Wei et al. BMC Psychology ~ (2024) 12:466 BMC Psycho|ogy
https://doi.org/10.1186/540359-024-01965-6

Affective and cognitive factors associated =
with Chinese and Italian children’s arithmetic
performance
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Abstract

Background This study aimed to investigate the cognitive and affective factors associated with cross-cultural
differences in arithmetic tasks.

Methods A total of 404 third- and fourth- graders were recruited from China and Italy to complete exact arithmetic,
arithmetic estimation and cognitive tasks (i.e,, short-term memory, executive functions, and fluid reasoning). Their
mathematical anxiety was also measured.

Results The results showed that Chinese children performed better than Italian children in both arithmetic tasks
and in shifting task. Italian children performed better in visuospatial updating task and reported higher levels of
mathematical anxiety than their Chinese peers. Multi-group path analyses showed that the patterns of relations
among cognitive factors (i.e, short-term memory, inhibition and shifting), mathematical anxiety, and arithmetic
performance were similar across groups. The only exception was that visuospatial updating uniquely predicted
arithmetic estimation for Chinese but not for Italian children.

Conclusions Chinese children outperformed their Italian peers in the exact arithmetic task, likely due to the

greater emphasis on arithmetic fluency in Chinese mathematics education, both in schools and at home. They also
had a slight advantage than Italian peers in the arithmetic estimation task. The unique link between updating and
arithmetic estimation found in Chinese children but not Italian children suggests that, although arithmetic estimation
is not emphasized in the curricula of either country, instruction and practice in exact arithmetic may enhance Chinese
children’s efficiency in solving arithmetic estimation problems.
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Background

Eastern-Western disparities in mathematical ability are
well-documented in international surveys with children
and adolescents from East Asian countries outperform-
ing their Western peers [1, 2]. Arithmetic ability is a
fundamental aspect of mathematical proficiency, which
children develop progressively during their school years.
Numerous studies have consistently shown that East
Asian children’s superiority in arithmetic skills [3-7]. All
these studies convey results in what literature defines as
“exact arithmetic’, which pertains to the ability to calcu-
late the precise answer to an arithmetic problem [8]. The
variations in exact arithmetic performance are believed
to underlie differences in more general mathematics edu-
cation across cultures [3, 7, 9].

While previous research has predominantly focused
on exact arithmetic tasks to assess arithmetic ability,
the role of arithmetic estimation — the ability to calcu-
late an approximate answer to an arithmetic problem
[8] — has been undervalued in mathematics education
across many countries [10, 11]. Thus, the primary aim of
the present study was to investigate the cultural differ-
ences in exact arithmetic and arithmetic estimation skills
among school-aged children from two countries: China
and Italy, representing Eastern and Western cultures,
respectively. Moreover, prior studies have indicated that
both cognitive factors — such as working memory [12]
and executive functions [13, 14] — and affective factors,
such as mathematical anxiety [15, 16], are related to indi-
vidual differences in children’s arithmetic performance
[17]. Hence, the second objective of the study was to
investigate potential variations in the patterns of relations
between these cognitive and affective aspects concerning
different types of arithmetic abilities among Chinese and
Italian children.

Definitions and types of arithmetic
Arithmetic can be defined by the increasing use of effi-
cient procedures over the course of learning that become
automatic with practice during the school years [8]. To
progress in mathematical learning, in addition to under-
standing concepts and principles, children must be able
to quickly recognize numerical symbols, learn the count-
ing sequence, and through the repetitive co-occurrence
of operands and answers, and memorize arithmetic facts.
These acquired facts then serve as automated support
when tackling more complex arithmetic problems [8].
Arithmetic problems typically yield exact answers;
however, in many real-life situations, it is sufficient to
produce approximate answers rather than exact ones to
arithmetic problems. For example, one might need to
estimate their monthly expenses or the time required
to finish a particular task. The process of producing an
approximate answer to an arithmetic problem is called
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arithmetic estimation [8]. Efficient arithmetic estima-
tion requires a range of conceptual knowledge, includ-
ing an understanding of the goal to produce an answer
reasonably close in magnitude to the correct answer, and
the ability to choose a strategy that can be used quickly
and accurately [18—20]. Effective estimation also requires
procedures for generating approximate numbers, for
example, rounding the operands to simplify calcula-
tions and using decomposition methods to compensate
for rounding errors [19, 21, 22]. Altogether, when prop-
erly acquired, the main advantage of arithmetic estima-
tion is that it requires less time and attentional resources
than exact calculation, making it appropriate for circum-
stances where time or attention resources are limited
[23].

Cognitive factors on arithmetic performance
Understanding the role of cognitive factors in arithme-
tic performance is crucial, as evidenced by a wealth of
correlational and longitudinal studies have consistently
demonstrated the involvement of working memory and
executive functions in overall mathematics achievement
[12, 24, 25]. Working memory represents a limited capac-
ity system that enables temporary storage and process-
ing of information during complex cognitive activities
[26, 27]. Dual-task experimental studies found that when
participants were asked to perform both arithmetic and
working memory tasks simultaneously, children’s [28,
29] and adults’ [30] performance on exact arithmetic and
arithmetic estimation decreased as working memory dif-
ficulty increased. A meta-analysis found that increases in
working memory load can lead to a decrease in arithme-
tic problem-solving by 7-19% [31].

