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Abstract

Linguistic specificities such as the inversion property of number words (e.g., in German 43 is
spoken dreiundvierzig, literally three and forty) moderate Arabic number processing. So far,
cross-linguistic studies have mostly focused on inversion-related effects on simple (number
comparison) and calculation-based (multi-digit addition) magnitude processing of numerical
information. Despite the assumption that multiplication facts are represented in verbal format,
not much attention has been paid to inversion-related influences on multiplication fact
retrieval. Accordingly, the current study evaluated inversion-related effects on the processing
of place-value information in multiplication. In a verification paradigm, the decade
consistency effect (i.e., more errors when the decade of a solution probe shares the decade
digit with the correct solution) was larger for English- than German-speaking participants for
table-related probes. Processing of decade digits might be prioritised in English-speaking
participants because the decade-digit is named first in English number words whereas in
German number words the unit-digit is named first. Our results indicate that 1) the influence
of specificities of a verbal number word formation on place-value processing generalise to
arithmetic fact retrieval and ii) inversion of number words might even be advantageous in

specific cases.
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Introduction

An important milestone in early numerical development is the ability to associate
specific quantities with symbolic Arabic digits. Once this association is established and two-
digit numbers are encountered, children additionally need to learn that our Arabic number
system is organised in a place-value structure: the numerical value of a digit depends on its
position in the digit string differentiating units, tens, hundreds, etc.. Early place-value
understanding was shown to predict later arithmetic abilities (Moeller, Pixner, Zuber,
Kaufmann, & Nuerk, 2011) and, thus, seems to be a precursor for later numerical
achievement. Moreover, highly automated processing of place-value information as reflected
by the componential processing of tens and units (following the place-value structure of the
Arabic number system) was found for a variety of different tasks and for both adults and
children from early elementary school onwards (see Nuerk, Moeller, Willmes, 2015 for a
review). Furthermore, differences between number word systems across languages, such as,
for example, the inversion property of German number words (e.g., 63 spoken as
dreiundsechzig, literally three and sixty), were repeatedly used to evaluate influences of
linguistic properties on processing place-value information in a variety of tasks (Nuerk et al.,
2015 for areview). Typically, it was observed that number word inversion leads to additional
processing costs in tasks ranging from simple magnitude comparison (e.g., Moeller, Shaki,
Gobel, & Nuerk, 2015) to mental calculation (e.g., multi-digit addition: Gobel, Moeller,
Pixner, Kaufmann, & Nuerk, 2014; Lonnemann & Yan, 2015). Surprisingly, however, even
though multiplication facts are assumed to be represented in verbal format (e.g., Dehaene,
Piazza, Pinel, & Cohen, 2003; Lee & Kang, 2002), inversion-related effects on multiplication
fact retrieval have not yet received similar research interest. And this is true even though there
is evidence that place-value information is retained during the retrieval of multiplication facts
from long-term memory as well (Domahs, Delazer & Nuerk, 2006; Domabhs et al., 2007).

Accordingly, this study set out to investigate whether previously observed influences of
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linguistic differences on processing place-value information generalise to multiplication fact

retrieval.

Processing place-value information of multi-digit numbers

Evidence for the componential processing of multi-digit numbers complying with the
place-value structure of the Arabic number system comes from a broad variety of tasks
ranging from simple magnitude comparison to more complex numerical and arithmetical
tasks. For instance, the unit-decade compatibility effect is one indicator of the componential
processing of tens and units in number magnitude comparison (Nuerk, Weger, & Willmes,
2001): number pairs for which separate comparisons of tens and units yield compatible
decision biases (e.g., 42_57;4 <5 and 2 < 7) are responded to faster and with fewer errors
than number pairs for which these separate comparisons of tens and units yield incompatible
decision biases (e.g., 47_62,4 < 6, but 7 > 2, e.g., Ganor-Stern, Tzelgov, & Ellenbogen, 2007;
Kallai & Tzelgov, 2012; Macizo & Herrera, 2013; Moeller, Klein, Nuerk, & Willmes, 2013;
see also Bahnmueller, Moeller, Mann, & Nuerk, 2015, Korvorst & Damian, 2008, for

evidence on three-digit numbers).

