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Abstract Mathematics assessment and testing are increasingly situated within digital
environments with international tests moving to computer-based testing in the near
future. This paper reports on a secondary data analysis which explored the influence the
mode of assessment—computer-based (CBT) and pencil-and-paper based (PPT)—and
visuospatial ability had on students’ mathematics test performance. Data from 804
grade 6 Singaporean students were analysed using the knowledge discovery in data
design. The results revealed statistically significant differences between performance on
CBT and PPT test modes across content areas concerning whole number algebraic
patterns and data and chance. However, there were no performance differences for
content areas related to spatial arrangements geometric measurement or other number.
There were also statistically significant differences in performance between those
students who possess higher levels of visuospatial ability compared to those with lower
levels across all six content areas. Implications include careful consideration for the
comparability of CBTand PPT testing and the need for increased attention to the role of
visuospatial reasoning in student’s mathematics reasoning.

Keywords Secondary data analysis . Computer-based testing . Visuospatial ability .

Mathematics assessment

Introduction

This investigation is framed within two salient topics within mathematics education
assessment, namely the following: mode of assessment delivery and the influence of
visuospatial reasoning on student performance. Indeed, the influence of test mode effect
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on student performance has come to the fore again recently as The Organisation for
Economic Co-operation and Development (OECD) prepares to administer the
Programme for International Student Assessment (PISA) as a fully computer-based
test (CBT) for the first time, the long-term implications for which are relatively
unknown. Despite many individual states within the USA undertaking CBT for their
students, much of the research in this area has focused on test performance overall and
the students’ familiarity and competency within the computer environment.

For over two decades, attention has been afforded to student performance across
different modes of test delivery, that is, computer-based testing (CBT) and pencil-and-
paper testing (PPT) (Bugbee 1996; Clariana and Wallace 2002; DeAngelis 2000;
Hardré et al. 2007). With continued advances in technology, CBT has become the
preferred method of assessment, with inevitable comparisons made to the more tradi-
tional PPT (Wang et al. 2008). However, test developers have an obligation to show the
equivalence between these modes of delivery (Bugbee 1996). Many earlier studies
were concerned with this equivalence issue because of the ongoing desire to ensure the
validity of score interpretations over time (Bennett et al. 2008). In mathematics
education, this is especially desirable given the longitudinal international data produced
by studies such as PISA and the move into CBT.

In tandem, there is a worldwide push to increase the number of young people
engaging in science, technology, engineering and mathematics (STEM)-based subjects
and careers (Marginson et al. 2013). Advanced knowledge of and skill with
mathematics is commonly accepted as a prerequisite for most of these careers. Uttal
and Cohen (2012) found that visuospatial ability is a strong predictor of students who
will enter the STEM fields. Visuospatial reasoning—being able to understand spatial
relationships—is considered to be an important aspect of mathematics performance in
the sense that students with high visuospatial ability tend to do better on mathematics
test than those students with lower visuospatial ability (Kyttälä 2008). These findings
may be due to shared processes associated with the fact that mathematics tasks are
represented in various spatial formats (Cheng and Mix 2014). These visuospatial
demands are potentially different across content areas since assessment items have
varying degrees of spatial information presented within a given task—with geometry
and measurement content particularly reliant on spatially based representations.

This study was undertaken as a secondary data analysis and as such, the paper
considers both topics in parallel due to the nature of the data set utilised.

Mode of assessment delivery

Mathematics tests and other forms of comparative data are increasingly moving from
PPT to CBT (Wang et al. 2008). Reasons for this transition include the cost of
producing materials, the capacity to provide results almost instantaneously and the
flexibility for tailored test design. From a psychometric viewpoint, there is strong desire
to ensure that CBT formats are equivalent to that of the previous PPT formats. In order
to utilise longitudinal data sets, the transfer from PPT to CBT needs to be as seamless
as possible. Although it may be the case that items within a test could vary considerably
across mode, most testing agencies need to ensure that the entire instrument (a
collection of items) is comparable across modes (Wang et al 2008). Indeed, differences
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between one version of a test and another would suggest the possibility of different
constructs being assessed. MacDonald (2002) identified that these differences cannot
readily be determined through statistical methods alone. Noteworthy, when no differ-
ences are identified, there is an immediate assumption that the tests are equivalent.

