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A B S T R A C T

This study examined the role of visual representation type, spatial ability, and reading

comprehension in word problem solving in 128 sixth-grade students by using primarily an

item-level approach rather than a test-level approach. We revealed that compared to

students who did not make a visual representation, those who produced an accurate

visual-schematic representation increased the chance of solving a word problem correctly

almost six times. Inaccurate visual-schematic and pictorial representations, on the other

hand, decreased students’ chance of problem solving success. Noteworthy, reading

comprehension was related to word problem solving at the test-level but not at the item-

level. In interpreting the results, we advocate the use of item-level analyses since they are

able to disclose such level-of-analysis discrepancies.

� 2014 Published by Elsevier Ltd.
1. Introduction

Mathematical word problem solving has received a lot of attention in the scientific literature (e.g., Boonen, Van der
Schoot, Van Wesel, De Vries, & Jolles, 2013; Cummins, Kintsch, Reusser, & Weimer, 1988; Hegarty & Kozhevnikov, 1999;
Pape, 2003). Theoretical models converge on the idea that word problem solving is mainly composed of two phases: (1) the
problem representation phase, which involves the identification and representation of the problem situation which is
‘‘hidden’’ in the word problem text, and (2) the problem solution phase, which includes the planning and execution of the
required mathematical computations (e.g., Hegarty, Mayer, & Monk, 1995; Krawec, 2010; Lewis & Mayer, 1987; for an
overview of the most significant theories on word problem solving, see Kintsch, 1998; Kintsch & Greeno, 1985). These
models have led to the conclusion that students often struggle with solving word problems even when they perform
competently on the computations required to solve these problems (Cummins et al., 1988; Lewis & Mayer, 1987;
Schumacher & Fuchs, 2012). One of the problem solving skills children have been found to have difficulties with is the ability
to generate an adequate visual representation of a word problem (Hegarty & Kozhevnikov, 1999; Van Garderen, 2006).
However, we believe that the test-level-based approach which was used in quite a lot of the previous studies has some
drawbacks. Therefore, the present study took a new, item-level, approach to gain a more complete understanding of the role
of (different types of) visual representations in word problem solving.
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In previous studies, a positive relationship between visual representation type and word problem solving performance
has been established by calculating correlations between the total amount of (specific) visual representations produced and
the total amount of correctly solved word problems (e.g., Blatto-Vallee, Kelly, Gaustad, Porter, & Fonzi, 2007; Guoliang, 2003;
Hegarty & Kozhevnikov, 1999; Krawec, 2010, 2012; Van Garderen, 2006; Van Garderen & Montague, 2003). However,
calculating the correlation between two sum scores is an example of a test-level approach entailing limitations to be
considered in this study. In particular, for three reasons, this correlation does not necessarily demonstrate that a certain type
of visual representation has actually resulted in the correct answer to the word problem for which the visual representation
was made. First, we have to consider that the established correlation between the total amount of (specific) visual
representations and the total amount of correctly solved word problems might be explained by an underlying latent factor,
such as a general measure of intelligence or cognitive ability (Boonen et al., 2013; Keith, Reynolds, Patel, & Ridley, 2008).
Second, the relation might be explained by a mediating variable, for instance the capability of students to derive the correct
mathematical operations from the visual representation and to determine the order in which these operations should be
executed (i.e., the solution planning phase; see Mayer, 1985; Krawec, 2010). Finally, we have to acknowledge the possibility
that a certain type of visual representation was made, but not used for answering the corresponding word problem. Ignoring
this latter point may lead to an error of reasoning known as the ecological fallacy, where a researcher makes an inference
about an individual based on aggregated data for a group (Lichtman, 1974; Robinson, 2009). For the purpose of the current
study, it is important to recognize that a similar mistake is made when conclusions are drawn about performance on a
specific item of a test (i.e., at the ‘‘individual’’ level) based on statistical analyses on the sum score of that test (i.e., at the
‘‘group’’ level). These considerations limit the conclusions we can draw with respect to the established relationship between
visual representations and word problem solving performance.

Hence, we can conclude that the way in which the relation between (type of) visual representation and word problem
solving performance was investigated in past research does not provide a decisive answer to the question if, and to what
extent, visual representation type affects the chance of producing a correct solution to the word problem for which the
representation was made. Taking the abovementioned considerations into account, we opted to investigate the importance
of different types of visual representation for word problem solving success of students at the item-level rather than at the
test-level. To achieve this, a change in statistical modeling was necessary. Previous studies used the sum scores at the test-
level (i.e., the total amount of correctly answered word problems and the total amount of visual representations produced),
which are continuous in nature and suitable for a linear regression model. However, in our study we used the scores on the
item-level. These scores are categorical in nature and suitable for a logistic regression model, viz., for each item the answer is
either correct or incorrect (dichotomous). Likewise, each visual representation which is evoked can be classified in one class
of a set of categories (see below). Hence, our change in approach from the test-level to the item-level also meant that we
opted for a logistic regression model instead of a linear regression model.

