, the Purdue Spatial Visualisation Test: Rotations (Guay,
1976b). We then found and selected Yoon’s revised version (2011) as it is
not time-limited and therefore potentially less disadvantageous to women,
as mentioned by Cooke-Simpson and Voyer (2007).

In September 2018, 137 first-year engineering students, Ny, = 37
[27%0] women and N,, = 100 [73%] men, took the MRT and MCT, and
131 students, N, = 36 [27%] females and N, = 95 [73%] males, took the
R PSVT:R, according to the authors’ administration instructions. The
scores were compared with the marks obtained in Applied Mathematics
(MAPP), which addresses the theory of distributions of a real variable
and the Laplace transform, in Mechanism Analysis (AMEC), which aims
to teach students to analyse an industrial mechanism, and in Algorithms
and Programming (ALGO), which addresses algorithms, fundamental
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data structures, and the C language. An analysis of variance (ANOVA)
highlighted the predictive nature of the MCT, MRT, and R PSVT:R of
performance in AMEC, ALGO, and MAPP (Charles et al., 2019).

Experiment B

Adopting an exploratory approach, the first five questions from the
tests obtained were given to different types of respondents. For the first
experiments, we sampled people from our personal network (N = 2 child-
ren and N, = 2 adults) and filmed them in problem-solving situations.
They revealed differences in behaviour: Some used spontaneous hand or
head gestures, as observed by Chu and Kita (2008). These observations
were then supplemented by retrospective interviews to question the indi-
viduals’ mental activity. This aimed to identify the strategies used in the
collected tests for the subsequent selection of four tests that measure each
of the four factors in Tartre’s model, illustrated in Figure 1. This proto-
col was extended to a sample of children volunteers from our personal
network (n = 4), first-year engineering students from the school where the
main data collection would take place (n = 8), students in sports science
and technology (STAPS) attending a partner institution of our university
(n = 6), and professionals from our personal network (n = 4). This broad
sample was chosen to avoid collecting problem-solving strategies specific
to a given age or specialisation. Some of the resolution processes described
by the respondents for the same test differed from one person to another,
or from one question to another. Table 1 shows the frequency of strategies
reported as used in the spatial tests listed below:

— Mental rotation tests: the MRT and the R PSVT:R;

— Mental transformation tests: the MCT and the Santa Barbara
Solids Test (SBST) (Cohen and Hegarty, 2007);

— Perspective change tests: the PSVT:V, Visualization of Viewpoints
(VVT) (Guay & McDaniel, 1976), and the Perspective Taking/
Spatial Orientation Test (PTSOT) (Hegarty & Waller, 2004;
Kozhevnikov & Hegarty, 2001);

— Disembedding tests: the CFT, the Hidden Figures Test (HFT)
(Ekstrom et al., 1976), and the Hidden Patterns Test (HPT) (Ekstrom
et al., 1976).

Table 1 shows that these tests engage different or multiple solution
strategies, including strategies that differ from those targeted.
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Table 1
Frequency of strategies reported as used in Experiment B (N = 22)

Strategy used
=

5 f
o= < = < < <
2 § § % I E E E w E E E E
£ £ 5 3 Z2 2 8 5§ 2 & 5 2 ¢
§ 8 &8 §E z 2 2 3 €2 g E = £
Test n = 2 @ < =B =2 2 % = = =2 B =
VVT 4 0 3 3 4 0 1 0 2 0 0 0 1 0
PTSOT 4 0o 2 8 0 I 3 0 0 0O 0 0O 0 0
RPSVILR 20 0 18 0 o0 0 ©0 0 ©0 1 1 0 0 0
PSVLV. 17 0 0 14 0 0 2 0 1 0 0 0 0 0
MRT 9 0 5 o0 0 0 0 4 0 0 0 0 0 0
MCT 5 7 0 o0 0 0O 0 O 0 0 0 7 0 I
CFT 3 0o 0 3 6 0 1 0 3 0 0 0 0 0
HFT m o 3 1 3 0 1 0 3 0 0 0 0 0
SBST 4 4 0 0 0 O O O O 0O 0 0 0 0
HPT 20 0 0 2 0 0 0 0 0 0 0 0 0

Note. mental rotation (Tartre, 1984), MT = mental transformation (Tartre, 1984), SO = spatial orientation
(Tartre, 1984), AS = analytical strategy (Eme & Marquer, 1998), PS = physical strategy (Chu &Kita, 2008).

