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A New Test for Spatial Relations Distinguishable
From Visualization
Benedict C. O. F. Fehringer
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Abstract: Visualization and spatial relations (mental rotation) are two important factors of spatial thinking. Visualization refers to complex
visual-spatial transformations, whereas spatial relations refer to simple mental rotation of visualized objects. Conventional spatial relations
tests, however, have been found to be highly correlated with visualization tests because solving items through mental rotation might involve
visualization ability due to the complexity of the visual materials of these tests. In two studies (N = 51, N = 109), a new computer-based test
for spatial relations, the R-Cube-SR Test, was developed and validated. The R-Cube-SR Test utilizes simple, single-colored cubes as rotated
visual materials. Reliability estimates of the reaction times reach ω = .87. Correlations with standard tests of spatial relations (up to r = .55)
were significantly higher than with visualization tests, such as the new R-Cube-Vis Test (Fehringer, 2020), which uses the same visual
materials. This was supported by CFAs. It is concluded that the new R-Cube-SR Test is a valid measure of spatial relations. Both tests
together, the R-Cube-Vis and R-Cube-SR, as specific tests for their respective factor, now, are able to provide a differential diagnosis of a
participant’s spatial thinking ability using the same visual materials.
Keywords: spatial thinking, spatial ability, spatial relations, computer-based testing, Rubik’s cube

Spatial thinking is a nonverbal intelligence component (e.g.,
Paivio, 2014). Especially in developing specialized knowledge in STEM (science, technology, engineering, and mathematics) domains, spatial thinking is important (Wai et al.,
2009). Furthermore, it is related to imagery preferences
and creativity (Kozhevnikov et al., 2013), but it is also related
to vocational interests (Pässler et al., 2015). Spatial thinking
ability plays a critical role in how people benefit from supporting aids in learning from visualizations (Münzer, 2012)
and choosing solving strategies in spatial tasks (Wang &
Carr, 2014). The heterogeneous construct of spatial thinking
consists of different factors. For each of these factors, there
exist specific tests (see Hegarty & Waller, 2005). However,
the standard tests of the two main factors, visualization, and
spatial relations, are highly correlated (e.g., Kozhevnikov
et al., 2002; Kozhevnikov & Hegarty, 2001; Miyake et al.,
2001). One reason might be that the stimulus materials of
the spatial relations tests are too complex to measure the
pure ability of spatial relations and, therefore, visualization
ability is needed to solve the items.
The goal of the present study was to develop a new test
for spatial relations that uses sufficiently simple stimuli to
measure pure spatial relations ability. The materials of the
new test, the R-Cube-SR Test, are very similar to the materials utilized in the R-Cube-Vis Test, a new test for the visualization factor (Fehringer, 2020). This will allow simple
comparisons between both abilities. The testing materials
were validated regarding construct and criterion validity.
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)

Spatial Thinking Measures
Based on existing spatial thinking tests, factor-analytic
studies attempt to differentiate spatial thinking according
to different aspects such as manipulating or rotating an
object (see Hegarty & Waller, 2005). Since spatial thinking
is defined differently from tight to broad, authors describe
two to five different factors (e.g., Carroll, 1993; McGee,
1979). The present work bases on Carroll (1993) who reanalyzed more than 90 studies. He found a five-factor structure that could also be confirmed by Burton and Fogarty
(2003). The present study focuses on the first two main
factors, visualization and spatial relations.
In his definitions, Carroll (1993) refers to Ekstrom et al.
(1976b): Visualization means “the ability to manipulate or
transform the image of spatial patterns into other arrangements” (Ekstrom et al., 1976b, p. 173). Spatial relations is
“the ability to perceive spatial patterns or to maintain
orientation with respect to objects in space” (Ekstrom
et al., 1976b, p. 149). In contrast to visualization, where
the configuration of parts of the object is changed, spatial
relations means manipulating the whole object (Ekstrom
et al., 1976b). According to Ekstrom et al. (1976b), tests of
visualization are also less speeded and use more complex
objects than tests of spatial relations. Pellegrino et al.
(1984) interpreted visualization and spatial relations as
end points of a continuum with speeded tests consisting of
simple items on the spatial relations side and power tests
European Journal of Psychological Assessment (2021)
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(less speeded tests) consisting of complex items on the visualization side. Tests in the middle of the continuum are
thought to consist of medium complex tasks. Therefore,
standard tests for visualization are constructed as power
tests and use accuracy as a measure (e.g., the Paper Folding
Test, PFT; Ekstrom et al., 1976a), whereas spatial relations
tests are constructed as speeded tests and use reaction
times, if possible, as the preferred measure (e.g., a test using
simple, two-dimensional figures obtaining a chronometric
measure for mental rotation speed, Jansen-Osmann &
Heil, 2007, termed here as the Chronometric Test, CT).
However, some conventional spatial relations tests exist as
paper/pencil versions only. Therefore, accuracy is measured
(e.g., Cube Comparison test, CC; Ekstrom et al., 1976a).
A test from the middle of the continuum is the Mental
Rotation Test (MRT, Vandenberg & Kuse, 1978). The
MRT presents more complex three-dimensional figures
such as visualization tests but demands mental rotations
of these figures such as spatial relations tests.
Although visualization and spatial relations can be seen as
placed at the two opposite ends of this continuum
(Pellegrino et al., 1984), the correlation patterns based on
the existing, conventional tests provide only weak support
for the distinguishability of both spatial thinking factors.
The correlations between different tests measuring spatial
relations vary between .34  r  .62 (see Hegarty & Waller,
2004; Kozhevnikov et al., 2002; Kozhevnikov & Hegarty,
2001; Vandenberg & Kuse, 1978). Correlations between
different visualization tests can only be approximately estimated by the correlation between PFT and MRT, .51  r
 .63 (Blajenkova et al., 2006). However, correlations
between spatial relations and visualization tests are in the
same range, .40  r  .57 (see Kozhevnikov et al., 2002;
Kozhevnikov & Hegarty, 2001; Miyake et al., 2001).
The high correlations between both spatial thinking
factors that approach the correlations between tests of the
same factor can be problematic in research focusing on differences between both factors. These correlation patterns
might be caused either by an existing strong similarity of
spatial relations and visualization or by an invalid measurement of at least one of the two factors. Assuming that all
tests of one factor contain the same “invalid” aspect(s), this
might cause a misinterpretation of the specific tests. One
reason for such a misinterpretation might be the factoranalytic approach that led to these factors. Factor analyses
are able to group tests but are unable to validate these
grouped tests with respect to a certain construct. Especially
for the spatial relations tests, this might be problematic.
Although the most spatial relations tests fulfill the definition
of spatial relations (i.e., participants have to rotate a visual
object to solve an item), the items might be too complex for
the usage in speed tests. For example, Münzer et al. (2018)
found an overall accuracy of the CT of around 70% in a stuEuropean Journal of Psychological Assessment (2021)
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Figure 1. Cube Comparison Test (CC). G = gleich (same); V =
verschieden (different). Here, the correct answer is “G”.