Executive functions also play a role in arithmetic per-
formance [25, 32]. From many theories regarding execu-
tive functions [33, 34], we selected the widely cited classic
model proposed by Miyake et al. [35]. The three core
processes of executive functions in Miyake et al’'s model
are updating, inhibition and shifting. All three compo-
nents, albeit in different remarks, support the arithmetic
process. Updating, which involves constant monitoring
and rapid addition/deletion of working memory con-
tent, might assist in holding relevant partial results dur-
ing complex arithmetic processing [36, 37]. Inhibition,
the ability to deliberately inhibit dominant, automatic
responses when required, may suppress inappropriate
arithmetic strategies or irrelevant information [38-40].
Finally, shifting, the ability to switch between tasks or
mental sets to adjust to changed priorities, may help in
switching between operations [41], solution strategies
[42], and calculation steps [43]. Altogether, the involve-
ment of different components of executive functions sup-
port various aspects of arithmetic processing.



Wei et al. BMC Psychology (2024) 12:466

Affective factor (mathematical anxiety) on arithmetic
performance

Research has consistently shown how emotional states
and beliefs may deeply impact learning and performance
in mathematics [44—46]. Among these, the most exten-
sively studied aspect is the experience of unpleasant emo-
tions associated with the execution of numerical and
arithmetic tasks [45, 47]. This negative feeling, defined
by researchers as mathematical anxiety [15], often inter-
feres with mathematical performance beginning in the
early school years, highlighting a moderate negative sta-
ble correlation [17, 48]. From a developmental perspec-
tive, the negative relation between mathematical anxiety
and math performance may increase through the course
of schooling [49-51]. Following this trend, it is unsur-
prising that results of the 2022 Programme for Interna-
tional Student Assessment (PISA) survey indicated that,
among 15-years-old students, a one-point increase in
the measure of mathematical anxiety corresponded with
an 18-point decrease in mathematical achievement [2].
Previous studies have found that mathematical anxiety
disrupts working memory functioning, leading to poor
math performance [15, 17, 52—58]. Therefore, it is crucial
to account for mathematical anxiety when investigating
the associations between cognitive abilities and children’s
arithmetic performance.

The current study: cultural differences

As already anticipated, an extensive body of research has
investigated cross-cultural differences in exact arithmetic
performance, consistently showing that Chinese primary
students outperform their western peers [3-7]. Educa-
tion has been posited as an important factor in these
cultural differences in mathematical abilities [3, 7, 9].
Specifically, in comparison to Western countries, there
is a greater emphasis on arithmetic fluency as a founda-
tion for developing a comprehensive grasp of concep-
tual knowledge [59-62]. Moreover, in China, a strand
mathematics curriculum is implemented, focusing on
introducing a limited number of topics with in-depth
instructions, with each topic building upon the mastery
acquired in preceding topics [63]. In contrast, in many
Western countries, including Italy, a spiral curriculum is
implemented, introducing a broad range of topics each
year and revisiting them multiple times across grades
[64]. Consequently, children may not have adequate time
to master arithmetic fluency [64]. The impact of math-
ematics curriculum on children’s arithmetic performance
has not been studied.

In addition to the differences in school curricula, the
home learning environment also varies between China
and Western countries. Compared to Western par-
ents, Chinese parents have higher expectations for their
children’s mathematical performance [65, 66], which
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may lead them to spend more time on home numeracy
activities. Cross-cultural studies have found that Chi-
nese parents of school-aged children spend more time
on mathematics, use more formal teaching methods,
and expect their children to complete more mathematics
homework [67, 68].

Our study aimed to delve deeper into the role of edu-
cation by comparing arithmetic estimation—a skill less
emphasized in formal schooling [10, 11]—against the
more emphasized exact arithmetic. We recruited third
and fourth graders from China and Italy, because the
mathematics curricula in these countries are aligned: by
the end of second grade, children in both countries are
expected to master double-digit addition and subtraction.
Moreover, the mathematics curricula of both countries
provide minimal instruction in arithmetic estimation. In
the current study, children completed two types of arith-
metic tasks (i.e., exact arithmetic and arithmetic estima-
tion). We expected Chinese children to outperform their
Italian peers in exact arithmetic tasks, due to their educa-
tion system’s greater emphasis on these skills. However,
considering the limited attention given to arithmetic esti-
mation by both the Chinese and Italian educational sys-
tems, this advantage is expected to be less pronounced
in arithmetic estimation tasks. We also expected to find
a higher level of mathematical anxiety in Italian children
and better performance in working memory and execu-
tive function tasks in Chinese children, consistent with
previous research [36, 69-71]. To explain the cultural
differences in arithmetic tasks, we hypothesized that
working memory would be a significant predictor of the
differences in exact arithmetic performance between the
two countries [72, 73]. Among the considered executive
functions, we hypothesized that visuospatial updating
would be also a significant predictor, presumably pro-
viding children with the necessary resources to tackle
mathematical tasks [74]. Finally, we hypothesized that
mathematical anxiety would be a significant predictor
due to its consistent, albeit negative, relation with math-
ematical attainment [17].

