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Children’s performance in arithmetic word problems (AWPs) pre-
dicts their academic success and their future employment and
earnings in adulthood. Understanding the nature and difficulties
of interpreting and solving AWPs is important for theoretical, edu-
cational, and social reasons. We investigated the relation between
primary school children’s performance in different types of AWPs
and their basic cognitive abilities (reading comprehension, fluid
intelligence, inhibition, and updating processes). The study
involved 182 fourth- and fifth-graders. Participants were adminis-
tered an AWP-solving task and other tasks assessing fluid intelli-
gence, reading comprehension, inhibition, and updating. The
AWP-solving task included comparison problems incorporating
either the adverb more than or the adverb less than, which demand
consistent or inconsistent operations of addition or subtraction.
The results showed that consistent problems were easier than
inconsistent problems. Efficiency in solving inconsistent problems
is related to inhibition and updating. Moreover, our results seem to
indicate that the consistency effect is related to updating pro-
cesses’ efficiency. Path analyses showed that reading comprehen-
sion was the most important predictor of AWP-solving accuracy.
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Moreover, both executive functions—updating and inhibition—had
a distinct and significant effect on AWP accuracy. Fluid intelligence
had both direct and indirect effects, mediated by reading compre-
hension, on the overall measure of AWP performance. These
domain-general factors are important factors in explaining chil-
dren’s performance in solving consistent and inconsistent AWPs.
© 2022 Elsevier Inc. All rights reserved.

Introduction

Mathematical knowledge is a core element of contemporary human cultures and societies, and—
along with reading and writing—it is one of the basic components of a literate mind. Therefore, it is
unsurprising that arithmetic word problems (AWPs) are highly important at school. Children’s perfor-
mance on AWPs predicts their academic success (Duque de Blas et al., 2021) and their future employ-
ment and earnings in adulthood (Gross et al., 2009; Murnane et al., 2001). Therefore, shedding light on
the nature and difficulties of understanding and solving AWPs is important for both educational and
social reasons.

Investigating how children cope with AWPs is also theoretically relevant. To solve an AWP,
children must combine their linguistic and mathematical knowledge in a process characterized by
a close relationship between understanding a problem and finding a solution. Solving AWPs involves
applying some basic arithmetical operations (addition, subtraction, multiplication, and division) as
well as—more important—deciding which kind of operation to apply at a given moment. This
demands a correct problem representation, which relies on a thorough understanding of the informa-
tion contained in a complex text including some numerical quantities (De Corte et al., 1985; Lee
et al., 2009).

Many studies have investigated the factors underlying difficulties in solving AWPs (Daroczy et al.,
2015; Fuchs et al., 2018; Lin, 2021; Pongsakdi et al., 2020) and the use of keywords to identify oper-
ations and solve different types of word problems (e.g., Jitendra, 2002; Powell, 2011). It has been
clearly demonstrated that several types of mistakes made in solving AWPs stem from comprehension
issues, for example, when the problem demands the inhibition of the keyword heuristic for solving
(Lin, 2021; Mayer & Hegarty, 1996; Shum & Chan, 2020). This is particularly true for so-called compare
problems, which are typically more challenging than other simple AWPs (Boonen & Jolles, 2015;
Mayer, 1982; Morales et al., 1985; Riley & Greeno, 1988; Riley et al., 1983; Schumacher & Fuchs,
2012).

In the current study, we investigated the relation between primary school children’s perfor-
mance in compare AWPs and basic cognitive variables (reading comprehension, fluid intelligence,
inhibition, and updating processes). Below is an example of a compare AWP considered in this
study:

A pair of Adidas sneakers costs €30.00 at Walmart. At Decathlon, the same pair of sneakers costs
€6.00 more. At Decathlon, the pair of Adidas sneakers costs €5.00 less than a pair of Nike sneakers.
How much would you have to pay for a pair of Nike sneakers at Decathlon?

As we can see, this is a multistep arithmetic word problem because it takes two operations to reach
the solution (whereas a one-step arithmetic word problem takes only one operation to reach the solu-
tion). The multistep arithmetic word problem of our example takes two additions to find the solution:
30+ 6 + 5 =41. The first addition is a consistent operation because the adverb more fits the operation,
whereas the second is inconsistent because the adverb less does not fit the operation. Therefore, this
seemingly easy consistent-then-inconsistent (C-I) problem is deceptive. It demands a thorough under-
standing of a complex instruction in the text and a complete representation of the problem. According
to Kintsch and Greeno (1985), this representation has two levels: a first propositional level accounting
for explicit information in the text and a situational model involving a complete integration of this
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information with the reader’s previous knowledge. It is only after constructing an integrated situa-
tional model that readers realize the Nike sneakers at Decathlon are more expensive than the Adidas
sneakers there.

Many authors have also analyzed comparison problems that included the term more than or less
than (as in our example) and involved applying consistent or inconsistent additions and/or subtrac-
tions (Jarosz & Jaeger, 2019; Jiang et al., 2020; Mayer & Hegarty, 1996; Pape, 2003). On the one hand,
students can solve problems demanding consistent operations based merely on a direct translation
strategy, relying on a direct translation of the information in the text. They simply search for linguistic
markers and keywords and associate less with subtraction and more with addition (Hegarty et al.,
1995). On the other hand, solving AWPs that demand inconsistent operations requires a problem model
strategy. Students build an integrated situational mental model of the problem and plan their solution
on the basis of this model (Thevenot, 2010; Thevenot & Barrouillet, 2015).