Experiment C

Following Experiment B, we selected the tests that most effectively
measured one of the four factors in Tartre’s model (1984): the R PSVT:R
for mental rotation, the PSVT:V for perspective change, the MCT for men-
tal transformation, and the CFT for disembedding. The MRT was added
because of its predictive value of engineering students’ academic suc-
cess identified in Experiment A, namely in the AMEC assessment which
requires the use of a 3-D modeller, but also for comparative purposes with
the numerous studies on spatial skills and volume modelling (Ault & John,
2010; Kelly Jr, 2013).

In light of the characteristics of spatial tests, as noted in the literature
and observed in Experiments A and B, we determined a methodology for
investigating spatial abilities to report on the skills used in spatial tests:
measures of the students’ performances in spatial tasks and investigations
of the cognitive processes involved. To that end, we supplemented the
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spatial tests, which collect quantitative data on participants’ ability to
solve spatial problems, with retroactive reports to qualitatively control the
object of these measurements.

Participants

The experiment used a convenience sample of 146 first-year enginee-
ring students, comprising N, = 27 [18.5%] women and N, = 119 [81.5%]
men, from a variety of academic backgrounds: scientific preparatory
classes for French elite higher education institutions, bachelor’s degree
programmes, advanced technician programmes, and university training
institutes. A total of 80 [55%] of the cohort had received technology ins-
truction in the second year of these programmes.

Tools for measuring spatial ability

Five spatial tests were selected to assess Tartre’s four spatial factors
(1984): The R PSVT:R and the MRT for assessing mental rotation, the
MCT for mental transformation, the PSVT:V for the ability to change
perspective, and the CFT for the ability to isolate an element embedded
in a complex pattern.

We followed the administration guidelines available in the test instruc-
tions for the CFT. We used Eliot and Macfarlane Smith’s guidelines (1983)
for the PSVT:V and the MCT, and the administration times commonly
cited in the literature for the MRT, i.e. three minutes for the first part, a
two-minute break, and three minutes for the second part, after receiving
confirmation from one of the authors that these times were appropriate
for our sample (A. R. Kuse, personal communication, 25 June 2018). We
limited the administration time for the R PSVT:R to one hour for schedu-
ling reasons. As Experiment B confirmed the use of alternative strategies,
we placed the tests shown to be most sensitive to circumvention strategies
at the beginning of the battery for Experiment C.

Investigation into the strategies used

Due to the number of participants and the time available in the aca-
demic calendar, we conducted consecutive observations (Leplat, 2004):
Spatial tests were followed by open and closed questionnaires to explore
the problem-solving processes used. First, we asked students to explain
the process they had followed to answer three questions from each test.
In each case, they were asked to mentally find the solution and then des-
cribe the resolution process. The aim was to gather the most recent and
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detailed possible recollection of the strategy used, such as the nature and
order of the steps, errors, and dead ends (Bloom & Broder, 1950). Three
questions per test were chosen to avoid a response that could apply to all
questions in the same test, as is the case for the MCQ described in the
following paragraph. We selected items presenting different types of diffi-
culties: The number of sides (Kyllonen et al., 1981), the nature of surfaces
(Pellegrino et al., 1985), the amplitude and number of rotations (Cooper
& Mumaw, 1985; Guay, 1980), the number of elements composing a sti-
mulus (Pellegrino et al., 1985), and the presence of occlusions (Caissie et
al., 2009; Pellegrino et al., 1985). The questions at the end of the test were
discarded in case not all of the students had time to answer them.

The respondents were then asked to choose the strategies they thought
they had used in a test from a multiple-choice list. These statements were
selected from the strategies most frequently described by the enginee-
ring students (n = 8) and sports students (n = 6) tested in Experiment B.
Students could choose as many answers as they wished. The MCQ com-
plemented the answers given in the open-ended questionnaire (OEQ), as
it focuses on strategies used in a test, while the OEQ explores strategies
specific to three questions per test. The OEQ was conducted before the
MCQ to prevent the answers proposed in the MCQ from influencing the
students’ answers to the OEQ (Schwarz & Hippler, 1991).

