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ABSTRACT
Bilingualism and Math Cognition
by
Michelle Melissa Guillaume
Dr. Mark H. Ashcraft, Examination Committee Chair
Professor of Psychology
University of Nevada, Las Vegas
Within cognitive psychology, the fields of bilingualism and math cognition have been
investigated relatively separately from one another. Although there has been a
substantial amount of research conducted in both areas, few studies have examined
mathematical processes as they relate to bilinguals. A couple of thetaldiffects
found in the math cognition literature, the problem size and associative confusats, effe
have been studied with bilinguals; however, bilingual categorization was not garefull
controlled for in those studies. There have also been mathematical models applied to
bilingual samples; one such model is the encoding-complex model, which has been
extended to Chinese-English bilinguals. The current study aims to examine math
cognition effects after careful control of bilingual categorization has beken. Tasks
will include number naming, simple arithmetic production, and simple arithmetic
verification utilizing associative confusion problems with Spanish-English angEng
Spanish bilinguals. The study will also examine whether or not the encoding-gomple

model can be successfully extended from Chinese-English bilinguals to SRagisgi:

and English-Spanish bilinguals.
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CHAPTER 1
INTRODUCTION

In its infancy, the bulk of language research in cognitive psychology was dtime wi
monolingual participants, individuals who only read and spoke in one language. As the
research area grew, cognitive psychologists became interestedarchasg language
with respect to bilinguals, individuals who read and spoke in two languages. Several
guestions regarding the representation of each language surfaced. Was emgelang
stored in its own area of the brain, or did both languages share one lexicon? Ifetleere w
separate stores, how did the individual translate from one language to another? dwhat di
the connections look like between languages? These questions and more fueled the fir
for bilingual research to begin taking place. Throughout the languagectesath
bilinguals, several models, which will be discussed in the body of this paper, have been
created with respect to how two languages function together in the braimguBl|
language research initially only focused on experiments dealing with vedbatials and
imagery; however, some bilingual researchers began to use ideas fronthremgmation
literature within cognitive psychology to help answer some of the lingerirggigns
regarding bilingual language processing.

It wasn’t until the 1970’s that cognitive researchers became interestefialthof
math; however, after a few breakthrough studies (i.e. Ashcraft & Battd§v8; Groen
& Parkman, 1972), math cognition became a growing area of research. ForttB@ nex
years, researchers studying math cognition looked at the different procesdesd in
addition, subtraction, multiplication, and division. Several common effects wuand f

across studies and will be discussed in a later section. Overall, with the@xodést



few scattered studies in the 1960s and 1970s (i.e. Kolers, 1968; Marsh & Maki, 1976),
math cognition and bilingual language research remained relativelatepathe field

of cognitive psychology. Not until the 1980s, when the work of Chomsky (1986)
suggested a connection between linguistic and numerical knowledge, did bilingua
research utilizing mathematics begin to flourish, and that is where the tdhis of
dissertation experiment was focused.

Before discussing this dissertation experiment and its results, adetarew of the
literature will be conducted. The first section will discuss some necedssanyology
and methodological considerations for using bilingual participants. The secapd sect
will then cover cognitive research that has been conducted using bilingticippats,
including a discussion of the different models that have been proposed for bilingual
memory representation. In the third and fourth sections, mathematical cognition
research, specifically, those areas pertaining to mental representatiorathematical
performance, will be discussed. The fifth section will look at the resdaathas been
conducted to date using traditional mathematical tasks to further the studpguiddil
memory representation and mathematical processes. Finally, the expéointieist
dissertation project will be explained, results will be given, and a detadegsdion will

follow



CHAPTER 2
LITERATURE REVIEW
Methodological Considerations Used in Bilingual Studies
Individuals who have acquired two languages, bilinguals, provide very useful
information for cognitive psychologists. Using bilinguals as participagségarchers are
trying to hypothesize and make predictions concerning how each languggesented
in the brain, whether the two languages share all or some of the same space, how the
languages are connected to each other, and if there is a difference, fplegXmatween
bilingual processing of verbal and numerical information. While trying to ilgagstone
or more of the above ideas regarding bilingual language effects, it is imgorfast
become familiar with some of the terminologies that are commonly usedlas\seme
important methodological considerations to keep in mind when working with bilingual

participants.

Language Terms

When studying bilinguals and mathematics, participants are usuallgnmeéel by the
two languages that they speak. For example, English-Spanish bilingudiexsnt
from Spanish-English bilinguals. The first language listed, L1, redetsetpreferred
language, P, of doing mental calculation, and the second language listed, L2préfers t
nonpreferred, NP, language for doing mental calculation. Therefore, inahmplkex
above, English-Spanish bilinguals prefer to do mental calculation in English andtspani
English bilinguals prefer to do mental calculation in Spanish. It is importantedhait

the meaning of preferred language can change from study to study, aeddéeshould



keep this in mind before interpreting results from bilingual studies. Forp&awith
reference to initial studies of bilinguals using verbal tasks (e.g. pictuméng and lexical
decision), the preferred language, P or L1, referred to the language tpattitipants

were most comfortable using on a daily basis, probably the language they tshokeea
However, when bilingual participants became of interest to cognitive psychslogis
studying math cognition, the term ‘preferred language’ started to cefiee tanguage

that the participants preferred to do mental calculations in, not necessaldgdbage
spoken at home. Therefore, it will be important to distinguish preferred languagg amon
the different literature reviewed in this paper, depending on whether the stsdiowe

using verbal or mathematical stimuli.

Bilingual Categorization

There are different categorizations of bilinguals based on their knowledge and
experience with L2. Balanced bilinguals are generally consideredflioeiné in L2,
possibly having been taught both languages at the same time during childhood, although
in some cases, bilinguals may be considered balanced if their experiém¢2 wpans a
very long time period, and if they have been in working and/or living situations where
they have predominantly used L2. Unbalanced bilinguals vary in their level of
experience with L2. They may have acquired L2 after adolescence @wowi,send their
years of experience using L2 tend to be fewer. For experimental purposespibisant
to carefully distinguish between balanced and unbalanced bilinguals bstiogileeveral
types of information from the participants. Degree of bilingualism has bezsuneel

using several self-report inventories; for example, a 9 point self-reqadet dating back



to Macnamara (1967) has been used, with 1 and 9 indicating use of only one language
and 5 indicating equal use of the two languages. Other self-report measuregdhat ha
been used to assess language balance collect some basic informatainge¢be ages at
which the participant was exposed to both languages and the percentage of tihes/that
speak the dominant cultural language. Participants are then asked winsthebility to
speak the first language is better than or equal to their ability to spesécied

language.

The literature has not come to a consensus on exactly which measure to use for
determining degree of bilingualism; however, Altarriba and Basnight-Bra@y(
examined several bilingual studies conducted between 1989 and 2001. Noting the
variability among the studies with regard to the variable of degree of biliagydhe
authors suggested that to achieve a better assessment, an experimenteokéctuld ¢
biographical data, language history data, and language proficiency data. These dat
would include information such as age of acquisition of both L1 and L2, where and when
each language has been used most, proficiency measures in reading, wridikiggspe
and listening, and possibly an online assessment of proficiency, such as picturg-nam
or a translation task (Altarriba & Basnight-Brown, 2007). However, it is irapbtd
note that the authors of that article specifically looked at studies using gepraning
tasks and translation tasks, which contained all verbal materials. No bilingdiasghat
used numerical stimuli or mathematical stimuli were considered.

Although Altarriba and Basnight-Brown (2007) have valuable points and advice
regarding the assessment of bilinguals, the advice given required severahtlifypes

of measures to collect language background information. To administer sevferahtlif



types of measures may require participants to come in for more than one session: one
session to collect language information for categorization and anotkenstscollect

data for the research question at hand. A second group of researchers, Marian,
Blumenfeld, and Kaushanskaya (2007), developed the Language Experience and
Proficiency Questionnaire (LEAP-Q), which has come to be commonly us#uefor
assessment of bilingual categorization. In their 2007 article, the LEMAs tested for
internal validity and criterion-based validity. Results of two studies foundEA€LQ

to be an effective tool for assessing bilingual language status. The questiamhair

takes 15 minutes to complete for two languages and adds five additional minutehfor ea
additional language being assessed. Three main variables of interest BABLare
language competence, language acquisition, and prior and current language exposure.
Overall, the LEAP-Q seems to be the best measure to use for establishigggabili

categorization.

Other Considerations
There are also a few other considerations that need to be taken into account before

beginning a bilingual study. One consideration is that of word length; if tgthleh

words being used in one language is significantly different than the worti ienge

second language, the data collected may not be as reliable or straightforamaatiyze
participants’ response times, which are likely to differ if the words hesed as stimuli

are of differing lengths. Also, as noted by Altarriba and Basnight-Brown (2005 a
possibility that word length may not only affect reaction times, but also wordgsiog,

recognition, and pronunciation. It is therefore important to try to contrevdod length



when designing a bilingual study, and, in the case that languages do diftbrigreerd
length, it is important that it be noted in the interpretation of the study. Ofuitiest
dealing with bilinguals and mathematics (Duyck & Brysbaert, 2002; Duycky&laert,
2004; Frenck-Mestre & Vaid, 1993; Marsh & Maki, 1976; Spelke & Tsivkin, 2001; Vaid
& Frenck-Mestre, 1991), none mentioned whether number word length was controlled
for between L1 and L2. This is especially of concern for a couple of reabasty, the
results of three studies conducted by Ellis (1992) found that number word-lengths had an
effect on participants’ mental calculation and counting. Secondly, with tleptexc of
Vaid & Frenck-Mestre (1991), which analyzed percent recall, reactiontasdehe main
dependent variable being considered in all of the above studies. It is also important to
note here that, along with error rates, reaction time is the main dependablevari
considered in the bulk of the math cognition research. A summary of the results of El
(1992) are given below.

Specifically, in experiment 1, Welsh and English children were given diffeqees t
of arithmetic problems to calculate mentally; four types of problemsded simple
multiplication (e.g. 5 x 3), simple multiple-figure addition (a three digit numbergplus
two digit number e.g. 305 + 42), complex multiple-figure addition ( a three digit number
plus a two digit number involving the carrying operation e.g. 134 + 88) , and multiple
figure addition ( adding nine single digitse.g.5+3+7+4+9+8+6 +5 + 3).
Although significant latency differences were not found between languageslitemr
types 1 and 2, results showed that the English children solved problems siggificantl
faster than the Welsh children for problem types 3 and 4. Problems that requieed mor

steps and storage were both prone to longer latencies and more errors forstine Wel



children. To demonstrate that the results obtained were due to number word length in
each language and not due to problem difficulty, the author conducted experiment 2
using adults from the community. It was found that number naming (reading number
words on cards) and counting out loud from 1 to 100 were significantly slower when
performed in Welsh, where the number words were longer, than when performed in
English.

Two more considerations when testing bilingual participants are the usenatesg
as part of the stimuli and cultural factors. Cognates are words that dae sirapelling,
pronunciation, and meaning across languages. For example, in both French and English
the number word for six is spelled the same way, which could facilitateaeaicties in
both languages; it was for this reason that the number word for six was excluded from
display in Frenck-Mestre & Vaid (1993). Finally, depending on the languages bei
tested, there are cultural factors to be considered, especially whgmagimematical
and number word stimuli. For example, studies examining Asian and North American
cultures have found significant differences with regard to mathemabitisies.
Although not a bilingual study, Campbell and Xue (2001) found simple arithmetic
performance differences between Chinese and non-Asian North Americinthewi
Chinese greatly outperforming non-Asian North Americans. The authors could not find
anything in the data to attribute to the more efficient retrieval skills asdiequent
usage of procedural strategies of the Chinese and therefore, attributed thoe super
performance to culture-specific factors. One could speculate that it iblpdkat

different cultural groups might differ on their emphasis of math, theirotiégaching



math, and/or when they start teaching math. Therefore, it would be important to consider

such cultural differences in performance when conducting bilingual obsear

Cognitive Research with Bilinguals

Most of the cognitive research concerning bilinguals has been focused on developing
models and theories around how each of their respective languages are reghasnt
organized in memory. The models focused on a variety of concepts including word
mapping, visual word recognition, auditory word recognition, and lexical and semantic
storage and organization. In the beginning, bilingual memory models were basgd solel
on experiments examining verbal information. Since the 1980s, several models have
been proposed. All of the original models were based on experiments using verbal tasks
such as lexical decision, semantic priming, and translation tasks.

Potter, So, von Eckardt, and Feldman (1984), proposed two models to describe how
bilinguals map words to concepts in their first and second languages; both modetk posite
separate lexical stores for each language, but only one conceptual storeffeféece
between the models was whether only one or both languages had access to theatonceptu
store. One model was a word association model (Appendix 2, Figure 1), where only L1
had access to concepts, and words given in L2 would have to be first translated to L1
before access to the concepts would be given. The second model was a concept
mediation model (Appendix 2, Figure 2) in which both L1 and L2 lexical stores had
access to one common conceptual store through separate links. It was subsequently

found, using both translation and picture naming tasks with bilinguals, that the



performance of less fluent bilinguals fit better with the word aasoai model, and the
performance of more fluent bilinguals fit better with the concept mediatiodel.

There have also been attempts at combination models positing one semantic store for
both languages but separate lexical stores for each language. The predominhnt mode
was the revised hierarchical model of bilingual memory representatiadRH
(Appendix 2, Figure 3), (Kroll & de Groot, 1997). The authors built on evidence from
Potter et al (1984), which indicated a switch from only lexical to conceptuasaasdhe
bilingual individual became more fluent in the second language. Still a concept
mediation model, the RHM combined Potter’'s word association and concept mediation
models; connections were made between L1 and L2 as well as between L1, L2, and
concepts. Because L2 was learned later, the lexical connections from 2 vieré
weak, but the lexical connections from L2 to L1 were strong; initially, amoad
bilinguals need to translate everything from L2 to L1 to access the concspteal The
connection between L1 and the conceptual store was also stronger than the connection
between L2 and the conceptual store; however, as the bilingual would become more
fluent, there was room in the model for the connections to strengthen. With that in mind,
it made sense to frame the model with varying strengths of lexical and agalcept
connections between both L1 and L2 (Kroll & de Groot, 1997). Support for the RHM
was found in Kroll and Stewart (1994) in which fluent Dutch-English bilinguals
translated words in either semantically categorized or random listsltsieslicated
faster translation from L2 to L1 than from L1 to L2. It was also found that semantic
context only affected translation from L1 to L2 (Kroll & Stewart, 1994; seeStisll et.

al ,1995).

