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Abstract

This research introduces two new measures of mental rotation (MR) for 4- to
11-year-old children. Instead of the complex achromatic three-dimensional
(3D) cube aggregates used with adults (Shepard & Metzler, 1971), or the flat
two-dimensional animals used with children (Quaiser-Pohl, 2003), the new
tests uses 3D colourful cubes, either as a standalone, or as a cube aggregate
but with fewer elements. The test format is similar to the Raven’s Coloured
Progressive Matrices Test (RCPM) which also served as a validation tool.
The first new test, the Rotated Colour Cube Test (RCCT), consists of multi-
coloured single cubes in different orientations. Three age groups of 7- to 10-
year-old children (N=100) were increasingly successful in identifying cubes,
with boys from socio-economic background that did not receive state benefits
performing better in the more challenging test sections. While cubes that were
different to the target in terms of cube face colour made the test easier,
differently oriented cubes increased task difficulty. RCCT and RCPM were
correlated, with the RCCT being the easier test. The second new test
development, the Coloured Mental Rotation Test (CMRT), investigated
differences in set-size, angularity, and axis of rotation of coloured cube
aggregates in 4- to 11-year-old children (N=80). Several higher-order
interactions all involved set-size and showed that 4-cube aggregates were the
most economical and best 3D object for children’s MR in all age groups.
Interestingly, the linear decrease in performance with increasing angularity of
4-cube aggregates was already observed in 4-to 5-year but also still in 10- to
11-year-old boys, as well as in 6- to 7- and 8- to 9-year-old girls. It was
concluded that the magical number 4, a capacity limit in attention and short-
term memory (Cowan, 2001), can also be observed in MR, due to the Good

Gestalt of the 4-cube aggregates.
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1. Theoretical Background

1.1. Geometric Complexity of Drawing Cubes

Cave paintings, which include rotated objects, and depth cues when drawing
more distant objects that need to be depicted as reduced in size, are
evolutionarily the most ancient purported activities of drawing pictures
(Lange-Kdttner & Green, 2007; Milbrath, 2005, 2009). Palaeolithic cave
paintings are mainly two-dimensional without viewpoint perspective or
object volume. It has been argued that modern technical drawings illustrate
abstract conceptual knowledge and measurement (Piaget, 1969; Wilder &
Green, 1963). Spatial accuracy in drawing predicts memory and learning in
STEM subjects (Schwamborn, Mayer, Thillmann, Leopold, & Leutner,
2010).

Children are thought to develop the ability to draw in three dimensions (3D)
on a two-dimensional (2D) surface in distinct stages (Luquet, 1927; Piaget &
Inhelder, 1956). The first stage is fortuitous realism in which children
produce scribbles without a recognisable object, these may represent an
action such as a rabbit hopping across the page. The second stage is failed
realism in which the child draws object features, but these are drawn
unrelated to each other or extremely simplified. The third stage is intellectual
realism, in which children define objects in terms of their build and function.
With respect to the cube drawing, this can imply that all faces of a cube are
drawn in a fold-out style as in diagrammatic drawing (Kosslyn, Heldmeyer,
& Locklear, 1977; Mitchelmore, 1978; Morra, 2008). Only in the fourth stage

of visual realism do children draw a projective image similar to a photograph.

Cube drawings have been extensively studied as cubes are simple enough
geometric objects with surfaces in all three spatial dimensions (Cox & Perara,
1998). Perceptual and developmental research has explored children’s ability

to draw cube characteristics, focussing on geometric properties such as



number of cube faces, orientation, occlusion and convergence in 3D
perspective (Bremner & Batten, 1991; Bremner, Morse, Hughes, &
Andreasen, 2000; Chen & Cook, 1984; Cox, 1986; Cox & Perara, 1998;
Deregowski & Strang, 1986; Lange-Kuttner & Ebersbach, 2012;
Mitchelmore, 1978; V. Moore, 1986; Nicholls & Kennedy, 1995; Toomela,
1999, 2003). Research suggests that there are distinct stages in children’s
representations of cubes (Chen, Therkelsen, Griffiths, & Therkelson, 1984;
Cox & Perara, 1998; Deregowski, 1977; Lange-Kuttner & Ebersbach, 2012;
Mitchelmore, 1978).

Mitchelmore (1978) compared drawings of cuboids, cylinders, pyramids, and
cubes in 7- to 15-year-old children. Results showed that children’s ability to
draw a cube develops across a sequence of four stages. In plane schematic
drawings, a single cube face is depicted in an orthogonal shape outline. Solid
schematic drawings consist of several cube faces, including both visible and
hidden features, often not drawn in the correct spatial relation to each other;
they are also depicted without depth cues. Prerealistic drawings include depth
information, seen from a single viewpoint, with visible cube faces shown in
the correct position relative to each other. And finally, realistic drawings are
those in which cubes are drawn with parallel or converging lines to represent
edges. Cube drawings were found to provide the most consistent measure of
children’s drawing ability. Mitchelmore defined cubes as representing the
‘purest’ regular geometric object, as each edge and cube face are positioned

in relation to a coordinate axis system .

Cox and Perara (1998) devised a nine-point scale for assessing cube drawings
in 5- to 13-year-old children. Results of 489 children showed a linear trend of
age progression through drawing stages, with distinct categories of drawing
systems as shown as in Figure 1. In the first category, cube drawings consist
of a single closed region which children are expected to demonstrate by the

age of four to five years. The second category, at about six years of age, shows



a cube represented by a square that conveys the “squareness” of the entire
object as it includes four angular corners. The third category that typically
shows at age seven is a multi-side configuration comprising impossible views
of cube faces, either adjacent or enclosed within one another. Lange-Kuittner
and Ebersbach (2012) showed that often more than the six sides of the cube
are displayed. The shapes may be depicted as rotated on the page. A fourth
category which emerges at about age 8 consists of just two visible sides, with
some spatial correspondence of either the front or side of the cube. The fifth
category occurs first at about age 9 and shows three squares with some correct
spatial correspondence between cube faces. The sixth category can emerge at
about the same age will show a cube with a flat front, horizontal baseline.
Obliques indicate that cube faces point into different spatial depth planes, the
first sign of three dimensions on the two-dimensional surface of the page, but
the sides are deformed, and the angles of cube sides often incorrect. The
seventh category emerges at about age 11 and shows a modified baseline that
recedes into depth. The eighth category at about the same age shows an
oblique cube with geometrical precision that can be depicted in three
dimensions from any point of view. The ninth category emerging at about age
12 shows a converging, visually realistic and optically correct depicted cube
in alignment with the viewer, with receding edges converging to a one-, two-

or three-point perspective.
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Figure 1 Stage model or cube drawings by Cox and Perara (1998).



Stage models of cube drawing suggest that children below the age of about
nine years do not draw cube faces in different depth planes. The projective
portrayal of depth information, achieved through perspective lines and
occlusion, depends on multiple abilities, such as the working memory
necessary to co-ordinate an increase in the number of objects parts (Morra,
Moizo, & Scopesi, 1988), drawing differentiated contours and adjusting size
to the pictorial spatial context (Lange-Kuttner, 2008a, 2009; Lange-Kdttner,
Kerzmann, & Heckhausen, 2002), and drawing objects from different

perspectives in different contexts.

Stages of cube drawing ability were introduced to help educators assess
children’s development. As drawing requires fine motor skills and technical
knowledge, categorising children’s ability to draw cubes will not only
conceptualise the different types of spatial systems that they use. Identifying
categorical differences in children’s spatial and mental rotation ability,
through the control of specific geometric attributes (e.g. orientation, rotation
angle, axis of rotation and number of cubes), would most likely contribute to
better understanding of the development of spatial conceptual knowledge.

In summary, cubes’ geometric attributes are expected to be suitable for
measuring children’s ability to mentally transform objects in a three-
dimensional space. Cubes’ symmetrical features yield a predictable object
insofar as it allows them to make inferences about occluded surfaces.
Children can understand cubes in an object-specific way where all sides of
the cubes are equal in dimensions. However, mentally rotating cubes remains
challenging because the visible surface area will change in relation to the
viewers’ perspective and the object-specific symmetrical orthogonality of

angles transforms into a viewer-specific projection.



2. Mental Rotation
2.1. Cubes in Mental Rotation: The Shepard and Metzler Test

Cube drawings were also an important aspect in Shepard and Metzler’s
(1971) pioneering work on mental rotation. Rather than just rotating a single
cube, they asked participants to rotate alphabetic letters and cube aggregates.
Mental rotation is the psychological process of spatially changing an object’s
orientation rapidly in the mind (Shepard & Metzler, 1971). This ability was a
crucial landmark in the imagery debate in cognitive psychology (Bar, 2011;
Kosslyn, 1994; Kosslyn, Ganis, & Thompson, 2006; Pylyshyn, 1977, 2003)
as it demonstrated that people form mental images in their minds rather than
just following a verbal command script. Participants were presented with
pairs of perspective drawings of 3D cube aggregates and asked to identify
whether the second image was either the same or a mirror image. They found
a linear relationship between reaction time and the degree of rotation, akin to
that found when physically rotating objects — a small rotation of an object
takes less time than a large rotation. This suggested that mental image
transformations correspond to transformations in the real world (Shepard &
Cooper, 1982).

Shepard and Metzler (1971) found that for both depth and picture-plane
rotations, reaction times increased in a linear function in relation to angular
disparity. But the authors were surprised to find that larger depth rotations
around the vertical axis did not show an angularity effect in the reaction times.
Picture-plane rotations require the simple rigid rotation of the picture itself on
a two-dimensional plane, whereas depth rotations require far more complex
transformations of the object’s orientation. Object complexity was also shown
to have an effect on mental rotation ability, as symmetric similarities between

endpoints increased reaction times.



1.2. The Mental Rotation Test

The follow-up experiments to Shepard and Metzler’s experiment were so
successful (Cooper & Shepard, 1973; Cooperau & Shepard, 1973; Metzler &
Shepard, 1974; Tapley & Bryden, 1977), that Vandenberg and Kuse (1978)
used these black-and-white two dimensional drawings of 3D cube aggregates
to produce the Mental Rotation Test (MRT). While in Shepard and Metzler
(1971) experiments, participants were required to make same vs. difference
judgements of stimuli presented in pairs, in the MRT, participants were asked
to identify two structurally identical, but differently rotated cube aggregates
from a multiple-choice selection of four aggregates, see Figure 2. Thus, one
could argue that in the Vandenberg and Kuse test, mental rotation was not
really necessary, but that the main process that was tested was perceptual
mapping between the target and the cube aggregate choices: The response
format consisted of two targets and two distracters. Correct responses were
only recorded if both targets had been identified. The test contains 20 items,
in five sets of four items. Response times increased with larger angularity of

the rotated cube aggregate.
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Figure 2 Vandenberg and Kuse’s Mental Rotation Test. Correct
answers in the top row are items in position 2 and 5, and in the
bottom row items 2 and 3.



This test format has become widely applied in research with adults (Geiser,
Lehmann, & Eid, 2008; Peters, 2005; Peters et al., 1995; Peters, Manning, &
Reimers, 2007; Voyer & Saunders, 2004). One of the reasons for the large
and continuously growing body of research into mental rotation are sex
differences, in which males typically outperform females (e.g. Lauer, Yhang,
& Lourenco, 2019; Linn & Petersen, 1985; Voyer, Voyer, & Bryden, 1995).

1.3. Spatial Ability and Mental Rotation

Spatial ability is considered to be a central component of human intelligence.
It was included as spatial visualisation in Thurstone’s (1938) primary mental
abilities model, and in Carroll’s (1993) model as a broad visual perception
factor. Nevertheless, in Carroll’s view, spatial ability is not a unitary process
but can be divided into a number of distinct forms which include the ability
to perceive, analyse, store, and recall visual representations. In their meta-
analytic review, Linn and Petersen (1985) also defined spatial ability as a skill
in representing, transforming, generating, and recalling symbolic and non-
linguistic information. Similar to the meta-analytic review by Voyer et al.
(1995), they distinguished between spatial perception, spatial visualisation
and mental rotation. In spatial perception, participants are required to process
spatial relationships in relation to the orientation of their own bodies.
Corballis and Roldan (1975) suggested that in order to solve such a task,
participants use processes of symmetry detection to rotate stimuli and achieve
visual or gravitational alignment. Spatial visualisation is commonly
associated with complex manipulations of spatial information which require
a sequence of individual steps, which may include spatial perception and
mental rotation, but distinguishes itself because of multiple solution
strategies. An example of such tests is the verbal reasoning section of the
Differential Aptitudes Test (DAT-V, The Psychological Corporation, 1995).

In the most recent meta-analytic review by Lauer et al. (2019) mental rotation



was defined as the ability to visualise the rigid transformation and rotation of
objects, or object parts, and includes measures that require participants to
complete objects through mental translation or rotation of shapes,
discriminate between rotated mirrored images, and to solve spatial analogies
by visualising rotated objects. This definition of mental rotation is far broader
than the one originally proposed by Shepard and Metzler (1971), which
focussed on the time it takes to determine whether two simultaneously
represented cube aggregates are the same or different. The definition of
mental rotation has been widened to include new experimental paradigms,
and, most importantly, to include the variety of different solution strategies
that have been identified when processing MRT items. These include mental
rotation of holistic images, piecemeal rotation, perspective taking, and
feature-based, viewpoint-independent strategies (Hegarty, 2018) and hence
suggest that a number of different abilities may be applied when solving
mental rotation tasks. Lauer et al. (2019) included the results of Study 1
(LUtke & Lange-Kittner, 2015) in their meta-analysis in the categories
‘abstract stimulus type’ and ‘three dimensional properties’, as two categories

central to their review of mental rotation studies.

In the following paragraphs, the large body of research inspired by Shepard
and Metzler’s original findings will be reviewed, covering the developmental

factors that influence mental rotation.

1.4. Developmental Differences

Piaget and Inhelder (1956, 1971) had already acknowledged the role of
imagery in developmental psychology. They proposed that children would
not be able to demonstrate dynamic imagery before reaching the concrete-
operational stage at about age seven. However, studies that followed found

that young children could mentally rotate (Kosslyn, Margolis, Barrett,
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Goldknopf, & Daly, 1990), albeit at a much slower rate than adults (Frick,
Hansen, & Newcombe, 2013; Frick & Mohring, 2013; Kruger, Kaiser,
Mahler, Bartels, & Krist, 2013; Marmor, 1975, 1977; Schwarzer, Freitag,
Buckel, & Lofruthe, 2012).

Piaget and Inhelder thought that children in the preoperational stage until
about age seven would only use static imagery. In particular, young children
would not understand how changing an object’s orientation also changes its
features in a coordinated way (dynamic imagery) (Piaget & Inhelder, 1971,
p. 120). However, subsequent research demonstrated that this widely
accepted assumption was incorrect, and underestimated young children’s
ability to process rotated objects. The ability to mentally rotate develops
already in infancy (e.g. Moore & Johnson, 2008, 2011; Quinn & Liben, 2008),
during early childhood and continues to do so into adolescence (e.g.Kail,
1986; Kosslyn et al., 1990).

Marmor (1975) found in a reaction time and accuracy study where children
rotated mirror-images of teddy bears around their own axis from 30° to 60° to
120° to 150°, that error rates increased with larger angularity for both 5-year-
old and 8-year-old children, whereas only for the older age group, reaction
times also increased. In a follow up study using geometric stimuli, Marmor
(1977) confirmed a linear increase in reaction times in 4- to 5-year-old
children, which suggests that for young children, geometric stimuli may be

easier to process than teddy bears which have more irregular contours.

In a forced choice paradigm study of rotated 2D shapes, 4- and 5-year-old’s
accuracy decreased with the angle of rotation, but 3-year-old’s accuracy did
not (Frick, Hansen, et al., 2013). However, in a different study, 3-year-olds
demonstrated the ability to rotate 2D objects although at very slow speeds of
2500ms, increasing up to 3000ms for larger angles (Kriger et al., 2013). In a
Tetris game with dynamic 2D rotated shapes, error rates of 4- and 5-year-olds

did not suggest mental rotation ability, but 5-year-olds’ response times
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increased with greater rotational angularity from 2200ms to 3200ms (Frick,
Ferrara, & Newcombe, 2013). Interestingly, these developmental reaction
time studies demonstrated a transition from static to dynamic imagery already
in terms of speed and not just accuracy in very young children albeit at a much
younger age, and increasingly so, rather than in one abrupt stage after the
onset of operational thought as Piaget assumed.

Moreover, Schwarzer et al. (2012) used the original Shepard and Metzler
cube aggregates in a dynamic video film with 9-months-old infants.
Importantly for the assumption that mental rotation mirrors motoric real-life
object rotation, the results suggested an active motor component insofar as
the more mobile crawlers looked longer at the mirror image of cube
aggregates in a habituation task than static infants who could only sit. When
using simpler letter stimuli, the motor component was found to be important
in a linear fashion in 8- to 10-month-olds, with walkers being more likely to
distinguish impossible letter rotation outcomes compared to crawlers, belly
crawlers, and sitting infants, respectively (Frick & Mohring, 2013). If manual
exploration was permitted, even 6-month-olds showed an increase in looking
time for impossible rotations in a habituation experiment (Mohring & Frick,
2013). This motoric component was also found in adults with low scores on
the Vandenberg and Kuse (1978) test (redrawn version of Peters et al. 1995)
as they would gesture more in their explanations regarding differences in the
structure of a wooden 3D model of Shepard and Metzler’s cube aggregates

(Goksun, Goldin-Meadow, Newcombe, & Shipley, 2013).

1.5. Developmental Differences on the MRT

Hoyek, Collet, Fargier, and Guillot (2012) explored whether the MRT
(Vandenberg & Kuse, 1978), in which stimuli consist of 10-cube aggregates,
was suitable for 7- to 8- and 11- to 12-year-old children, and compared results

12



to nonsense letters. While performance in rotation of letters was three times
greater in the older age group, the increase in performance on the MRT did
not even double, yet both mental rotation scores showed a significant
correlation of r = .42 in 11- to 12-year-olds. Hoyek et al. suggested that
Vandenberg and Kuse’s cube aggregates were too difficult for school children
because of the number of orthogonal turns in the intrinsic spatial axis. They
also suggested that the MRT was too difficult for the youngest age group
because of (1) the difficulty in encoding abstract geometric stimuli, (2)

complex test instructions, and (3) stringent time constraints.

Neuburger, Jansen, Heil, and Quaiser-Pohl (2011) investigated the impact of
varying stimulus types in 6- to 9-year-olds and 8- to 12-year-olds, using 2D
animal pictures, letters, and 3D cube aggregates. They found that animal
pictures were the easiest and cube aggregates the most difficult to complete,
supporting the theory that encoding of abstract geometric objects may be too
difficult for young children. However, Titze, Jansen, and Heil (2010a)
suggested that 8-year-old children were able to successfully complete the
MRT with cube aggregates if they had previously been introduced to a
simpler picture mental rotation exercise with 2D animals. They also found a

sex effect in favour of males for 10-year-olds, but not for younger children.

Besides these recent publications, numerous other studies have investigated
the development of mental rotation in children using different stimuli and
paradigms, including: images of pandas (Marmor, 1975), letters (Jansen,
Schmelter, Kasten, & Heil, 2011), 2D images of humans and animals
(Quaiser-Pohl, 2003), sex stereotyped 3D objects (Kaltner & Jansen, 2018),
tangible cube aggregates (Bruce & Hawes, 2014), one coloured cube (Lutke
& Lange-Kuttner, 2015), machine and animal toys (Hirai, Muramatsu, &
Nakamura, 2018) and images of cartoon monkeys (Wimmer, Robinson, &
Doherty, 2017). While these studies have made valuable contributions to our

understanding of the development of mental rotation, the number of studies
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that used items similar to those of Shepard and Metzler (1971) are still limited
(Geiser, Lehmann, Corth, & Eid, 2008; Hoyek et al., 2012; Quaiser-Pohl,
Geiser, & Lehmann, 2006; Titze et al., 2010a), especially with children under
6 years of age. The second test development, the Coloured Mental Rotation
Test (CMRT) tries to address the outlined issues by using simplified, coloured
three-dimensional cube aggregates, in which critical variables (angel of
rotation, set-size, axis of rotation and object dimensionality) have been
systematically varied, in order to explore impact factors sensitive to the

development of spatial ability and mental rotation ability in young children.

1.6. Individual Differences

Sex differences in mental rotation have been widely reported (e.g. Alexander
& Evardone, 2008; Astur, Tropp, Sava, Constable, & Markus, 2004;
Birenbaum, Kelly, & Levi-Keren, 1994; Butler et al., 2006; Collins &
Kimura, 1997; Linn & Petersen, 1985; Maccoby & Jacklin, 1974; Peters,
Lehmann, Takahira, Takeuchi, & Jordan, 2006; Peters et al., 2007). In a meta-
analysis by Voyer, Voyer and Bryden (1995), men outperformed women on
the MRT by nearly one standard deviation. However, no sex differences were
found in 7 out of 15 chronometric studies, with an overall small to medium
effect size (d = .37) which is not exactly convincing evidence but rather
indicates that the male advantage is down to chance, or due to differences in
experimental paradigm. Follow-up studies with children and adults have tried
to identify the reasons for the appearance of sex differences in the MRT.

In a recent systematic meta-analysis (Lauer et al., 2019) on sex differences in
the development of mental rotation, numerous task factors of the rotated test
items were controlled: 2- vs. 3-dimensionality, mirror vs. non-mirror images,
abstract vs concrete shapes, and animate vs. inanimate shapes. They also

controlled for other performance factors such as computerized vs. paper

14



presentation, group vs. individual test settings and time limits vs. unlimited
time. The main result was an increase with age in the male advantage from a
small effect size of .20 at 6 years to a large effect size of .50 at age 14 years.
Another important result was that while dimensionality and mirror image
were both important factors, when age and gender were added to the
regression analysis, only cube dimensionality remained a significant factor in
the male advantage (Lauer et al., 2019, p. 546). Also time constraints were
not a reason for boys’ advantage in mental rotation (see also Heil & Jansen,
2008), although it is often found that adult men decide in a more timely
fashion (Glick & Fabrizii, 2010). The Lauer et al. (2019) review of the mental
rotation literature emphasised several critical task factors supporting the

design parameters for both new tests developments introduced in this thesis.

Why may boys have an advantage when spatially transforming 3D cube
aggregates? When children drew two overlapping cubes, during the transition
period towards drawing in perspective, boys more often depicted the
projective edges of the cubes, while girls were more likely to unfold the cube
to display all its six sides (Lange-Kdittner & Ebersbach, 2012). The authors
argued that boys focused more on the projective appearance of the cubes,
while girls were more interested in its design principles. This finding was
further supported as mental rotation predicted the ability of girls to draw
cubes in 3D volume, whereas for boys the best predictor was the embedded
figure test in which participants needed to find a shape’s edges embedded in
visual noise. Thus, a gender-specific bias towards appearance versus identity
(Flavell, Green, Flavell, Watson, & Campione, 1986) may shift boy’s
attention towards projective edges of cubes which would also support the
ability to mentally rotate this object. Kozhevnikov, Kosslyn, and Shephard
(2005) termed these two different styles as ‘object visualizers’ who were
more common in females, and ‘spatial visualizers’ more common in males.

In a spatial training program using ambiguous 2D and 3D line drawings,

15



visual attention was directed towards edges, resulting in improved
performance for both sexes, highlighting the importance of edge perception

which may also impact mental rotation performance.

The age at which sex differences may emerge is still unclear (Hoyek et al.,
2012; Neuburger et al., 2011; Quinn & Liben, 2008) and depends on specific
task demands. Research suggests that sex differences on the MRT are reduced
or eliminated through practice on computer games (Okagaki & Frensch,
1994), through sports activities (Bliichel, Lehmann, Kellner, & Jansen, 2012;
Quaiser-Pohl & Lehmann, 2010), by lifting time constraints (Goldstein,
Haldane, & Mitchell, 1990; Peters, 2005; Voyer, 2011) and with extensive
item-specific practice (Kail, 1986; Kass, Ahlers, & Dugger, 1998) as well as
2D-3D dimensional transformation training (Moreau, 2012; Tzuriel & Egozi,
2007, 2010). Voyer (1995) identified only one study in their meta-analysis
which found sex differences in children younger than 10, whereas Linn and
Petersen (1985) review did not include any studies with children below the
age of 10 years. However, subsequent studies have found sex differences in
younger children. Heil and Jansen (2008) found sex differences in 7- to 8-
year-olds on a mental rotation task in favour of boys only in regard to

accuracy but not speed measures.