For more complex numerical and arithmetical tasks, there is also accumulating
evidence that numbers are processed componentially complying with the place-value structure
of the Arabic number system. For example, for a verification version of the number bisection
task, Nuerk, Geppert, van Herten, and Willmes (2002) observed that participants’
performance decreased whenever the bisected interval crossed a decade boundary (e.g.,
25_28_31 vs. 23_26_29). This revealed that the involved numbers are not processed as
integrated entities, but separated into tens and units. Similarly, for basic arithmetic operations
such as addition involving multi-digit numbers, it was repeatedly observed that participants
did not simply add the holistic magnitudes of the addends. Instead, the constituting digits of

multi-digit numbers are added separately considering place-value information (i.e., units plus
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units, tens plus tens, etc., e.g., Moeller, Klein, & Nuerk, 2011). In this context, processing of
place-value is of particular relevance for addition problems with a carry operation. For these
problems (e.g., 26 + 47) it is not enough to add tens and units column-wise. Instead, it is
necessary to consider the decade digit of the unit sum (i.e., 6 + 7 = 13) when computing the
sum of the tens (i.e., 2 + 4 + 1 =7) to come to the correct result (e.g., Deschuyteneer, De
Rammelaere, & Fias, 2005, Klein et al., 2010). This clearly reflects the componential
processing of multi-digit numbers (cf. Nuerk et al., 2015 for a more elaborate discussion).
Importantly, these findings suggest that the componential processing of multi-digit numbers
may not be an exception but rather the rule that generalises across a broad variety of

numerical tasks.

Importantly, however, with the decade-consistency effect (Domahs et al., 2006, 2007)
there is now also evidence for componential processing of tens and units in multiplication fact
retrieval. When presented with a multiplication problem (e.g., 4 x 8), a prominent finding is
that table-related (36) errors are more likely compared to a table-unrelated errors (37). In
addition to this table-relatedness effect, Domahs and colleagues (2007) demonstrated that
participants are more likely to falsely indicate that 36 as compared to 28 is a correct solution
to the problem— even though both are table-related — because 36 falls into the same decade as
the correct result 32 and is thus decade-consistent. Because interference specifically occurs
between the decade digits of the correct result and other decade-consistent solution options,
the decade consistency effect indicates that during the retrieval process possible solution
options are not activated as integrated entities. Instead, it indicates that place-value
information is considered in arithmetic fact retrieval and that the single digits of possible
solution options are activated and processed in a componential manner (cf. Verguts & Fias,

2005).
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Domahs and colleagues further showed that the decade consistency effect was more
pronounced for a long as compared to a short stimulus onset condition (SOA). This indicates
that the decade consistency effect reflects interference between a solution option (i.e., the
correct result) already activated in long-term memory and a presented lure. In case the
solution option is not yet (fully) activated — as in the short SOA condition — interference
should be smaller if not absent. This substantiates the argument that componential processing

of tens and units generalizes to arithmetic fact retrieval.

Influences of linguistic specificities on place-value processing

The processing of place-value information in multi-digit numbers, in particular the
componential processing of units, tens, etc., is modulated by linguistic specificities of
different languages in number word formation. Generally, transparent number word systems
(e.g., English), in which the order of number words reflects the order of digits in the Arabic
number system, were observed to be advantageous for children’s numerical development
(e.g., Miura, Okamoto, Kim, Steere, & Fayol, 1993). However, in several languages (e.g.,
German, Dutch, Arabic), the order of tens and units in number words is inverted in relation to
the symbolic Arabic notation (e.g., in German 63 is spoken as dreiundsechzig, literally three
and sixty). Comparing numerical performance in language groups with inverted vs. non-
inverted number words revealed that the lack of transparency with regard to the place-value
structure of the Arabic number system is a significant disadvantage in a variety of different
tasks (e.g., addition: Gobel et al., 2014, Lonnemann & Yan, 2015, Xenidou-Dervou, Gilmore,
van der Schoot, & van Lieshout, 2015, but see Brysbaert, Fias, & Noél, 1998; number
magnitude comparison: Moeller et al., 2015, Nuerk, Weger, & Willmes, 2005, Van Rinsfeld,
Schiltz, Landerl, Brunner, & Ugen, 2016; number line estimation: Helmreich et al., 2011;
transcoding: Imbo, Buckle, De Brauwer, & Fias, 2014, Xenidou-Dervou et al., 2015, Zuber,

Pixner, Moeller, & Nuerk, 2009). The disadvantage is particularly strong for children during
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numerical skill acquisition but negative inversion-related effects are also evident in educated
adults. For instance, Nuerk et al. (2005) as well as Moeller et al. (2015) demonstrated that the
unit-decade compatibility effect is larger for adult speakers of languages with inverted
number words. These authors argued that the interference caused by the irrelevant unit digit in
incompatible trials (e.g., 47_62,4 < 6, but 7 > 2) is increased in inverted languages because
the unit digit is named first in the respective number words. Importantly, these studies show
that place-value information is processed because otherwise no such moderation by language
specific number word formation should have been observed. Moreover, these and other
results (e.g., Kalai & Tzelgov, 2012) indicate that place-value information of the constituting
digits of a multi-digit number is processed in a highly automated fashion and moderations
through linguistic properties of a language occur even in numerical tasks that do not require

explicit verbal processing.