A number of studies have concluded that there were minimal differences between
overall performance across PPT and CBT modes; however, differences were identified
at an item level. In their studies, Johnson and Green (2006) and Threfall, Homer and
Swinnerton (2007) identified a number of differences at an individual task level across
mode. These related to the type of question and how it was posed, the magnitude and
quantity of numbers in a task and the students’ ability and willingness to show working
out. Indeed, Threfall et al. (2007) identified that in some cases, the cognitive load of the
students increased when tasks were presented in CBT form. Sweller’s (1994) cognitive
load theory suggests that for some students, tasks are less cognitively demanding when
all the elements of that task can be addressed sequentially as opposed to concurrently.
The study suggested that even if this mode effect applies to only some students, it is still
of concern for those attempting to assess mathematics knowledge fairly. Threfall et al.
(2007) also concluded that particular types of questions within defined content areas
impacted differently on student performance according to the mode in which they were
presented. This is particularly problematic given the manner in which data are now
reported. Fine-grained analysis associated with performance on mathematics content
areas is provided in a majority of national and international tests. The present study
examines the notion of test equivalence within mathematics content strands across CBT
and PPT modes.

Visuospatial ability and mathematics

Within this paper, visuospatial ability is considered as the ability to visually perceive
objects and understand the spatial relationships among those objects in both two- and
three-dimensional space (Halpern and Collaer 2005; Tversky 2004). Elements of
mathematics are inherently visuospatial in nature (Skemp 1986), so it is unsurprising
that studies have found visuospatial ability to be a significant predictor of mathematics
ability (Battista 1990; Casey et al. 1997; Reuhkala 2001; Rohde and Thompson 2007;
Zhang et al. 2014) and strongly predicts students who will go into STEM fields as
adults (Uttal and Cohen 2012). There is an even stronger case developed for the link
between visuospatial ability and certain content areas within mathematics such as
geometry (Clements 2004; Clements and Battista 1992), with Pittalis and Christou
(2010) finding that three separate measures of spatial ability were influential in
predicting performance on various 3-dimensional (3D), geometry tasks. More specif-
ically, Kirby and Boulter (1999) found that for transformational geometry, Bin which
students learn to identify and illustrate movement of shapes in two and three
dimensions^ (p. 285), student’s posttest geometry score was significantly predicted
by their pretest spatial ability score, and stable individual differences were evident with
those students who were Bahead at the outset had made by far the greatest progress by
the end^ of the treatment (p. 291).

Other studies have considered how aspects of visuospatial ability connect with
various content areas and structural elements of representation within mathematics.
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Tolar, Lederberg and Fletcher (2009) found moderate links between 3D visuospatial
ability and algebra achievement in undergraduate college students. However, their
study considered algebra Bas symbol manipulation^ only (p. 260), and did not
consider other algebra topics such as pattern recognition, modelling and word-
problem solving. They also suggested that for this type of algebra, computational
fluency had a stronger influence on performance. Fuchs et al (2010) found that in
younger children (approximately 5 years old), visuospatial ability did not predict
procedural calculation or word-problem development. However, Lowrie and
Diezmann (2007) identified that visuospatial ability accounted for over 20 % of
the variance in performance across four categories of graphic mathematics tasks.
These categories of graphics tasks were not aligned to specific content areas;
however, all tasks required the decoding of graphic information which was essential
in order to solve the task. Hence, there is evidence that an individual’s visuospatial
ability is closely linked with their overall mathematics ability and in particular with
their geometry ability. What is less well known is whether visuospatial ability
relates to more specific content areas within mathematics for students in the middle
years of school. This is an important consideration as assessment frameworks are
often based on content areas and hence performance data may not be reflective of
content area knowledge, but different cognitive abilities.

This investigation utilised secondary data analysis techniques to analyse a pre-
existing data set. BSecondary analysis uses data for purposes other than that for which
they were originally collected^ (Devine 2003, p. 287). As such, the nature in which the
data were collected and recorded meant that multivariate approaches to data analysis
were not feasible and separate examinations of mode of test delivery and visuospatial
ability were deemed to be appropriate. Hence, the purpose of this paper was to identify
if the mode of delivery and the level of students’ visuospatial ability were influential in
mathematics assessment task performance across content areas.

Research questions and hypotheses

Given that the two areas of mode of assessment and visuospatial ability are investigated
in parallel, two research questions were developed:

& Does the mode of assessment (iPad vs pencil-and-paper) impact on student perfor-
mance on tasks from different mathematics content areas?

& To what extent does a student’s level of visuospatial ability influence their perfor-
mance on mathematics tasks from different content areas?