To our knowledge, this was the first study examin-
ing cultural differences in arithmetic estimation ability
among primary school children, including the underly-
ing cognitive and affective factors that may explain differ-
ences in performance. Children completed five cognitive
tasks (i.e., visuospatial short-term memory, inhibition,
shifting and visuospatial updating, and fluid reasoning)
and one questionnaire on mathematical anxiety. A multi-
group analysis was conducted to explore whether the
patterns of the relation between arithmetic abilities and
independent variables (i.e., cognitive and affective fac-
tors) differed between Chinese and Italian children.
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Method

Participants

According to Kline’s [75] recommendation for determin-
ing the required sample size!, a minimum of 160 chil-
dren per group was required. In total, 178 Chinese and
226 Italian primary school children attending the third
and fourth grades were recruited for this study. The two
samples were comparable in age and gender distribu-
tion (Table 1). Participants from both countries were
recruited from contacting schools located in middle-class
urban areas. The Chinese participants were native Chi-
nese speakers, and the Italian participants were native
Italian speakers. None of the participants had a prior
history of neurological disease, psychiatric disorders, or
diagnosis of neurodevelopmental disorders. The study
was approved by the IRB of Zhejiang University, China
and the Ethics Committee on Psychology Research at
the University of Padova, Italy. After approval from each
school, written informed parental consent was obtained
before testing the children.

Materials

Arithmetic tasks

Exact arithmetic This task, adapted from Dehaene et als
study [76], included two blocks of 24 double-digit arith-
metic problems, 12 problems each of addition and sub-
traction. The addition and subtraction problems in each
block were randomly represented. The two blocks were
separated by a 30-seconds break. For each trial, an addi-
tion or subtraction problem appeared on the screen, with
a choice of four alternatives beneath it. Participants had
to select the correct answer as quickly and accurately as
possible by pressing a key on the keyboard, depending
on the screen position of the given answer. The problem
remained on the screen for 15 s until the participants
responded. The three wrong answers were obtained by
adding/subtracting+1, +10, and £15 units from the right
answer, respectively. The constraints of the problems were
the same as those used in previous studies [77]. The pro-
portion of correct answers was calculated. Good internal
consistencies for exact arithmetic (China: Cronbach’s
a=0.87; Italy: Cronbach’s a=0.82) were observed.

Arithmetic estimation This task was similar to exact
arithmetic, except that the participants were asked to
choose the closest answer from the provided four alter-

I'To determine the required sample size for the main analyses (multigroup
path analyses), we followed Kline's (75) recommendation that the ratio of
observations to estimated parameters should be 20:1 (i.e., 20 participants
per estimated parameter). In the present study, we aimed to compare the
paths from eight cognitive (i.e., inhibition, shifting, updating, and short-
term memory), affective (i.e., math anxiety), and control variables (i.e.,
gender, grade, and fluid reasoning) to the arithmetic outcomes between Chi-
nese and Italian children; thus, a minimum of 160 children per group was
required for the multigroup analyses
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natives. The closet answer was the exact answer+3. The
other three alternatives were obtained by adding/sub-
tracting+5, 15, and +20 units from the closest answer.
As for the Exact Arithmetic task, the percentage of cor-
rect answers were computed. Good internal consisten-
cies for arithmetic estimation (China: Cronbach’s a=0.90;
Italy: Cronbach’s a=0.77) were observed.

Cognitive tasks

Inhibition The Flanker task, adapted from Eriksen and
Eriksen’s study [78], was used to measure the inhibition
ability of executive function. For each trial, five arrows in
a row were presented in the middle of the screen. Partici-
pants were asked to focus on the middle arrow and judge
its direction as quickly as possible. If the middle arrow
pointed to the left, participants were asked to press the “F”
button; if it pointed to the right, participants were to press
the “J” button. Two conditions were included in the study.
One was the congruent condition, in which the middle
arrow had the same direction as the other four. The other
was the incongruent condition, in which the middle arrow
had the opposite direction. 96 trials were randomly pre-
sented and divided into two blocks. The reaction time of
the corrected trials and the accuracy were recorded. In
order to avoid confounds of speed-accuracy trade-off,
an inverse efficiency score (IES) was calculated [79]. We
calculated IES for each condition with the average cor-
rect reaction time divided by the proportion of correct
responses. The final score (corrected IES) was the IES of
incongruent condition subtracted from the IES of congru-
ent condition. Good internal consistencies of corrected
reaction time (China: Cronbach’s a=0.96; Italy: Cron-
bach’s «=0.94) and corrected accuracy (China: Cron-
bach’s a=0.85; Italy: Cronbach’s a=0.81) were observed.

Shifting The Hearts and flowers task was adapted from
Davidson et al’s study [80] to measure the shifting ability
of executive function. In the center of the screen, a heart
or flower was presented on either the left or right side of
a horizontal rectangle. There were three conditions (i.e.,
congruent, incongruent, and mixed), with congruent
and incongruent conditions consisting of 30 trials each,
whereas the mixed condition consisting of 60 trials. In the
congruent condition, a heart appeared on the left or right
side of the rectangle for 1500 ms. Participants had to press
the button on the same side as the heart appeared. In the
incongruent condition, a flower appeared on either side
of the rectangle for 1500 ms. Participants had to press the
button on the opposite side of the flower. In the mixed
condition, a heart or flower was presented on one side of
the rectangle. Sixty trials were presented in a pseudo-ran-
domized order, and participants had to react according to
the rules of the previous conditions. If the n+1 trial used
a different rule from the last trial, it was defined as a shift
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Table 1 Sample demographics