dent population, and Henn et al. (2018) found an overall
accuracy of around 50% for the CC in a sample of surgical
trainees. Especially for the CT, this low accuracy rate is
problematic considering that the reaction times are based
only on the correctly solved items as well as the recommendation to exclude participants with an error rate of 30% and
higher (Jansen et al., 2013). The items of the CC might also
be too complex. Each item of the CC presents two cubes
with letters on their sides. Participants have to decide
whether both cubes are equal except for rotation (Figure 1).
Although this task seems to fulfill the spatial relations’
definition, the participants also have to check the orientation of the letters to solve the task. This mental transformation of the letters’ orientation might also demand
visualization ability. Such complex elements in the items
of spatial relations tests might be one reason for the partly
strong positive correlations between spatial relations and
visualization tests. Hence, a new spatial relations test with
simpler tasks is needed.
The newly developed test for spatial relations, the
R-Cube-SR Test, was intended to present simple items with
the goal that nearly all participants should solve sufficiently
many items to maintain a pure(r) measure for spatial relations. Similar to Jansen et al. (2013), the maximal error rate
per participant should not exceed 30%. Additionally, the
second set of more complex items, similar to existing tests,
was also considered for comparison reasons. Both item sets
of the R-Cube-SR Test were analyzed in Study 1 with
respect to the standards for evidence of validity formulated
by the American Educational Research Association et al.
(2014). A second study (Study 2) was conducted to replicate
the results of Study 1 in a larger sample.

Stimulus Materials of the R-Cube-SR Test
The items of the R-Cube-SR Test show two cubes, one on
each side, similar to Rubik’s cubes (Figure 2). Both cubes
are colored with six colors blue, brown, green, red, white,
and yellow. Since only three sides are visible, the participants might see less colors. The cube on the left side of
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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Figure 2. Sample items of the R-Cube-SR Test (here, only in grayscale, the actually used figures can be found in the supplementary material,
Fehringer, 2021b): (A1) plain and possible item; (A2) plain, impossible; (B1) patterned, possible; (B2) patterned, impossible.

each item is the target figure. The cube on the right side of
each item is a rotated cube. Participants have to decide
whether it is possible or impossible to rotate the left cube
to obtain the right cube. The R-Cube-SR Test was created
in two versions (Plain and Pattern). The items of the
Plain-version are plain colored cubes and are simpler than
the items of the standard spatial relations tests (Figures 2A1
and 2A2). Cube sides of standard spatial relations test are
usually more complex by showing patterns or arrangements
of dots or letters (see Figure 1). These visual symbols that
have, therefore, also to be checked for their correct orientation after the cube was rotated which involve additional
cognitive processes. Therefore, the plain version of the RCube-SR Test is simpler than the existing cube comparison
tests. Hence, it was assumed that these items could be utilized to measure spatial relations in a pure form. Furthermore, the second set of items, the Pattern-version, with
more complex items was created to compare the Plain-version and the standard tests. Items of the Pattern-version
show patterned cubes (Figures 2B1 and 2B2) that are more
complex and more similar to the items of the conventional
tests.
The R-Cube-SR Test (Plain) is constructed as a speeded
test (Pellegrino et al., 1984). The logarithmized reaction
times (RT) averaged over all possible, correctly answered
items are utilized as the relevant measure, such as in the
CT. Items of the Pattern-version of the R-Cube-SR Test
were expected to be more difficult to solve than in the
Plain-version and comparable to the items of the CC test.
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)

