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This study compares Singaporean Grade 6 students’ performance and strategy preference
on two graphic-rich mathematics tasks, presented via pencil-and-paper and iPad modes.
There were statistically significant differences between students’ performances on the two
tasks, one in favour of the paper mode and the other in favour of the iPad. Students who
possessed higher spatial ability were more likely to solve the tasks correctly. The
implications of the study are timely given the fact that high-stakes tests are likely to be
presented in a digital form in coming years.

The recent announcement that the 2016 National Assessment Program — Literacy and
Numeracy (NAPLAN) will be implemented in a digital online environment, raises
questions about accessibility for all students as well as test-design features. It calls for
renewed interest in the debate about whether students perform differently on pencil-and-
paper and computer-based tests. Given the fact that international assessment jurisdictions
are moving toward different modes of representing mathematical information
(Organisation for Economic Co-operation and Development [OECD], 2013), it is
important to pose questions about how students process information on pencil-and-paper
and digital modes.

Visuospatial reasoning, that is, thinking with visual and spatial elements concurrently,
is critical for success when students encounter graphic-rich mathematics tasks as
highlighted by recent research (Lowrie & Diezmann, 2007; Lowrie & Logan, 2007). This
form of reasoning involves the use of “internal [encoding] or external [decoding] visual or
spatial representations from visual imagery to diagrammatic reasoning” (Shah & Miyake,
2005, p. xi). In order to decode a graphic, an individual must contend with multiple sources
of information which may include text, keys or legends, axes, and labels (Kosslyn, 2006),
as well as perceptual elements of retinal variables (e.g., depth of shading and pattern)
(Bertin, 1967/1983). In order to encode a graphic, an individual typically draws pictures,
diagrams or represents and manipulates images mentally. This study investigates how
students process graphic tasks with spatial demands on pencil-and-paper and iPad.

Literature Review

Research investigating the difference between pencil-and-paper and computer-based
tests (i.e., test mode effect) has been somewhat inconsistent in their findings. Although
some studies reported differences in students’ performance (Bennett et al., 2008;
McDonald, 2002), a comprehensive meta-analysis involving 44 independent experiments
revealed no test mode effect (Wang, Jiao, Young, Brooks, & Olson, 2007). The meta-
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analysis criteria was based on psychometric measures that examined change in terms of
total mean scores, time taken to complete tests and students’ familiarity in using
computers. In a similar vein, a study by Threlfall, Pool, Homer and Swinnerton (2007)
investigated the different strategies students utilised when test items were translated from
pencil-and-paper to a computer-based mode. They found that there were minimal
differences on overall test performance between the two modes. However, for some items,
students’ performance differed significantly between the two modes. Following Threlfall
et al.’s (2007, p. 346) suggestion to analyse test items “on a question by question basis”,
this paper considers two assessment items which focussed on students’ processing of
spatial concepts as described in the Method section. Besides the test mode effect, the
display of information may also influence the ways in which students decode information.
For instance, Hegarty, Canham and Fabrikant (2010) demonstrated that salience (i.e., the
noticeable element in the display of information) has a large effect on performance in the
interpretation of graphic tasks. In fact, they argued that the display design interacts with
knowledge to influence the comprehension of visual displays.

Another important element in this study is spatial visualization which is defined as “the
ability to mentally manipulate, rotate, or twist, or invert a pictorially presented stimulus
object” (McGee, 1979, p.893). In spatial visualization, we use imagery to reason about an
object when it is transformed. In simple terms, a mental image is “a mental representation
of a mathematical concept or property containing information based on pictorial, graphical
or diagrammatic elements” (Gutiérrez, 1996, p.5).

Research Questions

The current research report focuses on two items (Symmetry and Street map tasks, see
Appendix) from the Mathematics Processing Instrument (MPI) designed and developed by
Lowrie and colleagues (Lowrie, 2013). The relatively low students’ performance on these
two graphic items motivated the present study. Specifically, these two items involve
considerable spatial demands, i.e., requiring the manipulation of objects, their positions
and orientations in the mind’s eye. This study addresses the following research questions:

1. Is there a relationship between spatial visualization ability and performance on
graphic tasks with spatial demands?

2. How does the performance of students compare when solving graphic tasks with
spatial demands on iPad versus pencil-and-paper?