Ethical considerations

Students were informed of the framework and objective of the study,
as well as the procedure. In accordance with French Law 2018-493 of 20
June 2018, they were informed of their right to access the data collected
during the experiment. They signed a consent form previously approved
by the school’s data protection officer. All data were anonymised.

Methods of analysis

Scores were calculated using the instructions available in the manual
for the CFT (Thurstone & Jeffrey, 1965), in An International Directory of
Spatial Tests (Eliot & Macfarlane Smith, 1983) for the MCT and PSVT:V,
and according to the authors’ recommendations for the R PSVT:R and
MRT (Maeda et al., 2013; Vandenberg & Kuse, 1978).

The verbatim responses collected in the OEQ were encoded following
strategies identified in the literature review, noting overall strategies, such
as mental rotation, and the steps therein, for example (a) determining
the identity and orientation of the object; (b) rotating the object; (¢)
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comparing it with its usual representation; and (d) responding (Cooper
& Shepard, 1973). The constituent steps of a global strategy were grouped
into global strategies whenever possible. Observables of mode of expla-
nation (e.g., drawing that expresses response), mode of response (e.g.,
response identical to the previous response indicated by ‘idem’), sequences
indicated by sequencing markers (e.g., then), and articulation of reflection
(e.g., I deduce) were also noted. The coding kit, submitted to two external
observers, was validated with agreement rates between 96% and 98%. See
our doctoral dissertation (Charles, 2023) for a detailed explanation of this
methodology. The answers chosen in the MCQ were coded according to
the overall strategies mentioned in the literature review (Chu & Kita, 2008;
Eme & Marquer, 1998; Tartre, 1984).

We encoded the verbatim responses to calculate the number of dif-
ferent strategies reported as used in a test for the three chosen questions
and then determined whether the students had changed strategies between
at least two of the chosen questions. Students who used a generic response
to all three questions, rather than a specific response to each question,
were excluded.

Results

Spatial performance

Here we present some of the data from our doctoral findings: The dis-
tribution of scores varies according to the tests, including the two tests that
target the same spatial skill, i.e. the MRT and the R PSVT:R. As Table 2
shows, the distributions of scores for the PSVT:V, R PSVT:R, MRT, and
MCT do not follow a normal distribution:

— PSVT:V: dispersion of low and average scores, while the distribution
of scores between 25 and 30 appears normal;

— R PSVT:R: dispersion of low and average scores, while the
distribution of scores between 24 and 30 appears normal;

— MRT: dispersion of low scores, while the distribution of scores
between 8 and 20 appears normal;

— MCT: dispersion of low scores, while the distribution of scores
between 9 and 25 appears normal.
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Descriptive statistics and normality of spatial scores (N = 146)

Table 2
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Test N

Min Max

M SD w p
PSVT:V 144 5 30 25.10 5.56 075  <0.001
RPSVT:R 146 30 25.31 4.06 087  <0.001
MRT 146 20 12.55 4.42 096  <0.001
MCT 146 25 16.16 5.13 096  <0.001
CFT 146 22 160 96.52 2696 0.99 NS

Note. N = number of students present for the tests; M = mean; SD = standard deviation; W = Shapiro-
Wilk test statistic; p = p-value; NS = not significant.

The majority of students obtained average and high scores, except for
the CFT where distribution was normal.

Resolution strategies adopted in the spatial tests

Strategies identified in the open-ended questionnaire

Encoding the verbatim responses to the first question chosen from
each test determined the number of students who reported using the skill
targeted by the test, and the number of students who described using a
strategy other than that targeted by the test for that question. Table 3 shows
the percentage of students who stated they used a strategy other than that
targeted by the test, ranging from 6% to 65% depending on the test.