In light of the research literature on the two areas, the following two hypotheses
were generated:

& There will be no difference in performance on the iPad and pencil-and-paper modes
across the content areas.

& Those students with high visuospatial ability will perform better than the moderate
or low level students on the content areas usually associated with high spatial
demands, such as geometry and measurement.
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Methods and materials

Participants

The participants from the larger study were 807 grade 6 Singaporean students (aged
11–12 years) from 8 Singapore schools (six government and two government-aided).
There were 392 boys and 415 girls in this sample. For this secondary analysis, the
participants were a sub-sample of the larger cohort. For the Mathematics instrument, in
order to have a sample where an even number of students undertook the items in both
CBT and PPT, the number of cases analysed was reduced to 788. For the visuospatial
instrument, a sample of 804 complete cases was analysed. With regard to sampling,
students were randomly assigned to complete the mathematics instrument via CBT or
PPT. All students completed the visuospatial instrument on pencil-and-paper. It is not
clear from the original data set if the participants were familiar with the use of iPads or
not.

Design

A secondary data analysis was undertaken using the knowledge discovery in data
(KDD) design (Fayyad et al. 1996). The KDD design aims to extract useable knowl-
edge from a collection of data and can be seen as Bthe nontrivial process of identifying
valid, novel, potentially useful and ultimately understandable patterns in data^ (Fayyad
et al. 1996, pp. 40-41). While traditionally KDD stems from fields of research such as
artificial intelligence, machine learning and statistics, the process is interdisciplinary in
nature and is applicable in many research contexts. Within the field of education, KDD
has emerged as an interdisciplinary research area, with national data repositories (such
as the National Centre for Educational Statistics in the USA) providing opportunities to
work with data that was previously inaccessible. Indeed, data mining within education
has gained momentum since 2008 after the establishment of a dedicated research
conference and journal for educational data mining. Baker (2010) provides an overview
of this field and highlights possible techniques and uses.

The KDD process is both interactive and generative and involves a series of
sequential steps and corresponding decision making processes. Figure 1 illustrates the
KDD process. According to Fayyad et al. (1996), there are five steps in the KDD
process. (a) The Selection step involves selecting data from the larger database to create
a target data set. The target data set is based on the goals of the project and the relevant
prior knowledge of the data, i.e. focusing on a subset or a sample of data. (b)
Preprocessing involves reducing the target data set to the useful features which
represent the goals of the project, essentially cleaning and organising the data.
Preprocessing requires the researcher to look at the data in a manner which allows
them to make decisions about the exact nature of analysis. (c) Transformation of the
data requires data reduction procedures through identifying a suitable analysis tech-
nique based on the goals of the project and the type of data being utilised. Data can be
transformed through any analysis technique, with the aim to classify, cluster and
summarise the data. (d) Data mining is seen as searching for and Bdetermining patterns
from observed data^ (Fayyad et al. 1996, p. 43). This step can often involve a form of
visual representation of the extracted patterns. (e) The Interpretation/Evaluation step
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consists of interpreting any patterns and themes identified in the data mining step in
relation to the project goals and evaluating their usefulness and potential interest to
others. This paper followed these steps.

Selection of the data

Data for this secondary analysis was sourced from a larger research project, whose aim
was to investigate the processing strategies (visual or non-visual) students’ employed to
solve mathematics tasks presented in digital and non-digital forms. The data for this
larger project consisted of three sets of data, namely the following: (1) performance
results on a 24-item test—where the test items were sourced from both Singaporean and
Australian national tests and presented in both iPad and pencil-and-paper modes; (2)
students’ self-reported strategy use on those test items—where students were presented
with a processing instrument to indicate the types of strategies they used when solving the
test items; and (3) results from the cognitive test, the Paper Folding Test (Ekstrom et al.
1976)—completion of up to 20 items which provided a measure of students visuospatial
ability. The target data for this paper was the performance results on the 24-item test in
both iPad and pencil-and-paper form and the results from the Paper Folding Test.

Instruments

This study will focus on two of the instruments used in data collection: the 24-item
mathematics test and the Paper Folding test. The mathematics test was developed by
the Chief Investigator of the larger research project using national testing items from the
mathematics components of the Singaporean grade 6 Primary School Leaving
Examination (PSLE) and the Australian grades 5 and 7 National Assessment
Program: Literacy and Numeracy (NAPLAN). Students were scored as correct or
incorrect on these items with their results revealing that the minimum total score was
3 and the maximum score was 24.