The item-level approach thus gave us the opportunity to examine if, and to what extent, the production of a visual
representation affected the chance of successfully solving the word problem for which the visual representation was made
(henceforth referred to as the chance of problem solving success). However, the chance of solving a word problem successfully
is thought to be largely dependent on the type of visual representation that is produced (Hegarty & Kozhevnikov, 1999). In
the present study three different types of visual representation were distinguished: pictorial representations, inaccurate
visual-schematic representations, and accurate visual-schematic representations.

Generally, the production of pictorial representations involves the construction of vivid and detailed images (Hegarty &
Kozhevnikov, 1999; Van Garderen, 2006). We expected to find that pictorial representations negatively affect the chance of
problem solving success, as these representations merely concern images that encode the visual appearance of objects and
persons described, and thus are irrelevant for the actual solution process (Hegarty & Kozhevnikov, 1999; Mayer, 1998; Van
Garderen, 2006; Van Garderen & Montague, 2003. In line with the ‘‘seductive details’’ effect (Sanchez & Wiley, 2006), we
hypothesized that forming a pictorial representation would divert the problem solvers’ attention away from constructing a
coherent (mental) model of the word problem, including the appropriate relations between the key variables. Visual-
schematic representations, on other hand, do contain a coherent image of the problem situation hidden in the word problem,
including the relations between the solution-relevant elements (Edens & Potter, 2008; Hegarty & Kozhevnikov, 1999;
Kozhevnikov, Hegarty, & Mayer, 2002; Van Garderen & Montague, 2003). In contrast to the previously mentioned literature,
however, in our study we made a distinction between two different types of visual-schematic representations. We
hypothesized that only accurate visual-schematic representations would increase the chance of problem solving success, as
in this visual representation type problem solvers infer the correct relations between the solution-relevant elements from
the text base of the word problem and integrate them into a coherent visualization of the problem situation (Krawec, 2010).
In inaccurate visual-schematic representations, these relations are also included but, in contrast to accurate visual-schematic
representations, they are either incorrectly drawn or partly missing. It follows that this may put problem solvers on the
wrong track in solving the problem (Krawec, 2010). Therefore, we expected to find that inaccurate visual-schematic
representations would actually decrease the chance of problem solving success. An example of each visual representation
type is given in Table 1.

At this point, it is important to recognize that both the accurate and inaccurate visual-schematic representation category
represent a mixture of internal visualization (mental imagery) and external visualization (gestures, drawing) efforts.
Although these different approaches seem to share a common processing mechanism (Leutner, Leopold, & Sumfleth, 2009;
Schnotz & Kürschner, 2008), there may also be differences. For example, mental imagery requires participants to keep



Table 1

Examples of the different types of visual representations.

[Word problem example]

At each of the two ends of a straight path, a man planted a tree and then every 5 m along the path he planted another tree. The length of the path is 15 m.

How many trees were planted?

Pictorial representation Inaccurate visual-schematic representation Accurate visual-schematic representation

[TD$INLINE]

[TD$INLINE]

[TD$INLINE]
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information active in working memory, while creating an external representation may ‘‘offload’’ cognitive processing
(Leutner et al., 2009; Schnotz & Kürschner, 2008). Also, drawing pictures on paper while comprehending the (structure of
the) word problem might help less successful problem solvers in the process of building effective problem representations
(Bryant & Tversky, 1999; Leutner et al., 2009). In particular, drawing construction is thought to facilitate the metacognitive
monitoring processes involved in comprehending (word problem) text (e.g., Van Meter, 2001; Van Meter & Garner, 2005). In
this study, we therefore examined whether the supposed differences between internal and external visual representations
affected the chance of problem solving success.

In addition to the type (accurate visual-schematic vs. inaccurate visual-schematic vs. pictorial) and locus (internal vs.
external) of visual representations, we also looked at basic cognitive abilities underlying word problem solving success.
Previous research, using a test-level approach, has shown that particularly two basic cognitive abilities are related to
students’ word problem solving performance: (1) spatial ability, covering the visual–spatial processing domain (Boonen
et al., 2013; Hegarty & Kozhevnikov, 1999; Van Garderen, 2006); and (2) reading comprehension, covering the semantic–
linguistic processing domain (Bernardo, 1999; Van der Schoot, Bakker Arkema, Horsley, & Van Lieshout, 2009; Vilenius-
Tuohimaa, Aunola, & Nurmi, 2008). Based on the increasingly accepted idea that word problem solving taps into both
domains (Boonen et al., 2013; Krawec, 2010, 2012), we aimed to replicate the findings of prior studies regarding the
importance of spatial ability and reading comprehension by using analyses at the item-level rather than at the test-level. In
doing so, we were able to overcome the aforementioned limitations regarding test-level analyses and prevent ourselves from
falling for the ecological fallacy. As a consequence, we could contribute to a more complete understanding of the importance
of both these abilities.

