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Abstract
The relationship between mathematics and spatial reasoning is well established and
extensively researched. Certain mathematics content could be deemed explicitly spatial,
for example within geometry. However, the link to spatial reasoning extends into other
areas of mathematics, such as representations of the number line and reading and
interpreting graphs. Correlational and training studies have tended to focus on mathe-
matics either broadly (e.g., standardised test scores) or with specific measures (e.g.,
arithmetic) when examining the relationship between mathematics and spatial reason-
ing. In the present study, 455 students from grades 4 through 9 completed digital
assessments of mathematics and spatial reasoning. The mathematics tasks reflected
curriculum content with varying degrees of spatial intent. Separate assessments were
developed for the primary and secondary cohorts. Relationships between mathematics
task performance and spatial reasoning indicate distinctions in problem-solving be-
tween item types with different spatial skills influential for different content. The role of
spatial reasoning in interactive forms of digital assessment is discussed.

Keywords Mathematics .Spatial reasoning.Problem-solving.Primaryschool .Secondary
school

Introduction

Mathematics and spatial reasoning are reported to be so inextricably linked there is no
longer a question of connection (Mix and Cheng 2012). What remains unknown is how
these two multidimensional, fundamental sets of skills relate (Mulligan 2015). Some
elements of mathematics are explicitly spatial, such as nets of cubes as a component of
geometry (Ramful et al. 2017). Other mathematical concepts (e.g., number line
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representation) draw on essentially spatial skills, such as an internal representation of
magnitude (Gunderson et al. 2012). Whether the connection between mathematics and
spatial reasoning lies in shared processing or affordances of each in the development of
the other is yet to be determined (Mix 2019).

Relationship between spatial reasoning and mathematics

In Pirie and Kieren’s (1994) model of mathematical growth, the ability to visualise and
interrogate mental images and object relations is a foundational step to developing
mathematical understanding. Pirie and Kieren proposed that mathematical growth is
not linear and that the recursive nature of knowledge acquisition is supported by the
ability to create mental representations. In this model, strong spatial reasoning provides
the foundational steps, as well as the “tools”, in the progression towards symbolic and
analytic concept knowledge (Lowrie and Kay 2001). As mathematical content knowl-
edge grows, the connection with spatial reasoning may change but the symbiotic
relationship between mathematics and spatial reasoning remains (Zazkis et al. 1996).

Both mathematics and spatial reasoning are multidimensional constructs com-
prising different but related skills (Carroll 1993; Linn and Petersen 1985; Mix and
Cheng 2012). Initially, spatial skills were defined within psychological literature
as indicators of aptitude for technical professions (Hegarty and Waller 2005;
Mulligan 2015); over the years, the field has grown to include applications of
spatial reasoning in education and beyond (Newcombe 2010). In the present study,
we use spatial reasoning as an umbrella term to describe the skills drawn upon to
visualise objects, their movements, and spatial relations (Mulligan 2015). There
has been much discussion about the role spatial reasoning plays in mathematical
proficiency (Mix and Cheng 2012; Mulligan 2015) with an increasing focus on
linking specific spatial skills to mathematics achievement (Mix 2019). By way of
example, Cheng and Mix (2014) trained mental rotation skills and found improve-
ment on missing term problems (e.g., 4 + __ = 12). Sorby and colleagues have
spent decades refining spatial visualisation training with impact on both achieve-
ment and retention in Calculus for university students (Sorby et al. 2013, 2018).
The challenge remains in pinpointing the relationships between mathematics
proficiency and spatial reasoning due to (i) a lack of consistency in defining the
components of spatial reasoning (Gunderson et al. 2012) and (ii) a tendency to
focus on subsets of spatial skills against mathematical outcomes (such as mental
rotation or spatial visualisation; Mix 2019).

Mix and colleagues have conducted longitudinal studies in an attempt to unpack the
different spatial skills connected to mathematics at different time points (e.g., mental
rotation amongst foundation year children and visuo-spatial working memory in older
primary children; Mix et al. 2016); however, the multidimensionality of mathematics in
this relationship is yet to be addressed. The treatment of mathematics in the psycho-
logical literature tends to take the form of either broad measures (e.g., standardised test
scores; Sorby et al. 2018) or specific measures (e.g., number line estimation;
Gunderson et al. 2012). The findings from these measures are then used to extrapolate
to a wider view of mathematics (Mix 2019). By contrast, in mathematics education
literature, the link between mathematics and spatial reasoning is so entwined that they
are treated as one and the same (e.g., 2D and 3D mental rotation; Bruce and Hawes
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2015; and patterning; Papic et al. 2011). Research to date has rarely explored the
relationship across multiple mathematical domains with varying degrees of connection
to spatial skills.