For the Paper Folding instrument, students were required to visualise the folding
action of a square sheet of paper. A hole is then punched in one part of the fold and
students are to identify how the punched sheet would appear when fully reopened. An

Fig. 1 An overview of the KDD process (Adapted from Fayyad et al. 1996, p. 41)
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example of an item in this test is shown in Figure 2. The Paper Folding Test consisted
of a set of 20 items, with participants given6 min to answer the set. According to the
test protocol (Ekstrom et al. 1976), a correct item is given a score of 1 mark and the
total score is calculated as follows: number of items marked correctly minus a fraction
of the number marked incorrectly. Following from the scoring used by Mayer and
Massa (2003), the total score for these participants was calculated as the number correct
minus one-fifth the number incorrect in 6 min. The minimum score was −4, and the
maximum score was 20 for these participants.

Preprocessing and transformation of the data

These steps require the data to be organised for analysis. Since the 24 items from the
mathematics test were sourced from two separate national assessments and therefore
developed under different curriculums, the more universal 2011 Trends in International
Mathematics and Science Study (TIMSS) Mathematics Assessment Framework
(Mullis et al. 2009) was used to classify items into content domains. Also, as the items
were originally designed for grades 5, 6 and 7 students, the grade 8 TIMSS content
areas were utilised, as the grade 4 TIMSS framework would not cover the types of
content presented in the higher grades. The 24 items were independently classified
under the content domains by five mathematics education researchers, with an interrater
reliability analysis using the intraclass correlation (ICC) statistic (two-way mixed
ANOVA) performed to determine consistency among raters. The interrater reliability
for the researchers was found to be ICC=0.78 (p<0.0.001), 95 % confidence interval
(CI) (0.656, 0.885), which is deemed to be a substantial level of agreement on item
classification (Shrout and Fleiss 1979).

Data collation

For the paper folding test, the raw scores of the students were classified as low, high
and moderate (Kozhevnikov et al. 1999). This data was transformed as follows: (i) low,
bottom 25 % of the distribution; (ii) high, top 25 % of the distribution and (iii)
moderate, the middle 50 % of the distribution. The purpose for the classification was
to address the second research question and determine if a certain level of visuospatial
ability influenced performance on certain content areas.

For the mathematics test, the items were collated under the 2011 TIMSS content
domains and sub-domains (see Table 1). The items loaded heavily on the Number
domain, and in particular, the Whole Number sub-domain. In order to have a more even
spread of items across the content areas, items were collated into new categories based
on the TIMSS sub-domains. For the Number domain, items assessing Whole Number
remained in this category, while items under the Fractions and Decimals and Ratio,

Fig. 2 Paper Folding Test (Reproduced with license and permission of Educational Testing Service, New
Jersey, USA)

The influence of test mode and visuospatial ability 429



Proportion, and Percent sub-domains were collated under the new category Other
Number. Within the Geometry domain, items assessing Geometric Measurement
remained in this category and the items assessing Geometric Shape and Location and
Movement were collated into a new category classified as Spatial Arrangements.
Although there were only two items in the Spatial Arrangement category, it was classified
on its own since the Geometric Measurement items all required a unit of measurement to
be used while the Spatial Arrangement items related to the spatial relationships among
objects, such as orientation and transformations. Within the Algebra domain, the two sub-
domains of Algebraic Expressions and Equations/Formulas and Functions were not
represented by any of the items present in the 24-item test and so only Algebra Patterns
was used as a category (this was unsurprising given the grade levels the original items
were aimed at). The Data and Chance category was collated given the small number of
items present in all three sub-domains. Table 1 provides the content domains and sub-
domains within the grade 8 TIMSS framework, the number of items which were classified
under each domain, and the new categories created for this analysis. An example item
from each of the six new categories is provided in Table 2. The creation of these new
categories was based on the content of the items themselves in order to create a set of data
that would be suitable for analysis for the purposes of this paper.

Data mining and interpretation/evaluation

These two steps consist of applying data analysis techniques and interpreting the
results. Scores for these variables were generated by using percentages correct as
means due to there being an unequal number of items in each category.