These theoretical approaches have been corroborated by various studies showing that although the
arithmetic operations and linguistic structure of compare problems are extremely easy, not only
young children but also older students and adults make errors in inconsistent compare problems
(see Lubin et al., 2013, 2016). More important, the most common mistakes made in solving inconsis-
tent AWPs are reverse errors—that is, applying the wrong operation suggested by the adverb in the
text (see Boote & Boote, 2018; Lewis & Mayer, 1987; Mayer & Hegarty, 1996; Shum & Chan, 2020;
Stern, 1993; Verschaffel, 1994; Verschaffel et al., 1992).

Working memory’s executive functions and fluid intelligence

Working memory

Multiple processes are involved in solving AWPs. Problem solvers must read the problem, identify
and retain relevant information, construct a mental model, plan how to arrive at the solution, and
carry out calculations based on this plan. Working memory (WM) resources are involved in all these
phases (Friso-van den Bos et al., 2013; Fung & Swanson, 2017; Kintsch, 1998). A large body of research
has investigated the role of WM in problem solving by referring to the well-known tripartite WM
model introduced by Baddeley and Hitch’s (1974) seminal work. Several studies have shown that
one of the components of this model, the central executive system, is needed to solve AWPs
(Andersson, 2007; Fuchs et al., 2010; Lee et al.,, 2004; Swanson, 2006; Swanson & Sachse-Lee,
2001). Swanson (2004) reported that the central executive system contributes to accuracy in AWP
solving after controlling for phonological processing ability, fluid intelligence, and reading
comprehension.

Executive functions

According to Miyake et al. (2000), the central executive system component of Baddeley’s model is
related to three main executive functions: inhibition, updating, and shifting (see also Miyake &
Friedman, 2012). Inhibition involves the ability to suppress dominant or prepotent responses, shifting
involves the ability to shift strategies while attending to multiple tasks or mental processes, and
updating involves the ability to replace outdated and irrelevant information, retaining only a limited
set of elements in WM.

Importantly, for the purposes of this article, several studies have demonstrated the role of these
executive processes in AWP solving and clarified that this process is supported by updating and inhi-
bition. Agostino et al. (2010) investigated the extent to which inhibition, updating, shifting, and
mental-attentional capacity (M-capacity) contributed to children’s ability to solve multiplication word
problems. Using a structural equation model, the researchers demonstrated that updating had a more
important role than age in predicting performance for multiple-step problems, whereas age and
updating were equally important predictors for one-step problems.

The above-mentioned study confirmed findings previously reported by Passolunghi and Pazzaglia
(2005), who produced evidence of the updating function being involved in the process of solving
AWPs. They demonstrated that children who fare well in math also have high updating performance.
Other authors have suggested this as well and proved that updating could be a key cognitive process in
solving AWPs (Blessing & Ross, 1996; Hammerstein et al., 2019; Iglesias-Sarmiento et al., 2015;
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Kotsopoulos & Lee, 2012; Lee et al., 2018). Mori and Okamoto (2016) wrote that updating is a nuclear
executive function involved in efficient integration processes that, as suggested by Kintsch and Greeno
(1985), are needed to translate each verbal statement into a situational representation to solve a prob-
lem. The authors found that individuals with high updating function construct a model of the problem
that retains only task-relevant verbal information, whereas those with less effective updating abilities
consider extraneous information as well. The study’s results were interpreted as reflecting that updat-
ing is an underlying executive function essential to activating only the information actually needed to
construct an appropriate model of a problem. Constructing an integrated situational model is partic-
ularly important to understanding a problem and applying the model strategy (Mayer & Hegarty,
1996). An updating failure would produce errors in the integration process, resulting in an inappropri-
ate model and consequently an incorrect solution to the problem (see Kotsopoulos & Lee, 2012; Re
et al,, 2016).

Only a few studies have investigated shifting’s role in mathematics performance, and the outcomes
are mixed (Passolunghi & Costa, 2019). Moreover, compared with shifting ability, intelligence showed
stronger associations with math performance (Yeniad et al., 2013). However, several studies have
shown a relationship between inhibition and mathematical ability (Bull & Scerif, 2001; Khng & Lee,
2009; Passolunghi & Siegel, 2001; Swanson, & Fung, 2016) and support the idea that inhibition might
be a core process in solving AWPs. Its contribution was highlighted by Lubin and colleagues (2013,
2016), who demonstrated that successful inconsistent problem solving relies on the ability to inhibit
a misleading or overlearned arithmetical strategy such as “add if more, subtract if less.” This mislead-
ing strategy interferes with AWP-solving performance in childhood and adolescence—and even in
adulthood (although experts become more efficient at inhibition and problem solving than nonex-
perts). In other words, problem solving demands the inhibition of a superficial propositional represen-
tation of the problem resulting from a direct translation approach, which would lead to reasoning
errors (Hegarty et al., 1992, 1995; Mayer & Hegarty, 1996). Lemaire and Lecacheur (2011) consistently
found that children with better inhibitory control made use of efficient strategies to solve arithmetical
problems more frequently than children with lower levels of inhibitory control. Further evidence indi-
cated that increasing efficiency in solving inconsistent AWPs from childhood to adulthood (Lewis &
Mayer, 1987) is related to the gradual development of cognitive inhibitory control (Lubin et al.,
2013, 2016).

