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Introduction 
The digital age has profoundly transformed the way we live. Digital technology has 
influenced the way we read and write (O’Callaghan, 2014). It has also changed the way 
teachers teach in classrooms and how students’ learning is assessed. While continuing 
efforts are being made to better understand how digital media influence mathematics 
teaching and learning, much less is known about students’ representations of word 
problems in digital environments. We address this gap by looking into the differences in 
students’ strategies and representations when solving word problems on iPad and on 
pencil-and-paper test modes. We also investigate gender differences in terms of 
strategies used on both media. The contribution of this study resides in the quantitative 
and qualitative descriptions of the strategies and representations used by students in the 
solution of word problems on iPad.  
 
Literature review 
This section reviews the literature on representations and test mode that constitute the 
two central ideas of the study. 
 
Representations 
The solution to a word problem often involves making a representation of the inherent 
context to enable the conceptualization of the situation or to develop an insight. 
Representations, internal or external, are thus crucial in the conceptualization of 
problem situations. Typically, a representation refers to the characterization of a concept 
in the form of overt features such as a picture, symbol, a concrete embodiment or a 
covert element such as a mental image. Goldin and Shteingold (2001) define a 
representation as “a sign or a configuration of signs, characters, or objects” (p. 3). 
Previous research has highlighted the type, use, function and limitations of 
representations from pre-primary to higher-level mathematics (Cuoco & Curcio, 2001).  
 
 Researchers have used a Mathematical Processing Instrument (MPI) (Hegarty & 
Kozhenikov, 1999; Lowrie, 2013) to quantify the type of representations used during 
problem solving. Hegarty and Kozhenikov (1999) found that the type of representations 
students use (e.g., schematic versus pictorial) influences success in problem solving. 
The use of schematic representations (i.e., representing the spatial relationships between 
objects in a problem situation) were found to be positively related to success in 
mathematical problem solving, while the use of pictorial representations (i.e., vivid and 
detailed images of objects in a problem situation) was found to be negatively correlated 
to success in mathematical problem solving. Lowrie’s (2013) MPI was used to 
investigate students’ representations in this study. 
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Test mode effect 
Test mode effect refers to whether the medium of the test (i.e., either pencil-and-paper 
or computer) influences performance. The same items are presented in the two media 
and in the same order. Research investigating test mode effect has been somewhat 
inconsistent in its findings. A research study on elementary students by Olsen, Maynes, 
Slawson, and Ho (1986) “showed no significant difference between paper-administered 
tests and computer-administered tests” (p. 22). Hence they concluded that tests 
administered in the pencil-and-paper format and those in computer-based format are 
parallel and consequently measure the same thing. A study by Threlfall, Pool, Homer 
and Swinnerton (2007) that investigated the different strategies students utilised when 
test items were translated from pencil-and-paper mode to a computer-based mode found 
minimal differences in overall test performance between the two modes. However, for 
some items, students’ performance differed significantly between the two modes. By 
contrast, McDonald (2002) and Bennett, Braswell, Oranje, Sandene, Kaplan and Yan 
(2008) reported differences in performance of students in pencil-and-paper and 
computer-based test modes.  
 
Analytical framework of the study 
We adapted Boonen, van Wesel, Jolles and van der Schoot’s (2014) classification of 
representations to analyse the data collected in the study. Boonen et. al (2014) suggested 
four categories of representations:  

1. avs (accurate visual-schematic representation) 
2. ivs (inaccurate visual-schematic representation) 
3. ap (accurate pictorial representation) 
4. nr (no visual representation) 

 
 We explain each category through the word problems chosen in the study (see Table 
1). Boonen et al. (2014) made a distinction between two types of visual-schematic 
representations: accurate visual-schematic representations and inaccurate visual-
schematic representations. Accurate visual-schematic representations “contain a 
coherent image of the problem situation hidden in the word problem, including the 
relations between the solution-relevant elements” (p. 16). Figure 1(a) shows an example 
of an accurate visual-schematic representation to the Machine Problem. Inaccurate 
visual-schematic representations, on the other hand, include relations between the 
solution-relevant elements that are “incorrectly drawn or partly missing” (p. 16). Figure 
1(b) shows an example of an inaccurate visual-schematic representation to the Chairs 
Problem. This representation is inaccurate because the number of chairs in front and 
behind Weiming (the protagonist in the problem) is incorrect. 
 