10



Other models include the Bilingual Interactive Activation (BIA) model (Ae 2,
Figure 4), (Dijkstra & Van Heuven, 1998) and the BIA+ model (Appendix 2, Eifyra
revised version of the BIA model (Dijkstra & Van Heuven, 2002). Both models were
inspired by the Inhibitory Control (IC) model specified by Green (1998) asawdile
Interactive Activation (IA) model developed in McClelland and Rumelhart (1981;
Rumelhart & McClelland, 1982). The models assume a non-selective language
framework suggesting parallel processing. Also, both models were worahitemog
models in which the primary goal was to recognize a word as belonging tangnade
or the other. Unlike the previous bilingual memory models, an advantage of both the
BIA and BIA+ models was that they were designed and implemented on the computer,
allowing simulation of several experimental studies. The original BIA model prd@os
single, non-selective, lexical store. Non-selective indicated that asdastving was
coming into the system, both languages were activated at the same time, ad tippose
only one language being activated by the word string. The BIA+ model inctagoha
BIA model with several adaptations. One adaptation was the addition of a tes&/dec
system to the word identification system; the task/decision system woultuye se
possibly during practice and would be specific to the activity at hand. Anotlatda
from the BIA model was to the language nodes; instead of words being identifieel on t
sole basis of orthographic representations (assumed by the original BIA ntloglel)

BIA+ model posited that bilinguals also recognized words as either L1 or L2 hasdd
on phonemic and semantic representations (Dijkstra & Van Heuven, 2002). The BIA+
model theorized that those representations would be activated faster f@anlLfbrt L2,

but that the time between activations would not be very quick (assuming fluency in both

11



languages). For details, see Dijkstra & Van Heuven (2002), Frencho&ielg@2004),
Thomas & Van Heuven (2005).

Finally, using computer modeling, connectionist models that incorporatenigarni
mechanisms have been proposed and implemented to try to examine exactly tvaov the
languages become organized in memory. One of these computer models isthe BSR
(bilingual simple recurrent network; French, 1998). The BSRN is a computer model,
which learns two artificial languages with different vocabularies. Theanktilearns the
structure for each language and then is given new sentences and triesctdlpgdast
word in the sentence. According to simulations, as long as the language swittdies re
infrequent, the model could develop separate representations for each languagéy althoug
there would be a lot of overlap for representations (Thomas & Van Heuven, 2005).
Another connectionist model is the SOMBIP (Self organization of bilingual mernior
& Farkas, 2002). This model is designed to capture both bilingual language production
and comprehension. The SOMBIP has advantages in that it can account for priming and
interference effects and can also examine lexical representatiantaliilg into account
differing levels of bilingual proficiency and working memory capacity. Cierand
English are the current languages for which this model is currently a¢koe.a review
of connectionist models of bilingual language organization, see French & Jacquet (2004)
and Thomas & Van Heuven (2005)).

To summarize, there have been a number of bilingual memory models proposed;
however, the designs have been based solely on verbal representations and language
learning, and none of the models have taken mathematical processing aipenitic

consideration. However, there have been several studies outside of the modeling works

12



that have examined bilingual individuals performing math related tasks. Badsee t
studies are mentioned, it is important to discuss some of the main ideas amgsfinain

original math cognition studies.

Mathematical Cognition

Common Effects Found in the Literature

Since the 1970s, the math cognition field has grown, and the research areas within the
field have expanded from experiments using simple arithmetic stimaléstigate
differences among mathematical processes to experiments aimed apoheytieories
about just how numbers are represented in the brain. Four main effects that have been
found in monolinguals throughout the mathematical cognition literature include the
problem size, distance, split, and confusion effects. Each effect will be desciibed be
along with some relevant literature in which that effect was demonstrated.

The problem size effect refers to longer reaction times being observedHoredic
problems as a function of increasing operands and increasing sums. Thikaffeetn
robust and found throughout the math cognition literature for both production and
verification tasks as well as for addition, subtraction, multiplication, and aliv{$or
review, see Zbrodoff & Logan, 2005). Distance effects have been observeddarnum
comparison tasks throughout the math cognition literature. When comparing two digits,
judgments are made faster when the distance between the two digits is gieatders
that are closer in magnitude, such as 3 and 4, are harder to discriminate than numbers tha
are further apart, such as 3 and 9. Original evidence of the numerical distacceas

found in Moyer and Landauer (1967); however, many studies since then have been able
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to demonstrate this effect for pairs of both Arabic digits and number word®éhagene
& Akhavein, 1995).

In math cognition, for false problems, the tegptit refers to the numerical distance
between the true answer to the problem and the false answer presented to participant
The split effect occurs when reaction time latencies increase as thgespltloser to the
true answer. Therefore, small splits (e.g., £1 or 2), will have longer reacties ttan
large splits (e.g. £8 or 9). This suggests that large splits are eadisntiss as
implausible. Pioneering work demonstrating the split effect was shown imafsand
Battaglia (1978). In that study, the split effect was manipulated in the ensfitbe
false stimuli presented such that some of the false answers werendififere the true
answer by +1 or 2 (termed reasonable false) and other false answers feeeatdifom
the true answer by +5 or 6 (termed unreasonable false) (see also Ashaetnarf;

1982; Ashcraft & Stazyk, 1981).

Associative confusion effects have also been demonstrated in math cognition.
Confusion problems are false problems (i.e., the answer provided with the problem is
technically false); however, the answer would be considered true under andiffere
operation. An example of this would be the false addition problem of “4 + 3 = 12", This
is a confusion problem because while that answer is false, if 4 and 3 wereiealltipl
instead of added the correct answer would be 12. Other types of confusion problems
have been used for multiplication problems in which the answer provided was a multiple
of one of the two problems digits such as the problem “6 x 5 = 25” (Stazyk, Ashcraft, &

Hamann, 1982). Confusion problems have resulted in longer reaction times and higher
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error rates compared to non-confusion problems (Hamann & Ashcraft, 1985; Winkelma
& Schmidt, 1974).

Cognitive Number Processing

So far, this section has focused on the prominent effects found throughout the math
cognition literature. It will also be important to examine how math cognitioanesers
have theorized exactly what is going on when individuals are performing arthmeti
operations as well as the theories describing exactly how numbersraserdpd and
organized in the brain. Many ideas have been presented regarding the mental
representation of numbers and arithmetic processes.

Initial work focused on developing models for how mental arithmetic was pexfiorm
Some of the first studies were conducted by Parkman and Groen (1971) and Groen and
Parkman (1972). Results from those studies led the authors to develop a “count by min”
model for children performing simple addition. According to the “count by min” model,

a first grader would solve the problem X + Y = ? in the following manner: firstngéame
counter would be set to the larger of the two addends (max(X,Y)). The child would then
count up by the minimum addend (min(X,Y)) one step at a time to achieve the answer.
For example, given a problem such as 5 + 2, the child would hold the larger addend, 5, in
memory, and then increment by 1s until the number of increments equaled the minimum
addend, 2. Reaction times for adults were significantly faster than forechilind adult

data also showed evidence of a problem size effect. Results lead the autheosize t

that, for adults, simple addition was mostly an automatic process; however, for a

unknown proportion of simple addition problems, adults would revert back to the
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counting model used by children, as illustrated by slower reaction times ftoaddi
problems with larger addends (Groen & Parkman, 1972).

A strictly counting model for adults was not accepted by some reseaatlleas
time. Ashcraft & Battaglia (1978) conducted two experiments that proeddeénce
contradictory to a strictly counting model for adults. Instead, the authorscpasite
network retrieval model for simple addition. The network representation for additeon wa
a square with the digits 0-9 on two adjacent sides and the sums located at thetiorierse
point of any two numbers. Incorporating the exponential problem size effect,
modifications to the square were presented that included stretching out theedista
between larger sums or making the distance between entry sums larger asntle adde
became larger (Ashcraft & Battaglia, 1978). A similar structure fotvaank retrieval
model of multiplication was also proposed after evidence of the problem szeweés
found (Stazyk, Ashcraft, & Hamann, 1982).

By the late 1980s and early 1990s, some of the focus in math cognition switched from
models of arithmetic to the exact mental representation of number. Firglinpgortant
to point out that individuals can understand numbers in at least two forms: Arabic digits
(4, 5, 6) and number words (four, five, six) (Dahaene, 1992), and this could be doubled in
the case of bilinguals whose second language may also have differentesbacac
represent numbers. This is important because results can differ dependingype tife
numerical stimuli used. Three main models of cognitive number processinbdeve
proposed: The abstract-code model (McCloskey, Caramazza, 1985; McCloskey, 1992;

McCloskey & Macaruso, 1994, 1995), the encoding-complex model (Campbell & Clark,
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1988; Campbell & Epp, 2004), and the triple-code model (Dehaene, 1992; Dehaene &
Akhavein, 1995).

Firstly, a model for cognitive number processing and calculation was intebyce
McCloskey & Caramazza (1985). According to the model, there were two independent
systems working to process numbers: a calculation system and a numbssipgpce
system, which included components for number-comprehension and number-production.
The calculation system was specified to contain three components: processing of
operational symbols, retrieval of arithmetic facts, and execution of cabculat
procedures. The number processing system was also further broken down so that both
the production and comprehension subsystems of the number processing system had
components for distinguishing between Arabic digits and verbal number words;
furthermore, each of those components contained mechanisms for lexical andcsyntacti
processing (McCloskey & Caramazza, 1985). According to the model, in order for
numerical comprehension, production, and calculation to take place, numbers needed to
first be translated into an abstract semantic representation. The modareése been
referred to as the abstract-code model (Campbell & Epp, 2004). A schematic of the
model can be found in Figure 6 of Appendix 3. Although the authors used only data
collected from several brain damaged patients to provide evidence for the madel, the
believed it to generalize to normal populations as well. In sum, the model would take in
numerical information and translate that information into an abstract codbehat t
calculation system would then work with. As soon as calculations were centpket
information would then be translated from the abstract code back into a numerical

representation that could then be produced by the number production system.
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After describing the initial model in detail, an additional model, based on data from
two brain damaged patients, was proposed to specifically examine spoken verbal-numbe
production (McCloskey, Sokol, & Goodman, 1986). According to this model, on the
basis of semantic input, the model would produce a syntactic frame specifying the
number to be produced in terms of number-lexical class and position within class (e.g.,
TENS: {3}).

Secondly, in response to the model proposed in McCloskey, Sokol, and Goodman
(1986), Campbell and Clark (1988) published their own encoding-complex model of
cognitive number processing (for a bilingual version, refer to Appendix 3, Figure 7)
According to this view, numbers, whether presented in Arabic or number word format,
were not being translated into an abstract number code for further daltwlat
processing. The encoding-complex view posited a more integrated network thét woul
mediate number production, comprehension, and calculation in a more parallel fashion,
without any transfer to an abstract representation before doing so. The modedsass
specific representations for number processing, which are associatnekoted to
create the possibility that an activation of one representation could, at thereame t
activate other representations within the network. Also, each representatidteoul
involved in production, comprehension, and calculation functions (Campbell & Clark,
1988). So, according to this view, an Arabic digit may activate several codes
simultaneously within the network i.e. both the numeric digit and the number word
representations. Activation of any specific representation would depend onngcomi
information from visual, semantic, associative, and procedural connections to help

choose from the multiple active representations (Campbell & Clark, 1988). The
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encoding-complex model has been supported by several research studies that have
evidence for multiple numerical procedures being activated in parallel using both
production tasks (Campbell & Graham, 1985) and verification tasks (Stazyk et al., 1982;
Zbrodoff & Logan, 1986).

Thirdly, the triple-code model of numerical number processing (Appendix 3, Figure
8) was proposed in Dehaene (1992). According to Dehaene (1992), in addition to mental
calculation, individuals also are able to quantify and approximate, separate from
symbolic manipulation. With respect to quantification and approximation, it has been
posited that children and adults convert numerals into an internal magnitude code or
number line (Dehaene et.al, 1990). This facet of the triple-code model ler sttiough
more specific than the general abstract representations proposed in tre-abdera
model. Also, this mental number line seemed to extend horizontally from leghtp r
with smaller numbers on the left side and larger numbers on the right side. Evitence f
this was found by Dehaene, Bossini, and Giraux (1993). This study had participants
make parity judgments (whether a digit was odd or even); importantly, partisihad to
press one key with the right hand if the number presented was even or a sepandte key
the left hand if the number presented was odd. Results indicated faster respansdis to s
numbers with the left hand and faster responses to large numbers with the right hand.
This finding of a spatial-numerical association of response codes wasl tien@NARC
effect (Dehaene et. al, 1993). Although the abstract-code model and the encoding-
complex model had been proposed, Dehaene and colleagues found them to be incomplete
since neither model contained details of approximation or quantification. Teesenés

were included in the triple-code model posited by Dahaene (1992). Accordigg to t
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triple-code model, numbers could be represented in three different ways: (a) aryaudit
verbal code, (b) a visual-Arabic code, or (c) an analogue magnitude coderiddlime
procedure could be tied to specific input and output codes. For example, the auditory-
verbal code contributed to written and spoken numerical input and output while also
providing a representational basis for simple addition and multiplication fabes
visual-Arabic code was responsible for digital input and output as well as ngifti-di
operations. Finally, the analogue magnitude code supported approximate cadsulati
estimation, numerical comparisons, and possibly subitizing, the rapid, accadate, a
confident judgment of number found for small numbers of items (Dehaene, 1992;
Dehaene & Cohen, 1991).

In an effort to gain evidence for the triple-code model, Dehaene & Akhavein (1995)
first attempted to answer some questions regarding mathematical @aréergiven
Arabic digits versus number words. In experiment 1, participants were giveropai
numbers and asked to respond ‘same’ or ‘different’ to whether the two numbers
represented the same numerical magnitude. The number pairs were preserdbetin A
form (4 and 4), verbal form (four and four), or mixed form (4 and four or four and 4).
Results showed a significant distance effect for difference judgmentstgpesl of
stimuli. The closer the two numbers were on the mental number line, the slower the
participants were to decide ‘different’. This suggested semantic acasssaurring
regardless of presentation format (Dehaene & Akhavein, 1995). Both experiremd
3 yielded similar results and support for semantic access.

