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Spatial ability.

1. INTRODUCTION

Spatial ability is regarded as a critical component of human abilities (Lohman, 1993) and a
prerequisite for scientific thinking (Clements & Battista, 1992). Spatial ability has an important
role in the assimilation and use of preexisting knowledge as well as in the development of new
knowledge and creativity (Kell et al., 2013). For example, the mental rotation skill is apparently
an inevitable spatial ability for some popular professions, including dentistry, medicine,
architecture, interior design, engineering, navigation, etc. (Kerkman et al., 2000). The decisive
role of spatial abilities in the development of knowledge and skills in the fields of science,
technology, engineering, and mathematics (STEM) is emphasized in many studies (e.g.,
Contreras et al., 2018; Gilligan et al., 2017). More specifically, spatial abilities are reported to
have a critical role in enhancing the performance of learning mathematics and geometry
(Battista et al., 1982; Gilligan et al., 2017; Sarama & Clements, 2009) and in developing
mathematical thinking skills (Young et al., 2018).

Despite the importance and key role attributed to spatial abilities in many fields, the lack of a
clear consensus on the definition and components of spatial ability confuses measuring spatial
ability (D'Oliveira, 2004; Eliot & Hauptman, 1981; National Research Council (NRC), 2006).
D'Oliveira (2004) reviewed the four main reasons for this confusion as follows: 1) Different
definitions ascribed to spatial ability, 2) Different numbers of components of spatial ability, 3)
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Different names given to the components of spatial ability, and 4) Quite a variety of spatial
ability tests. In a similar vein, Eliot and Hauptman (1981) asserted that inconsistency among
the methods and tools used to measure spatial ability further complicated the problem of a lack
of consensus in the spatial ability literature. Thus, this study aimed to present a detailed review
of the literature on measuring spatial ability first and then to develop a spatial ability test to
include spatial relations, spatial visualization, and spatial orientation factors, which can
measure the spatial abilities of university students in a valid, reliable, and useful way.

1.1. Literature Review
1.1.1. Spatial ability and its components

Spatial ability research started in the late 1800s with studies aimed at demonstrating that spatial
ability is a separate factor from general intelligence and continued with studies aimed at
identifying and defining the composition of spatial ability (Mohler, 2008). Since the concept of
spatial ability was first introduced, many terms, including spatial ability, spatial reasoning,
spatial concepts, spatial intelligence, spatial cognition, mental maps, environmental cognition,
and cognitive mapping, have been used interchangeably in the spatial ability literature (NRC,
2006), and the term "spatial ability" has been defined in different ways (D'Oliveira, 2004;
Martin-Dorta et al., 2008). In the present study, the concept of spatial ability was preferred since
it is used more frequently in the field.

Gardner (1983), one of the leading theorists who popularized spatial ability with a different
name, namely spatial intelligence, defined it as "the capacities to perceive the visual world
accurately, to perform transformations and modifications upon one's initial perceptions, and to
be able to re-create aspects of one's visual experience, even in the absence of relevant physical
stimuli." (p. 173). Linn and Petersen (1985) defined spatial ability as a “skill in representing,
transforming, generating, and recalling symbolic, nonlinguistic information.” (p.1482).
Lohman (1993) defined it as “the ability to generate, retain, retrieve, and transform well-
structured visual images.” (p.3). According to the National Research Council (2006), "spatial
ability" is " a trait that a person has and as a way of characterizing a person’s ability to perform
mentally such operations as rotation, perspective change, and so forth." (p.26). Tartre (1990)
defined spatial skills as “mental skills concerned with understanding, manipulating,
reorganizing, or interpreting relationships visually.” (p.216). According to Carroll (1993),
individuals' spatial and other visual abilities refer to “searching the visual field, apprehending
the forms, shapes, and positions of objects as visually perceived, forming mental
representations of those forms, shapes, and positions, and manipulating such representations
mentally.” (p.304). Based on these definitions, the present study defines spatial ability as the
ability to generate, retain, retrieve, manipulate, interpret, and reorganize the mental
representations of visual objects by perceiving their forms and positions.

Psychometric studies on spatial ability have indicated that spatial ability does not have a
monolithic structure, but is made up of a composition of factors consisting of sub-skills
(Lohman, 1979, 1993; Guilford et al., 1952; Mohler, 2008). D'Oliveira (2004) also reported
that one should refer to a domain of spatial abilities instead of a single spatial ability. Lohman
(1993) noted that there are several spatial abilities, each focusing on different processes such
as generating, retaining, retrieving, and transforming images. On the other hand, there are
remarkable discrepancies and confusion in terms of the number and naming of factors in the
literature and in terms of the tests used to measure each factor (D'Oliveira, 2004; Martin-Dorta
et al., 2008). Relevant literature typically classifies spatial ability under two (Clements, 1998;
Guilford et al., 1952; McGee, 1979; Pellegrino et al., 1984), three (Barnea, 2000; Contero et
al., 2005; D'Oliveira, 2004; Linn & Petersen, 1985; Lohman, 1979); or five (Carroll, 1993;
Maier, 1996) factors. These factors are summarized in Table 1.
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Table 1. The names of the factors classified by different researchers.

Factors (Spatial) Spatial (Spatial) Spatial Mental  Perceptual Closure Flexibility of
Author(s) Visualization Relations Orientation Perception Rotation Speed Speed Closure

Clements (1998) v
McGee (1979) v
Pellegrino et al.
(1984)
Guilford et al.
(1952)
Linn and
Petersen (1985)
Lohman (1979)
Barnea (2000)
Contero et al.
(2005)
D'Oliveira
(2004)
Maier (1996)
Carroll (1993)
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When these classifications are examined, it can be said that the most commonly-mentioned
factors of spatial ability in the literature are Spatial Relations (Barnea, 2000; Carroll, 1993;
Contero et al., 2005; D'Oliveira, 2004; Guilford et al., 1952; Lohman, 1979; Maier, 1996;
Pellegrino et al., 1984), Spatial Visualization (Barnea, 2000; Carroll, 1993; Clements, 1998;
Contero et al., 2005; D'Oliveira, 2004; Guilford et al., 1952; Linn & Petersen, 1985; Lohman,
1979; Maier, 1996; McGee, 1979; Pellegrino et al., 1984) and Spatial Orientation (Barnea,
2000; Clements, 1998; Contero et al., 2005; D'Oliveira, 2004; Lohman, 1979; Maier, 1996;
McGee, 1979). Therefore, it was decided to include spatial visualization, spatial relations, and
spatial orientation factors as components of the spatial ability test developed in this study.