2. Method

2.1. Sample

One hundred twenty-eight Dutch sixth-grade students (64 boys, Mage = 11.73 years, SDage = 0.43 years and 64 girls,
Mage = 11.72 years, SDage = 0.39 years) from eight elementary schools across the Netherlands took part in this study. The
students were selected on the basis of their performance on the CITO Mathematics test (2008) so as to obtain a
representative and balanced sample of low, average, and high math performers. The CITO Mathematics test is a nationwide
standardized test (developed by the Institute for Educational Measurement) used to monitor students’ general math ability
during their elementary school career. Parents provided written informed consent based on printed information about the
purpose of the study.

2.2. Instruments and measurement procedure

Below, we describe the measures we used to assess word problem solving performance, the production of different visual
representation types, spatial ability, and reading comprehension.

2.2.1. Word problem solving performance

Word problem solving performance was examined with the Mathematical Processing Instrument (MPI; Hegarty &
Kozhevnikov, 1999; Van Garderen & Montague, 2003, see Appendix A) which was translated into Dutch (Boonen et al., 2013).
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The internal consistency (Cronbach’s alpha) of this instrument, which consists of 14 non-routine word problems, was
reported as high (.78) in a sample of American participants (Hegarty & Kozhevnikov, 1999). The Cronbach’s alpha in this
study was .72. The word problems were printed on cards and presented in four different orders. All problems were read out
loud to the students to control for differences in decoding skill. To exclude the possibility that the execution of the required
arithmetic operations would be a determining factor in students’ word problem solving, the operations were easy and could
be solved by every student. Furthermore, students were required to solve each word problem within three minutes and
during this time the experimenter did not speak to the student. To be sure that students had enough time to solve the word
problems, a pilot study was conducted with five sixth-grade students. The results of the pilot study showed that every
student was able to solve each of the 14 items of the MPI within the three minutes provided (see Boonen et al., 2013).

2.2.2. Representation type

After solving each word problem on the MPI, a short interview was held about the nature of the visual representation
which was evoked. The exact procedure of this interview was adapted from the study of Hegarty and Kozhevnikov (1999);
see Appendix B for the interview-format. For each item, a score was derived reflecting: (1) the type of the visual
representation which was made, and (2) whether the representation was external (i.e., a gesture or drawing with paper and
pencil) or internal (i.e., mental). The category ‘‘no visual representation’’ was assigned when the student did not use any
visual representation to solve the word problem. When the student made a visual representation, three categories were
distinguished: accurate visual-schematic representations, inaccurate visual-schematic representations, or pictorial
representations. These visual representation types are clarified for the following word problem:
[(Fig._2)TD$FIG]
‘‘A balloon first rose 200 meters from the ground, then moved 100 meters to the east, then dropped 100 meters. It then

traveled 50 meters to the east, and finally dropped straight to the ground. How far was the balloon from its original starting

point?’’
A visual representation was coded as accurate visual-schematic if students drew an image or diagram, used gestures, or
reported a mental image, thereby specifying/including the correct relations between the solution-relevant elements in a
problem. Fig. 1 shows an example of an accurate visual-schematic representation.

A visual representation was coded as inaccurate visual-schematic if relations were included in the representation, but one
or more relations were missing or incorrectly specified (for clarity’s sake: the terms ‘‘accurate’’ and ‘‘inaccurate’’ thus do not
refer to whether the answer is correct or incorrect but rather to whether or not the child inferred the correct relations
between the solution-relevant elements from the word problem text). Fig. 2 shows an example of an inaccurate visual-
schematic representation.[(Fig._1)TD$FIG]
Fig. 1. An example of an accurate visual-schematic representation.

Fig. 2. An example of an inaccurate visual-schematic representation.



[(Fig._3)TD$FIG]

Fig. 3. An example of a pictorial representation.
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A visual representation was coded as pictorial if a student reported or drew an image of the objects and/or person(s)
referred to in the problem. Thereby, the relevant criterion was that he or she focused solely on the external appearance of the
objects and/or persons, without paying attention to the structure of the problem situation described in the text. Fig. 3 shows
an example of a pictorial representation.

