
BRIEF REPORT

Language-specific memory for everyday arithmetic facts
in Chinese-English bilinguals

Yalin Chen1
& Jill Yanke1 & Jamie I. D. Campbell1

Published online: 12 August 2015
# Psychonomic Society, Inc. 2015

Abstract The role of language in memory for arithmetic facts
remains controversial. Here, we examined transfer of memory
training for evidence that bilinguals may acquire language-
specific memory stores for everyday arithmetic facts.
Chinese-English bilingual adults (n = 32) were trained on
different subsets of simple addition and multiplication prob-
lems. Each operation was trained in one language or the other.
The subsequent test phase included all problems with addition
and multiplication alternating across trials in two blocks, one
in each language. Averaging over training language, the re-
sponse time (RT) gains for trained problems relative to un-
trained problems were greater in the trained language than in
the untrained language. Subsequent analysis showed that
English training produced larger RT gains for trained prob-
lems relative to untrained problems in English at test relative
to the untrained Chinese language. In contrast, there was no
evidence with Chinese training that problem-specific RT gains
differed between Chinese and the untrained English language.
We propose that training in Chinese promoted a translation
strategy for English arithmetic (particularly multiplication)
that produced strong cross-language generalization of prac-
tice, whereas training in English strengthened relatively weak,
English-language arithmetic memories and produced little
generalization to Chinese (i.e., English training did not induce
an English translation strategy for Chinese language trials).

The results support the existence of language-specific
strengthening of memory for everyday arithmetic facts.
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Transfer of training

There is diverse behavioral (Campbell & Epp, 2004; Pica,
Lemer, Izard, & Dehaene, 2004), developmental
(Venkatraman, Siong, Chee, & Ansari, 2006), and neurological
evidence (Cohen, Dehaene, Chochon, Lehericy, & Naccache,
2000; Dehaene, Spelke, Pinal, Stanescu, & Tsivkin, 1999;
Salillas & Carreiras, 2014) that language plays an important role
in the development and performance of arithmetic skills.
Nonetheless, whether or not language is essential for cognitive
arithmetic remains controversial (Butterworth & Reeve, 2008;
Butterworth, Reeve, & Reynolds, 2011; Everett & Madora,
2012; Frank, Everett, Fedorenko, & Gibson, 2008; Spaepen,
Coppola, Spelke, Carey, & Goldin-Meadow, 2011). One impor-
tant source of behavioral evidence has come from the study of
arithmetic memory in bilinguals (see Rusconi, Galfano, & Job,
2007, for a recent review). Dehaene et al. (1999; see also Pica
et al., 2004; Spelke & Tsivkin, 2001) presented evidence that
language-based processes mediate exact arithmetic, whereas a
language-independent magnitude representation mediates ap-
proximate arithmetic. In the Dehaene et al. study, Russian-
English bilinguals were trained on sets of exact and approximate
multi-digit arithmetic problems in their two languages. At test,
exact calculations showed large response time (RT) costs of
language switching and poor generalization to novel problems
for both languages. In contrast, approximate arithmetic showed
language independence at test, and training generalized to new
problems without loss. Dehaene et al. concluded that training
exact arithmetic was language specific, whereas approximate
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arithmetic depended upon a language-independent quantity rep-
resentation (but see Gelman & Butterworth, 2005).

Such language-specific transfer of learning demonstrates
that newly-learned arithmetic facts may be at least temporarily
stored in the language in which they are learned, but does this
generalize to adults’ memory for everyday arithmetic facts
such as 2 + 3 and 4 × 5? Campbell and Epp (2004) proposed
that Chinese-English bilinguals with extensive experience in
both languages may possess memory networks of simple
addition and multiplication facts in each language. To pursue
this, Campbell and Dowd (2012) examined retrieval-induced
interference in Chinese-English bilinguals’ addition-fact
memory that is induced by retrieval practice of multiplication
counterparts. Participants practiced multiplication problems
(e.g., 6 × 7 = ?), answering a subset in Chinese and another
subset in English. Then separate groups answered correspond-
ing addition problems (6 + 7 = ?) and control addition prob-
lems in either Chinese or English. The results reported by
Campbell and Dowd, and subsequent analyses by Campbell
and Therriault (2013), demonstrated RT costs for addition
problems after their multiplication counterparts were practiced
in the same language relative to practice in the other language.
Thus, the Campbell and Dowd experiment provided evidence
of language-specific retrieval-induced interference in
Chinese-English bilinguals’ memory for addition facts.