1.1.2. Measuring spatial ability

Different definitions of spatial ability and its components have led to the use of many different
tests for measuring these abilities (Martin-Dorta et al., 2008). There is a large variety of spatial
ability tests, which confuses their names and content (D'Oliveira, 2004).

Table 2 below provides various definitions of spatial visualization, spatial relations, and spatial
orientation factors, which allow the readers to examine the definitions more clearly in a
comparative manner and the most popular tests measuring the different components of spatial
ability.

As can be seen from the definitions above, the confusion in defining spatial ability is also true
for its components. To illustrate, both spatial visualization and spatial relations abilities are
defined in terms of mental rotation ability. This situation also confuses the measurement of
these abilities, as many researchers have stated (e.g., Carroll, 1993; D'Oliveira, 2004; Eliot &
Hauptman, 1981). As a result, distinguishing the differences between spatial visualization and
spatial relations abilities, as well as the types of items to be used for their measurement, is
critical.
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Table 2. Some tests measuring the different components of spatial ability.

Components of spatial ability

Spatial visualization

Spatial relations

Spatial orientation

Definitions

“the ability to manipulate
visual objects mentally.”,
(Guilford et al., 1952,
p.62)

the ability to resolve men-
tal rotation problems
quickly (Lohman, 1979).

“the ability to imagine how a
stimulus array will appear from

another perspective” (Lohman,
1979, p.127).

“the ability to mentally

rotate, manipulate, and

twist two- and three-di-

mensional stimulus ob-

jects.” (McGee, 1979,
p.896)

“the ability to visualize
objects in space, when ro-
tated.” (Carroll, 1993,
p.209)

“understanding and operating
on the relationships between
the positions of objects in space
with respect to one's own posi-
tion.” (Clements & Battista,
1992, p.444)

“comprehension and per-
formance of imagined
movements of objects in
two- and three-dimen-
sional space.” (Clements
& Battista, 1992, p.444)

“the ability to mentally
rotate objects in two di-
mensions” (Contero et al.,
2005, p.25)

“understanding and operating
on relationships between differ-
ent positions in space, at first
with respect to one’s own posi-
tion and your movement
through it, and eventually from
a more abstract perspective that
includes maps and coordinates
at various scales.” (Sarama &
Clements, 2009, p.161)

“the ability to understand
accurately three-dimen-
sional objects from their
two-dimensional repre-

sentation.” (Barnea,

2000, p.308)

“the ability to visualise
the effects of operations
such as rotation, reflection
and inversion, or to men-
tally manipulate objects.”
(Barnea, 2000, p.308)

“an ability to perceive spatial
patterns or maintain orientation
with respect to objects in
space.” (McGee, 1979, p. 892)

“the mental manipulation
and integration of stimuli
consisting of more than
one part or movable
parts.” (Olkun, 2003, p.2)

“the ability to compre-
hend the spatial configu-
ration of objects or parts

of an object and their rela-
tion to each other.”
(Maier, 1996, p.70)

“the ability to orient oneself
physically or mentally in
space” and it requires ““a per-
son’s own orientation in any
particular spatial situation.”
(Maier, 1996, p.71)

Tests

Paper Folding Test, Form

Board Test, Surface De-

velopment Test (Ekstrom
etal., 1976)

Flags Test (Thurstone &
Thurstone, 1941)

Spatial Orientation Test (Guil-
ford & Zimmerman, 1948)

Purdue Spatial Visualiza-
tion Test: Developments
(Guay, 1977)

Purdue Spatial Visualiza-
tion Test: Rotations
(Guay, 1977)

Purdue Spatial Visualization
Test: Views Test (Guay, 1977)

Revised Minnesota Paper
Form Board Test (Likert
& Quasha, 1941)

Card Rotation Test and
Cube Comparisons Tests
(Ekstrom et al., 1976)

Middle Grades Mathematics
Project (MGMP) Spatial Visu-
alization Test (Winter et al.,
1989)

The Embedded Fig-
ures Test (Witkin, 1950)

Mental Rotation Tasks
(Shepard & Metzler,
1971)

Spatial Orientation: Object Per-
spective/Map Perspective Tests
(Kozhevnikov & Hegarty,
2001)
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As an example of this discrepancy, while Olkun (2003, p. 2) defines spatial relations as
“imagining the rotations of 2D and 3D objects as a whole body," Burnett and Lane (1980) and
Olkun (2003) explain spatial visualization as a holistic and piece-by-piece imagination of the
rotations of objects and their parts in 3D space. As can be understood from the definitions,
while in the spatial relations ability, 2- and 3-dimensional objects are moved as a whole, in the
spatial visualization subtest, the rotation of 3-dimensional objects happens with the whole and
its parts. On the other hand, it has been frequently reported that while speed is more important
in spatial relations tests, power is more important in spatial visualization test items (Olkun 2003;
Pellegrino et al., 1984), problems in spatial relationships tests contain less complex stimuli than
spatial visualization problems (Olkun, 2003), and more mental processing and coordination are
required to solve spatial visualization problems (Pellegrino et al., 1984). In problems about
spatial relations, the students have to find the rotated or twisted version of the original figure
from among a group of objects given on a piece of paper (Olkun, 2003; Pellegrino et al., 1984).
Pellegrino and Kail (1982) stated that spatial relations tests include problems measuring 2D and
3D mental rotation and cube comparison abilities. The tests measuring spatial visualization
include form board problems (Linn & Petersen, 1985; Olkun, 2003; Pellegrino & Kail, 1982),
paper folding (Contero et al., 2005; Linn & Petersen, 1985; McGee, 1979; NRC, 2006; Olkun,
2003; Pellegrino & Kail, 1982), and surface development (Contero et al., 2005; Linn &
Petersen, 1985; Olkun, 2003; Pellegrino & Kail, 1982).