Since there were an unequal number of items contained in each content area
variable, homogeneity of variance statistics were run in order to identify whether
parametric tests could be performed. The results revealed that for the first independent
variable of mode (iPad vs pencil-and-paper), the Levene’s test for equality was

Table 1 2011 grade 8 TIMSS mathematics assessment framework content domains and new variables

Content Domain Sub-domain No. of items New variables (n=No. of items)

Number Whole Number 6 Whole Number (n=6)

Fractions and Decimals 2 Other Number (n=5)

Integers 0

Ratio, Proportion, and Percent 3

Algebra Patterns 4 Algebra Patterns (n=4)

Algebraic Expressions 0 N/A

Equations/Formulas and Functions 0

Geometry Geometric Measurement 5 Geometric Measurement (n=5)

Geometric Shapes 1

Location and Movement 1 Spatial Arrangements (n=2)

Data and Chance Data Organisation and Representation 1 Data and Chance (n=2)

Data Interpretation 0

Chance 1
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significant for three of the six content variables, and for the second independent
variable of visuospatial ability (low, moderate or high), the Levene’s test was

Table 2 Example items from the six content areas used in this study

Category Example of performance test item
Whole Number The chairs in a hall were arranged in rows.  Each row had the same number of  

chairs.  Weiming sat on one of the chairs.  There were 5 chairs to his right and 5 
chairs to his left.  There were 7 rows of chairs in front of him and 7 rows of 
chairs behind him.  How many chairs were there in the hall?
© 2009 Singapore Examinations and Assessment Board

Other Number Ben has 2 identical pizzas. He cuts one pizza equally into 4 large slices.
He then cuts the other pizza equally into 8 small slices.
A large slice weighs 32 grams more than a small slice.
What is the mass of one whole pizza?
© 2010 Australian Curriculum, Assessment and Reporting Authority

Algebra Patterns Lucy made 4 tree designs using sticks. There is a pattern in the way the trees 
grow.

Lucy continues the pattern in the same way.
How many sticks will Tree 5 have?
© 2010 Australian Curriculum, Assessment and Reporting Authority

Geometry What is the length of the sticker as shown in the figure below?
Measurement

© 2009 Singapore Examinations and Assessment Board

Spatial 
Arrangements

Ron paints these letters on a piece of paper.

While the paint is still wet, he folds the paper along the dotted line.
When Ron unfolds the paper, what will it look like?

© 2010 Australian Curriculum, Assessment and Reporting Authority

Data and Chance A tank was filled with 48ℓ of water at 07 00.  Water flowed out the tank from 
07 00 to 11 00.  The line graph shows the amount of water in the tank from 07 
00 to 11 00.

During which one-hour period was the decrease in the volume of water the 
greatest?
© 2009 Singapore Examinations and Assessment Board
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significant for all six content variables. As such, homogeneity of variance cannot be
assumed and non-parametric tests must be undertaken (Field 2013).

In order to answer the research questions, two non-parametric tests were conducted.
Firstly, to determine if the mode of presentation was influential on performance, the
Mann-Whitney U test was undertaken (n=788). The six dependent variables were
percentage correct scores for each of the content areas identified in Table 1, namely the
following: Whole Number, Other Number, Algebra Patterns, Geometric Measurement,
Spatial Arrangements, and Data and Chance. The mode was classified as whether the
tasks were completed on the iPad or in pencil-and-paper form. Secondly, to determine if
visuospatial ability was influential on performance, a Kruskal-Wallis H test was
conducted (N=804) on the six content area dependent variables with visuospatial
ability as the independent variable. The visuospatial ability variable was low, moderate
or high ability. Interpretation and evaluation will be considered as the discussion
section.

Data mining results

The purpose of the study was to identify if the mode of presentation and the level of
students’ visuospatial ability were influential in mathematics task performance across
content areas.

Mode: iPad vs pencil-and-paper

The Mann-Whitney U test revealed that there were significant differences in perfor-
mance across the mode of presentation for three of the six content areas: Whole
Number, Algebra Patterns, and Data and Chance.

Performance on Whole Number content area differed significantly between those
who answered on pencil-and-paper (mean rank=430.5) and those who answered on
iPad (mean rank=358.5), U=91793, z=4.55, p=0.000, E.S=0.16. Similarly, perfor-
mance on the Algebra Patterns content area differed significantly with those who
answered on pencil-and-paper (mean rank=426.0) outperforming those who answered
on iPad (mean rank=363.0), U=90,045, z=4.04, p=0.000, E.S=0.14. The same
pattern emerged for the Data and Chance content area with those answering on
pencil-and-paper (mean rank=418.4) performing significantly better than the
iPad cohort (mean rank=370.6), U=87,019, z=3.82, p=0.000, E.S=0.14.
Although the effect sizes were relatively small, the overarching result indicated
that when students answered tasks from these three content areas on paper, they
outperformed those who answered them on iPad. Figure 3 helps to illustrate the
trend of those answering on pencil-and-paper performing better than those
answering on iPad.