These studies suggest that many factors influence the magnitude of sex
differences in mental rotation performance and that changes in experimental
paradigms will change what a test measures. It is therefore important to
identify the main factors that affect mental rotation, enabling researchers to
adapt their experimental paradigms and produce more consistent and

meaningful results.

Research has shown that socioeconomic status (SES) is associated with a
broad array of physiological, cognitive, and socioemotional outcomes in

children, with influences already present prior to birth and extending into
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adulthood (Bradle & Corwyn, 2002). Studies have reported effects of SES on
disparities in brain structure, cognitive skills and academic outcomes
(Baydar, Brooks-Gunn, & Furstenberg, 1993; Hackman & Farah, 2009;
Hackman, Farah, & Meaney, 2010; Neville et al., 2013). Children from a low
SES are 1.3 times more likely than children from non-poor backgrounds to
experience developmental delays and learning difficulties (Brooks-Gunn &
Duncan, 1997). Poorer children also scored between 6- to 13-points lower on
standardised 1Q, verbal ability, and achievement tests (Smith, Brooks-Gunn,
& Klebanaov, 1997), with this poverty effect already present in 3- to 8-year-
old children. Studies have shown a significant association between higher
childhood SES and higher levels of cognitive functioning in later life (Beck
et al., 2018; Richards & Wadsworth, 2004; Singh-Manoux, Richards, &
Marmot, 2005; Zhang, Liu, Li, & Xu, 2018), highlighting the importance of
developing cognitive tests for young children and early educational

intervention plans.

Children with lower SES were shown to be disadvantaged in comparison to
their middle class counterparts, falling behind on very early measures of
cognitive development such as the Bayley Infant Behaviour Scales (Farah,
2010) and on school readiness tests (Brooks-Gunn & Duncan, 1997).
Research by Mezzacappa (2004) indicated that socially disadvantaged 5- to
7-year-old children performed worse on measures of executive attention
when trying to process competing demands. Levine, Vasilyeva, Lourenco,
Newcombe, and Huttenlocher (2005) found that socioeconomic status (SES),
especially in boys, influenced spatial cognition and the development of visuo-
spatial memory. Their research examined spatial ability across second- and
third-grade children from different SES groups. They found that boys from
both middle- and high-SES groups performed better on an aerial map and a
2D mental rotation task than girls from the same SES groups. However, no

such sex differences were found between lower-SES groups in both tasks.
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Surprisingly and to the best of my knowledge, no further research has
investigated the link between SES and spatial ability or mental rotation.
Investigating the impact of SES on a child’s test performance, using 3D
objects similar to the MRT (Vandenberg & Kuse, 1978), will provide new
insights into how environmental factors influence spatial ability. It was
therefore important to control for SES and fluid intelligence, as measured by
eligibility for state financed (free) school meals and by the Raven’s Coloured
Progressive Matrices Test, while interpreting individual differences in the

performance on the new test developments.

1.7. Task Characteristics and Complexity

Test items used in children’s mental rotation tasks vary widely. For instance,
images of pandas (Marmor, 1975) and monkeys (Wimmer et al., 2017), letters
(Jansen et al., 2011), 2D images of humans and animals (Quaiser-Pohl, 2003),
sex stereotyped 3D objects (Kaltner & Jansen, 2018), real tangible 3D cube
aggregates (Bruce & Hawes, 2014), as well as machine and animal toys (Hirali
et al., 2018). The original cube aggregates have also been used in
developmental studies, but mostly with children older than 10-years of age
(e.g. Geiser, Lehmann, Corth, et al., 2008; Lauer et al., 2019; Quaiser-Pohl et
al., 2006; Titze et al., 2010a). When ‘adult’ cube aggregates were used for
mental rotation with 7-year-olds, reliability was reduced to .56 (Carr, Steiner,
Kyser, & Biddlecomb, 2008) as most of the children at this age perform at
floor level and below chance (Hawes, LeFevre, Xu, & Bruce, 2015). Hawes
et al. found significant correlations, between the rotation of 3D cube
aggregate and 2D animal shapes, r = .33, as well as letters, r = .38 at age
seven, which indicates that while the hit rate was very low, it was not

completely at random.

A widely used approach for studying children’s mental rotation ability is the

reduction of cognitive load through the simplification of stimuli complexity.
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For instance, in a forced-choice paradigm study, outline drawings of human
figures provided children with an apparently more socially suitable test item
compared to the classic more complex cube aggregates (Estes, 1998).
However, when mental rotation performance was measured in terms of
increases in reaction time along with angular discrepancy, only 6-year-olds
performed akin to adults, while 4-year-olds did not. Moreover, when a hand
was used as a mental rotation stimulus this produced an increase in reaction
times with increases in rotation from about 3000ms to 4500ms in 5- to 6-year-
old children who did not yet attend school, and from about 2000ms to 3500ms
in 7-year-old first graders (Krlger & Krist, 2009).

Nevertheless, bodies instead of cube aggregates support women’s mental
rotation ability (Alexander & Evardone, 2008). Interestingly, a hybrid
between cube aggregates and human heads, hands and feet also lowered the
cognitive load for adults in comparison to the classic cube aggregates, but
only when the body parts were orderly attached and not when they were
randomly fixed onto the ends of the aggregates (Kruger, Amorim, &
Ebersbach, 2014).

Quaiser-Pohl, Neuburger, Heil, Jansen, and Schmelter (2014) found that
measuring mental rotation ability with cube aggregates and time limits was
too difficult for second graders (6- to 9-year-olds) but not for fourth graders
(8- to 12-year-olds). The aim was to keep the 3D cubes similar to the original
stimuli of Shepard and Metzler (1971), but to test children in the multiple
choice test format used by Vandenberg and Kuse (1978).

The Rotated Colour Cube Test (RCCT) was designed to depict a single multi-
coloured three-dimensional cube and thus simplified the complexity of the
geometric cube aggregates (Vandenberg & Kuse, 1978), but not their three-
dimensional volume. Similar facilitations were effective in the Three-

Mountains-Task that measures the ability to form spatial perspectives when
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three overlapping mountains (Piaget & Inhelder, 1956) were reduced to a
single clearly visible mountain (Liben & Belknap, 1981).

Differences in the characteristics of stimuli, such as using animate objects
instead of cubes (Alexander & Evardone, 2008; Neuburger et al., 2011;
Rosser, Ensing, & Mazzeo, 1985) facilitated mental rotation in women and
children. This indicates that a key difficulty may be related to stimulus
identification and encoding (Bialystok, 1989). Research suggests that the
mental rotation of an object’s encoded image (Jolicoeur, 1988; Moreau, 2012)
may be either matched with a more abstract, structural representation (Hyde,
1981), or directly compared with the nearest and most similar stored view
(Hedges & Nowell, 1995). Hence, in the initial two sections of the first new
test development of the RCCT, the perceptual matching of model and target
was assessed as a baseline ability for mental rotation; only thereafter were the

model and target cube differently rotated.

A further facilitating factor in mental rotation performance is colour
information (Alington, Leaf, & Monaghan, 1992). It was argued that since
colour is one of the fundamental properties of an object, it might be perceived
pre-attentively similar to other primary properties, such as brightness and line
orientation in visual search tasks (Enns & Rensink, 1991; Treisman, 1986)
and therefore may provide less able participants with an additional
‘processing channel’. Children are especially sensitive to colour signals in
early stages of retinal perception, whereas size and orientation features are
processed in later processing stages (Donnelly et al., 2007). In order to make
cubes and cube aggregates easier to process for children, colour has been
added in form of individual cube faces or uniformly coloured cubes within an
aggregate in both new test developments (RCCT & CMRT).

Metzler and Shepard (1974) believed that matching aggregate arms was

especially difficult, and hence added dots of colour over end points to help
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participants distinguish starting from end points, which led to a reduction in
the difference between reaction times between picture- and depth-plane
rotations. Jordan, Wiustenberg, Heinze, Peters, and Jancke (2002) used
aggregates with alternating black and white cubes and found that these were
still more difficult than letters and abstract line drawings. Khooshabeh and
Hegarty (2010) investigated how colour would influence performance on the
MRT, by colouring three cubes within an aggregate. They found that
participants with good rotation ability did not benefit from colour, whereas
poor rotators benefitted as it helped them to identify individual pieces of the
shape in rotation. This implies that colour can indeed facilitate mental
rotation, and hence might reduce task complexity sufficiently for young
children to successfully mentally rotate cube aggregates in the new Coloured
Mental Rotation Test (CMRT). Seven year-old children can represent
multiple colours of a cube in the correct spatial location (V. Moore, 1986).
Hence, as in the coloured version of the Raven’s Standard Progressive
Matrices Test for children, coloured cubes and cube aggregates are used in
both new versions of the test (RCCT and CMRT). Further, in the RCCT
colour incongruency between targets and distracters was gradually reduced,
which resulted in increases of task difficulty across test section. The rationale
behind this approach was similar to that of a visual search task where
increased colour similarities result in a reduction of feature uniqueness
between target and distracters (Gerhardstein & Rovee-Collier, 2002;
Treisman, 1988; Treisman & Gelade, 1980).

Simplifying task demands by adding colour will also influence what strategy
children use to solve mental rotation tasks. Studies have shown that
participants use a variety of different strategies to solve mental rotation tasks
(Bethell-Fox & Shepard, 1988; Folk & Luce, 1987; Just & Carpenter, 1985;
Yuille & Steiger, 1982) and include holistic (global-shape), piecemeal

(counting cubes), feature-based (focussing on changes in direction in an
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aggregate), perspective taking and viewpoint independent strategies
(Hegarty, 2018). The global shape strategy was the only strategy positively
correlated with accuracy. Yuille and Steiger (1982) suggested that people
would spontaneously simplify if additional cubes were added to the original
10-cube aggregates, but below this threshold they would be more likely to use
all features.

The debate on the nature of images, the depictive account (Kosslyn, 1994)
opposed to the propositional (Pylyshyn, 2002), lead Kozhevnikov et al.
(2005) to demonstrate that low-spatial visualisers outperform high-spatial
visualisers on tasks requiring a focus on detailed visual properties of stimuli,
whereas for mental rotation the opposite was true. This suggests that a holistic
approach to mental rotation is beneficial. Hegarty and Kozhevnikov (1999)
distinguished between visualisers that consistently used either object-based
pictorial or spatial schematic representations while solving mathematical
problems, and that object visualisers encode and process images holistically,
whereas spatial visualisers process images analytically, in a fragmented
fashion (Kozhevnikov et al., 2005).

Stimulus complexity has been shown to impact mental rotation ability with
research showing conflicting results. Mental rotation studies with polygons
where task difficulty was varied through the number of vertices (Cooper,
1975; Cooper & Podgorny, 1976) revealed no increase in task complexity for
objects with more vertices, which suggests the use of a holistic strategy.
However, other research found a complexity effect using polygons (Folk &
Luce, 1987) or three dimensional cube aggregates (Bethell-Fox & Shepard,
1988; Yuille & Steiger, 1982), supporting a piecemeal strategy. These
conflicting results suggest, that while an objects complexity influences mental
rotation task difficulty, further variables need to be considered. Kriiger et al.
(2014) showed that adding further information to cube aggregates such as

human body parts would simplify task complexity through spatial
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embodiment and the projection of their own body’s axis onto similar stimuli.
Aretz and Wickens (1992) showed that participants switched from holistic to

piecemeal strategies when increasing complexity in maps.

A further factor influencing task difficulty is the axis of rotation. Participants
performed better at picture-plane compared to vertical rotations (Neuburger,
Heuser, Jansen, & Quaiser-Pohl, 2012), and also better at vertical compared
to horizontal rotations (Battista & Peters, 2010; Waszak, Drewing, &
Mausfeld, 2005). It has also been suggested that depth rotations produce a

larger sex difference where boys outperform girls (Neuburger et al., 2011).

Stimulus dimensionality has also been shown to influence mental rotation
performance. Aggregates that were distributed in one depth plane (flat) were
rotated more quickly than aggregates with features protruding into depth
(Bauer & Jolicoeur, 1996). Aggregates were either distributed in one depth-
plane (flat on the picture-plane) or had features protruding into depth, see
Figure 3. This is an important adaptation in the current context of modifying
cube aggregates to children’s abilities because the flat 3D aggregates are
similar to the 2D animal pictures. The angularity effect was clearly present
for both types of aggregates. An advantageous effect of flat aggregates
emerged in rotations larger than 90 degrees. They argued that this
demonstrated how dimensionality contributes to stimulus complexity, as
additional depth information needs to be maintained and encoded when
comparing structural properties. Similarly, Metzler and Shepard (1974)
argued that 3-D cube aggregates that undergo occlusion or crossings may
contribute to task difficulty, which would also apply to depth axis rotations.
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Figure 3 Bauer and Joliceur’s (1996, p. 85) experiment on the aggregate
depth effect. Flat aggregates in the first upper row are equally

sized to those in the third row, and those in the second row are
the same as those with 3D depth protrusions in the last row.

In order to measure the effect of dimensionality on children’s mental rotation
performance, dimensionality was systematically varied in the second test
development (CMRT), by repeating each set-size of aggregates that had either
flat or protruding elements.

Can the orientation of an object affect task difficulty in spatial tasks? The
orientation of an object can be defined as the angle from which an object is
viewed at a particular point in time, with objects in a canonical (familiar) or
a non-canonical (unfamiliar) orientation (Palmer, Rosch, & Chase, 1981).
Recognition and categorisation of canonical objects is faster than those in
other orientations (Edelman & Bulthoff, 1992; Jolicoeur, 1985; Tarr, 1995).
In a mental rotation study with 18- to 30-year-old participants, Francuz (2014)
found that three-dimensional objects presented in a canonical orientation
were indeed easier than objects presented in a non-canonical orientation. He

argues that since the purpose of the MRT is primarily to determine if two
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differently rotated images of an object represent the same object, reaction
times and accuracy scores should be independent of whether a test stimulus
is presented in a canonical or non-canonical perspective. This is a rebuttal to
the suggestion of the position of Bilthoff, Edelman, and Tarr (1995) and
Cutzu and Edelman (1998) that three-dimensional objects are stored as a
collection of simplified snapshots taken from different views, and that
angularity judgements could be assessed in terms of the similarity between
two dimensional images of a three dimensional object. Following this
explanation, the MRT could be defined as a categorisation mechanism rather
than rotating an image in mind. Francuz (2014) results showed how an
object’s initial orientation impacts on mental rotation ability in adults. As
there are no studies with children that investigate how task difficulty might
be affected by the orientation of a three-dimensional test stimulus, this was
controlled for in the first new test development (Study 1) by comparing cubes

in canonical perspective with cubes balanced on a corner.

1.8. Training Studies and Dimensionality

Kail (Kail, 1986; Kail & Park, 1990) indicated that with extensive practice
children were able to reach adult levels of performance on mental rotation
tasks, but the training effect was limited to item-specific features of just one
object, with no transfer of mental rotation skills to other objects. This
suggested that children stored unique view-specific images of an object
without developing an abstract ability to rotate and thus were not able to
generalize this ability across other stimuli. It is likely that the mental rotation
task can be solved with the storage of visual snapshots, similar to visual
priming in children (Lange-Kittner, 2010b; Stupica & Cassidy, 2014).
Recent studies on practice and training of mental rotation have focused on

dimensionality of the object, in particular on 2D-3D task difficulty (Tzuriel
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& Egozi, 2007, 2010) as the visual information processing system finds 2D
stimuli easier to process than 3D (Rosser, 1980) and because the degree of
rotation is less influential in two dimensions (Bauer & Jolicoeur, 1996;
Jolicoeur, Regehr, Smith, & Smith, 1985). Hoyek et al. (2012) investigated
whether both 2D letters and 3D cubes were appropriate for the use with
children between seven and twelve years. They found no correlation between
2D and 3D test scores on dimensionally different mental rotation tasks in 7-

to 8-year-olds, which supports the notion of dimension-specific processing.

Systematic comparisons between 2D letter-like stimuli and the classic 3D
cube aggregates confirmed that 7- to 10-year-old children found it easier to
process 2D rather than 3D stimuli (Jansen, Schmelter, Quaiser-Pohl,
Neuburger, & Heil, 2013), and this difference appeared to increase with age
(Hoyek et al., 2012). However, first, 2D stimuli are not accurate
representations of real objects. Second, children favour 3D pictures, become
progressively more interested in depth depiction and develop their ability to
represent three dimensions in their own graphic constructions (Kosslyn,
Heldmeyer, & Locklear, 1980; Lange-Kittner, 1994a, 2004, 2009). Girls
preferred to unfold cube faces and drew large amounts of surface detail that
might have distorted the overall view of the cube, whereas boys favoured
keeping the cube’s visual appearance intact (Lange-Kittner & Ebersbach,
2012). Children of kindergarten age are already able to estimate the volume
of 3D cubes (Ebersbach, 2009). It would thus be both appropriate and
beneficial to measure young children’s mental rotation ability in a test with

three-dimensional cube images and aggregates.

What is the difficulty when processing three-dimensional stimuli? Two-
dimensional perception requires processing stimuli only within a single plane
based on straightforward object similarity judgments, whereas three-
dimensional perception requires more complex spatial inferences about

visually incomplete, hidden-from-view information, where object features
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must be interpolated. Superior 2D-3D “dimensionality crossing” (spatial
transformations) was identified in males who outperformed women on most
mental rotation tasks (Voyer et al., 1995), with corroborative evidence
suggesting that occluded parts of cube aggregates were more difficult to
process especially for women (Voyer & Hou, 2006). However, training in
2D-3D spatial transformations successfully improved girls’ performance
(Tzuriel & Egozi, 2007, 2010). In adults, 2D training led only to
improvements in 2D tasks, whereas 3D training led to improvements in both
2D and 3D tasks (Moreau, 2012). This clearly demonstrates the specificity of
dimensionality in the mental rotation task and how the use of more realistic
3D depictions of objects can be beneficial in terms of the general transfer of

mental rotation skills across a wider variety of objects.

A common approach to adapting Shepard and Metzler’s (1971) complex three
dimensional cube aggregates for use with school children is through a
reduction in dimensionality and by changing item characteristics, for
instance, using either 2D pictures of humans and animals (Quaiser-Pohl,
2003), or letters (Kosslyn et al., 1990), see Figure 4.

Figure 4 Quaiser-Pohl’s (2003) Picture rotations test.

To summarise, children’s ability to draw two-dimensional images of three-

dimensional cubes has been extensively studied (Kosslyn et al., 1977; Luquet,
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1927; Piaget & Inhelder, 1956). Cubes are simple enough and familiar
geometric objects with surfaces that extend into all three spatial dimensions
(Cox & Perara, 1998) and hence are well suited to measure the development
of spatial ability and mental rotation. The most widely used measure of spatial
ability for adults, the Mental Rotation Test (Vandenberg & Kuse, 1978), uses
complex cube aggregates which might be too difficult to process for young
children (Hoyek et al., 2012). This lead to the development of new simplified,
mostly 2D tests for children (Bluchel et al., 2012; Bruce & Hawes, 2014;
Hawes, Moss, Caswell, & Poliszczuk, 2015; lachini, Ruggiero, Bartolo,
Rapuano, & Ruotolo, 2019; Jansen et al., 2013; Marmor, 1975; Neuburger et
al., 2011; Perrucci, Agnoli, & Albiero, 2008; Quaiser-Pohl, 2003). Reducing
objects to two dimensions might have been successful in simplifying test item
complexity and overall task demands for young children, but a systematic
analysis of whether sacrificing the third dimension was necessary to achieve
this aim is still necessary. Similar to the stage approach of children’s ability
to draw three dimensional cubes, their spatial ability to visually process and
manipulate cube images needs to be broken down into its defining three-
dimensional geometric characteristics. In other words, researching how a
cube’s orientation, colour, and differences in angularity and axis of rotation
influence task difficulty will contribute to a better understanding of children’s
development of spatial ability in relation to the fundamental features of three-

dimensional objects.

The first study investigated whether the omission of the third dimension is
necessary and offers a new test where complexity was reduced, but without
resorting to images of two-dimensional objects. The Rotated Colour Cube
Test (RCCT) was designed to reduce task complexity without sacrificing its
three-dimensional properties. In the first version of the test, the Shepard and

Metzler’s classic cube aggregates were simplified to one single coloured 3D
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cube, and in the second version of the test, the number of cubes was gradually
and systematically increased.

2. Study 1: Single Coloured Cubes

2.1. Test Development

In the first study, the aim was to develop a test which drastically simplified
the Vandenberg and Kuse cube aggregates. Because it was shown that cube
aggregates were too difficult compared to single animals depicted in two
dimensions until age 10, and the intention was to test children as young as six
years, the three-dimensional properties of the original aggregates were

maintained while reducing the aggregate size to one cube.

In the pilot test development, a diagrammatic fold-out cube that showed each
coloured side of the cube, also those not visible, was added to each test slide,
as children might have wondered about the hidden sides of the cube, see
Figure 5. However, in the pilot, it turned out that children were unsure what
the fold-out cube should represent. The interpretation at the time was that they
did not see the connection between the 2D fold-out and the 3D cube images,
confirming earlier research (Kosslyn et al., 1977; Mitchelmore, 1978; Morra,
2008) that not all children would draw diagrammatic cubes. Amongst the
questions they had about the fold-out cube in the upper right corner, only one
child enquired about hidden cube faces, in Figure 5, these are the green, the
orange and the violet cube faces. Thus, the conclusion was that the fold-out
depiction of the cube did not help children to find the correct answer.

The factor that might have prevented children from intuitively interpreting
the ‘cross’ as a fold-out cube would have been that the hidden colours were
not present in any of the distractor cubes. However, using only three coloured
cube-faces in RCCT and asking children to only perform picture-plane

rotations, while systematically increasing colour congruence was identified
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as an appropriate reduction in task complexity compared to the original 3D
MRT. As the new RCCT test development was conceptualised as a non-
verbal measure of spatial ability similar to the Ravens Coloured Progressive
Matricies test (RCPM), and since the additional fold-out cube lead to children
asking the examiner for additional instructions, this test version was not used
in Study 1.
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Figure 5 Test page with a later omitted diagrammatic cube depiction.

Thus, another version was developed which consisted of identical cube
images to those used in the pilot version of the RCCT, but in which colour
congruence between distractors and target cubes was still not systematically
controlled (Lutke, 2009). A sample of 52 children between 6- to 8-years were
tested. A univariate one-way analysis with the (RCCT) as dependent variable
by 3 (Age) by 2 (Sex) as between-subjects factors revealed a significant
difference between age groups, F(2, 46) = 7.046, p =.002, n*> = .23. Post-hoc

pairwise comparisons revealed that 5- to 6-year-olds (M = 63.5%) performed
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marginally worse than 7-year-olds (M = 73.9%) and significantly worse than
8- to 10-year-olds (M = 80.4%). There was no significant difference between
the two oldest age groups. This showed that only 5- to 6-year-olds performed

significantly worse than older age groups.

A two-way 2 (Test) by 3 (Age) by 2 (Sex) analysis of variance revealed a
significant difference between the RCCT and Raven’s Coloured progressive
Matrices test, F(1, 46) = 6.169, p < .05, = .017. The RCCT (M = 72.6%)
was easier than RCPM (M = 65.7%).

While these results were promising, the new test was still further developed.
It was designed to increase in task difficulty more systematically and allowed
several test parameters such as (1) number of distractors, (2) orientation of
cube, (3) variation of the number of differently rotated distractors, (4) colour
congruence, and (5) differences between orientation of target and model cube,

to be controlled, see Appendix Table Al for further detail.

In the new test, see Figure 6, firstly, task difficulty was gradually increased
by varying the rotation of the model cube from an upright canonical position
to balancing it on one of its corners without rotating the target and distracters.
Thereafter, differences in rotation and colour between the model, target and
distracters were gradually introduced. The initial two test sections (A & B),
investigated whether young children could successfully encode and
appropriately respond to test items by perceptual matching the identical 3D
cube images in the identical rotational angle. Only thereafter were more

complex spatial manipulations required in sections C and D.

Secondly, 7- to 10-year-old children participated as research suggests that
differences in mental rotation, specific to this test format, emerge during this
age range (Geiser, Lehmann, Corth, et al., 2008; Geiser, Lehmann, & Eid,
2008; Johnson & Meade, 1987; Titze, Jansen, & Heil, 2010b; Vederhus &
Krekling, 1996). As both time limits (Glick & Fabrizii, 2010; Voyer et al.,
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1995) and response format (Gliick & Fabrizii, 2010) influence mental rotation
performance and can lead to children solving questions quickly rather than
accurately, time restrictions were removed. A response configuration was
adapted similar to that of the RCPM, which requires participants to identify
one target from six to eight distracters.
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Figure 6 Examples of Task Sheets. RCCT A: differently coloured cubes
identical in orientation (the correct test cube is on lower row
furthest to the right). RCCT B: differently coloured cubes
identical in orientation, but in a non-canonical view (correct
cube is in the upper row, furthest to the left). RCCT C: rotational
variance between distracter cubes (the correct cube is in the
upper row, furthest to the left). RCCT D: —rotational variance
between distracter cubes, but all cubes have the same colours
(the correct cube is in the lower row in the middle).