Lohman (1979) suggests that in a valid spatial orientation test, subjects must imagine being
redirected in space and then interpret the situation. Spatial orientation tasks do not require
moving an object mentally; only the perceptual perspective of the person viewing the object is
changed or moved (Tartre, 1990). Measuring spatial orientation ability is difficult because it
requires mental rotation of the stimulus rather than the rotation of the picture itself (Lohman,
1979). Tartre (1990) pointed out that there is no consensus among researchers on the
classification of spatial orientation tasks, and stated that spatial ability tasks may involve
organizing a visual representation, reorganizing, interpreting, seeing it, or seeing it from a
different angle, but by moving the object mentally. Problems used to measure spatial orientation
ability include finding directions on a map (Campos & Campos-Juanatey, 2020; Kozhevnikov
& Hegarty, 2001), imagining the view of an object from different angles, determining the
number of cubes in an object made up of cubes (Winter et al., 1989), finding the view of an
object in a cube-shaped glass bell from different angles (Guay, 1977), etc.

1.2. Rationale

There are numerous spatial ability tests referred to in the relevant literature (see Table 2). As a
result of the rapid proliferation of spatial ability tests, different researchers have given different
names to similar factors or, conversely, the same names were used to describe different factors,
which has measured the components of spatial ability even more complicated (Eliot &
Hauptman, 1981). These confusions also affected the results of the factor analysis studies
conducted to determine test structures. In a study, Carroll (1993) re-analyzed factor analytic
studies in the literature and found that items are not always consistently loaded on relevant
factors due to considerable confusion in the identification of factors. D'Oliveira (2004) also
argued that variations in the format of the tests and specific administration procedures can be
responsible for inconsistent results. Thus, D'Oliveira (2004) especially emphasized the
importance of clarifying the spatial factor or capability covered by the test items, regardless of
the names assigned to test items (or tasks) by previous researchers (Carroll, 1993). Due to this
confusion in the literature, in this study, firstly, the definitions for the factors of spatial ability
and question types were examined in detail and differentiated. Eventually, it was aimed to
develop a spatial ability test in which question types and factors are clearly defined and
statistically tested. The current test is planned to cover the three factors of spatial ability (spatial



Int. J. Assess. Tools Educ., Vol. 10, No. 1, (2023) pp. 76-97

relations, spatial visualization, and spatial orientation) most commonly mentioned in the
relevant literature. It is intended to expand the scope of the test by involving different types of
problems in each factor.

Eliot and Hauptman (1981) pointed out that items can yield different factor loadings in different
samples. This situation reveals the importance of developing the test in accordance with the
characteristics of a particular group and testing its psychometric properties. What makes this
test distinct from its antecedents is that while usually the same tests are used for different groups
(Bakker, 2008; Battista et al., 1982; Ekstrom et al., 1976; Guay, 1977; Hegarty & Waller, 2004;
Kozhevnikov & Hegarty, 2001; Lord, 1985; Sorby & Baartmans, 2000), the present test was
developed specifically for university students studying at different programs/departments or
candidate university students who plan to study programs that require spatial capability and to
assess their professional competencies. In addition, several studies (e.g., Kim & Irizarry, 2021,
Olkun et al., 2009; Patkin & Dayan, 2013; Sisman et al., 2021) have put forward the idea that
spatial ability can be improved through well-designed training programs. In this context, it will
be possible to accurately measure the spatial ability development among students and reveal
the effect of the training only by using a valid and reliable spatial ability test.

On the other hand, the training applied may reveal different effects on the level of spatial ability
in different cultures. For example, Turgut and Nagy-Kondor (2013) found a significant
difference between the spatial visualization scores of Hungarian and Turkish pre-service
mathematics teachers, favoring the former. Olkun et al. (2009) compared the initial spatial skills
of primary school teacher candidates in four countries, i.e., Taiwan, Finland, the United States,
and Turkiye, and evaluated the development of these skills through interactive computer
programs. As a result, it was seen that the spatial visualization scores were the highest among
Finnish students, followed by Taiwanese students, and the scores of the American and Turkish
students were very close to each other. However, the researchers pointed out that while students
from two eastern countries, Turkiye and Taiwan, made progress after the implementation,
students from the USA and Finland did not make sufficient progress. Researchers stated that
this situation may be due to cultural differences and suggested that the reason why spatial
education is more successful in Taiwan and Turkiye than in the USA and Finland is that the
former countries have relatively more formal class cultures. It is noteworthy that the spatial
ability levels of Turkish students were reported as rather low in both of the abovementioned
comparative studies. This reveals the importance of researching the spatial abilities of Turkish
students. According to the literature review studies examining the tendency of spatial ability
studies in Tiirkiye (Dokumaci Siitcii, 2021; Ipekoglu et al., 2020; Ozcakir Sumen, 2019), most
of the studies were conducted with secondary school students and the effect of a particular
teaching method (mostly computer-assisted teaching) on spatial ability was investigated. Since
the transition to Piaget's formal operations stage coincides with the secondary school level, it is
very important to focus on the development of students' spatial abilities during this period.
However, since the spatial ability is very important in many professions, it is thought that the
development of a spatial ability test to be used to measure the spatial ability levels of the
students who are to get professional education at the university will be useful for researchers,
educators, and curriculum developers.