Students made a total of 625 visual representations. All visual representations were coded by three independent coders.
In the first coding session 32 representations were randomly selected and coded into the three categories by all coders. The
inter-rater reliability of these 32 coded representations was high (Cohen’s Kappa (k) = .88; Tabachnick & Fidell, 2006).
Because the results of this coding session were satisfactory, the remaining visual representations were coded by all coders in
the same way.

2.2.3. Spatial ability

The Paper Folding task (retrieved from The Kit of Factor-Referenced Cognitive Tests; Ekstrom, French, Harman, & Derman,
1976) and the Picture Rotation task (based on Quaiser-Pohl, 2003) are standardized tasks used to measure spatial
visualization (see Boonen et al., 2013).

In the Paper Folding task, students were asked to imagine the folding and unfolding of pieces of paper. Each problem of the
test consisted of several figures drawn left and right of a vertical line. All figures represent a squared piece of paper on which
one or two small circles were drawn to show where the paper had been punched. The figures on the left side represented
folded pieces of paper. In the last figure on this side holes were punched throughout the thicknesses of the paper. On the right
side of the vertical line five figures showing where the holes will be located when the paper was completely unfolded were
presented. Students had to decide which one of these figures was correct with reference to the folded piece of paper on the
left side. Fig. 4 shows one of the 20 test items of the Paper Folding task. This task took 6 min and had a sufficient internal
consistency coefficient in the present study (Cronbach’s alpha = .70).

In the Picture Rotation task students were asked to rotate a non-manipulated picture of an animal presented at the left
side of a vertical line. The three pictures at the right side of the vertical line showed rotated and/or mirrored images of that
same animal. Two of these pictures were both rotated and mirrored and one was only rotated. Students had to decide which
of the three pictures was only rotated. Fig. 5 shows one of the 30 test items of the Picture Rotation task. This task took 1.5 min
and its internal consistency coefficient in this study was high (Cronbach’s alpha = .93).

To obtain a general measure of spatial ability, the raw scores on each of the spatial ability tasks were rescaled into a z-
score. Subsequently, these z-scores were aggregated into an average z-score (M = .00, SD = .84).

2.2.4. Reading comprehension

The (Grade 6 version of the) nationally normed standardized Reading Comprehension test of the Dutch National Institute
for Educational Measurement (CITO, 2010) was used to assess children’s reading comprehension level. This test is part of the



[(Fig._4)TD$FIG]

Fig. 4. The Paper Folding task (Ekstrom, French, Harman, & Derman, 1976).

[(Fig._5)TD$FIG]

Fig. 5. The Picture Rotation task (based on Quaiser-Pohl, 2003).
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standard Dutch CITO pupil monitoring system and is designed to determine general reading comprehension level in
elementary school children. This test consists of two modules, each involving a text and 25 multiple choice questions. The
questions pertained to the word, sentence, or text level and tapped both the text base and situational representation that the
reader constructed from the text (Kintsch, 1998). On this test, children’s reading comprehension level is expressed by a
proficiency score. These proficiency scores (M = 42.06, SD = 14.06, range = 15.00–95.00) made it possible to compare the
results of the reading comprehension test with other versions of this test from other years. The internal consistency of this
test was high with a Cronbach’s alpha of .89 (Weekers, Groenen, Kleintjes, & Feenstra, 2011).

2.3. Analyses

To replicate the findings of previous studies (e.g., Hegarty & Kozhevnikov, 1999; Van Garderen, 2006; Van Garderen &
Montague, 2003) at the test-level, descriptive statistics of, and correlations between, the key measures of the study were
calculated. However, the main aim of the present study was to examine the extent to which the type and locus of
representation, as well as spatial ability and reading comprehension skill, affected the chance of problem solving success at
the item-level. As noted previously, this required using a different model for statistical analyses. First, a chi-square test was
performed to examine the association between representation type (no visual representation vs. pictorial representation vs.
accurate visual-schematic representation vs. inaccurate visual-schematic representation) and problem solving success
(correct vs. incorrect answer). Subsequently, we performed a logistic regression analysis to examine (i.e., quantify) the extent
to which the type and locus (internal vs. external) of representation, spatial ability and reading comprehension affected the
chance of problem solving success. In this analysis, the category ‘‘no visual representation’’ served as the reference category.

3. Results

3.1. Descriptive statistics and correlations

Table 2 shows the means, standard deviations and correlations of the different measures used in this study at the test-
level: (1) the number of word problems for which a correct answer was given (word problem solving performance); (2) the
number of word problems for which no visual representations were made; (3) the number of word problems for which
accurate visual-schematic representations were made; (4) the number of word problems for which inaccurate visual-
schematic representations were made; (5) the number of word problems for which pictorial representations were made; (6)
Table 2

Descriptive statistics and correlations between word problem solving performance, types of (visual) representations, spatial ability, and reading

comprehension.