The latter is of particular interest for the current study, because multiplication facts are
assumed to be stored in a verbal format in long-term memory. Accordingly, compared to
other tasks such as magnitude comparison or addition/subtraction problem solving,
multiplication is thought to rely more strongly on verbal processing components (e.g.,
Chochon, Cohen, Van De Moortele, & Dehaene, 1999; Lee, 2000; for behavioral evidence
see, e.g., De Smedt & Boets, 2010; Lee & Kang, 2002; Moeller, Klein, Fischer, Nuerk, &
Willmes, 2011). For instance, this notion is corroborated by the results of Lee and Kang
(2002). The authors applied a dual task paradigm requiring participants to solve multiplication
or subtraction problems while concurrently performing a phonological or visual-spatial
loading task. Results showed a double dissociation: In comparison to a baseline condition
with no loading task, performance in multiplication fact retrieval dropped significantly in the
phonological loading task condition only whereas performance in subtraction solely dropped

under visual-spatial loading.
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This specific reliance on verbal processing components in multiplication fact retrieval
is also reflected in the currently most influential model of number processing (the Triple Code
Model, e.g., Dehaene et al., 2003) which associates multiplication fact retrieval with brain
areas specifically involved in language-mediated (numerical) processes such as the left
angular gyrus as well as left-hemispheric perisylvian language areas. Therefore, if
multiplication facts are indeed stored and/or accessed verbally, specific differences in number
word formation -such as the inversion property- should influence place-value processing

during the retrieval process even in a non-verbal task setting.

To our knowledge, the study of Noél and colleagues (Noél, Fias, & Brysbaert, 1997) is
so far the only study addressing inversion-related influences in multiplication fact retrieval. In
a production paradigm, the authors investigated whether inversion-related differences in
number words led to the preactivation of different solution options in the arithmetic fact
network. More precisely, assuming that the two operands are read as a two-digit number, the
problem quatre x huit (four x eight) should, for example, preactivate quarante-huit (forty
eight) in French, whereas vier x acht (four x eight) should preactivate vier-en-tachtig (four
and eighty) in Dutch. Because of different place-value assignments in number words, reading
the operands was hypothesised to result in specific differences in operand intrusion errors. No
empirical evidence substantiating the notion of an inversion-related effect of the operands on
the preactivation of specific incorrect solutions was observed by Noél and colleagues.
However, results do not answer the question of whether or not number words of already
activated solution options (e.g., table-related ones, decade-consistent ones, and also the

correct result) interfere with the retrieval process.

The present study

In the present study, we further pursued the idea of inversion-related differences in

multiplication fact retrieval. However, in contrast to the study by Noé€l and colleagues (1997)
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we investigated whether number word inversion influences the multiplication fact retrieval
process by means of specific modulations of the decade consistency effect. Thus, in the
current study native speakers of German (with inversion) and English (no inversion) were
asked to solve simple multiplication problems (single-digit times single-digit). We used the
same verification task (including the stimulus set) previously employed by Domabhs et al.
(2007) to prevent any confounding verbal processes related to the active production of the
(correct) result. Stimuli were presented in Arabic digit notation to ensure that interferences
due to number words are not a simple artefact of verbal in- or output information processing.
Moreover, we also adopted the manipulation of stimulus onset asynchrony (SOA) used in
Domabhs et al. (2007) to maximize comparability across studies and to evaluate potential

influences of the time course of arithmetic fact retrieval on the effects under investigation.

Paralleling the study of Domahs and colleagues (2007), we evaluated both the effects
of decade-consistency and table-relatedness. Generally, we expected to replicate the main
effects of decade-consistency (i.e., more errors and slower RTs for decade-consistent than
decade-inconsistent lures) and table-relatedness (i.e., more errors and slower RTs for table-

related than table-unrelated lures).