Thirdly, children also completed the RCPM as it is a standardised test used to
measure non-verbal reasoning. For children, the RCPM is one of the purest
measures of fluid intelligence. The RCPM first appeared in 1947 as a
variation form the Raven’s Standard Progressive Matrices Test, specifically
created for testing 5- to 10-year-old children. In a meta-analysis by Vijver
(1997) of cross-cultural intelligence test scores, the RCPM was the second

most used test after the Wechsler Intelligence Scales for children. The aim
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was to control children’s fluid intelligence, but also to compare the two non-

verbal tests with each other for shared variance.

The general assumption is that there are no sex differences in the RCPM
scores. This inference was first made by Raven (1939, p. 30) who noted that
in the standardization sample, there were no sex difference between boys and
girls up to the age of 14 years, both in the mean and the variance of scores.
Eysenck (1981, p. 41) also noted equal scores between the sexes for children
and adults. Jensen (1998, p. 541) concluded that there was no consistent
discrepancy between female and male scores in the Raven’s Standard or
Coloured Progressive Matrices Tests. Also, Court’s (1983) literature review
which summarized 118 studies confirmed that no sex differences in
performance were found. However, contrary to these findings, a more recent
meta-analysis by Lynn and Irwing (2004), found that boys performed
significantly better than girls on the RCPM (d = 0.21). As one of the most
widely used measures of intelligence in children, the RCPM provides an

important objective measurement in comparison to other mental rotation tests.

The RCPM has been identified to measure four distinct ability factors: (1)
simple continuous pattern completions, (2) discrete pattern completion, (3)
continuity and reconstruction of simple and complex structures, and (4)
reasoning by analogy (Corman & Budoff, 1974). Lehmann, Quaiser-Pohl,
and Jansen (2014) also found a strong correlation between the RCPM test and
2D mental rotation, r = .55, p <.001, and working memory, r = .57, p <.001.
As mental rotation tasks can also be solved through analytic and feature-based
strategies (Hegarty, 2018), the RCCT scores are expected to correlate with
those of the RCPM.

SES was controlled in the current sample of children by considering whether
the London council, or their parents, paid for their school meals and included

as a factor in the statistical analyses. Boys from a lower SES background were
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expected to perform worse than boys from families who were able to pay for
their school meals.

The hypotheses for Study 1 predict that (1) especially in the youngest age
group, children would perform better on cubes with a more familiar canonical
orientation than on cubes balanced on a corner, similar to children’s
developmental progression through stages when drawing cubes (Cox &
Perara, 1998; Luquet, 1927); (2) Colour congruence between targets and
distractors would increase task difficulty, similar to visual search tasks, where
targets with a singular defining feature such as colour (e.g. a green T among
blue T distractors), pop-out, but shared colours make visual search more
difficult and result in a time-consuming serial search. (Treisman & Gelade,
1980) and (3) as in perceptual matching tasks, identically rotated distractor
cubes would be easier to discriminate than identifying target cubes amongst
differently rotated distractors; (4) children will perform better on test items
with fewer response options, particularly on more difficult questions; (5)
children from a more financially stable SES background would perform better
on the RCCT.

2.2. Raven’s Coloured Progressive Matrices Test

The Raven Coloured Progressive Matrices Test (RCPM) is a non-verbal
spatial reasoning tests that uses two-dimensional patterns and shapes, with a
similar response format as the RCCT. The RCPM is designed to measure the
ability to reason by analogy and to form perceptual relations akin to
Spearman’s g. The RCPM is made up of a sequence of three sections (i.e. A,
AB, B); see the examples in Figure 7. Pattern fragments require integration
into a larger systematic context (Raven & Court, 1998).
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Figure 7 Examples of Test Sheets. A: Identification of a patch in a
continuous pattern (correct item is on lower row furthest to the
left). AB: Identification of a patch of a discrete pattern (correct
item is lower row furthest to the left). B: Identification of a
patch in a continuous pattern with discrete items (correct item
is upper row in the middle).

The RCPM consists of 36 such individual matching-to-sample tests. Each
page depicts a task that offers a context with a fragment left blank in the
bottom right corner of the pattern. A 2 by 3 matrix of fragments below shows
one target and five distracter fragments. Participants are required to find the

fragment from this set of 6 alternatives that best completes the pattern.

2.3. Method
2.3.1. Participants

Participants (N = 100) were 51 boys and 49 girls from a school in West
London. Children come from a wide variety of different ethnic backgrounds.
Parental consent was obtained, and children were informed that they were
free to withdraw from the study at any time they wished. There were n = 47
children on state financed school meals, and n = 53 children on parent
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financed school meals, with a total sample of N = 100 children, age means
are listed in Table 1. Age labels are defined by the mean age (years; months)
as 7-year-olds (M = 7;5), 8-year-olds (M = 8;5) and 9-year-olds (M = 9;8)
throughout the manuscript, sometimes overriding means of age rantes in
subgroups. This variable was used as a between-subjects variable of socio-

economic status (SES) in addition to sex.

Table 1

Participant Numbers, Mean and Standard Deviation of Age Groups
State Financed School Meals (SFM)

Boys Girl Total
Age groups n M Min Max n M Min Max
7-years 8 75 6;10 7;11 9 75 7,0 710 17
8-years 11 82 81 8§11 5 84 8,0 811 16
9-years 6 99 9,0 10;2 8 95 91 101 14
Total 25 22 47

Parent-Financed School Meals (PSM)

7-years 7 75 7,3 711 5 7,55 7,2 711 13
8-years 8 85 83 810 13 85 8,0 8;10 21
9-years 11 10,0 9;2 10;7 9 98 9,0 10;3 20
Total 26 27 53
Total Sex 51 49 100

Note. Years; months

In order to test whether fluid intelligence was dependent on socio-economic
status, t-tests were conducted on RCPM scores, see Table 2. Only boys in the
two older age groups differed significantly in fluid intelligence, but not the
girls, with significantly better scores in the parent-financed school meal
groups for the 8-year-old and the 9-year-old group. The analysis of the mental
rotations test was therefore controlled by sex, age and whether school meals
were state financed or paid for by parents (SES). In a second analysis, the
RCPM scores were included as a covariate in order to establish the shared

variance between fluid intelligence and mental rotation. In a third analysis,
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the correlations between RCCT and RCPM were analysed in order to validate

the new test on mental rotation.

Table 2
RCPM scores by Socio-Economic Status, Age and Sex in per cent
Sex State school meal Parent school meal
M SD M SD t p

7-years 61.44 1521 70.83 1496 -1.649 111
Girls 62.04 1416 7/7.78 16,55 -1.881 .084
Boys 60.76 17.28 65.87 1260 -0.645 .530

8-years 58.68 1528 7381 13.74 -3.162 .003**
Girls 60.00 1591 70.94 1437 -1.407 .178
Boys 58.08 15.74 78.47 12.04 -3.062 .007**

9-years 71.03 13.02 8139 13.09 -2.275 .030*
Girls 70.49 1408 7438 1271 -0.600 .558

Boys 7176 12.72 87.12 10.78 -2.641 .019*
Note. * p <.05. ** p <.01. Statistical effects set in bold were significant.

2.3.2. Apparatus and Material

Rotated Colour Cube Test (RCCT). The RCCT is a non-verbal task with 3D
images of coloured cubes, which were digitally produced with Adobe
Illustrator. Three cube faces are visible at all times with each face showing
one of six distinct colours (i.e. yellow, orange, red, green, blue, and purple).
In the following paragraphs, the rationale for including different types of

rotations and increasing levels of colour congruence is explained.

The RCCT is composed of 36 pages, which are split into of four equally sized
sections A, B, C and D. Task difficulty was gradually increased through using
differently rotated cubes and through the colour similarity of cube faces. The
prediction was that increases in similarity between target cube and distracter
cubes should add to task difficulty because this produces a loss of perceptual
discriminability as in visual search tasks (Gerhardstein & Rovee-Collier,
2002; Treisman, 1988; Treisman & Gelade, 1980).
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Similarly, cube drawing studies have shown that children progress through a
number of distinct stages (Cox & Perara, 1998; Luquet, 1927) and that
variations in the orientation between of depictions of three dimensional test
items increase task complexity (Ruthsatz, Neuburger, Rahe, Jansen, &
Quaiser-Pohl, 2017).

Table 3 Properties of the Test, Target, and Distractors Cubes
‘ Level ‘ Page ‘ Cubes ‘ Section ‘ Rotation
RCCT A
1 Al 6 100 % distracters with 1 colour identical to test cube
A2 8
A3 6 . . . .
I 100 % distracters with 2 colours identical to test cube
Ad 8
AS 6 O
111 - 50% distracters with 3 colours identical to test cube
A6 8
A7 6 . . . .
v 100 % distracters with 3 colours identical to test cube
A8 8
RCCTB
1 Bl 6 100 % distracters with 1 colour identical to test cube
B2 8
B3 6 . . . .
I 100 % distracters with 2 colours identical to test cube
B4 8
BS 6 . . . <
111 50% distracters with 3 colours identical to test cube
B6 8
B7 6 . . . .
v 100 % distracters with 3 colours identical to test cube
B8 8

Note. Cubes = Number of distractors and target cubes per page; Rotation = cube
perspective for test, target, and distractor ubes

In RCCT A, target and distracter cubes are displayed in the canonical
perspective, as if standing on a flat surface. In RCCT B, target and distracter
cubes are displayed standing in a familiar and in a physically impossible
position on one corner. Besides using differently rotated cube perspectives,
both sections A and B have identical subsection levels (I-1V) which increase

in complexity by systematically increasing distractor colour congruency. This
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allowed to investigate how the cubes’ orientation might affect task difficulty
while keeping other factors such as colour congruence and distractors number

variation constant, see Table 3.

In RCCT C and D, the number of differently rotated Distractors per test page
is increased across subsection levels (I-1V). Test and Target cubes are initially
presented in an identical orientation (Levels I-11), and thereafter in different
orientations (Levels 111-1V). While the types of rotated cube perspectives per
test page are identical in both section C and D, colour congruency is increased
in Levels I-1V only in section C. In section D only three colours in total are

used per test page, see Table 4.

Table 4 Properties of the Test, Target, and Distractors Cubes
‘ Level ‘ Page ‘ Cubes ‘ Section ‘ Rotation
RCCTC
1 1 6 100 % distracters with 1 colour identical to test cube @
C2 8 1!
I 3 6 100 % distracters with 2 colours identical to test cube @@@@
ce4| 8 OeoDOH
1Ir* Cs 6 100% distracters with 2 colours identical to test cube GVI@[O@ :
c6 | 8 BCTOH)
= -
IV* 7 6 50 % distracters with 3 colours identical to test cube ‘._‘J@@@b’)
cs | 8 ODLH
RCCTD
I D1 6 100% distracters with 3 colours identical to test cube @
D2 8 B
I D3 6 100% distracters with 3 colours identical to test cube @@@@
D4 | 8 OODOH)
— -
1Ir* D5 6 100% distracters with 3 colours identical to test cube ‘n_b@@@@
D6 | 8 OoDLOH
=1 -
IV* b7 6 100 % distracters with 3 colours identical to test cube L“)@@@H}
D8 | 8 OO0LH

Note. Cubes = Number of Distractors and Target Cubes per page; Rotation = Cube
perspective for Test, Target, and Distractor Cubes; * Indicates that the orientation of
the Test and Target cubes differ.
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Sections A and B are identical in terms of the variance of colour congruence
across subtests (Levels 1-V), attributing any changes in task difficulty
between the two section to the variation of the two cube orientations.
Similarly, sections C and D are identical in the terms of the number of
differently rotated cubes used, attributing any variation in task difficulty

between the two sections to changes in colour congruency.

Each section had four trials with two levels of distracter numbers, that is, first
six, then eight distracters. Trials gradually increased in difficulty through
colour congruency by having distracters with one, two or three colours in
common with the target cube. Only section D had distracters with all three

colours identical with the target.

Gradually increasing task difficulty over the four RCCT Test sections (A-D)
provided the framework for testing object identification and object rotation.
The initial two sections (RCCT A-B) measure perceptual matching ability.
The target orientation was changed from a canonical cube view (RCCT A) to
that of a more unusual view of a cube balanced on a corner (RCCT B),
because children prefer objects in a view that is functional (Davis, 1985). For
instance, children draw a car from the side and a house from the front because
this is where they enter the object. They would find a cube sitting flat on the
ground more familiar than a cube balancing on one corner, and hence

probably easier to compare.

The following two test sections (RCCT C-D) measure a more complex
perceptual matching where distracters no longer have a uniform orientation,
that is, the target as well as the distracter cubes vary in orientation. In section
C, colour similarity of the distracters was gradually increased, see Table 4,
but in section D the target and the distracter cubes were similar in colour in
all trials. In these two sections the model and the target cube had different

orientations in Levels 111 and 1V.
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Test booklet. A booklet with 36 A4 sized pages that all followed the same
layout was used for testing. Each page showed one enlarged model cube on
the top and two rows of up to 8 smaller cubes below, see Figure 6, page 32.
The first four pages of the booklet were for practice only, with one example
from each category (A, B, C and D) and thus included two simple perceptual
matching and two mental rotation tasks. The participants’ task was to identify,
verbally and/or through pointing, which of the cubes was identical to the

target cube on top of the page.

2.3.3. Procedure

Children were tested individually in a quiet, familiar setting at their school.
They could choose a sticker as a reward after completing the test. Answers
were recorded by the researcher on a response sheet during the session. Scores
were added up by two researchers independently. No disagreement was

found.

Test instructions. In the warm-up phase children were asked, “Do you want
to play a game?” and were then shown a physical model of a coloured cube
and asked, “Do you know what this 1s?”” All children responded positively
with the answer ‘This is a cube’ or ‘This is a dice’. Thereafter, children first
solved four practice trials in which the experimenter pointed at the enlarged

target cube and asked the participant, “Which cube is the same as this one?”

After the participant had correctly answered the first two practice questions
identifying the same cube as the target cube, the child was then tested with
two practice questions that involved mental rotation. At this point, the
researcher showed a physical cube model, turned it slightly and said, “These
sides are turned”. The researcher then pointed towards the 3D cube
illustrations on the cube panel. The practice questions were repeated until the

child could identify the correct cube image. Children then proceeded to the
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task proper. Initially it was considered adding a fold-out cube in the upper
right corner of each page, but this proved to be too difficult in trial periods.

2.4. Results Study 1

The two main ANOVA'’s for the RCCT and the Raven, respectively, were
followed by two more ANOVA’s used as control measures for the RCCT test
design. The latter compared the within-section level of difficulty, and the
effect the number of distractors had on task difficulty.

Because boys showed significantly better Raven scores in the parent-financed
school meal groups for the 8-year-old and 9-year-old group, in a further
analysis, the RCPM scores were included as a covariate in order to establish
the shared variance between fluid intelligence and spatial ability. The final
analysis consists of the correlations between RCCT and RCPM in order to
validate and compare task difficulty of the new test on mental rotation.

2.4.1. Rotated Colour Cube Test (RCCT)

Accurate performance was computed in per cent for each section of the
Rotated Colour Cube Test (RCCT). In cases where the Mauchley’s test of
Sphericity was violated, the degrees of freedom were adjusted with
Greenhouse-Geisser. Statistically significant effects were followed up with
post-hoc tests. In the first part of this section, individual and age differences
in the RCCT, in the second part individual and age differences on the RCPM,
and the third part compares the RCCT and the RCPM overall scores, are

reported.

A 4 (Sections) by 3 (Age) by 2 (Sex) by 2 (School meal type, FSM) analysis
of variance was carried out, with repeated measurement for the RCCT
sections. Group means are listed in Table 5 and statistical effects in Table 6.
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Table 5

RCCT scores by age group and sex (Accuracy in per cent)

Sex 7-years 8-years 9-years Total
Section A
State School Meals
Girls 88.89 (17.05)  95.00 (06.85)  93.75(09.45)  92.05 (12.53)
Boys 85.94(18.22) 89.77 (09.39)  93.75(06.85)  89.50 (12.33)
Parent School Meals
Girls 9750 (05.59) 94.23(08.25)  95.83(06.25)  95.37 (07.06)
Boys 92.86(09.83) 96.88 (05.79) 98.86 (03.77)  96.63 (06.67)
Section B
State School Meals
Girls 8194 (18.87) 95.00 (06.85)  89.06 (10.43)  87.50 (14.43)
Boys 92.19(13.26) 87.50 (14.79)  93.75(10.46)  90.50 (13.15)
Parent School Meals
Girls  92.50 (06.85)  89.42 (10.01)  93.06 (06.59)  91.20 (08.36)
Boys 91.07 (06.10)  96.88 (05.79)  100.00 (0.00)  96.64 (05.65)
Section C
State School Meals
Girls  79.17 (06.25)  80.00 (6.85) 82.81 (09.30)  80.67 (07.45)
Boys 78.13(11.08) 82.95(14.00) 87.50(13.69) 82.50 (13.01)
Parent School Meals
Girls  77.50 (05.59)  83.65(15.63)  87.50 (00.00)  83.80 (11.40)
Boys 80.36 (09.84) 93.75(06.68) 88.64 (08.76)  87.98 (09.67)
Section D
State School Meals
Girls  44.44(21.75) 57.50(11.18)  45.31(22.10)  47.73(19.91)
Boys 39.06 (21.59)  40.91 (19.44)  41.67 (15.14)  40.50 (18.50)
Parent School Meals
Girls  40.00 (16.30)  47.12 (15.44) 44.44 (12.67) 44.91 (14.40)
Boys 46.43 (15.67) 65.63(19.76)  71.59(19.44)  62.98 (20.76)

There was a significant main effect for the RCCT sections, F(2.23, 195.96) =

330.56, p < .001, 0> = .79, with a very large effect size. Pairwise post-hoc

comparisons (ps < .001, two-tailed) confirmed that simple perceptual
matching in RCCT A (M = 93.6%) and RCCT B (M = 91.9%) differed

significantly from identification of the more difficult rotated targets in RCCT

43



C (M =83.5%) and RCCT D (M = 48.7%), but not from each other. This
demonstrated that the step from a canonical orientation in RCCT A to a more
unusual position, balanced on one corner in RCCT B did not increase task
difficulty for children. In RCCT C and D, test items and distracters were
rotated at different angles.

The introduction of individually rotated model and distracter cubes in the test
panel in section C led to a decrease in performance of about ten per cent, and
the removal of distinctive and unique cube colours in section D led to an even

more pronounced drop from about 80% to 40%, see Figure 8.

Table 6

Analysis of variance for RCCT performance with Age, Sex and School Meal
type as between subject variables

Source SS df F p n?
Within-Subject Effects
RCCT 121229.74 2.227 330.559 .000*** .79
RCCT*Sex 436.56 2.227 1.190 .309 .01
RCCT*Age 624.37 4.454 0.851 .504 .02
RCCT*FSM 251.22 2.227 0.685 520 .01
RCCT*Sex*Age 586.104 4.454 0.799 539 .02
RCCT*Sex*FSM 2371.39 2.227 6.466 .001*** .07
RCCT*Age*FSM 841.18 4.454 1.147 337 .03

RCCT*Sex*Age*FSM 506.37 4454  0.690 .615 .02
Between-Subjects Effects

Sex 582.73 1.000 2.040 157 .02
Age 2701.44 2.000 4729  .011* .10
FSM 2287.70 1.000 8.010  .006** .08
Sex*Age 429.21 2.000 0.751 475 .02
Sex*FSM 1595.04 1.000 5.584  .020* .06
Age*FSM 134.65 2.000 0.236  .790 .01
Sex*Age*FSM 922.15 2.000 1.614  .205 .04

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. RCCT =
Rotated Cube sections; FSM = school meal type; Age = Age groups. * p < .05.
**p <.01. *** p <.001. Statistical effects set in bold were significant.
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Furthermore, there were two significant main effects for FSM, F(1, 88) =
8.01, p < .01, n?> = .08, and age groups, F(2, 88) = 4.73, p < .05, n? = .10.
Children with state school meals (M = 76.9%) performed overall significantly
worse than children with parent financed school meals (M = 81.9%). Multiple
comparisons of age differences showed that 7-year-old children (M = 75.5%),
differed from 9-year-olds (M = 81.7%), but no other comparisons were

significant (no figure).
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Figure 8 Performance decrease across RCCT sections per age group

There was also a significant two-way interaction of sex and FSM, F(1, 88) =

5.58, p < .05, n?* = .06, and these factors interacted significantly in a three-
way interaction with the RCCT sections, F(2.23, 195.96) = 6.47, p < .01, n?
=.07.
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In order to investigate the three-way interaction between RCCT sections, sex
and FSM, the analysis of variance was re-run with a split sample analysis for
SES in order to consider how boys and girls from different SES differed in

their performance on individual RCCT sections.

In the state-funded free school meal group, there were neither sex differences,
ps > .61, nor age differences, ps > .34 in performance. But when parents were
able to pay for school meals, boys (M = 85.2%) outperformed girls (M = 78.9
%) and this difference was highly significant, F(1, 47) = 14.27, p<.001, n?>=
.23. Furthermore, only in this high SES group, the age difference was
significant, F(2, 47) = 6.07, p <.01,n?=.21. Post-hoc t-tests for independent
samples were run for boys and girls, for each RCCT section. In each of the
two halves of the RCCT, always in the second, more difficult section (RCCT
B and D), a significant sex difference was found: In RCCT A, the mean
performance of boys and girls did not significantly differ (boys M = 96.6%;
girls M = 95.4%), p > .51, but in RCCT B where the cubes had a non-
canonical orientation, boys performed significantly better (M = 96.6%) than
girls (M =91.2%), t (51) = -2.76, p < .01.

Likewise, in the RCCT C, boys (M = 87.98%) and girls (M = 83.80%) did not
differ significantly, p > .16, but in RCCT D where all RCCT rotated cubes
had the same colour, boys (M = 63%) performed significantly better than girls
(M =44.9%), t (51) =-3.69, p <.001, see Figure 9, right. Thus, boys from a
relatively higher socio-economic background excelled both in the more
challenging perceptual matching and mental rotation task. This confirmed

that these two tasks measure related abilities.
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Figure 9 Sex differences in RCCT section performance for (A) children

receiving state financed school meals versus (B) children
whose parents financed their school meals (B). * = p < .01, **
=p<.001.

2.4.2. Raven’s Coloured Progressive Matrices Test (RCPM)

Accuracy was computed in per cent correct for each type of RCPM section
A, AB, and B, see Table 7. As with the RCCT, a 3 (Section) by 3 (Age) by 2
(Sex) by 2 (School meal type) analysis of variance with repeated

measurement for each section was conducted.
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Table 7

RCPM scores by Age Group and Sex (Accuracy in %)

Sex 7-years 8-years 9-years Total
Section A
State School Meals
Girls  74.07 (08.78) 65.00 (10.87) 78.13 (13.32) 73.49 (11.68)
Boys 77.08 (13.91) 70.46 (14.61) 75.00 (11.79) 73.67 (13.54)
Parent School Meals
Girls 81.67 (13.69) 78.21 (11.56) 81.48 (12.35) 79.94 (11.84)
Boys 73.81(10.13) 76.04 (14.39) 86.36 (10.72)  79.80 (12.73)
Section AB
State School Meals
Girls  62.03 (21.70) 65.00 (16.03) 75.00 (17.25) 67.42 (19.06)
Boys 58.33(20.89) 57.58 (25.67) 72.22 (21.52) 61.33(23.18)
Parent School Meals
Girls 81.67(19.00) 70.51(16.53)  81.48 (17.57) 76.23 (17.55)
Boys 67.86 (16.96) 86.46 (18.87) 89.39 (13.99) 82.69 (18.24)
Section B
State School Meals
Girls  50.00 (17.68) 50.00 (22.82) 58.33 (23.57)  53.03 (20.50)
Boys 46.88 (23.54) 46.21 (19.14) 68.06 (23.22) 51.67 (22.69)
Parent School Meals
Girls  70.00 (24.00) 64.10 (19.95) 60.18 (16.55) 63.89 (19.20)
Boys 55.95(15.00) 72.92 (07.39) 85.61 (13.99) 73.72 (17.27)

There was a significant main effect for the factor RCPM section, F(1.86,
163.93) = 43.11, p <.001, n?>= .33, with a very large effect size, see Table 8.
Pairwise post-hoc comparisons (ps < .001) confirmed significant differences
between RCPM A (M = 76.4%), RCPM AB (M = 72.3%) and RCPM B (M =

61%). Sections became increasingly more difficult as the RCPM progressed.