The theory that Chinese-English bilinguals may acquire
memory networks for arithmetic facts in both languages makes
another clear, but as yet untested, prediction. Facilitative trans-
fer of learning from practicing a given problem should be lan-
guage specific. As described before, Dehaene et al. (1999) dem-
onstrated this in bilingual adults memorizing new, unfamiliar
multi-digit arithmetic facts, but it has never been demonstrated
in a bilingual individual’s memory for everyday arithmetic
facts. Here a group of Chinese-English bilingual adults (n =
32) were trained on different subsets of simple addition and
multiplication problems involving all combinations of the num-
bers two through nine. Each operation was trained in one lan-
guage or the other. The subsequent test phase included all the
problems with addition and multiplication alternating across
trials in two blocks, one in each language. If performance is
based on language-specific memory representations then there
should be little problem-specific transfer of training for prob-
lems practiced in one language and tested in the other, com-
pared to the facilitation observed when training and testing of a
problem occurred in the same language.

Method

Participants

Thirty-two Chinese-English bilinguals (21 females, aged 17–
29 years, mean = 22.4, SD = 2.8, 30 right-handed) were

recruited via on-line advertising at the University of
Saskatchewan and received CA$10 for participation. Their
first language for arithmetic was Chinese, and English lan-
guage experience varied from 8 to 21 years (mean = 13.0,
SD =3.02).

Apparatus

Stimuli appeared on two monitors using E-prime 2.0
(Psychology Software Tools, Inc.) with one monitor viewed
by the participant and the other by the experimenter. The par-
ticipant sat approximately 50 cm from their monitor holding a
microphone connected to the computer through Eprime’s
SRbox. Sound input through the microphone provided the
stop-signal to a software clock used to measure RT.

Stimuli

Addition and multiplication problems were made from the 36
possible pairings of the numbers two through nine. The 36
pairs were divided into two sets of 18 with the numbers two
through nine appearing in four pairs in each set. Set 1 included
22, 25, 34, 26, 35, 44, 36, 29, 47, 39, 48, 57, 58, 67, 68, 77, 89,
and 99. Set 2 included 23, 24, 33, 27, 45, 28, 37, 46, 55, 38,
56, 66, 49, 59, 69, 78, 79, and 88. On English language trials,
problems were lower-case English number words separated
by the operation sign (+ or ×) with adjacent spaces (e.g., the
pair 58 appeared as five × eight or five + eight). On Chinese
language trials, Chinese numbers were used for the operands
(e.g.,五 ×八 or五 +八). Problems were displayed horizontally
in 14-point black Courier New against a white background
and appeared with the smaller number on the left when the
two operands differed.

Design

Sixteen participants were assigned to each of two training
conditions. One group trained addition in Chinese and multi-
plication in English and the other group trained addition in
English and multiplication in Chinese. Thus, all four
Operation × Language training combinations were represent-
ed by the two training groups. There were eight training
blocks with operation, training language, and problem set
switching across successive blocks. For example, a participant
who trained addition in English using the Set 1 operands in
Block 1 switched in Block 2 to training multiplication in
Chinese using the Set 2 operands and continued to alternate
between these two configurations across the eight training
blocks. The Operation × Language assignment (i.e., English
addition and Chinese multiplication or Chinese addition and
English multiplication), the operand set assigned to each op-
eration (Set 1 or 2), and the operation for the first training
block were counterbalanced across sets of eight participants.
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The test phase had two blocks of 72 trials. One test block
was in Chinese and the other in English. The language for the
first test block was counterbalanced with the factors
counterbalanced in the training phase (see preceding para-
graph). As such, complete counterbalancing was achieved
over groups of 16 participants. In each test block, trials alter-
nated between addition and multiplication problems with all
18 Set 1 and 18 Set 2 operand pairs used for each operation.
Problem order for each operation was random for each partic-
ipant except that problems involving the same operand pair
(e.g., 4 × 6 and 4 + 6) were separated by at least 20 trials.