Chinese (n=178) Italian (n=226)

Grade 3 Grade 4 Grade 3 Grade 4

n M (SD),,, n M (SD),,. n M (SD),,. n M (SD) 4.
Boy 53 8.54(0.33) 50 9.52(0.30) 63 848 (0.44) 58 943(0.35)
Girl 39 8.51(0.32) 36 9.47 (0.30) 53 841 (0.39) 52 9.53(0.35)
Al 92 8.53(0.32) 86 9.50 (0.30) 116 845 (042) 110 947 (0.35)

trial. Meanwhile, using the same rule to react was defined
as a non-shift trial. The reaction time of the corrected tri-
als and the accuracy were recorded. Similar to the Flanker
task, we calculated IES for each condition with the average
correct reaction time divided by the proportion of correct
responses. The final score (corrected IES) was derived by
subtracting the IES of the only shift trials in the mixed
condition from the half of the sum of IESs calculated on
the congruent and incongruent conditions respectively.
Good internal consistencies of corrected reaction time
(China: Cronbach’s «=0.93; Italy: Cronbach’s a=0.90)
and corrected accuracy (China: Cronbach’s a=0.91; Italy:
Cronbach’s «=0.87) were observed.

Visuospatial updating This task was adapted from Crisci
et al’s study [81] and requires recognizing, classifying,
memorizing, and updating information that changes over
time. In this task, the participants were asked to memo-
rize and recall the last positions of various shapes (i.e.,
circle, square, triangle, star, diamond, and pentagon) that
appear in a 4x4 matrix. The visuospatial updating task
consisted of eight series of six to twelve shapes, two for
each span level. The target shapes appeared in the center
of the screen (for the first 600ms), then remained visible
at the bottom of the screen throughout the presentation
of the series. Each shape appeared in randomized posi-
tions on a 4x4 matrix for 600ms, with an interval of 600
ms between them. There were four levels of increasing
difficulty depending on the number of target categories
to remember. At the end of the presentation, participants
were asked to use the mouse to indicate the last position
of the target shape. Accuracy, as the proportion of posi-
tions remembered correctly out of the total positions to
remember, was considered for each item. Good internal
consistencies (China: Cronbach’s a=0.75; Italy: Cron-
bach’s «=0.76) were observed.

Visuospatial short-term memory The visuospatial
matrix task was used to measure short-term memory and
was adapted from Giofre and Mammarella’s study [72, 82].
The participants were presented with a 4x4 matrix. They
had to memorize the positions of black cells that appeared
sequentially for one second in different positions on the
matrix. After a series of black cells was presented: a blank
matrix appeared on the screen. Subsequently, the children
used the mouse to click on the locations where they had

seen a black cell. The number of black cells in each series
ranged from 2 to 8. Each span was tested in three trials.
Two practice trials with feedback and seven formal blocks
were tested. The number of corrected answers was used
as the dependent variable. Good internal consistencies
(China: Cronbach’s a=0.86; Italy: Cronbach’s a=0.82)
were observed.

Fluid reasoning Cattell’s Culture Fair Intelligence Test
Scale [83] was used to measure participants’ fluid reason-
ing skills. The task asked the participants to choose one of
the five candidate answers according to the inherent regu-
larity of each question. This task included four subtests
(classification, series, matrices and analogies) for a total of
46 items. The number of correct answers for all subtests
was summed up as the final score. Good internal con-
sistencies (China: Cronbach’s «a=0.62; Italy: Cronbach’s
a=0.63) were observed.

Affective task

Mathematical anxiety Children’s mathematical anxiety
was measured by the Abbreviated Math Anxiety Scale
(AMAS) [84, 85]. The Chinese and Italian versions of the
AMAS were used in this study. It is a self-report math-
ematical anxiety questionnaire consisting of nine items
scored on a Likert-type scale from 1 to 5. Participants
were asked to report their level of anxiety in situations
involving math. Higher scores on the scale indicate higher
levels of mathematical anxiety. Good internal consisten-
cies (China: Cronbach’s a=0.83; Italy: Cronbach’s a=0.78)
were observed.

Procedure

Children were tested in a single collective session last-
ing about 1 h at school and monitored by three experi-
menters. All tasks were presented on a laptop computer
with a 15-inch LCD screen and were programmed using
E-prime software (version 2.0) [86], except for math-
ematical anxiety and fluid reasoning, which were being
measured on paper. The participants were asked to com-
plete the computerized tasks and then the pen-and-paper
tasks. To prevent interference between the two arith-
metic tasks, other tasks were inserted between the two
arithmetic tasks. The order of the tasks was fixed: exact
arithmetic, inhibition, visuospatial short-term memory,
arithmetic estimation, visuospatial updating, shifting,
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mathematical anxiety and fluid reasoning. There was a
short break at the end of each task.

Analytical plan

Using SPSS 22.0 (SPSS Inc., Chicago, IL, USA), we first
conducted a series of independent f-tests to examine
performance differences between Chinese and Italian
children, applying Bonferroni correction for multiple
comparisons (p<.05/8=0.006). Next, we conducted a
repeated-measures Analysis of Variance (ANOVA) to
examine the interaction between task type (exact arith-
metic and arithmetic estimation) and country (China vs.
Italy) on performance. Lastly, we conducted multi-group
path analyses using Mplus [87] to test for cross-cultural
differences in the predicted paths from cognitive (i.e.,
inhibition, shifting, updating and short-term memory)
and affective (i.e., mathematical anxiety) factors to exact
arithmetic and arithmetic estimation between Chinese
and Italian children. Additional exploratory analyses,
including grade and gender, are provided in the Supple-
mentary Material.