 An accurate pictorial representation contains a picture image of the word problem, 
including the relations between the solution-relevant elements. Figure 1(c) shows an 
example of an accurate pictorial representation of the Seedlings Problem. The difference 
between a visual-schematic representation and a pictorial representation is that a 
pictorial representation consists of a picture(s) of the object(s) in the problem situation, 
whereas in a visual-schematic representation, the objects in the problem situation are 
represented by tally marks, circles, squares, dots and so forth. Boonen et al.’s (2014) 
fourth category includes no visual representations. Figure 1(d) shows an example of the 
“no visual representation” category in the solution of the Dice Problem. 
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Table 1. The five word problems  
Chairs 
Problem 

 
Seedlings 
Problem 

 
Machine 
Problem 

 
Dice 
Problem 

 
Pizza 
Problem 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Categories of representations 
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Research questions 
We ask the following research questions:  

1. Is there an association between strategies used by students and test modes in 
solving word problems? 

2. Are there differences in the strategies used by boys and girls when solving word 
problems on iPad and on pencil-and-paper? 

3. Do students’ representations differ when solving word problems on iPad and on 
pencil-and-paper? 

 
Method 
Participants 
Eight hundred seven (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. The data from the full sample was used to answer Research 
Questions 1 and 2. We took a sample of 84 students (45 boys and 39 girls) from one of 
the 8 participating schools (School A) to investigate Research Question 3. 
 
Instrument: Mathematics Processing Instrument (MPI) 
This study focused on five word problems from the MPI, designed by Lowrie and 
colleagues (see Lowrie, 2013). Due to space limitations, we present only one detailed 
item (the Chairs Problem) in the Appendix. In its complete form, the MPI consists of 24 
mathematics tasks (12 graphic and 12 non-graphic), with corresponding processing 
instrument questions that allowed students to describe the problem-solving strategies 
they employed to solve the respective tasks. This paper is based on 5 of the 12 non-
graphic items where there were significant associations between strategies used and test 
mode. 
 
 Students in each school were randomly divided into two groups, solving half the 
questions in one mode and the other half in the alternate mode over a two-hour period. 
School A was chosen as all the students’ working-out papers were available when they 
solved the problems using the iPad. 
 
Results and discussion 
For two items (Machine Problem and Dice Problem), there were statistically significant 
differences in student performance by mode, in favor of the pencil-and-paper mode (see 
Table 2). 
 
Table 2. Performance on the 5 word problems by test mode 

Item iPad pencil-and-
paper 

χ2 (1) p-value 

Chairs Problem 81.2% 79.4% 0.402 0.293 
Seedlings Problem 81.0% 80.2% 0.097 0.412 
Machine Problem 54.7% 66.8% 11.965 0.000 
Dice Problem 61.1% 71.5% 9.040 0.002 
Pizza Problem 79.2% 80.3% 0.135 0.390 
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We now answer the three research questions. 
 
Research question 1: Is there an association between strategies used by students and 
test modes in solving word problems? 
There were significant associations between the strategies used by the students and the 
test modes. Tables 3 – 7 show the distribution of strategies used by the students on iPad 
and pencil-and-paper for the respective word problems. 
 
The Chairs Problem  
More students opted for computations on pencil-and-paper than on iPad. Additionally, 
more students visualized/imagined the arrangement of the chairs in their head on the 
iPad than on pencil-and-paper. The result of the chi-square test showed that there was a 
significant statistical dependence between strategy used and test mode: χ2 (3) = 15.208, 
p < .01. 
 