These longitudinal studies tend not to consider the dynamic and situational nature of
mathematical-spatial relationships. Therefore Mix (2019) proposes that one way to
unpack this relationship is to examine the real-time relations between task types to
understand how spatial skills may be linked to mathematical problem-solving. These
relationships are often explored with word problems (Hegarty and Kozhevnikov 1999)
where there is no conflicting spatial information to be decoded, as is the case with
graphical mathematics tasks (Lowrie 2012). The spatial arrangement of symbols within
graphical tasks draws on spatial skills to decode the necessary mathematical compo-
nents (Lowrie and Logan 2018). In light of evidence for the potential transfer between
spatial skills development and mathematics (Cheng and Mix 2014; Lowrie et al. 2017),
understanding the nature of the mathematical-spatial relationship across time points and
task types may be helpful to support effective mathematics teaching and learning.

Research that examines the role of spatial reasoning in different areas of mathematics in
secondary contexts is rare despite evidence that it still has an impact on proficiency (Casey
et al. 2001). Wilkie (2016) reported that nearly a quarter of their 12–13-year-old partic-
ipants represented relationships spatially when completing complex algebraic problems.
The increasingly complex mathematical content in secondary classrooms (Attard 2013)
may be supported by well-developed spatial skills (Lowrie and Kay 2001).

Spatial reasoning across different mathematics content It is often the case that teachers
rely on the more spatial components of mathematics (such as geometry) to foster spatial
reasoning (Clements and Battista 1992; Davis and Spatial Reasoning Group 2015).
While there is great promise within geometry curricula to develop spatial reasoning
skills, such as visualising transformations and manipulating two- and three-dimensional
shapes (Sinclair and Bruce 2015), a lack of guidance for teachers means that often these
opportunities are missed or the potential is not realised (Lowrie and Logan 2018).

Newcombe (2018) argues that geometry includes mathematical language and con-
ventions that are not necessarily supported by spatial reasoning alone. Spatial skills
such as visual patterning have been found to be essential for the development of
algebraic reasoning (Warren 2005). Mulligan has been fostering spatial reasoning
through pattern and structure instruction in early-years education for decades
(Mulligan and Mitchelmore 2009; Mulligan 2015). Furthermore, Shah et al. (2005)
report on the importance of spatial skills for data integration and interpretation for
graphical literacy, while Lowrie et al. (2012) demonstrated the importance of spatial
reasoning across a range of graphics-rich tasks spanning mathematical content strands.
Taken together, this body of work highlights the importance of spatial reasoning across
a range of mathematics tasks, including and beyond geometry (Mix 2019).

Spatial reasoning and testing

In the Australian curriculum, spatial reasoning sits within the numeracy component of
the general capabilities (ACARA n.d.) without clear guidelines for instruction or
school-based assessment. Where spatial reasoning is explicitly assessed is through
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the National Assessment Plan for Literacy and Numeracy (NAPLAN) in grades 3, 5, 7,
and 9 as an application of mathematical knowledge and understanding (ACARA 2016).
The lack of explicit spatial curriculum poses an ongoing challenge for educators to
support and track spatial development (Logan 2015).

Digital testing environments The variability in findings about the mathematical-
spatial relationship may be due to the affordances of different spatial skills for
different tasks (Mix 2019). Spatial skills are more evident when content is new
or complex (Lowrie and Kay, 2001; Uttal and Cohen 2012). Therefore, the
efficacy of spatial reasoning for problem-solving may depend on individual
differences such as student familiarity with mathematical content or task repre-
sentation. A recent shift has seen large-scale digital assessment begin to replace
traditional paper-and-pencil testing (Logan 2015). Within digital testing envi-
ronments, the task content does not change but the mode of response does
(Logan 2015). Digital testing has not changed the intent of assessment, but it
does provide new opportunities for assessing learning due to the vast possibil-
ities available through technology (Kröhne and Martens 2011). It also holds the
potential to scaffold students’ problem-solving (Threlfall et al. 2007). For
example, students can interrogate answer options using interactive graphics,
an option not available with multiple-choice questions. Furthermore, digital
technologies provide students with opportunities to complete tasks using spatial
reasoning which may not be computational (Tall 2000), for example marking a
number line through estimation.