Visuospatial ability

To determine if level of visuospatial ability was influential in performance, a Kruskal-
Wallis H test was undertaken and revealed that there were significant differences in
performance across the all six content areas for level of visuospatial ability:
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Whole Number, H(2)=42.56, p=0.000; Other Number, H(2)=33.27, p=0.000;
Algebra Patterns, H(2)=71.73, p=0.000; Geometric Measurement, H(2)=54.12,
p=0.000; Spatial Arrangements, H(2)=87.47, p=0.000; and Data and Chance,
H(2)=37.24, p=0.000. Table 3 provides the subsequent pairwise comparisons
for each content area.

Across the six content areas, those students with high visuospatial ability
outperformed those students with moderate and low ability, and in turn, those with
moderate ability outperformed those with low ability. The largest effect sizes can be
found across the low–high ability ranges, although they represent only small to
moderate differences. Figure 4 highlights the percentage correct differences between
the high level students, the moderate level students and the low level students across
each content area.

Table 3 Pairwise comparisons for visuospatial ability level indicating mean rank difference, adjusted p values
and effect sizes for the six content areas

Pairwise
comparison

Whole
Number

Other
Number

Algebra
Patterns

Geometric
Measurement

Spatial
Arrangements

Data and
Chance

Low–moderate –58.25 –51.99 –73.27 –65.88 –89.48 –67.71

p=0.009 p=0.020 p=0.000* p=0.002* p=0.000* p=0.000*

E.S=–0.10 E.S=–0.09 E.S=–0.13 E.S=–0.12 E.S=–0.17 E.S=–0.15

Low–high –145.40 –126.18 –186.10 –161.47 –200.93 –106.22

p=0.000* p=0.000* p=0.000* p=0.000* p=0.000* p=0.000*

E.S=–0.23 E.S=–0.20 E.S=–0.29 E.S=–0.26 E.S=–0.33 E.S=–0.21

Moderate–high –87.15 –74.19 –112.83 –95.59 –111.44 –38.51

p=0.000* p=0.000* p=0.000* p=0.000* p=0.000* p=0.037

E.S=–0.16 E.S=–0.14 E.S=–0.21 E.S=–0.17 E.S=–0.21 E.S=–0.09

* p levels significant using Bonferroni adjustment where p≤0.008

Fig. 3 Performance difference on the iPad and pencil and paper across the six content areas
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Interpretation and evaluation

The results of this secondary analysis were somewhat surprising given the initial
hypotheses. The first hypothesis predicted that there would be no difference in perfor-
mance across the two modes given the recent research conducted on the topic.
However, the statistical analysis revealed that for three content areas, Whole Number,
Algebra Patterns and Data and Chance, those students who answered on pencil-and-
paper outperformed their counterparts who answered on the iPad. Based on the data
alone, it is difficult to provide any clear reasons for why such differences would occur.
Threfall et al. (2007) found similar results in their study, where overall test performance
across the two modes of delivery was relatively stable, but individual item differences
in favour of either PPT or CBT were found. In order to interpret their results, they
discussed the characteristics of these items and why such characteristics may have
influenced performance. For this paper, a similar type of interpretation was undertaken,
where the characteristics of the three content areas may provide suggestions for why
there were performance advantages in favour of PPT.

In order to understand the characteristics of the three content areas, the definitions
from TIMSS assessment framework were considered. The first content area was Whole
Number, for which, the TIMSS framework (Mullis et al. 2009, p. 31) suggested that
students should be able to Bsolve problems by computing, estimating, or approximating
with whole numbers^. Four of the six items in this category asked students to complete
multi-step problems with whole numbers. These multi-step problems required students
to select and apply appropriate strategies for the four operations and coordinate multiple
pieces of information. For example, in The Chairs task (Fig. 5), students must monitor
not only the chairs and rows and which operations to use, but also remember to include
Weiming’s chair and row in the calculation. Another example is The Flowers task
(Fig. 6), where students need to coordinate the information in the first part (7 flowers in
each of 8 vases, with 3 left over) with the requirements of the second part (9 in each
vase). The affordance of being able to show working out in the PPT allowed students to
coordinate multiple pieces of information, perform calculations and monitor their
thinking.