3. Is there a difference in strategy use on the iPad and pencil-and-paper format of the
two items?

Method
Participants

807 Grade 6 students (aged 11-12) from 8 Singapore schools (six government and two
government-aided) took part in the study. There were 392 boys and 415 girls in the sample.

Instrument 1: Mathematics Processing Instrument (MPI)

As highlighted earlier, this study focused on two graphic items from the MPI (see
Appendix), namely the Symmetry task (Part A, Item 9) and the Street Map task (Part B,
Item 23). In its complete form, the MPI comprised 24 mathematics tasks (graphic and
nongraphic), with corresponding processing instrument questions that allowed students to
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identify the problem-solving strategies they employed to solve the respective tasks. The
MPI consists of two parts: Part A (Items 1-12) and Part B (Items 13-24).

The MPI was administered in Singapore schools in March-April 2013.Three staff from
the research team attended schools during the normal curriculum class time. Students in
each school were randomly divided into two groups. They were given 2 hours to complete
the MPI. During the first hour, half the class answered one part of the MPI on iPad while
the second cohort completed the tasks in a pencil-and-paper mode. Students working on
the iPad were given working-out-paper for any calculations or representations. After a
short break, the students answered the second part of the MPI for the next hour - via the
other representational mode. Consequently, each student completed 12 items on the iPad
and 12 items in the pencil-and-paper mode. The two items investigated for further study
(Items 9 and 23) were among the items the students had most difficulty in solving.

Instrument 2: Paper Folding Test - Measurement of spatial visualization ability

We measured the spatial visualization ability of the students from the widely-used
Paper Folding Test (Ekstrom, French, & Harman, 1976). In this instrument, students are
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 example of an item in this test is shown in Figure 1. The Paper
Folding Test consists of 20 items. A correct item is given a score of 1 mark. The total score
is calculated as follows: Number of items marked correctly minus one-fifth the number
marked incorrectly. The minimum score is -4 and the maximum score is 20. The Paper
Folding Test was administered on a different day from the MPI. Figure 1 gives a sample
item from the test.

! H 1 o ° o

Figure 1. Paper Folding Test'

Results
Descriptive Analysis

A correct item was scored as “1” and an incorrect one as “0”. The mean and standard
deviation for the Symmetry task and the Street map task were M = .57 (SD =.496) and M =
A7 (SD =.499), respectively. A test of proportions was used to determine if there were
significant differences in performance. Girls (M =.60, SD =.49) did significantly better
than boys (M =.53 , SD =.50) on the Symmetry task, y* (1) = 4.18, p < .05. On the other
hand, on the Street map task, boys (M =.52 , SD =.50) did significantly better than girls (M
=42 ,SD =49),y* (1)=8.44,p < 01.

" The Paper Folding test is reproduced with license and permission of Educational Testing Service, New
Jersey, USA.
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Research Question 1: Is there a relationship between spatial visualization ability
and performance on graphic tasks with spatial demands?

The mean and standard deviation on the Paper Folding Test were 9.98 and 4.17
respectively. The Kolmogorov-Smirnov test (D(804) = .06, p = 0.00) suggested that the
distribution of marks on the Paper Folding Test was significantly non-normal, as could be
observed from the box-and-whisker plot.

We categorized the performance of the students on the Paper Folding Test as low, high
and average (Kozhevnikov, Hegarty & Mayer, 1999) as follows: (i) Low: bottom 25% of
the distribution, (ii) High: top 25% of the distribution and, (iii) Medium: the middle 50%
of the distribution. The intent of the categorization was to determine if there was a
difference in spatial visualization ability (as measured by the Paper Folding Test) and
performance on the two spatial visualization items. Figure 2 illustrates that students with
different spatial visualization ability (i.e., Low, Medium and High) performed differently
on the Symmetry and Street map tasks.