By way of contrast, research by Logan (2015) has found that digital testing of
identical content can result in poorer performance merely as a function of test modality.
This is particularly true for items that require data interpretation and calculations. The
added cognitive demands on students may be due to performing multiple mental
processes, which were previously supported by the ability to write on test papers.
Therefore, the potential for spatial reasoning to be influential in problem-solving in
interactive environments relates to both the perceptual (Tall 2000) and
cognitive (Logan 2015) factors that exist in digital testing.

Spatial reasoning in numeracy assessment Although spatial reasoning is recognised as
a wide-ranging cognitive tool that impacts education across STEM domains
(Newcombe 2010; Wai et al. 2009), it is only explicitly assessed within the numeracy
component of the Australian curriculum (ACARA 2016). Given the debate surrounding
classification of spatial skills (Gunderson et al. 2012), we argue that it is necessary to
examine spatial reasoning within a curriculum context to identify the affordances of
different spatial skills for mathematics problem-solving (Ramful et al. 2017).

Ramful et al. (2017) identified three spatial constructs assessed through
NAPLAN numeracy: namely, mental rotation; spatial orientation; and spatial
visualisation. These spatial constructs align with categories in the spatial cognition
literature from early factor-analytic studies (Carroll 1993; Linn and Petersen
1985). However, unlike the spatial skills under consideration in the psychological
literature, Ramful et al. (2017) emphasised the contextualised nature of the spatial
constructs within numeracy, that is, how these skills are applied in mathematical
problem-solving with real-world applications (ACARA 2016). Mental rotation
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requires the imagined movement of whole 2D shapes and 3D objects (Bruce and
Hawes 2015); within mathematics curriculum, these tasks include mathematical
conventions such as degrees and direction of rotation (ACARA 2016). Spatial
orientation tasks necessitate a change in perspective (Hegarty and Waller 2004). In
numeracy this can take the form of way-finding through a map or predicting
different orthogonal views (Ramful et al. 2017). Spatial visualisation is another
object-based transformation; however, it is defined by complex transformations
that occur within the object, such as notions of symmetry or mental cutting (Linn
and Petersen 1985; Sinclair and Bruce 2015). We acknowledge that spatial rea-
soning is not limited to these three constructs (Carroll 1993; Linn and Petersen
1985); however, they formed the basis of our exploration into spatial reasoning
within mathematics problem-solving based on their applications in school-based
numeracy assessment.

Aims of the present study

This study emerged from our program of research on the relationship between math-
ematics and spatial reasoning across grades 4 through 9. The upper primary years into
early secondary school are identified as a transition time, with changes to content,
assessment, and instruction (Attard 2010, 2013). As students progress through these
school years, the use of concrete materials to support mathematical understanding, once
readily available in primary school, is replaced with textbooks (Howard et al. 1997)
and, more recently, technology-based resources (Attard 2010). Consequently, opportu-
nities to develop and utilise spatial reasoning decrease as students move through
secondary education.

As part of a larger study, students in all six grade levels underwent mathematics and
spatial assessment in a digital environment answering questions in both static (i.e.,
multiple choice) and interactive (response types such as drag and drop or rotate the
object) forms. The mathematics component was designed to align with the digital
NAPLAN testing environment, therefore including mathematics tasks with differing
degrees of spatial content across mathematics content strands (ACARA 2016; Logan
and Lowrie 2017; Lowrie 2012). The design of the mathematics and spatial tasks was
such that there was some consistency across primary and secondary graphical repre-
sentations, thus providing two different age groups in which to examine the relationship
between spatial reasoning and mathematics performance. The overarching goal of the
study was to unpack this mathematical-spatial relationship across a range of mathe-
matics tasks with the following aims:

1. To examine trends in mathematics task success in primary (grades 4–6) and
secondary (grades 7–9) cohorts

a. Across different response formats
b. Across different mathematical items with varying levels of spatial intent

2. To explore spatial processing across different mathematics content
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Method

Participants

Two primary and four secondary schools participated in the study. In total, 455 students
participated in the study; sample size for each grade level is presented in Table 1.1

Measures and method

A series of mathematics and spatial tasks were administered to all students on digital
devices (iPads for primary school, personal devices for secondary school). All digital
content was presented in a locked vertical orientation so students could rotate their
device in the same way as they would a paper test. The mathematics tasks were
designed to reflect the types of assessment tasks presented in the numeracy NAPLAN
assessment. The spatial tasks were digital measures of spatial reasoning based on the
three identified constructs. Tests were administered to participating students in class
group settings during class time. All tests were delivered on the same day, during a
single testing session.