Fig. 4 Percentage correct differences for the low, moderate and high visuospatial ability levels across the
content areas
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For the Algebra Patterns category, students should be able to Bextend well-defined
numeric, algebraic, and geometric patterns or sequences using numbers, words, sym-
bols, or diagrams^ (Mullis et al. 2009, p. 33). For two of the four items, algebraic
knowledge and strategies would have been advantageous. Both The Trees task (Fig. 7)
and The Paper Dolls task (Fig. 8) required students to identify the increasing pattern,
where an algebraic rule could be formulated if you had the knowledge or another form
of representation could be developed. For the remaining two items, the patterning
required either multiplication or addition operations. It is certainly the case that the
Singaporean students’, whose data was utilised in this study, would be trained in
specific heuristics techniques such as drawing the model method (Ng and Lee 2009)
to answer such questions and would require the use of pencil-and-paper working out.
Again, the affordance of using PPT where students could systematically provide step-
by-step representations of their notations could contribute to the performance
differences.

For the final content category, Data and chance, the two items represented one from
the Data Organisation and Representation sub-domain, The Tank task (Fig. 9) and one
from the Chance sub-domain, The Spinner task (Fig. 10). For Data Organisation and
Representation, Mullis et al. (2009, p. 37) suggested that students Bread scales and data
from tables, pictographs, bar graphs, pie charts, and line graphs^. For Chance, they
suggested students should be able to Bjudge the chance of an outcome as certain, more
likely, equally likely, less likely, or impossible^ (Mullis et al. 2009, p. 38). Unlike the
previous categories, the two items within this category do not share many content
features. One common element is the use of a graphic within the task, where the
graphic must be decoded in order to answer the problem. However, there is little
evidence to suggest that this was a contributing factor to the performance difference.

The chairs in a hall were arranged in rows.  Each

row had the same number of  chairs.  Weiming 

sat on one of the chairs.  There were 5 chairs to 

his right and 5 chairs to his left.  There were 7 

rows of chairs in front of him and 7 rows of 

chairs behind him.  How many chairs were there 

in the hall?

© 2009 Singapore Examinations and Assessment 

Board

Fig. 5 The Chairs task

Ben puts 7 flowers in each of 8 vases.  He has 3

flowers left over. 

Ben wants to put 9 flowers in each vase. How 

many more flowers does he need?

© 2010 Australian Curriculum, Assessment and 

Reporting Authority

Fig. 6 The Flowers task
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Although the interpretation of the differences in test mode is somewhat speculative,
there is evidence from the items themselves to suggest that assessment questions which
require systematic working out and the coordination of multiple pieces of information
maybe placing extraneous cognitive load on students when answered in a computer-
based environment. The increased cognitive load of students’ performing such tasks
mentally when answering on the iPad could be a contributing factor for the higher
performance in PPT.

The second hypothesis predicted that students with high visuospatial ability would
perform better on content areas usually associated with spatial structures, such as
geometry and measurement. This was indeed the case; however, the differences were
also found across all content areas. There was also a consistent trend where the students
with high visuospatial ability outperformed those with moderate visuospatial ability,
who in turn, outperformed those students with low visuospatial ability, for all six
content areas. This finding highlights the challenges faced by students who struggle
with visuospatial activities. Hence, there is a requirement to undertake further research
in order to better understand the notion that visuospatial training may improve math-
ematics performance.

The lower scores across the board for the two tasks associated with Spatial arrange-
ment were unanticipated. It could be argued that the measure of visuospatial ability (see
Fig. 2) was directly related to the types of tasks in this content area (for example
Fig. 11), as the mental action of folding and unfolding was required for both. However,
even those students who were classified as having high visuospatial ability did not
perform as well as on this content area as the other content areas. It could be the case

Lucy made 4 tree designs using sticks.

There is a pattern in the way the trees grow.

Lucy continues the pattern in the same way.

How many sticks will Tree 5 have?

Fig. 7 The Trees task

Lili spent 4 days making paper dolls for her 

friends. Each day she managed to make 2 paper

dolls more than the day before. She made a total

of 24 paper dolls. 

How many paper dolls did she make on the last 

day?

© 2009 Singapore Examinations and Assessment 

Board

Fig. 8 The paper dolls task

436 T. Logan



that the measure of visuospatial ability was actually measuring a different cognitive
ability or the fact that the two tasks in the Spatial Arrangement content

Knowledge discovery

In drawing interpretations from this study, it is should be noted that the participants’
mathematics knowledge could be considered advanced. Most international studies have
consistently found that Singaporean students are among the highest performing in the
world and that only a very small proportion of this country’s students do not reach
international benchmarks (Mullis et al. 2012). As a consequence, such studies would
anticipate findings with less cohort variance than would be the case in other countries.
Nevertheless, this study highlighted differences in students’ understanding of particular
mathematics content (a) across test mode and (b) in relation to their level of visuospatial
ability.