Upon close examination of the number processing models described above, many

similarities could be drawn among those presented and the models of bilingual memory
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described in the section covering cognitive research with bilinguals. Beforadaatki
those similarities, it is important to first understand if any of the numioeepsing
models has anything to say with regard to bilinguals and their numericaesfaon
systems. The next section will look at each of the number processing modelsediescri
above, and what, if anything, has been said with respect to each model applying to
bilingualism.

Cognitive Number Processing Models and Bilinqualism

With regard to the McCloskey and Caramazza (1985) and McCloskey, Sokol, and
Goodman (1986) abstract code and verbal number processing models, the authors
addressed number processing in other languages, and mentioned that the model proposed
for verbal-number production was designed specifically with the Engliglaiveumber
system in mind. Although the article could not speak to whether the model specifics
could be applied to those persons who spoke languages in addition to English, it was
mentioned that the basic principles of the model could possibly generalize to other
languages; however, no articles pertaining to research applying thoses taooldler
languages or bilinguals could be found. Also, although Dehaene and colleagues have
done work examining bilinguals and mathematical processing using such techamlogy
fMRI to examine the difference between exact and approximate calculatibiisgual
brains (e.g. Dehaene et al., 1999), there has been no work specifically tyingl¢he tr
code model to bilingual number processing or bilingual calculation.

On the other hand, the encoding-complex model, proposed in Campbell & Clark
(1988) has successfully been extended to Chinese-English bilinguals in Campbell and

Epp (2004). Unlike the abstract-code and triple-code models, which assumed processes
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underlying numerical cognition were not affected by numerical surfanesfdhe
encoding-complex model functioned under the theory that numerals activate a network of
associations, including both relevant and irrelevant information (Campbell & Epp, 2004).
According to the article, Chinese-English bilinguals performed a numbertbfrelated

tasks, including number naming, number comparison, and simple multiplication and
addition problems. Performance did indicate a more integrated approacimigudlg’
numerical cognition than provided for in the previous abstract-code and triple-code
models, which assumed a more additive approach to number processing. In order to
extend the model, the encoding-complex model combined the representational
assumptions of the triple-code model (Dehaene & Akhavein, 1995) with the assumption
that efficiency of processing can vary with format (Campbell & Epp, 2004).

It may also be important to consider possible cultural implications when @xgmi
bilinguals and mathematical performance. Campbell and Xue (2001) found significant
differences between Asian and non-Asian samples for performance on ntathema
tasks. Although no specific cultural factors were mentioned in that artiele, have
been differences found that should be mentioned with regard to the differences between
Asian and non-Asian mathematical competencies. For example, when learmbgr
words in a native language, if we compare Chinese and English, there aresrto rul
apply to learn the number words for 1-10; they must simply be memorized. From 11-19
however, the languages take different paths to number naming. In Chinese, the words are
mapped directly onto the Hindu-Arabic number system, making it easier foda chil
learning these numbers to create a rule to better remember the names Kdlly, &

Xiaobin, 2005). On the other hand, English names for the numbers 11-19 are much more

22



complicated and do not follow any specified rules that children learning the numbers
would be able to apply to more readily remember them. Above 20, English number
words become a lot more regular; however, the differences between EnglishiaeseC
from 11-19 could be the beginning of developmental performance differencesrbetwee
children. English children may become “stunted” in a way as they try to ledrn a
progress through the number words with no clear rules to follow until twenty. This was
demonstrated in a longitudinal study by Miller, Smith, and Zhang (2004) whemesghi
and English children were followed monthly and asked to recite the number liste At ag
2, there was not a significant difference between the English and Chinese children, w
both groups able to count to ten fairly easily; however, by the end of age 3, Chinese
children were able to count to 60, whereas English children could just barelysg20pa
This result compounded by age 4, where Chinese children could readily count to 100 by
the third month, and English children could not get to 40 by the end of their fourth year.
Similar difficulties can be found with the verbal words for both ordinal and rational
numbers, which have discernible language rules that are easy to follow is€hiurte

have to just be memorized in English. So it seems that differences betweeseGimde
English performance on mathematical tasks possibly begins developmentaily whe
children are first learning number words.

Miller, Kelley, and Xiaobin (2005) also point out some distinct cultural differences
between Chinese and English parents with regard to mathematics. Acdortliag
literature (Stevenson & Lee, 1998; Kelley, 2002) (a) U.S. parents spent mere tim
preparing their children for school with reading activities than math, cochpare

Chinese parents who balance the two subjects more equally, (b) U.S. parerdszare m
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likely to attribute their children’s successes and failures to innate $aetihrer than
effort, and (c) There is a general lack of communication between home andisdheol
U.S. (Miller, Kelley, & Xiaobin, 2005). Together with the language factonstimeed
above, there are some very important cultural differences that could be egeztihg
influence over the differences in mathematics performance between theeCimided.S.
populations beginning when children first begin to learn numbers prior to formal

schooling and continuing into and throughout formal schooling.

Summary

After reviewing the math cognition literature and examining some of thie @ar
numerical cognition models, it can be seen that some of the same questions asked in the
bilingual literature regarding L1 and L2 have been asked regarding Aiiglticetsus
number word processing in the mathematical cognition literature (Delg&aékhavein,
1995). For example, in the previous section on cognitive research with bilinguals, it was
shown that similar arguments have been made about whether a bilingual has both L1 and
L2 stored in one common lexicon or two separate lexicons with a common connection to
a conceptual store, or whether L1 and L2 have direct communication. Arguments have
also been made within the math cognition literature saying that number wordsadnd A
digits are processed along two different pathways, and then converge into one input
system. Other issues in the mathematical cognition literature thaphealieled the
bilingual literature concern whether there is any direct accessdretive verbal and
Arabic digit lexicons that bypasses any semantic access as \Weher® is a preferred

notation or “language” for numbers. If there is a preferred “languageiumbers and
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stimuli are presented in the nonpreferred “language,” is there a translatcasp that
needs to take place before any verifications, choices, or calculations can be naade for
particular task? Some direct comparisons can be made between the bilinguay memor
models and the cognitive number processing models.

The bilingual memory models have looked at both comprehension and production as
separate processes within the bilingual lexicon, and the numerical cognitiorsrnadel
looked at the same idea with regard to numerical production and numerical
comprehension. The Revised Hierarchical Model of bilingual memory (RHM) proposed
connections of varying strengths between L1 and L2 and a conceptual store;sthtepos
that there are also connections of varying strength within the bilinguabreketween
L1 and L1 number words, Arabic digits, and arithmetic fact retrieval. ThegBal
Interactive Activation Model (BIA) and its latter version, the BIA+ model, pregos
parallel processing for both languages in an identification system, whichef@ A+
model, fed into a task schema containing decision criteria for choosing whigtatsn
was to be used. That idea is not unlike the integrated processing proposed in the
encoding-complex model of cognitive number processing.

In the next section covering mathematical cognition research with bilgygeaderal
studies will be discussed, some of which show evidence of a preferred language for
bilingual individuals performing mental calculations similar to the idea offarnpee
notation for number in the math cognition literature. Other studies will also hesskst
that tried to examine some of the major findings and effects from the mathi@ognit

literature using bilingual samples.
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Mathematical Cognition Research with Bilinguals

Math cognition research has taken two directions in reference to bilinguals dnd mat
One direction has been more theoretical in nature. Some studies in this direction have
used math tasks to try to investigate numerical representation in bothdasguOther
studies have tried to either lend evidence to or disconfirm some of the models of bilingual
memory mentioned in the previous sections.

Spelke and Tsivkin (2001) conducted three experiments to investigate the idea of
numerical representation using exact and approximate number calculatoimfpral
Russian-English participants. In Experiment 1, participants weredramexact large
number addition, exact addition in different bases, and approximations of cube roots and
logarithms. Training and testing took place in both languages. During testbtgms
were presented in number word format on a computer screen with two possible answers
displayed in number word format below the problem just right and left of center.tdResul
indicated that approximations, at least of cube root and logarithm problems, seem to draw
on representations independent of language as indicated by reaction time.essults
approximations were solved with equal speed on both trained and untrained problems.
However, for the exact addition both of large numbers and addition in different bases,
participants responded faster in the language of training, either EnglisissiaR,
possibly pointing to exact number facts being represented in a more larspeaife:
form.

Experiment 2 was conducted to further investigate the results of experiment 1 and
examine whether exact, but not approximate, number representations were inaepende

using only exact and approximate addition and multiplication (Spelke & Tsivkin, 2001).
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No addition in different bases, logarithms, or cube roots were used. For exacmadditi
participants performed faster in the trained, than in the untrained language, and for
approximate addition, they performed with equal speed. Due to high error rates and
greater variability in the results, multiplication data were harder tyznand draw
conclusions from. Although inconclusive, the multiplication data showed similar
reaction times for multiplication problems on both exact and approximate problems as
well as faster reaction times in the trained compared to the untrained language. Si
there was no evidence of language-dependent representation for mulbip)itai

authors used both the addition and multiplication data to support Dehaene’s (1997) theory
that non-verbal number representations were accessible to addition, but not to
multiplication (Spelke & Tsivkin, 2001). Therefore, using only the exact and
approximate addition data, the implications were once again that exact number
representations were language-dependent and approximate number represerdegions
language-independent. On a number line, exact number representations would appear
clear and distinct, but approximate number representations would appear as blurs.

In experiment 3, participants were given history and geography lessoascant
numerical and non-numerical information. Participants were required to reledsbas
aloud, in silence, and listen to the experimenter read them, two readings eadobrsnum
were presented in the lessons as number words, in the appropriate language. Three
training sessions were given in either Russian or English and one testing sess
given in both languages. Once again, participants responded faster in the trained
language to exact number questions (i.e. age of a character), indicatiggage-

specific component for exact number quantities. All three experiments providaeavide

27



that small, exact numbers and large, approximate numbers can be represented
independently of language, and that representations of only exact large numbers depend
on a specific language with a counting system.

In addition to evidence for language dependent exact and approximate mental
representations of numbers (Spelke & Tsivkin, 2001), one study produced some results
for which the Revised Hierarchical Model of Bilingual Memory (RHMYer to figure 3,
could not account (Duyck & Brysbaert, 2004). Four experiments investigated
assumptions of the previously hypothesized RHM. Dutch-French bilingualsaslerd
to name Arabic digits as well as Dutch and French number words. Translation was
separated into forward and backward translation; in forward translation, the naming
language was French (i.e. Dutch number word given, name it in French), and in backward
translation, the naming language was Dutch (i.e. French number word given, name it in
Dutch). A number magnitude effect (e.g. a smaller number like 2 was t&asgmslate
than a larger number like 8) was found in both forward and backward translation. This
effect was not consistent with the current Revised Hierarchical MB##J, which
predicted a number magnitude effect only in the forward translation condibom, fr
Dutch to French; according to the RHM, the semantic connections between the number
words and the corresponding Arabic digits would be strong from L1 to L2, but weak from
L2 to L1; however, Duyck and Brysbaert (2004) found no difference between the
semantic connections as seen in the number magnitude effect being found from both L1
to L2 and from L2 to L1.

In an effort to see whether results were due to unbalanced bilinguals diezagy

very proficient in the second language, participants were told that they weriadehe
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Estonian number words for 1-15; however, the actual words that the participants were
learning were fabricated by the experimenters. During the expeahpdatse, which
was identical to the experiments above, participants were asked to say thef tiaene
number presented (Arabic digit or number word) in either Dutch or Estonian. Even for
just-learned number words, a number magnitude effect was found for both forward and
backward translation, suggesting that learned (number) word forms are mapped onto
existing abstract (magnitude-related) semantic information very iedthe L2
acquisition process (i.e. a mental number line).

A second direction of the math cognition research has put the models of bilingual
memory aside, and has tried to examine bilinguals on a number of math-redatethta
try to examine several other effects. These include the word lerfigith, ¢ie preferred
language effect, and the compatibility effect. The word lengthtefteirs when the
number words of one language are longer than in the other, resulting in slowenreacti
times even when just naming numbers. The preferred language effectodfdirguals
performing faster in their preferred language (i.e. the language tbfy fiv do mental
calculation) than in their second language. Finally, the compatibilityteffésrs to
reaction time facilitation when the presentation format of the numbers is tleeasdimne
format of the response (e.g. the participant is presented with a Spanish number word and
asked to respond in Spanish). Other questions revolve around exactly what differenc
occur, if any, when bilinguals are forced to do mathematics in both of their acquired
languages.

The word length effect has been well documented for bilinguals with regard to

performance on verbal tasks; however, a natural question was whether this \gtird len
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effect would carry over into numbers and mathematics because the mentanipias

of numbers and arithmetic processes is so heavily debated. Ellis (1992) condueted thre
experiments to investigate the word length effect on number words in Welskkengl
bilinguals. Both children (between the ages of 9 and 12) and adults were testedenChildr
were asked to compute the answers to four different types of problems: a simple
multiplication, an addition of a three digit number and a two digit number, an addition of
a three digit number and a two digit number with carrying, and addition of 9 siggke di
Results indicated that English children solved sums faster than Welsh chidtgpefs 3

and 4 sums, which involved carrying.

Adults were asked to read numbers on cards as well as to count from 1 to 100 as
quickly as possible. The numbers on the cards were determined by giving an adult
participant a set of problems, and having him calculate them out loud. The numbers
generated at all stages of the calculation were transcribed ontodke Ear example, a
type 1 sum such as 7 x 3, was transcribed onto the card as ‘7 3 21,’ corresponding to 7
times 3 equals 21 (Ellis, 1992). Adult participants were shown the transcriptschoal
asked to read the numbers out loud; half of the adults were asked to read in Welsh, and
half in English. Results showed that bilingual adults were significantlyeslto read the
numbers on the card and count to 100 in Welsh than in English, indicating a word length
effect.

Finally, a field study was conducted in which children were given a sheet oém®bl
consisting of addition, subtraction, multiplication, and division and asked to solve the

problems in the language in which they preferred to do mental calculation. Children
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were then assigned to the Welsh or English group accordingly. The average number of
errors was significantly higher for Welsh children than for English amldr

To summarize, a word length effect was observed with significantly lezgetion
times (RTs) for Welsh number words even when the participants’ prefenguablge was
Welsh. An interesting anecdotal finding from this study was that onleetiemcluded a
note that indicated that even though the students spoke and were taught in Welsh, by far
they preferred to calculate in English, possibly indicating the ease afatalg in a
language with less complicated number words (Ellis, 1992).