To specifically address inversion-related influences on place-value processing in
multiplication fact retrieval, we evaluated effects of language on the decade consistency
effect. This effect indicates that place-value information is processed in multiplication fact
retrieval (Domahs et al., 2006, 2007) because it reflects a conflict between the correct result
of a multiplication problem and decade-consistent solution options that share the same decade
digit (e.g., for 4 x 8 = ? it is harder to reject the decade-consistent lure 36 than the decade-
inconsistent one 28). Thus, solution options of a given problem need to be activated to cause
the interfering effect of decade consistency. Therefore, in case number words of triggered

solution options are activated, number word information should moderate place-value
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processing in multiplication fact retrieval in a very specific way. In particular, we expected
that the decade consistency effect should be larger for English- than German-speaking
participants because the decade digit is named first in English, but last in German two-digit
number words. In turn, this should lead to an enhanced activation of the decade digits in
English compared to German and thus increased interference caused by decade-consistent

incorrect solution probes in English.

Methods

Participants

A total of 48 university students participated in the study. In each language group one
participant was excluded because their overall error rate exceeded 33% (50% was guessing
rate). The remaining 23 German-speaking participants were on average 24.48 years old [SD =
4.99, range 20-42, 8 male] and were tested at the UMIT in Hall in Tyrol, Austria. The
remaining 23 English-speaking participants were on average 20.52 years old [SD = 2.52,
range 18-29, 8 male] and were tested at the University of York, UK. All participants were
native speakers of their respective language, right-handed, had normal or corrected to normal
vision, and did not report a history of neurological or psychiatric diseases. The study was

approved by the ethics committee of the Department of Psychology, University of York (UK).

Task, stimuli, and design

Participants were asked to indicate whether a presented solution of a single-digit times
single-digit multiplication problem with two-digit number results was correct or not. For this
purpose, the carefully balanced stimulus set of Domahs and colleagues (2007) was used in

which lures of the multiplication problems were manipulated according to a 2x2 design with



Running head: LINGUISTIC INFLUENCES IN ARITHMETIC FACT RETRIEVAL 11

the factors relatedness (table-related vs. not table-related) and consistency (decade-consistent
vs. decade-inconsistent). Eighteen multiplication problems were presented eight times, once
per lure type (related and consistent, related but inconsistent, unrelated but consistent,
unrelated and inconsistent) and four times with the correct solution. In addition, 44
multiplication problems were inserted to balance the frequency of presenting a specific
number as a correct result or a lure (e.g., the problem 8 x 2 = 16 was included because in the
experimental stimulus set the solution probe 16 was a lure once more than it was the correct
result). The resulting 188 stimuli were presented once per SOA condition (short (50ms) vs.
long (450ms)). For a complete list and a more detailed description of the stimulus set see

Domabhs et al. (2007).

Procedure

The experiment was presented on a 19” screen driven at a resolution of 1024 x 768
pixels. Participants sat approximately 60 cm in front of the screen. After giving their written
informed consent, they were instructed to indicate as quickly and accurately as possible
whether or not a presented probe was the correct solution to a presented multiplication
problem. In case the solution probe was correct, participants should press the right ctrl-button
of a standard keyboard, whereas the left ctrl-button had to be pressed when the probe was not
the correct solution to the presented problem. Stimuli were presented in white against a black
background in Courier New font type (bold; font size: 24) at the centre of the screen. The two
operands were presented simultaneously and were separated by two blank spaces. No
multiplication sign was given in order to speed up the perception of the problem as suggested
by the results of LeFevre, Bisanz, and Mrkonjic (1998). The probe was placed just 50px

below the centre.
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Each trial started with the presentation of a fixation cross (x; 300ms) which was
followed by a blank screen (200ms). Subsequently, the multiplication problem was displayed
briefly (100ms), again followed by a blank screen (short SOA: 50ms, long SOA: 450ms).
Directly following this blank screen, a solution probe was presented which stayed on the
screen until either a response was given or the time limit of 2000ms was reached. The inter-

trial interval was 800ms. Participants did not receive feedback.

All stimuli were presented in both a short and a long SOA condition separated into
two blocks (one block per SOA). Each block started with ten practice trials that were not part
of the stimulus set. Block order was counterbalanced across participants. Within each block,
trial order was randomised individually for each participant. After the practice trials as well as
after every 47 trials, participants had the possibility to take a short break. In total, the
experiment lasted approximately 30 minutes. The same experiment was used for both

language groups.