Therefore, the accuracy over all items (ACC) was an analyzed as additional measure of the Pattern-version, additional to the logarithmized reaction times averaged over
all possible items.
The item set of the R-Cube-SR Test is built in the same
manner and use the same figures as another spatial thinking
test for the factor visualization, the R-Cube-Vis Test for visualization (Fehringer, 2020). However, in the R-Cube-Vis
Test, the cubes have not to be rotated as a whole, but single
elements of a cube have to be manipulated mentally in succession, as with a Rubik’s cube, to (possibly) obtain the
appearance of the comparison cube (Figure 3). Therefore,
both tests combined, R-Cube-SR and R-Cube-Vis, can assess
different spatial factors using the same stimulus materials,
which is not possible with the single conventional tests.
Rational and theoretical reasons can be derived to provide evidence-based for validation on test content that
“can be obtained from an analysis of the relationship
between the content of a test and the construct it is
intended to measure.” (American Educational Research
Association et al., 2014, p. 14). This evidence can be confirmed for the R-Cube-SR Test (both versions) regarding
the definition of spatial relations (see above). In order to
rotate the whole cube of an R-Cube-SR item, participants
have to “perceive spatial patterns” (one side of the cube)
“or maintaining orientation with respect to objects in
space” (the position of one side with respect to the other
two sides). In this way, the items together with the test
instruction correspond to the definition of spatial relations.
European Journal of Psychological Assessment (2021)
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Figure 3. Sample item of the R-Cube-Vis Test of a medium difficulty
level (here, only in grayscale, the actually used figures can be found in
the supplementary material, Fehringer, 2021b).

Study 1: Validation of the
R-Cube-SR Stimulus Materials
The stimulus materials of both versions of the R-Cube-SR
Test were validated with respect to evidence-based on relations to other variables, including the relationship to other
tests measuring the same or a different construct as well
as to external criteria. This validity aspect refers to “external variables [that] may include measures of some criteria
that the test is expected to predict, as well as relationships
to other tests hypothesized to measure the same constructs,
and tests measuring related or different constructs.”
(American Educational Research Association et al., 2014,
p. 16) It was expected that the correlations with two standard tests for spatial relations are significantly positive (evidence for convergent validity) and that the correlation with
two visualization tests should be lower (discriminant evi-
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dence of validity). The size of the correlation with a further
test from the middle of the continuum between spatial relations and visualizations (the MRT) should be between the
correlations with the spatial relations and the visualization
test. The pairwise correlations between the R-Cube-SR test
and the spatial relations tests should be at least at the minimum size of correlations between spatial relations tests
based on the current literature (r = .34, see above) and
should be comparable to the correlations between both conducted spatial relations tests. Hence, the sample size should
be at least N = 49 with a directed hypothesis, an α-level at
.05, and a test power at .80 (recommended by Cohen,
1988) according to the software G*Power (Version 3.1.9.2,
Faul et al., 2007). Additionally, three confirmatory factor
analyses (CFA) were conducted with three latent variables:
Visualization representing the visualization tests, Spatial
Relations representing the spatial relations tests, and a
latent variable MiddleVisSR for the MRT as in between both
ends of the continuum. The three CFAs differ with regard
to which latent variable the R-Cube-SR Test is assigned to
(Figure 4). It was expected that the CFA with the
R-Cube-SR Test as manifest variable of the latent Spatial
Relations variable would best fit the data. This would
support the R-Cube-SR Test as a spatial relations test.
Furthermore, evidence for the validity regarding relationships with external criteria was also considered for school
grades in the native language and Mathematics. There
was no specific expectation for the effect sizes, because
the correlations with spatial relations with mathematical
and verbal abilities range from .20  r  .52 and 17  r 
.65 (Gunderson et al., 2012; Hegarty & Kozhevnikov,

Figure 4. Schematic representations of the three conducted confirmatory factor analyses (CFAs) differing with regard to which latent variable the
R-Cube-SR Test was assigned to.
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1999). However, it was expected that the correlations of the
school grades with the R-Cube-SR should be similar to the
correlations of the school grades with the standard spatial
relations tests in the present studies. Both presented studies
were also included in the validation of the R-Cube-Vis Test.
The results concerning the R-Cube-Vis Test are presented in
Fehringer (2020).