The most commonly used tests were developed in the 1970s, and there are concerns about their
psychometric properties since they have been administered to a wide range of different groups.
In Tirkiye, Purdue Spatial Visualization Test developed by Guay (1977) and the MGMP Spatial
Ability Test developed by Michigan State University mathematics department faculty members
(1983) were generally used to measure students' spatial visualization skills (Ipekoglu et al.,
2020). However, the adaptation of the tests used in Turkish culture mainly concentrated on
textual translation, and the equivalence of the tests in Turkish culture and their psychometric
properties at the applied level were not adequately examined (Sevimli, 2009). Therefore, the
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present study is also promising because a more comprehensive test development procedure has
been followed following a sequential exploratory mixed methods research design (qualitative
followed by quantitative phases) and psychometric properties were tested through
comprehensive analysis (item analysis, confirmatory factor analysis, reliability analysis, and
the difference between 27% of the lower and upper groups).

2. METHOD
2.1. Design

The sequential exploratory mixed method was used to design this study, which aimed to
develop a spatial ability test. The sequential exploratory mixed method is a common way of
developing quantitative instruments, wherein in the first stage, the researcher starts to explore
the subject using qualitative methods and then continues to validate the instrument using
quantitative methods based on the themes from the first stage (Creswell & Plano Clark, 2011).
In this study, qualitative methods (literature review, expert opinions, and student opinions) were
used to develop the initial test form; and quantitative methods were used to test the
psychometric properties regarding content validity, construct validity, and reliability.

2.2. Study Group

In the qualitative stage, 10 students (Female= 7, Male= 3) studying an elementary school
mathematics education program were consulted to check the clarity, comprehensibility, and
suitability of the draft test items. In addition, an expert panel consisting of 8 scholars (4
mathematics experts, 3 mathematics education experts, and one measurement and evaluation
specialist) was consulted for their opinions about the content and face validity of the draft test.

In the quantitative stage, the validity and reliability studies of the test were conducted with a
total of 456 university students (58% female), studying at different departments/programs of
Malatya Inonii University, a state university located in eastern Tiirkiye. Participants were
chosen from departments/programs where either recruitment or studying is considered to be
facilitated by possessing good spatial abilities. Accordingly, participants involved 29 students
(38% female) from the Graphic Design program, 61 students (7% female) from the Civil
Engineering Department, 47 students (21% female) from the Mechanical Engineering
Department, 266 students (77% female) from the Elementary School Mathematics Education
Program, 39 students (67% female) from the Landscape Architecture Department, and 14
students (50% female) from the Art Teaching Program.

2.3. Procedure

In the development process of the spatial ability test, the stages of test development were
followed, which included: 1) determining the purpose of the test; 2) determining the scope of
the test, 3) determining test properties and writing items, 4) validity and reliability studies, and
5) preparing a guide for the test. Accordingly, first, an overall plan regarding the test
development process was prepared by the researchers, which was then evaluated by a
measurement and evaluation specialist. The plan was revised in accordance with the experts'
opinions and put into practice as described below:

2.3.1. Determining the purpose of the test

The purpose of the spatial ability test is to measure the spatial ability levels of university
students in a valid and reliable way.

2.3.2. Determining the scope of the test

Downing (2006) emphasized that determining the content of the test is one of the most im-
portant tasks at the earliest stages of the test development process. Due to the critical importance
of the scope of the spatial ability test, we set out with a detailed literature review first. As a



Int. J. Assess. Tools Educ., Vol. 10, No. 1, (2023) pp. 76-97

result of the comprehensive literature review, it was seen that spatial ability has a multifactorial
structure, and different researchers explain spatial ability under different factors (D'Oliveira,
2004; Lohman, 1993; Mohler, 2008). Since it would not be possible to include all factors of
spatial ability mentioned in the studies in terms of usefulness, reliability, and content validity,
it was decided to include three domains of spatial ability most commonly referred to in the
literature: spatial relations, spatial visualization, and spatial orientation. After deciding on the
factors to be included in the test, a second literature review was conducted to examine the con-
ceptual and operational (how they are measured) definitions of these factors. The definitions of
the factors of the spatial ability test developed in this study are presented in Table 3.

Table 3. The definitions of the factors of spatial ability test.
Factor Definition
Spatial Ability the ability to generate, retain, retrieve, manipulate, interpret,
reorganize the mental representations of visual objects by
perceiving their forms and positions (Carroll, 1993; Linn &
Petersen, 1985; Lohman, 1993; NRC, 2006; Tartre, 1990).
Spatial Relations the ability to mentally manipulate 2D and 3D objects as a whole
with processes such as rotation, reflection, and inversion
(Barnea, 2000; Carroll, 1993; Contero et al., 2005; Olkun,
2003).
Spatial Visualization the ability to mentally rotate, manipulate, and twist a 3-
dimensional object composed of more than one part or movable
parts in a holistic and piece-by-piece (Burnett & Lane, 1980;
McGee, 1979; Olkun, 2003).
Spatial Orientation the ability to understand the relations between the positions of
objects in space relative to one's own position (Clements &
Battista, 1992; Sarama & Clements, 2009) and to imagine how
an object will look in space from a different perspective by
mentally orienting oneself (Barnea, 2000; Contero et al., 2005;
Lohman, 1979; Maier, 1996; McGee, 1979).

2.3.3. Determining test properties and writing items

In this study, spatial ability test items were planned to be developed in a multiple-choice format
with 5 options. A total of 38 original test items in different problem types were developed by
the researchers. In addition, 2 items about rotating 3D objects (Item 12, Item 13) in the draft
spatial relations subtest and 3 items unfolding 3D objects (Item 27, Item 28, Item 29) in the
draft spatial visualization subtest were driven from Guay's (1977) Purdue Spatial Visualization
Test: Rotations and Purdue Spatial Visualization Test: Developments tests, respectively. As a
result, an item pool of 43 items was developed, including 17 items in the spatial relations
subtest, 12 items in the spatial visualization subtest, and 14 items in the spatial orientation
subtest as can be seen in Table 4.
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Table 4. Components, categories, and numbers of items.