M SD 1 2 3 4 5 6 7

1. Word problem solving performance 6.68 2.87 –

2. No visual representation 9.13 3.68 �.20* –

3. Accurate visual-schematic representation 2.13 2.45 .44** �.79** –

4. Inaccurate visual-schematic representation 2.06 1.77 �.04 �.73** .25** –

5. Pictorial representation 0.69 1.06 �.27** �.43** .00 .30** –

6. Spatial ability (z-score) .00 .85 .59** �.22** .31** .11 �.16 –

7. Reading comprehension 42.50 14.80 .45** �.11 .23** .01 �.17 .35** –

* p< .05.

** p< .001.



Table 3

Chi-square test: correct/incorrect solution� type of representation.

Solution Total

Incorrect Correct

Representation No visual representation Count 623 544 1167

Std residual .5 �.6

Accurate visual-schematic representation Count 48 231 279

Std. residual �8.1 8.5

Inaccurate visual-schematic representation Count 197 60 257

Std. residual 5.4 �5.7

Pictorial representation Count 68 21 89

Std. residual 3.2 �3.3

Total Count 936 856 1792

Table 4

Logistic regression analysis performed on variables associated with word problem solving.

Predictors Model 1 (R2 = .18) Model 2 (R2 = .19) Model 3 (R2 = .25)

B Exp (B) SE Wald B Exp (B) SE Wald B Exp (B) SE Wald

Constant �0.17 0.84 .06 8.22* �1.17 0.31 .26 20.61** �1.83 0.16 .33 30.07**

Accurate visual-schematic vs. no

visual representation

1.76 5.85 .17 104.84** 2.45 11.56 .26 87.97** 2.28 9.80 .27 69.69**

Inaccurate visual-schematic vs. no

visual representation

�1.09 0.34 .17 42.81** �0.52 0.59 .22 5.57* �0.73 0.48 .24 9.64*

Pictorial representation vs. no visual

representation

�1.02 0.36 .26 15.11** �0.58 0.56 .29 4.04* �0.50 0.61 .30 2.83

Internal visual representation vs.

external visual representation

0.43 1.53 .27 2.54 0.23 1.26 .28 0.68

Spatial ability 0.51 1.66 .08 46.43**

Reading comprehension 0.02 1.02 .00 4.31*

* p< .05.

** p< 001.
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the averaged spatial ability scores; and (7) the reading comprehension proficiency scores. The correlations showed that the
production of accurate visual-schematic representations showed a medium to large positive correlation with word problem
solving performance (r = .44, p< .001, Cohen, 1992). Furthermore, there was a medium negative correlation between the
production of pictorial representations and word problem solving performance (r =�.27, p< .001). The production of
inaccurate visual-schematic representation was, however, not significantly correlated with word problem solving
performance (r =�.04, p = .67). Finally, spatial ability and reading comprehension both showed a medium to large positive
correlation with word problem solving performance (respectively: r = .59, p< .001; r = .45, p< .001) and the production of
accurate visual-schematic representations (respectively: r = .31, p< .001; r = .23, p< .05).

3.1.1. Association between representation type and chance of problem solving success

Students did not make a visual representation in 1167 out of the total amount of 1792 word problem items. From the
remaining 625 visual representations that were produced, 279 representations could be allocated to the accurate visual-
schematic representation type, 257 to the inaccurate visual-schematic representation type, and 89 to the pictorial
representation type.

The results of the chi-square test showed that there was significant statistical dependence (i.e., association) between
visual representation type and problem solving success: x2(3) = 220.10, p< .001 (see Table 3). The standardized residuals
revealed that students who made accurate visual-schematic representations produced a correct answer more frequently (st.
res = 8.5) than students who did not make visual representations (st. res. =�0.6), students who made inaccurate
representations (st. res. =�5.7), and students who made pictorial representations (st. res. =�3.3). In addition, not making a
visual representation resulted in as many correct as incorrect answers (st. res. correct =�.06; st. res. incorrect = .5). Finally,
students who made inaccurate visual-schematic representations (st. res. = 5.4) and, to a lesser extent, those who made
pictorial representations (st. res. = 3.2) answered the word problem incorrectly more frequently.