Furthermore, there were two significant between-subject effects. The effect
for FSM, F(1, 88) = 16.51, p <.001, n* = .16, showed that children with state
school meals (M = 63.9%) performed overall significantly worse than
children with parent financed school meals (M = 75.8%). The post-hoc tests
of the age effect, F(2, 88) = 4.50, p < .05, n? = .09, showed performance of
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both the 7-year-old and 8-year-old children was worse compared to 9-year-
olds.

Table 8

Analysis of variance for RCPM performance with Age, Sex and School meal
type

Source ) df F p n’
Within-Subject Effects
RCPM 12270.34  1.863 43.109 .000** .33
RCPM*Sex 267.71 1863 0.941 .387 .01
RCPM*Age 799.40 3.726 1.404 .237 .03
RCPM*FSM 1083.69 1.863 3.807 .027* .04
RCPM*Sex*Age 1262.67 3.726 2.218 .074 .05
RCPM*Sex*FSM 426.85 1.863 1.500 .227 .02
RCPM*Age*FSM 27172  3.726  0.477 .739 .01
RCPM*Sex*Age*FSM 593.38 3.726 1.042 .384 .02
Between-Subjects Effects
Sex 79.64 1.000 0.134 .715 .00
Age 5330.51 2.000 4.499 .014* .09
FSM 9780.36  1.000 16.511 .000** .16
Sex*Age 213450 2.000 1802 .171 .04
Sex*FSM 202.71 1.000 0.342 .560 .00
Age*FSM 51522 2.000 0.435 .649 .01
Sex*Age*FSM 1628.43 2,000 1.375 .258 .03

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. RCPM =
Ravens Coloured Progressive Matrices; FSM = School meal type; Age = Age
groups. * p <.05. *** p < ,001. Statistical effects set in bold were significant.
There was a significant two-way interaction of RCPM sections and FSM,
F(1.86, 163.93) = 3.807, p < .05, n? = .04, that interacted neither with age, p
> 74, nor with sex, p > .23. T-tests for independent samples were run to
compare children with state school meals and parent financed school meals
per RCPM section. They revealed a significant difference between children
below and above the poverty line in each section, see Figure 10, and this
increased the further children progressed in the Raven test, section A: t(98) =
-2.5, p < .05, section AB: t(98) = -3.83, p <.001, section B: t(98) =-4.04, p <
.001.
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Figure 10 Increasing effects of socio-economic status in the sections of
the Coloured Raven Progressive Matrices Test. * = p <.05, **
=p<.001.

2.4.3. RCCT Sections Split and Number of Distracter Control

This analysis was run to test if the RCCT design increased in difficulty within
test sections. The first control involved comparing the first 4 test sheets in
each set (easier ones) compared with the last 4 (harder ones). The second
control involved comparing the number of distractors per test page (6 vs 8)
per subsection. Only new effects were reported; the preserved interactions are

mentioned but not explained again.
Control 1: RCCT Sections Split (4 Easy vs, 4 Hard Questions).

A 4 (section) by 2 (first 4 vs. last 4 questions per section, E/ H) by 3 (age) by
2 (sex) by 2 (school meal type) analysis of variance with repeated

measurement was carried out, see Table 9 for the statistical effects.

50



Table 9

Analysis of variance for RCCT performance with Age, Sex, and financed
school meal type, comparing the first four questions with the latter per

section.
Source SS df F p n?
Within-Subject Effects
RCCT 242459.48  2.227 330.559 .000*** .79
RCCT*Sex 873.12 3.000 1.190 .314 .01
RCCT*Age 1248.74  6.000 0.851 .531 .02
RCCT*FSM 502.44  3.000 0.685 .562 .01
RCCT*Sex*Age 1172.21  6.000 0.799 571 .02
RCCT*Sex*FSM 4742.78  3.000 6.466 .000*** .07
RCCT*Age*FSM 1682.36  6.000 1.147 .336 .03
RCCT*Sex*Age*FSM 1012.75 6.000 0.690 .658 .02
E/H 96655.77 1.000 432.938 .000*** .83
E/H*Sex 360.52 1.000 1.615 .207 .02
E/H*Age 742,97  2.000 1.664 .195 .04
E/H *FSM 790.78  1.000 3.542 .063 .04
E/H*Sex*Age 597.99  2.000 1.339 .267 .03
E/H*Sex*FSM 146.13  1.000 0.655 .421 01
E/H*Age*FSM 232,70  2.000 0.521 .596 01
E/H*Sex*Age*FSM 2064.58  2.000 4.624 .012* 10
RCCT*E/H 75754.49 2430 86.123 .000*** .50
RCCT*E/H*Sex 40.03  3.000 0.046 .987 .00
RCCT*E/H*Age 2777.28  6.000 1579 .153 .03
RCCT*E/H*FSM 888.46  3.000 1.010 .389 01
RCCT*E/H*Sex*Age 1620.90 6.000 0.921 .480 .02
RCCT*E/H*Sex*FSM 366.89  3.000 0.417 .741 .00
RCCT*E/H*Age*FSM 2053.21  6.000 1.167 .324 .03
RCCT*E/H*Sex*Age*FSM 638.36  6.000 0.363 .902 01
Between-Subjects Effects

Sex 1165.47  1.000 2.040 .157 .02
Age 5402.87 2.000 4729 .011* 10
FSM 4575.41  1.000 8.010 .006** .08
Sex*Age 858.43  2.000 0.751 .475 .02
Sex*FSM 3190.08 1.000 5.584 .020* .06
Age*FSM 269.30 2.000 0.236 .790 01
Sex*Age*FSM 1844.09  2.000 1.614 .205 .04

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. RCCT =
Rotated Cube sections; E/H = first 4 questions compared to last 4 questions of each
section; FSM = school meal type; Age = Age groups. * p <.05. ** p <.01. ***p
< .001. Statistical effects set in bold were significant.
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There was a significant main effect for the factor E/ H (easy/ hard), F(1, 88)
=423.93, p <.001, n? = .83, showing that the first 4 questions (M = 90.9%)

were easier than the later 4 questions per section (M = 68.0%).

This effect also interacted with the RCCT sections, F(3, 264) =4.62, p <.001,
n?=.49. Post-hoc paired-samples t-tests showed that the gap between the first
4 and second 4 test sheets increased over the tests, as can be seen from the

increasing t-values per section in Table 10.
Table 10

Paired sample t-tests comparing the difference between the easier first
4 question of each section with the hardest last 4 questions

RCCT Pages M SD 95% ClI t df p

Alto4-A5t08 6.50 16.90 3.15-9.85 385 99 0.000
Blto4-B5t08 575 19.09 1.96-954 3.01 99 0.003
Clto4-C5to8 2475 2289 20.21-29.29 10.81 99 0.000
Dlto4-D5t08 55.25 32.62 48.78-61.72 16.94 99 0.000

The largest differences were found in sections C and D, where the model cube
and target cube were differently rotated, see Figure 11. In RCCT C there was
a drop in performance of 24.8% from the easier 4 (E4 M = 96.3%) to the
harder 4 questions (H4 M = 71.5%) sets, whereas in section D the drop in
performance was over twice as high at 55.3% (E4 M = 76.8%, H4 M =
21.5%).
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Figure 11 Differences in performance between the first 4 (easy) and last
4 (hard) test items per section.

There was also a significant four-way interaction of E/H, sex, age and FSM,
F(2, 88) = 4.62, p <.05, n? = .10, see Figure 12. In order to disentangle this
interaction further, the model was re-run as a split sample by sex, which
revealed a significant statistical effect of task difficulty only for boys, F(2,
45) = 3.86, p < .05, n? = .15, but not in girls. Post-hoc comparisons showed
that 8-year-old boys in the FSM group performed significantly better on the
first 4 test items than on the last 4 test items (E4 M = 88.6%, H4 M = 61.9%).
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Control 2: Questions with 6- compared to 8 test items per page

A 4 (Sections) by 2 (Item number) by 3 (Age) by 2 (Sex) by 2 (School meal
type) analysis of variance was carried out, see Table 11.

There was a significant main effect for number of distractors, F(1, 88) = 4.24,
p < .05, n? = .05, demonstrating that questions with 6 options (M = 80.7%)
are easier than those with 8 response options (M = 78.2%). This effect also
interacted with RCCT sections, F(2.63, 231.23) = 6.23, p <.001, 2= .02, see
Figure 13. As expected, post-hoc paired-samples t-tests found that the
questions with 6 response options were easier in section A, t(99) = 2.57, p <
.05, section B, t(99) = 2.83, p < .01, and in section D, t(99) = 2.25, p < .05.
Only in section C were questions with 8 response options easier, t(99) = -
2.05,p<.05
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Figure 13 Differences in performance on RCCT sections with 6 and 8
response options. * = p < .05, ** = p < .001.
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Table 11

Analysis of variance for RCCT performance with Age, Sex, and financed
school meal type, comparing the first four questions with the latter per
section.

Source SS df F p n?
Within-Subject Effects
RCCT 242459.48 2.227 330.559 .000** .79
RCCT*Sex 873.13 3.000 1190 .314 01
RCCT*Age 1248.74  6.000 0.851 .531 .02
RCCT*FSM 502.44 3.000 0.685 .562 01
RCCT*Sex*Age 1172.21 6.000 0.799 571 .02
RCCT*Sex*FSM 4742.78 3.000 6.466 .000** .07
RCCT*Age*FSM 1682.36  6.000 1.147 .336 .03
RCCT*Sex*Age*FSM 1012.75 6.000 0.690 .658 .02
6.vs.8 1140.11 1.000 4.237 .043 .05
6.vs.8*Sex 27.39 1.000 0.102 .750 .00
6.vs.8*Age 1070.89 2.000 1.990 .143 .04
6.vs.8*FSM 265.40 1.000 0.986 .323 01
6.vs.8*Sex*Age 150.67 2.000 0.280 .756 .01
6.vs.8*Sex*FSM 150.04 1.000 0.558 .457 .01
6.vs.8*Age*FSM 73.03 2.000 0.136 .873 .00
6.vs.8*Sex*Age*FSM 780.82 2.000 1.451 .240 .03
RCCT*6.vs.8 4589.51 2.628 6.230 .001* .07
RCCT*6.vs.8*Sex 1321.83 3.000 1.794 .149 .02
RCCT*6.vs.8*Age 693.40 6.000 0.471 .830 .01
RCCT*6.vs.8*FSM 171.26 3.000 0.232 .874 .00
RCCT*6.vs.8*Sex*Age 349.99 6.000 0.238 .964 .01
RCCT*6.vs.8*Sex*FSM 125.53 3.000 0.170 .916 .00
RCCT*6.vs.8*Age*FSM 1694.75 6.000 1.150 .334 .03
RCCT*6.vs.8*Sex*Age*FSM 932.97 6.000 0.633 .704 01
Between-Subjects Effects
Sex 1165.47 1.000 2.040 .157 .02
Age 5402.87 2.000 4729 .011* .10
FSM 4575.41 1.000 8.010 .006 .08
Sex*Age 858.43 2.000 0.751 .475 .02
Sex*FSM 3190.07 1.000 5.584 .020 .06
Age*FSM 269.30 2.000 0.236 .790 .01
Sex*Age*FSM 1844.09 2.000 1.614 .205 .04

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. RCCT =
Rotated Cube sections; 6.vs.8 = number aggregates per page; FSM = school meal
type; Age = Age groups. * p <.05. ** p <.01. ** p <.001. Statistical effects set
in bold were significant
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2.4.4. Control of the Mental Rotation with Fluid Intelligence

In order to control the effect of fluid intelligence (RCPM) on Mental Rotation
(MR), the analysis of the RCCT was repeated with the Raven test score as a
covariate, (Lehmann, Quaiser-Pohl, & Jansen, 2014; Quaiser-Pohl et al.,
2014). If an effect was significant in the previous analysis, but is no longer
significant after controlling for the RCPM, this change could then be
attributed to differences in fluid intelligence. Likewise, if an effect becomes
significant that was not significant before, control for fluid intelligence
reveals an effect that was suppressed before by this variable.

In particular, because of the relatively high number of children from a poor
socioeconomic background, the control of fluid intelligence will show
whether better performance in mental rotation of boys above the poverty line
is due higher fluid intelligence. In statistical terms, this would be the case if
the three-way interaction of RCCT, sex and socio-economic status would no
longer be significant.

A repeated measures ANCOVA of 4 (Sections) by 3 (Age) by 2 (Sex) by 2
(School meal type, FSM) with the RCPM as a covariate showed the statistical
effects that are listed in Table 12.

The most compelling effect of the covariate was that the main effect of
socioeconomic background (FSM) was no longer significant, p = .502,
instead the Raven score as a covariate was significant, F(1, 87) = 36.55, p <
.001, n? = .30. This showed that differences due to socio-economic status in
the general performance level were completely explained by fluid
intelligence, but the main effect of age, F(2, 87) = 4.33, p <.05,1?>=.09, was
not affected. This is somewhat surprising because one would have expected
that fluid intelligence would replace the age but not the SES effect as

intelligence increases with age.
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Table 12

Analysis of variance for RCCT performance with Age, Sex and School Meal
type as between subject variables and RCPM scores as a co-variant.

Source SS df F p n?
Within-Subject Effects
RCCT 11735.52 2.303 33.594 .000*** 28
RCCT*RCPM 1881.47 3.000 5.386 .001** .06
RCCT*Age 872.62 6.000 1.249 .282 .03
RCCT*Sex 407.56 3.000 1.167 323 .01
RCCT*FSM 19.78 3.000 0.057 .982 .00
RCCT*Sex*Age 455.50 3.000 0.652 .689 .02
RCCT*Sex*FSM 2109.47 3.000 6.039 .001** .07
RCCT*Age*FSM 918.52 6.000 1.315 251 .03

RCCT*Sex*Age*FSM 339.36 6.000 0486  .819 .01
Between-Subjects Effects

RCPM 7439.51 1.000 36.549  .000*** .30
Sex 430.71 1.000 2.117 149 .02
Age 1763.34 2.000 4334  .016* .09
FSM 92.47 1.000 0.455 502 .01
Sex*Age 119.10 2.000 0.293  .747 .01
Sex*FSM 1189.82 1.000 5.849  .018* .06
Age*FSM 253.75 2.000 0.624  .538 .01
Sex*Age*FSM 419.02 2.000 1.030 .361 .02

Note. Degrees of Freedom were corrected with Greenhouse-Geisser.
RCCT = Rotated Cube sections; RCPM = Raven’s Coloured Progressive
Matrices Test; FSM = school meal type; Age = Age groups. * p < .05. **
p <.01. *** p <.001. Statistical effects set in bold were significant.

In order to explore the relationship between the Raven and the RCCT further,
a curvefit analysis was run, revealing significant linear, F(1, 98) = 64.45, p <
.001, quadratic, F(2, 97) = 32.05, p < .001, and cubic, F(3, 96) = 21.27, p <
.001, trends. The higher the RCCT score, the better the accuracy of the
RCPM. The plotted data in Figure 14 reveal that indeed the linear fit with the

highest F-value seemed to provide the best fit for the data.
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Figure 14 Scatterplot for the RCPM by RCCT

However, the two-way interaction between socioeconomic background and
sex of the children stayed significant, F(1, 87) = 5.85, p < .05, n? = .06, and
this again interacted significantly in a three-way interaction with the RCCT,
F(3, 261) = 6.039, p < .05, n> = .07. This showed that fluid intelligence was
not the final determining factor for the effect that boys from a more affluent

background performed better on the harder mental rotation tasks.

With regards to the remaining within-subject factors, there was again a
significant main effect for the RCCT sections, F(2.30, 200.34) = 33.59, p <
.001, n? = .28, that showed that simple perceptual matching in the sections A
and B were significantly easier than identification of the rotated targets in

sections C and D, independently of the fluid intelligence of children.

Another new effect was the significant two-way interaction between the
RCCT sections and the Raven scores, F(3, 261) = 8.386, p <.001, n? = .06.
The follow-up analysis of the interaction effect revealed decreasing

correlations with fluid intelligence over RCCT sections A (r = .45, p <.001),
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B (r=.42, p <.001) and C (r = .36, p <.001) with the Raven score, but the
highest correlation occurred with the most difficult RCCT section D (r = .54,
p < .001) which showed that fluid intelligence was the most required in the

most challenging cube rotation.

2.4.5. Comparison of the RCCT and the RCPM

Because the RCCT was a new test development, the established RCPM was
used for cross-validation. The RCCT and RCPM scores were significantly
correlated, with r = .52, p = .004 for the 7-year-old children, r = .60, p <.001
for the 8-year-old children and r = .72, p <.001 for the 9-year-old children.
These correlations were significant and increased with age.

A confirmatory correlational analysis with the unstandardized residuals of
both variables after controlling for the impact of age, sex, and FSM, revealed
a highly significant correlation between the RCCT and RCPM (r =. 54, p <.
001). The correlations increased in each age group with r = .53, p = .003 for
7-year-old, r = .54, p <.001, 8-year-old, and r = .63, p <.001 for 9-year-old
children. The correlation between the RCCT and the RCPM when controlled
for age, sex and FSM are nearly identical in the 7- and 8-year-olds but
increased in the 9-year-olds. This shows an increasing and substantial
correlation between the RCCT and the RCPM independently of individual

differences.

A more comprehensive analysis was conducted of the variance on the two
overall scores of the RCCT and the RCPM, respectively, that allowed for a
direct comparison. A 2 (RCCT vs. RCPM) by 3 (age) by 2 (sex) by 2 (school
meal type) analysis of variance revealed no significant sex differences, all ps
> .16, see Table 13. This demonstrated that sex differences were limited to
the more difficult RCCT sections and did not appear when overall scores

were used. Furthermore, a significant within-subject main effect, F(1, 88) =
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60.71, p <.001, indicated that on average the RCPM (M = 69.9%) was more
difficult than the RCCT (M = 79.5%). This difference showed a comparably

large effect size of n? = .41, while all other significant effects sizes were

smaller, n? <.16.

Table 13

Analysis of variance for RCCT vs. RCPM performance with Age, Sex and

State School Meals

Source SS df MS F p n?
Between-Subjects Effects
Sex 148.30 1.000 14830 .745 390 .01
Age 1874.83 2.000 937.41 4.710 .011* .10
FSM 3281.50 1.000 3281.51 16.489 .000** .16
Sex*Age 644.28 2.000 322.14 1.619 .204 .04
Sex*FSM 397.31 1000 397.31 199 .161 .02
Age*FSM 84.79 2.000 4240 213 809 .01
Sex*Age*FSM 666.78 2.000 333.39 1.675 .193 .04
Within-Subject Effects
Test 4240.60 1.000 4240.60 60.712 .000** .41
Test*Sex 2393 1.000 2393 .343 560 .04
Test*Age 577.37 2.000 288.68 4.133 .019* .09
Test*FSM 550.54 1.000 550.54 7.882 .006** .08
Test*Sex*Age 17453 2.000 87.26 1249 292 .03
Test*Sex*FSM 69.02 1.000 69.02 .988 .323 .01
Test*Age*FSM 120.61 2.000 60.30 .863 .425 .02
Test*Sex*Age*FSM  106.54 2.000 53.27 .763 .469 .02

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. Test =
Test type (RCCT vs. RCPM); FSM = school meal type; Age = Age groups.
*p <.05. ** p <.01. *** p < .001. Statistical effects set in bold were
significant.

There was a significant main effect for age groups that interacted in a two-
way interaction with the two tests, F(2, 88) = 4.133, p < .05, n? = .86, see
Figure 15, with an even larger effect size. Test scores on the RCCT increased
with age, from 7-year-olds (M = 75.2%), to 8-year-olds (M = 80.2%) and to
9-year-old children (M = 82.5%), by 7.3%. Similarly, test scores on the

61



RCPM also increased with age, from 7-year-olds (M = 65.3%), to 8-year-olds
(M = 67.3%) and to 9-year-old children (M = 77.1%), by 11.8%. Post-hoc t-
tests for paired samples revealed a significant difference between the two test
scores in all three age groups, with the RCCT scores always significantly
higher than the RCPM scores, ps < .01. However, Figure 15 shows that the
difference between the test performance reduced with increasing age, and
vice versa, the correlations between the two tests increased with age (see the

first paragraph of this part of the report).
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Figure 15 Age differences in RCCT and RCPM. * = p <.01.

The significant between-subjects effects for FSM F(1, 88) = 16.49 p < .001,
n? = .16, showed that children receiving state school meals (M = 70.4%)
scored lower than children with parent financed school meals (M = 78.6%),
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but importantly, a significant two-way interaction revealed that this varied
depending on the test, F(1, 88) = 7.88, p < .05, n?>=.08.

To test where the difference was located, the analysis of variance was run
again with a split sample for FSM. It showed that children with state school
meals showed much better performance on the RCCT (M = 76.9%) than on
the RCPM (M = 63.9%). However, a two-way interaction showed that this
difference became smaller with age, F(1, 41) = 3.56, p <.05,*=.15, 7-year-
olds (RCCT: M = 73.7%, RCPM: M = 61.4%), to 8-year-olds (RCCT: M =
77.3%, RCPM: M = 58.7%) and 9-year-olds (RCCT: M = 78.4%, RCPM: M
= 71%), as Raven scores were relatively improved in the older children on
state school meals. No other statistical effects were significant, ps >.08. Thus,
the RCCT was especially fair to younger low SES children.

In contrast, the sample of children with parent financed school meals showed
the same disparity between tests, RCCT: M = 81.9%; RCPM: M = 75.8%,
F(1, 47) = 13.53, p<.001, n? = .22, but no reduction with age, F(1, 47) = .78,
n?=.03, ns. Instead, there was a main effect of age, F(2, 47) = 3.66, p < .05,
n? = .16, which interacted with sex, F(2, 47) = 3.93, p < .05, n? = .14. Girls’
test scores were similar at 7-years M = 77.3%, 8-years M = 74.7% and 9-years
M = 77.3% and showed no improvement, whereas boys’ performance
increased with age 7-years M = 71.9%, 8-years M = 83.4%, 9-years M =
88.5%.

2.5. Discussion Study: Rotated Colour Cube Test
2.5.1. The Rotated Coloured Cube Test

This study introduces a new test, namely the Rotated Colour Cube Test
(RCCT) as a measure of perceptual matching and mental rotation in children,

using coloured three-dimensional cube illustrations. This new test is not a
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mental rotation experiment where angularity of the rotated stimulus and
reaction times are measured (Shepard & Metzler, 1971), but a mental rotation
test similar those for adults by Vandenberg and Kuse (1978) and Peters et al.
(1995). Models, targets, and distracters were differently rotated from each
other, so even if participants were able to use perceptual matching strategies,
the RCCT can still be classified as also measuring mental rotation.

A single cube is a useful reduction of complexity for children in comparison
to the cube aggregates of Shepard and Metzler (1971), but it does not lend
itself to spatial rotation in the same way as a cube aggregate because a single
cube lacks a clear three-dimensional extension that protrudes into space,
comparable to a vector. Cube aggregates have extensions which have been
compared to pictures of gymnasts with outstretched limbs (Alexander &
Evardone, 2008). Instead, cube faces were distinguished through the use of

colour and by rotating the cubes in various directions.

In the present study 7- to 10-year-old children were presented with a three-
dimensional multi-coloured cube as a target and asked to find the correct
matching cube out of 6 or 8 alternatives. The first part of the test measured
children's perceptual matching abilities and the second part of the test
measured more complex spatial and mental rotation abilities. Children were
found to perform best in identifying the same cube amongst distracters,
compared to identifying a rotated cube amongst unique distracters.
Identifying a rotated cube amongst rotated similar distracters of the same
colours was overall the most difficult task. Additionally, an interaction
between sex differences and low vs. high SES background revealed that boys
with more resourceful parents, were more likely to successfully complete
more difficult items. Mental rotation performance significantly correlated
with children's performance on the RCPM which supported the validity and
reliability of the test.
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In comparison to the original stimuli used by Shepard and Metzler (1971) and
other 2D-tests, the RCCT’s three dimensional properties were preserved
making the test more difficult. But task difficulty was decreased by adding
item-distinguishing colour and through the reduction of set-size, as the

complex cube aggregates were reduced to a single cube.