Component Category Item No Nu_mber of
items
Card rotation 1,2,3 3
. . Rotating the 2D figures and symmetry 4,5,6,7,8 5
tial Relat . -
Spatial Relations Rotating the 3D figures 9,10, 11, 12, 13 5
Comparing cubes 14, 15, 16, 17 4
Spatial Unfolding cubes 18, 19, 20, 21 4
Visuglization Cutting paper 22,23,24 3
Unfolding 3D objects 25, 26, 27, 28, 29 5
The view of an object made up of cubes 30, 31, 32, 33, 37, 8
from different angles 38, 39, 40
Spatial Orientation Number of cubes 34, 35, 36 3
The view of an objec_t in a cube-shaped 41 42, 43 3
glass bell from different angles
Examples of items are presented below.
Spatial Relation:
T 10. Which of the following 1s the rotated form of the object on the l=ft?
\VINS. \) B) C) D) E)
T —— ' ‘J.L_ . -'::_._ - 1 ) — "'-_ ) -
[ l A W/ j’] N J

Spatial Visualization:

20. Images of the same cube in different positions are
presented on the left labeled wiath letters X, Y, T, Z, Q. and
W. Which letter 1s located opposite the letter X7

N = W\ - N
Z

Spatial Orientation:

A)Y B)Q OW D)Z E)T

30. On the left 15 the FRONT-EIGHT corner view of an image. Which of
the following 1s the view of the same object from the REAR?

| |
Right  A) | B) C) D) E) |

o .

Front
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2.3.4. Validity and reliability studies

An expert panel consisting of 4 mathematics experts, 3 mathematics education experts, and 1
measurement and evaluation specialist was asked to evaluate the content and face validity of
the test. The evaluation criteria included scientific accuracy, comprehensibility and
responsiveness of the question roots and options, and the suitability of the figures. The experts
evaluated each item using the 4-point scale offered by Davis (1992): 4-Highly relevant, 3-Quite
relevant, 2-Somewhat relevant, and 1-Not relevant. The criteria for the Content Validity Index
(CVI), which is computed as the number of experts rating an item either 3 or 4, divided by the
total number of experts, is set to a minimum of 0.80 (Davis, 1992). Based on the expert ratings,
CViIs for all items were found to satisfy the minimum criteria of 0.80. In addition, the revision
suggestions from the experts were done and the draft test form was developed with 43 items.
Further, to assess the clarity, understandability, and appropriateness of the test form to the target
audience, within the scope of the think-aloud protocol, another 10 prospective primary school
mathematics teachers were asked to take the test and verbally express their mental processes
while solving each test item (Irwing et al., 2018). This way the test items were checked to ensure
whether they can measure the constructs which they were actually meant to test. To ensure the
reliability and validity of the test results, the figures and the question roots were checked for
readability during the preparation and printing of the booklets (Downing, 2006).

Next, the test was applied to 456 university students to examine the item and test statistics. To
test the construct validity of the instrument, item difficulty index, item discrimination index,
and item-total correlation coefficients were calculated, and the significance of t values
regarding the differences between 27% lower and upper groups were examined. In addition, a
second-order confirmatory factor analysis was performed to test the 3- factor (spatial relations,
spatial visualization, and spatial orientation) construct of the spatial ability test. The reliability
of the scores obtained from the test was calculated using KR-20 and Split-Half (odd-even) with
Spearman-Brown reliability coefficients.

2.3.5. Preparation of a guide for test users

It is planned to provide users with information about the application of the test through a guide,
which specifies the purpose of the test, its theoretical background, scoring procedures, and
descriptive statistics at the end of the study.

2.4. Data Analysis

The analysis of the data obtained from 456 participants was made via the Test Analysis Program
(TAP) (Brooks & Johanson, 2003), SPSS 22, and Lisrel software programs. Correct and
incorrect or blank answers were scored 1-0, respectively. The skewness and kurtosis
coefficients for the data set were estimated at 0.363 and 0.322, respectively. Since the skewness
and kurtosis coefficients were within the acceptable range, it was understood that the data set
comes from a normal distribution. While item difficulty refers to the percentage or probability
(P) of test takers who answer the item correctly (Ebel & Frisbie, 1991; Hingorjo & Jaleel, 2012;
Wendler & Walker, 2006), item discrimination is the tendency of an item to be answered
correctly by test takers who are strong in terms of the skill or knowledge intended to be
measured and to be answered incorrectly by test takers who are not strong in this respect
(Livingston, 2006). The item difficulty indices were kept in the 0.30 to 0.70 range, with fewer
items in the easier or more difficult ranges, because in large-scale standardized tests, test taker
levels are typically assumed to be normally distributed, and items in the middle range of
difficulty have the most variance and the greatest potential to discriminate test takers (Bandalos,
2018, p. 122). Hambleton and Jirka (2006) categorized values around 0.25 as "difficult,” values
around 0.50 as "moderate," and values around 0.75 as “easy” in terms of item difficulty. Items
with a discrimination index of 0.40 or higher were considered very good; items with a
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discrimination index of 0.30 to 0.39 were considered reasonably good but could be developed;
items with a discrimination index of 0.20 to 0.29 were considered poorly discriminative but
could be corrected or improved; and items with a discrimination index of 0.19 or lower were
considered very poor and could not be corrected or improved. The ideal item-total correlation
coefficient was set to a minimum of 0.30 (Wendler & Walker, 2006). In addition, to estimate
how discriminative the individual test items are, the differences between the scores of the 27%
upper and lower groups were compared using independent samples t-test since the scores were
close to the normal distribution (skewness and kurtosis values £ 2 (Cameron, 2004)). The
significance level was set to p < 0.05/27=0.002 (n= 27 t-tests for differences between the scores
of the 27% lower and upper groups) with a Bonferroni correction (Abdi, 2010).