Method
Participants
The study was conducted with a sample of 51 participants
(39 female, 12 male) from a German University. For their
participation, they received course credit. On average, the
participants were 21 years of age (M = 21.14, SD = 2.17), with
the youngest being 17 and the oldest 26. Two further participants were discarded for all analyses because of a higher
error rate than 30% in the target test, the R-Cube-SR Test
(Plain).
Materials
Both item versions of the R-Cube-SR Test, Plain and
Pattern (Figure 2), consisted of 12 possible and 12 impossible items. The order of the version was fixed beginning with
Plain. The items within each version were randomly presented. Before each block, there was one trial phase with
two possible and two impossible items that could be
repeated by the participant. However, a technical error
led to a wrong presentation of one possible plain item.
Hence, the Plain version of the R-Cube-SR Test consisted
of eleven possible and 13 impossible items.
The performed visualization tests were the Paper Folding
Test (PFT) and the R-Cube-Vis Test. The PFT consists of
20 items presented on two sheets with 10 items each. Each
item shows a quadratic paper sheet that is folded and
perforated in two to four steps. On the right side of each
item, there are five response options whereby each option
shows the unfolded paper sheet, but with different patterns
of holes. The task is to decide which option presents the
correct pattern of holes resulting from the folding and
perforating steps. The participants had 3 min for each page
and got 1 and 0 points for correctly and incorrectly
answered items.
The R-Cube-Vis Test was presented in its long version
with 24 possible and 24 impossible items for six difficulty
levels. After each item, the participants were asked for their
confidence on a 4-point-scale. The weighted accuracy
(wACC), a combined measure based on the accuracy over
all possible items and the respective confidence rating,
was considered for analyses (Fehringer, 2020).
As tests for spatial relations, the Chronometric Test (CT;
Jansen-Osmann & Heil, 2007), and the subtest Würfelaufgaben of the Intelligenz-Struktur-Test (IST-WA; Amthauer
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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et al., 1999) were conducted. The CT consists of 60 items
presenting two-dimensional figures (“primary mental ability figures”, Thurstone, 1958). In each item, participants
have to decide whether both objects are equal except for
rotation. There are 16 items, 8 same and 8 mirrored, for
45°, 90°, 180° disparity angles. Twelve additional items
have a disparity angle of 0° and are all mirrored. The CT
was computer-based and uses reaction times for possible,
correctly solved items as the measure.
The IST-WA shows cubes with dots, squares, and triangles on their sides. The test consists of two blocks. The
participants have to assign to each cube of a target set
(10 cubes per block) the specific cube of a given set
(five cubes) that shows its rotated version. For each correctly
assigned cube from the target set, the participants got
1 point, otherwise 0 points. The IST-WA is similar to the
CC as a standard spatial relations test and was repeatedly
validated as part of an intelligence test.
Furthermore, the Mental Rotation Test (MRT;
Vandenberg & Kuse, 1978) was conducted from the middle
of the continuum between visualization and spatial relations. The MRT utilizes complex three-dimensional objects
as figures in its stimulus materials. Each task shows one
object on the left side and four objects on the right side.
Two of these four objects are equal to the object from the
left side but rotated. The other two objects are different.
Participants have to detect both equal objects on the right
side. The MRT consists of 24 items, which were presented
on two sheets with twelve items on each. The participants
had 4 min per sheet and got 1 point, if the two equal figures
were correctly detected; otherwise, the participants got
0 points. In the current study, a redrawn version, the
MRT-A (Peters et al., 1995) was used.
Finally, a questionnaire was prepared to ask for participants’ age, gender, their experience with the Rubik’s Cube
and Abitur grades in German and Mathematics. The Abitur
is the diploma from German secondary school qualifying
for university admission. The grades range from 0.7, that
is, the best grade, to 6.0, that is, worst grade.
Procedure
There were two sessions, A and B, with durations of 90 and
60 min. In session A, participants conducted the PFT and
the R-Cube-Vis test in that order. Session B took place
one week later. The participants performed the following
tests: MRT, IST-WA, R-Cube-SR, CR and the questionnaire
(in the indicated order). Both sessions were conducted in an
experimental laboratory in groups of up to six participants
using partition walls.
Analyses
The analyses in both studies were conducted using the R
statistics (R Core Team, 2017) with the packages plyr
European Journal of Psychological Assessment (2021)
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Table 1. Descriptive results for each test (Study 1)
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N

M

SD

Range

Skewness

Kurtosis

PFT

50

0.65

0.16

0.25–0.95

0.52

0.08

MRT

51

0.61

0.21

0.08–0.96

0.32

0.92

IST-WA

51

0.59

0.23

0.15–1.00

0.10

0.85

CT (ACC)

48

0.93

0.06

0.75–1.00

0.72

0.10

CT (RT)

48

2,471

602

1,292–3,793

0.43

0.68

R-Cube-SR, Plain (ACC-all)

51

0.96

0.05

0.79–1.00

1.22

1.11

R-Cube-SR, Plain (RT)

50

4,709

2,077

4.09

21.52

R-Cube-SR, Pattern (ACC-all)

50

0.82

0.13

1.13

1.03

R-Cube-SR, Pattern (RT)

42

6,649

2,291

1.55

4.16

R-Cube-Vis (wACC)

49

3.26

0.39

0.44

0.95

2,590–17,031
0.38–1.00
2,968–15,935
2.38–3.86

Note. The different sample sizes result from different numbers of excluded participants for each test. ACC = accuracy over all items; CT = Chronometric
Test; IST-WA = Würfelaufgaben of the Intelligenz-Struktur-Test; M = mean; MRT = Mental Rotation Test; PFT = Paper Folding Test; RT = reaction time; SD =
standard deviation; wACC = weighted ACC.

(Wickham, 2011), dplyr (Wickham et al., 2018), reshape
(Wickham, 2007), and psych (Revelle, 2017). Reliability
was estimated by omega (McDonald, 1999) as factor analytic alternative to Cronbach’s α (Trizano-Hermosilla &
Alvarado, 2016) using the package MBESS (Kelley, 2020).
The comparisons of the correlations were tested with Fisher’s z utilizing the package cocor (Diedenhofen & Musch,
2015). The multiple imputation was performed with mice
(Van Buuren & Groothuis-Oudshoorn, 2011) and miceadds
(Robitzsch & Grund, 2020). The confirmatory factor analyses were performed with lavaan (Rosseel, 2012) using a
maximum-likelihood estimator. In both studies, the author
reported how they determined the sample size, all data
exclusions, all data inclusion/exclusion criteria, whether
inclusion/exclusion criteria were established before data
analysis, all measures in the study, and all analyses including all tested models. For the inferential tests, the author
reported exact p-values, effect sizes, and 95% confidence
or credible intervals.