Table 3

Number of students who stated they used the strategies targeted in the tests

Skill used
Skill targeted
by the test Other strategy
Test N Targeted skill n Yo n %
PSVT:V 145 Perspective change 111 77 34 23
RPSVT:R 144 Mental rotation 135 94 9 6
MRT 140  Mental rotation 90 64 50 36
MCT 142 Mental transformation 73 51 69 49
CFT 142 Disembedding 50 35 92 65

Note. N = number of students whose responses were used; # = number of students who reported using
the strategy; % = percentage of students who recalled using the strategy
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Regarding the PSVT:V, which aims to measure the ability to change
a point of view, N, = 15 [10%] students reported using mental rotation
and N = 19 [13%] combinations of several strategies in the first question
selected. For the R PSVT:R, which intends to measure mental rotation,
N, = 2 [1%] students described the change of perspective strategy, and
N =T][5%)] reported a combination of strategies for solving the first selec-
ted question. Regarding the first question selected from the R PSVT:R,
which targets mental rotation, N, = 2 [1%] students recalled a change of
perspective and N = 7 [5%] indicated a combination of strategies. For the
first question selected from the MRT, which intends to measure mental
rotation, N = 32 [23%] students described a single strategy, such as chan-
ging their point of view or comparing using a salient element, and N_. = 18
[13%] reported a combination of strategies. Regarding the first question
chosen from the MCT, which seeks to measure mental transformation,
N s = 41 [29%)] students recalled single strategies, such as mathematical
knowledge or a real-life situation, and N = 28 [20%0] indicated a combi-
nation of strategies. Finally, for the first question chosen from the CFT,
which aims to measure disesmbedding, N = 62 [44%] students described
single strategies such as mental rotation or imagining themselves drawing,
and N = 30 [21%)] reported a combination of strategies.

Verbatim encoding was used to compare the strategies used in three
questions for each test in the battery and to determine whether students
changed strategies from one question to another. Table 4 shows that between
32% and 62% of students reported multiple strategies depending on the test.

Table 4
Number of students reporting the use of multiple strategies in verbatim responses
and multiple-choice questions

Open-ended questionnaire Multiple-choice questionnaire
Test N n % N n %
PSVT:V 143 76 53 144 98 67
R PSVT:R 142 45 32 146 51 35
MRT 138 46 33 142 84 60
MCT 125 77 62 146 85 58
CFT 136 51 37,5 146 52 35,5

Note. N = total number of students whose responses were used; » = number of students who reported using
multiple strategies; % = percentage of students who recalled using multiple strategies.
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The descriptive statistics for the number of strategies reported as used
in the five tests in Table 5 indicate that students used an average of one or
two strategies per test.

Strategies identified in the multiple-choice questions

Encoding the answers chosen in the MCQ makes it possible to identify
the strategies used for each test in our battery, whether the strategy was
used alone, such as mental rotation, or part of a combination of strate-
gies, such as mental rotation and disembedding. This calculation does
not determine whether the strategies are used in isolation or whether they
are combined to answer a question. For example, if the student answered
mental rotation and disembedding, it is not possible to determine whether
they used mental rotation for some of the questions and disembedding for
others, or whether they used a combination of these two strategies for all
the questions or only for some of them. We thus observe that a percentage
of students, ranging from 35% to 67% depending on the test, recalled
several unique strategies or a combination of strategies (Table 4). The
descriptive statistics for the number of strategies reported in the five tests
in Table 5 indicate that students used either one or two unique strategies
or combinations of strategies per test on average.

Table 5
Descriptive statistics for the number of strategies reported as used in the verbatim
and multiple-choice questionnaire

Open-ended questionnaire Multiple-choice questionnaire
Test N M Mdn SD Min Max N M Mdn SD Min Max
PSVT:V 143 1.61 2 0628 1 3 144 1.8 2 0.65 1 3
RPSVT:R 142 135 1 0533 1 3 146 1.4 1 053 1 4
MRT 138 1.39 1 0597 1 3 146 1.65 2 058 1 3
MCT 125 1.83 20759 1 3 146 1.64 2 056 1 3
CFT 136 143 1 0605 1 3 142 1.44 1 0643 1 3

Note. N = number of students whose responses were used; Min = lowest number of strategies observed;
Max = highest number of strategies observed; M = mean number of strategies observed; SD = measure
of dispersion of values; Mdn = median.

Discussion

The scores obtained by our sample describe a performance that is
mostly average to high for four tests in our battery. This result can be
explained by the fact that our respondents are students specialised in
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STEM subjects, i.e., students who are likely to have high spatial skills
(Wai et al., 2009). However, this observation does not apply to the results
observed for the CFT, the disembedding test. We propose our sample did
not follow academic studies that implement learning situations conducive
to the development of this skill, which some students may have acquired
through certain individual practices, such as leisure activities.