Results

Preliminary analyses

Extreme outliers (defined as values with |z-scores| > 3.29)
[88] were found for the inhibition (#=8) and shifting
tasks (n=6). Sensitivity analyses with and without these
outliers showed similar patterns of results, and thus all
data were included in the final analyses.

Descriptive statistics of the raw data for all variables
are shown in Table 2. A series of independent ¢-test was
conducted to compare the children’s abilities between the
Chinese and Italians. The results revealed significant dif-
ferences between the two countries across most of the
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tasks. Specifically, Chinese children performed better
in exact arithmetic (£(402)=24.06, p<.001, d=3.16) and
arithmetic estimation (#(402)=13.39, p<.001, d=1.00)
than Italian children. As for the cognitive and affective
factors, Chinese children performed better on the shift-
ing (£(400) = -7.07, p<.001, d = -0.72), and fluid reasoning
tasks (£(402)=14.91, p<.001, d=1.52) than Italian chil-
dren. In contrast, Italian children performed better on
the visuospatial updating task (£(402) = -4.80, p<.001, d =
-0.50) and showed higher levels of mathematical anxiety
(£(402) = -6.15, p<.001, d = -0.63) than Chinese children.
In addition, no significant differences were observed
between countries for the visuospatial short-term mem-
ory (¢£(402)=1.84, p=.07, d=0.18), and the inhibition task
(¢(401) = -0.65, p=.52, d = -0.06).

To investigate whether the patterns of performance on
the two types of arithmetic tasks were different between
countries, performance was analyzed in a 2(type: exact,
estimation) x 2(country: China, Italy) repeated-mea-
sure ANOVA. The results revealed a significant main
effect of the tasks, F(1, 402)=308.50, p<.001, np2=0.43,
showing that the overall accuracy of exact arithme-
tic was higher than the accuracy in the arithmetic esti-
mation (see Fig. 1). There was a significant interaction
between arithmetic tasks and country, F(1, 402)=132.28,
p<.001, r]p2=0.25, which showed how the execution of
the two arithmetic tasks likely reflects distinct underly-
ing mechanisms in each country. Simple effects analyses
were conducted to examine this interaction using Bon-
ferroni adjustments. The results showed that children
were more accurate on exact arithmetic than arithmetic
estimation for both Chinese (0.86 vs. 0.64, p<.001, n*,
= .48) and Italian children (0.44 vs. 0.39, p<.001, n*, =
.05). However, as shown in Fig. 1, the difference between

Table 2 Means (Standard Deviations), Range, Skewness and Kurtosis for all variables in China and Italy

Variables Index China (n=178) Italy (n=226)
M (SD) Range Skewness Kurtosis M (SD) Range Skewness Kurtosis
Exact arithmetic ~ Proportion  0.86 (0.14)  0.29~1.00 -1.88 3.82 044 (0200 0.08~1.00 0.50 -0.31
correct
Arithmetic Proportion  0.64 (021)  0.17~0.98 -0.46 -0.95 0.39(0.16)  0.08~0.90 0.59 0.02
estimation correct
Inhibition Corrected 135.19 -630.58~3610.92 641 48.71 157.90 -1171.34~2550.95 3.55 24.05
IES? (400.00) (302.94)
Shifting Corrected 440.94 -173464~2109.00 -1.32 13.31 734.52 -633.02~319051 167 535
IES® (375.13) (441.98)
Visuospatial Proportion 058 (0.18)  0.06~0.93 -0.60 -0.07 0.66 (0.16)  0.08~0.95 -0.96 142
updating correct
Visuospatial Total correct  46.02 7~95 0.77 0.08 4246 19~93 0.82 -0.13
short-term (18.63) (19.91)
memory
Fluid reasoning Total correct 3141 (4.69) 14~41 -0.82 1.70 23.12(6.14) 7~37 -0.10 -0.55
Mathematical Sum score 17.63(6.72) 9~39 0.78 0.15 21.88(7.04) 9~43 037 -0.12

anxiety

Note® IES: Inverse efficiency score, details in the Methods section
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Fig. 1 Significant interaction between type of arithmetic tasks and country. Note The boxplots represent the quartiles of accuracy for arithmetic tasks. The

Chinese Italian

upper and lower bars of the box represent the 75th and 25th percentiles, respectively. The line within the box indicates the median

Table 3 Correlations among arithmetic and other variables (Upper Triangle representing partial correlations of China and Lower
Triangle representing that of Italy)

1 2 3 4 5 6 7 8 9 10

1. Gender - —-001 —-0.02 0.11 0.24” 0.08 0.11 0.07 -0.17°  -003

2. Grade 0.02 - -006 -013 0.12 -0.13 0.02 0.06 0.20” -005

3. Fluid reasoning 0.05 027" - 0.43™  0.20" —-0.09 -001 043" 042" -042™
4, Exact arithmetic -009 023" 0417 - 0.57"" —-0.04 0.07 039" 028"  -037™"
5. Arithmetic estimation -009 0277 0367 0747 - -007 0.11 0.39™ 0.8  -0.29™
6. Inhibition -012  —008 -0.20" -020" -0.26"" - -005  -007  —009 0.07