Mathematics measures The mathematics items were drawn from a larger cross-
sectional study, where items were designed based on online NAPLAN numeracy items
(ACARA 2016). Four items were chosen in both static (i.e., multiple choice) and
interactive (i.e., illustrate answer through interaction with graphic) response formats
(totalling 8 mathematics items for each cohort). The different item types were assigned
randomly throughout the instrument. There were primary and secondary versions of the
mathematics measure that were developmentally appropriate for the cohorts. Each item
was given a score of 1 for correct and 0 for incorrect. For interactive items with an axis,
a range was used to account for interaction with the testing interface. Therefore, a
maximum total score of 8 was possible on the mathematics measure.

The items were chosen to represent mathematics with different degrees of spatial
intent. The Australian Curriculum embeds spatial reasoning as a general capability
within numeracy (ACARA 2016). The items selected for the mathematics measure in
this study combined varying degrees of spatial reasoning along with mathematical
conventions to differentiate them from the purely spatial items within the spatial
measures (see the “Spatial measures” section). Previous research has suggested that,
despite overlap between mathematics and spatial content, it is the mathematical
conventions that distinguish the task intent (Harris and Lowrie 2018). The items chosen
were selected for (1) consistency in representations across primary and secondary
versions of the assessment and (2) categorisation by mathematical-spatial content.
The items were aimed at the median grade levels (i.e., grades 5 and 8). The same (or
similar) graphics were used with the same response format for both cohorts. An
example of each interactive item is presented in Table 2 along with a brief description

1 The large sample of year 8s is due to participation as an intervention control group and therefore larger
recruitment was necessary; data reported in this paper is taken from pre-test measures only. The variability in
numbers and genders across grade levels is a function of parent consent for participation and beyond the
control of the authors.
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of the mathematical and spatial components of each item type. Table 2 contains items
that have been resized and rearranged to fit in the table, content, and images remain the
same.

Spatial measures Sample items from each of the spatial measures are shown in Table 3.
The tests were modified for delivery through a web-based testing interface. A spatial
score was determined by allocating equal weighting to each test (scores out of 10, total
out of 30).

Primary The Spatial Reasoning Instrument (SRI; Ramful et al. 2017) was used in the
primary cohort. The SRI provides coverage of three spatial constructs reflective of
spatial content in the Australian Curriculum and psychological literature. The test
contains 30 items (10 per construct):

& The mental rotation items included comparisons of both 2-dimensional shapes and
3-dimensional objects to determine a rotation within a set of reflected distractors.

& Spatial orientation covered a broad theoretical foundation and consisted of both
perspective-taking and spatial scaling items (i.e., mapping and route-taking). These

Table 1 Sample size by grade level

Grade 4 5 6 7 8 9

N 47 50 27 77 186 68

Females 53% 42% 33% 56% 50% 35%

Table 2 Sample mathematics items

Sample Primary item Sample Secondary item Embedded Mathematics Embedded 

Spatial

C
u
b
e 

N
et

 

This is the net of a cube.

Drag and drop the 
correct shape onto 

the grey face of the 

folded cube.

This is the net of a cube.

Drag and drop the correct 
shape onto the grey face of 

the folded cube.

Connect three-dimensional 

objects with their nets and 
other two-dimensional 

representations (ACARA, 

n.d.)

Mental folding; 

spatial re-
orientation

R
o
ta

ti
o

n
 

(S
p

at
ia

l/
M

at
h

s) Rotate the sun to show what 

the image would look like 
after a rotation of 90 degrees

anti-clockwise and then 270 

degrees clockwise.

The sun was rotated 45 degrees 

clockwise, then 135 degrees anti-
clockwise then reflected across a 

horizontal axis. Rotate the image to 

show its final position after these 
steps.

Describe translations, 

reflections and rotations of 
two-dimensional shapes. 

Identify line and rotational 

symmetries (ACARA, n.d.)

Mental rotation

L
in

e 
G

ra
p
h
 

Gemma went on a 12km bike ride over 90 

minutes. Once she had travelled for half 

of her distance she stopped for 30 
minutes.

Move the 

appropriate 
markers on the 

graph to show 

what her journey 

would look like.

Avery went for a 120 minute bike ride that finished 

at 12pm. By 11am she had covered half her total 

distance at a steady speed, and then in the final hour 
she rode 16 kms.

Slide the markers on the 

graph to show what 
Avery's journey would 

look like.

Draw a line graph to 

represent any data that 

demonstrate a continuous 
change, such as hourly 

temperature. (ACARA, n.d.)

Visual estimation

M
ea

su
re

m
en

t 

The jug below has liquid in it.