Fluid intelligence

The role of fluid intelligence in AWP solving was also considered in the current study. Fluid intel-
ligence comprises processes related to inductive and deductive reasoning, as well as quantitative rea-
soning (Sternberg & Ben-Zeev, 1996). Previous findings showed that fluid intelligence strongly
correlates with measures of executive functions (Conway et al., 2003; Duncan et al., 2008; Kane &
Engle, 2002; Salthouse, 2005). More specifically, numerous studies have found moderate to strong
relations between intelligence and updating function (Friedman et al., 2006). Some studies have pro-
duced empirical support for the importance of intelligence as a predictor of AWP solving. For example,
Lee et al. (2004) reported that 10-year-old children scoring higher on intelligence, reading skills, and
vocabulary were also better at solving AWPs. Fung and Swanson (2017) found an indirect effect of
fluid intelligence on AWP solving in third-graders and found that reading and calculation mediated
the influence of the WM executive system on AWP solving in children aged 6 to 10 years. A meta-
analysis conducted by Peng et al. (2019) revealed that the relations between fluid intelligence and
mathematics tend to increase with age and that fluid intelligence demonstrated stronger relations
to complex mathematical skills than to initial and basic mathematical skills.

The current study

Our main objective was to study the role of executive processes (particularly updating and inhibi-
tion), comprehension, and fluid intelligence in primary school children solving consistent and incon-
sistent AWPs. To achieve this aim, participants were administered AWP tasks in which the problem’s
wording did or did not match the operation needed to solve the problem. In other words, in consistent
problems involving one operation the adverbs more and less used in the problems fitted the
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arithmetical operation required, whereas in inconsistent problems they did not. We also included
problems involving two consistent and two inconsistent operations as well as a consistent request
followed by an inconsistent request (C-I) and vice versa (I-C).

The novelty and main objective of the current study was to examine the specific influence of updat-
ing, inhibition, and fluid intelligence on AWP-solving accuracy in the same unitary model as well as
the mediating role of reading comprehension, accounting for the different types of consistent and
inconsistent compare AWPs. Reading comprehension was positioned as a mediator because prior find-
ings indicated that children’s reading ability mediated the relationship between executive processes
and problem-solving accuracy (Fung & Swanson, 2017; Iglesias-Sarmiento et al., 2015; Passolunghi
& Pazzaglia, 2005; Thevenot & Barrouillet, 2015).

Our hypotheses can be outlined as follows. Based on the existing literature (Hegarty et al., 1995;
Lewis & Mayer, 1987; Pape, 2003), we expected to find a consistency effect that gives rise to a higher
percentage of correct answers for consistent problems than for inconsistent problems (Hypothesis 1).

In addition, we proposed that the accuracy with which participants solve compare problems is
more likely to be related to the difficulty in the construction of the AWP’s semantic representation
(see Lewis & Mayer, 1987) and therefore to the difficulty deriving from the lexical inconsistency
(easier when the adverb is consistent and more difficult when the adverb is inconsistent) rather than
to the difficulty imposed by the number of arithmetical operations required for the solution (easier
when the problem requires one operation and more difficult when it requires two operations). On
the basis of this hypothesis, we predicted the consistency effect to be greater than the effect of the
number of operations (Hypothesis 2).

The construction of the AWP’s semantic representation requires reflection and the controlled appli-
cation of processes, such as fluid intelligence, inhibition, and updating, mediated by reading compre-
hension (Hypothesis 3) (see Iglesias-Sarmiento et al., 2015; Passolunghi & Pazzaglia, 2005; Thevenot &
Barrouillet, 2015).

Method
Participants

The study involved 203 students aged 10 and 11 years (mean age = 10 years 6 months) attending
fourth and fifth grades at a primary school in a city in northeastern Italy. From this initial sample, stu-
dents with intellectual disabilities (n = 5) or learning disabilities (n = 8) and those with Italian as their
second language (n = 8) were excluded, leaving a final sample of 182 participants (95 girls). The sam-
ple’s arithmetic abilities, as measured by standardized testing, were on the grades’ average levels.

Materials

Arithmetic word problem task

In this task, 12 different hypothetical problem situations were presented in two twin versions
(called plus and minus versions; see Table 1) depending on the adverb (more or less) used in them. Each
twin version included the following: two consistent problems, in which the adverb more or less sug-
gested an operation of addition or subtraction, respectively, and four inconsistent problems, the solu-
tions of which required at least one inverse arithmetical operation to that suggested by the problems’
wording. Another variable that can be used to increase the problems’ difficulty is the number of rela-
tionships described between the problems’ elements; more relationships mean more operations are
needed to solve the problem. In each version, two of the AWPs involved one operation and four
involved two operations. Table 1 shows the six different problems presented in each version as well
as their order of presentation. All other components of the word problems (number of sentences,
vocabulary, and syntax) are consistent. The average readability, assessed with the Gulpease index
(see Dell'Orletta et al., 2011), is above 55 for all texts, suggesting their appropriateness for primary
school children (see Tonelli et al., 2012). The AWPs were similar to those assigned at school to stu-
dents of the considered school grades. However, teachers often fail to emphasize the possibility of
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Table 1
Different types and order of arithmetic word problems tested.