7. Shift 0.09 -006 -022" -0.14" -021" 010 - -002  -012 -0.10
8.Visuospatial updating 0.04 017" 0377 032" 028" -0.10 -004 - 0.34™  -—0.21"
9.Visuospatial short-term memory ~ —0001  0.19"  0.45™ 039"  0.44™ -0.22"  -009 034" - -0.19"
10. Mathematical anxiety 0.09 0.06 -0.15° -0.18" -021" -001 025"  -0.14" -0a7"

Note'p<.05, "p<.01, ""p<.001. Bold values represent significant results at p<.05

Gender: 1=boys, 2=girls

performance on exact arithmetic and arithmetic estima-
tion was larger for Chinese children compared to Italian
children.

Correlational analyses

Correlations were conducted for the two countries sepa-
rately (see Table 3). For both Chinese and Italian groups,
although with variations in the strength of associations,
accuracy in exact arithmetic and arithmetic estimation
was positively correlated with visuospatial updating and
short-term memory tasks, while negatively correlated
with mathematical anxiety. Additionally, arithmetic esti-
mation was found to be significantly correlated with inhi-
bition and shifting among Italian children, a pattern not
observed in the Chinese group.

Multi-group path analyses

Multi-group path analyses were used to test for cross-
cultural differences. Given that fluid reasoning task mea-
sures general cognitive ability and was correlated with
the arithmetic tasks for both groups, and gender and
grade were correlated with at least one arithmetic task in

one of the groups (see Table 3), these three variables were
included as control variables in the models. For readabil-
ity, the path coefficients associated with the control vari-
ables are shown in the figure note.

Two multi-group models were conducted, one with
exact arithmetic and the other with arithmetic estimation
as the outcome variable respectively. In each model, all
paths were specified in Chinese and Italian groups, with
the coefficients for each of the paths estimated indepen-
dently for each group. The models were saturated, that is,
all parameters estimated were equal to the elements in
the covariance matrix, resulting in 0 degrees of freedom,
thus, model fit indices were not applicable. Below, we
present and interpret the results based on the estimated
path coefficients for each model.

For exact arithmetic performance (see the top panel
of Fig. 2), for Chinese children, updating and mathe-
matical anxiety were unique predictors; for Italian chil-
dren, updating and short-term memory were unique
predictors. Post hoc comparisons of the strength of the
predicted paths (i.e., reasoning, mathematics anxiety,
short-term memory, updating, inhibition, and shifting)
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Fig. 2 Multi-group Path Analyses showing Relations between Cognitive, Affective and Exact Arithmetic (top panel) and Arithmetic Estimation (bottom panel) for
the Chinese and ltalian children controlling for Gender, Grade and Fluid Reasoning. Note Numbers on the arrows are standardized coefficients. *p <.05,**p < .01,
***n<.001. Dashed lines represent non-significant paths. Fluid reasoning was controlled for exact arithmetic (Chinese: 8=0.18, p=.020; Italian: 3=0.21,

p=.002) and arithmetic estimation (Chinese: 3 =—-0.11, p=

61; Italian: =0.09, p=
p=.104; Italian:8=—-0.12, p=.032) and arithmetic estimation (Chinese:3=23, p<.001

.198). Gender was controlled for exact arithmetic (Chinese:3=0.10
;Italian:;8=—-0.10, p=.069). Grade was also controlled for exact arith-

metic (Chinese: 8 =—0.17, p=.008; Italian: 8=0.115, p=.054) and arithmetic estimation (Chinese: =0.02, p=.718; Italian: 8=0.16, p=.004)

between Chinese and Italian children were further tested.
Specifically, we used a difference test, using a model
constraint command, to evaluate whether the path coef-
ficients from each group are statistically different from
each other. Post hoc comparisons revealed that all path
coefficients in the model did not significantly differ
between the two groups (ps>0.05), suggesting that the
patterns of relations among cognitive, affective factors,
and exact arithmetic performance were similar across the
Chinese and Italian children.

For arithmetic estimation performance (see the bottom
panel of Fig. 2), for Chinese children, updating, short-
term and mathematical anxiety were unique predictors;
for Italian children, inhibition, short-term memory and
mathematical anxiety were unique predictors. Post hoc
comparisons revealed that all path coefficients in the
model did not significantly differ between the two groups
(ps>0.05), with one exception: The path coefficient from
updating to arithmetic estimation was statistically differ-
ent between groups (5 =-0.23, p=.03).

Taken together, these results suggest that for both
Chinese and Italian children, cognitive and affective fac-
tors similarly predicted exact arithmetic performance,
with no significant differences between the groups in
the model’s path coefficients. In contrast, for arithme-
tic estimation, while most path coefficients were similar
between the groups, the path from updating to arithme-
tic estimation was stronger for the Chinese than for the

Italian children. This finding indicated that the country
moderated the relations between updating and arithme-
tic estimation.