Move the line to show 

what level the liquid 

would be if 1000mL is 
added.

These jugs have liquid in them.

Show where the line in 

Jug A would be if you 

emptied half of Jug B 
into Jug A.

Convert between common 

metric units of length, mass 

and capacity (ACARA, n.d.)

Spatial 

representation of 

vertical number 

line
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two forms of spatial reasoning are deemed spatial orientation due to the demands of
representing external space on a different scale relative to oneself.

& Spatial visualisation items covered a range of transformation tasks such as identi-
fying nets of cubes and cross-sections of 3D objects.

Secondary In the secondary cohort, three psychometric measures were chosen to match
the spatial constructs assessed by the SRI (Ramful et al. 2017). The SRI was not used
due to age-related ceiling effects found during pilot testing. Raw scores from the three
secondary school spatial measures were converted to scores out of 10 and combined to
give a composite score out of 30 for comparison with the 30 item SRI in the descriptive
analysis.

& Mental rotation. The Card Rotation Test (10 items; Ekstrom et al. 1976) assessed
students’ ability to mentally rotate unfamiliar objects in a 2D plane. Students were
shown a reference shape and had to determine whether a series of eight shapes were
the same (i.e., rotated) or different (i.e., reflected).

& Spatial orientation. The Perspective-Taking Test (12 items; Hegarty and Waller
2004) evaluated students’ ability to imagine different perspectives or orientations in
space. Students were asked to look at an array and imagine they were standing at a
particular object, facing another, and to estimate the location of a third object from
this array. Students mapped the location of the third object within a circle in a
different orientation to the question array.

& Spatial visualisation. The Paper Folding Test (10 items; Ekstrom et al. 1976)
measured students’ ability to visualise a series of mental transformations and make
predictions. Each item presents images of a series of paper folds followed by holes

Table 3 Sample items from the respective spatial measures

Mental Rotation Spatial Orientation Spatial Visualisation

Primary

Secondary
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located in precise positions on the folded paper. Students were tasked with identi-
fying the correct pattern on the paper when unfolded.

Results and discussion

The results section is presented in three parts, (1) an exploration of mathematics
performance trends across static and interactive tasks, (2) exploration of trends across
grade levels, and (3) analysis of mathematics and spatial reasoning correlations to
provide some insight into processing patterns. Table 4 displays mean performance on
mathematics and spatial measures (shown using percentages) across grade levels.

Performance trends on mathematics tasks

In the primary cohort, a mixed 2 × 3 (response format × grade level) ANOVA revealed
that performance on static tasks was significantly higher than interactive tasks,
F(1,120) = 4.82, p = 0.03, partial η2 = 0.04. There was a significant main effect by
year level, F(2,120) = 10.43, p < 0.001, partial η2 = 0.15, with grades 5 and 6
performing significantly higher than grade 4. There was no interaction effect,
F(2,120) = 0.75, p = 0.48.

In the secondary cohort, performance on static tasks was significantly better than
performance on interactive tasks, F(1,209) = 33.15, p < 0.001, partial η2 = 0.22. There
was a significant main effect at a grade level, with year 9 performing significantly
higher than grade 8, F(2,209) = 6.38, p = 0.002, partial η2 = 0.06. Again, there was no
interaction by year level, F(2,209) = 0.02, p = 0.98.

It should be noted that all static items were presented as multiple choice; by contrast,
the interactive items had varying degrees of constraint within the answer graphic, and
the more open-ended nature of the tasks may have resulted in the poorer performance
compared with the static tasks (Threlfall et al. 2007). We therefore performed within-
groups comparisons (using paired sample t tests) for each content category to explore

Table 4 Descriptive statistics for mathematics and spatial measures

Year Mathematics Spatial measures

Static Interactive Total Spatial visualisation Mental rotation Spatial orientation Total

Primary 4 38% 37% 38% 32% 36% 62% 43%

5 57% 49% 53% 44% 45% 71% 53%

6 69% 61% 65% 50% 56% 80% 62%

Secondary 7 37% 18% 4% 46% 69% 22% 46%

8 31% 14% 3% 40% 59% 16% 40%

9 39% 21% 4% 50% 72% 44% 56%
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whether the response format impacted the differences in performance between static
and interactive items. Results are presented in Table 5.

Despite an overall trend towards better performance on static items in the primary
cohort, only the line graph item differed significantly. The cube net item was effectively
a multiple-choice item in both static and interactive forms; this may explain the near-
parallel performance. It is noteworthy that the line graph item had more constraint built
into the interactive response than the rotation and measurement items, yet performance
on the interactive version suggested that primary students were not sufficiently
accessing this scaffold.