Results
The descriptive results can be found in Table 1. The reaction
times showed high values in skewness and kurtosis. Therefore, the values were also logarithmized for the following
analyses. The different sample sizes of the tests result from
the predefined outlier criteria based on the results of a prestudy, for example, discarding of too few valid answers or
pressing only one key. For the further measures using reaction times (CT; the Pattern-version of the R-Cube-SR Test),
only participants were included with an error rate of
maximal 30%. The lower number of participants of the
R-Cube-Vis Test was mainly because of a wrong interpretation of the confidence rating by participants. The pairwise
exclusion was applied to maximize the number of participants per correlation. In addition, the obtained correlations
were compared with the results of a multiple imputation to
check for strong distortions.
European Journal of Psychological Assessment (2021)

First, the correlation patterns among the validation tests
will be considered. The highest correlations can be found
between both spatial relations tests (IST-WA, CT), r =
.55, p < .001, between both visualization tests (PFT,
R-Cube-Vis), r = .49, p < .001 and between the PFT,
MRT, and IST-WA, .46  r  .50, p < .001 (Table 2). Therefore, the CT and R-Cube-Vis seem to be the purest tests with
descriptively higher correlations with the respective test
from the same factor (|r|  .49, p < .001) and smaller correlations with tests from the other factor, .22  |r|  .37, p 
.142. The correlations between CT and IST-WA as well as
CT and R-Cube-Vis were significantly different, z = 1.83,
p = .033. The correlations between R-Cube-Vis and PFT as
well as R-Cube-Vis and CT were marginally significantly
different, z = 1.45, p = .074. The results of the multiple imputation were comparable (|Δr|  .02). Significant correlations
between the validation tests and the grades in German
or Mathematics as well as with the experience with
Rubik’s cubes could only be found for the PFT with Rubik’s
cubes’ experience (r = .33, p = .018) and with the grade in
Mathematics, r = .30, p = .040. All results were in accordance with the current literature.
The reliability estimate of the reaction times of both
R-Cube-SR versions were good, ω = .84 [.77; .90] (Plain)
and ω = .89 [.84; .95] (Pattern). The estimate of the accuracy over all items of the Pattern-version was acceptable,
ω = .71 [.59; .84].
In the following, the correlation patterns including
the R-Cube-SR Test are examined. As described in the
theoretical part, the reaction times were considered as standard measure for a speeded test for both versions. Additionally, the accuracy over all items was also analyzed for
the Pattern-version due to the more complex items and,
therefore, the lower mean accuracy. The eaction times of
both versions of the R-Cube-SR Test showed descriptively
the expected pattern with the highest correlations with
the CT as a standard test for spatial relations (r  .48, p
< .001) and the lowest correlation with the visualization test
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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Table 2. Correlations between the validation tests (Study 1)
R-Cube-Vis
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PFT

PFT

IST-WA

Measure

.49***

MRT

.36*

.46***

IST-WA

.28

.48***

CT (RT)

MRT

.22

Table 3. Correlations of the R-Cube-SR Test versions with the
validation tests (Study 1)

.37*

R-Cube-Vis

PFT

MRT

IST-WA

CT (RT)

.04

.33*

.33*

.34*

.48***

ACC

.21

.10

.37**

.27

.00

RT

.02

.36*

.31*

.30

.57***

R-Cube-SR-Plain
RT

.50***
.32*

.55***

Note. CT = Chronometric Test; IST-WA = Würfelaufgaben of the IntelligenzStruktur-Test; MRT = Mental Rotation Test; PFT = Paper Folding Test.
*p < .05; ***p < .001.

R-Cube-Vis, r  .04, p  .791 (Table 3). These correlation
pairs were significantly different, z = 2.33, p = .010 (Plain)
and z = 2.74, p = .003 (Pattern). All other correlations did
not differ significantly (z  1.16, p  .123). The descriptively lower correlations between the reaction times of both
versions and the second spatial relations test (the IST-WA)
were unexpected. One reason might be that the IST-WA is
farther away from the spatial relations end of the continuum and, therefore, more in the middle than purer tests
of this factor. This is also supported by the descriptively
higher correlations of the IST-WA with PFT and MRT compared to the correlations of the CT with the PFT and MRT.
The accuracy measure of R-Cube-SR (Pattern) showed
lower correlations (r  .37, p  .008) and not the expected
pattern as a spatial relations test. The results of the multiple
imputation were similar to the correlations of the reactions
time of the Plain version and of the accuracy of the Pattern
version (|Δr|  .02). However, the correlations between the
reaction times of the Pattern version were smaller for the
PFT (r = .22, p = .128), the MRT (r = .06, p = .723),
and the IST-WA (r = .21, p = .161). All correlations were
also computed with the female-only subsample for comparison because of the uneven gender proportion. Except for
the correlation between the reaction times of R-Cube-SRPattern and R-Cube-Vis as well as IST-WA (r = .11, p =
.551; r = .42, p = .019), all correlations differed less than
(|Δr|  .10). The correlation patterns were the same.
The confirmatory factor analyses (CFAs) were conducted
with reaction times of the R-Cube-SR Test of the Plain- and
Pattern-version as both showed the expected correlation

R-Cube-SR-Pattern

Note. ACC = accuracy over all items; CT = Chronometric Test; IST-WA =
Würfelaufgaben of the Intelligenz-Struktur-Test; MRT = Mental Rotation
Test; PFT = Paper Folding Test; RT = reaction time. All correlations |r|  .3
are bold. *p < .05; **p < .01; ***p < .001.

patterns. The CFA with the R-Cube-SR Test (Plain)
assigned to the latent Spatial Relations variable (CFA 3 in
Figure 4 and Figure 5) had the best fit to the data according
the information criteria AIC and BIC (AIC[CFA 3] = 56.26
< AIC[CFA 2] = 53.87 < AIC[CFA 1] = 53.18; BIC[CFA 3]
= 30.97 < BIC[CFA 1] = 27.89 < BIC[CFA 2] = 26.77)
and showed also good model fit indices according to Kline
(2016), RMSEA = .05 [.00; .20], CFI = .99; TLI = .97. The
best fit for the R-Cube-SR Test (Pattern) could also be
found, if the test was assigned to the latent Spatial Relations
variable according to the information criteria AIC and BIC
(AIC[CFA 3] = 36.35 < AIC[CFA 2] = 32.66; BIC[CFA 3]
= 11.05 < BIC[CFA 1] = 5.57), whereas the CFA 1 did not
even converge. However, the fit indices were only poor to
acceptable with RMSEA = .13 [.00; .24], CFI = .93, and
TLI = .84.
All correlations with grades in Mathematics and German
as well as with experience with Rubik’s cube were not
significant.