Procedure

The 45-min session occurred in a quiet room with the first
author present. Participants were asked to answer problems
quickly and accurately. Each trial began with a central fixation
dot that appeared for 1 s, disappeared for .5 s, and then flashed
on and off twice over a 1-s interval. The problem then ap-
peared with the operation sign at fixation. Timing began syn-
chronized with the problem display and terminated with the
participant’s verbal response. The experimenter typed in the
given answer and then the fixation dot for the next trial ap-
peared. Participants were offered a brief break between trial
blocks.

Results

Training phase

A total of 2.1 % of training RTs were discarded as outliers
more than 3 SD from a participant’s mean RT for each
Operation × Language × Block cell. The mean rate of arith-
metic errors (i.e., incorrect answers) during training was 3.7
%. Figure 1 presents the mean RT for correct trials by opera-
tion, language, and block. Table 1 contains the corresponding
mean percentage of errors committed. As error rates were low
and there was no evidence of a speed-accuracy trade off, the
analyses focused on RT.

Mean RT for correct trials was analysed in an ANOVAwith
group (trained addition in English and multiplication in
Chinese, or trained addition in Chinese and multiplication in
English) as a between-participants factor, and operation (ad-
dition, multiplication) and training blocks (1 to 4 for each
Operation × Language combination) as repeated-measures
factors. Overall, multiplication was slower on average (1,
305 ms) than addition (1,181 ms) [F(1, 30) = 9.2, MSE =
106,362, ηp2 = .24, p = .005], which is the usual finding
(e.g., Campbell & Xue, 2001). Both operations were per-
formed slower in English than in Chinese (+576 ms for addi-
tion and +517 ms for multiplication), as indicated by the
Group × Operation interaction [F(1, 30) = 179.8, MSE =

106,362, ηp2 = .86, p < .001]. It should be noted that here
the Group × Operation test corresponds to the overall RT
advantage for Chinese relative to English because the two
groups trained with opposite Language × Operation map-
pings. As Fig. 1 shows, participants sped up substantially
across blocks [F(3, 30) = 38.2, MSE = 16,006, ηp2 = .56,
p < .001], with the most speed-up occurring during
Blocks 1 and 2 and RTs leveling off in Blocks 3 and 4
as participants approached speed-up asymptote for each
Operation × Language combination within the training
phase. There were no other significant effects in the train-
ing RT analysis (all p > .23).

Test phase

A total of 2.1 % of RTs were excluded as outliers more than 3
SD from a participant’s mean RT for each Language Type
(trained or untrained) × Operation cell. Table 2 presents mean
RT by group, operation, language type (trained or untrained),
and problem type (trained or untrained). Table 3 presents the
corresponding percentages of errors. The overall error rate dur-
ing the test phase was 4.6 %, but there were too few in many
cells for a full statistical analysis; consequently, we focused on
analyses of mean RT for correct trials. Our design did not fully
cross training language and operation. Averaging over the two
Operation × Language groups, the language factor represents
training and test language either the same (trained) or different
(untrained). We first report analyses of the test phase RTs aver-
aged over group, and then report analyses using only one
between-group factor (i.e., training language or operation),
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which provide more specific information about transfer effects
across training language and operation.

The Language Type (trained or untrained) × Problem Type
(trained or untrained) × Operation repeated-measures
ANOVA showed that, as in the training phase, mean RT was
slower for multiplication (1,502 ms) than addition (1,364 ms)
in the test phase [F(1, 31) = 30.0, MSE = 40,703, ηp2 = .49,
p < .001]. Overall, participants were faster to answer trained
(1,370 ms) than untrained (1,496 ms) problems [F(1, 31) =
71.7, MSE = 14,098, ηp2 = .70, p < .001], but the RT gains for
trained problems relative to untrained problems were greater
in multiplication (156 ms) than in addition (95 ms) [F(1, 31) =
5.0, MSE = 11,801, ηp2 = .14, p = .032]. Overall, mean RT
was not significantly faster in the trained language (1,404 ms)
compared to the untrained language (1,463 ms) [F(1, 30) =
3.2, MSE = 71,181, ηp2 = .09, p = .08] but, most important,
there was a Language Type × Problem Type interaction [F(1,
31) = 12.2, MSE = 8,729, ηp2 = .28, p = .001]. This occurred
because RT gains for trained problems relative to untrained
problemswere greater in the trained language (167ms) than in
the untrained language (85 ms). This confirms that training
resulted in language-specific transfer expressed in RT gains.