Results

Error rates

Only responses to multiplication problems followed by one of the four lure types were
considered in the analyses. Error rates were arcsin-transformed prior to analyses. However,
results are given in % for reasons of comprehensibility. A 2x2x2x2 mixed model ANOVA
was run incorporating the within-subject factors SOA (short vs. long), decade consistency
(decade-consistent vs. decade-inconsistent) and table relatedness (table-related vs. table-
unrelated) as well as language group (German- vs. English-speaking) as between-subject
factor. Please see Table 1 for means and standard deviations of the respective stimulus

conditions per language group for both error rates and reaction times.
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Table 1. Means (M) and standard deviations (SD in parentheses) of error rates and reaction
times separated for stimulus conditions and language groups.

ER (%) RT (ms)
German English German English
M (SD) M (SD) M (SD) M (SD)
~  related consistent 31.6 (19.2)  27.8(15.7) 928 (204) 991 (202)
= inconsistent 25.6(17.1)  16.7(11.8)  937(200) 977 (193)
S
wn .
= unrelated consistent 7.0 (7.5) 4.6(6.2) 831(192) 874 (164)
é inconsistent 5.6 (8.0) 4.6(5.2) 801 (194) 867 (189)
)
correct result 11.1 (9.1) 9.0(6.4) 768(179) 820 (161)
’é? related  consistent 13.3(9.1) 17.9(11.8) 703 (153) 749 (176)
= inconsistent 13.3(9.9) 11.4(9.8) 691 (152) 752 (174)
w
= .
S unrelated .cons1st.ent 39 (5.1 3.6 (4.0) 628 (108) 663 (123)
g inconsistent 3.9(6.1) 43 (6.0) 630(107) 675 (113)
“ correct result 9.4 (8.1) 8.3(6.2) 587(115) 636 (131)

Note. Related: problems with table-related lures; unrelated: table-unrelated problems;
consistent: decade-consistent lures; inconsistent: decade-inconsistent lures; correct result:
probes presented with the correct result.

13

Overall, the two language groups did not differ in ER [F(1,44) = 0.30, p = .590;
German: M = 13.0%, SD = 14.8%, English: M = 11.4%, SD = 12.6%]. We observed a reliable
effect of decade consistency [F(1,44) = 16.37, p <.001, 5,> =.27] indicating that more errors
were made in response to decade-consistent probes [consistent: M = 13.7%, SD = 15.0%,
inconsistent: M = 10.7%, SD = 12.1%]. The main effect of decade consistency was further
qualified by the two-way interaction of decade consistency and table relatedness [F(1,44) =
13.39, p = .001, ,? =.23]. This interaction indicated that the effect of decade consistency

was significant for related [M = 5.8%, SD = 7.9%; p < .001] but not significant for unrelated
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probes [M = 0.2%, SD = 3.8%; p = .053]. In contrast to our expectations, the interaction of
language and decade consistency was not significant [F(1,44) =2.27, p = .139]. However, the
three-way interaction of table relatedness, decade consistency and language was significant
[F(1,44)=11.67,p = .001, n,> =.21]. Breaking down this three-way interaction into the two
two-way interactions of decade consistency and language for table-related and table-unrelated
problems, respectively, revealed that the two-way interaction of language and decade
consistency was significant for table-related problems [F(1,44) = 12.41, p =.001, #,? =.22]
but not for table-unrelated problems [F(1,44) = 1.11, p =.298; see Figure 1]. For table-related
probes, the decade consistency effect was significant for both the German [M = 3.0%, SD =
6.8%; p < .001] and English group [M = 8.6%, SD = 8.1%; p < .001], however, the interaction

indicates that the effect was larger for the English group.

12
m German
10 T -
English
8
z 6
&
d 4 I
2
o _* 1
" table-related table-unrelated

Figure 1. Decade consistency effect (computed as %ER for
decade consistent — decade inconsistent probes) presented
separately for German- and English-speaking participants as
well as for table-related and table-unrelated multiplication
problems. Error bars represent standard errors of the mean.
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Further results were also consistent with the results reported by Domahs and
colleagues (2007). The main effects of SOA [F(1,44) =25.46, p < .001, ,?> = .37] as well as
table relatedness [F(1,44) = 151.68, p <.001, ,?> =.78] were significant. The effect of SOA
indicated that responses were less error-prone in the long SOA condition [short: M = 15.5%,
SD =16.2%; long: M = 8.9%, SD = 9.6%]. Furthermore, more errors were made for table-
related probes [M =19.7%, SD = 15.0%] as compared to table-unrelated probes [M = 4.7%,
SD = 6.1%]. The interaction of SOA and table relatedness was significant [F(1,44) = 31.20, p
<.001, n,? = .42] indicating that the effect of table relatedness was larger in the short SOA
condition [short: M =20.1%, SD = 12.4%, long: M = 10.0%, SD = 8.1%]. No other interaction

effects were significant.