Study 2: Replication
The goal of Study 2 was to confirm the correlation patterns
between the R-Cube-SR Test and the validation tests with a
larger sample. The Würfelaufgaben (IST-WA) as spatial
relations test was replaced by the Cube Comparison Test

Figure 5. Confirmatory factor analysis
with the R-Cube-SR Test (Plain)
assigned to the latent Spatial Relations
variable (Study 1).

Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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Table 4. Descriptive results for each test (Study 2)
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N

M

SD

Range

Skewness

Kurtosis

PFT

109

0.65

0.18

0.20–1.00

0.36

0.32

MRT

109

0.54

0.19

0.12–0.96

0.01

0.37

CC

109

0.67

0.18

0.17–1.00

0.56

0.20

86

0.90

0.08

0.71–1.00

0.74

0.35

CT (ACC)
CT (RT)

86

2,993

1,153

1,427–8,507

2.01

6.15

R-Cube-SR-Plain (ACC)

109

0.94

0.07

0.67–1.00

1.61

3.21

R-Cube-SR-Plain (RT)

109

4,494

1,337

2,446–9,099

1.04

1.17

R-Cube-SR-Pattern (ACC)

104

0.81

0.12

0.45–1.00

0.60

0.15

78

7,022

2,362

2,392–15,822

1.08

1.71

101

2.77

0.53

1.67–3.93

0.16

0.58

R-Cube-SR-Pattern (RT)
R-Cube-Vis (wACC)

Note. ACC = accuracy over all items; CC = Cube Comparison test; CT = Chronometric test; M = mean; MRT = Mental Rotation Test; PFT = Paper Folding Test;
RT = reaction time; SD = standard deviation; wACC = weighted ACC. The different sample sizes result from different excluded participants for each test.

because the IST-WA showed high correlations with the
non-spatial relations tests, PFT and MRT, in Study 1. The
R-Cube-Vis Test was used in a short version (Fehringer,
2020).

Method
Participants
The sample consisted of N = 109 participants, 92 female
and 17 males. The participants were on average 22 years
(M = 22.17, SD = 2.75), whereby the youngest was 18 and
the oldest 34 years. All participants were from a German
University and could choose between course credit and
monetary compensation. Ten participants had an error rate
of more than 30% in the target test (R-Cube-SR, Plain) and
were excluded for the following analyses.
Materials
The PFT, the MRT, the CT, and the R-Cube-SR Test (Plain
and Pattern) were administered as in Study 1 (see Materials
section). Instead of the IST-WA, the Cube Comparison Test
(CC, Figure 1) was administered. According to Ekstrom
et al. (1976b), participants had 3 min for each of the two
pages of the CC. Each page shows 21 items. One item could
be interpreted ambiguously as same or different. Therefore,
it was excluded from the following analyses. The total number of items was 41. Participants got one point for each correctly answered item. In contrast to Study 1, the R-Cube-Vis
Test was administered as a short version with ten items
within each difficulty level (five possible and five impossible), 60 items together. The short version, of which the procedure was adapted in a later study (Fehringer, 2020), used
two sets of items that were balanced between the
participants.
Procedure
The participants conducted the three paper-pencil tests,
PFT, MRT, and CC, followed by the CT. After that, they
European Journal of Psychological Assessment (2021)

Table 5. Correlations between the validation tests (Study 2)
R-Cube-Vis

PFT

MRT

PFT

.45***

MRT

.28**

.49***

CC

.23*

.46***

.49***

CT (RT)

.40***

.50***

.53***

CC

.55***

Note. CC = Cube Comparison test; CT = Chronometric Test; MRT = Mental
Rotation Test; PFT = Paper Folding Test; RT = reaction time. All correlations
|r|  .3 are bold. *p < .05; **p < .01; ***p < .001.

performed one of the R-Cube-Vis Test versions. Finally,
the participants conducted the R-Cube-SR in its Plain and
Pattern-version and answered the descriptive data
questionnaire.

Results
The descriptive results were comparable to the results
found in Study 1 (Table 4). The larger number of excluded
participants for the CT and the reaction times of the
Pattern-version of the R-Cube-SR Test resulted from the
larger number of participants with more than 30% error
rate. A large error rate was also found for the CC. This might
be caused by the more complex items utilized in this test.
At first, only the correlations between the validation tests
are considered. The correlation between all validation tests
(except for the R-Cube-Vis Test) were equally high and
ranged between .46  |r|  .55, p < .001 (Table 5). The differences between the correlations were not significant, |z| 
0.83, p  .203. The correlations with the R-Cube-Vis Test
decreased as expected from the PFT over the MRT to the
CC with a significant difference between the correlations
with the PFT and the CC, z = 1.72, p = .043. The correlations with the CT were unexpectedly higher (r = .40,
p < .001), but was still descriptively lower than the correlations between the CT and the other not-spatial relations
tests, PFT and MRT (Table 5). The multiple imputation
resulted in the same correlations (|Δr|  .02). Four of the
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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Table 6. Correlations of the R-Cube-SR Test versions with the
validation tests (Study 2)
Measure