3.1.2. The role of representation type, spatial ability, and reading comprehension

A logistic regression analysis was performed to examine whether the type of representation, the locus of
representation, spatial ability, and reading comprehension differentially affected the chance of problem solving success.
Table 4 shows the results of this analysis. In this table, the unstandardized (B) and standardized (Exp(B)) regression
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coefficients of Model 1 reflected the extent to which representation type affected the chance of solving a word problem
successfully (with ‘‘no visual representation’’ as the reference category, R2 = .18). So, compared to the situation in which no
visual representation was made, the production of an accurate visual-schematic representation increased the chance that
a word problem was solved correctly 5.85 times (accurate visual-schematic representation vs. no visual representation,
B = 1.77, Exp(B) = 5.85, SE = .17, p< .001). In contrast, the production of inaccurate visual-schematic representations
decreased the chance that a word problem was solved correctly 2.94 times (i.e., 1/0.34), and pictorial representations
decreased the chance that a word problem was solved correctly 2.78 times (i.e., 1/0.36; inaccurate visual representation
vs. no visual representation: B =�1.09, Exp(B) = 0.34, SE = .17, p< .001; pictorial representation vs. no visual
representation: B =�1.02, Exp(B) = 0.36, SE = .26, p< .001). Model 2 shows the results of the logistic regression analysis
taking into account whether the visual representation was made externally (with paper and pencil) or internally
(mentally) (R2 = .19). The results showed that the locus of the visual representation did not affect the chance of solving a
word problem correctly (internal vs. external: B = 0.43, Exp(B) = 1.53, SE = .27, p = .11). Subsequently, Model 3 shows the
results of the analysis after adding spatial ability and reading comprehension (R2 = .25) to the set of predictors. Inline with
our expectations, an increase of 1 unit in spatial skills increased the chance of solving a word problem correctly 1.66 times
(B = 0.51, Exp(B) = 1.66, SE = .08, p< .001). On the other hand, a 1 unit increase in reading comprehension skills increased
the chance of solving a word problem correctly 1.02 times (B = 0.02, Exp(B) = 1.02, SE = .00, p< .05). Follow-up logistic
regression analyses, performed for each representation type separately, revealed that the importance of spatial ability in
problem solving success varied between the representation types. Spatial ability appeared to be the most powerful
predictor of problem solving success when an accurate visual-schematic representation was produced (Exp(B) = 2.22),
whereas the role of spatial ability in pictorial representation was the lowest (Exp(B) = 1.13). In contrast to spatial ability,
the relevancy of reading comprehension in problem solving success did not differ between the different representation
types (Exp(B) = 1.02).

4. Discussion

In this study, we examined the importance of visual representation type, spatial ability, and reading comprehension in
word problem solving from an item-level approach rather than from the test-level approach often used in previous studies.
This implied a move from a continuous outcome variable (MPI sum score) to a dichotomous outcome variable (items being
correct or incorrect), and from correlations and linear regression models to chi-square tests and logistic regression models.
This change in statistical modeling provided a more thorough and sophisticated understanding of representational, spatial
and reading comprehension skills in word problem solving.

First, we performed a chisquare test to examine the association between different types of representations and the chance
of successfully solving the word problem for which the representation was made. The results of this test reinforced our
decision to distinguish three instead of two types of visual representations. To be more specific, we demonstrated that only
the production of accurate visual-schematic representations was more frequently associated with a correct than with an
incorrect answer to a word problem. In contrast, not making a visual representation resulted in as many correct as incorrect
answers to a word problem. Finally, inaccurate visual-schematic and pictorial representations were even found to be more
frequently associated with an incorrect answer to a word problem.

Subsequently, we performed logistic regression analyses to quantify the extent to which the different representation
types affected the chance of problem solving success. The results of these analyses showed that when students made an
accurate visual-schematic representation this increased the chance that they solved the word problem correctly almost
six times. Probably, this is due to the fact that this type of visual representation contains a complete and coherent image
of the problem situation, including the correct relations between the key variables. In contrast, the production of
inaccurate visual-schematic representations and pictorial representations decreased the chance of problem solving
success, respectively 2.94 and 2.78 times. As pictorial representations merely concern images of the visual appearance
of objects or persons described in the word problem (for example the image of the tree depicted in Table 1), they
probably took the problem solvers’ attention away from constructing a coherent model of the word problem, including
the appropriate relations between the solution-relevant elements contained in it (Hegarty & Kozhevnikov, 1999; Van
Garderen, 2006; Van Garderen & Montague, 2003). Although inaccurate visual-schematic representations do include
these relations, they are either incorrectly drawn or missing. As a consequence, this type of representation may have
put problem solvers on the wrong track when solving a word problem. In sum, we have offered a possible explanation of
why pictorial and inaccurate visual-schematic representations were counterproductive in word problem solving. In
addition to the type of visual representation, we looked at the locus of the visual representations which were made, and
found no differences between internal and external visual representations with regard to the chance of problem solving
success. Presumably, creating a representation of a word problem externally (with paper and pencil) and internally
(mentally) both rely on the same basic processing mechanism underlying word problem solving (Leutner et al., 2009).
This suggests that it is the content of the visual representation which matters, not the medium or locus of the
representation.