It has been posited that individuals prefer to do mathematics in the languageythat the
learned to do mathematics, the preferred language effect, and a coupleriohexise
were conducted in the bilingual math cognition research to investigate thiall.ag\n
early experiment was conducted by Marsh and Maki (1976). This was one oftthe firs
studies examining bilinguals and arithmetic operations to try to see ifvloeitd be a
reaction time difference between performing calculations in both thenef®, and
nonpreferred, NP, languages. This study differentiated P from NP languzges of
the language in which the individual learned to do mathematics, P, and the other
language, NP. Participants were given one, two, or three step addition oblem
consisting of two, three, or four single digits. Preceding each block, pantgivare
told in which language to give the answer. The experiment used English-Spanish, and
Spanish-English bilinguals. Reaction times were longer when particgaswsered in
the NP rather than the P language; however, there were not significardigerences.
This study showed that bilinguals could do arithmetic operations faster in the R than i

the NP language.
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Two similar experiments to Marsh and Maki (1976) were conducted by McClain and
Huang (1982) with Chinese-English and English-Chinese bilinguals, and Sgagksh
and English-Spanish bilinguals. The same addition problems were used with the
exception of auditory as opposed to a visual presentation. Participants wereedresent
one, two, and three step addition problems auditorily and were asked to answer the
problem in the language in which the problem was presented, either Chinese sin.Engli
The preferred language effect was found, showing a significant decrda§danthe
preferred language; however, during testing, Chinese and English presentation wa
intermixed, and participants had to adjust their responses accordingly. Imexpe2i
the authors used Spanish-English bilinguals and replicated experiment 1; havever
condition was added where some of the bilingual participants were presented with
problems in only one language and answered in only one language during one session
and came back for a second session where the problems were presented in the other
language and participants then answered all problems in that language. Rémalted
that the preferred language advantage was eliminated when bilingualaskedeto
come in for two sessions, one session in the P and one in the NP language (McClain &
Huang, 1982). The authors theorized that the preferred language advantage was due to
both languages needing to be active during one session, and that it was the language
switch that was responsible for the longer RTs in the NP language.

Some other interesting questions in math cognition include topics such as number
format, digits versus words, and number words in L1 compared to L2. Vaid and Frenck-
Mestre (1991) used an incidental recall task to investigate whether SpagisthE

bilinguals would retain any information about language format of numbers presented.
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Bilinguals were presented visually with 20 numbers written in number word form, half
presented in Spanish and half presented in English. Participants were told &l wree
numbers down in either all Spanish or all English, so half of the words were being copied
and half the words were being translated. At the end, the 20 numbers were presented as
Arabic digits, and participants had to try to recall whether the number had dyidpeah
presented to them in Spanish or in English. Bilingual participants performed above
chance on the incidental recall task, indicating at least some memory ablauigiiege
format of the number. They also displayed a compatibility effect, meaninij tiwat
number was presented to them in the same language that they needed to write down, they
were more likely to recall the correct language format during the ineaideaiall task.
The authors argued that even though there has been a preferred language effect found in
the literature for other arithmetic tasks, that effect did not seem to afiplyegard to
incidental recall of language format for number symbols presented (Vaid &-ren
Mestre, 1991).

So far, the experiments mentioned, while testing bilinguals using numeincali st
and some mental calculation, have not tested any of the well-known effectsridted i
math cognition literature. In 1993, Frenck-Mestre & Vaid conducted two expets
with English-French bilinguals and investigated two well-known effectsamtath
cognition literature, the split effect and confusion effects. Experiment laused/false
verification task for simple addition problems presented as Arabic digitisEngimber
words, or French number words. Small and large splits were also used, +1 or 2 and +5 or
6, respectively. Slower RTs were found for problems presented in L2; however, RTs

were slower in general for number words compared to Arabic digits, with e me
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verification difference between Arabic digits and number words in L1 beesjey than

the verification difference between L1 and L2. Small splits showed longer Rak for
three conditions (a traditional split effect); however, there was not a sagrtifilifference

in the RTs to small splits from L1 to L2. Experiment 2 used multiplication andaddit
stimuli where the false answers were either numerically relatedysion problems) or
unrelated. Results indicated associative confusion effects for L1 only, pahsety
weaker associations in the second language. The authors concluded that larayeahe pl
a role in the retrieval of stored arithmetic knowledge, with bilinguals kaiag
disadvantage in their second language. Retrieval of arithmetic factseasmgtdimatic
spreading of activation within the network of numerical facts was found to bestat lea

language-sensitive, if not language dependent (Frenck-Mestre & Vaid, 1993).

Summary

There has been a significant amount of research dedicated to studyinggtitimg
Most of the research has lent itself to creating a well-defined modelrajuzal memory
representation and organization. With that goal, most of the research has been done using
verbal tasks such as the semantic priming task and the translation task.

Overall, there seem to be some consistencies in the literature such as thengtrd |
preferred language, and compatibility effects, even when testing usihgnrettcal
stimuli (e.g., Ellis, 1992; Marsh & Maki, 1976; Vaid & Frenck-Mestre, 1991).
Traditional effects such as the split effect and confusion effects Vgeréoand to be
demonstrated by bilinguals performing mental calculations. However, it sheuld

considered that some of the studies mentioned are difficult to directly cachpato
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drastic language and methodological differences among studies. Most of the diddi
not categorize the bilingual participants in the same way or accordingdartteecriteria.
Also, the languages studied varied drastically from Chinese to French tolSpanis

A study needs to be conducted in which all of the methodological considerations, as
established by Altarriba and Basnight-Brown (2007), for categorizingghal fluency
are taken into consideration. The LEAP-Q is the current measure of bilingua
categorization that has taken many, if not all, of the suggestions proposed irba kaudi
Basnight-Brown (2007). After a more precise categorization of the bilipguatipants
has been made, then it makes sense to try to replicate some of the math cdtguton e
found with bilinguals. For example, with carefully categorized bilinguatsudy could
be done to illustrate the evolution of the confusion effect. Frenck-Mestre and Vaid
(1993) found confusion effects in L1 only and explained that effect in terms of weaker
associations for L2. This might only be for really unbalanced bilinguals, anght be
the case that as individuals become more fluent in L2, that the confusion effée wil
found for L2 as well. After those effects are investigated, then it wouldtéesting to
look for some of the common effects found throughout the mathematical cognition
literature, such as the problem size and split effects. Although some offfeeteleave
been shown among studies using bilinguals and mathematical stimuli (e.gk-Frenc
Mestre & Vaid, 1993), it is hard to compare them without proper categorization of
balanced versus unbalanced bilinguals.

It may also prove useful to try to extend the encoding-complex model as applied to
Chinese-English bilinguals (Campbell & Epp, 2004) to other languages, such as Spanish.

Will results turn out similarly even though the two languages do not have different
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representations of number? Results from these studies could also extend beyond
psychology, and possibly be helpful within the education system, especiatymdre

and more students in school systems speak more than one language.

Current Experiment

Previous literature examining mathematical cognition in the context of thgual
lexicon has not been clear about the process of bilingual categorization. This study
proposed to carefully categorize bilingual participants, as either balanaabdalanced,
using the Language Experience and Proficiency Questionnaire (LEAPA{Q)study
also aimed at building on a particular study (Frenck-Mestre & Vaid, 1B88gkamined
confusion effects in English-French bilinguals. In that study, confusion®#ere only
found with respect to L1. However, with correct categorization of English-3$pamndis
Spanish-English bilinguals, accomplished using the LEAP-Q, this study ptb{mose
examine confusion effects as they related to bilinguals who were both balanced and
unbalanced in L2.

A final aim of the current study was to use well-known mathematical tdight (
naming, arithmetic production, and arithmetic verification), to examine thedig
Complex Model and see if that model could be extended or generalized from Chinese-
English bilinguals to both English-Spanish and Spanish-English bilinguals. The
Encoding Complex model is currently the only numerical processing model tHagdras
extended to bilinguals, specifically Chinese-English bilinguals. It would pertant for
both the math cognition literature as well as the bilingual literature taeteif the

Encoding Complex model could be directly extended to other types of bilinguals or if the
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model could be adapted in some way to accommodate other types of bilinguals. Also, it
was important to investigate how or if the model could incorporate bilinguals who were
not fluent in their second language because bilingual categorization is notlgurrent

discussed with regard to the Encoding-Complex model of bilingual numerical pnacessi
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CHAPTER 3
METHODS
Participants
Bilingual participants, specifically English-Spanish and Spanishiéinglere
recruited from the UNLV subject pool. Previous bilingual studies have used anywhere
from 8 to 48 participants, with an average around 20. Eighty students participated in this
study for course credit; 37 of the participants were English-Spanisgumals and 43 of

the participants were Spanish-English bilinguals.

Materials

Demographic information was collected from all participants using a coripagted
survey. Basic demographic information such as age, ethnicity, and yehoot s&as
obtained, and there was also information collected that was specific tagbrsneent.
That information included the language in which participants learned mathl as e
which language their high school math courses were taught. Math language wa
considered of particular importance based on previous research examininggrefer
langage effects (Marsh & Maki, 1976; McClain & Huang, 1982).

Language Experience and Proficiency Questionnaire (LEAP-Q#sAvEinterest on
the LEAP-Q were language competence, language acquisition, and priamreend ¢
language exposure. The questionnaire encompassed all of the categorieserded
by Altarriba and Basnight-Brown (2007), including biographical data, langusigeyh
data, and language proficiency data, and took an average of 10 minutes to complete for

two languages. The LEAP-Q was used to decipher type of bilingual (E&geshish or
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Spanish-English) based on the order of language acquisition as well as to campute
measure of bilingual categorization (balanced vs. unbalanced in the secongédngua
Participants self-scored themselves on a scale from 1 to 10 for how proficient they
considered themselves to be when reading, speaking, and understanding whichever they
considered to be their second language. An average of these scores was tlakieosevi
scoring 5 or below categorized as unbalanced and those scoring between 5 and 10

categorized as balanced. The LEAP-Q is provided in Appendix 5.

Experimental Tasks and Stimuli
Digit Naming

The numbers 2 through 25, in Arabic digit form, were displayed on the computer
screen one at a time. Participants were prompted before each triatinlariguage to
name the digit. The prompt appeared in the middle of the screen for 1500 ms with the
two words arranged vertically. If the participant was to answer in $ndhe prompt
read “English, ingles” or “ingles, English,” and if the participant veaartswer in
Spanish, the prompt read “Spanish, espafiol” or “espafol, Spanish.” The prompts were
selected randomly. After a 500 ms blank screen, a randomly selected diglisplayed
in the center of the screen until the participant produced the answer or until 5000 ms had
been reached. If the 5000 ms time limit was reached, a display appeared pramepting t
entry of the digit as well as the language in which the digit was saids W& exceeded
the 5000 ms time limit were given special codes and RTs for those tri@shater

included in the final analyses. Participants were given one practice block il @ial
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two experimental blocks of 24 trials each. Each digit was named once irarguhde
condition for a total of 48 trials.

Addition Production

Single digit addition problems were presented to participants horizomtahg
center of the screen in the forn@at b. The stimuli were constructed from the 56
possible nontie, pairwise combinations of the integers 2-9, and presentation fosmat wa
always in digit form. One and zero were not used as addends because it isygeneral
conceded in the literature that participants tend to use rules instead of direxalrér
problems involving one and zero addends. With regard to the within subjects variable
problem size, addition problems were categorized as small if the sum whes Hmaa
ten and large if the sum was equal to or larger than ten, following the methods of
Ashcraft and Stazyk (1981). The task required participants to verbally prtdtric
answer in the language specified by a prompt before each trial. PatSonere given
one block of 10 practice trials and two blocks of 28 experimental trials; during the
experimental trials, participants answered each problem once in English a&nd onc
Spanish. Answer format alternated across trials such that, prior to iehch language
prompt was shown on the screen. The language prompts followed the same format as
those for the digit naming task described above with a duration of 1500 ms, and the
prompts were selected randomly so that participants could not predict whether they
would need to produce their answer in English or Spanish until right before each trial.
There was a 500 ms blank screen in between the language prompt and the addition

problem. Once the addition problem was on the screen, participants had 5000 ms in
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which to respond. If participants did not respond in the 5000 ms, the trial was coded
accordingly and the RT for that trial was excluded from data analysis.

Multiplication Production

Single digit multiplication problems were presented to participants horlzomahe
center of the screen in the fornaat b. The stimuli were constructed from the 56
possible nontie, pairwise combinations of the integers 2-9, and presentation fosmat wa
always in digit form. One and zero were not used as multiplicands for the samesrea
mentioned above for the addition production task. Multiplication problems were
categorized as small if the product was less than 20 and large if the prodbetweasn
21 and 81, following the methods of Allen, Ashcraft and Weber (1992).The task required
participants to verbally produce an answer in the language specified by a pedorpt
each trial. Participants were given one block of 10 practice trials and two bld28s
experimental trials; during the experimental trials, participants enesixeach problem
once in English and once in Spanish. Answer format alternated randomly actess tria
such that, prior to each trial, a language prompt, following the same formahagigit
naming task, was shown on the screen for 1500 ms. Participants could not predict
whether they were going to have to produce the answer to the multiplication pimblem
English or Spanish. A 500 ms blank screen was presented between the language prompt
and the multiplication problem. The problem appeared on the screen until the participant
answered or until 5000 ms had gone by. If the 5000 ms limit was reached, the trial was

coded accordingly and the RT for that trial was excluded from data analysis.
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Confusion Verification

Three blocks of 56 arithmetic trials, containing both simple addition problems of the
form a+ b =c and simple multiplication problems of the foaw b = c, were presented
to participants for true/false verification. Once the stimuli wersgm&d on the screen,
participants either depressed the left mouse button if they verified theraasstmee, or
they depressed the right mouse buttin if they verified the answer as fadde ware
defined by the type of answer presented with the given problem: for truedneds the
true answer to the problem, for associatively related trials, ¢ was the shenppbblem
for a multiplication trial and ¢ was the product of the problem for an addition prpblem
and for neutral trials, c was mathematically unrelated to the correctratastiie
problem, and the answer presented differed from the associatively relatent bpsv
or £2. Presentation format alternated across blocks among Arabic DidisHEmgmber
word, and Spanish number word (e.g. 5 + 4 =9, five + four = nine, and cinco + cuatro =

nueve, respectively).