3. FINDINGS

3.1. Findings about the Item Analysis of the Spatial Ability Test

The construct validity of the Spatial Ability Test was tested through item analysis. Accordingly,
item difficulty indices, item discrimination indices, and item-total correlation coefficients
calculated for the preliminary spatial ability test consisting of 43 items are presented in Table
5.

Table 5. Results of item analysis.

Item no Item difficulty(P) Item discrimination (d) Item-total correlation (r)
1 0.68 0.39 0.36
2 0.73 0.47 0.43
3 0.38 0.34 0.32
4 0.68 0.54 0.45
5 0.68 0.41 0.36
6 0.50 0.28 0.27
7 0.44 0.37 0.37
8 0.57 0.46 0.37
9 0.51 0.35 0.32
10 0.72 0.46 0.43
11 0.48 0.36 0.33
12 0.35 0.35 0.32
13 0.38 0.30 0.26
14 0.40 0.31 0.27
15 0.38 0.21 0.19
16 0.61 0.42 0.37
17 0.54 0.56 0.44
18 0.45 0.32 0.31
19 0.23 0.06 0.07
20 0.51 0.52 0.43
21 0.20 0.12 0.14
22 0.41 0.33 0.32
23 0.30 0.38 0.41
24 0.20 0.21 0.24
25 0.24 0.21 0.24
26 0.29 0.13 0.07
27 0.31 0.15 0.14
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Item no Item difficulty(P) Item discrimination (d) Item-total correlation (r)
28 0.16 0.20 0.29
29 0.20 0.24 0.30
30 0.48 0.43 0.35
31 0.19 0.16 0.18
32 0.18 0.05 0.17
33 0.72 0.49 0.43
34 0.37 0.42 0.37
35 0.34 0.34 0.29
36 0.31 0.15 0.12
37 0.26 0.19 0.17
38 0.31 0.27 0.25
39 0.29 0.38 0.34
40 0.29 0.33 0.31
41 0.47 0.47 0.36
42 0.44 0.34 0.33
43 0.38 0.45 0.38

In Table 5, it was decided to exclude 19, 21, 26, 27, 31, 32, 36, and 37 items with a
discrimination index below 0.20. To decide whether items with an item discrimination index
between 0.20-0.40 to be corrected or excluded from the test, their item-total correlations were
examined. Accordingly, it was decided to exclude items 6, 13, 14, 15, 24, 25, 35, and 38 with
item-total correlations below 0.30. Table 4 presents components, categories, and numbers of
items. During the item analysis, attention was paid to retain at least 2 items in each category in
the final test so that the content validity was not impaired. Thus, despite their relatively low
item discrimination indices, items 28 (d=0.20) and 29 (d=0.24) were decided to be kept in the
test to ensure content validity. Starting from the item with the lowest discrimination index and
item-total correlation value, the problematic items were removed successively and the item
analysis was repeated. Item analysis results for the final test are presented in Table 6.

According to Table 6, the difficulty indices of the items in the final test ranged between 0.16
and 0.73 (mean = 0.475). Accordingly, 4 items in the final test were difficult (items 28, 29, 39,
and 40), 3 items were easy (items 2, 10, and 33), and the remaining 20 items were moderate in
terms of difficulty. Discrimination indices of the items ranged between 0.23 and 0.55 (mean =
0.421), and the item-total correlation coefficient ranged between 0.28 and 0.47 (mean = 0.381).
In the final test, items 1, 2, 3,4,5,7, 8,9, 10, 11, 12, 16, and 17 measure spatial relations ability,
18, 20, 22, 23, 28, and 29 items measure spatial visualization ability, and items 30, 33, 34, 39,
40, 41, 42, 43 measure spatial orientation ability. The average difficulty index of the 27 items
in the Spatial Ability test was 0.475; while the average discrimination index was 0.421 and the
average item-total correlation was 0.381.
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Table 6. Results of item analysis and descriptive analysis for the items in the final test.

Item no Item difficulty (P) Item discrimination (d) Item-total correlation (r)
1 0.68 0.43 0.38
2 0.73 0.49 0.47
3 0.38 0.42 0.37
4 0.68 0.51 0.44
5 0.68 0.42 0.37
7 0.44 0.42 0.37
8 0.57 0.48 0.41
9 0.51 0.38 0.34
10 0.72 0.45 0.45
11 0.48 0.43 0.36
12 0.35 0.37 0.34
16 0.61 0.44 0.38
17 0.54 0.53 0.45
18 0.45 0.38 0.35
20 0.51 0.55 0.44
22 0.41 0.33 0.33
23 0.30 0.45 0.41
28 0.16 0.27 0.30
29 0.20 0.23 0.28
30 0.48 0.43 0.38
33 0.72 0.47 0.43
34 0.37 0.43 0.40
39 0.29 0.33 0.34
40 0.29 0.36 0.36
41 0.47 0.43 0.36
42 0.44 0.44 0.37
43 0.38 0.50 0.41

3.2. Differences between 27% lower and upper group scores

Another method used to test the construct validity of the test through the discrimination
potential of the items is to compare, for each item, the average scores from 27% lower and
upper groups using the independent t-test. The results of the independent samples t-test
regarding the comparison of the averages of the 27% lower group (n = 144) and 27% upper
group (n = 131) are presented in Table 7.

When Table 7 is examined, statistically significant differences were found between the lower
and upper groups of 27% for all items (p <0.002). Therefore, in addition to item discrimination
and item-total correlation coefficient analyses, it was proven once again that each item is able
to significantly distinguish between the upper group with the highest spatial ability and the
lower group with the lowest spatial ability.
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Table 7. t-test results regarding the significance of the differences between the scores of the lower and
upper groups (27%).