The test format was conceived similarly to the RCPM, with a response panel
of a target and several distracters, and by increasing task difficulty in the test
sections. This provided an assessment baseline for item identification of a
model object in a canonical view (section A) and in a rotated position (section
B) via colour to make sure that children had an intact object concept. For
instance, an object concept is not self-understanding in cube drawings as
children often draw just one side, or if they draw more than one side, these
multiple cube faces are not integrated (e.g. Lange-Kuttner & Ebersbach,
2012). Colour was used to distinguish between distracters as it is such an
important feature for children, that for instance, the Raven test for children
only exists in colour, whereas the version for adults is in black-and- white. In
the RCCT, children could identify the target by finding the correct spatial
configuration of the coloured cube faces. Moreover, colour similarity of the
cube distracters was increased during trials in each of the first three sections,
see Table Al in the Appendix which made the target less discriminable from
the distracters.

As expected, similar to the RCPM, the new RCCT became more difficult over
the four test sections. There was no significant performance decrease in
perceptual matching between the first two sections A and B where the only
difference was the overall cube orientation, except that high SES boys
performed better than high SES girls in identifying a cube in a non-canonical
position. The main difference in performance arose between simple
perceptual identification in RCCT sections A and B, and the more challenging

target cube identification amongst individually rotated distracter cubes in
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sections C and D. In section C, colour similarity was increased between
targets and distracters, whereas in section D colour was completely removed
as a distinctive feature (see Table Al in the Appendix). The results suggest
that performance in sections C and in section D decreased due to an increase
in the number of rotated targets and distracters as well as due to a reduction
of colour saliency. Indeed, the study showed that it is not orientation of one
object as such that is difficult for children, but differences in orientation

between targets and distracters.

Performance deteriorated particularly in section D where no unique object
colours were available to distinguish between distracter cubes. In fact,
increasing colour congruency between target and distracter cubes to a level
where all colours were the same and cubes varied only in orientation, resulted
in the most pronounced decrease in performance. This result is especially
noteworthy because in both sections C and D, the models and the targets were
different in regard to their rotations (see Appendix, Column ‘Rotation’,
Levels 5-8). In short, distinct unique colours between distracters were
particularly helpful as a visual cue in narrowing down attention towards the
rotated target. In conclusion, while different orientations of distracters made
the RCCT more difficult, different colours of distracters had the opposite
effect and made the RCCT easier because colour facilitated clearer

discrimination between target and distracters.

Solving a three-dimensional mental rotation task involves the ability to
maintain representations of relevant object attributes and their interrelation,
while at the same time rotating mental images (Kaufman, 2007). As with
adults, object colour can be more salient and important than object location
(Hyun & Luck, 2007). Integration of the cube faces was easier when objects
were different: Differences in the target cube’s orientation and even between
individually rotated distracters was not especially difficult as long as the

distracters’ distinctive object colours were available as a cue. This may be

66



somewhat counterintuitive as mental rotation is a spatial ability. However,
colour is a feature that defines the cube’s internal structure based on the
cube’s face colour location and is not a spatial cue about the location of the
cube. Because the cube had only changed orientation and not position, the
object-place binding (Lange-Kuttner, 2008b, 2013) remains intact in mental
rotation. In short, rotated objects stay in place. This in turn suggests that

feature integration plays an important role in mental rotation.

As in previous studies on visual memory and spatial ability (Lange-Kdittner,
2010a; Levine et al., 2005), a pronounced impact of sex and SES was already
present in school children: Boys from a higher social-economic background
performed better than girls from the same relatively advantaged background
in sections B (non-canonical cube orientation) and D (lack of unique
distracter colour) of the test, while there was no difference between boys and
girls from a low social-economic background. Even after controlling the
influence of fluid intelligence, this effect remained significant, confirming
that this gender effect was not due to variations in intelligence. This preserved
MR interaction effect is even more remarkable given the overall shared
variance of fluid intelligence with SES. The ‘gearing up’ of the more
privileged boys indicated that they were more likely to rise to a challenge
(Lange-Kdttner, 2012; Lange-Kittner & Green, 2007). This sex by task
difficulty effect was particularly apparent when colour cues were no longer
available in section D, as only the upper middle-class boys had a success rate
of above 60% while everybody else was below 48%. It could well be that
these boys developed more responsiveness and attention towards the less
obvious cube features such as contour and line orientation (Enns & Rensink,
1991; Hystegge, Heim, Zettelmeyer, & Lange-Kuttner, 2012; Lange-Kdttner
et al., 2002; Treisman, 1986). Similarly, sex differences on mathematics

achievement tests are only found on more difficult items, possibly as the
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content is higher in measuring spatial ability (Hedges & Nowell, 1995; Hyde,
Fennema, & Lamon, 1990).

An alternative explanation for SES differences in ability is prior engagement
in activities that promote the development of spatial skills. Children from a
lower SES group may not readily have access to Lego, playing video games
or completing puzzles, which all correlate with spatial ability (Dorval &
Pepin, 1986; Serbin, Zelkowitz, Doyle, Gold, & Wheaton, 1990;
Subrahmanyam & Greenfield, 1994). Similarly the freedom to explore their
environment correlates with sex differences, as boys spend more time
exploring their environment (Entwisle, Alexander, & Olson, 1994). While the
promotion of spatial skill through activities might be an important factor in
explaining the RCCT results, it does not allow to distinguish between the
availability of these activities through a biologically driven inclination or
because cultural norms make such resources more readily available to boys
(Lange-Kdttner, Korte, & Stamouli, 2019).

2.5.2. Mental Rotation and Fluid Intelligence

The results showed that in general, the Rotated Colour Cube Test (RCCT)
was easier that the Raven’s Coloured Progressive Matrices Test (RCPM), but
this difference was more pronounced in the younger age group of 7- year-olds
than in the 9-year-old children, especially when from a lower SES.

The most compelling yet also sobering effect was that after controlling
performance for fluid intelligence, children from a poorer socio-economic
background no longer performed significantly worse than children from
families with a more stable financial background. This demonstrated that
differences in attainment previously attributed to socio-economic
background, were in fact a result of differences in fluid intelligence. Previous
research highlighted the adverse impact poverty may have on children in
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terms of standardised 1Q scores (Smith et al., 1997) and measures of spatial
ability (Levine et al., 2005).

A surprising result is that age related performance differences were not
significantly influenced by differences in fluid intelligence, a finding that
contradicts developmental research that has found cognitive ability to
increase with age in relation to short term memory capacity (Dempster, 1981)
and reasoning ability (Raven & Court, 1998; Wechsler, 1981).

Nevertheless, both the two-way interaction between sex and socioeconomic
status and the three-way interaction between RCCT sections, sex and socio-
economic status remained significant, highlighting the disproportionately
positive impact of a wealthier socio-economic background already has on 6-
to 10-year-old boys’ spatial and mental rotation ability especially in the more

challenging parts of the tests.

It could be argued, that the RCCT was easier than the RCPM since the spatial
reasoning component was less complex. While in the RCCT single three-
dimensional cubes were used, in the RCPM both continuous and discrete
patterns had to be completed. That is, even if multiple coloured cube faces
had to be perceptually integrated and distinguished against competing
distracters, the RCCT sections did not require the formation of a logical
sequence of visual pattern fragments which may require executive attention
(Jones, Rothbart, & Posner, 2003), or operational intelligence according to
Piaget (Inhelder & Piaget, 1958). This might explain why younger children
performed comparatively well in the RCCT except in the last section where
colour salience was removed. Therefore, this new test would lend itself to

measuring object processing in even younger age groups.

However, besides these differences in the two tests the significant correlations
also suggested strong similarities. The RCPMT test was identified as

measuring both fluid intelligence and spatial ability (Guttman, 1974).
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Similarly, it was proposed that spatial ability tests load considerably on g
(Ullstadius, Carlstedt, & Gustafsson, 2004). The significant correlations in
each age group could also be a result of a similar response format involving
a perceptual discrimination between target and multiple distracters in both

tests.

In agreement with previous research (Eysenck & Kamin, 1981; Raven, 1939)
no sex differences on the RCPM were found, whereas sex differences in the
RCCT only emerged in the more difficult sections B (perceptual matching)
and D (mental rotation) for children from a poorer social-economic
background. A likely influence is the difference in dimensionality between
the two tests. The RCPM only includes 2D items, whereas the RCCT only
consists of 3D items. As the visual information system is sensitive to
dimensionality and finds processing of three-dimensional information more
difficult (Jansen et al., 2013), which may account for the results of only
finding sex differences in the three- dimensional RCCT and not in the RCPM.
Hence, it could be argued that it is important to have a distinct 3D mental
rotation test designed specifically for children, for instance, in order to assess

abilities in maths, science and the arts from an early age.

The unexpected result of a drop in the levels of performance for children from
a low social-economic background on the RCPM support the findings of a
study by Aziz and Faroogi (1991) in which children from a lower social
economic background also performed worse on the RCPM compared to those
from more affluent background. The RCPM has often been viewed as an
ethically and culturally fair measure of intellectual functioning (Anderson,
Kern, & Cook, 1968; Jensen, 1974; Kaplan & Sccuzzo, 1996; Valencia,
1984). However, in the current study this was not the case, which contradicts
expectations of culture-fair tests of the American Educational Research
Association (1999). The disadvantage of low socio-economic status on both
the RCCT and RCPM highlights the need for developing tasks that may help
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to identify children who can benefit from early intervention strategies. Iltem-
specific practice (Kail, 1986; Kass et al., 1998) as well as 2D-3D dimensional
transformation training (Moreau, 2012; Tzuriel & Egozi, 2007, 2010) might
contribute to rebalancing poverty induced inequalities in cognitive abilities
(Noble et al., 2015). However, while the research sample was relatively large
with N= 100, cells were unequal to some degree, though not dramatically so
(Howell, 1992, section 13.9, pp. 409). There were 51 boys and 49 girls, so
sex was nearly perfectly balanced. Likewise, for SES there were 47 children
on state school meals and 53 children whose parents could afford to pay for
school meals. But the smaller cells of the interactions (see Table 1) were
unequal, with subsamples between 5 to 13. This means that there could have
been an element of chance in the obtained significances of some interactions.
However, because the interactions related largely to the more difficult
sections B and D, it is believed that the interaction of task difficulty with the

individual differences was genuine.

The newly developed RCCT measures children’s spatial ability through
perceptual matching and mental rotation tasks. It distinguishes itself from
other available tests for children by preserving and simplifying Shepard and
Metzler’s (1971) three dimensional geometric properties and by providing a
modified test specifically adapted for young children. The RCCT results show
that young children can solve tasks with three-dimensional cube illustrations,
but increasingly struggle when supportive colour information is reduced. The
current study demonstrated a reduction in task complexity without resorting
to 2D images, and that varying distracter similarity and colour salience were
effective means of adjusting task difficulty. In their meta-analysis Voyer et
al. (1995) argued that since spatial ability is not a unitary concept, each spatial
test might provide a distinct operational definition of abilities. As the MRT is
widely used with adults, it was important to create a simplified MRT test for

younger children that preserves its three-dimensions as well as the use of
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geometric stimuli. This aims to bridge the gap between the classic complex
three-dimensional cube aggregates used for adults (Shepard & Metzler, 1971)

and simplified two-dimensional versions for children.

3. Study 2: Coloured Cube Aggregates

3.1. Test Development Introduction

The first test (RCCT) was designed to measure both object recognition and
mental rotation in 6- to 10-year-old children, using single, three-dimensional,
coloured cube images (Lutke & Lange-Kittner, 2015). It established an
important baseline measure, demonstrating that young children could indeed
process three-dimensional geometric stimuli, based on the cube’s perspective
and distinctively coloured cube faces. Children averaged a high success rate
of 90.1% correct responses in the object identification sections (A & B, see
Figure 16). In later sections, where more difficult object identification tasks
and mental rotation were measured, performance decreased further by 8.3%
(C), followed by the most pronounced drop of 43% (D) with the removal of
distinctive colours that made each cube unique in terms of colour (target and
distracter cubes). Because children performed close to a ceiling effect on
easier questions of the one-cube test (RCCT), children were expected to also
be able to rotate larger cube aggregates. As mental capacity increases with
age, aggregate set-size was systematically increased from four to six cube

aggregates.
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Figure 16 Decreases in task difficulty across RCCT sections

Moreover, again coloured stimuli were used as an adaptation towards
children’s perceptual preferences, similar to the coloured version of the
Ravens Progressive Matrices test for children. The Coloured Mental Rotation
Test (CMRT) is also based on a format akin to the Raven Coloured
Progressive Matrices test (RCPM), in which children are encouraged to

identify one correct target from a selection of six items.

In short, the aim of the new test development (CMRT) was to produce a
mental rotation test that: (1) has a more gradual increase in task difficulty
across subtests; (2) modifies task difficulty though systematically varying
critical object features (set-size, angularity, axis of rotation, aggregate
dimensionality and colour congruence); and (3) bridges the gap between the

established MRT for adults and a geometrically similar test for children. In
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comparison to the RCCT, which only uses single cubes, the new CMRT
includes cube aggregates that gradually become larger in set-size.

In the current study it is expected, as in previous research, that children as
young as 4 -to 5-year-olds can mentally rotate cube aggregates, that their
ability improves with age, and that boys will outperform girls. With regards
to the design factors the hypotheses are as follows: (1) Task difficulty
increases with the number of cubes used per aggregate (set-size); (2) smaller
rotations are easier than larger rotations (angularity); (3) picture-plane
rotations are easier than in-depth-plane-rotations (rotational axes); (4) flatly
aligned aggregates will be easier to rotate than those with elements protruding

into depth.

Furthermore, predicted on the basis of the recent meta-analysis (Lauer et al.,
2019) in which 3D rotation tasks produced larger gender differences than 2D
tasks, in the current study the male advantage should show in the comparison
between the Raven test which uses two-dimensional stimuli and the 3D colour

cube test, with a performance difference observable in girls but not in boys.

3.2. Test Development Geometric Properties

Shepard and Metzler (1971) and VVandenberg and Kuse (1978) used computer
generated 2D drawings of 3D cube aggregates, see Figure 17. As the original
images were no longer accessible and only deteriorated copies were available,
Peters et al. (1995) produced a redrawn version of the MRT which resulted in
similar sex differences as the original MRT version. This latest MRT version
by Peters is now widely used to measure mental rotation ability (Battista &
Peters, 2010; Thompson, Nuerk, Moeller, & Kadosh, 2013; Titze, Heil, &
Jansen, 2008; Voyer, Rodgers, & McCormick, 2004).
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(A) (B)

Figure 17 Examples of: (A) Shepard and Metzler’s (1971) and (B)
Vandenberg and Kuse’s (1978) test items. Note that the
authors reduced cube size in relation to how far an aggregate
element is distanced from the observer

Peters et al. (1995) MRT version provided better image quality in terms of
pixelation and image sharpness, however it did not reproduce accurate image
depth, because unlike in the original cube aggregates of Shepard and Metzler,
the individual cubes were identically sized, see Figure 18, even if they were
supposed to appear smaller with increasing distance from the foreground,

diminishing in size in background.

Figure 18 Peters (1995) redrawn MRT test
Using a two-point perspective and a horizon level, objects closest to the

observer should be proportionately larger in size than those further away,

providing the illusion of depth, see Figure 19.
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Figure 19 Enlarged image with improved image sharpness, but missing
depth perspective (Peters et al., 1995). The cube closest to the
observer is identical in size to the cube further away, making
the cubes farther away appear larger in size.

A two-dimensional geometric drawing of a three-dimensional shape is a
“compromise between appearance and structure” (Freeman, 1986). While the
front of the cube aggregates provides the observer with the true shape and
structure of the cube face, an oblique perspective edge signals a change in
direction but not a change in structure. Side lengths are defined in relation to
perspective lines and hence provide consistent proportion as in the real cube.
The constant bottom line of the cube provides a resting position of an object
signalling the stability of the object under gravity. As Peters et al (1995)
aggregates did not follow these structural principles, the CMRT was newly
designed using Adobe Illustrator, a vector-based design program. This allows
2D images of 3D objects to be drawn more realistically and with greater

precision. Vectors are defined mathematically in a three-dimensional space
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and so the resulting images can be altered in size and follow precise
perspective lines with no deterioration in image quality.

Figure 20 The basic cube used for cube aggregate derivations. CMRT 2-

point depth perspective with horizon line.

Over 5000 vector-based individually placed anchor points define the spatial
relations of two 5x5x5 cube aggregates consisting of 125 individual cubes
each, see Figures 20 and 21. These aggregates were used to define the cube
aggregates in the CMRT. It was important to use a vector-based graphics
program, which works much like drawing lines by hand with a ruler, as at the
time of design, no graphic suite provided the necessary precision to control
all necessary design parameters. Although the design element of the test was
very substantial, it was felt to be necessary in order to precisely specify angle
of rotation and the realistic perspective of cube sizes. Similarly, the test page
layout, colours, and task booklet were all created in Adobe Illustrator.
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Figure 21 Enlarged aggregate, cube depth is defined by two perspective

lines (red and green guide-lines).

Because information processing capacity increases with age, cube aggregate
set-size was systematically increased. Compared to the ‘adult size’ of ten cube
elements per aggregate, the aggregate size was reduced to four, five and six
cube elements. The previous study used one rotated cube, but this material
did not produce a gradual increase in task difficulty unless colour was

removed as a cue (Litke & Lange-Kuttner, 2015).

Two-cube aggregates were not used in the test as this would have produced a
straight object unlike the angular cube aggregates used with adults (see Figure
2, Metzler & Shepard, 1974; Vandenberg & Kuse, 1978). Three cubes could
have generated an L shape object more similar to the angular adult cube
aggregates but would still have fallen short of multiple 3D protrusions used

in the MRT. Also, recent research with infants in the second year of life used
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a Z shape, rather than an L shape, to match the adult cube aggregates (Lauer,
Udelson, Jeon, & Lourenco, 2015). Nevertheless, L-shapes were more
difficult to rotate than concrete stimuli such as a hand or a face (lachini et al.,
2019). The design of 4-cube aggregates, although small, concisely emulated
the much larger 10-cube aggregates for adults in terms of 3D geometric

complexity.

In order to measure the effect of dimensionality on children’s mental rotation
ability (Bauer & Jolicoeur, 1996), two identically sized but differently
designed types of cube aggregates were compared. One type was flat insofar
as cubes were distributed in one depth-plane, and the other had protruding

elements with cubes distributed in multiple depth planes, see Figure 22.

Why were not the same age ranges examined in both studies? Study 1
revealed that children in the 7-year-old age group already performed close to
ceiling level with a 91.3% success rate on the easiest questions, and confirmed
that children at this age range were already able to process 3D cube images
(Litke & Lange-Kdttner, 2015). Also, in a study by Hawes, LeFevre, et al.
(2015) published in the same year, 5-year-olds performed above chance level
on a mental rotation task using real-life, tangible 3D cube aggregates.

Therefore, a younger age group was included in the second study.

Socio-economic status of the children’s family context could not be included
in Study 2. Universal free school meals were introduced from 2015 onwards
for all children up to grade 2, corresponding to 6- to 7-years of age, therefore,
for Study 2, government data about the number of children in schools from

families receiving financial state subsidies were no longer available.
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3.3. Method

3.3.1. Participants

Power analysis with G*Power version 3.1.9.2. showed that with four age
groups as a between-subject factor and four repeated measurements for
angularity (mental rotation), an effect size of n?>=.25, power (1 — 3) =.95 and
an a level of .05, a sample size of N =76 is required. Thus, a gender-balanced
sample of N = 80, with 40 boys and 40 girls from schools in West London
was recruited. The sizes of groups, means and standard deviations of
children’s age in years and months as well as the number of boys and girls

are reported in Table 14.

Parental consent was obtained, and children were informed that they were
free to withdraw from the study at any time they wished. Data were
anonymised at source, with only sex and date of birth of children registered.

Table 14
Age Groups (Mean in Years; Months)
Boys Girls

Age groups n M SD n M  SD Total
4-5 years 10 54 0;3 10 53 04 20
6-7 years 10 69 05 10 7;1 06 20
8-9 years 10 91 0;7 10 89 056 20
10-11 years 10 11;1 05 10 10,9 055 20
Total 40 40 80

Note. M = Mean, SD = Standard deviation

3.3.2. Apparatus and Material

Coloured Mental Rotation Test (CMRT). The were 36 A4 sized pages in
which tasks increased in complexity across sections (A-F). Prior to the test
trials, participants were presented with 3 practice questions, with one example

form each section. The number of cubes per aggregate increases from 4-6
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cubes (see Figure 22), that is, there are three aggregate set-sizes in total. Each
set of cube aggregates is presented once connected in a one-dimensional flat
depth-plane (A, C, E) and once as an aggregate where some cubes protrude
into depth (B, D, F).

9

Figure 22 Coloured edge points in subtests A-F

The task was to find the rotated target amongst distracters. Angularity
increased within each section on each page in a sequential manner. The first
four pages in each section showed rotated targets in small steps within the
range of 45°-180° first for a flat cube (Figure 22 A, C, E) followed by the
cube with protruding elements (Figure 22 B, D, F), respectively. The last two
pages in each section showed targets with 90° rotations around the x- and y-

axis, respectively, see Figure 23B.

+90° +90°

+45° ' +135° ﬁ 7

L
» iy q_mmq NN g ~
4

-45° ‘ EL [ ]
-50°

-90°

A B

Figure 23 Figure A shows picture rotations in 45° steps. Figure B shows
45° rotations around the y- and x-axis.
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Focussing on aggregate end points has been reported as a strategy to identify
targets (Kruger et al., 2014). Performance increased when human body part
cues (heads, feet) were attached at the end of cube aggregates, with central
elements of the aggregates being neutral cubes. Hence, due to the sensitivity
to aggregate endpoints, the cube colours on each page were systematically
varied, see Figure 24. Initially only two distracter aggregates have the same
endpoint colours as the target, however, this gradually increases to five
distracters on each page within each subtests A-F. This reduces the possible

impact of analytic endpoint strategy and supports a more holistic approach.
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Figure 24 Coloured edge points in subtests A-F

Adobe illustrator is as it is a vector-based graphics program, which allows
mathematical precision when specifying design elements such as cube size,
rotation, and orientation, see Figure 25. A one-point perspective with an
additional focus point on the perspective horizon, provided the spatial

framework for designing the CMRT cube aggregates.
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Figure 25 Coloured Mental Rotation Test with 4-, 5- and 6-cube
aggregates. Correct answers: A3 =4, D3 =3, F6 =5.

In summary, features that lead to the greater task complexity are: (1) increases
in set-size, (2) degree of rotation, (3) depth dimensionality of cube aggregates,
(4) location of cube colours and levels of endpoint similarity between the
target and distracter cubes. The latter one was not explicitly tested, but instead
it was assumed that the gradual and controlled disappearance of this cue
would lead to a gradually increased difficulty. Colours were selected on the
basis that similar colours should not repeat within a section (Lange-Kuttner
& Kuttner, 2015).

3.3.3. Procedure

Children were tested individually in a quiet, familiar setting at their school.
They received feedback on example questions prior to the test proper. During
the test, participants did not receive any feedback, but were only encouraged
to take their time to look at all possible answers. After finishing, they could
choose a sticker as a reward. Answers were recorded by the researcher on a
test response sheet. Scores were added up by two researchers independently.

No disagreement was found.
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Task instructions. In the warm-up phase children were asked, “Do you want
to play a game?” and were then presented with the task booklet, and asked,
“Do you know what this is?” Thereafter, children first solved three practice
trials in which the experimenter pointed at the enlarged target aggregate and
asked the participant, “Which cube is the same as this one?” The practice
questions were repeated until the child could identify the correct aggregate.

Children then proceeded to the task proper.

3.4. Results Study 2

The report of the results begins with an analysis of variance for picture-plane
rotations (45°, 90°, 135° and 180°), in which aggregates with different
number of cubes (size) and differently attached cube aggregates (flat vs.
protruding) are compared. The same analysis is then conducted for different
types of rotations around 90° axis. In order to control the shared variance
between fluid intelligence and mental rotation, both models are re-run with
the Raven as a covariate. The correlations between the CMRT and the RCPM
were also analysed in order to validate and compare task difficulty of this new

test on spatial ability and mental rotation.