Procedure and Statistical Analyses
Upon arrival to the laboratory, participants completed and signed an informed consent
sheet. They then used the computer for all other portions of the experiment, and an
experimenter was also present. Participants completed the LEAR:Qltis was
followed by the digit naming, simple addition, simple multiplication, and confusion
verification tasks presented in a counterbalanced order across participatrtsctions
were both presented on the screen and read to the participant by the experimerger bef

each task. The experimenter explained each task as well as how to usadbéonie,
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keyboard and mouse, which were provided for the experiment.

For the digit naming task, participants were told that a digit was going tarappe
the screen. Prior to seeing the digit, they were going to see a prompt thiaéiolcht
which language to name the digit. Participants were told to verbally prodpomses
into the microphone as quickly as they could, after which the experimenter would type i
the digit that the participants said as well as the language in which they SHne it
participants were told that they would be given several practice triad¢s tesgd to the
microphone and that they would be told before the experimental trials began.

For both the addition and multiplication production tasks, participants were told that
they would be seeing addition and multiplication problems on the screen. Before eac
problem appeared, they would see a prompt instructing them in which language to
produce the answer. They were instructed to verbally produce their answarskisas
they could into the microphone, and that they would be given several practice tritls to g
used to the microphone and the format of the task. Participants completed one full task
consisting of only addition problems and one full task consisting of only multiplication
problems.

For the confusion verification task, participants were instructed that they would be
seeing either addition or multiplication problems presented on the screennsvitera.

They were instructed to read the problem and determine if the answer presémtie wi
problem was true or false. If the answer was true, they were told to presi theuse
button, and if the answer was false, they were told to press the right mouse button. No
verbal answers were given during the confusion verification task. Participaatged

three counterbalanced blocks of trials varying in presentation format (@i,
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SNW).

After all of the math tasks were completed, participants completatethegraphics
survey. It was important that they be given the demographic survey at the angdebec
the survey contained questions concering the language in which the participauets lear
elementary as well as high school math; if they received the demograplhies at t
beginning, they may have tried to guess the purpose of the experiment agaithkar
peformance on the math tasks. After the demographic survey was completed,
participants were de-briefed and asked if they had any questions regarding the
experiment. The statistical analyses were slightly differentson ef the mathematical
tasks and will be discussed individually for each task in the next chapter. Réiactisn
and error rates were analyzed for the number naming, simple addition, simple

multiplication, and confusion tasks.

44



CHAPTER 4
DATA ANALYSIS AND RESULTS

Before discussing the specifics of the data analysis and results, ptagamt to
address some sampling issues that occurred during the data collection prdeaiég. |
bilingual participants would have fallen into one of four categories: Engpahni§h
(balanced and unbalanced) and Spanish-English (balanced and unbalanced). As the data
were collected, it became clear that participants were only fallinghnee of the
categories, with no participants categorized as Spanish-English unhalimoguals.

After 80 participants ran through the study, the data still did not have one patticipa
categorized as Spanish-English unbalanced.

In order to be categorized as Spanish-English unbalanced, participardshaoela
second language of English and they would not consider themselves fluent in English. At
UNLV, where almost all coursework is taught in English, finding Spanish-Englis
participants who considered themselves to be unbalanced in English proved to be
impossible, at least in the departmental subject pool. Going outside of the university
setting to try to recruit participants would have risked the homogeneity of the sample
terms of demographic variables such as age and education level. That beasgpiladl c
analyses were conducted on only three categories of participants: Edggislish
(balanced and unbalanced) and Spanish-English (balanced only). After a prgliminar
analysis was conducted on all three groups of participants; two additionaemalgre
conducted: an ANOVA using both E-S and S-E balanced bilinguals to investigate type of
bilingual and ANOVA using only E-S bilinguals to examine any effects of

categorization. Because two ANOVAs were conducted using the same grou@ of da
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(balanced E-S bilinguals), a Bonferroni adjustment was made to combat infygted T
error. Therefore, all significance was compareg $0.025 instead gb = .05.

Eighty participants were run through the experiment. For the final asatiise
participant breakdown was as follows: LEAP-Q (n = 80), demographics (n = 78), digit
naming (n = 65), addition production (n =64), multiplication production (n = 49), and
confusion verification (n = 75). For a further breakdown of participants, refer te Tabl
in Appendix 4. Due to a software error, RT data were not collected for 15 peantsi
The fewest number of participants (n = 49) was analyzed for the muliiphicat
production task; this was still more than twice the number of bilingual participheatts
have been recruited for previous bilingual studies. Other details about the number of

participants the experimental tasks will be given with the results fromtaak.

Demographics and the LEAP-Q

Seventy-nine undergraduate students and one graduate student (age range: 18-40,
with a mean of 20.31) consented to participate in the experiment. Due to a software
failure in which the experiment froze, two participants were not able to etartpeir
demographic information on the computer. Demographic data for those two participants
did not get collected and were not included in the analyses. Means for several
demographic variables can be found in Table 2 of Appendix 4. Due to the bilingual
nature of the study, the sample was heavily ethnically skewed, with fiftyfitres
seventy-eight participants reporting a Hispanic/Latino ethnicity. h Végard to the
language in which participants learned mathematics, sixty-three repeataing math in

English and fifteen reported learning math in Spanish. Of the fifteen partiphot
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reported learning math in Spanish, only three of them reported learning high sctiool ma
in Spanish.

All eighty participants completed the LEAP-Q, and the between subjecibles,
type of bilingual and bilingual categorization, were obtained using informatamthat
guestionnaire. Type of bilingual was determined based on language acquisitfen. |If
participant learned English first, then they were typed English-Spantbleyitearned
Spanish first, they were typed Spanish-English. If participants repegadrig both
languages at the same time, they were asked which one they mostly spoke, @ngome
that was used to determine their type. A bilingual categorization dmadean¢ed vs.
unbalanced), which was a measure of fluency in the second language, was olgtained b
taking participants’ self-reported scores for how well they spoke, read, andtoode
their second language. Each of the three scores was out of 10 points, and the #see scor
were averaged to obtain a categorization. Participants who had an aa¢iragef 5 or
below were categorized as unbalanced and those with an average above 5 were

categorized as balanced in the second language.

Digit Naming Task (Reaction Time Data)

For the digit naming task, within subjects factors included digit (2-25) and respons
language (Spanish or English) and the between subjects factor was typegogbil
(English-Spanish vs. Spanish-English). Because of a software errdigneanes were
not collected for 15 participants; therefore, reaction times for only 65 partisi were
included in the analyses. Only reaction times for correct trials weakgzad; if the

participant incorrectly produced the digit, produced the correct digit in the wrong
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language, or both, the reaction time was replaced with the mean for that group.
Microphone errors were also excluded and replaced with the group mean. Outlers wer
defined as those reaction times falling above or below two and a half standaradsviati
of the group mean. For the digit naming task, out of 3120 individual trials, 18 digit
errors, 99 language errors, 45 microphone errors, 17 time-outs (participant grdena
answer within 5000 ms), and 76 outliers were removed and replaced with the group
mean.

Preliminary Full Sample Analyses

An initial analysis was run on the entire sample of 65 participants withiaedicne
data using a 2(type of bilingual) x 2(response language) x 24(digit) repeasdrese
ANOVA. There were significant main effects of response langua@e 63) = 74.802p
=.000,m,? = .543) and digitR(23, 1449) = 3.842p = .000,n,° = .057). Overall,
naming digits in Spanish took longer than naming digits in English (mean RTs = 842 and
686 ms, respectively). Initial results also indicated a response langtygmgeof
bilingual interaction (1, 63) = 28.457p = .OOO,np2 =.311). According to the results,
the E-S bilinguals were significantly slower when naming digits in SpanislthlesS-E
bilinguals (mean RTs = 925 and 759 ms, respectively), which makes sense considering
Spanish was the second language for the E-S bilinguals. However, this ioteveedi
suspected to be partially due to the fact that both balanced and unbalanced bilinguals
were in the E-S sample while only balanced bilinguals were in the S-E s&@tipde.
significant interactions included a digit x type of bilingual interactfe(238, 1149) =
2.626,p= .OOO,np2 =.040), a response language x digit interacti@3, 1449) = 4.513,

p= .OOO,np2 =.067), and a response language x digit x type of bilingual interaction
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(F(23, 1449) = 2.284p = .001,np2 =.035). To maintain clarity, only the response
language x digit interaction is presented (Appendix 4, Figure 1). The inberabbws

the same pattern as the others in that group: digits were slower to be namedsh Spa
than in English. The three-way interaction indicated that, although both E-S and S-E
bilinguals were equally fast to name digits in English, E-S bilinguale slewer than S-
E bilinguals to name digits in Spanish.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

Another 2 (type of bilingual) x 2 (response language) x 24 (digit) ANOVA w@s r
on only the balanced bilingual participants (both E-S and S-E, n = 56). Once again, the
between subject variable was type of bilingual (E-S vs. S-E) and the two wibjétts
variables were response language (English vs. Spanish) and digit (2-25). [/bes &ma
the balanced-only sample also produced significant main effects for respogsage
(F(1, 54) = 59.999p = .000,n,” = .526) and digitk(23, 1242) = 3.694p = .000,n,” =
.064); once again, digits were slower to name in Spanish than in English (mean RTs =
794 and 688 ms, respectively). However, with only the balanced bilinguals included in
the analyses, the between subjects variable type of bilingual was no sayngécant
with regard to naming digits in English and Spankfi(54) = .498,p = .483,11'02 =
.009). With both groups reporting fluency in the second language, it made sense that
there were no significant reaction time differences between the two grbhlisguals
when naming digits in English or in Spanish. All of the interactions from the main
analysis were still significant for the analysis containing only bathbdmguals. There
were significant interactions for response language x type of biling(lal%4) = 11.609,

p=.001n," =.177), digit x type of bilinguaFR(23, 1242) = 2.288p = .001,n," =
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.041), response language x digi{43, 1242) = 4.075p = .OOO,np2 =.070), and

response language x digit x type of bilingu&la3, 1242) = 1.978p = .004,%2 =.035).
The three-way interaction is displayed in Appendix 4 (Figures 2a & 2b). Qverall
pairwise comparisons indicated that digits were significantly slower to bechiaim
Spanish than in Englisip & .000) for both E-S and S-E bilinguals; however, there were
no significant differences in reaction time between E-S and S-E answeringliahEp

= .454) or answering in Spanigh¥ .087).

E-S Bilinguals Only (Investigating Categorization)

To examine categorization (second language fluency), a separatEsanals
conducted using only E-S bilinguals (n = 28), because the sample was missing a S-E
unbalanced group. A 2 (categorization) x 2 (response language) x 24 (digit) ANOVA
was conducted on the E-S bilinguals; the only change was that the between subjects
variable from the previous analyses (type of bilingual) was now categomniZhtlanced
vs. unbalanced). That analysis also revealed significant main effeetgpohse
languagek(1, 26) = 100.379p = .OOO,np2 =.794) and digitK(23, 598) = 4.034p =
.000,n,° = .134) as well as categorizatidf({, 26) = 8.267p = .008,n,° = .241). Once
again, digits were faster to be named in English than in Spanish (mean RTs = 671 and
978 ms, respectively), and, including both languages, unbalanced E-S bilinguals were
significantly slower to name digits than balanced E-S bilinguals (mear=R886 and
753 ms, respectively). Significant interactions included response language x
categorizationK(1, 26) = 25.034p = .OOO,np2 =.491), digit x categorizatior(23,

598) = 2.708,p = .OOO,np2 =.094), response language x di§i(43, 598) = 3.821p =

.OOO,np2 =.128), and response language x digit x categoriza&®#38(598) = 1.849p =
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.Olo,np2 =.066). As expected, both balanced and unbalanced E-S bilinguals performed
similarly when naming digits in English (pairwise comparisons yiejed801);

however, the unbalanced E-S bilinguals had significantly higher reactionvinezs

naming digits in Spanish than the balanced E-S bilinguals (pairwise compatieides

p =.000) The interaction is displayed as Figure 3 in Appendix 4. The three-way
interaction can be seen in Figures 4a and 4b of Appendix 4, and, as expected, the
unbalanced E-S bilinguals were equally as fast as the balanced E-S bilatgueising

digits in English but significantly slower to name digits in Spanish than thadsa E-S

bilinguals.

Digit Naming Task (Error Rates)

The digit naming task gave participants the possibility of making thrisseht types
of errors: naming the incorrect digit, naming the correct digit in the wieorguage, or
both naming the incorrect digit in the wrong language. Therefore, it was gassibl
complete two different analyses for the error rates, one for digit emdrsne for
language errors; however, naming digits was such a simple task, whichd@sckding
effects. Only 18 out of 3120 individual trials, .005% of the data, contained errors in
which the participant named the incorrect digit; therefore, an errorrralgses of digit
errors would not have added any additional information to the results. As fagaadan
errors were concerned, 99 of the trials, 3% of the data, contained errors where the
participant responded in the incorrect language. Once again, an ANOVA would not have
produced any significant differences with so few of the overall trials icomgeerrors;

however it was interesting to break down the language errors to investigate which
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bilinguals were making the language errors as well as when they tendallddha

errors. Of the language errors, 37 were digits supposed to be named in Engligrehat w
incorrectly named in Spanish, and 62 were digits that were supposed to be named in
Spanish that were incorrectly named in English. Also, 62 of the language emrers we

made on trials that involved a language switch (on the previous trial, the digit was
supposed to be named in the other language) and 37 of the language errors were made on
no-switch trials. Finally, 40 of the 49 participants who made language erras wer

balanced bilinguals and considered themselves relatively fluent in both languages
According to the data, being fluent in both languages created more languageente

when naming digits.

Addition Production Task (Reaction Time Data)

The reaction time data for the addition production task fell into four categemed:
problems answered in English, small problems answered in Spanish, large problems
answered in English, and large problems answered in Spanish. For each participant,
reaction time data was averaged for each type of answer. A 2 (typengtibl)ix 2
(problem size) x 2 (response language) mixed ANOVA was performed on tiegjaigg
data. Only reaction times for correct trials were analyzed; if theciparnt produced the
wrong answer, produced the correct answer in the wrong language, or both, tbe reacti
time was replaced with the mean for that group. Microphone errors were clistesk
and replaced with the group mean. Outliers were defined as those reactsfaliimg
above or below two and a half standard deviations of the group mean. For the addition

production task, out of 4224 individual trials, 158 math errors, 195 language errors, 26
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incorrect answer and incorrect language errors, 167 microphone errors, obitisnfine
participant did not answer the problem within 5000 ms), and 43 outliers were removed
and replaced with the group mean. Group means were determined per partiCipaet
were twelve small problems answered in English and Spanish and sixteen largmprobl
answered in English and Spanish, creating four groups. If a participant wasgmissi
reaction times in a group, that reaction time was replaced with the mehatfor

particular participant for that individual group.