Item no Group Mean Std. Deviation t df p
Lower 27% 0.46 0.50

ltem 1 Up";’er o o o 8516 245781  .000*
Lower 27% 0.46 0.50

ltem 2 U(;ng: e o S 10591  203.058  .000%
Lower 27% 0.16 0.37

ltem 3 U‘;"F‘)’s: e e S 7.928 238462 000
Lower 27% 0.42 0.50

ltem 4 U‘;Vgsrr e o > 10707 223761  .000*
Lower 27% 0.47 0.50

ltem 5 U‘;"gg: e s oo 8457 241682 000
Lower 27% 0.19 0.39

ltem 7 U‘;"gg: e — — 7708 248363  .000*
Lower 27% 0.30 0.46

ltem 8 U‘;Vg:rr . . o 9087 272999 000
Lower 27% 0.32 0.47

Item 9 U%";’Err e — — 6845 271439 000
Lower 27% 0.47 0.50

Item 10 U%‘gs: e — — 9444 222183 000
Lower 27% 0.26 0.44

Item 11 U‘:)V;’srr e e e 7.894 273 000*
Lower 27% 0.16 0.37

Item 12 U?)";)’:: e — — 7014 236955 000
Lower 27% 0.40 0.49

Item 16 U‘:)VF‘)’S: o o — 8530 263698  .000*
Lower 27% 0.26 0.44

Item 17 U(:)V[\)l:: e e o -10.295 273 000*
Lower 27% 0.27 0.45

ltem 18 Up"r‘)'e: 270/;’ = e 6753 265644 000

Item 20 b‘;"r‘)’z: Zﬁ;‘)’ g:zi g:gg 110806 272897 000
Lower 27% 0.29 0.46

Item 22 UOpV[\)I:II" e - e 5721 266061  .000*
Lower 27% 0.12 0.32

Item 23 U‘;";’z: o S e 8894 220074  .000*
Lower 27% 0.04 0.20

Item 28 U(;)"F‘)':: - — — 6171 173113 000
Lower 27% 0.11 0.32

Item 29 Uc;";s: o 5 — 4719 222117 .000*

ltem 30 'L‘J(;";:: ;;:’ 8:% 8:;‘2 -7.902 273 000%

Item 33 b‘;";’g: ;;Z‘)’ 8:3471 8:22 10142 209.860  .000*

Item 34 Lower 27% 0.19 0.39 -8.027 249.299 .000*
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Item no Group Mean Std. Deviation t df p
Upper 27% 0.62 0.49
Lower 27% 0.14 0.35 «
Item 39 Upper 27% 047 050 -6.231 228.730 .000
Lower 27% 0.14 0.35 *
Item 40 Upper 27% 0.50 0.50 -6.947 228.396 .000
Lower 27% 0.28 0.45 .
Item 41 Upper 27% 071 0.46 -7.912 273 .000
Lower 27% 0.24 0.43 *
Item 42 Upper 27% 0.63 047 -8.180 263.595 .000
Lower 27% 0.15 0.36 .
Item 43 Upper 27% 0.66 048 -8.180 263.595 .000

*p<0.002 (with a Bonferroni correction of 0.05/27=0.002)

3.3. Second-order Confirmatory Factor Analysis

Second-order confirmatory factor analysis (CFA) was performed to test the three-factor
construct (spatial visualization, spatial relations, and spatial orientation) of the 27-item spatial
ability test. The model was estimated using the asymptotic covariance matrix and analyzed
using the Diagonally Weighted Least Squares method in the Lisrel software program (Joreskog
& Sorbom, 1993; Kline, 2011). While evaluating CFA results, the goodness of fit indices was
considered excellent when y?/df < 2; GFI, AGFI, CFI, IFI, NNFI > 0.95; RMSEA, SRMR <
0.05, and they were indicated acceptable when y?/df < 5; GFI, AGFI, CFI, IFI, NNFI > 0.90;
SRMR, RMSEA < 0.08 (e.g. Brown, 2006; Hair et al., 2014; Hu & Bentler, 1999; Joreskog &
Sorbom, 1996; Tabachnick & Fidell, 2013). As a result of the first analysis, the goodness of fit
indices was estimated y?/df = 1.39 (445.99/321), RMSEA =0.029, SRMR = 0.075, GFI = 0.96,
AGFI =0.95, CFI = 0.98, IFI = 0.98, NNFI = 0.98. According to these values, ¥*/df, RMSEA,
GFI, AGFI, CFI, IFI NNFI values were excellent, SRMR value indicated acceptable.
Standardized factor loadings ranged between 0.60 and 0.86 in the spatial relations subtest,
between 0.69 and 0.88 in the spatial visualization subtest, and between 0.59 and 0.82 in the
spatial orientation subtest. These results suggested that the three-factor construct of the spatial
ability test is confirmed and a total Spatial Ability score can be calculated for all 27 items. The
path diagram is presented in Figure 1.

3.4. Reliability Analysis

The KR-20 reliability coefficient of the total test was estimated 0.775, and Split-Half (odd-
even) with Spearman-Brown was estimated 0.798 suggesting acceptable internal consistency.
Wells and Wollack (2003) put that the minimum value of the reliability coefficient is expected
to be 0.70. Based on this reference value, it can be said that the reliability coefficients of the
test are sufficient for the whole test.

3.5. The Guide for Test Users

The Spatial Ability Test is a multiple-choice test to measure university students’ spatial
abilities. The final test has three sub-tests with 27 items each offering 5 options: 13 items in the
spatial relations subtest (items 1-13), 6 items in the spatial visualization subtest (items 14-19),
and 8 items in the spatial orientation subtest (items 20-27). Correct and incorrect/blank answers
are scored 1-0 respectively. For the test, a student has a minimum possible score of 0 and a
maximum possible score of 27. The high scores are indicative of good level spatial ability,
whilst low scores are indicative of low spatial ability. For average scores, 0-9.00 points can be
interpreted as low, 9.01-18.00 points as medium, and 18.01-27.00 points as good spatial ability
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skills. The mean spatial ability score for the participants of this study was 12.85 (s= 4.89),
indicating medium level of spatial ability.