We also computed the correlation between the Paper Folding Test scores and the scores
on the two items. Since the performance on the Symmetry and Street map tasks were
graded dichotomously as either O (incorrect) and 1(correct) and performance on the Paper
Folding Test involved continuous scores, biseral correlation coefficients (Field, 2009) were
computed. The performance on the Paper Folding Test was significantly correlated to that
of the Symmetry task (1;, = .36,p < .01) and Street map task r;, = .31, p < .01). Further,
the performance on the Symmetry task was significantly related to that of Street Map Task,
(r; = .166 (Spearman’s correlation coefficient), p = .000).
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Figure 2. Plot of confidence interval for the two tasks for Low, Medium and High ability groups

Research Question 2: How does the performance of students compare when solving
graphic tasks with spatial demands on iPad versus pencil-and-paper?

There were significant differences in proportion of successes between iPad and pencil-
and-paper test modes for both tasks. For the Symmetry task, the performance on iPad (M =
.61 and SE = 49) was higher than that on pencil-and-paper (M = .53 and SE = .50), ¢* (1) =
5.22, p < .05. For the Street Map task, the performance on pencil-and-paper (M = .53 and
SD = .50) was higher than that on iPad (M = .40 and SD = 49), X2 (1)=15.23,p< .01.
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We equally explored whether students with different levels of spatial visualization
ability, as measured by the Paper Folding Test, performed differently on iPad and pencil-
and-paper on the two items. There were no significant differences in performance between
the iPad and pencil-and-paper media for the Symmetry task within each of the three levels
of spatial visualization ability (Table 1). However, for the Street map task, differences
were significant for students with low and medium spatial visualization ability (Table 2).

Table 1
Performance on iPad and pencil-and-paper on the Symmetry Task

Spatial Number of % correcton % correcton %~ (1) p-value
visualization students iPad pencil-and-

ability paper

Low 202 412 30.7 2.27 0.13
Medium 407 60.1 54.5 0.97 0.33
High 194 82.0 70.3 3.07 0.08
Table 2

Performance on iPad and pencil-and-paper on the Street Map Task

Spatial Number of % correct on % correcton (1) p-value
visualization  students iPad pencil-and-

ability paper

Low 200 25.7 40.2 5.51 0.02
Medium 402 36.6 50.0 8.04 0.05
High 193 593 69.0 1.91 0.17

Research Question 3: Is there a difference in strategy use on the iPad and pencil-
and-paper format of the two items?

By asking students to describe their solution strategies, the MPI aimed at capturing the
ways in which the iPad and pencil-and-paper test mode prompted students to use particular
strategies on the two spatial items. In the Symmetry task, students were given three
options, denoted S1, S2 and S3 (see Appendix). In the Street map task, students were given
five options S1-S5. Table 3 shows the distribution of the strategies used and the percentage
success for each strategy.

The most common strategy for the Symmetry task on both iPad and pencil-and-paper
was S2: “I visualized/imagined folding the paper along the dotted line.” However, there
was more success on 1Pad than on pencil-and-paper in using strategy S2. We wonder if
students were prompted to visualize by the iPad. For the Street map task, S3 (I
visualized/imagined where the compass indicating the North direction will be on the
graphic) was the most common strategy on iPad whereas on pencil-and-paper it was S1 (I
solved the task by drawing a compass indicating the North direction on the graphic).
Almost two thirds of students from the pencil-and-paper mode, who chose S1, correctly
solved the task. By contrast only 43% of students who employed this strategy on the iPad
produced a correct response. This shows that the medium in which a mathematical
assessment (involving a spatial task) takes place may have an impact on the strategy used
by students, and indeed their likelihood of success.
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Table 3
Strategies used and percentage success

S1 S2 S3 S4 S5

% % % % % % % % % %
chose correc chose correc chose correc chose correc chose correc

n t n t n t n t n t
Sym 272 70.5 694 559 34 78.7 - - - -
iPad
Sym 16.7 69.7 78.5 48.7 4.8 36.8 -- - -- -
Paper

Map 289 430 124 510 332 290 182 500 73 10.3
iPad

Map 427 636 112 413 286 356 95 66.7 80 21.2
Paper

Discussion and Conclusion

It is widely acknowledged that spatial ability is a predictor of performance in
mathematics (Wai, Lubinski, & Benbow, 2009), especially in situations where students are
required to decode graphic information (Lowrie & Logan, 2007). For the two tasks in the
study, students with high spatial visualization ability performed at a much higher level than
those who possessed medium or low spatial visualization ability. We investigated how the
test mode (i.e., iPad versus pencil-and-paper) influenced students’ performance and
strategies in solving the two graphic tasks with spatial demand. The results of the study
reveal significant differences in performance across the two test modes. There were
equally differences in strategy use across the two graphic items on iPad and pencil-and-
paper.