In the following analyses, we examined problem-specific
RT gains (i.e., mean RT for untrained problems minus the
mean RT for trained problems) by operation with training
language as a between-group factor and, in separate analyses,

examined RT gains by training language with operation as a
between-group factor. Figure 2 presents the mean RT gain for
each Group × Operation × Language Type cell.

Effects of training language on transfer within operation

Multiplication A Group (Chinese vs. English training for
multiplication) × Language Type (language at test trained vs.
untrained) of mean RT gains indicated that gains were larger
overall in the trained language (200 ms) than in the untrained
language (112 ms) [F(1, 30) = 7.1, MSE = 17,491, ηP

2 = 0.19,
p = 0.012], but the Group × Language Type interaction [F(1,
30) = 6.8, MSE = 17,491, ηP

2 = 0.19, p = 0.014] indicated that
when English was the trained language for multiplication, RT
gains were greater in the trained language [247 ms, t(15) =
7.11, p < .0001, SE = 34.7 against 0 gain] compared to the
untrained Chinese language [72 ms, t(15) = 5.07, p < .0001,
SE = 14.3]. In contrast, when Chinese was the trained lan-
guage, RT gains were practically equivalent in the trained
Chinese language [154 ms, t(15) = 5.32, p < .0001, SE =
28.9] and untrained English language [152 ms, t(15) = 3.16,
p =. 007, SE = 48.0]. Thus, multiplication training generalized
to English when Chinese was trained, but there was relatively
little generalization of multiplication practice to Chinese when
English was trained.

Table 1 Mean percentage of errors and standard error (in brackets) in the training phase for training group, operation (addition, multiplication), and
block

Trained addition in English and multiplication
in Chinese

Trained addition in Chinese and multiplication
in English

Addition Multiplication Addition Multiplication

Block 1 4.2 (1.4) 3.5 (1.0) 3.5 (1.5) 4.2 (1.2)

Block 2 4.9 (1.2) 2.8 (0.9) 2.1 (0.9) 3.5 (0.9)

Block 3 4.2 (1.3) 3.5 (1.1) 2.1 (0.9) 4.5 (1.0)

Block 4 4.5 (1.3) 4.5 (1.4) 3.1 (1.3) 3.8 (1.3)

Table 2 Mean response time (ms) and standard error (in brackets) in the test phase for training group, operation (addition, multiplication), language
trained or untrained for this operation, and problem trained or untrained for this operation

Trained addition in English and multiplication in Chinese Trained addition in Chinese and multiplication in English

Addition Multiplication Addition Multiplication

Language trained E C C E

Problem trained 1652 (147) 1059 (59) 955 (53) 1615 (127)

Problem untrained 1827 (131) 1212 (61) 1046 (58) 1862 (126)

Language untrained C E E C

Problem trained 1121 (83) 2040 (138) 1538 (87) 983 (54)

Problem untrained 1172 (65) 2192 (143) 1603 (103) 1055 (57)

Note. E = test language English, C = test language Chinese
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Addition The corresponding analysis of addition RT
gains confirmed a main effect of Language Type [F(1, 30) =
4.4, MSE = 20,348, ηP

2 = 0.13, p = 0.044], whereby RT gains
were greater in the trained language (133 ms) than in the
untrained language (58 ms). Addition presented significant
problem-specific RT gains in the trained language both for
English [175 ms, t(15) = 2.88, p = .01, SE = 60.7] and
Chinese [91 ms, t(15) = 3.69, p = .002, SE = 24.7]. There
was little evidence for generalization to the untrained lan-
guage, however, either for Chinese [51 ms, t(15) = 1.54, p =
.14, SE = 32.9] or English [65 ms, t(15) = 1.72, p = .11, SE =
37.6]. For addition, the two-way interaction between Group
(i.e., training language) and Language Type was not statisti-
cally significant (p = .18). Thus, unlike multiplication, there
was no evidence that RT gains from addition training in either
Chinese or English generalized to the other language.