In the secondary cohort, performance on the line graph item did not differ signifi-
cantly between response formats; even in the multiple-choice static version, students
were performing at chance. The poor performance on this item may be explained by the
greater degree of data interpretation required for the secondary line graph task. Logan
(2015) reported that digital testing environments posed an extra challenge for data
interpretation tasks. For the other three items any scaffolding potential within the
interactive format did not help performance, relative to the static equivalent items.

Summary The design of the interactive tasks was intended to offer opportunities to
scaffold problem-solving, for example physically performing the required steps using
the app functionality was expected to reduce the mental load of multi-step problem-
solving (Tall 2000; Threlfall et al. 2007). However, the results suggest that this was not
the case based on better performance on the static tasks, compared with the equivalent
interactive tasks in the secondary cohort and largely non-significant differences in the
primary cohort. Our results indicate that some students were not utilising the
affordances of the interactive tasks; it is possible that the cognitive demands of the
tasks may have been overwhelming for some students. Future studies may explore this
further by including measures of working memory.

Performance trends across grade levels

To explore age-related differences in task performance, analyses were conducted across
the four mathematics content types (i.e., cube net, rotation, line graph, measurement).

Table 5 Item level comparisons between static and interactive response formats

Primary Secondary

Static mean
(SD)

Interactive
mean (SD)

Paired sample
t statistic

Static mean
(SD)

Interactive
mean (S.D.)

Paired sample
t statistic

Cube net 0.62 (0.49) 0.63 (0.49) − 0.38 0.43 (0.50) 0.36 (0.48) 6.19***

Rotation 0.41 (0.50) 0.34 (0.48) 1.41 0.31 (0.46) 0.14 (0.33) 4.69***

Line graph 0.60 (0.49) 0.34 (0.48) 5.09*** 0.28 (0.45) 0.18 (0.35) 1.81

Measurement 0.49 (0.50) 0.58 (0.50) − 1.65 0.50 (0.50) 0.19 (0.39) 3.21**

**p < 0.01

***p < 0.001
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Figure 1 a and b show the trends in mathematics performance across primary and
secondary grade levels, respectively. Both the static and interactive items were col-
lapsed together for this analysis.

There were significant differences between grades for two content categories in the
primary cohort. For the line graphs, grade 6 performance was significantly higher than
both grades 4 and 5, F(2,118) = 8.68, p < 0.001, partial η2 = 0.13. On the measurement
items, only grade 6 was significantly higher than grade 4, F(2,122) = 5.50, p = 0.005,
partial η2 = 0.08. Although there was a general upwards trend for the two mathematics
item types that contained more explicit spatial content (cube net and rotation), this was
not significant; we posit that reliance on spatial processing was sufficiently helpful to
compensate for any age-related differences.

In the secondary cohort (with Bonferroni alpha = 0.01), there were no significant
differences in scores for any task types. It is noteworthy that the two item types with
implicit spatial content (i.e., line graph and measurement) showed an upwards trend
reflective of the increased content knowledge of the students. The two spatially explicit
mathematics items (cube net and rotation) had no such trend.

Summary Overall, the secondary students did not follow the developmental trend
found in the primary cohort. Although not significant, grade 8 performance was no
better than grade 7, despite pilot data to the contrary and the content being targeted for
that year level. This pattern was in contrast to the primary levels where significant
differences between grade levels were indicative of the target age of the items. The
secondary maths assessment was designed to be more complex through additional steps
required to complete the tasks and the inclusion of more advanced mathematical
concepts. It is possible that the complex, multi-step processes in the secondary tasks
proved more challenging than anticipated and were not significantly helped by in-
creased content knowledge. Although the graphical elements of the mathematics tasks
were designed to be structurally equivalent, it is evident that the complexity of the
secondary items resulted in a different pattern of results to the primary items, despite

a b

Fig. 1 a Primary mathematics performance. b Secondary mathematics performance
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thoughtful design and pilot testing. Future studies should consider exploring differences
in problem-solving processes with equivalent tasks through qualitative analysis.

Relationship between mathematics performance and spatial reasoning

Correlation analysis was performed to examine the relationship between mathematics
and spatial scores. Mathematics total scores included the static and interactive items.
Results are presented in Table 6.