Table 4 shows that some students used several strategies for all the tests
in our battery, whether single strategies or combinations of strategies, and
that students changed strategies from one question to another. Whether
single or combined, the strategies used did not always correspond to the
skills targeted by the test. For example, some students rotated objects rather
than changing their point of view to indicate what an object looked like
when viewed from an angle different from that presented in the stimulus
in the PSVT:V, a test designed to measure changes in point of view. In the
CFT, a disembedding test, some students used a combination of strategies
to isolate an element in a pattern: They started by moving the stimulus into
the complex pattern, then searched for it in the pattern. However, we note
that in the case of the R PSVT:R, a mental rotation test, 94% of students
indicated using mental rotation alone in the MCQ, and that 90 to 94%
reported using mental rotation alone for the three selected questions.

The results of our study confirm those observed in the literature
(Albaret & Aubert, 1996; Hegarty, 2018; Pilardeau, 2008) for first-year
engineering students. They point to the fact that performance on spatial
tests cannot be solely explained by proficiency in the skills targeted by
the tests. To precisely identify the skills actually being measured, perfor-
mance measurements must be complemented with protocols for investi-
gating strategies used in spatial tests. Spatial performance, as measured by
these tests, reveals proficiency in the skill of solving problems of a spatial
nature, rather than proficiency in a specific spatial skill. Caution is there-
fore recommended when interpreting the skills supposedly measured. It
is important to question the relationship between these determining skills
and performance in pursuing STEM studies (Wai et al., 2009), whether
the results are used for selection purposes (Maeda & Yoon, 2011) or for
designing and/or validating courses for developing these skills (Martin-
Gutiérrez et al., 2015).
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Limitations and perspectives

The order of the tests in the battery was the same for all students, as
only one session was organised and the tests were limited in time. As a
result, the strategies and performances observed in the tests administered
after the first test may have been affected by the order effect (American
Psychological Association, 2018a; Kinnear & Gray, 2015): incidental lear-
ning in the first tests may have influenced the following tests.

The activity analysis methodology we adopted is limited to students’
ability to represent and explain the cognitive processes involved in their
action (Bloom & Broder, 1950; Lemaire, 2015; Pilardeau, 2008). The stra-
tegies identified in the verbatim were also limited to the three questions
chosen for each test. In addition, the list of strategies proposed in the
MCQ may have influenced the students’ choices of answers (Schwarz &
Hippler, 1991).

As the validity of retrospective protocols has been established for
people who do not suffer from memory disorders (Dunlosky & Hertzog,
2001), we plan to use the strategies identified in our work to design an
MCQ to identify the cognitive processes at work in spatial tests. Despite
the limitations of these tools, it is important to highlight the skills used in
spatial performance measurement tools. Given the selected items for the
open questionnaire were difficult for different reasons, such as the number
of sides (Kyllonen et al., 1981) or the nature of the surfaces (Pellegrino
et al., 1985), it would also be interesting to investigate the relationship
between the strategies used and performance by item to explore whether
some strategies were more effective than others for solving specific items.

Conclusion

This article aimed to present a methodology for characterising the
spatial abilities of first-year engineering students, developed as part of
the e-FRAN EXAPP_3D project. This approach found that, although
spatial tests are designed to assess a specific skill, they do not always suc-
ceed in engaging the skill they aim to assess, in other words, they do not
sufficiently afford these skills. This seems to be less true for the R PSVT:R,
which has two particularities: No time limit, and problems for which it
is not possible to simply compare the stimuli with the possible answers.
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Affordance due to the need to use mental rotation on an example, before
applying it to a stimulus, seems sufficiently robust to avoid circumvention
strategies, and to produce a performance that reveals the targeted skill. The
affordance of the question seems to outweigh that of the absence of a time
limit or, in our case, the allocation of generous response time, which allows
for the implementation of an increased number of strategies (Schwartz,
1963). Our results suggest that it may be pertinent to reconsider the use
of these tests for assessing spatial skills, as they may confuse performance
with competence.

Proofreading: Caroline Lefour
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