Furthermore, besides contributing to a better understanding of the effects of the type and locus of representations on
the chance of problem solving success, we tried to reproduce, at the item-level, the findings of previous studies using a
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test-level approach concerning the importance of spatial ability and reading comprehension in word problem solving
(Bernardo, 1999; Boonen et al., 2013; Hegarty & Kozhevnikov, 1999; Van der Schoot et al., 2009; Van Garderen, 2006).
Inline with these earlier findings, the current study showed that spatial ability is a significant and relevant basic ability
which increases the chance of solving a word problem successfully (Blatto-Vallee et al., 2007; Boonen et al., 2013;
Hegarty & Kozhevnikov, 1999). In particular, our findings clarified the importance of spatial ability for the accurate
visual-schematic representation type. Probably, this is due to the fact that the key elements and relations are encoded
in these representations in a spatial manner (Hegarty & Kozhevnikov, 1999; Krawec, 2010; Van Garderen, 2006).
However, our findings showed that the extent to which reading comprehension skills increase the chance of problem
solving success is very limited. The results of the logistic regression analyses showed that although reading
comprehension was a significant predictor in the model (due to the large number of items involved), the relevancy of its
contribution was negligible (i.e., reading comprehension increased the chance of problem-solving success only 1.02
times). Our item-level finding that reading comprehension was not a relevant factor contradicts the test-level findings
from this study (r = .45) as well as previous studies demonstrating that reading comprehension and word problem
solving performance are related. In other words, a relation between reading comprehension and word problem solving
found at the test-level does not imply that reading comprehension positively affects the chance of problem solving
success at the item-level.

The question remains how this shift in analysis from the test-level to the item-level leads to such different results. First,
the finding that reading comprehension is important for word problem solving at the test-level may be explained by
assuming that both abilities have a common underlying latent factor. Keith et al. (2008), for example, showed that both
reading comprehension skill and word problem solving skill load high on a general (latent) measure of intelligence. Second,
the reason that reading comprehension skills did not contribute to problem solving success at the item-level may have to do
with the characteristics of the word problem items themselves. Previous studies showed that reading comprehension skills
are particularly important in dealing with semantically complex word problem characteristics like the sequence of the
known elements in the text of the word problem or the degree to which the semantic relations between the given and
unknown quantities of the problem are made explicit (De Corte, Verschaffel, & De Win, 1985; De Corte, Verschaffel, &
Pauwels, 1990; Marzocchi, Lucangeli, De Meo, Fini, & Cornoldi, 2002; Verschaffel, De Corte, & Pauwels, 1992). The items
which comprised the current word problem solving test (i.e., the MPI) presumably did not involve these kind of semantic
complexities, as a consequence of which children did not have to deploy their reading comprehension skills or only to a
limited extent. So, one of the strengths of this study is that it demonstrated that some basic skill (i.e., reading comprehension)
can be found to be related to performance on an academic test (i.e., word problem solving test) at the test-level but not at the
item-level. We believe that, here but also in general, it is important to be aware of this possibility and to identify more fully
the circumstances under which such level-of-analysis discrepancies may occur, so that we are better equipped to avoid the
ecological fallacy.

In considering the weight that should be given to the above conclusions, we would like to discuss three constraints of the
study. First, our focus was on self-generated representations rather than on receiving representations (i.e., pictorial/
graphical support) provided externally. That is, the primary aim of the study was to investigate the extent to which children
are able to increase their chance of problem solving success by ‘‘self-producing’’ visual representations. This is in contrast to
much of the previous literature, which largely deals with the impact of different types of illustrations, provided by the
experimenter or another external source, on word problem solving (e.g., Berends & Van Lieshout, 2009; Dewolf, Van Dooren,
Cimen, & Verschaffel, 2014). Second, we studied word problem solving using non-routine rather than routine problems. By
definition, routine word problems contain a generic problem pattern or semantic structure which characterize many
addition and subtraction problems. For example, word problems presented in the basic methods of mathematics education
often involve a ‘‘change’’, ‘‘grouping’’ or ‘‘comparison’’ story situation (Cummins et al., 1988; Jitendra et al., 2009; Jitendra,
George, Sood, & Price, 2010). Therefore, solving a routine word problem above all requires identifying the base type of
problem situation which is ‘‘hidden’’ in the word problem text (Jitendra, 2002; Jitendra et al., 2009, 2010). In contrast, non-
routine problems do not map onto relevant existing schemas. As a consequence, they have no standard procedure of solving,
but instead require more heuristic-based strategies. In addition, and more relevant to this study, non-routine problems are
more challenging because generic and familiar problem structures are easier to visually represent than ‘‘one-of-a-kind’’
problem structures (Elia, Van den Heuvel-Panhuizen, & Kovolou, 2009). This does not mean, however, that our findings are
not generalizable to routine word problems. Our conclusions regarding the importance of accurate visual-schematic
representations are also applicable to routine word problem solving. The only difference in favor of routine word problem
solving, though, is that once a problem solver has learned how to create an accurate visual-schematic representation for, for
example, a ‘‘comparison’’ problem type, this knowledge is expected to easily transfer to other ‘‘comparison’’ problem types.
Third, we relied on verbal protocols to reveal whether, and, if so, what type of representations children created during word
problem solving. As we have known for a long time, verbal protocols may constitute unreliable data (e.g., Nisbett & Wilson,
1977). Therefore, in future research, more sophisticated measures should be used to examine the role of visual
representations in word problem solving in addition to retrospective verbal reporting. For example, eye-tracking methods
represent a powerful ‘‘online’’ method of assessing representational processes during word problem solving (Van der Schoot
et al., 2009).