When the Mauchly’s test of sphericity showed a significant violation of the
normal distribution, degrees of freedom were adjusted with Greenhouse-
Geisser. Post-hoc tests were conducted within the model (Bonferroni-
corrected) or as pairwise or independent samples t-tests, when interactions
were significant. When the factor angularity was significant, polynomial
trends from within the model are reported. The report of the ANOVA begins
with the between-subject group effects followed by the within-subject task

effects and interactions.
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3.4.1. CMRT Picture-Plane Rotations (45°, 90°, 135° and 180°)

A 3 (set-size) by 2 (aggregate-depth) by 4 (angularity) by 4 (age groups) by
2 (sex) analysis of variance was carried out, with repeated measures for set-
size, angularity, and aggregate-depth. The between-subject factors are age
and sex. The first CMRT factor, angularity (45°, 90°, 135° and 180°), has four
levels: The angle of picture-plane rotations is increased by 45° increments up
to 180°. The second CMRT factor, axis of rotation, compares 90° rotations
around three distinct axes: Picture-plane and two depth planes (x- and y-axis).
The third factor, set-size, defines the number of cubes per aggregates and has
three levels: Aggregates consist of four, five and six cubes. The fourth factor,
aggregate-depth, has 2 levels: Aggregates distributed into one- and two-
depth-planes. The group means for the age groups are listed in Table 15 for

each section of the test.

The statistical results are listed in Table 16. A highly significant and reliable
main effect for sex F(1, 72) = 15.49, p < +.001, n? = .93, showed that in
general boys (M = 77.3%) outperformed girls (M = 62.8%).

There was also a large and highly significant main effect for age groups F(3,
72) = 34.32, p <.001, n? = .55, as performance increased with age (4- to 5
years M = 39.0%; 6- to 7-years M = 72.7%; 8- to 9-years M = 81.5%; 10- to
11-years M = 87.0%). Post-hoc comparisons showed that performance of 4-
to 5-year-olds differed significantly from all other age groups, and that
performance of 6- to 7-year-olds also differed significantly from 10- to 11-

year-olds.
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Table 15

CMRT picture-plane rotation by Age Group (Accuracy in per cent)

Age 4-5 years 6-7 years 8-9years 10-11years  Average
Section A
45° 85.0(36.6) 100.0(0.0) 100.0(0.0) 95.0(22.4) 95.0(14.8)
90° 55.0 (51.0) 65.0(48.9) 90.0(30.8) 90.0(30.8) 75.0(40.4)
135° 40.0(50.1) 65.0(48.9) 55.0(51.0) 90.0(30.8) 62.5(45.3)
180° 25.0 (44.4) 50.0(51.3) 60.0(50.3) 75.0(44.4) 52.5(47.6)
Average 51.3(45.6) 70.0(37.4) 76.3(33.0) 87.5(32.1) 71.3(37.0)
Section B
45° 70.0 (47.0) 90.0(30.8) 100.0(0.0) 100.0(0.0) 90.0(19.5)
90° 45.0 (51.0) 80.0(41.0) 80.0(41.0) 100.0(0.0) 76.3(33.3)
135° 60.0 (50.3) 90.0(30.8) 85.0(36.6) 100.0(0.0) 83.8(29.4)
180° 45.0(51.0) 65.0(48.9) 85.0(36.6) 95.0(22.4) 725 (39.7)
Average 55.0(49.8) 81.3(37.9) 87.5(28.6) 98.6(05.6) 80.6(30.5)
Section C
45° 45.0(51.0) 75.0(44.4) 95.0(22.4) 85.0(36.6) 75.0(38.6)
90° 50.0 (51.3) 80.0(41.0) 85.0(36.6) 80.0(41.0) 73.8(42.5)
135° 15.0(36.6) 60.0 (50.3) 70.0(47.0) 75.0(44.4) 55.0(44.6)
180° 15.0(36.6) 75.0 (44.4) 85.0(36.6) 100.0(0.0) 68.8(29.4)
Average 31.3(43.9) 725(45.0) 83.6(35.7) 85.0(30.5) 68.1(38.8)
Section D
45° 20.0 (41.0) 45.0(51.0)0 80.0(41.0) 85.0(36.6) 57.5(42.4)
90° 35.0(48.9) 65.0(48.9) 85.0(36.6) 80.0(41.0) 66.3(43.9)
135° 50.0 (51.3) 90.0(30.8) 75.0(44.4) 90.0(30.8) 76.3(39.3)
180° 20.0 (41.0) 80.0(41.0) 90.0(30.8) 90.0(30.8) 70.0(35.9)
Average 31.3(45.6) 70.0(43.0) 82.5(38.2) 86.3(24.8) 67.5(40.4)
Section E
45° 55.0(51.0) 80.0(41.0) 90.0(30.8) 85.0(36.6) 77.5(39.9)
90° 25.0 (44.4) 70.0(47.0) 60.0(50.3) 85.0(36.6) 60.0(44.6)
135° 35.0(48.9) 75.0(44.4) 85.0(36.6) 90.0(30.8) 71.3(40.2)
180° 35.0(48.9) 65.0(48.9) 85.0(36.6) 85.0(36.6) 67.5(42.8)
Average 37.5(48.3) 725(45.4) 80.0(38.6) 86.3(35.2) 69.1(41.9)
Section F
45° 35.0(48.9) 65.0(48.9) 75.0(44.4) 80.0(41.0) 63.8(45.8)
90° 30.0 (47.0) 65.0(48.9) 70.0(47.0) 75.0(44.4) 60.0(46.9)
135° 20.0 (41.0) 75.0(444) 85.0(36.6) 75.0(44.4) 63.8(41.6)
180° 25.0 (44.4) 75.0(44.4) 85.0(36.6) 85.0(36.6) 67.5(40.5)
Average 27.5(45.4) 70.0(45.7) 78.8(41.1) 78.7(41.6) 63.8(43.7)
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The two factors sex and age groups interacted significantly, F(3, 72) =3.37, p <
.05, n? =.12. To investigate this two-way interaction further, the ANOVA was
re-run as a split sample analysis for each age group. Sex differences were
observed in 4- to 5- and 8- to 9-year-old age groups, in both of which boys
performed significantly better than girls, see Figure 26.

The within-subject effects showed that set-size was significant as a main
effect, F(2, 144) = 9.80, p <.001, n? = .12, but also in multiple interactions.
Performance decreased in relation to cube aggregate size, from 4 cubes (M =
75.9%), to 5 cubes (M = 67.8%), to 6 cubes (M = 66.4%). Pairwise post-hoc
comparisons indicated that only aggregates with 4 cubes were significantly

easier than both 5 and 6 cube aggregates.
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Figure 26 Accuracy per age group and sex
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Table 16

Analysis of variance for performance on picture-plane rotational differences,
depth distribution and set-size, with age and sex as between subject variables

Source SS df F D n?
Within-Subject Effects
Rota 27807.29 2.670 5.743  .001** .07
Rota*Sex 98.96 3.000 0.020 .996 .00
Rota*Age 27796.88 9.000 1.914  .051(*) .07
Rota*Sex*Age 15255.21 9.000 1.050 .401 .04
Size 33885.42 2.000 9.798  .000*** A2
Size*Sex 344792 2.000 0.997 .372 .01
Size*Age 27156.25 6.000 2.617 .019* 10
Size*Sex*Age 9843.75 6.000 0.949 .462 .04
Dep 630.21 1.000 0.424 517 .01
Dep*Sex 15.05.208 1.000 1.012 .318 .01
Dep*Age 1765.63 3.000 0.396 .756 .02
Dep*Sex*Age 447396 3.000 1.003 .397 .04
Size*Dep 18010.42 2.000 5.430 .005** .07
Size*Dep*Sex 822.92 2.000 0.248 .781 .00
Size*Dep*Age 2281.25 6.000 0.229 .967 .01
Size*Dep*Sex*Age 3385.42 6.000 0.340 .915 .01
Size*Rota 58364.58 4.625 8541  .000*** A1
Size*Rota*Sex 5635.42 6.000 0.825 551 .01
Size*Rota*Age 31593.75 18.000 1541 .072 .06
Size*Rota*Sex*Age 39072.92 18.000 1.906 .014* .07
Dep*Rota 39765.63 3.000 10.419  .000*** A3
Dep*Rota*Sex 1807.29 3.000 0.474 .701 .01
Dep*Rota*Age 11255.21 9.000 0.983 .455 .04
Dep*Rota*Sex*Age 86.30.208 9.000 0.754  .659 .03
Size*Dep*Rota 19156.25 6.000 2.399 .027* .03
Size*Dep*Rota*Sex 2177.08 6.000 0.273 .950 .00
Size*Dep*Rota*Age 17885.42 18.000 0.747 .762 .03
Size*Dep*Rota*Sex*Age  25947.92 18.000 1.083 .366 .04
Between-Subjects Effects

Sex 81000.00 1.000 15.486  .000*** .93
Age 465222.22 3.000 34.32 .000*** .55
Sex*Age 50222.22 3.000 3.373 .023* A2

Note. Degrees of Freedom were corrected with Greenhouse Geisser. Rota = Picture-
plane angular differences; Age = Age groups; Size = Number of cubes per
Aggregate; Dep = Aggregate depth distribution. * p <.05. ** p <.01. *** p < .001.
Significant statistical effects are set in bold.
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Set-size and age groups interacted significantly, F(6, 144) = 2.62, p < .05, n?
= .10, see Figure 27. The split sample analysis by age groups showed that
only in 4- to 5-year-olds did differences in set-size significantly increase task
difficulty. Pairwise post-hoc comparisons between set-sizes revealed that in
4- to 5-year-old children, 4-cube aggregates (M = 53.1%) were significantly
easier than both 5-cube (M = 31.3%) and 6-cube-aggregates (M = 32.5%). A
clearly graded effect of task difficulty according to set-size only showed in
the 10- to 11-year-old children.
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Figure 27 Development of the CMRT scores per age group and set-size.

The two-way interaction between set-size and aggregate-depth, F(2, 144) =
5.43, p < .01, n* = .07, showed that performance involving the smallest 4-
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cube aggregates was significantly better if these had protruding cubes (M =
80.6 %) compared to those without (M = 71.3%), see Figure 28. This was not
the case for larger 5- and 6-cube aggregates. The 4-cube aggregate with

protruding cubes will be called the Good Gestalt cube in the following text.
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Figure 28 Development of the CMRT scores per set-size and protrusion.

An important finding for the mental rotation test was the significant effect for
angularity, F(2.67, 192.22) =5.74, p=.001,n?> = .07, showing a performance
decrease with increases in angularity. Polynomial contrasts of the angularity
effect showed a significant linear trend (1, 72) = 9.80, p < .05, i = .12 (no
Figure). Post-hoc comparisons showed that only 45° rotations (M = 76.5%)
differed significantly from 90° (M = 68.5%), 135° (M = 68.8%) and 180° (M

= 66.5%) rotations. This showed that only the smallest 45° rotation is
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significantly easier than larger rotations. For larger rotations, other factors
such as set-size and Good Gestalt had a greater impact on task difficulty than

degree of rotation in children, see the following paragraphs.
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Figure 29 Performance by picture-plane rotations and age groups.

There was a marginally significant two-way interaction between angularity
and age groups, F(8.01, 192.22) = 1.91, p = .051, n?> = .07, see Figure 29.
Polynomial contrasts of the angularity effect showed a significant linear trend
(3, 72) = 3.00, p < .05, n? = .11. The split sample analysis by age groups
showed the predicted angularity effect only in the youngest 4- to 5-year-olds
(45° M = 51.7%; 90° M = 40%; 135° M = 36.7%; 180° M = 27.5%), while the
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older children kept their performance level. Post-hoc comparisons of the
performance levels of the 4- to 5-year-old children showed that accuracy on

the 45° rotations significantly differed from 180° rotations.
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Figure 30 Performance by angularity and set-size.

There was a significant two-way interaction between set-size and angularity
F(4.63, 333.02) = 8.54, p <.001, see Figure 30. Polynomial contrasts of the
angularity effect showed a significant linear trend (1, 72) = 29.21, p < .001,
n? = .29. A linear decrease in performance occurred on 4-cube aggregates
over increases in angularity (45° M = 95.0%; 90° M = 75.0%; 135° M = 62.5%;
180° M =52.5%), whereas for larger 5- (45° M = 75.0%; 90° M = 73.5%; 135°
M = 55.0%; 180° M = 68.8%) and 6-cube aggregates (45° M = 77.5%; 90° M
= 60.0%; 135° M = 71.3%; 180° M = 67.5%), performance was lower but

remained constant.
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There was a significant interaction between angularity and aggregate-depth,
F(3, 216) = 10.42, p < .001, n? = .13. Polynomial contrasts showed a
significant linear trend (1, 72) = 20.37, p <.001, n?> = .21. Performance only
decreased with greater angularity for aggregates without protruding cubes,
see Figure 31. This confirms that the mental rotation tests for children using
just flat pictures in previous research (Jansen et al., 2011; Marmor, 1975;

Quaiser-Pohl, 2003) were appropriate.
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Figure 31 CMRT scores by picture-plane rotations and aggregate depth.

There was a significant three-way interaction between set-size, aggregate-
depth, and angularity, F(6, 432) = 2.40, p < .05, n?> = .03, see Figure 32.
Polynomial contrasts showed a significant linear decrease only for 4-cube
aggregates which were flat without protruding elements. Polynomial
contrasts showed a significant cubic trend (1, 72) = 4.06, p < .05, n? =.05.
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Figure 32 Linear decrease of performance with increase in angularity.
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The significant four-way interaction between set-size, angularity, sex and age
groups, F(18, 432) =1.91, p <.05, n? = .07, was analysed further with a split
sample ANOVA by Sex and Age groups.

For girls, only 6- to 7- and 8- to 9-year-olds showed a significant graded effect
for task difficult with 4-cube aggregates, see Figure 33 A-D. The task
appeared to be too difficult for very young girls in the 4- to 5-year-old age
group, only when rotating larger 5- to 6-cube aggregates with performance
below chance (M < 16.7%).

In contrast, for boys, mental rotation of the Good Gestalt 4-cube aggregate
occurred in 4- to 5- and 10- to 11-year olds, see Figure 34 A-D. Surprisingly,
the 4- to 5-year-old boys were already more than 90% correct for the easiest
4-cube aggregate, and then showed the strongest mental rotation decrease
with increasing angularity, see Figure 34A. In the older age groups, this
decrease was less pronounced, see Figure 34 B-D. Thus, the boys appeared
to be ahead of the girls by about one year. Moreover, the angularity effect was

still visible in the oldest age group of boys at a very high accuracy level.
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3.4.2. CMRT 90° Picture-plane, Y-axis, and X-axis Rotations

So far, the reduction in accuracy resulting from increases in angularity have
been explored in relation to set-size and protrusion of elements into 3D
(aggregate-depth). The following analysis investigates whether the rotational
axes play a role in addition to: Comparing 90° rotations around the vertical,
the horizontal and the picture-plane axis, see Figure 23 B on page 82.

A 3 (set-size) by 2 (aggregate-depth) by 3 (rotational axis) by 4 (age group)
by 2 (sex) analysis of variance was carried out, with repeated measures for
set-size, aggregate-depth, and axis. Again, the between-subject group effects
are reported before the within-subject task effects. Mean scores per rotation

and age groups can be found in Table 17.

There was also a large and highly significant main effect for age groups with
a larger effect size, F(3, 72) = 29.54, p < .001, n? = .55, as performance
increased with age. Post-hoc comparisons indicated that performance of 4- to
5-year-olds (M = 31.9%) was significantly lower than all other age groups.
Performance of 6- to 7-year-olds (M = 61.9%) differed significantly from 10-
to 11-year-olds (M = 79.7%). The two factors sex and age groups interacted
two-way, F(3, 72) = 3.19, p <.05, n? = .12. The split sample analysis for each
age group showed significant differences in two age groups in favour of boys,
in 4- to 5-year-olds (girls M = 16.1%; boys M = 47.8%) with the girls
performing below chance and a smaller difference in 8- to 9-year-olds (girls
M = 60.6%; boys M = 81.1%).

The statistical results are shown in an overview in Table 18. A significant
main effect for sex, but this time with a smaller effect size F(1, 72) = 15.43,
p <.001, n? = .18, showed that boys (M = 68.6%) outperformed girls (M =
53.6%) in this selective task comparison.
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Table 17

CMRT 90° axis rotations by Age Group (Accuracy in per cent)

Age 4-5 years 6-7 years  8-9years 10-11 years Total
Section A
90° picture  55.0 (51.0) 65.0(48.9) 90.0(30.8) 90.0(30.8) 75.0(40.4)
90° y-axis  60.0 (50.3) 95.0(22.4) 80.0(41.0) 100.0(0.0) 83.8(28.4)
90° x-axis ~ 25.0 (44.4) 45.0 (51.0) 55.0 (51.0) 70.0(47.0) 48.8 (48.4)
Total 48.6 (48.6) 68.3(41.0) 75.0(41.0) 86.7(25.9) 17.3(39.1)
Section B
90° picture  45.0 (51.0) 80.0 (41.0) 80.0(41.0) 100.0 (0.0) 76.3(33.3)
90° y-axis  40.0(50.3) 70.0(47.0) 70.0(47.0) 70.0(47.0) 62.5(47.8)
90° x-axis  20.0 (41.0) 15.0(36.6) 25.0(44.4) 50.0(51.3) 27.5(43.4)
Total 35.0(47.4) 55.0(41.6) 58.3(44.2) 73.3(32.8) 55.4(41.5)
Section C
90° picture  50.0 (51.3) 80.0 (41.0) 85.0(36.6) 80.0(41.0) 73.8(42.5)
90°y-axis  30.0 (47.0) 90.0(30.8) 75.0(44.4) 90.0(30.8) 71.3(38.3)
90° x-axis  30.0 (47.0) 65.0(48.9) 55.0(51.0) 70.0(47.0) 55.0(48.5)
Total 36.7 (48.4) 78.3(40.3) 71.7 (44.0) 80.0(39.6) 66.7 (43.1)
Section D
90° picture  35.0 (48.9) 65.0(48.9) 85.0(36.6) 80.0(41.0) 66.3(43.9)
90°y-axis  20.0 (41.0) 65.0(48.9) 75.0(44.4) 85.0(36.6) 61.3(42.8)
90° x-axis  30.0 (47.0) 45.0(51.0) 65.0(48.9) 65.0(48.9) 51.3(49.0)
Total 28.3 (45.7) 58.3(49.6) 75.0(43.3) 76.7 (42.2) 59.6 (45.2)
Section E
90° picture  25.0 (44.4) 70.0 (47.0) 60.0(50.3) 85.0(36.6) 60.0(44.6)
90°y-axis  30.0 (47.0) 75.0 (44.4) 95.0(22.4) 80.0(41.0) 70.0(38.)
90° x-axis  20.0 (41.0) 70.0(47.0) 75.0(44.4) 90.0(30.8) 63.8(40.8)
Total 25.0 (44.2) 71.7 (46.2) 76.7 (39.0) 85.0(36.2) 64.6(41.4)
Section F
90° picture  30.0 (47.0) 65.0(48.9) 70.0(47.0) 75.0(44.4) 60.0(46.9)
90°y-axis  15.0 (36.6) 35.0(48.9) 75.0(44.4) 80.0(41.0) 51.3(42.8)
90° x-axis  15.0 (36.6) 20.0 (41.0) 60.0 (50.3) 75.0 (44.4) 42.5(43.1)
Total 20.0 (40.1) 40.0(46.3) 68.3(47.2) 76.7 (43.3) 51.3(44.2)
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Table 18

ANOVA for performance on 90° rotational differences on varying axis, depth

distribution and set-size, with age and sex as between subject variables

Source SS df F p n’
Within-Subjects Effects
Rota 122263.89 2.000 38.219 .000*** .35
Rota*Sex 125.00 2.000 0.039 .962 .00
Rota*Age 14402.78 6.000 1501 .182 .06
Rota*Sex*Age 3986.11 6.000 0.415 .868 .02
Size 7513.89 2.000 2.167 .118 .03
Size*Sex 7625.00 2.000 2.199 .115 .03
Size*Age 25652.78 6.000 2.466 .027* .09
Size*Sex*Age 20652.78 6.000 1.985 .071 .08
Depth 46694.44 1.000 25.131 .000*** .26
Depth*Sex 694.44 1.000 0.374 .543 .01
Depth*Age 12750.00 3.000 2.287 .086 .09
Depth*Sex*Age 4972.22 3.000 0.892 .450 .04
Size*Depth 3347.22 2.000 0.835 .436 .01
Size*Depth*Sex 5180.56 2.000 1.293 .278 .02
Size*Depth*Age 10041.67 6.000 0.835 .545 .03
Size*Depth*Sex*Age 3986.11 6.000 0.332 .919 .01
Size*Rota 49069.44 4.000 7.714 .000*** .10
Size*Rota*Sex 4625.00 4.000 0.727 .574 .01
Size*Rota*Age 27597.22 12.000 1.446 .144 .06
Size*Rota*Sex*Age 16263.89 12.000 0.852 .596 .03
Depth*Rota 15680.56 2.000 6.009 .003** .08
Depth*Rota*Sex 97.22 2.000 0.037 .963 .00
Depth*Rota*Age 10208.33 6.000 1.304 .259 .05
Depth*Rota*Sex*Age 10569.44 6.000 1.350 .239 .05
Size*Depth*Rota 9402.78 4.000 1.660 .159 .02
Size*Depth*Rota*Sex 17402.78 4.000 3.073 .017* .04
Size*Depth*Rota*Age 11375.00 12.000 0.669 .780 .03
Size*Depth*Rota*Sex*Age  29597.22 12.000 1.742 .058 .07
Between-Subjects Effects

Sex 81000.00 1.000 15.429 .000*** .18
Age 155074.07 3.000 29.538 .000*** .55
Sex*Age 16740.74 3.000 3.189 .029 12

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. Rota =
Picture-plane angular differences; Age = Age groups; Size = Number of cubes
per Aggregate; Depth = Aggregate depth distribution. * p < .05. ** p < .01.
*** p <.001. Significant statistical effects are set in bold.
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The within-subject effects showed a significant main effect for aggregate-
depth F(1, 72) = 25.13, p <.001, n? = .26, as performance on flat aggregates
(M = 66.8%) was more accurate than on aggregates with protruding elements
(M =55.4%).

There was a significant two-way interaction of set-size and age groups, F(6,
144) = 2.47, p <.05,m?=.09. The split sample analysis by age groups showed
that the expected decrease in performance over increases in set-size was only
significant in 4- to 5-year-olds (4-cubes M = 40.8%; 5-cubes M = 32.5%; 6-
cubes M = 22.5%). However, this difference had disappeared completely in
the 10- to 11-year-old children who were accurate independently of set-size

as accuracy was at a very high level of around 80%, see Figure 35.
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Figure 35 CMRT scores per age group and set-size.
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Importantly, and this is the new effect, there was a significant effect for
rotational axis with a medium effect size F(2, 144) = 38.22, p <.001, n>=.35.
Ninety-degree rotations in the picture-plane (M = 68.5%) and around the y-
axis (M = 66.7%) were both significantly easier than rotations around the x-

axis (M = 48.1%) in a Cartesian coordinate system (no Figure).

There was also a significant two-way interaction of rotational axis and
aggregate-depth, F(2, 144) = 6.00, p < .01, n* = .08, see Figure 36. Post-hoc
comparisons showed that in rotations in the picture-plane, both flat (M =
69.6%) and protruding (M = 67.5%) cube aggregates did not significantly
differ from each other, but in both y- and x-axis rotations it did matter whether
the cube aggregates were flat or protruding as flat aggregates were easier to
rotate for children.
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Figure 36 Development of the CMRT scores per rotational axis and
aggregate depth. Prot. = Protruding.
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There was another two-way interaction of rotational axis, this time with set-
size, F(4,288) = 7.71, p <.001, n? = .10, as performance gradually decreased
over set-sizes for the picture-plane rotations and the rotation around the y-

axis, but not the x-axis, see Figure 37.
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Figure 37 CMRT scores by rotational axis and set-size.

There was a significant four-way interaction of set-size, rotational axis,
aggregate-depth and sex, F(4, 288) = 3.07, p < .05, n? = .02. This four-way
interaction was investigated further by re-running the ANOVA as a split
sample analysis by sex, revealing that the three-way interaction only became

significant for girls.
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Figure 38 CMRT scores by 90° axis of rotation and aggregate depth for
4-, 5- and 6-cube aggregates
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3.4.3. Control of Mental Rotation with Fluid Intelligence

In order to investigate the effect of fluid intelligence (RCPM) on picture-
plane rotations and on 90° rotations around the x- and y-axis, the analyses
above were repeated with the Raven test score as a covariate. Effects that are
no longer significant can be attributed to fluid intelligence. (Lehmann et al.,
2014; Quaiser-Pohl et al., 2014). If an effect was significant in the previous
analysis but failed to reach significance after controlling for the RCPM, the
change could then be attributed to differences in fluid intelligence. Similarly,
if a new effect becomes significant, the control for fluid intelligence indicates

it was previously suppressed by this variable

3.4.4. Picture-Plane Rotations (Angularity)

A 4 (angularity) by 3 (set-size) by 2 (aggregate-depth) by 4 (age groups) by
2 (sex) analysis of variance was carried out, with repeated measures for
angularity, set-size and aggregate-depth, and RCPM as a covariate. The
between-subject factors are again age and sex. The statistical results are listed
in Table 19. The report of the ANCOVA begins with the between-subject

group effects followed by the within-subject task effects and interactions.
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Table 19

Picture-plane rotation ANCOVA for, with protrusion and set-size, with age and sex
as between subject variables, and RCPM scores as a co-variant.