Preliminary Full Sample Analyses

Due to a computer malfunction, the addition production task froze in the middle of
the trial block for one participant; therefore, initial analyses were run on 6& pamts.
The ANOVA for the full sample produced significant main effects of problee(Bi(Z,

62) = 170.405p = .OOO,np2 = .733) and response languagél( 62) = 36.727p = .000,

an =.372). Traditional problem size effects were found such that large problems took
significantly longer to solve than small problems (mean RTs = 1800 and 1300 ms,
respectively). Also, participants took significantly longer to answer in Sipdiman in
English (mean RTs = 1622 and 1479 ms, respectively). There was also a significa
response language x type interactib(il( 62) = 19.606,p = .000,%2 =.240). The
preliminary full sample analysis indicated that S-E bilinguals were rmmansistent in

their response times and much slower than E-S bilinguals when answering shEngli
Also, E-S bilinguals were significantly slower answering in Spanish than ils&ng

however, this sample included both balanced and unbalanced E-S bilinguals.
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E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

To better examine the relationship between response language and type of
bilingual, a separate 2 (type of bilingual) x 2 (problem size) x 2 (responseatzalg
mixed ANOVA was run on only the balanced bilingual participants (n = 54). Results
indicated significant main effects of problem siE€l( 53) = 122.206p = .OOO,np2 =
.697) and response langua§€l( 53) = 20.390p = .OOO,np2 =.278) as well as a
significant response language x type of bilingual interactgh, (63) = 9.943,p = .004,
an =.144). Once again, a significant problem size effect was obtained such that large
problems took significantly longer to solve than small problems (mean RTs = 1783 and
1288, respectively). Also, on the whole, answering in Spanish took significantly longer
than answering in English (mean RTs = 1592 and 1478, respectively). In referdree tot
significant interaction, S-E bilinguals were slower to answer addition pnsbdeerall
than E-S bilinguals, but they were consistent in their reaction times whetkerigsin
English or in Spanish whereas the E-S bilinguals, who considered themselaesflue
Spanish, took significantly longer to answer addition problems in Spanish than irhEnglis
(Figure 5).

E-S Bilinguals Only (Investigating Categorization)

Finally, to assess the between subjects variable categorizattomddanguage
fluency), a third 2 (categorization) x 2 (problem size) x 2 (response languags)
ANOVA was conducted on only the E-S bilinguals (n = 27), because all of the S-E
bilinguals were balanced in both languages. Main effects were found for probéem si
(F(1, 26) = 70.820p = .OOO,np2 =.731) and response languagé€l( 26) = 47.338p =

.OOO,np2 =.645). In concordance with the previous analyses in this section, large
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problems took significantly longer to solve than small problems (mean RTs = 1760 and
1263 ms, respectively) and answering in Spanish took significantly longemtsaerang

in English (mean RTs = 1651 and 1372 ms, respectively). Application of a Bonferroni
correction left the analysis without any significant interactions; homt&eeresponse
language x categorization interaction approached signific&fteZ6) = 4.911p =

.036,1]p2 =.159) and was worth mentioning in the results. The interaction (Figure 6)
produced exactly what would be expected: E-S bilinguals all took the same amount of
time to produce answers to addition problems in English, but there was a mgrginall
significant difference between balanced and unbalanced E-S bilinguals whenimgswe

addition problems in Spanish.

Addition Production Task (Math Errors)

The data were aggregated by problem size and response language and af2 (type
bilingual/categorization) x 2 (problem size) x 2 (response languagedmNOVA was
conducted on the average math error rates for each subject on each type of.phile
main effects of response language were found with regard to math eraossahthe
analyses: the full sample, the balanced only sample, or the E-S only samplewditeere
main effects of problem size in all three analyses: full sankifle 62) = 30.615p =
.OOO,np2 =.331), E-S only samplé&(1, 26) = 7.498p = .Oll,np2 =.224), balanced only
(F(1, 53) =23.257p = .OOO,np2 =.305). As expected, significantly fewer math errors
were made for small problems than for large problems (mean error rates artl4%
8.6%, 2.5% and 8.5%, and <1% and 5.7% for the full sample, balanced sample, and E-S

only sample, respectively).
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Addition Production Task (Language Errors)

Preliminary Full Sample Analyses

The data were aggregated by problem size and response language and a 2 (type of
bilingual) x 2 (problem size) x 2 (response language) mixed ANOVA was c@utloot
the average language error rates for each subject on each type of probtehe f&ll
sample (n = 63), significant main effects were found for problem B{dge §2) = 10.738,
p= .OOZ,np2 =.148), response languad€l, 62) = 13.727p = .OOO,np2 =.181), and
type of bilingual E(1, 62) =5.812p = .019,%2 =.086). More language errors were
made when producing answers to large problems than small problems (meaatesror r
8.1% and 5.1% , respectively), when producing answers in Spanish compared to English
(mean error rates = 8.3% and 5.0%, respectively), and S-E bilinguals maifieasity
more language errors than E-S bilinguals (mean error rates = 8.3% and 5.0%,
respectively). Once again, it was necessary to examine the balancepteuyof
bilinguals to see if any of the above effects occurred because the E-S santpired
both balanced and unbalanced bilinguals while the S-E sample contained only balanced
bilinguals.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

A second 2 (type of bilingual) x 2 (problem size) x 2 (response languagedl mix
ANOVA was conducted on the aggregate language error rate data for the ¢halakyce
sample of bilinguals (n = 54). As expected, the significant main effect of type o
bilingual found for the full sample did not reach significance for the balanced only
sample F(1, 53) = 3.328p = .074,np2 =.059). Significant main effects were found for

both problem sizeH(1, 53) = 7.978,p = .007,np2 =.131) and response languagél(
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53)=8.212,p= .006,11'02 =.134). Similarly to the full sample, more language errors
were made for large problems than for small problems (mean error r&te%-=and
5.3%, respectively) and more language errors were made when particgsgpaisded in
Spanish than in English (mean error rates = 8.2% and 5.5%, respectively).

E-S Bilinguals Only (Investigating Categorization)

A final analysis was conducted on only the E-S bilinguals (n = 27) to investigate
whether there would be any effects of categorization (second languageyjloa the
number of language errors. The analysis was a 2 (categorization) x 2 (psttx¢m 2
(response language) mixed ANOVA on the aggregate language error eate dat
significant main effect was found for response language (F(1, 26) :@:51(:)!)5,%2 =
.268), and a marginally significant main effect was found for problem size (F(%, 26)
5.201p = .O3.1,np2 =.167. This final analysis showed more language errors when
participants were asked to respond in Spanish than in English (mean errortfiés =
and 2.5%, respectively) and more language errors to large problems thailto sm
problems (mean error rates = 6.2% and 3.4%, respectively). Overall, moregangua
errors were made on large addition problems than on small addition problems; this was
the case regardless of the type of bilingual or categorization. Also, mgealge errors
were made when bilinguals were producing the answer in Spanish than when #ey wer
producing the answer in English, also regardless of the type of bilingual and
categorization.

As with the digit naming data, a breakdown was done to examine language errors
There were 195 language errors that occurred on switch trials (the trigd bediaired

participants to respond in the other language) and 95 language errors that occurred on no
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switch trials (the response language had not changed from the previous trialje For t
language errors that were made during switch trials, 110 were errolngcim participants
incorrectly answered in English and 85 were errors in which participantseottgr
answered in Spanish. Of the 59 bilinguals that made at least one languagerggor du
the course of the addition production task, 53 were balanced and 6 were unbalanced.
Once again, the majority of the language errors were made by balanogddigi

suggesting more language interference as fluency in the second langueggeisi.c

Multiplication Production (Reaction Time Data)

Before discussing the reaction time data for the multiplication taskmpisrtant to
talk about the difficult nature of the task. Firstly, there were severalafitfeypes of
errors that could be made by the participant that would result in a reaction &diegne
to be replaced (i.e., a math error, a language error, or both). Secondly, particgrants w
shown the language prompt, which then disappeared and was replaced with the
multiplication problem. Participants then needed to retrieve the answemteEmthe
language in which they were supposed to respond, and then possibly translate the answer
into the correct language, depending on whether the answer was required irsthaair f
second language as well as whether they were balanced or unbalanced in the second
language. Errors on the multiplication task were extensive, with some et
making errors on more than fifty percent of the trials. There were four celsagt
data for the multiplication task: 12 small problems answered in English, 12 small
problems answered in Spanish, 16 large problems answered in English, and 16 large

problems answered in Spanish. For the participants that made more than fetyt perc
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errors, entire cells consisted of only errors of one type or another, makimpgsiile to
replace the data, because there was no data from which to calculate engamup

Because of the strict exclusion that was being done with regard to errotstiarc

needed to be established to include as many participants as possible withbeihgacri

the integrity of the data. After examining several cutoffs, a thirtyepe@utoff was
established; participants with more than thirty percent errors wengdextcfrom analysis
because there would be too much of the data missing and in need of replacement.
Therefore, fifteen participants (participants 16, 20, 22, 24, 25, 33, 34, 47, 50, 51, 60, 63,
71, 72, 73) were excluded from the reaction time analysis for the multiplication
production task.

Reaction time data for 49 participants fell into four categories: smallgonsbl
answered in English, small problems answered in Spanish, large problems dnswere
English, and large problems answered in Spanish. For each participant, reaction time
data was averaged for each type of answer. A 2 (type of bilinguaticasggn) x 2
(problem size) x 2 (response language) mixed ANOVA was performed on tiegjatgg
data. Only reaction times for correct trials were analyzed,; if thesipartt incorrectly
produced the answer, produced the correct answer in the wrong language, or both, the
reaction time was replaced with the mean for that group. Microphone erroralseere
excluded and replaced with the group mean. Outliers were defined as those reaction
times falling above or below two and a half standard deviations of the group mean. For
the multiplication production task, out of 2744 individual trials, 167 incorrect answer
errors, 130 language errors, 14 incorrect answer and incorrect languaagelb4

microphone errors, 92 time outs (the participant did not answer the problem within 5000
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ms), and 40 outliers were removed and replaced with group means. Group means were
established according to the same criteria mentioned above for the additiortiproduc
task.

Preliminary Full Sample Analyses

For the full sample (n = 49), main effects were found for both problemM(ize47)

217.777,p= .OOO,np2 =.822) and response languag€l( 47) = 17.615p = .OOO,np2

.273). The traditional problem size effect was found with large problems taking
significantly longer to solve than small problems (mean RTs = 1834 and 1306 ms,
respectively. Also, all problems were significantly slower to be answerggdanish than

in English (mean RTs = 1645 and 1495 ms, respectively. There was also a significant
response language x type of bilingual interactie{i(47) = 22.337p = .OOO,np2 =

.322) For the full sample, both types of bilinguals were equally fast at pnoduci
multiplication answers in English; however, the E-S bilinguals were signifjcslower

at producing multiplication answers in Spanish. This was not surprising consitfeting
the full sample contained both balanced and unbalanced E-S bilinguals but only balanced
S-E bilinguals. It would be more interesting to see if the interaction vilasgtificant
when examining only the balanced bilinguals in the sample.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

Analyses of the balanced bilinguals (n = 41) who participated in the study produced
main effects of both problem sizé({, 40) = 168.950p = .OOO,np2 =.809) and response
languagek(1, 40) =9.917p= .003,r|p2 =.199) as well as a significant response
language x type interactiof((l, 47) = 14.257p = .OOl,np2 =.263). Once again there

was a traditional problem size effect, with large problems taking signiffdanger to
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solve than small problems (mean RTs = 1798 and 1270 ms, respectively). Also,
production responses were slower in Spanish than in English (mean RTs = 1581 and
1486 ms, respectively). Finally, even with only balanced bilinguals in the sampl
pairwise comparisons showed E-S bilinguals answering significantly isiov@panish
than in Englishg = .000); however, there were no significant differences between E-S
and S-E bilinguals when answering in Engliph=(.942) or Spanistp(= .048). The
interaction is displayed as Figure 7 in Appendix 4.

E-S Bilinguals Only (Investigating Categorization)

Finally, a 2 (categorization) x 2 (problem size) x 2 (response languags) m
ANOVA was conducted on only the E-S bilinguals (n = 23). That analysis produced
main effects of problem siz&(1, 22) = 116.132p = .OOO,np2 =.841) and response
languagek(1, 22) = 43.786)p = .OOO,np2 = .666) and two significant interactions:
response language x categorizatib(lL( 47) = 9.841p = .005,np2 =.309) and problem
size x response languad€qX, 47) = 9.597p = .005,np2 =.304). Similar findings for
the main effects found in the full and balanced-only samples above were foundewith t
E-S only sample. Large problems were significantly slower to be asgdwean small
problems (mean RTs = 1998 and 1424 ms, respectively) and multiplication answers took
longer to produce in Spanish than in English (mean RTs = 1911 and 1512 ms,
respectively). Figure 8 in Appendix 4 displays the response language arizegn
interaction, and it can be seen that the unbalanced E-S bilinguals wereainglyifi
slower to answer problems in Spanish than the balanced E-S bilinguals (pairwise
comparisons yielded = .009). The problem size x response language interaction can be

seen in Figure 9 of Appendix 4; although producing multiplication answers took longer
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overall when producing them in Spanish than in English, producing answers in Spanish

also led to a greater problem size effect, regardless of categorization.