The findings of this study are not only theoretically relevant but they also have valuable implications for the practice of
elementary school mathematical education. First of all, it is striking that, in general, students made use of a visual
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representation to represent and solve a word problem on only 35% of the occasions. Apparently, students found it difficult, or
were not effectively taught, to create visual representations during mathematical word problem solving. This is worrisome
given the main outcome of this study showing that, compared to a situation in which no visual representation was made,
students who made visual-schematic representations increased the chance of solving a word problem correctly almost six
times. At least, this was found to be true for accurate visual-schematic representations. Inaccurate visual-schematic
representations, on the other hand, decreased the chance of problem solving success. This substantiates the conclusion that
inferring the appropriate relations between the key variables from the text base of the word problem (i.e., relational
processing, see Boonen et al., 2013) is a crucial aspect in the production of visual-schematic representations. Although
previous instructional approaches on word problem solving accentuated the importance of visualizing the word problem
(Jitendra et al., 2009; Montague, Enders, & Dietz, 2011; Montague, Warger, & Morgan, 2000), we conclude that a simple
‘‘make a picture’’-strategy that is proposed in several instructional programs may be formulated too broadly, and does not
give a clear indication of the specific requirements to which an effective visual representation should comply (Montague,
2003; Montague et al., 2000).

Appendix A

The word problems on the Mathematical Processing Instrument (Hegarty & Kozhevnikov, 1999):
1. A
t each of the two ends of a straight path, a man planted a tree and then every 5 m along the path he planted another tree.
The length of the path is 15 m. How many trees were planted?
2. O
n one side of a scale there is a l kg weight and half a brick. On the other side there is one full brick. The scale is balanced.
What is the weight of the brick?
3. A
 balloon first rose 200 m from the ground, then moved 100 m to the east, then dropped 100 m. It then traveled 50 m to
the east, and finally dropped straight to the ground. How far was the balloon from its original starting point?
4. I
n an athletics race, Jim is four meters ahead of Tom and Peter is 3 m behind Jim. How far is Peter ahead of Tom?

5. A
 square (A) has an area of 1 m2. Another square (B) has sides twice as long. What is the area of B?

6. F
rom a long stick of wood, a man cut 6 short sticks, each 2 feet long. He then found he had a piece of 1 foot long left over.

Find the length of the original stick.

7. T
he area of a rectangular field is 60 m2. If its length is 10 m, how far would you have traveled if you walked the whole way

around the field?

8. J
ack, Paul and Brian all have birthdays on the 1st of January, but Jack is one year older than Paul and Jack is three years

younger than Brian. If Brian is 10 years old, how old is Paul?

9. T
he diameter of a tin of peaches is 10 cm. How many tins will fit in a box 30 cm by 40 cm (one layer only)?
10. F
our young trees were set out in a row 10 m apart. A well was situated beside the last tree. A bucket of water is needed to
water two trees. How far would a gardener have to walk altogether if he had to water the four trees using only one
bucket?
11. A
 hitchhiker set out on a journey of 60 miles. He walked the first 5 miles and then got a lift from a lorry driver. When the
driver dropped him he still had half of his journey to travel. How far had he traveled in the lorry?
12. H
ow many picture frames 6 cm long and 4 cm wide can be made from a piece of framing 200 cm long?

13. O
n one side of a scale there are three pots of jam and a 100 g weight. On the other side there are a 200 g and a 500 g

weight. The scale is balanced. What is the weight of a pot of jam?

14. A
 ship was North-West. It made a turn of 908 to the right. An hour later it made a turn through 458 to the left. In what

direction was it then traveling?
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Appendix B

Interview procedure which was followed after each word problem on the Mathematical Processing Instrument.
[TD$INLINE]
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