Discussion

To bridge the gap identified in prior research, we exam-
ined cross-cultural differences in the performance of
arithmetic estimation, a skill that is often undervalued in
mathematics education globally [11]. We also examined
how both cognitive (i.e., working memory and execu-
tive functions) and affective (i.e., mathematical anxiety)
components contributed to performance on different
arithmetic tasks (i.e., exact arithmetic and arithmetic
estimation) among school-aged children in China and
Italy. The results showed that both Chinese and Italian
children performed better in exact arithmetic, which is
more emphasized in mathematics education, compared
to arithmetic estimation. Notably, Chinese children out-
performed their Italian peers in both types of arithmetic
tasks, with a more pronounced difference on the exact
arithmetic than the arithmetic estimation. Multi-group
path analyses revealed that the patterns of relations
among cognitive factors, mathematical anxiety, and arith-
metic performance were similar across both groups, with
one exception that visuospatial updating was a unique
predictor of arithmetic estimation for Chinese children
but not for Italian children.
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In line with previous studies [3-7, 67], Chinese children
demonstrated better performance in exact arithmetic
compared to their Western peers, particularly with dou-
ble-digit arithmetic tasks [89, 90]. One possible explana-
tion for this performance gap is the different arithmetic
strategies used by the children. Previous research has
demonstrated cultural differences in children’s arithmetic
problem solving strategies. For example, Chinese chil-
dren prefer to rely on algebraic representations to solve
arithmetic problems (i.e., fact retrieval), whereas Italian
children are more inclined to use less-efficient strategies
like finger counting and the right-to-left solution algo-
rithm [91]. Similarly, American children prefer to rely
on pictorial or verbal representations, which are gener-
ally less efficient [3]. Moreover, Shen et al. [90] found
that 7-year-old Chinese children prefer to use retrieval
strategies in simple arithmetic tasks, in contrast to their
Russian and American peers who prefer counting strate-
gies. Additionally, Chinese children are more likely to use
decomposition strategies for complex arithmetic prob-
lems than their Russian and American peers.

Another possible explanation for the performance gap
in exact arithmetic task between the two countries could
be differences in developmental trajectories of arithme-
tic strategies, reflecting variances in the education sys-
tems. The early development of basic, albeit fundamental,
arithmetical skills allows the faster acquisition of more
advanced arithmetic strategies. Chinese children develop
retrieval strategies in their preschool years, much earlier
than their Western peers [92, 93]. This early advantage
is further enhanced by substantial parental involvement
in home numeracy activities and considerable practice
with mathematical tasks by the children [94, 95]. Further-
more, Chinese parents typically have higher expectations
for their children’s mathematical achievement and more
equipped to support their children’s mathematical learn-
ing than Western parents [66]. Collectively, these cultural
differences in the use of arithmetic strategies and early
mathematical experiences may account for the supe-
rior exact arithmetic performance between Chinese and
Western children.

In the current study, beyond the advantage in exact
arithmetic, Chinese children also demonstrated a
smaller yet significant advantage over their Italian peers
in arithmetic estimation. This finding aligns with previ-
ous research [19, 28], which show that the children’s
proficiency in arithmetic estimation is generally moder-
ate. In particular, the educational systems in both China
and Italy introduce strategies for solving double-digit
exact arithmetic problems starting in the second grade.
In contrast, arithmetic estimation is not emphasized in
mathematics education, resulting in limited instruction
and practice to enhance children’s estimation skills. Chil-
dren seemingly begin to understand and apply various
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rounding-off strategies for estimation by Grade 6 [8].
Thus, it is plausible that younger Chinese and Italian chil-
dren do not spontaneously use the rounding strategies
when estimating [20]. An alternative explanation relates
to the paradigm used in the current study for arithmetic
estimation tasks, where participants had to choose the
answer from four alternatives within a limited time. Some
children may attempt to calculate the exact answers
for estimation problems and then find it challenging to
select one closest to the exact answer. Our results also
show a higher correlation between exact arithmetic
and arithmetic estimation performance for the Chinese
sample compared to the Italian sample. Notably, educa-
tional practices prioritize exact calculation over estima-
tion in China [96, 97] and Italy [28, 98]. This educational
approach may influence individuals’ efficiency in solving
arithmetic estimation problems, particularly when the
exact answer is within their mental calculation capability
or, better yet, is readily retrievable from long-term mem-
ory as a stored arithmetic fact. Because of the greater
emphasis on arithmetic fluency for Chinese children,
we speculate that Chinese children might spontaneously
use exact strategies to carry out the calculations involv-
ing the unit digits when solving double-digit estimation
problems resulting in a higher correlation between exact
arithmetic and arithmetic estimation compared to the
Italian sample.