Relational term Type Number of operations

Plus version Consistent
Inconsistent
Consistent—consistent
Inconsistent-consistent
Consistent-inconsistent
Inconsistent-inconsistent
Minus version Consistent
Inconsistent
Consistent-consistent
Inconsistent-consistent
Consistent-inconsistent
Inconsistent-inconsistent

NNDNDN= = NNNN= =

making mistakes in inconsistent compare problems. Each of the AWP’s two versions was presented in
sessions on different days to avoid tiring participants. Half the participants were administered the plus
version at the first session and the minus version at the second session, whereas the versions were
presented in reverse order for the sample’s other half. Problems varied in number of operations
(one or two) and type of relationship (consistent or inconsistent) between the elements. Cronbach’s
o for this task in the current sample was.77.

Reading comprehension

This was measured using two expository texts (appropriate for fourth- and fifth-graders) drawn
from the standardized Italian battery for the assessment of reading ability (Cornoldi et al., 2017). Par-
ticipants were asked to silently read the text and then answer 12 multiple-choice questions (and the
text remained available while they did so). The reliability (Cronbach’s «) values are.69 and.71 for
Grades 4 and 5, respectively.

Fluid intelligence

We used Scale 2, Form A, of the Cattell Culture Fair Intelligence Test (Cattell & Cattell, 1963). This
consists of four reasoning subtests involving visuospatial material, each to be completed in 2.5 to
4 min. In the subtest named “Matrices,” for example, participants are shown 12 incomplete matrices
of four to nine cells containing abstract figures and shapes plus an empty cell and six options from
which to choose the item that correctly completes each matrix. The final score is the sum of the correct
answers (maximum score = 36). The test-retest reliability coefficients reported in the manual are.84
and.80 for fourth- and fifth-graders, respectively.

Updating

This task, taken from Carretti et al. (2014 ), comprised six lists of eight nouns each. After listening to
each list, participants were asked to remember the three smallest items on each list in the correct
order of presentation. All the words were highly familiar to the children and referred to objects that
were easy to compare in terms of size. The number of correctly recalled words was the dependent
variable (maximum score = 18). Cronbach’s « for this task is .68.

Prepotent response inhibition

This was measured with a version of the classic Stroop color task, as used in previous research
(Borella et al., 2010). The task was administered in a pencil-and-paper version and comprised 15 trials.
Each trial included 20 stimuli, each printed on a separate sheet. In the first 5 trials, participants needed
to name the colors of strings of uppercase “X”s (control-color condition). Then, there were 5 trials in
which participants were asked to name the color of the ink used for words that were names of colors
where the ink colors and the named colors differed. In this condition, to efficiently perform the task,
participants needed to inhibit the prepotent response prompted by reading the words in favor of the
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appropriate but nondominant response prompted by focusing on the ink’s color (incongruent condi-
tion). In the last 5 trials, participants again needed to name the color of the ink used for words that
were names of colors, but in this case the ink colors and named colors were consistent (congruent con-
dition). For each trial, completion times and accuracy were recorded. An interference index was cal-
culated for the response times from the differences between the control-color and incongruent
conditions: Higher scores indicated greater difficulty in controlling the prepotent responses in the
incongruent condition. The task showed high reliability (control-color: « =.82; incongruent: o =.73;
congruent: o =.85).

Procedure

The tasks, except the updating task, were collectively administered in two sessions lasting about
1 h each. During the first session, participants completed the AWP-solving task in the plus or minus
version (balanced among participants) and the fluid intelligence test. In the second session 1 or 2 days
later, they were administered the other version of the AWP-solving task, the reading comprehension
test, and the prepotent response inhibition task. The updating task was administered individually and
took about 10 min.

Results

Table 2 shows descriptive statistics for the measures included in the study. There was no difference
in accuracy between the two versions (plus and minus) of the AWP, F(1, 181) = 3.506, p =.063. The per-
centage of correct AWP solutions did not differ between boys and girls, F(1, 181) <.01, p =.958.

The effect of consistency between the linguistic terms used in the problems was examined. As pre-
dicted, differences emerged from the repeated-measures analysis of variance (ANOVA) between prob-
lems that were worded consistently (consistent AWP [AWP CON]: M = 3.30, SD = 0.89) and those that
were not (Inconsistent AWP [AWP INC]: M = 1.34, SD = 1.25), F(1, 181) = 415.08, MSE = 348.18, p <.01,
nf, =.69. In addition, a repeated-measures ANOVA confirmed the significant differences in response
accuracy between one-operation problems (M = 2.70, SD = 0.95) and two-operation problems
(M =1.93, SD = 1.06), F(1, 181) = 102.43, MSE = 53.85, p <.01, 52 =.36. Consequently, the magnitude
of the number-of-operations effect was smaller than that of the consistency effect.

When problems with both consistent and inconsistent requests were analyzed, the effect of their
order emerged, F(1, 181) = 12.97, MSE = 4.18, p <.01, 3 =.07; performance was significantly worse
for problems with the inconsistent statement presented later (consistent-inconsistent AWP [AWP
C-I]: M = 0.51, SD = 0.70) than for problems with the inconsistent statement presented before

Table 2

Descriptive statistics for measures included in the study.
Measure M SD
AWP CON 3.30 0.89
AWP INC 2.58 238
AWP I-C 0.73 0.80
AWP C-1 0.51 0.70
AWP total 5.87 2.79
Updating 10.47 2.39
Inhibition (time difference) -87.01 33.87
Fluid intelligence 31.02 4.80
Reading comprehension 8.98 2.60

Note. AWP CON, consistent arithmetic word problem;
AWP INC, inconsistent arithmetic word problem; AWP
I-C, inconsistent-then-consistent arithmetic word
problem; AWP C-I, consistent-then-inconsistent arith-
metic word problem; AWP total, total arithmetic word
problem.