Source SS df F p n’
Within-Subjects Effects
Rota 26223.80 2.677 5.629 .002** .07
Rota*RCPM 17861.42  3.000 3.834 .010** .05
Rota*Sex 82458 3.000 0.177 .911 .00
Rota*Age 13465.23  9.000 0.963 .466 .04
Rota*Sex*Age 14204.93 9.000 1.016 .428 .04
Size 12030.50 2.000 3.557 .031* .05
Size*RCPM 8858.05 2.000 2.619 .076 .04
Size*Sex 1809.03 2.000 0.535 .587 .01
Size*Age 2531953  6.000 2.495 .025* .10
Size*Sex*Age 8726.01 6.000 0.860 .526 .04
Depth 529.44  1.000 0.354 .554 .01
Depth*RCPM 801.80 1.000 0.536 .467 .01
Depth*Sex 863.09 1.000 0.577 .450 .01
Depth*Age 62299 3.000 0.139 .937 .01
Depth*Sex*Age 437123 3.000 0.974 .410 .04
Size*Depth 10285.73  2.000 3.137 .046* .04
Size*Depth*RCPM 6034.16  2.000 1.840 .162 .03
Size*Depth*Sex 418.68 2.000 0.128 .880 .00
Size*Depth*Age 6270.11  6.000 0.637 .700 .03
Size*Depth*Sex*Age 4004.30 6.000 0.407 .874 .02
Size*Rota 11736.19 6.000 1.711 .117 .02
Size*Rota*RCPM 5123.23  6.000 0.747 .612 .01
Size*Rota*Sex 5347.04  6.000 0.780 .586 .01
Size*Rota*Age 28076.36 18.000 1.365 .145 .06
Size*Rota*Sex*Age 39565.78 18.000 1.923 .013* .08
Depth*Rota 16404.48  3.000 4.379 .005** .06
Depth*Rota*RCPM 8807.33  3.000 2.351 .073 .03
Depth*Rota*Sex 4156.26 3.000 1.109 .346 .02
Depth*Rota*Age 452278  9.000 0.402 .932 .02
Size*Rota*Sex*Age 929755 9.000 0.827 .592 .03
Size*Depth*Rota 12607.79  6.000 1581 .151 .02
Size*Depth*Rota*RCPM 8466.02 6.000 1.061 .385 .02
Size*Depth*Rota*Sex 3275.07 6.000 0.411 .872 .01
Size*Depth*Rota*Age 17619.97 18.000 0.736 .773 .03
Size*Depth*Rota*Sex*Age 27064.18 18.000 1.131 .319 .05
Between-Subjects Effects
RCPM 22740757  1.000 67.144 .000*** 49
Sex 29548.54  1.000 8.724 .004** A1
Age 72666.99  3.000 7.152 .000*** .23
Sex*Age 39753.15 3.000 3.912 .022* 12

Note. Rota = Picture-plane angularity; Age = Age groups; Size = Number of cubes
per Aggregate; Dep = Aggregate depth distribution. * p <.05. ** p < .01. *** p <
.001. Significant statistical effects are set in bold.
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As in Study 1, the Raven score as a covariate was highly significant F(1, 71)
=67.14, p<.001,n*=.48. indicating that part of the differences in the general
performance level could be explained by fluid intelligence, and as before, sex

and age differences stayed significant.

The main effect of angularity was still significant, F(3, 213) = 5.63, p < .01,
n? = .07 but a new significant two-way interaction of angularity with RCPM,
F(3, 213) = 3.83, p < .01, n? = .05, suggested that differences picture-plane

rotations are accounted for by variance in fluid intelligence.

In order to explore the relationship between angularity (picture-plane
rotations) further, a curvefit analysis was run, revealing significant linear,
F(1, 78) =198.78, p <.001, quadratic, F(2, 77) = 105.14, p <.001, and cubic,
F(3,76) =78.16, p <.001, trends, see Figure 39. The linear fit with the highest
F-value provided the best fit for the data, showing that higher CMRT scores

would also result in higher RCPM scores.

The main effect set-size, F(3, 142) = 3.56, p < .05, n? = .05, the two-way
interactions set-size by age, F(3, 142) = 2.50, p < .05, n?> = .10, set-size by
protrusion, F(2, 142) = 3.14, p < .05, n? = .04, and protrusion by angularity,
F(3, 213) = 4.38, p < .01, n? = .06, and the four-way interaction set-size by
angularity by sex by age, F(18, 426) = 1.92, p < .05, n? = .08, all remained
significant, confirming that even after controlling for fluid intelligence, young

4- to 5-year-old boys showed a mental rotation effect a year earlier than girls.
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Figure 39 Scatterplot for RCPM and picture-plane rotations

The main effect of angularity by age (p = .466), was no longer significant.
The within-subject factors set-size by angularity (p = .117) and set-size by
protrusion by angularity (p = .151), were also no longer significant,
suggesting that in particular the combination of the two factors set-size and

angularity were influenced by levels of fluid intelligence.

3.4.5. 90° Axis Rotations (Picture-Plane, X-, and Y-Axis)

A 3 (set-size) by 2 (aggregate-depth) by 3 (rotational axis) by 4 (age groups)
by 2 (sex) analysis of variance was carried out, with repeated measures for
axis, set-size, and aggregate-depth and the RCPM as a covariate. The
between-subject factors are age and sex. The statistical results are listed in
Table 20. The report of the ANCOVA begins with the between-subject group

effects followed by the within-subject task effects and interactions.
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Table 20

90° axis rotation ANCOVA with aggregate depth and set-size, with age and sex as
between subject variables and RCPM scores as a co-variant.

Source SS df

=

2

p n
Within-Subjects Effects
Rota 12683.46 2.000  3.956 .021* .05
Rota*RCPM 2691.02 2.000  0.839 434 .01
Rota*Sex 589.87 2.000 0.184  .832 .00
Rota*Age 16608.01 6.000  1.727 119 07
Rota*Sex*Age 3349.65 6.000 0.348 910 .02
Size 13295.65 2.000  3.942 .022* .05
Size*RCPM 10210.7 2.000  3.028 .052 .04
Size*Sex 3418.82 2.000 1.014  .365 .01
Size*Age 9646.34 6.000  0.953 459 .04
Size*Sex*Age 19603.42 6.000 1.938 079 .08
Depth 23108.462 1.000 13556 .000*** .16
Depth*RCPM 12742.044 1.000  7.475 .008** 10
Depth*Sex 37459 1.000 0.022 .883 .00
Depth*Age 17545560 3.000 3.431 .022* .18
Depth*Sex*Age 4784.485 3.000  0.936 428 .04
Size*Depth 247758 2.000 0.613 543 .01
Size*Depth*RCPM 1559.41 2.000 0.386 .681 .01
Size*Depth*Sex 4573.40 2.000 1.131 325 .02
Size*Depth*Age 11578.42 6.000  0.955 458 .04
Size*Depth*Sex*Age 3756.26 6.000  0.310 931 01
Size*Rota 1450.68 4.000  0.227 923 .00
Size*Rota*RCPM 3509.57 4.000 0.548 .700 .01
Size*Rota*Sex 5233.43 4.000 0.818 515 .01
Size*Rota*Age 26553.89 12.000 1.383 173 .06
Size*Rota*Sex*Age 15694.02 12.000 0.817 .633 .03
Depth*Rota 2776.18 2.000  1.058 350 .02
Depth*Rota*RCPM 1520.96 2.000 0.579 562 .01
Depth*Rota*Sex 240.54 2.000 0.092 912 .00
Depth*Rota*Age 11688.10 6.000 1.484  .188 .06
Depth*Rota*Sex*Age 10219.04 6.000  1.298 262 .05
Size*Depth*Rota 2898.54 4.000  0.507 730 .01
Size*Depth*Rota*RCPM 2013.15 4.000 0.352 842 .01
Size*Depth*Rota*Sex 16048.87 4.000  2.808 026 .04
Size*Depth*Rota*Age 11525.09 12.000 0.672 778 .03
Size*Depth*Rota*Sex*Age 2891152 12.000 1.686 .069 .07
Between-Subjects Effects
RCPM 170654.62 1.000 58.436 .000*** .45
Sex 25066.82  1.000 8.583 .005** A1
Age 34113.82  3.000 3.894 .012* 14
Sex*Age 25662.41  3.000 2.929 .039* A1

Note. Rota = 90° axis rotations; RCPM = Raven’s Coloured Progressive Matrices;
Size = Number of cubes per Aggregate; Depth = Aggregate depth distribution. * p <
.05. ** p < .01. *** p < .001. Significant statistical effects are set in bold
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The Raven covariate was significant as a main effect, F(1, 71) =58.44, p <
.001, n? = .45, indicating that the general performance level was explained by
fluid intelligence. The other between-subject factors sex, F(1, 71) = 8.58, p <
.01, n? = .11, age, F(3, 71) = 3.89, p < .05, n? = .14, and the sex by age
interaction, F(3, 71) = 2.93, p < .05, n? = .45, and the main effects for axis of
rotation, F(2, 142) = 3.96, p < .05, n? = .05 all remained significant.

When controlling for fluid intelligence the two-way interactions set-size by
age group (p = .459) and set-size by axis of rotation (p =.932) both no longer
reached significance. However set-size as a main effect became significant,
F(2, 142) = 3.94, p < .05, n* = .05, in which aggregates with 4-cubes (M =
62.3%), were easier than those with 5-cubes (M = 63.1%), but surprisingly

aggregates with 6-cubes were the easiest (M = 57.9%).

The main effect for protrusion remained significant, F(2, 71) = 13.56, p <
.001, n? = .95, but this effect also produced a new two-way interaction with
the RCPM, F(1, 71) = 7.48 p < .01, n?> = .10, suggesting that better
performance on flat aggregates can be explained by individual differences in
fluid intelligence.

In order to explore the relationship between protrusion and the RCPM further,
a curve fit analysis was run for both protruding and flat aggregates. For
protruding aggregates, significant linear, F(1, 78) = 173.06, p < .001,
quadratic, F(3, 77) = 88.96, p < .001, and cubic, F(3, 76) = 60.39, p < .001,
trends were found. For flat aggregates, significant linear, F(1, 78) = 115.64,
p <.001, quadratic, F(2, 77) = 58.10, p <.001, and cubic, F(3, 76) = 44.05, p
<.001, trends were also found, see Figures 40A and B. In all three trends, the
F-values of the prediction of 90° axis rotations by fluid intelligence are higher
for the aggregates with protruding elements than for the flat cube aggregates,
showing more impact. The scatterplots illustrate this in terms of a slightly

tighter fit of individual values around the trend lines in Figure 40A with less
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floor effects. This suggests that children excelling at rotating protruding
aggregates were also more likely to have higher levels of fluid intelligence,

or vice versa.
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Figure 40 RCCT Scatterplots: (A) flat aggregates 90-degree rotations.
(B) protruding aggregates 90° rotations
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There was also a new two-way interaction between protrusion and age groups,
F(3,71) =3.43, p <.05, n>=.13. The the youngest 4- to 5-year-old age group
performed at the same low level for flat or aggregates with protruding
elements. In all other age groups, protruding aggregates were more difficult
to process than flat aggregates, see Figure 41. A re-run split file by age groups
ANCOVA, revealed that only in the 6- to 7- year-olds flat aggregates were
significantly easier, F(1, 17) = 7.94, p < .05, n> = .32.
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Figure 41 CMRT Accuracy by protrusion and age groups.

However, the four-way interaction between set-size, protrusion, axis of
rotation, and sex, F(4, 284) = 2.81, p < .05, n?> = .04, remained significant. It
confirmed that for girls aggregate depth was the most important factor
influencing task difficulty in picture-plane and y-axis rotations, and that x-

axis rotations were generally the most difficult.
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When controlling for fluid intelligence, the two-way interactions of set-size
by axis of rotation (p = .923) and of protrusion by axis of rotation (p = .350),
no longer reached significance. In toto, the controls for individual differences
in fluid intelligence demonstrate a newly emerging visual discriminability of

dimensional objects on paper in school-aged children.

3.4.6. Raven Coloured Progressive Matrices Test (RCPM)

Accuracy was computed in per cent correct for each type of RCPM section
A, AB, and B, see Table 21. As with the RCCT, a 3 (section) by 3 (age) by 2
(sex) analysis of variance with repeated measurement for each section was

conducted.

Table 21

ANOVA for performance RCPM subtests with age and sex as between
subject variables

Source SS df F p n?
Within-Subjects Effects
Subtest 5988.43 2.000 27.128 .000** 274
Subtest*Sex 48.61 2.000 0.22 .803 .003
Subtest*Age 6405.09 6.000 9.672 .000** 287
Subtest*Sex*Age  1756.94 6.000 2.653 .018* .100
Between-Subjects Effects

Sex 3190.10 1.000 3.961 .050* .052
Age 4944994 3.000 20.466 .000** 460
Sex*Age 493.92 3.000 0.204 .893 .008

Note. Degrees of Freedom were corrected with Greenhouse-Geisser. Subtest

= RCPM sections; Age = Age groups. * p < .05. ** p < .001. Significant
statistical effects are set in bold.

A significant main effect for sex, F(1, 72) = 3.96, p = .05, n? = .05, showed
that boys (M = 71%) outperformed girls (M = 63.7%). There was also a main
effect for age groups F(3, 72) = 20.47, p < .001, n? = .46, with performance
increasing with age. As could be expected, 4- to 5-year-olds showed the
lowest score (M = 46.3%) followed by 6- to 7-year-olds (M = 63.8%), 8- to
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9-year-olds (M = 74%) and 10- to 11-year-olds (M = 85.3%). Post-hoc
comparisons showed that the performance of 4- to 5-year-olds differed
significantly from all other age groups, and that the performance of 6- to 7-

year-olds also differed significantly from 10- to 11-year-olds.

The RCPM sections also revealed a significant main effect, F(2, 144) =27.13,
p <.001,n?=.27. Sections became more difficult over the progression of the
RCPM. Pairwise post-hoc comparisons (ps < .001) confirmed significant
differences between both the RCPM A (M = 71.6%) and RCPM AB (M =
70.1%), only when compared to the RCPM B (M = 60.3%).

There was a significant two-way interaction of RCPM sections and age
groups, F(6, 144) = 9.67, p < .001, n?> = .29, see Figure 42. Post-hoc
comparisons showed that 4- to 5-year-olds performed significantly differently
on all subtests with scores decreasing over subtests (A M = 60.8%, AB M =
46.7%, B M = 31.3%); 6- to 7-year-olds performed significantly better in both
sections A (M = 68.8%) and AB (M = 66.7%) compared to B (M = 55.8%);
there was no significant difference in performance between subtests for 8- to
9-year-olds; and finally, 10- to 11-year-olds performed significantly worse in
section A (M = 80.4%) compared to AB (M = 90.4%). Overall, the younger

children produced steeper decreases across sub-sections.

The significant three-way interaction between RCPM subtests, sex and age
groups, F(6, 144) = 2.65, p < .05, n> = .10 was investigated further with a
split-sample ANOVA for sex and age groups.
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Figure 42 RCPM scores by Age group

Four- to 5-year-old girls showed decreases in performance over subtests,
which differed significantly from each other (Subtest A M =59.2%, AB M =
40% and B M = 21.7%). Performance for 7- to 8- (subtest A M = 66.7%, AB
M = 63.3% and B M = 55%) and 9- to 10-year-old (subtest A M = 75.8%, AB
M =72.5% and B M = 63.3%) girls decreased over subtests but did not reach
significant levels. Performance for girls in the 10- to 11-year-old age group
was the highest in the second subtest, but no subtest differed significantly
from each other (subtest A M = 88.3%, AB M = 92.5% and B M = 84.2%)
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Figure 43 RCPM subtest scores by sex and age groups
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Performance for boys in the 4- to 5-year-old age group decreased over
subtests, with only the first and last subtest differing significantly from each
other (subtest A M = 62.5%, B M =53.3% and C M = 40.8%). Performance
for boys in the 6- to 7-year-old age group decreased over subtests, in which
only subtest A and AB both differed significantly from subtest B (subtest A
M =70.8%, AB M = 70% and B M = 56.7%). Children performed best in
subtest AB in both 8- to 9- (subtest AM =76.7%, AB M =80.8% and B M =
75%) and 10- to 11-year-old (subtest AM = 76.7%, AB M = 80.8% and B M
= 75%) age groups, but this difference was not significant, see Figure 43.

3.4.7. Comparison of the CMRT and RCPM

As the CMRT was a new test development, the established RCPM was used
for cross-validation. The scores for the CMRT and the RCPM were highly
correlated with each other, r = .87, p < .001. The CMRT and RCPM scores
per age group were also significantly correlated, with r = .69, p = .001 for the
4- to 5-year-olds, r = .87, p < .001 for the 6- to 7-year-olds, r =.71, p <.001
for the 8- to 9-year-olds and r = .77, p < .001 for 10- to 11-year-olds. A
confirmatory correlational analysis with unstandardized residuals resulting
from controlling the impact of age and sex in regression analyses, revealed a
similar, still strong substantial correlation between the RCCT and RCPM, r
=.72,p <.001. The correlations per age group were r = .62, p < .01 for the 4-
to 5-year-olds, r = .87, p <.001 for the 6- to 7-year-olds, r = .64, p < .01 for
the 8- to 9-year-olds and r = .76, p < .001 for 10- to 11-year-olds. They were
still substantial but no longer gradually increased with age.
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A 2 (Test: CMRT vs. RCPM) by 3 (age) by 2 (sex) analysis of variance was
carried out, the statistical effects are listed in Table 22.

Results showed a significant main effect for sex, F(1, 72) = 13.13, p = .001,
n? = .15. Boys (M = 72.7%) performed significantly better than girls (M =
61.5%).

Table 22

ANOVA for performance on the CMRT and RCPM with age and
sex as between subject variables

Source SS df F p n?
Within-Subjects Effects

Test 271.22 1.000 4.413 0.039*  0.058

Test*Sex 491.99 1.000 8.006 0.006** 0.100

Test*Age 1073.56 3.000 5.823 0.001** 0.231

Test*Sex*Age 648.11 3.000 3.516 0.019* 0.128
Between-Subjects Effects

Sex 5031.15 1.000 13.131 0.001** 0.154

Age 44155.29 3.000 38.414 0.000*** 0.615

Sex*Age 2370.10 3.000 2.062 0.113 0.079

Note. Degrees of Freedom were corrected with Greenhouse-Geisser.
Test = Test type; Age = Age groups. * p <.05. ** p<.01. *** p <.001.
Significant statistical effects are set in bold.

There was also a main effect for age groups, F(3, 72) = 38.41, p <.001, n*>=
.62. Performance increased with age. Post-hoc pairwise comparisons showed
that 4- to 5-year-olds (M = 40.8%) performed significantly worse than 6- to
7-year-olds (M = 66.2%), 8- to 9-year-olds (M = 76.7%) and 10- to 11-year-
olds (M = 84.9%). Moreover, 10- to 11-year-olds performed significantly
better than 6- to 7-year-olds, see Figure 44. The interaction between sex and

age was not significant.
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Figure 44 Test scores by age groups

There was a significant main effect for Test type, F(1, 72) =4.41, p < .05, n?
=.06. Performance in the CMRT (M = 65.8%) was slightly easier than on the
RCPM (M = 68.4%).

A significant interaction for test type by sex, F(1, 72) = 8.006, p < .01, n?=
1. Post-hoc tests showed that girls performed significantly worse on the
CMRT (M = 58.5%) compared to the RCPM (M = 64.6%), whereas boys
performed similarly on the CMRT (M = 73.2%) and RCPM (M = 72.3%), see
Figure 45,
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Figure 45  Test type scores by sex

There was a significant interaction for test type by age groups, F(3, 72) =
5.823, p=.001, n?=.23. Post-hoc comparisons showed that only 4- to 5-year-
olds performed significantly worse on the CMRT (M = 35.3%) compared to
the RCPM (M = 46.3%), while in the older age groups, there was no
significant difference, as also indicated by the high correlations reported at
the beginning of this section. Because of a significant three-way interaction
between test-type, sex and age groups, F(3, 72) = 648.11, p < .05, n> = .13,
the ANOVA was re-run as a split sample for sex and age groups which

revealed that only girls in the 4- to 5-year-old group performed significantly
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worse on the CMRT (M = 18.8%) compared to the RCPM (M = 40.3%), see
Figure 46 A, but boys did not, see Figure 46 B.
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3.5. Discussion Study 2

3.5.1. Goals and hypothesis

The aim of this research was to create another new test, similar to the Mental
Rotation Test for adults (Vandenberg & Kuse, 1978), specifically for 4- to
11-year-old children. The new Coloured Mental Rotation Test (CMRT) was
simplified through the reduction of cubes per aggregate and by the inclusion
of colour, a modification of two critical performance factors in comparison to
the Mental Rotation Test. Time constraints for responses were also removed
(see also, Frick, Hansen & Newcombe, 2013; Hawes, LeFevre, Xu & Bruce,
2015; Quaiser-Pohl, 2003).

The systematic variation of the performance factors aggregate complexity in
subtests (A-F) as well as angle and dimension of rotation allowed a direct
comparison of how these might influence young children’s spatial ability and
the ability to mentally rotate. The hypotheses were that task difficulty would
be influenced by (1) the angle of rotation, (2) the number of cubes per
aggregates, (3) aggregate dimensionality (comparing flat and protruding
aggregates) and (4) the axis of rotation (comparing picture-plane, vertical and
horizontal rotations).

3.5.2. Optimal Gestalt of 4-Cube Aggregates

Statistical analysis revealed several significant effects and interactions: (1)
Four-cube aggregates were easier to rotate than 5- and 6-cube aggregates,
indicating a simple main effect for complexity in terms of aggregate size; (2)
Four to 5-year-olds performed better on MR tasks with 4-cube aggregates
compared to larger aggregates, suggesting that already very young children’s
ability to mentally rotate is sensitive to aggregate size; (3) Only 4-cube
aggregates were easier to rotate if they had protruding elements that point into
multiple depth-planes, demonstrating that additional depth information can

indeed facilitate mental rotation, but only if the object is not too complex in
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terms of set-size; (4) Only 4-cube aggregates distributed in one depth-plane
(flat) displayed the clearest linear decrease in accuracy over increases in
angularity; (5) the graded effect for task difficulty was only present on 4-cube
aggregates for 6- to 7- and 8- to 9-year-old girls, whereas for boys the effect
was already present in the younger 4- to 5-year-olds and in the oldest 10- to
11-year-old age group. Collectively these results clearly demonstrate that
especially the simplest 4-cube aggregates are most receptive to the variation
of performance factors and present the optimal Gestalt for measuring
developmental differences in mental rotation ability in children as young as
4-years and up to 10-11-years of age.

A possible explanation for the sensitivity of 4-cube aggregates in relation to
performance factors in the CMRT can be drawn from research on working
memory. The classical achromatic MRT (Shepard & Metzler, 1971) differs
from the CMRT in which aggregates consist of individually coloured cubes.
It hence could be argued that children were encouraged to use analytical
strategies such as verbal labelling while identifying the sequence and location
of coloured cubes within an aggregate. From a working memory perspective,
this processing of individual elements would place high demands on working
memory which may explain differences in performance between age groups.
Halford, Cowan, and Andrews (2007) suggested that for adults there is a
central working memory capacity limit about 4 chunks, and similarly,
representations in reasoning are limited to four interrelated variables
(Halford, Baker, McCredden, & Bain, 2005), both of which can predict

mistakes in reasoning and thinking.