Figure 1. Path diagram of the model.
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4. DISCUSSION and CONCLUSION

This study aimed to develop a useful test to measure university students’ spatial abilities in a
valid and reliable way. To develop a comprehensive and focused instrument, it was planned to
develop items related to spatial relations, spatial visualization, and spatial orientation abilities
as the subtests of spatial ability. The validity studies of the spatial ability test were carried out
in detail and meticulously, and evidence for three criteria was collected to determine the validity
of the test: content validity, face validity, and construct validity.

Prior to the quantitative pilot study, the opinions of experts evaluated according to the Davis
(1992) technique proved the adequate level of content and face validity. In the process of testing
the construct validity, item analysis was performed first. Crocker and Algina (2008) suggested
that when developing a test, it was aimed to produce a final test including an optimum number
of items, which meet the required reliability and validity criteria. Therefore, taking into account
the usefulness of the test, it was aimed to develop a valid and reliable test with a minimum
number of items while preserving the content validity. Accordingly, during item analysis, items
with poor discrimination indexes and item-total correlation coefficients were successively
excluded from the test, and a final test form with 27 items was obtained. The final test included
13 items in the spatial relations ability subtest, 6 items in the spatial visualization ability subtest,
and 8 items in the spatial orientation ability subtest.

When the average discrimination indices for the spatial ability test and its subtests are
examined, it can be said that the test as a whole and its subtests are highly discriminative (Ebel
& Frisbie, 1991; Wells & Wollack, 2003). The average item-total correlation coefficients for
the spatial ability test and its subtests indicated the adequacy of discrimination and internal
consistency (Wendler & Walker, 2006). Moreover, we found statistically significant differences
between the 27% lower and upper group scores for each item, which provided additional
evidence for the existence of the items' discrimination, as the difference between the upper and
lower groups of 27% reveals a more sensitive and stable item discrimination index about the
test items (Crocker & Algina, 2008; Diederich, 1973).

The average difficulty index of the test is moderate (Hambleton & Jirka, 2006). Hingorjo and
Jaleel (2012) point out that item difficulty and item discrimination indexes are generally
interrelated. Similarly, it is well known that test developers should avoid including items that
are answered correctly or incorrectly by the majority of students since such items would have
standard deviations close to zero and cannot distinguish students with different ability levels
(Crocker & Algina, 2008; Wells & Wollack, 2003; Wendler & Walker, 2006). Since the
variance would be maximum when the item difficulty is 0.50, it has been suggested that most
of the test items should be a moderate difficulty (around 0.50) to discriminate well between
people with a wide range of abilities (Crocker & Algina, 2008; Gronlund, 1977; Wendler &
Walker, 2006). The average difficulty level of the items in the final spatial ability test developed
in this study was also around 0.50. Accordingly, it can be said that the average difficulty of the
test increases the variance and contributes to the potential of the test to distinguish individuals
with high and low spatial abilities. When the difficulty of the subtests is examined, it can be
said that the average difficulty values of the spatial relations and spatial orientation tests are
closer to moderate difficulty; however, the average difficulty of the spatial visualization test
indicated a rather difficult test. Several studies (Linn & Petersen, 1985; Lohman, 1979; Olkun,
2003; Pellegrino et al., 1984) report that spatial visualization is more complex than other
subskills. The result obtained in this study regarding the difficulty of the spatial visualization
test compared to other subtests is in line with the literature. Thus, in this study, it can be said
that the construct validity of the test was provided according to the results obtained from the
item analysis of the test.
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As a part of construct validity studies, the three-factor construct (spatial relations, spatial
visualization, and spatial orientation) of the 27-item final test was examined with a second-
order CFA. According to the widely accepted goodness of fit criteria (e.g., Brown, 2006; Hair
et al., 2014; Tabachnick & Fidell, 2013), the goodness of fit indices for the three-factor
construct were determined to be perfect, except for SRMR, which is also acceptable. Also, the
standardized factor loadings were estimated between 0.59 and 0.88 and significant for all items.
Brown (2006) stated that factor loadings greater than or equal to 0.30 or 0.40 are regarded as
salient. The result of reliability analysis through KR-20 and Split-Half (odd-even) with
Spearman-Brown coefficients proved to be favorable (Wells & Wollack, 2003). As a result, it
can be said that the 27-item test is useful, valid, and reliable for measuring the spatial abilities
of university students.

5. LIMITATIONS and FUTURE DIRECTIONS

The participants of this research are restricted to 456 students studying at the
departments/programs of graphic design, civil engineering, mechanical engineering,
elementary mathematics education, landscape architecture, and art education at a state
university in eastern Turkiye. Therefore, the results of the research may not be practically
generalized to students studying in all departments of the university and different levels (e.g,
high school, graduate). In addition, the study may have shown context-based results and may
limit the generalization of the results to other regions. Thus, the psychometric properties can be
tested further with university students studying in different departments, with different levels
(e.g, high school, graduate), or different regions of Tirkiye. In addition, the participants in this
study were recruited using the purposive and convenience sampling method. The psychometric
properties of the test can be tested on a group determined by random assignment.

Considering the abovementioned limitations, the spatial ability test developed here can be used
by high school guidance services to measure students’ or candidates’ spatial abilities to predict
their potential for tertiary programs requiring such abilities as dentistry, medicine, architecture,
engineering, navigation, mathematics, art, graphic design, etc. The same is also true for any
admission committees that plan to measure candidates’ spatial abilities for employment or
program admission purposes. Moreover, the spatial ability test developed in this study can be
used as a pre-posttest to test the effect of the potential intervention programs aiming at
improving learners’ spatial ability.
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