 
Table 3. Distribution of strategies used in the Chairs Problem 

Strategy iPad (%) pencil-and-paper (%) 
S1: Computation 
(without diagram) 

40.3 47.8 

S2: Drew a diagram 37.4 37.2 
S3: Visualized in head 19.2 10.1 
S4: Other 3.2 4.8 

 
The Seedlings Problem  
For the Seedlings problem, the most common strategy was to draw a diagram, 
independent of the test mode. There was a significant association between the strategy 
that the students used and the test mode: χ2 (2) = 10.713, p < .01.  
 
Table 4. Distribution of strategies used in the Seedlings Problem 

Strategy iPad (%) pencil-and-paper (%) 
S1: Computation (without 
diagram) 

44.4 41.0 

S2: Drew a diagram 53.2 51.6 
S3: Other 2.4 7.3 

 
The Machine Problem 
The most common strategy was S2 (Computation, without diagram). More students 
opted for computations on pencil-and-paper than on iPad. The chi-square test showed a 
significant association between test mode and strategy used: χ2 (3) = 10.201, p < .05. 
We note that a noticeable percentage of students chose the “Other” strategy. The 
students’ working-out paper showed that they used a qualitatively different approach 
from the three choices given in the MPI. 
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Table 5. Distribution of strategies used in the Machine Problem 
Strategy iPad (%) pencil-and-paper (%) 

S1: Drew a diagram 
 

35.9 29.6 

S2: Computation (without 
diagram) 

42.5 48.3 

S3: Drew a table 4.8 1.9 
S4: Other 16.7 20.1 

 
The Dice Problem 
There was a significant relationship between strategy used and test mode: χ2 (3) = 9.146, 
p < .05. The most common strategy was to use computations without a diagram (S2). 
Students were more likely to do computations on pencil-and-paper rather than on iPad. 
From the students’ working-out paper, the “Other” strategy included a qualitatively 
different approach from the three choices given in the MPI. 
 
Table 6. Distribution of strategies used in the Dice Problem 

Strategy iPad (%) pencil-and-paper (%) 
S1: Drew a table  9.9 6.8 
S2: Computation (without 
diagram) 

51.4 59.0 

S3: Drew a diagram 18.2 19.9 
S4: Other 20.5 14.3 

 
The Pizza Problem 
The majority of students used strategy S2 (computation, without diagram) for both iPad 
and paper-and-pencil. However, relatively more students chose to do computations 
(without diagram) on iPad than on pencil-and-paper. The chi-square test showed that 
there was a significant association between strategy used and test mode: χ2 (2) = 16.128, 
p < .01. 
 
Table 7. Distribution of strategies used in the Pizza Problem 

Strategy iPad (%) pencil-and-paper (%) 
S1: Drew a diagram  39.0 38.5 
S2: Computation (without 
diagram) 

54.1 46.1 

S3: Other 6.8 15.4 
 
Research question 2: Are there differences in the strategies used by boys and girls in the 
solution of word problems on iPad and on pencil-and-paper? 
There were significant differences in performance for two of the five word problems, 
namely, the Chairs Problem and the Machine Problem, as shown in Table 8 below. This 
motivated us to compare the strategies used by boys and girls. 
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Table 8. Performance difference by question and gender 
Item Boys (%) Girls (%) χ2 (1) p-value 

Chairs problem 76.4 84.1 7.439 0.004 
Seedlings problem 78.5 82.6 2.209 0.081 
Machine problem 57.7 63.8 2.988 0.049 

Dice problem 68.2 64.8 0.993 0.179 
Pizza problem 78.6 80.8 0.587 0.249 

 
There were differences in strategies used by boys and girls in the Chairs Problem and 
Machine Problem on the two test modes. From Tables 9 and 10, it can be seen that girls 
tend to use more diagrams on both iPad and pencil-and-paper modes. We acknowledge 
that this observation is based only on two problems. However it is a noteworthy 
observation. 
 