Reaction times

Problems were only entered into the analyses when the lure was correctly indicated as
an incorrect result of the given problem. Additionally, RTs were excluded separately for each
participant when they deviated from the participant’s mean response time of the respective
stimulus condition by more than +/- 3SD. This trimming procedure resulted in an overall loss
of 1.0% (SD = 0.8%) for the German- and an overall loss of 0.2% (SD = 0.3%) for the
English-speaking sample. RT data were z-transformed (zRT) separately for each language
group prior to analyses to control for possible differences in general processing speed between

language groups. Results are given in zZRT and in ms.

A 2x2x2x2 mixed model ANOVA was conducted on zZRT with the within-subject
factors SOA, table relatedness and decade consistency as well as the between-subject factor
language group. As expected due to prior z-transformation, no significant difference in zZRT
was observed between language groups [F(1, 44) = .12, p =.728; German: M = 0.13 (769m:s),
SD = 0.36, English: M = 0.12 (818ms), SD = 0.29]. With respect to the main research

question, neither the main effect of decade consistency nor the interaction of decade
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consistency and language was significant [F(1,44) = .86, p =.360 and F(1,44) = .44, p = .510,
respectively]. However, replicating results of Domahs et al. (2007) and consistent with ER
analyses of the present study, the main effect of SOA as well as the main effect of table
relatedness was significant [F(1,44) = 9.31, p =.004, 1,2 = .18 and F(1,44) = 90.84, p < .001,
ny? = .67]. Accordingly, responses were faster in the long as compared to the short SOA
condition [long: M = 0.08 (686ms), SD = 0.28; short: M =0.16 (901ms), SD = 0.36] as well as
for unrelated problems compared to related problems [unrelated: M = -0.06 (746ms), SD =
0.24; related: M = 0.30 (841ms), SD = 0.29]. Furthermore, the interaction of SOA and table
relatedness was significant [F(1,44) = 11.19, p = .002, 5,7 = .20] indicating that the effect of
table relatedness was larger in the short SOA condition [M = 0.45 (115ms), SD = 0.35] as
compared to the long SOA condition [M = 0.27 (75ms), SD = 0.28; 1(45) = 3.34, p = .002]. No

other interactions were significant.

Discussion

The current study investigated linguistic influences on place-value processing in
multiplication fact retrieval in a cross-lingual study involving German- and English-speaking
participants. In a verification paradigm (cf. Domabhs et al., 2007), participants were asked to
indicate whether a probe was the correct solution to a simple multiplication problem.
Generally, the overall pattern of results was very similar to the pattern reported by Domahs
and colleagues corroborating the regularity of errors in multiplication fact retrieval in terms of
table relatedness and decade consistency. However, most importantly, in addition to
replicating Domabhs et al.’s findings, the size of the decade consistency effect in error rates
was moderated by language group: in line with our expectations, the effect was more
pronounced for English- than German-speaking participants — at least for table related probes.

Our results thus show that the influence of specificities of a verbal number word formation on
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place-value processing of multi-digit numbers is not restricted to simple (number comparison)
and calculation-based (e.g., multi-digit addition) magnitude processing of numerical

information but generalises to arithmetic fact retrieval.

In general, the presence of the decade consistency effect provides evidence that place-
value information of single constituting digits is also accessed in arithmetic fact retrieval (cf.
Domahs et al., 2006, 2007). The decade consistency effect reflects interference caused by
single digits (as opposed to processing numbers as integrated entities) or, more specifically,
between decade-digits of activated solution options (e.g., the correct result and the presented
lure) to a multiplication problem. In contrast to results by Domahs et al. (2007), the
interaction of decade consistency and SOA was not significant. Thus, the current data
corroborate the claim of componential processing in multiplication fact retrieval but do not
substantiate the finding that the decade consistency effect only occurs when more/enough
time is granted to the activation of a solution option (i.e., the correct result) in long-term

memory.