(inconsistent-consistent AWP [AWP I-C]: M = 0.73, SD = 0.80). Nevertheless, what was more interest-
ing was to verify whether the performance differences in responding to AWP C-I and AWP I-C were
due to a WM overload. To analyze this issue, we ran a one-way repeated-measures ANOVA using
the updating measure as a covariate. After controlling for participants’ updating ability, the difference
in the difficulty of the two types of problem disappeared, F(1, 181) = 1.10, MSE = 0.36, p =.295. This
result further supports the assumption that updating processes’ efficiency is strongly related to
AWP-solving ability and the ability to build a correct mental representation of the problem.

Correlations

Table 3 shows the correlations between the variables considered in the study. All measures were
significantly correlated with each other. In particular, it is interesting to note the higher correlations
between reading comprehension and fluid intelligence with overall AWP score and that between
updating and inconsistent AWP performance.

Predictors of AWP-solving ability

We computed a series of path analyses as regression equations to clarify the relationships between
the variables and the magnitude of their ability to explain performance in AWPs with one operation
(consistent or inconsistent) or two operations (one consistent and the next inconsistent [C-I] or one
inconsistent and the next consistent [I-C]). These analyses included three basic cognitive measures
(fluid intelligence, inhibition, and updating), one mediated measure (reading comprehension), and

the outcome variables, which were analyzed separately: total AWP, AWP CON, AWP INC, AWP C-I,
and AWP I-C.

General equations for different outcomes were as follows:
Reading comprehension = 1 + o1(inhibition) + e1 + «2(fluid intelligence) + e2
+ a3(updating) + e3

AWP outcome = f2 + b1(reading) + ¢ 1(inhibition) + ¢'2(fluid intelligence) + ¢ 3(updating) + e4.

All path models were computed using the same procedure but changing the predicted AWP out-
come (total AWP, AWP CON, AWP INC, AWP C-I, or AWP I-C). Fig. 1 depicts the path model tested.

The first regression equation estimated the effects of fluid intelligence, inhibition, and WM updat-
ing on reading comprehension (i.e., the mediator). The second regression equation estimated the

Table 3
Correlations between measures of interest.
1 2 3 4 5 6 7 8
1. AWP I-C 1
2. AWP C-1 44" 1
3. AWP CON 26 26" 1
4. AWP INC 84" 75" 31 1
5. AWP total .80 72" 59" 95" 1
6. Updating 20 27 18 27 28" 1
7. Inhibition 20" 13* 18" 20 23 .15* 1 1
8. Fluid intelligence 25" 23" 317 327 37" 26" 1 1
9. Reading comprehension 27 30 307 36 407 18" .02 31

Note. AWP I-C, inconsistent-then-consistent arithmetic word problem; AWP C-I, consistent-then-inconsistent arithmetic word
problem; AWP CON, consistent arithmetic word problem; AWP INC, inconsistent arithmetic word problem; AWP total, total
arithmetic word problem.

" p <.05 (one-tailed).

" p <.01 (one-tailed).
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Fig. 1. Path model tested in the study. AWP, arithmetic word problem.

Fluid intelligence AWP measures

A 4

direct effect (¢’) that fluid intelligence, inhibition, updating, and the mediator (reading comprehen-
sion) had on the outcome variables (i.e., AWP performance). The indirect effects of inhibition
(a1 x b1), fluid intelligence (a2 x b1), and updating (a3 x b1) through reading comprehension tested
these variables’ mediation effects on AWP outcome measures. The direct effects (¢’) of the cognitive
measures (inhibition, fluid intelligence, and updating) on AWP outcome measures were independent
of the indirect effects. Consequently, the direct effect was equivalent to the difference between the
indirect effect and the total effect of cognitive variables on AWP outcome measures. Bootstrapping
with 5000 bootstrap samples was used to construct 95 % confidence intervals for indirect effects. Total
effect (c) instead represents the overall effects of direct and indirect relations on AWP outcome mea-
sures. The indexes for direct and indirect effects and p values for regression coefficients are presented
in the tables available in the online supplementary material. Effect sizes (Cohen’s f?) are also reported
to account for the overall regressors’ effect on each dependent variable: small effect (2 =.02), medium
effect (f =.15), and large effect (% =.35).