R-Cube-Vis

PFT

MRT

CC

CT

.08

.31**

.47***

.51***

.55***

ACC

.32**

.37***

.34***

.36***

.27*

RT

.26*

.13

.34**

.23*

.44***

R-Cube-SR-Plain
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RT
R-Cube-SR-Pattern

Note. ACC = accuracy over all items; CC = Cube Comparison test; CT =
Chronometric test; MRT = Mental Rotation Test; PFT = Paper Folding Test;
RT = reaction time. All correlations |r|  .3 are bold. *p < .05; ***p < .001.

five correlations between the validation tests and the grade
in Mathematics were significant, r = .24, p = .016
(R-Cube-Vis); r = .43, p < .001 (PFT); r = 25, p = .008
(CC); r = .34, p < .001 (CT); r = 17, p = .074 (MRT). All
correlations between the validation tests and the grade in
German as well as experience with Rubik’s cubes were
not significant, |r|  .11, p  .266 with a marginal significant
correlation between the R-Cube-Vis Test and the grade in
German, r = .19, p = .058.
The reliability estimates of the reaction times of the
R-Cube-SR Test were good, ω = .87 [.83; .90] (Plain),
ω = .90 [.87; .94] (Pattern). The accuracy measure of the
R-Cube-SR Test (Pattern) was poor with ω = .62 [.46; .79].
The reaction times of the R-Cube-SR Test (Plain) showed
the expected correlations with the validation tests (Table 6),
that is, equally high correlations with both standard tests for
spatial relations, CC and CT, .51  |r|  .55, p < .001, and
significantly lower correlations with the visualization tests,
PFT (z  1.81, p = .035) and R-Cube-Vis (z  3.44, p <
.001). The correlation with the MRT was descriptively
between these correlations, but significant differences were
not obtained (z  0.74, p  .229).
The reaction times of the R-Cube-SR Test (Pattern) also
showed the expected pattern with a higher correlation with
the CT (spatial relations test), a lower correlation with the
MRT, and nearly no correlation with the PFT (visualization).
The correlation with CT was also significantly larger than
the correlation with the PFT, z = 1.98, p = .024. However,
the correlations with R-Cube-Vis and CC were comparable.
All correlations were descriptively lower than the Plainversion (except for the R-Cube-Vis Test), and there was a
marginal significant difference between the correlations
with both spatial relations tests (CC and CT), z = 1.41, p =
.079. All correlations between the accuracy measure of
the R-Cube-SR Test (Pattern) and the validation tests were
in a lower range, .27  |r|  .37, p < .016. All correlations
resulting from the multiple imputation were comparable
(|Δr|  .03), except for the correlation between the reaction
times of the Pattern version with the R-Cube-Vis Test (r =
.16, p = 230) and with the CT (r = .38, p = .002). As in Study 1,
the correlations were also computed for the only-female
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)

subsample. Also, here, all correlations differed with |Δr| 
.10, except for the correlations between the reaction times
of R-Cube-SR Test (Pattern) and PFT (r = .04, p = .769).
The overall correlation pattern was the same.
The confirmatory factor analysis (CFA) that assigned
the R-Cube-SR Test (Plain) to the latent Spatial Relations
variable (Figure 6) had the best fit to the data compared
to the other two CFAs (see Figure 4); (AIC[CFA 3] =
101.54 < AIC[CFA 2] = 99.74 < AIC[CFA 1] = 99.36;
BIC[CFA 3] = 68.02 < BIC[CFA 1] = 65.84 < BIC[CFA
2] = 63.82). The fit indices showed acceptable (RMSEA =
.07, [.00; .16]) to good fit (CFI = .98; TLI = .96). In contrast,
the CFA assigning the R-Cube-SR Test to the middle of the
continuum (latent variable MiddleVisSR, see Figure 4) was
the best for the Pattern-version according to AIC, but not
to BIS (AIC[CFA 2] = 37.66 < AIC[CFA 3] = 35.72 <
AIC[CFA 1] = 33.92; BIC[CFA 3] = 2.91 < BIC[CFA
2] = 2.50 < BIC[CFA 1] = 1.11). The fit indices were
acceptable to poor, RMSEA = .16 [.09; .24], CFI = .90,
TLI = .74.
Only the reaction times of the R-Cube-SR Test (Plain)
and the accuracy of the R-Cube-SR Test (Pattern) were
significantly correlated with the grade in Mathematics, r =
.21, p = .030 (Plain, RT); r = .34, p < .001 (Pattern, ACC);
r = .13, p = .264 (Pattern, RT). All correlations with the
grade in German and experience with Rubik’s cubes were
not significant (|r|  .14, p  .141).

General Discussion
The goal of the present studies was to develop and validate
a new spatial thinking test measuring spatial relations that
can be distinguished from the spatial thinking factor
visualizations.
Existing tests of spatial relations reach similar high correlations with visualization tests compared to correlations
with each other. One reason might be the complexity of
the visual items of these tests that might involve visualization ability. The presented R-Cube-SR Test in its Plainversion consists of very simple items (solved Rubik’s cubes)
which have to be rotated as a whole. A more complex
version (Pattern), which is more similar to the standard
spatial relations tests, was also developed and tested as an
opportunity to compare simple and complex variants of a
spatial relations test based on the same stimulus materials.
Two studies were conducted to analyze the correlation
patterns with standard spatial thinking tests (validation
tests) with respect to discriminant and convergent evidence
of validity as well as correlations with grades in Mathematics and German as validity evidence for external criteria.
The validation tests were the Paper Folding Test (PFT,
European Journal of Psychological Assessment (2021)
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Figure 6. Confirmatory factor analysis with the R-Cube-SR Test (Plain)
assigned to the latent Spatial Relations variable (Study 2).