Multiplication Production (Math Errors)

Preliminary Full Sample Analyses

The data were aggregated by problem size and language and a 2 (type of lmlingual
categorization) x 2 (problem size) x 2 (response language) mixed ANO¥A wa
conducted on the average error rates for each subject on each type of problem. The
between subjects variable was type of bilingual (E-S, S-E) and the within subject
variables were problem size (small, large) and response languagisiiESpanish). For
the full sample, a main effect was found for problem dt£#,(47) = 72.402p = .000,
an =.606) as well as a marginally significant response language x type otiblling
interaction E(1, 47) =4.930p = .O31,np2 =.095). The traditional problem size effect
was found with respect to error rates for the production of multiplication facts
Significantly more errors were made when producing the answers to largenpsabin
when producing the answers to small problems (mean error rates = 13.2% and 1.9%,
respectively). There was no main effect of language, and even though there was
marginally significant response language x type of bilingual interactnis was most
likely due to the fact that both balanced and unbalanced E-S bilinguals were included in
the full sample analysis, but only balanced S-E bilinguals were included.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

A second 2 (type of bilingual) x 2 (problem size) x 2 (response languagedl mix

ANOVA was conducted on only the balanced bilinguals in the sample. The only
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significant finding for the balanced only sample was a main effect of pnabiee E(1,

40) =57.185,p = .OOO,np2 = .588). Once again, more errors were made when producing
answers to large problems than when producing answers to small problems (mean error
rates = 12.8% and 1.9%, respectively), regardless of response language.pdingeres
language x type of bilingual interaction disappeared upon analysis of only balanced
bilinguals (F(1, 40) = 2.78@ = .103,1,° = .065).

E-S Bilinguals Only (Investigating Categorization)

A final 2 (categorization) x 2 (problem size) x 2 (response language)irAN®OVA
was conducted on the E-S bilinguals to assess categorization. Main wHestound
for both problem sizeH(1, 22) = 42.491p = .OOO,np2 = .659) and response language
(F(1,22)=7.082p= .014,np2 =.244) as well as a marginally significant problem size x
response language interactiéify, 22) = 5.554,p = .028,np2 =.202). Bilinguals made
more errors when producing answers to large problems than to small problems (mean
error rates = 14.5% and 1.8%, respectively). Specifically, E-S bilinguas mare
errors when producing the answer in Spanish than in English (mean error 18tés =
and 6.2%, respectively), regardless of categorization (balanced vs. unbaldfinady,
with regard to the marginally significant problem size x response languagectite,
more math errors were made on large problems when producing the answer in Spanish
(Appendix 4, Figure 10), which makes sense considering the entire sample ubad for t

analysis consisted of bilinguals with Spanish as their second language.
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Multiplication Production (Language Errors)

Preliminary Full Sample Analyses

As with the math error data the language error data were aggregatedtleyypsze
and language and a 2 (type of bilingual or categorization) x 2 (problem size) x 2
(response language) mixed ANOVA was conducted on the average ersdoraach
subject on each type of problem. Once again, the within subjects variablgzal#esn
size (small vs. large) and response language (English vs. Spanish). Tamfué s
mixed ANOVA produced significant main effects of problem skzd (47) = 10.158p
= .003,np2 =.178) and response languag€l( 47) = 9.834p = .003,np2 =.173). For
the full sample, more language errors were made for large problems tharallor sm
problems (mean error rates = 8% and 4.5%, respectively), and more langoegyevere
made when responses were in Spanish than when responses were in English (mean error
rates = 8.1% and 4.4%, respectively).

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

A 2 (type of bilingual) x 2 (problem size) x 2 (response language) mik&Eo\A\
was conducted using only balanced bilinguals. Significant main effects were tound f
problem sizeK(1, 40) = 7.283p = .OlO,np2 = .154) and response languagé€l( 40) =
7.958,p= .007,np2 =.166). More language errors were made when producing answers
to large problems than to small problems (mean error rates = 8.3% and 4.8%,
respectively) and more language errors were made when responses were mequired i

Spanish than in English (mean error rates = 8.4% and 4.5%, respectively).
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E-S Bilinguals Only (Investigating Categorization)

A final 2 x 2 x 2 ANOVA examined only E-S bilinguals to look at categorization.
Significant main effects were found for problem size (F(1, 22) = 13)1'02)02,11,,2 =
.355) and response language (F(1, 22) = 6;1548017,%2 =.232). In accordance with
the analyses above, more errors were made for large problems then for shiaihpr
(mean error rates = 7.7% and 2.4%, respectively), and higher error ra¢esxivinited
when E-S bilinguals were producing the answer in Spanish than when they produced the
answer in English (mean error rates = 7.7% and 2.4%, respectively).

A breakdown was done to examine language errors. There were 112 language errors
that occurred on switch trials (the trial before required participants toneéspthe other
language) and 47 language errors that occurred on no-switch trialegffuase language
had not changed from the previous trial). For the language errors that aggelnring
switch trials, 67 were errors in which participants incorrectly aresvier English and 45
were errors in which participants incorrectly answered in Spanish. Of thiéntyuals
that made at least one language error during the course of the addition prodsktida ta
were balanced and 5 were unbalanced. Once again, the majority of the language errors
were made by balanced bilinguals, suggesting more language interfesdhummay in

the second language increases.

Confusion Verification (Reaction Time Data: True Probes)
Seventy five participants completed the confusion verification task. éfemining
the data, one participant made over 50% errors, creating entire cells dfadat@rne

missing for that participant. Due to the high error rate, that participantesgoved from
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the analyses. Also, because the analyses consisted of multiple ANOVAs, a@uonfe
adjustment was made to combat inflated Type | error. Therefore, all c@gpué was
compared t@ = .025 instead gb = .05.

Preliminary Full Sample Analyses

Reaction time analysis was conducted on the true probes for the full sample (n = 74)
using a 2 (type of bilingual) x 2 (operation: addition vs. multiplication) x 3 gmtasion
format: digit, English number word (ENW), Spanish number word (SNW)] mixed
ANOVA. Main effects were found for both formdi(@, 144) = 269.003p = .OOO,np2 =
.789) and operatiorF(1, 72) = 17.020p = .OOO,np2 =.191). Overall, digit presentation
received the quickest reaction times, followed by ENW and SNW presentati@a M
RTs were 1408, 2996, and 3253 ms, respectively. Multiplication was also significantly
slower than addition, with mean RTs of 2448 and 2657 msec. There were two significant
interactions, a format x type of bilingual interactiéitd, 144) = 7.066p = .OOl,np2 =
.089) and a format x operation interactiéi(, 144) = 18.725p = .OOO,np2 =.206).

When examining the format x type of bilingual interaction (Appendix 4, Figure 11), it
could be seen that E-S bilinguals exhibited a marked difference in reacticat tsaeh
format; they were fastest in the digit condition, slower in the ENW condition, andstlow
in the SNW condition. This would be expected considering E-S bilinguals had Spanish
as their L2; however, the S-E bilinguals did not display the same pattern whemgviewi
the full sample. S-E bilinguals performed similarly when presented witts @igd also

had significant slowing when presented with number words; however they had simila
reaction times whether viewing English or Spanish number words. Again, this makes

sense considering all of the S-E bilinguals in the sample were balancéadt dade,
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fluency was expected in both L1 and L2. Reaction times typically go up when
participants are presented with number words compared to digits because tietyasre
practiced performing arithmetic operations presented in number word formevidgw

the E-S sample contained both balanced and unbalanced bilinguals, which could have
accounted for the significant slowdown from ENW presentation to SNW presentati

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

For the balanced only sample (n = 62), the same 2 (type of bilingual) x 2 (operation) x
3 (presentation format) mixed ANOVA as described for the full samplegedsrmed.
Once again, there were significant main effects of fori, (120) = 218.230p = .000,
an =.784) and operatiofr(1, 60) = 15.456p = .000,%2 =.205) and a significant
format x operation interactiofr(2, 120) = 15.417% = .OOO,np2 =.204); however, when
examining only the balanced participants, the format x type of bilinguahatien from
the full analysis was no longer significaR{(2, 120) = 2.503p = .086,11,32 =.040),
which was expected. With regard to the main effect of format, digit presentason w
significantly faster than either ENW or SNW presentation (pagrw@mparisons yielded
p =.000); mean RTs were 1371, 3001, and 3145 ms, respectively. Balanced bilinguals
(bilinguals fluent in both languages) showed similar reaction times to salvmetic
problems presented in number word format in L1 or L2. Multiplication problems were
slower to verify as true than addition problems with mean RTs of 2393 and 2618 msec.
The operation x format interaction showed slower reaction times with number word
presentation for both addition and multiplication; however, for multiplication, the
reaction times for verifying true probes were significantly sloweBW than for

ENW. Pairwise comparisons showed reaction times between addition and natiitiplic
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were not significantly different for the digit or ENW formaps«.041 and .035,
respectively) but that reaction times were significantly slower téyvemniltiplication
than addition in the SNW formap €.000).

E-S Bilinguals Only (Investigating Categorization)

To investigate categorization (balanced vs. unbalanced) a 2 (catego}ixa2
(operation) x 3 (presentation format) mixed ANOVA was conducted on only the E-S
bilinguals. Main effects were found for both form&(Z, 70) = 165.355p = .OOO,np2 =
.825) and operatior~(1, 35) =11.182p = .002,np2 = .242) along with significant
format x categorizatiorH(2, 70) = 4.618,p = .013,1],,2 =.117) and format x operation
(F(2, 70) =13.202p = .OOO,np2 =.274) interactions. Once again, mean RTs increased
for verifying true probes depending on presentation format with the fastesbretime
for digit presentation, followed by ENW and then SNW presentations (mean RTs = 1378,
2759, and 3463 ms, respectively). Multiplication took significantly longer than addition
to verify true probes with mean RTs of 2654 and 2413, respectively. The format x
categorization interaction (Appendix 4, Figure 12) showed expected results. Both
balanced and unbalanced E-S bilinguals verified true probes with simidéipretimes
for both digit and ENW presentation, and then there was a nice split between the
balanced and unbalanced E-S bilinguals when verifying true probes presesiéd/as
with unbalanced bilinguals significantly slower to verify the answers tgatges than

balanced bilinguals (pairwise comparisons yielded.000).
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Confusion Verification (Error Rate Data: True Probes)

Preliminary Full Sample Analyses

Preliminary error rate analyses were conducted on all thoepgusing a 2 (type of
bilingual) x 2 (operation) x 3 (presentation format) mixed ANOVA. Significaanm
effects were found for formakF(2, 144) = 26.052p = .OOO,np2 = .266) and operation
(F(1, 72) = 48.538p = .OOO,np2 =.403) as well as significant operation x type of
bilingual (1, 72) = 7.563,p = .008,np2 =.095) and format x operatioR(, 144) =
32.338,p= .OOO,np2 =.310) interactions. When examining all three groups, there were
more errors made while verifying true probes when the problem was pokasrde
ENW than when the problem was presented as a digit, and even more erroradere m
when the problem was presented as a SNW compared to both digit and ENW
presentations (mean error rates = 4.2%, 8.6%, and 13.1%, respectively). Errorsevere al
more likely to be made when verifying true multiplication problems than true @uditi
problems (mean error rates = 11.1% and 6.2%, respectively). The significantooperati
type of bilingual interaction indicated not only an increase in error rates whgmnge
true multiplication problems compared to true addition problems for both types of
bilinguals, but this effect was significantly more pronounced for the S-E bils\gua
(Appendix 4, Figure 13). With that being the case, further analysis shoulddiliger a
significant operation x type of bilingual interaction because all of the iBrAgumals were
balanced. With regard to the format x operation interaction, errors verifyag@tobes
were not significantly different for addition problems across presentatioratpr
however, for true multiplication probes, error rates steadily increased frasigthe

presentation to the ENE presentation to the SNW presentation (Appendix, HQ.
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It was possible that this effect was due to the fact that unbalanced E-S bilwguals
included in the full analysis, and it was expected that when only the balanced padicipa
were analyzed, that the interaction may have been smaller or disappearestegmpl

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

The 2 (type of bilingual) x 2 (operation) x 3 (presentation format) mixed VWA Gn
only the balanced bilinguals in the study revealed significant mainstiééormat £(2,
120) =21.876p = .OOO,np2 =.267) and operatior(1, 60) = 31.687p = .OOO,np2 =
.346) as well as significant operation x typ€l(, 60) = 7.859,p = .007,11'02 =.116) and
format x operationK(2, 120) = 21.411p = .OOO,np2 =.263) interactions. Once again,
error rates verifying true probes increased from digit to ENW to SNWrgegg® (mean
error rates = 4.0%, 9.2%, and 13.4%, respectively); however, with only the balanced
bilinguals included in the analyses, the difference in error rates betwesumntler word
presentations was not as pronounced as it was for the three group analysis,ashch w
be expected. There were more errors verifying true multiplication prolkemgrue
addition problems (mean error rates = 11.1% and 6.6%, respectively), and the operation x
type of bilingual interaction showed balanced S-E bilinguals with signtficaigher
error rates than balanced E-S bilinguals when verifying true multiplicproblems than
true addition problems. The figure was very similar to the one presented for the three
group analysis and therefore was not replicated for this section (refppaméix 4,

Figure 13). Interestingly, the operation x format interaction for the bedidniinguals
also looked similar to the interaction for all three groups. Verifying trddiad

problems exhibited approximately the same level of errors regardlessentaigon, but
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the error rates for verifying true multiplication problems steadily rosgsa presentation
formats (digit, ENW, SNW), respectively.

E-S Bilinguals Only (Investigating Categorization)

To investigate whether categorization had error rate effects whigrigzarts were
verifying true probes, a 2 (categorization) x 2 (operation) x 3 (presentatroatjanixed
ANOVA was conducted. Main effects were found for both forrRé2,(70) = 17.578p
=.000,m,° = .334) and operatiofir(1, 35) = 14.898p = .000,m,° = .299) as well as a
significant format x operation interactioR(g, 70) = 14.711p = .OOO,np2 =.296).
Significantly more errors were made when verifying true problemsmexssas SNW
than either ENW or digits, regardless of categorization (mean errer=di2.8%, 6.5%,
and 2.5%, respectively). Also, the difference in error rates between dggnpagon and
ENW presentation was not very large. It was most likely the case thailieghials
were not practiced in reading and performing arithmetic in Spanish number words,
especially since the E-S bilinguals had English as their first laeguad)learned math in
English. Even though they could count to 100 in Spanish, their calculation mechanisms
worked in English, possibly forcing them to translate each number in the presented
problem into English before performing any calculations on it. After thegvett the
answer in English, they then had to translate that answer back to Spanish batpre be
able to verify if the answer presented with the problem was true or falSebilleguals
made significantly more errors when verifying true multiplication proiléhan true
addition problems (mean error rates = 8.9% and 5.6%, respectively); thiscefietbe
seen in the format x operation interaction in which, regardless of format, appryimat

the same number of errors was made when E-S bilinguals were verifyengddition
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problems but made increasingly more errors across presentation forrmae(duy,
SNW) when verifying true multiplication problems. The graph for that intemcti
looked almost exactly like the graph of the interaction for the three group areagsi

therefore was not included (refer back to Appendix 4, Figure 14).