Regarding the total AWP-solving performance (total AWP), results are presented in Fig. 2 (and
Table 4 in the supplementary material). The total amount of variance explained by the whole model
was R? =.28 (f2 =.38). The effects of executive functions and fluid intelligence on the mediator (a paths)

Inhibition 18

\ .18

27 AN Reading .30
comprehension

/ 7 31 /1

11/ 23
7 7

.14

Fluid intelligence x Total AWP

Updating /

Fig. 2. Path model for total arithmetic word problem (AWP)-solving performance. Lines in bold indicate statistically significant
relations, whereas dashed lines indicate nonsignificant relations.
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were significant for only fluid intelligence (B =.16, SE =.05, § =.27, p <.001, 95 % (I [confidence inter-
val] =.07 t0.25). This result was common among all AWP outcome models. The effect of the mediator,
reading comprehension, on total AWP (b path) was significant (B =.33, SE =.08,  =.30, p <.001, 95 %
CI =.17 t0.49). The total effects of executive functions on total AWP (c paths) were significant for inhi-
bition (B =.02, SE =.01, g =.18, p <.012, 95 % CI =.01 to0.04), fluid intelligence (B =.19, SE =.05, g =.31,
p <.001, 95 % CI =.01 to0.28), and updating (B =.21, SE =.08; 8 =.17, p =.006, 95 % CI =.05 t0.36). When
direct effects on total AWP (¢’ paths) were considered, significant relations were found for inhibition
(B=.02,SE=.01, =18, p=.007, 95 % CI =.01 t0.04), fluid intelligence (B =.14, SE =.04, $ =.23,p =.001,95 %
CI =.05 t0.23), and updating (B =.17, SE =.08,  =.14, p <.027, 95 % CI =.01 t0.32). As for indirect effects of
predictors on output (total AWP) through the mediator variable (reading comprehension), only intel-
ligence was significant (B =.05, SE =.02, 8 =.08, p =.012, 95 % CI =.02 t0.10) after bootstrapping.

Regarding the consistent-AWP-solving performance (AWP CON), results are presented in Fig. 3
(and Table 5 in the supplementary material). The total amount of variance explained by the whole
model was R? =.16 (f? =.19). The effect of the mediator, reading comprehension, on AWP CON (b path)
was significant (B =.08, SE =.03, 8 =.23, p =.006, 95 % CI =.03 to.14). The total effects of executive func-
tions and fluid intelligence on AWP CON (c paths) were significant for inhibition (B <.01, SE <.01, 8 =.16,
p=.037,95 % Cl=.00 to.01) and fluid intelligence (B =.05, SE =.02,  =.26, p <.008, 95 % CI =.02 t0.09), but
not for updating (B =.03, SE =.03,  =.09, p =.22). When direct effects on total AWP CON (¢’ paths) were
considered, significant relations were found for inhibition (B <.01, SE <.01, g =.16, p =.027, 95 % CI =.00
t0.01) and fluid intelligence (B =.04, SE =.02, p =.20, p =.039, 95 % CI =.00 t0.08), but not for updating
(B =.02, SE =.03, g =.06, p =.403). As for indirect effects of predictors on output (AWP CON) through
the mediator variable (reading comprehension), only intelligence was significant (B =.01, SE =.01,
B =.06, p =.046, 95 % CI =.00 to0.03) after bootstrapping.

Regarding Inconsistent-AWP-solving performance (AWP INC), results are presented in Fig. 4 (and
Table 6 in the supplementary material). The total amount of variance explained by the model was
R? =22 (f* =.28). The effect of the mediator, reading comprehension, on AWP INC (b path) was signif-
icant (B =.25, SE =.07, p =.27, p <.001, 95 % Cl =.12 t0.38). The total effects of executive functions on AWP
INC (c paths) were significant for inhibition (B =.02, SE =.01,  =.15, p <.035, 95 % CI =.00 t0.03), fluid
intelligence (B =.14, SE =.04, g =27, p <.001, 95 % CI =.07 to.21), and updating (B =.18, SE =.07,
B=17,p=.012,95 % Cl =.04 to.31). When direct effects on AWP INC (¢’ paths) were considered, signif-
icant relations were found for inhibition (B =.02, SE =.01, 8 =.16, p =.026, 95 % CI =.00 t0.03), fluid intel-
ligence (B=.11, SE =.04, =.20, p =.004, 95 % CI =.03 t0.27) and updating (B =.15; SE =.07; B =.14; p =.037;
95 % CI =.01 to.27). As for indirect effects of predictors on output (AWP INC) through the mediator
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Fig. 3. Path model for consistent arithmetic word problem (AWP CON)-solving performance. Lines in bold indicate statistically
significant relations, whereas dashed lines indicate nonsignificant relations.
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Fig. 4. Path model for Inconsistent arithmetic word problem (AWP INC)-solving performance. Lines in bold indicate statistically
significant relations, whereas dashed lines indicate nonsignificant relations.

variable (reading comprehension), only intelligence was significant (B =.04, SE =.02, § =.07, p =.019,
95 % CI =.02 t0.08) after bootstrapping.

Regarding the two-operation inconsistent-then-consistent AWP (AWP I-C), results are presented in
Fig. 5 (and Table 7 in the supplementary material). The total amount of variance explained by the
whole model was R? =.15 (f? =.18). The effect of the mediator, reading comprehension, on AWP I-C
(b path) was significant (B =.06, SE =.02, 8 =.20, p =.005, 95 % CI =.02 t0.10). The total effects of executive
functions on AWP I-C (¢ paths) were significant for inhibition (B <.01, SE <.01, g =.17, p =.017, 95 %
CI =.00 to.01) and fluid intelligence (B =.04, SE =.01, 8 =.22, p =.002, 95 % CI =.01 t0.06), but not for
updating (B =.04, SE =.03, 8 =.12, p =.100). When direct effects on AWP I-C (¢’ paths) were considered,
significant relations were found for inhibition (B =.01, SE <.01, 8 =.17, p =.015, 95 % CI =.00 t0.01) and
fluid intelligence (B =.03, SE =.01, g =.17, p =.022, 95 % CI =.00 t0.06), but not for updating (B =.04,
SE =.03, 8 =.10, p =.173). As for indirect effects of predictors on output (AWP I-C) through the mediator
variable (reading comprehension), only intelligence was significant (B =.01, SE =.01, 8 =.05, p =.036,
95 % CI =.00 t0.02) after bootstrapping.
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Fig. 5. Path model for inconsistent-then-consistent arithmetic word problem (AWP I-C)-solving performance. Lines in bold
indicate statistically significant direct relations, whereas dashed lines indicate nonsignificant direct relations.
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Fig. 6. Path model for consistent-then-inconsistent arithmetic word problem (AWP C-I)-solving performance. Lines in bold
indicate statistically significant direct relations, whereas dashed lines indicate nonsignificant direct relations.