Rensink (2001) showed that in visual serial presentations, if the pauses
between one item and another (interstimulus interval 1SI) are 120ms in time,
the capacity is five to six items, but when the ISI is 360ms, capacity is three
to four items. The conclusion, then, could be that the capacity limit is time-

based and not item-based (Lange-Kdttner, 2012). Moreover, the number of
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features within each object needs to be considered in addition to the number
of items (Oberauer & Eichenberger, 2013), for instance, changes in colour
and shape enhanced, while orientation and size changes decreased visual
memory in adults. Individual features of an object are easier to remember than
combinations of two features as an additional binding process increases the
cognitive load (Cowan, Blume, & Saults, 2013). However, the effect of
multiple features in an object does not multiply the cognitive load, instead, a
hierarchy of features unfolds like a folding fan with colour being consistently
the easiest, followed by a black marker, orientation and length (Hardman &
Cowan, 2015). This showed differential weights of features pointing towards

perceptual saliency as marker values of object dimensions.

In the current study, the number of features corresponded to the number
coloured cubes in the cube aggregates. Young children can already
demonstrate combinatorial visual processes when combining colours into one
square when drawing a cube (V. Moore, 1986) or shapes into an outline figure
(Lange-Kiittner, 1994b; Lange-Kdittner et al., 2002). If an object has just one
colour, colour labelling can help children (Cowan, AuBuchon, Gilchrist,
Ricker, & Saults, 2011), however, the cube aggregates in the current study

were multi-coloured.

Lange-Kdttner and Kuttner (2015) found that 7- and 9-year old children could
remember 4 items in the first set of trials and up to ceiling level during
repetitions, but memory deterioration occurred as soon as a hew set was to be
remembered that varied in colour and shape. This suggests that it is the object
change which limits capacity. Indeed, Riggs, McTaggart, Simpson, and
Freeman (2006) found a very low capacity estimate of 1.52 for 5-year-olds,
2.89 items for 7-year-olds and 3.83 items for 10-year-olds in a visual memory

task that involved changing object colour.
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This assumption is supported by findings that working memory capacity
accounts for a substantial proportion of the variance in reasoning (Kane et al.,
2004) and intelligence (Cowan et al., 2005). Younger children have a brain
system that can retain only a limited number of items in active form compared
to older children (Burtis, 1982; Cowan, 2001; Pascual-Leone & Smith, 1969).
Increases in working memory capacity during elementary school years are
particularly pronounced, and subsequently lesser between those years and
adulthood (Cowan et al., 2011). Cowan (2001) found differences in the
storage capacity in terms of item number for 7-year-olds (about 1.5)
compared to older children and adults (about 3.5). At first glance, the capacity
limit of 1.5 chunks seems to contradict the CMRT results, in which 4- to 5-
year-olds were already able to process 4-cube aggregates, exceeding Cowan’s
storage capacity. However, comparing continuously visible cube aggregates
requires less working memory than recall tasks. In order to correctly identify
the matching aggregate, children only needed to realise that the orientation of
an aggregate shape can be changed, and subsequently, identify the new
orientation and then process the sequence of coloured cubes in line in the new
orientation. For example, a cube aggregate rotated by 180° in the picture-
plane would have the reverse order of coloured cubes per aggregate, see
Appendix, RMRT, Question A4, answer 5. To explain this process with
reference to Baddeley’s (2000) multicomponent model, the spatial relation of
aggregate orientation would be supported by colour information, either in a
verbal format using colour labels by the phonological loop, or via a graphic
design impression by the visuo-spatial sketchpad. Both these subsystems feed
into and get input from into the short-lived episodic buffer which binds
information into integrated chunks. In this model, the central executive
provides the processing power to combine features into a lasting single
integrated representation. It could therefore be argued that Cowen’s capacity
limit only applies to the lasting representations which are the result of mental

operations, while in the current study only short-lived episodic binding was
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necessary as all information needed for decision-making was constantly
available and no memory representation needed to be formed. These
conclusions are however speculative, as children were only tested on the
CMRT and RCPM with no other measures of working memory or strategy
use. Nevertheless, further support for this hypothesis comes from Lachmann
and Van Leeuwen (2008) who found that figural goodness reduces the central

processing load.

An alternative explanation for the persistent prevalence of significant results
with 4-cube aggregates could be drawn from “Good Gestalt” principles and
the simplicity-complexity dimension (Palmer, 1991). Garner (1974) in his
theory of rotation and reflection suggested that figural goodness depended on
the number of transformational variants, in which good figures had less
variants than poor figures. Garner and Clement (1963) elegantly
demonstrated this using 5 dot patterns within a 3x3 matrix at 0°, 90°, 180°
and 270° rotations (picture-plane) and 4 types of reflections (horizontal,
vertical left and right) where patterns rated as ‘“good” had fewer
transformational variants. Transformational variants were defined as
differences between the position of the 5 dots between the original figure and
after being rotated or reflected. This is in line with Gestalt Psychologists
definition of bilateral symmetry (Koffka, 1935; Wertheimer, 1923), which
was later proven to play an important role in shape perception (Machilsen,
Pauwels, & Wagemans, 2009). The smallest 4-cube aggregate in the CMRT
fits this definition of an optimal Gestalt, compared to larger aggregates. Also,
a Good Gestalt aggregate has the smallest number of transformational
variants, yet all the properties of the larger aggregates. In the current study,
the 4-cube aggregate has cube elements pointing into three-dimensional
space. Thus, the 4-cube aggregate also provides the best fit in terms of the
simplicity-complexity dimension, both with respect to aggregate size and in

relation to aggregate dimensionality, as 4 cubes provide the minimum size
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where aggregates with protruding cubes can be assembled, see section A and
B of the CMRT in the appendix.

The number of meaningful and significant results in relation to the Good
Gestalt 4-cube aggregate was particularly striking. The statistical interactions
with set-size showed how 4-cube aggregates already enabled 4- to 5-year-old
children to mentally rotate geometric objects by producing a clear angularity
effect, in which rotations with larger angles were more difficult than smaller
angles, similar to results produced by adults on the MRT (Vandenberg &
Kuse, 1978), see Figure 34A. The Good Gestalt 4-cube aggregate also
revealed how this angularity effect is particularly sensitive to task difficulty,
as only this smallest aggregate showed performance levels akin to the classic
mental rotation effect for angularity, see Figure 30. It revealed an angularity
effect in 6- to 7 and 8- to 9-year-old girls, see Figure 33 B and C. Consistent
with previous research on a male advantage in mental rotation, an angularity
effect was already present in 4- to 5-year-old boys, but interestingly this effect
was also present in 10- to 11-year-old age group, although at higher accuracy
levels. This suggests that the Good Gestalt may play a larger role in mental

rotation even at higher capacity processing levels.

A further alternative explanation of the persistent angularity effect in relation
to the Good Gestalt 4-cube aggregate could be attributed to use of strategy.
The Good Gestalt aggregate was sufficiently and economically proportioned,
resulting in a reduction in the required cognitive processing load and hence
may have enabled the use of a holistic strategy. In contrast larger cube
aggregates may have prompted an analytic piecemeal strategy as the
increased number of relevant object properties (cube elements) would make

the child use a computational rather than a figural approach.
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3.5.3. Axis of Rotation

A further contributing factor to task difficulty is axis of rotation. Picture-plane
rotations were only significantly easier than horizontal depth rotations (x-
axis), but not compared to vertical depth (y-axis) rotations. A possible
explanation is that children are more familiar with vertical rotations in
everyday life and hence benefit from a practise effect. Humans for example
rotate around a vertical axis more frequently while standing or dancing than
a horizontal axis. However, the finding that picture-plane rotations do not
differ significantly from horizontal rotations is surprising, especially with
previous research attributing increases in task difficulty to the occlusion of
object parts during rotation (Voyer & Hou, 2006). Both vertical and
horizontal rotations produce occlusion, however only horizontal rotations
differed from picture-plane and vertical rotations. Interestingly, there was
also an interaction between axis of rotation and aggregate depth, in which
only aggregates with protruding elements were more difficult to rotate than
flat aggregates, but only for both depth rotations (vertical and horizontal). A
possible explanation is that it is more difficult to identify an intrinsic axis of
rotation for aggregates with protruding elements compared to flat aggregates,
especially for depth plane rotations, see Figure 46 B and D.

Similar results were observed by Courbois (2000) who showed that a salient
intrinsic axis made it easier for 5- and 8-year-old children to rotate abstract
line drawings. This result in relation to three-dimensional cube aggregates is
important as it allows future test designs to control for mental rotation
performance markers of 3D cube aggregates differentiating between picture-

plane and two depth rotations.
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Figure 46 Flat (A, B) and protruding (C, D) 4-cube aggregates.
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3.5.4. Individual Differences

The exact onset of sex differences still seems unclear and dependent on the
paradigm used. As very young children were unable to complete classical
mental rotation tests, reports on the earliest observation of mental rotation
ability come from novelty looking paradigms (Quinn & Liben, 2008, 2014;
Schwarzer et al., 2012) which have found a male advantage in infants as
young as 3- to 4-months. However, the complex cognitive processes involved
in classical mental rotation tasks require further higher order abilities such as
language processing, encoding, memory, reasoning and more complex
response formation (Hoyek et al., 2012), and hence may not be equivalent to
infant preferential looking.

In the current study, an early sex difference in favour of boys was already
present in 4- to 5-year-olds. This clearly shows that sex differences in tasks
using similar geometric stimuli as in the MRT do exist at an early age. These
individual differences support previous research on the development of
mental rotation ability in children as young as 4 years of age (Frick, Hansen,
et al., 2013; Marmor, 1977). This result was robust when controlled for by

fluid intelligence using the Raven test.

Collectively these results show that task characteristics such as angle of
rotation, aggregate size, axis of rotation and aggregate depth plane
distribution, all impacted the ability to perform spatial transformations in
young children, and the ability to perform mental rotation, especially in 4- to
5-year-olds. The present research systematically analysed some of the basic
attributes which affect task difficulty when processing geometric shapes and
when mentally rotating geometric stimuli akin to the Mental Rotation Test
(Vandenberg & Kuse, 1978).
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A limitation of the current test versions is that they were in booklet and not
in a computerized form, so precise time measurement was not possible. Lack
of a time constraint may have been the reason for the absence of a main effect
of sex in mental rotation in the RCCT. Lange- Kittner and Ebersbach (2012)
found that boys were comparably more efficient in mental rotation decision
making, as they came to more correct conclusions within a set time. The
efficient boys with shorter MRT reaction times were also more likely to draw
two occluded cubes, whereas this was not the case for girls. Girls worked at
their own steady pace independently of the task at hand, but in 6- to 9-year-
old boys, mental rotation reaction times were already task-specific. Although
reaction times in the RCCT or CMRT were not measured, as this was seen as
problematic for very young children, a new computerized test version that
would allow precise time measurements has already been developed. Pairing
the new chronometric test version with an eye-tracker could provide
interesting insights into what strategies have been used to solve mental

rotation tasks and how different strategies effect response time measures.

3.5.,5. Mental Rotation and Fluid Intelligence

In general, as in Study 1, the Coloured Mental Rotation Test (CMRT) was
slightly easier than the Raven’s Coloured Progressive Matrices Test (RCPM)
with post hoc tests only showing a significant difference between tests in 4-
to 5-year-old girls (CMRT M = 18.8%, RCPM M 46.3%). However, in 6- to
7-year-olds girls this gap had closed as there was no significant difference
between the CMRT and the RCPM. suggesting that developmental
intervention, possibly affected through entering formal schooling and related

training, allowed girls to greatly improve their mental rotation performance.

Similar to Study 1 (Litke & Lange-Kiittner, 2015), the two tests also showed
a lot of similarities as demonstrated by the significant correlations. This may

have been caused by their similar response format and the common
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affordance of the visual modality. Moreover, Guttman (1974) suggested that
the RCPM measures both spatial ability and fluid intelligence, and Ullstadius
et al. (2004) stated that spatial ability tests load considerably on g. In short,
the significant correlations in older age groups could be attributed to similar
changes in development in both mental rotation ability and fluid intelligence,
and that the two test response formats are similar in terms of perceptual
discrimination between target and distracters.

For picture-plane rotations, the control with fluid intelligence as a covariate
supported the majority of the important results from the main ANOVA. The
interaction of aggregate size by age groups demonstrated that especially for
the youngest 4- to 5-year olds the smallest aggregate size was indeed
significantly easier than larger aggregates, and hence provided a suitable
reduction in task difficulty. The interaction between aggregate size and
aggregate depth, also remained significant, demonstrating that the smallest 4
cube aggregate was significantly easier to rotate when it had protruding cube
elements compared to equivalently sized flat aggregates. Most importantly,
the four-way interaction between, aggregate size, picture-plane rotations, sex
and age remained significant, further strengthening the result that the 4-cube
aggregate was conducive to show with its optimal minimalist but informative
Gestalt that 4- to 5-year and 10- to 11-year-old boys, and 6- to 7-year and 8-
to 9- year old girls, displayed performance decrease in accuracy along with
increases in angularity typically reported in MRT studies.

Overall, for 90° rotations around different axis (picture-plane, x-, and y-axis),
the control for fluid intelligence resulted in more effect changes. Fluid
intelligence appeared to have supressed the main effect for aggregate size in
rotations around different types of axis, showing a surprising new effect of
larger aggregates facilitating depth plane rotations. Thus, the control for fluid
intelligence laid bare that mental imagery can be supported by larger objects.

A larger object advantage was, for instance, also found in infants’ object
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tracking as they needed to learn to track smaller object while larger objects
were easier (Rosander & von Hofsten, 2002) and in adults’ mental rotation
advantage for life-size objects (Kaltner & Jansen, 2018). There was also a
new effect for aggregate depth and age groups which showed that 4- to 5-
year-olds performed similarly independent of aggregate depth, although on a
low level, whereas for all older children, flat aggregates were always easier
than aggregates with protruding elements in 90° rotations. This result justifies
the wide use of 2D mental rotation tests with children this age as they
guarantee a satisfactory test performance level. Future research needs to show
whether the easier rotation of flat objects occurs because children become
better able to visually discriminate between depictions of 2D and 3D shapes.
This argument was discussed earlier, that is, it should be more difficult to
actually identify the axis of rotation when objects have protruding elements.
Children may become better able to visually discriminate between 2D and 3D
shapes because (1) once they are in primary school, they learn about geometry
and aim to draw 3D objects on a 2D paper surface (Kosslyn, Heldmeyer &
Locklear, 1980), and (2) they need to give up their dependence on haptic
sensory input as a source of information, as primary school children who are
not blind are still supported at this age when shapes and letters are printed in
3D providing haptic information (Permana, 2019; Permana, Sarwanto, &
Rintayati, 2018). Another explanation would be that while 4- 5 year-old
children were above chance (16.7%) in their 90° rotations as they show an
accuracy level of around 50%, to achieve an accuracy level of around 70%
like the older children does requires more skill. Children might not improve
as fast for 90° rotations around different axes for objects with elements
protruding into 3D space, as this requires children to simultaneously process
spatial information in more than one depth plane. In any case, the important
aspect of this result is that the control for fluid intelligence did enhance and
not eliminate the impact of object dimensionality in children’s mental

rotation.
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Overall, the control with the Raven as a covariate revealed that the statistical
effects for picture plane rotations were less affected by levels of fluid
intelligence than for 90° rotations around different axis. Picture-plane
rotations require the simple rigid rotation of the picture itself on a two-
dimensional plane, whereas depth rotations require far more complex

transformations of the object’s orientation (Shepard & Cooper, 1982)

4. General Discussion

The number of available Mental Rotation tests for young children, especially
those that use similar geometric stimuli as the influential MRT (Vandenberg
& Kuse, 1978), is still very limited. It was therefore important to create novel
measures that can bridge the gap between established mental rotation tests for
adults and mental rotation measures for 4- to 11-year-old children. The
Coloured Cube Test (Litke & Lange-Kittner, 2015) which assesses
perceptual matching and mental rotation, provided an important baseline
measure in determining children’s ability to successfully process three-
dimensional stimuli. The RCCT established that primary school children
were able to process the orientation of a single cube, which was reflected in
no difference being found between performance in section A, in which all
cubes are in a canonical orientation, compared to section B, where all cubes
balanced on one corner, see Appendix, RCCT section A & B. The main
difference in task difficulty arose amongst individually rotated cubes in
sections C and D, in which target cubes had a different orientation than model
and distracter cubes. Further, task difficulty was added to section C and D by
gradually removing distinctive colours as a distinctive feature. Children’s
performance did not gradually decrease in the initial three test sections
although the cube was presented standing in an unusual perspective in section
B and was rotated in section C. In contrast, in section D performance did

decrease sharply, most likely because no unique object colours were available
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to distinguish between distracter cubes. In short, only the same coloured
cubes made visual discrimination and object rotation difficult. These results
suggest that colour cues can be more important than object location, which
supports Hyun and Luck’s (2007) findings with adults. It was concluded that

the single-cube rotation was too easy for children.

Hence, two categorical baseline measures - object rotation and object set-size
- were formative in the design of the second test development (CMRT). As
colour distinctiveness proved to be too easy as a cue for young children on
the RCCT and as differently orientated cubes increased task difficulty, the
CMRT was designed to focus on the geometric properties. Similarly, reducing
the size of the cube aggregates to a single cube was too much of a concession
to the developmental status of young children as a near ceiling effect was

obtained.

The second mental rotation test (CMRT) systematically investigated the
fundamental properties (i.e. size, dimensionality, axis of rotation) of cube
aggregates and how these influenced mental rotation performance in different
age groups. It was revealed that a 4-cube aggregate in particular provided a
much more sensitive approach to measuring the development of children’s
mental rotation ability when using objects in three-dimensional space.
Moreover, the second mental rotation test was improved because the degree
of angularity was systematically varied when designing the target in amongst
distracters in the response options which resulted in the more classical
measurement of mental rotation in terms of decreased accuracy over

increased angularity.

From the multitude of higher order interactions generated by the 4-cube
aggregate it can be concluded that Cowan’s (2001) magical number four also
exists in mental rotation. This assertion is further strengthened by the fact that

the Good Gestalt mental rotation ability was not demonstrated in larger
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aggregates — not even in the older age groups - but remained constant even
with 4-cues distributed in multiple depth planes.

The concept of apperception in relation to a computationally economical or
good object has not been developed in previous research. It could hence be
argued that the Gute Gestalt 4-cube aggregate is sufficiently and
computationally economically proportioned so that it can be perceptually
processed in high-level vision prior to entering the observer’s consciousness.
According to Wundt’s “Psychophysical process”, three temporal distinct
stages exist in the observer interaction with its external environment (Wundt,
1899, 1900). First is perception in which an object is unconsciously detected
by entering the field of vision. Subsequently, during apperception the object
enters the observer’s attention. And finally, the observer interacts willingly
with the stimulus. These temporal distinct processing stages range from an
early unlimited capacity, but fragile bottom-up representation, to limited
durable structured cognition. It has further been argued that prior to
processing object features, spatiotemporal information allows the creation of
an object file (Kahneman, Treisman, & Gibbs, 1992) after which feature
information is processed by attention-dependent mechanisms (Pylyshyn,
1994). The concept of apperception could also be interpreted in relation to
visual attention, with its varieties of sustained attention, divided attention,
selective, shared attention and focused attention (Schweizer, Moosbrugger, &
Goldhammer, 2005). Nevertheless, none of these types of visual attention
conceptualises the figural aspects of attention, and none of these types of
visual attention integrates Gestalt principles. Good Gestalt attention reduces
the effort and brings out talent in children because of the lower cognitive load
and more holistic perception enables more imaginative processes. It was
therefore important to establish an optimal figural complexity for cognitive
processes involved in mental rotation. A good object conceptualisation was

also put forward by research into children’s canonical drawings (Davis, 1985;
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Hodgson, 2002), but this research focused on the functional aspects rather
than on the computationally economic ‘Good Gestalt’ aspects of an object

(see also Lange-Kdttner, 1994).

In the mental imagery debate, Kosslyn (1994) has suggested that mental
rotation involves the visuo-spatial process of forming mental images which
are then transformed in the visual buffer. These images can be divided into
visual information, that include surface details such as colour and brightness,
and spatial properties such as orientation, geometric shape, and depth
information. It is therefore important to understand the nature of these images
and how their complexity influences mental rotation ability. Both the RCCT
and the CMRT have provided evidence on the impact of specific object
features, colour, complexity, orientation, and types of rotational axis on task
difficulty. By using geometric shapes, rather than simplified images, a
systematic comparison of such geometric properties and their impact on the

development of the ability to mentally rotate was possible.

A limitation of this study is that no chronometric measurements were taken
that would have allowed a more classical comparison to children (Frick,
Ferrara, et al., 2013; Jansen, Kaltner, & Memmert, 2017; Quaiser-Pohl et al.,
2014) and adult response time data (Peters et al., 2007; Vandenberg & Kuse,
1978; Voyer, 2011). Even though a decrease in accuracy with increases in
angularity was observed in the youngest and oldest age groups of the CMRT,
it does not rule out that that other strategies than visualising the mental
rotation of an object might have been used. Nevertheless, a number of
different strategies have been attributed to solving mental rotation tasks
(Hegarty, 2018) and the definition of what defines mental rotation have
widened to include a growing catalogue of mental rotation tests and
experimental paradigms (Lauer et al., 2019; Linn & Petersen, 1985; Voyer et
al., 1995). Moreover, to mention a limitation, as children were not measured

on another mental rotation test, performance on the new tests could not be
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compared with their performance on established mental rotation tests.
Nevertheless, both the RCCT and CMRT were conceptualised similarly to
the Raven Progressive Matrices Test’s response format which was tested in
addition and allowed extensive controls and test validation. A computerised
version of the second test is in development that will allow to measure

reaction times in future studies.

The limited number of available tests that currently measure mental rotation
in the age groups tested, especially with an active response format using
geometric stimuli similar to those for adults (MRT) made the current research
studies particularly useful to systematically investigate the parameters that
lead to an increase in task difficulty. The results in this study show how set-
size, dimensionality and axis of rotation can all be adapted to measure
developmental differences in mental rotation. The results from this study can
be used to develop new shorter forms of an optimal mental rotation test that
IS sensitive to young children’s mental rotation ability. The results will also
be useful to help poorer rotators develop new strategies, as even young

children seemed to enjoy trying to solve these “puzzles”.
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Appendix Table Al

Properties of the Target Cube, the Test Cube and Distracters

| Level [ Page| Cubes| Section Rotation
RCCTA
I Al 6 100 % distracters with 1 colour identical to test cube
A2 8
A3 6 . . . .
I 100 % distracters with 2 colours identical to test cube
Al 8 @
1l A5 6 50% distracters with 3 colours identical to test cube
A6 8
A7 6 . . . .
v 100 % distracters with 3 colours identical to test cube
A8 8
RCCTB
| Bl : 100 % distracters with 1 colour identical to test cube
B2 8
I B3 : 100 % distracters with 2 colours identical to test cube
B4 8
B5 | 6 . . __ &
1l 50% distracters with 3 colours identical to test cube
B6 8
v B7 : 100 % distracters with 3 colours identical to test cube
B8 8
RCCTC
| €1 6 100 % distracters with 1 colour identical to test cube @
Cc2 8 e
I C3 6 100 % distracters with 2 colours identical to test cube @@@@
c4| 8 OO
> C5 6 100% distracters with 2 colours identical to test cube @@@@
c6 | 8 OOOH
Iv* c7 6 50 % distracters with 3 colours identical to test cube SKE@@@
cs| 8 OOOH
RCCTD
I D1 6 100% distracters with 3 colours identical to test cube @
D2 | 8 H
I D3 6 100% distracters with 3 colours identical to test cube @®@@
D4 | 8 OCTOH
H* D5 6 100% distracters with 3 colours identical to test cube @(9@@@
D6 | 8 OOTOH)
Iv* D7 6 100 % distracters with 3 colours identical to test cube @Eﬂ@@
D8 | 8 OOTOH)

Note. * indicates mental rotation task
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The Rotated Colour Cube Test -

Sets A-D
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RECORD FORM FOR THE ROTATED COLOUR CUBE TEST V.1

Sets A,B,C,D

Date & time:

Name:

Place of Testing:

Age:

|

Al
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m]

A3

| ©
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Coloured Mental Rotation Test
Sets A-F
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CMRT v.1 1 CPMT
No: P1 Al
Gender: P2 A2
Age: P3 A3
Test sequence Al A4
CMRT: A2 A5
CPMT: A3 A6
Name: A4 A7
Time limit: A5 A8
A6 A9
B1 Al0
B2 All
B3 A12
B4 AB1
B5 AB2
B6 AB3
C1 AB4
Cc2 ABS5
c3 AB6
c4 AB7
Cc5 AB8
Cé AB9
D1 AB10
D2 AB11
D3 AB12
D4 B1
D5 B2
D6 B3
E1 B4
E2 B5
E3 B6
E4 B7
E5 B8
E6 B9
F1 B10
F2 B11
F3 B12
F4 CALC
F5
F6

CALCI
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