A tank was filled with 48ℓ of water at 07 00.  

Water flowed out the tank from

07 00 to 11 00. The line graph shows the

amount of water in the tank from 07 00 to

11 00.

During which one-hour period was the decrease

in the volume of water the

greatest?

During which one-hour period was the decrease

in the volume of water the

greatest?

Fig. 9 The tank task

The spinner is used in a board game.

Sanjay spins the arrow.

On which number is the arrow most likely to

stop?

© 2010 Australian Curriculum, Assessment and 

Reporting Authority

Fig. 10 The spinner task
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Differences across test mode were especially evident when high levels of self-
monitoring and systematic planning were required. Students’ mean scores were higher
when the mathematics tasks were presented in PPT form. The three content categories
that produced statistically significant differences across test mode included Whole
Number, Algebra patterns and Data and Chance. Within the Whole number and
Algebra patterns content areas, it was necessary for the participants to represent
information in a relatively structured and sequential manner and the solution ap-
proaches often required the recording and monitoring of information. If these solutions
were performed mentally, the problem solver was required to perform mentally de-
manding operations, which in line with Sweller’s (1994) theory, increased the cognitive
load of the student. The difference in the Data and Chance content area across test
mode was hard to interpret within the confines of this study. Hence, there are oppor-
tunities for further research to discover the types of processing strategies that students’
utilise when answering assessment questions in both CBT and PPT and whether the
CBT tests are fairly testing the assigned knowledge and skills.

With respect to the participants’ visuospatial ability, the three content areas that
revealed the largest effect sizes between participants’ who were categorised as high and
low visuospatial ability were Spatial arrangements, Algebra patterns and Geometric
measurement. It was unsurprising to find differences between the Spatial arrangement
and Geometric measurement areas given the formulation of hypothesis two. There
were, however, surprising differences across other content areas that are not necessarily
considered spatial in nature. In particular, the larger effect size on the Algebra pattern
area was unexpected; however, the nature of these tasks required less formal algebra
and more pre-algebraic thinking. In some primary school mathematics curriculums,
formal symbolisation is not required but rather students are able to recognise and
analyse patterns and develop generalisations regarding those patterns. These processes
and skills require higher levels of visuospatial thinking than analytic or symbolic
thinking. Consequently, those students with higher levels of visuospatial thinking
would be better equipped to perform these tasks.

Implications

Two implications arise from the study. Firstly, with the demand for international and
national assessments to be administered in CBT form, longitudinal analysis of student
performance will need to be carefully considered if attempting to compare results of
CBT to PPT, if in fact, it is undertaken at all. Despite research attempting to prove test

Ron paints these letters on a piece of paper.

While the paint is still wet, he folds the paper along the dotted line.

When Ron unfolds the paper, what will it look like?

© 2010 Australian Curriculum, Assessment and Reporting Authority

Fig. 11 An example of a task in the Spatial Arrangement content area
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equivalency, for certain content areas, differences were evident and may not provide an
adequate comparison between the two modes. Given this study was undertaken within
a high performing nation, international assessments such as PISAwill need to research
and investigate more fully the effect of presenting certain items within CBT mode and
the long-term impact this may have on accurate measurements of students’ mathemat-
ics knowledge.

Secondly, there needs to be increased attention devoted to improving students’
visuospatial reasoning ability in the Singaporean primary classrooms, since it is evident
that across all content areas, those students with higher levels perform better. With more
and more information being presented visually and spatially, often within digital
environments, such reasoning ability is especially critical. Such findings could be
influential in recommending students with high visuospatial ability undertake STEM
related subjects or move into the STEM related fields. Given that Singapore’s main
resource are its people, being strategic about how best to utilise that resource would be
advantageous. Further research needs to be undertaken in different cultural settings to
better understand if the results highlighted here are universal.

Limitations of the study

There were two limitation associated with this study. The first concerns the uneven
number of items in each content area category. It is acknowledged that the classification
of items into content areas produced unequal number of tasks, and that for two of the
content areas, there was limited variance. The second limitation is associated with the
notion that research involving secondary data analysis is likely to include some
methodological limitations due to the fact that the design and data structure are
predetermined by others.
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