The present results support earlier findings indicating that multiplication facts are
retrieved verbally. In particular, a larger decade-consistency effect in error rates was observed
for English- than for German-speaking participants. This finding corroborates our hypothesis
that the processing of the decade digits might be enhanced for English-speaking participants
because in English number words the decade-digit is named first whereas in German the unit-
digit is named first. In turn, for English-speaking participants this seems to have made it
harder to reject decade-consistent lures and/or easier to reject decade-inconsistent lures.
Paralleling results observed for other numerical tasks such as magnitude comparison and
addition, the inversion of number words seems to moderate the attentional focus to stacks in
the place-value structure (i.e., units vs. tens) of multiplication facts. However, in contrast to

findings from other numerical tasks where an inverted number word system led to
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disadvantages in number processing (e.g., an increased carry effect in mental addition (e.g.,
Gobel et al., 2014) or increased interference in number magnitude comparison (e.g., Nuerk
etal., 2005), this finding further suggests that inversion can actually be advantageous for the
retrieval of the correct solution of a multiplication problem. Especially in case of decade-
consistent solution options, it is inevitably necessary to consider the unit digit to identify the
correct solution. Naming the unit-digit first, seems to reduce the interfering effect of the
decade digit in terms of decade consistency and might thus promote more effective
multiplication fact retrieval. Importantly, linguistic differences were observed in a paradigm
for which no verbal processes related to the active production of a result or other verbal in- or
output information (e.g., visually presented number words) was required. This suggests that
the moderation through linguistic specificities does not depend on the explicit activation of
number words resulting from specific task-related verbal in- or output requirements and
provides further evidence that retrieving multiplication facts involves the processing of facts
in verbal format - irrespective of additional verbal task requirements. However, it remains to
be clarified whether the observed processing advantage is also present in more common
retrieval situations in every-day life (e.g., requiring the active production of results and

including an unrestricted stimulus set).

Importantly, however, differences due to specificities in the respective number word

system only became evident for table-related problems in the error data.

Domahs and colleagues (2007) suggested that table-unrelated problems might be
rejected based on rather simple familiarity judgements. For example, when confronted with
the problem 4x6 it is easier to reject the lures 26 or 27 as compared to 28. Table-unrelated
lures might pop out as unfamiliar with respect to multiplication tables in general (e.g., 26) or
to the two tables involved in a specific problem (e.g., 27, which is neither part of the 4- nor

the 6-times-table). Both in the present study and in Domabhs et al.’s results, additional
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evidence for the familiarity argument can be found in the significant interaction of table-
relatedness and SOA showing that the effect of table relatedness is more pronounced in the
short compared to the long SOA condition. More precisely, this might indicate that, because
unfamiliar lures are discarded more easily as the correct result at an early processing stage,
additional interference due to consistency between decade-digits of the lure and the correct

response might be reduced or even absent for table-unrelated lures.

Crucially, even if table-related problems were a case of pure familiarity judgement
(e.g., no facts are retrieved), (pure) familiarity judgement is not a conclusive explanation for
the decade-consistency effect as well as the observed interaction with language group. As
regards decade-consistent lures, the unit-digit has to be considered for a correct response, so
the correct result needs to be retrieved and compared to the presented solution option at some
point in the retrieval process to be able to make a correct decision. This is in line with a two-
step approach involving the production and the decision stage when solving a (multiplication)
verification task (e.g., Ashcraft, Fiermann, & Bartolotta, 1984; see Zbrodoff & Logan, 1990,
for a different suggesting that equations are compared as a whole). In case participants simply
rely on familiarity of a presented (decade-consistent and table-related, e.g., 7 x 5 = 30) lure
and do not retrieve the correct result, performance should not even be on chance level but
rather below chance level because all/most of these lures would be highly familiar and thus
judged as correct. Therefore, to avoid errors based on familiarity in these cases, participants
are actually forced to retrieve the correct result to come to a correct decision. Moreover, no
specific between-language group effect should be observed if the correct result was not
retrieved —and more specifically: retrieved verbally - during the verification process. Without
processing of the number word of the correct result, the number word structure (inverted vs.
non-inverted) should be irrelevant and should not lead to any added interference of the decade

digit in a non-inverted language. Overall, results suggest that while a familiarity-based
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strategies might be the predominant or even single strategy for some problems, it is not a

sufficient strategy for others.