Ekstrom et al., 1976a) and the new developed R-Cube-Vis
Test for visualization and the Chronometric Test (CT,
Jansen-Osmann & Heil, 2007), the Würfelaufgaben of the
Intelligenz-Struktur-Test (IST-WA, Amthauer et al., 1999,
Study 1) and the Cube Comparison Test (CC, Ekstrom
et al., 1976a, Study 2) for spatial relations. Furthermore,
the correlations with the Mental Rotation Test (MRT,
Vandenberg & Kuse, 1978) as a test in the middle of the
continuum from spatial relations to visualization were also
analyzed.
The correlation patterns of the validation tests in both
studies confirmed the results reported in the literature
(e.g., Blajenkova et al., 2006; Kozhevnikov et al., 2002;
Kozhevnikov & Hegarty, 2001). There were high correlations between tests of the same spatial thinking factor (visualization, spatial relations), but also comparable correlations
between tests from the two different factors. The R-CubeVis Test measuring visualization was the only test that
showed a differentiated correlation pattern in both studies
with (marginal) significant lower correlations with spatial
relations tests than with the PFT. Only in Study 1, the CT
as a spatial relations test showed a significantly higher
correlation with the second spatial relations test (IST-WA)
than the correlations with the R-Cube-Vis Test.
In contrast, the target test, the R-Cube-SR Test (Plain),
with reaction times as the ability measure showed high
convergent validity with the Chronometric Test (Studies 1
and 2) and the Cube Comparison test (Study 2) as well as
significantly lower correlations with the visualization tests,
the R-Cube-Vis Test and the PFT (only in Study 2) as
evidence for discriminant validity. As expected, the correlations with the MRT were descriptively lower than the correlations with the spatial relations tests, but higher than the
correlations with the visualization test. The Pattern-version
of the R-Cube-SR Test with reaction times as the ability
measure showed the expected correlation pattern with the
validation tests but seemed less suitable to measure spatial
relations than the Plain-version (e.g., there were descriptively different correlations between both spatial relations
tests, CT and CC, in Study 2, and a considerable number
European Journal of Psychological Assessment (2021)

of participants had to be excluded with error rates exceeding 30%). The Pattern-version with accuracy as the ability
measure showed an indifferent correlation pattern with a
tendency to higher correlations with the visualization tests,
especially in Study 2. Hence, the reaction times of the Plainversion of the R-Cube-SR Test were identified as the most
promising measure (of all three tested measures) for spatial
relations. The R-Cube-SR Test of both versions with reaction times as the measure had good reliability estimates
in both studies.
The correlations patterns in both studies were supported
by the conducted confirmatory factor analyses (CFAs). The
analyses showed that the CFA assigning the R-Cube-SR
Test (Plain) to the latent Spatial Relations variable had
better fit the data compared to both alternative CFAs that
assigned the R-Cube-SR Test (Plain) to the Visualization
end or in the middle of continuum. These results show that
the R-Cube-SR Test (Plain) can be interpreted as a test for
spatial relations and not for visualization.
The correlations with the external criteria, the grades in
Mathematics and German, showed the expected relation
with the grade in Mathematics (Gunderson et al., 2012;
Hegarty & Kozhevnikov, 1999) in Study 2. The nonsignificant correlations in Study 1 with both grades as well
as with the grade in German in Study 2 do not weaken
the evidence of the validity of external criteria, because
the same correlation pattern was also found for the standard tests for spatial relations, CT, IST-WA, and CC.
One limitation of the present study is that only two external criteria were considered in present study. Further criteria should be addressed in the following studies regarding
predictive power. Another limitation of the present study
is the specific spatial thinking tests chosen for convergent
and discriminant validation. However, these tests are the
current standard tests for the considered spatial thinking
factors, and they are commonly used in research and diagnosis of spatial thinking. Moreover, the literature provided
results on correlation patterns to derive expectations for
the present study. Another potential limitation of the RCube-SR Test is that the colored cubes are not suitable
Ó 2021 The Author(s). Distributed as a Hogrefe OpenMind article under
the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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for color-blind individuals. However, the proportion of
color-blind individuals is around 5%, which means that
the test can be applied for around 95% of the population.
A further limitation is the uneven proportion of female
and male participants in the samples. However, the single
correlations as well as the correlation patterns in both studies were analyzed for the female subsample and the results
were the same.
The present study provides evidence for convergent and
discriminant validity for the Plain-version of the R-Cube-SR
Test (reaction times) and demonstrates the advantage of
this test compared to the standard tests of spatial relations
by its clear correlation pattern. In particular, the correlations with the R-Cube-Vis Test for visualization that uses
similar visual figures as the stimulus materials were low.
Furthermore, valid evidence for external criteria was found
for the grade in Mathematics. To this end, the Plain-version
of the R-Cube-SR Test with reaction times as the ability
measure is a valid test for spatial relations and overcomes
the disadvantages of standard spatial relations tests by its
ability to distinguish between spatial relations and visualization. The R-Cube-Vis Test (Fehringer, 2020) and the RCube-SR Test together provide a test set that is able to deliver a differentiated profile of a participants’ spatial thinking
abilities.
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