Effects of operation on transfer within training language

English trained A Group (i.e., addition vs. multiplication
when trained in English) × Language Type (test language
trained vs. untrained) indicated only a significant effect of
Language Type on RT gains [F(1, 30) = 17.7, MSE = 20,
089, ηP

2 = 0.37, p < 0.001], reflecting larger RT gains in the
trained English language [211ms, t(31) = 6.03, p < .00001, SE
= 35.0 relative to 0 gains] compared to the untrained Chinese
language [61 ms, t(31) = 3.43, p = .002, SE = 17.9]. There
were no effects involving the operation factor when English
was the trained language (all ps > 0.28).

Chinese trained The corresponding Group (addition vs. mul-
tiplication) × Language Type ANOVA of RT gains with
Chinese trained and English untrained indicated no significant
effects (all p > .06). Mean RT gains were 122 ms in the trained
Chinese language [t(31) = 6.44, p < .00001, SE = 19.0] and
108 ms in the untrained English language [t(31) = 3.55, p =
.001, SE = 30.5]. Thus, unlike when English was the trained
language, there was no evidence that RT gains differed be-
tween languages when Chinese was trained [F(1, 30) = 0.14,
MSE = 17,750, ηP

2 = 0.005, p = .72 for the interaction].

Discussion

The present experiment tested the theory that Chinese-English
bilinguals may develop language-specific memory represen-
tations for everyday simple addition and multiplication facts.
This possibility was supported previously by evidence that
retrieval-induced interference of addition memory by retrieval
practice of multiplication counterparts was observed only
when the practice and test languages were the same and not
when the languages differed (Campbell & Dowd, 2012; see
also Campbell & Epp, 2004). Such language-specificity of
memory for arithmetic facts is consistent with evidence that
training bilinguals on new multi-digit arithmetic problems

Table 3 Mean error rate and standard errors (in brackets) for training group, operation (addition, multiplication), language trained or untrained for this
operation, and problem trained or untrained for this operation

Trained addition in English and multiplication in Chinese Trained addition in Chinese and multiplication in English

Addition Multiplication Addition Multiplication

Language trained E C C E

Problem trained 2.4 (0.9) 1.7 (1.0) 0.7 (0.5) 3.1 (1.1)

Problem untrained 3.5 (0.9) 3.1 (0.9) 7.3 (2.2) 6.6 (1.4)

Language untrained C E E C

Problem trained 2.4 (1.1) 6.6 (1.5) 3.8 (1.0) 3.8 (1.4)

Problem untrained 4.2 (1.5) 6.6 (1.5) 4.9 (1.8) 10.4 (2.0)

Note. E = test language English, C = test language Chinese
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produced RT gains in the trained language that did not gener-
alize to the untrained language (Dehaene et al., 1999; Spelke
& Tsivkin, 2001). Here we adopted a similar paradigm to that
used by Dehaene et al. that afforded measurement of language
specificity of training in Chinese-English bilinguals’ single-
digit addition and multiplication.

For addition, the results indicated that RT gains from train-
ing in one language provided little, if any, benefit to the trained
problems tested in the untrained language. In contrast, when
multiplication was trained in Chinese, problem-specific RT
gains were equivalent for the trained Chinese and untrained
English language. In other words, there was nearly complete
transfer of learning of the Chinese trained problems to the
untrained English language. This result is consistent with
two main alternative potential explanations. First, cross-
language transfer would occur if participantsmentally recoded
the English problems into verbal Chinese or visual Arabic
stimuli and then retrieved the solution in Chinese and trans-
lated the answer back into English for response output. This
Chinese-based translation strategy would take advantage of
problem-specific RT gains from training in Chinese because
the nominally English-language trials would be mediated by
the trained Chinese language. This would allow much of the
language-specific RT gains from Chinese practice to transfer
to the untrained English language. A second possible expla-
nation is that arithmetic memory for both languages is medi-
ated by a common abstract or amodal representational format
(McCloskey & Macaruso, 1995; see Campbell, 2015; Cohen
Kadosh & Walsh, 2009). In this case Chinese practice would
strengthen the common abstract representation and this learn-
ing would transfer to English because English performance
would be mediated by the strengthened abstract
representation.