Error rates have been proven to be specifically informative on and sensitive to
multiplication fact retrieval. Accordingly, it was often the (qualitative) analysis of errors that
gave insights into processes during multiplication fact retrieval. In particular, tie problems
(e.g., 4 x 4) and problems involving five (e.g., 4 x 5) have been observed to be solved
comparably fast and with only few errors (e.g. Campbell & Graham, 1985; LeFevre et al.,
1996). However, for problems not falling into one of these two categories, it was shown that
rather than occurring randomly, errors are more likely to include an intruding operand
(operand intrusion errors, e.g., 4 x 7 =27, e.g., Campbell, 1997), and that errors increase with
problem size (e.g., the sum of the two operands of a problem; e.g., Campbell & Graham,
1985, LeFevre et al., 1996). Furthermore, errors are more likely to be close to the correct
result (Campbell, 1995, 1997) and to be table-related as well as decade-consistent with the
correct result (e.g., Campbell, 1994, 1997; Domahs et al., 2006, 2007). Thus, the presence and
analysis of errors allows for precise inferences about the regularities and exceptions (e.g., tie
problems) of fact storage as well as about (numerical) determinants influencing the retrieval
process (e.g., problem size, table-relatedness). In line with this, the inversion-related influence
was clearly present in the error data, however, no significant interaction of decade consistency
and language group was observed for reaction times. In fact, and in contrast to Domahs and
colleagues (2007), we did not observe a significant overall effect of decade consistency in the
reaction time data. This finding was unexpected and is in our opinion unlikely to be due to
methodological differences between the studies because the study designs were largely
identical. Furthermore, no evidence for the effect of decade consistency on RTs was found for
both language groups whereas the results pattern with respect to table relatedness was very
similar to that observed by Domabhs et al.. Thus, it seems that with respect to the decade

consistency effect accuracy may indeed be the more consistent measure whereas latency
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measures might be subject to larger interindividual variations between or processing
preferences of individuals in a respective group. Although instructions did stress neither
accuracy nor speed explicitly (neither in Domabhs et al. (2007) nor in the present study),
participants of the present study compared to participants in Domahs et al. (2007) might have
accepted increased uncertainty with respect to the correctness of their answers more easily
due to higher perceived time pressure. Such a behavior could lead to no observable
differences in reaction times but still result in an effect on error rates (see also, e.g., Ratcliff,
Thompson, & McKoon, 2015, for a diffusion model approach addressing differential effects
of reaction time and error data). This is of course a post hoc explanation that needs further
testing, for instance, by explicitely manipulating the instruction (stressing either correctness or

speed) or the time to solve multiplication problems.

In contrast to No€l and colleagues (1997) who did not find evidence for inversion-
related effects with respect to intrusion errors, the present study shows that inversion did
influence multiplication fact retrieval. At a first glance, the idea of the two studies looks very
similar. Both studies aim at identifying possible influences of non-inverted vs. inverted
number words on multiplication fact retrieval. However, Noél and colleagues used a
production paradigm investigating the influence of reading-based associations on the active
production of intrusion errors. In contrast, the present study evaluated inversion-related
influences on the decade-consistency effect in a verification paradigm. Thus, the studies
clearly differ with respect to the paradigm, the effect of interest and, with that, also on the task
processing level at which linguistic influences were expected to occur. Although the study by
Noél and colleagues provided no evidence for an effect of inversion on reading-based
processes of the operands, the present study indicates that inversion-related influences are
present at a later stage when competing solution options (i.e., the probe and other activated

solution options including the correct result) are already activated.
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Although the present results are not informative with respect to the storage format of
multiplication facts, specific insights are provided with respect to the retrieval process. First,
differences in the decade consistency effect between language groups corroborate earlier
suggestions indicating that facts are retrieved verbally or at least that verbal information is co-
activated in a highly automated fashion even when no verbal input is given (e.g., Lee & Kang,
2002; Moeller et al., 2011). Moreover, the present difference between language groups
implies that the decade consistency effect cannot be a simple perceptual artefact resulting
from the matching of the decade digit of the (external) probe and the decade digit of the
(internal) correct result in digital Arabic format. Finally, the present study indicates that an
assumption of purely verbal retrieval of multiplication facts is not justified either because the
observed influence of inversion on place-value processing of multiplication facts (as indicated
by the decade consistency effect) can only occur when both verbal information (number
words) and place-value information of the visually presented Arabic digits interact during the

retrieval process.

In conclusion, the findings of the present study generalise the observation of
inversion-related influences on place-value processing from simple magnitude comparison
and calculation-based tasks (e.g., multi-digit addition) to arithmetic fact retrieval. By
demonstrating an influence of this linguistic specificity on a numerical task as automated as
the retrieval of arithmetic facts, the present results further substantiate that place-value
information is processed automatically whenever we are confronted with multi-digit numbers.
This assumption, in turn, fits nicely with the observation of place-value understanding being a

significant predictor of children’s numerical development.
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Figure captions

Fig. 1 Decade consistency effect (computed as %ER for decade consistent — decade
inconsistent probes) presented separately for German- and English-speaking participants
as well as for table-related and table-unrelated multiplication problems. Error bars

represent standard errors of the mean
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