The current findings also offer insight into the specific
contributions of the cognitive components of arithmetic
processing. Our results reveal a cross-cultural difference
in the involvement of one executive function component:
visuospatial updating. Specifically, the relation between
updating and arithmetic estimation was moderated by
country, showing to be stronger for the Chinese than the
Italian children. One possible reason is that Chinese chil-
dren adapt more complex strategies to solve arithmetic
estimation problems. Updating, which involves constant
monitoring and rapid addition or deletion of contents in
working memory, likely aids in maintaining intermediate
results during arithmetic processing [99, 100]. A strategy
involving multiple steps may demand greater working
memory resources than a simpler one [101]. For example,
the first step in solving an arithmetic estimation problem
often involves rounding operands up or down to simplify
the calculations. To obtain results that are closer to the
exact answer, the second step may involve decompos-
ing the problem to adjust for any rounding discrepan-
cies. This procedure requires participants to maintain
the results of the first step in their working memory [19,
21, 22]. As a result, it is possible that the reliance on a
multi-step strategy leads Chinese children to rely more
on updating when solving arithmetic estimation prob-
lems, thereby contributing to their better performance
than Italian children in this task.
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Among these cognitive factors, we found that Chinese
children outperformed their Italian peers in shifting and
fluid reasoning tasks, while Italian children performed
better than Chinese peers in visuospatial updating task.
Research on cultural differences in cognitive styles indi-
cates that Western individuals tend to be more field-
independent, focusing more on parts than on the whole.
In contrast, Eastern individuals pay more attention to
contextual and relational information, and thus tend to
be more field-dependent [102]. Field-dependent styles
require greater shifting ability [103] and enhance the abil-
ity to solve complex visuospatial tasks, such as fluid rea-
soning tests [104]. In our updating task, the stimuli were
presented sequentially, without relational information to
assist the Chinese participants in solving the task. Taken
together, we speculate that the differences in cognitive
styles may contribute to the different performance in
various cognitive tasks between the Chinese and Italian
children.

In addition to the cognitive factors, we also examined
the role of an affective factor, specifically mathemati-
cal anxiety, in arithmetic processing. Unsurprisingly,
Italian children were more worried about mathematics
than Chinese peers. This finding is in line with previous
research, which shows that Western children experience
higher levels of mathematical anxiety than their East
Asian peers [71] (but see [5, 6]). Mathematical anxiety
has been consistently associated with poorer mathemat-
ics performance [15, 105]. Nevertheless, in the current
study, the correlations between mathematical anxiety and
the two types of arithmetic tasks were similar among the
Chinese and Italian children. A prior study shows that,
compared to Western peers, East Asian children have
more positive beliefs and attitudes towards mathematics,
which may lead to higher motivation for mathematical
achievement [106]. Further research is needed to deepen
our understanding of how affective and protective factors
interact in cross-cultural contexts.

Among all the tasks, mathematical anxiety correlated
not only with performance on numerical tasks, but also
with the performance on cognitive tasks (i.e., updating
and short-term memory tasks). Although our memory
tasks do not involve numbers, memory ability may medi-
ate the relation between mathematical anxiety and math
performance. Processing efficiency theory proposes that
anxiety influences task performance by taxing an individ-
ual’s working memory resources [107]. Consistent with
this view, previous studies have found that mathematical
anxiety disrupts working memory functioning, leading to
poor math performance [17, 52, 54—58].

The current study had some limitations. Firstly, our
study highlights the need to address the scarcity of
cross-cultural studies in this academic domain, where
factors such as educational context (at the family and
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school levels) and the structure of the educational system
(national curricula) may play significant roles. Indeed,
it did not yield a pattern of results that could be antici-
pated based on existing literature, with the exception of
mathematical proficiency. Secondly, we only tested third
and fourth graders. Thus, the results cannot be gener-
alized to other age groups because of the differences in
the development of cognitive and mathematical abilities.
Third, we did not account for linguistic abilities. The Chi-
nese and Italian languages have substantial differences;
for example, the Chinese pronunciation of numbers
is shorter than that of Italian, which may facilitate the
retrieval speed of arithmetic facts. Future studies should
include linguistic tasks to investigate the effect of lan-
guage in cross-cultural differences on arithmetic perfor-
mance [29]. Fourth, parents’ attitudes and expectations
toward mathematics can greatly influence the frequency
and nature of children’s experience with arithmetic. We
did not collect any measures in this regard, which may
explain the cross-cultural differences observed in the
current study. Future studies could interview partici-
pants and survey the information on parents’ attitudes
and expectations, which might be important to further
understand the roots of cultural differences. Despite
these limitations, our findings have shed light on cross-
cultural differences in arithmetic skills and the underly-
ing cognitive and affective factors between Italian and
Chinese children.

Implications and conclusion

Based on the differences in mathematics education
between China and Italy, we speculate that the advantage
of Chinese children in arithmetic tasks may be attrib-
uted to their rigorous mathematics curriculum and home
numeracy activities. Our overall results underscore the
importance of enhancing arithmetic fluency in young
students through comprehensive instruction and prac-
tice. Increasing the pool of arithmetic facts, safely stored
and easily accessible from long-term memory, allows stu-
dents to solve more complex arithmetic problems with
lower cognitive cost, resulting in improved arithmetic
efficiency. With practice, the arithmetic strategy will shift
from procedural to retrieval-based [91, 108]. Therefore,
we recommend that children receive adequate arithmetic
training and practice both at school and at home.

In conclusion, we found that Chinese children out-
performed their Italian peers in both types of arithmetic
tasks. However, the performance advantage was smaller
in the arithmetic estimation tasks compared to the exact
arithmetic task. We also found that the relations between
cognitive (i.e., short-term memory, inhibition and shift-
ing), affective factors (i.e., mathematical anxiety), and
arithmetic performance were similar among the Chi-
nese and Italian children. However, there was a stronger
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unique link between updating and arithmetic estimation
in Chinese compared to Italian children. These find-
ings may be attributed to cultural differences in edu-
cational practices. The greater emphasis on acquiring
fluency in basic arithmetic facts in China may contribute
to children’s efficiency in solving arithmetic estimation
problems.
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