Table 9. Choice of strategy used by gender for the Chairs Problem 

 S1 
Computation 

(without 
diagram) 

S2 
Drew a diagram 

S3 
Visualized in 

head 

S4 
Other 

 Boys Girls Boys Girls Boys Girls Boys Girls 
iPad 39.6% 41.1% 32.4% 43.2% 23.4% 14.2% 4.5% 1.6% 
pencil-
and-
paper 

49.4% 46.7% 33.5% 40.0% 10.6% 9.8% 6.5% 3.6% 

 
Table 10. Choice of strategy used by gender for the Machine Problem 

 S1  
Drew a diagram 

S2  
Computation 

(without 
diagram) 

S3  
Drew a table 

S4  
Other 

 Boys Girls Boys Girls Boys Girls Boys Girls 
iPad 35.3% 36.4% 48.2% 38.2% 5.3% 4.4% 11.2% 20.9% 
pencil-
and-
paper 

27.9% 31.6% 50.0% 46.3% 3.2% 0.5% 18.1% 21.6% 

 
Research question 3: Do students’ representations differ when solving word problems 
on iPad and on pencil-and-paper? 
The MPI gauges the broad strategies used by students. To further comparatively 
investigate the quality of representations (in terms of avs, ivs, ap and nr as described 
earlier) on iPad and pencil-and-paper test modes, we analyzed the responses from one of 
the participating schools (School A) in the study. The written responses of the 84 
students in School A were scrutinized to identify the type of representations that they 
used to solve the word problems. 
 
 A first observation from Table 11 is that very few students used pictorial 
representation for the word problems. Most of the students either used a visual-
schematic representation or did not use any written representation. In most cases, the 
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visual-schematic representations were accurate for School A. Those who did not make 
any representations on paper may have probably visualized the problem situation in 
their mind. For the Chairs Problem, majority of students used the visual-schematic 
representation on both pencil-and-paper and iPad. For the Seedlings Problem and Pizza 
Problem, more students tend to use visual-schematic representations on pencil-and-
paper while they used less written representations on iPad. The opposite tendency was 
observed for those who chose not to use any visual representation. For the Machine 
Problem and Dice Problem, the test mode did not have much influence on the type of 
representations used by students in School A. For both of these problems, most of the 
students chose not to make any visual representations. The absence of visual 
representations may explain why performance was lowest for these two items as 
highlighted earlier (refer to Table 2). It was surprising to observe that although students 
did not use visual representations for these two items on both pencil-and-paper and 
iPad, there were performance differences across test modes. The above observations led 
us to infer that the type of representations used depends on both the nature of the word 
problem and the test mode. 
 
Table 11. Types of representations by test mode 

Problem Test Mode Type of representations 
  Visual-

Schematic 
Pictorial No visual 

representation 
  avs ivs ap Nr 

pencil-and-
paper 

35 3 0 4 Chairs problem 

iPad 34 0 0 8 
pencil-and-

paper 
25 0 0 17 Seedlings 

problem 
iPad 14 0 1 25 

pencil-and-
paper 

9 0 0 33 Machine 
problem 

iPad 4 0 0 37 
pencil-and-

paper 
5 0 3 34 Dice problem 

iPad 6 1 0 31 
pencil-and-

paper 
24 0 0 18 Pizza problem 

iPad 17 0 0 25 
Note: The sum along the rows do not always tally to 42, i.e., half of the participating 
sample as at times a few students did not know how to solve the problem. 
 
Conclusion 
Three conclusions are drawn from the data. Firstly, students’ choice of strategies was 
influenced by test mode, given the significant association between the strategies 
employed and the test modes. Secondly, the type of representations was influenced by 
the nature of the word problem and the test mode. It also appears that girls tend to draw 
more visual representations for word problems than boys on both test modes. Thirdly, 
the most difficult tasks were solved more successfully in the pencil-and-paper mode. 
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 Given that test mode influenced the strategies used by students, it may be the case 
that students interact differently when mathematical problems are posed in digital 
format as compared to pencil-and-paper. As the learning environment becomes 
increasingly digital, it is important for curriculum designers and teachers to give explicit 
attention to the ways in which students interact with mathematical problems posed 
digitally. 
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Appendix 
An example of MPI (The Chairs Problem)  
 

 