An explanation for the observed generalization of training
from Chinese to English based on translation (i.e., for the test
phase in English after training in Chinese, translate to Chinese
then back to English) is consistent with the present results. In
contrast, the proposal of a common amodal representation is
difficult to reconcile with the results. The latter theory implies
that cross-language transfer should be at least approximately
symmetrical because much of the RT gains would be associ-
ated with strengthening the common representation (Rickard
& Bourne, 1996). Consequently, training in either language
should produce substantial positive transfer of learning to the
other. In fact, however, when English was trained, problem-
specific RT gains were much greater in English compared to
the gains observed in the untrained Chinese language.
Specifically, gains in the trained English language were
211 ms (averaging across operations) compared to gains of
61 ms in the untrained Chinese language. When training oc-
curred in Chinese, there was little difference in the RT gains in
the trained Chinese language (122 ms) and the untrained
English language (108 ms). In other words, there was a strong

asymmetry between Chinese and English in the language-
specificity of RT gains, a result that is at odds with the pro-
posal of a common abstract or amodal memory system for
arithmetic facts.

Instead the results suggest that after Chinese training,
English arithmetic (particularly multiplication) was mediated
by translation to Chinese, whereas, in contrast, Chinese trans-
lation was used minimally during training in English, and
consequently there were minimal gains in the untrained
Chinese language during the test phase. Moreover, the results
indicate that the problem-specific English RT gains from
English training must, at least in part, arise from language-
specific learning. RT gains for English when it was the trained
language were greater than the gains for Chinese when it was
the trained language [211 ms vs. 122 ms, t(31) = 2.46, SE =
36.0, p = .020]; thus, the gains for English were greater than
would be expected even if the full benefits of training in
Chinese were transferred to English. In other words, the gains
were too large to be explained by Chinese-languagemediation
and provide evidence of language-specific RT gains for spe-
cific problems. These gains evidently were not sufficient,
however, to induce participants to use English-language
trained arithmetic facts for translation purposes when
Chinese was required at test; instead, they continued to rely
on their already-fluent Chinese-language process for un-
trained problems in Chinese.

The generalization results suggest that training multiplica-
tion in Chinese promoted a translation strategy for multiplica-
tion in the untrained English language, but there was little
evidence that training addition in Chinese promoted transla-
tion for English addition. Campbell and Epp (2004) suggested
that English-to-Chinese translation was more likely for multi-
plication than addition, possibly because multiplication mem-
ory is usually weaker (e.g., Campbell & Xue, 2001), regard-
less of language, and individuals do not develop sufficient
memory strength in English to rely on English-language rep-
resentations. In contrast, memory strength for addition in
English might often be sufficient to support direct retrieval
in English. Such an asymmetry in English-to-Chinese transla-
tion (i.e., more likely for multiplication than addition) would
weaken cross-language gains for addition when Chinese was
the trained language.

Conclusions

The results provided evidence of language-specific strength-
ening of memory for everyday arithmetic facts. We cannot tell
from the current data, however, whether the participants pos-
sessed language-specific memories for arithmetic prior to the
experiment, or acquired them from the language-specific
training they received in the experiment. Given that it is pos-
sible to acquire language-specific arithmetic memories, then
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the natural development of arithmetic fact networks in multi-
ple languages would depend on the opportunities for strength-
ening memories for the facts in each language. The present
results suggest that a strong asymmetry in arithmetic-fact
memory strength can promote a translation strategy based on
the stronger language. In this case, arithmetic facts stored and
routinely used in two languages would be more likely in bi-
linguals whose arithmetic experiences in each language were
acquired simultaneously and become approximately equal in
strength.

Author note This research was supported by a grant from the Natural
Sciences and Engineering Research Council of Canada to Jamie
Campbell.
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