For the Symmetry task, there were performance differences in favour of those students
who used iPads. We hypothesise that the iPad encouraged students to mentally reflect the
given object (RZ) in their mind’s eye. Those students who completed this task in a pencil-
and-paper mode were also more likely to use this approach, but surprisingly with less
success. Given that the students could not physically fold the object across the line of
symmetry on iPad (as they could have done on paper), we speculate that the digital mode
prompted them to mentally reflect the given object (RZ).

By contrast, those students who completed the Street Map task in a pencil-and-paper
form scored higher than those students who solved it on iPad. This task required students
to superimpose and rotate a visual compass from its prototypical North position on the
given graphic. The iPad students used a variety of strategies to solve the task, with the
highest proportion using imagery to evoke a mental representation of a compass indicating
the North direction. The pencil-and-paper mode tended to encourage students to draw a
compass on the diagram. Such an encoding strategy produced a high proportion of correct
responses. Despite having working-out-paper, iPad users were less likely to draw, and
success rates were lower when they chose this strategy (i.e., S1).

The results of the study indicate three educational implications. Firstly, the test mode
(i.e., pencil-and-paper versus iPad) appears to be influential in students’ mathematics
performance on graphic tasks with spatial demands. We also observed that strategy
selection varied across the two test modes. Given that NAPLAN will be online, and in a
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digital form by 2016, it may be problematic to compare digital-based performance to
earlier paper-based NAPLAN results. It may be the case that a change in test mode means
we are measuring different skills. Secondly, visuospatial reasoning skills will need to be
taught more explicitly - and from an Australian perspective - in a new national curriculum
that does not draw explicit attention to any such skills or abilities. This suggestion is
motivated by the differences in strategy use that were observed in the students’ responses
to the two spatial tasks. Thirdly, students were less likely to draw diagrams to monitor their
thinking on iPads.

As digital forms of representation become commonplace, it is important to ascertain
that students continue to use and value critical encoding skills (e.g., drawing diagrams) that
support monitoring and sequential processing in problem solving. It is acknowledged that
the current study used only two items to investigate students’ strategies in relation to
graphic tasks with spatial demands on pencil-and-paper and iPad. Further, only one
measure of spatial visualization ability was used in the study. The findings, however, are
illuminating, especially at a time where not much is known about students’ performance on
the two test modes. This is particularly the case with investigation of graphic-rich tasks
which are becoming more prevalent in numeracy tests (Lowrie & Diezmann, 2009). Future
research could look at the ways in which students solve mathematical tasks on iPad in
terms of variables such as spatial ability, task types and gender.
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Appendix

Symmetry Task Street Map Task

Ron paints these letters on a piece of paper. A car is travelling north-east along Don Road. The
car is about to turn right into Plum Road.

In which direction will the car be travelling after it
turns right?

RZ

Don Rd

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

Plum Rd

RZ 2
© Australian Curriculum, Assessment and Reporting Authority
RZ RZ 2010
@® @ .
S1: I solved the task by drawing a compass
A 5 indicating the North direction on the graphic.
% m
RZ RZ 3

® (C)) i
© Australian Curriculum, Assessment and Reporting Authority

2010 g

S1: 1 folded the paper along the dotted line.
S2: 1 solved the task by turning the page so that the
S2: 1 visualized/imagined folding the paper along the | North direction is vertical to the edge of my table.
dotted line.
S3: I visualized/imagined where the compass

S3: 1 did not use any of the above methods — I indicating the North direction will be on the graphic.)
attempted the task in this way.
S4: 1 knew that a right hand turn is 90°, therefore 90°
from north-east is South-East.

S5: 1 did not use any of the above methods — I
attempted the task in this way.
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