For both cohorts, mathematics was significantly correlated with spatial reasoning,
reinforcing a well-established pattern (Mix and Cheng 2012). Furthermore, students’
spatial reasoning was more influential in their mathematics performance for interactive
than static items; this is understandable given the novelty of the interactive items and
the spatial affordances of interactive tasks (Lowrie and Kay 2001; Tall 2000; Uttal and
Cohen 2012). It should be noted that the significant correlations in the secondary cohort
only resulted in common variance (r2) of between 4.8 and 10.9%. The practical
implications of the secondary findings suggest that while there is statistical
significance, the educational implications for this cohort may be marginal. The
correlations between mathematics and spatial scores were stronger in the primary
cohort, which may be reflective of the different instructional focus (Attard 2013). We
hypothesise that these patterns are a result of pedagogical approaches in primary school
that promote more visualisation strategies. Despite many more years of schooling, the
complexity of the secondary items was beyond the reach of many students. Therefore,
we are limited in our ability to draw conclusions about the relationship between
mathematics and spatial reasoning at a secondary level. Future studies may explore
whether secondary students’ mathematical development translates into more complex
spatial thinking.

Correlations across different mathematics content Despite medium-strong correlations
generally, the influence of spatial reasoning for different mathematics content varied
(see Table 7). The mathematics content presented in Table 7 reflects the static and
interactive version of each problem type.

For the explicit spatial items in primary school (i.e., cube net) and the significant
correlations in secondary school, the common variance is too low to imply educational
significance. The cube net item was completed with the most success in the primary
and secondary cohorts with equivalent correlation coefficients. Traditionally, cube net
tasks are highly spatial (Lowrie and Logan 2018) and require little in the way of
numerical processing; therefore, we would have expected higher correlations between

Table 6 Correlations between mathematics and spatial scores across grade levels

Year Mathematics total Static Interactive

Primary 0.56** 0.43** 0.57**

Secondary 0.33** 0.22** 0.29**

**p < 0.01
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these items and the spatial measures. Anecdotal reports from students, in both cohorts,
indicated that these items were not novel and interaction with the graphic (i.e., drag and
drop) did not add any further difficulty; therefore, the success in performing these tasks
may suggest that students did not need to rely solely on spatial processing but were able
to complete the task equally well using analytical or spatial strategies and hence the
moderate correlation with spatial scores (Lowrie and Kay 2001).

For one item categorised as implicitly spatial (measurement item), spatial reasoning
was significantly correlated with performance in both primary and secondary cohorts,
albeit with educational significance only in the primary cohort. In primary school, the
focus of the geometry-measurement strand tends towards geometry. Therefore, this
measurement-based mathematics item may have been particularly novel and hence
students relied on spatial processing (Lowrie and Kay 2001). However, we hypothesise
that the correlation may also be indicative of visual estimation, afforded by the digital
testing environment (Tall 2000) and the spatial representation of the vertical number
line in the task (Gunderson et al. 2012).

The items most difficult for both cohorts (as indicated by task performance) were the
rotation and line graph items. In the primary cohort, we posit that the novelty of the
items and the associated graphic conventions may have led to a greater reliance on
spatial processing to perform the tasks (Lowrie and Kay 2001; Uttal and Cohen 2012).
The absence of significant correlations in the secondary grades may be due to students
failing to rely on spatial skills despite their efficacy in supporting complex problem-
solving (Lowrie and Kay 2001). It is noteworthy that for the secondary rotation item,
the reflection step was not a function of the test interface, and therefore, the most
logical process would be to construct and manipulate a mental image (Lean and
Clements 1981). Anecdotal reports from students suggested that the difficulty calcu-
lating the degrees of rotation was often overwhelming, and therefore, the reflection step
may have been neglected. In this study, we were not able to gain thorough qualitative
data on students’ use of spatial or analytical processing, so our conclusions are largely
speculative. Future studies may look to more in-depth qualitative analysis to explore
strategy use.

Relationship between spatial constructs and mathematics problem-solving To address
our aim of exploring what types of spatial reasoning are influential for different
mathematics content, further correlational analysis was conducted to examine the types
of spatial processing that may have been influential for the separate mathematics items.
Results are presented in Table 8.

The pattern of correlations evident for the cube net task in primary school reflects the
task demands. This task was designed to encourage students to use their spatial

Table 7 Correlations between spatial reasoning and different content items

Grade Cube net Rotation Line graph Measurement

Primary 0.27** 0.36** 0.45** 0.42**

Secondary 0.27** 0.11 0.01 0.26**

**p < 0.01
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reasoning to recognise when the folded net could not match the referent cube in the
question. An upwards fold would have resulted in an upside-down triangle, thereby
requiring mental rotation skills to correctly orient the object and complete the task.