Finally, the two-operation consistent-then-inconsistent AWP (AWP C-I) results are presented in
Fig. 6 (and Table 8 in the supplementary material). The total amount of variance explained by the
model was R? =.15 (f* =.18). The effect of the mediator, reading comprehension, on AWP C-I (b path)
was significant (B =.06, SE =.02, 8 =.23, p =.003, 95 % CI =.02 to.11). The total effects of executive func-
tions on AWP C-I (c paths) were significant for fluid intelligence (B =.03, SE =.01, 8 =.17, p =.020,95 %
CI =.00 t0.05) and updating (B =.06, SE =.02, 8 =.20, p =.005, 95 % CI =.02 t0.10), but not for inhibition
(B<.01, SE <.01, =08, p =.277). When direct effects on AWP C-I (¢’ paths) were considered, significant
relations were found for updating (B =.05, SE =.02,  =.18, p =.013, 95 % CI =.01 t0.09), but not for inhi-
bition (B <.01, SE <.01, 8 =.09, p =.235) or fluid intelligence (B =.02, SE =.01, 8 =.11, p =.141). As for indi-
rect effects of predictors on output (AWP I-C) through the mediator variable (reading comprehension),
only intelligence was significant (B =.01, SE =.01, $ =.06, p =.036, 95 % CI =.00 t0.02) after bootstrapping.

In summary, the effect sizes of the presented models are medium (except for total AWP), demon-
strating that all models included relevant cognitive factors. In the case of the total AWP, the effect size
is large (probably due to a large number of AWPs) and gives additional support to all the cognitive
variables considered in the current study being relevant in explaining the problem-solving
performance.

Discussion

The current study sheds new light on the relationship between consistent- and inconsistent-AWP-
solving performance and a few cognitive variables (i.e., inhibition, updating, and fluid intelligence),
demonstrating the mediating role of reading comprehension. First, as expected and in line with the
literature (Hegarty et al., 1995; Lewis & Mayer, 1987; Pape, 2003), the results confirmed a consistency
effect on children’s AWP-solving performance (Hypothesis 1). Participants were more efficient at solv-
ing consistent versus inconsistent AWPs. It should be noted that the sample considered in the current
study obtained a very high percentage of correct answers for consistent AWPs and that two-operation
consistent AWPs were easier than either AWP I-C or AWP C-I, although the number of operations was
a factor contributing to the problems’ difficulty (Castro-Martinez & Frias-Zorilla, 2013; Quintero,
1983). The pattern of correlations supports comprehension-related abilities’ crucial role (Kintsch,
1998; Peng et al., 2019; Thevenot, 2010), which emerged as a stronger correlate of performance for
inconsistent AWPs than for consistent AWPs. These results suggest that the differences observed in
how accurately participants solved consistent AWPs versus inconsistent AWPs might not relate to
the number of arithmetical operations per se (Hypothesis 2). Instead, an AWP’s difficulty would be
related to the particular requirements of the representation of inconsistent problems linked to the
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construction of an integrated mental model of the problem (see Fuson, 1992; Hasanah et al., 2017;
Thevenot & Barrouillet, 2015). We know that semantic elements of AWPs influence their difficulty
and the strategies children use to solve them (e.g., Boonen et al., 2016; De Corte et al., 1985; Pape,
2003). As mentioned in the Introduction, a key aspect differentiating inconsistent AWPs from consis-
tent AWPs concerns the conflict between the relational term (e.g., more than) and the arithmetical
operation required (e.g., subtraction) to solve an inconsistent problem. Instead of using a superficial
direct strategy or a well-established association (e.g., more with “addition” and “increases in amount”;
Schumacher & Fuchs, 2012), the child must use a problem-model strategy. This involves translating
the statement of the inconsistent problem into a situational model representing the appropriate rela-
tions between the variables (de Koning et al., 2017; Hegarty et al., 1995; Thevenot, 2010) and then
planning and executing the required arithmetical operations.

Such nonroutine thinking to solve inconsistent AWPs requires reflection and a controlled applica-
tion of executive fluid processes such as inhibition and updating the information about the problem in
WM (Hypothesis 3). Failure to inhibit the strong association between the keyword in the literal state-
ment (e.g., more) and the operation (e.g., addition) or to update the operation, switching from the
wrong one to the right one (e.g., subtraction), would tend to prompt a superficial erroneous response.
For an adequate situational representation of an inconsistent step, the problem solver must reason
reflexively and inhibit any inappropriate automatic response (e.g., Jiang et al., 2020; Passolunghi &
Siegel, 2004) or misleading overlearned strategy (Lubin et al., 2013, 2016).