The variability in spatial orientation correlations for the line graph and measurement
tasks between primary and secondary cohorts may be indicative of the nature of the
spatial assessment for the respective cohorts. The spatial orientation items in the SRI
(Ramful et al. 2017) cover concepts of both perspective taking and spatial scaling (i.e.,
the ability to map spatial relationships on a different scale). The strong theoretical ties
between spatial scaling and magnitude measures (Gunderson et al. 2012; Mix and
Cheng 2012) such as those required for completion of the line graph and measurement
tasks may explain the correlations between performance on these tasks and spatial
orientation in primary school.

The consistent relationship between mathematics tasks and mental rotation scores in
the primary cohort is reflective of this spatial process as a common fold-back strategy
for younger children (Mix et al. 2016) and a possible reason for the focus of this skill in
spatial training studies (Cheng and Mix 2014).

Despite the similar relationships with spatial reasoning overall on the cube net task
in the secondary cohort, there was variability in the correlations at a construct level. The
spatial orientation measure in secondary school demanded students perform mental
transformations based on relationships within an array and then overlay this change in
perspective on the answer graphic. This process is similar to the spatial demands of the
secondary cube net task, which required a mental transformation as well as a change in
orientation or mental rotation of the answer graphic, hence the correlation in Table 8.
Likewise, the multi-step processes required for the secondary measurement task are
aligned to the demands of the spatial orientation measure. The ability to estimate on a
vertical number line (measurement task) requires a spatial awareness of magnitude
(Gunderson et al. 2012). However, the presence of statically significant correlations
does not guarantee educational significance due to the small common variance. These
correlation coefficients, while significant, suggest there are other factors at play that
should be explored further in future studies.

Table 8 Cohort specific correlations with spatial constructs

Cohort Cube net Rotation Line graph Measurement

Primary SV 0.37** 0.30** 0.42** 0.26**

MR 0.19* 0.35** 0.39** 0.40**

SO 0.13 0.25** 0.35** 0.39**

Secondary SV 0.17** 0.06 0.03 0.15

MR 0.20** 0.11 − 0.03 0.19*

SO 0.25** 0.07 0.01 0.28**

*p < 0.05

**p < 0.01

SV spatial visualisation, MR mental rotation, SO spatial orientation
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Conclusion

As digital testing becomes more prevalent in education, understanding the impact of
testing platforms on performance is vital for accurate interpretation of outcomes (Logan
2015; Threlfall et al. 2007). The results from this study highlight the impact of response
formats on student mathematics performance (aim 1a). In line with the theory that the
interactive testing environment would offer more scaffolding opportunities, specifical-
ly, the use of spatial reasoning (Tall 2000), correlations between performance and
spatial reasoning were higher for interactive tasks in both the primary and secondary
cohorts. However, the performance overall on interactive tasks was lower than static
tasks, reflective of some of the differences reported in previous work between paper-
and-pencil and digital testing (Logan 2015). These findings have implications for both
digital test design and interpretation.

The results of this study provide further evidence for the dynamic nature of spatial
skills in mathematical problem-solving. Our findings of stronger correlations for
implicitly spatial mathematics tasks in primary school and very low correlations in
secondary school, even for explicitly spatial items, reinforce the complex, situational
nature of the mathematical-spatial relationship. Mathematics content which at a surface
level may appear spatial (such as folding a net of a cube) does not guarantee a strong
correlation with spatial skills, particularly when the task is relatively simple and can be
solved analytically (aim 1b). Furthermore, different spatial skills can and may be
utilised at different time points and in different mathematical areas. Taken together,
these results suggest that although students were more likely to draw on spatial
processing when working through interactive tasks; they were not necessarily sufficient
to make performance comparable with multiple-choice tasks.

Spatial reasoning is a critical skill for mathematics throughout formal schooling and
in the pursuit of STEM careers (Newcombe 2017; Wai et al. 2009). The results
presented here provide some insight into the different spatial relationships for mathe-
matical problem-solving, expanding on the traditional studies of word problems,
arithmetic, or number line tasks. From the correlational results, we can infer about
processing in the different mathematical-spatial tasks (aim 2). Despite medium-strong
relationships between spatial and mathematics performance across all grade levels
generally, item analysis revealed the different affordances for spatial problem-solving
in various tasks. Future research could explore the impact of developing spatial skills to
support performance in interactive, digital testing environments. There is also scope to
provide clearer links to student mathematical-spatial processing through the use of task-
based interviews.
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