Our results indicated that AWP C-I tests were more difficult than AWP I-C tests. However, this
result must be interpreted cautiously because the order of presentation was not controlled. Neverthe-
less, it is highly interesting that after controlling for participants’ updating abilities, the differences in
accuracy between AWP C-I and AWP I-C disappeared. This result gives additional support to the
assumption that updating ability is strongly related to the ability to build a correct mental represen-
tation of a problem and then solve it (Iglesias-Sarmiento et al., 2015; Passolunghi & Pazzaglia, 2005;
Thevenot & Barrouillet, 2015). Moreover, this updating ability seems to be more involved in the con-
struction of an integrated situational model in AWP C-I than in AWP I-C.

As concerns the specific contributions of updating, inhibition, reading, and fluid intelligence to
AWP solving, their roles depended on the problem type. The model confirmed that both executive
functions—updating and inhibition—had a distinct and significant effect on AWP-solving accuracy.
We also found that fluid intelligence had both direct and indirect effects (mediated by reading com-
prehension) on the overall measure of AWP-solving performance. It contributed a unique part of the
variance in AWP-solving accuracy even after accounting for the effect of reading comprehension. The
magnitude of the g weights suggests that fluid intelligence had only a moderate effect, however, and
that updating and inhibition had even lower effects on AWP-solving performance. Our results likewise
confirmed that reading comprehension is the most important predictor of AWP-solving ability in the
final grades of primary school (fourth and fifth grades), by which time basic reading skills have
become relatively automated. Reading comprehension had a mediating role in AWP-solving accuracy.
The model explained a moderate proportion of variance (30 %) in total AWP accuracy, although its
weights varied for different types of AWP, being lowest for AWP I-C and highest for total AWP.

Moreover, an interesting finding concerns the differential roles of inhibition and updating on dif-
ferent problem types. Regarding inhibition, results demonstrated its contribution to explaining accu-
racy on consistent, inconsistent, and I-C problems. As suggested by Passolunghi and Siegel (2001),
inhibition is a core ability necessary to select and disregard irrelevant and unneeded information
and therefore is required in the solving process of various problem types. However, our results also
showed that inhibition lost relevance in C-I problems in favor of updating abilities. The updating pro-
cess is a more complex cognitive process because it involves comparison processes, inhibition of no
longer relevant information and its substitution with new information, and resistance to interference
(see e.g., Linares et al., 2016). It must be noted that C-I problems were the most difficult problem type,
and thus it could be speculated that a problem’s difficulty may increase the demand on the solver’s
ability to update and integrate information (Agostino et al., 2010) in order to create a coherent mental
representation of the problem. In fact, we found updating abilities to explain accuracy on more diffi-
cult problem types (i.e., C-I and inconsistent problems), but not on the easier problem types (i.e., I-C
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and consistent problems). These results highlight the importance of considering problem type and
problem complexity when investigating the role of executive functions in word problem solving.

To sum up, the findings presented in this article provide new insight into the relationships among
fluid cognition, executive functions, and AWP-solving performance, particularly in the case of consis-
tent and inconsistent compare problems. Moreover, to our best knowledge, no study has examined the
relations between cognitive variable and consistent and inconsistent problems considering inhibition,
updating, and fluid intelligence in the same unitary model. We demonstrated that AWP solving relies
not only on the acquisition of arithmetical skills but also on reading comprehension and, importantly,
on reasoning and the central executive processes involved in actively processing information, updat-
ing relevant information, and inhibiting irrelevant information and inappropriate strategies. These
domain-general factors are important, each in its own right, in explaining children’s performance in
consistent and inconsistent AWP solving.

The results of the current study should be interpreted in the light of some limitations. A first pos-
sible limitation arises from the fact that a shifting measure is lacking. Some authors (e.g., Toll et al.,
2010) have suggested, however, that the role of shifting in mathematics would relate to the complex-
ity of the task at hand and the required knowledge. This being the case, shifting might be minimal in
AWPs such as those analyzed in the current study. A second limitation concerns other factors not stud-
ied here that might influence and explain the variation in AWP-solving performance (see e.g., Fung &
Swanson, 2017). For instance, individual differences and other domain-specific factors, such as pro-
cessing speed, attention ability, and visuospatial ability, might contribute to performance in AWP solv-
ing (see Boonen et al., 2013; Cragg et al., 2017; Passolunghi & Lanfranchi, 2012). It may be that the
relations described in this article would change if other variables were examined, and future research
should aim to refine the proposed model.

Nevertheless, this study’s findings could contribute to highlighting the importance of teaching stu-
dents to integrate a problem’s textual information into an adequate mental representation, which is
the basis for a solution strategy (Jimenez & Verschaffel, 2014; Thevenot & Oakhill, 2005; Verschaffel
et al., 2020). Indeed, solving an AWP is not a simple translation of problem sentences into arithmetic
operations; rather, it involves other factors such as solution strategies and establishing a correct men-
tal model of the problem. Educational intervention focused on comprehension skills, controlled think-
ing, and WM processes might be an effective way to improve AWP-solving skills (e.g., Boonen et al.,
2016; Cornoldi et al., 2015; Fuchs et al., 2020). Understanding the role of these cognitive and linguistic
factors is essential to promoting tailored training programs to enhance word-problem-solving
abilities.
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