Confusion Verification (Reaction Time Data: False Probes)

Preliminary Full Sample Analyses

Two types of false probes were presented: neutral false probes in whicis\rer a
presented was within +1-3 of the correct answer and confusion probes in which the
answer presented was associatively related to the problem (e.g. 3+ 43412 e17).
Probe type was analyzed as a within subjects variable in the analysisyp& Bf(t
bilingual) x 2 (operation) x 2 (probe type) x 3 (presentation format) mixed ANO¥& w
conducted. Significant main effects were found for forrké2,(144) = 268.614p =
.000,n,° = .789), operationF(1, 72) = 5.784,p = .019,n,> = .074), and type of probe
(F(1, 72) = 15.004p = .OOO,np2 =.172) along with significant format x type of bilingual
(F(2, 144) = 8.052p = .000,n,” = .101), format x operatioF(2, 144) = 4.833p =
.009,1,° = .063), format x probe typ&(2, 144) = 10.898p = .000,n,° = .131), and
format x operation x probe typE(@, 144) = 6.661p = .002,np2 = .085) interactions.

For false probes, reaction time increased steadily across presentahan (fdigit, ENW,
SNW; mean RTs = 1438, 2551, and 3373 ms, respectively). False addition problems
took longer to verify than false multiplication problems showing mean RTs of 2492 and
2416 ms, respectively, and confusion probes took longer to verify as false than neutral

probes (mean RTs = 2513 and 2395 ms, respectively). Small differences weredbserve
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for the format x type of bilingual interaction such that the S-E bilinguals slaghtly
slower than the E-S bilinguals to verify false probes presented as ENWdntly saster
than E-S bilinguals to verify false problems presented as SNW. This made sense
considering S-E bilinguals had Spanish as their L1 and English as their L2orifa X
operation interaction was only due to a small increase in RT for verifyirgy fals
multiplication problems presented as SNW compared to verifying fdtiigan problems
presented as SNW. The digit and ENW presentations showed consistent werificat
reaction times across operations. The operation x probe type interaction shoied sim
verification times for confusion probes across operations; however, neutral pexiges w
found to have significantly faster reaction times for multiplication probléns for
addition problems (Appendix 4, Figure 15). Finally, the format x operation x probe type
interaction was only due to a slight decrease in RT for neutral multiplicationsprobe
presented in SNW compared to neutral addition probes presented in SNW. All other
presentation formats across neutral and confusion probes exhibited consistent RT
performance across arithmetic operations.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

The balanced bilinguals were also analyzed using a 2 (type of bilingual) x 2
(operation) x 2 (probe type) x 3 (presentation format) mixed ANOVA. Signifizein
effects were found for formaF(2, 120) = 226.867p = .OOO,np2 =.791), operationH(1,

60) = 5.920,p = .0181,° = .090), and probe typ&(l, 60) = 8.431,p = .005,” =
.123). Reaction times increased consistently across presentation formaRTisea
1409, 2548, and 3269 ms, respectively), addition problems took longer to verify as false

than multiplication problems (mean RTs =2452 and 2365 ms, respectively) , and
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confusion probes took significantly longer to verify as false than neutral proleas (
RTs = 2458 and 2359 ms, respectively). Significant interactions included format x
operation F(2, 120) =4.473p = .013,np2 =.069) and format x probe typE(2, 120) =
6.075,p= .003,11,,2 =.092). Both interactions were due to slight changes in RT when
presented with Spanish number words. For the format x operation interaction, RT
verification for false probes slightly decreased from addition to mighijpdbn, and for the
format x probe type interaction, RT verification for false probes slightleasad from
neutral probes to confusion probes. All other RTs were consistent across format,
operation, and probe type.

E-S Bilinguals Only (Investigating Categorization)

To investigate any effects on reaction times involving categorization, a 2
(categorization) x 2 (operation) x 2 (probe type) x 3 (presentation formepimi
ANOVA was conducted using only E-S bilinguals. Categorization did not reach
significance for the RT analysis; however main effects were foundrimataf-(2, 70) =
170.700,p = .000,n,” = .830) and probe typ&(1, 35) = 9.547,p = .004n,° = .214).
For false probes, SNW presentation took longer to verify than either ENW or digit
presentation (mean RTs = 3588, 2322, and 1372 ms, respectively), and confusion probes
took significantly longer to verify as false than neutral probes (mean RTs = 2486 and
2368 ms, respectively). Significant interactions were found for format x prpbeR{2,
70) =7.846,p = .001,%2 =.183), operation x probe type(l, 35) = 6.673p = .014,np2
=.160), and format x operation x probe typé2( 70) = 9.796,p = .OOO,np2 =.219).
The format x probe type interaction was only significant due to a slight iecre&sT

when E-S bilinguals were verifying confusion probes presented in Spanish number
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words. The operation x probe type interaction showed similar RTs for both neutral and
confusion probes across false addition problems; however, for multiplication problems,
confusion probes took significantly longer to verify than neutral probes (Appendix 4,
Figure 16). Finally, the format x operation x probe type interaction was dusigihia

shift in RT for participants verifying neutral probes presented in Spanish nwulss.
Participants were slightly faster to verify multiplication problemsaésefthan addition

problems.

Confusion Verification (Error Rate Data: False Probes)

Preliminary Full Sample Analyses

Error rates were analyzed for all three groups using a 2 (type of biling2a
(operation) x 2 (probe type) x 3 (presentation format) mixed ANOVA. The analysis
revealed main effects of formd& (@, 144) = 294.191p = .OOO,np2 = .803), operation
(F(1, 72) = 7.740,p = .007,n,° = .097), and probe typ&(L, 72) = 46.695p = .000,n,°
=.393). Full sample analysis showed significantly more errors to valdg problems
presented in SNW compared to problems presented in either ENW or digit form both of
which showed approximately equal numbers of errors (mean error rates = 15.9%, 3.7%
and 3.6%, respectively). Also, more errors were made to confusion probes than to neutral
probes (mean error rates = 9.2% and 6.2%, respectively). Interestinglyemursewere
made when verifying false addition problems then when verifying falsepincation
problems (mean error rates = 8.5% and 7.0%, respectively). Significanttiotesac
included operation x type of bilingud (@, 72) = 5.419p = .023,1],,2 =.070), format x

operation (2, 144) = 6.461p = .OOZ,np2 =.082), format x probe typ&(2, 144) =
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4.245, p = .016,n,° = .056), operation x probe type(l, 72) = 429.235p = .000,n,” =

.856), and format x operation x probe typ€2, 144) = 235.089p = .OOO,np2 =.766).

The operation x type interaction showed similar error rates for both E-S and S-E
bilinguals when verifying false multiplication problems. Also E-S bilinguzlstated

similar error rates for both false addition and false multiplication problemsveswS-E
bilinguals made significantly more errors when verifying false additiobl@naes than

when verifying false multiplication problems. The format x operation as wéliea

format x probe type interactions were very similar in that more errorsmele across
operation and across probe type to false problems that were presented as Spdi@sh num
words. The operation x probe type interaction yielded some interesting;résudts

groups, more errors were made when verifying neutral probe multiplication problems
than confusion probe multiplication problems. Also, significantly more errorsmade

to confusion probe addition problems than neutral probe addition problems. This was a
very interesting result; however, since the three group analysis was peglimt would

need to be seen again in subsequent analyses. Finally, the format x operation x probe
type interaction showed that, for neutral probes, significantly more errors \@deewith
multiplication problems presented as SNW; however, for confusion probes, sigthyfic
more errors were made to addition problems presented as SNW. This was also very
interesting, but would require further analyses before any explanations could be
considered.

E-S and S-E Analysis: Only Balanced Bilinguals with Differing L1

A 2 (type of bilingual) x 2 (operation) x 2 (probe type) x 3 (presentation fprma

mixed ANOVA was conducted using only balanced bilinguals. Significant maoteff
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were found for formatR(2, 120) = 205.663p = .000,n,° = .774), operationF(1, 60) =

3.623, p=.016n,° = .093), and probe typ&(l, 60) = 38.519,p = .000,n,° = .391).

As in the three group analysis, significantly higher error rates wade nvhen verifying

false probes presented as SNW than when they were presented as either E{i/ or di
which had similar error rates (mean error rates = 15.8%, 3.8%, and 3.9%, respectivel
Also, more errors were made when verifying false addition compared to rcaligh
problems (mean error rates = 8.7% and 7.0%, respectively), and more errors dere ma
to confusion probes than neutral probes (mean error rates = 9.4% and 6.3%, respectively)
Significant interactions included format x operati&f2, 120) = 6.534p = .002,r|p2 =

.098), format x probe typ&(2, 120) = 4.082p = .0191,° = .064), operation x probe

type F(1, 60) = 334.627p = .OOO,np2 =.848), and format x operation x probe typ€&(

120) = 165.386p = .OOO,np2 =.734). Both the format x operation and format x probe
type interactions did not provide a lot of information except that more errors wdee ma
when false problems were verified as Spanish number words. The operation x probe type
interaction was once again very interesting (Appendix 4, Figure 17). Sagmifienore

errors were made when verifying neutral probe multiplication problemsaafidston

probe addition problems, especially with regard to the confusion probe addition
problems, which showed a nearly 15% error rate. Finally, the format x operatiobex pr
type interaction showed that, for neutral probes, multiplication problems presented as
SNW exhibited a 28.3% error rate. On the other hand, for confusion probes, addition
problems presented as SNW exhibited a 28.7% error rate (Appendix 4, Figures 18a &
18b). Both of those interactions were very interesting and will be brought up again in the

discussion.
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E-S Bilinguals Only (Investigating Categorization)

Finally, to examine any effects of categorization, a 2 (categjown) x 2 (operation)
X 2 (probe type) x 3 (presentation format) mixed ANOVA was conducted on only the E-S
bilinguals. Significant main effects were found for fornig2( 70) = 215.635p = .000,
ne’ = .860) and probe typ&(l, 35) = 15.852p = .000,n,° = .312). Unlike the previous
two analyses, there was not a significant main effect of operation when lookinky &-
S bilinguals. However, significantly more errors were made when the poblera
presented as SNW compared to ENW or digits (mean error rates = 16.2%, 2.0%, and
2.5%, respectively), and more errors were made to confusion probes than to neutral
probes (mean error rates = 8.1% and 5.7%, respectively). Significanttiotesac
included operation x probe typE((, 35) = 321.761p = .OOO,np2 =.902) and format x
operation x probe typd=(2, 70) = 167.386p = .OOO,np2 =.827). Similar to the
balanced only group, the E-S bilinguals displayed higher error rates toalneu
multiplication problems as well as confusion addition problems, specifitabe

presented as SNW.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
Hypotheses

With regard to the digit naming task, all participants were expected toveer 40
name digits in their second language than in their first language; fénis whs expected
to be especially prominent in unbalanced bilinguals. According to the resultseahtai
this prediction was verified. All E-S bilinguals were slower to name digi&panish,
and this effect was significantly more prominent for the unbalanced E-S bisngual
Although there was a slightly higher reaction time for S-E bilinguals radgits in
Spanish, the sample contained only balanced S-E bilinguals, almost all of whom had been
taught math in English. To summarize, the results for the digit namingtiasled that
second language digit naming was slower than first language digit naming,saafiebi
was most prominent for the unbalanced bilinguals.

Examining the addition production task, problem size effects were found in L1 for
both E-S and S-E bilinguals. When balanced E-S bilinguals produced answers to addition
problems in English, they were faster when the problems were small izamtine
problems were large (mean RTs = 1136 and 1604 ms, respectively), which dllistrat
traditional problem size effect. Although not significantly different, tharozd E-S
bilinguals did exhibit somewhat larger problem size effects when amgpniarSpanish
compared to answering in English (mean RTs = 1310 and 1810 ms, respectively), which
was a prediction of the study. When looking at results for the unbalanced E-S bilinguals
there were significant differences, showing a greater problem sext effien answering

in Spanish than when answering in English, which was also an expected outcome of the
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study. All S-E bilinguals in the study were balanced and also did not exhibit cagrifi
differences in problem size effects whether answering in L1 or L2, sitoithe
balanced E-S bilinguals.

The multiplication production task was also predicted to show larger problem size
effects for L2 compared to L1. For the unbalanced E-S bilinguals, traditiaridépr
size effects were observed along with significantly longer reactizastiespecially for
large problems, when producing multiplication answers in Spanish than when producing
them in English. Balanced E-S bilinguals also showed larger problem sizs effesm
answering in Spanish; however, the gap was not as large as for the unbalanced E-S
bilinguals, and the S-E bilinguals showed traditional problem size effects; homeever
differences in reaction time were observed when comparing answers ishing|
answers in Spanish. Another prediction that was nicely illustrated in the asthat
balanced E-S bilinguals and unbalanced E-S bilinguals showed no reaction time
differences when producing multiplication answers in English, but there weara cl
separation between them, with the unbalanced E-S bilinguals exhibiting sighificant
longer reaction times when answering in Spanish than the balanced E-S bilinguals.

The confusion verification task yielded interesting results. For true pm@Eyone
exhibited similar error rates when verifying true addition problems rezgsadif type of
bilingual, categorization, or presentation format; however, when verifying true
multiplication problems, significantly more errors were made for Sh¥gentation
compared to ENW or digit presentation. Once again, this effect was found reganfdle
type of bilingual or categorization. Even S-E balanced bilinguals made sagtifi

more errors verifying true multiplication problems when they were presenteNW,
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which suggested that, even with extensive experience with and knowledge of Spanish
number words (as illustrated in the three production tasks), S-E bilinguals hae troubl
retrieving multiplication answers from the retrieval network when presentbd w
problems in SNW form.

False confusion probes were one of two types (neutral or confusion); Neutra probe
contained answers that were +1-3 away from the true answer, and confusion probes
contained answers that were associatively related to the problem. Resnéstfal
probes indicated similar error rates for verifying false addition pnahleegardless of
presentation format; the same was true for verifying false multpmic problems, with
the exception of SNW presentation, which exhibited significantly higher etssr ttzan
either digit or ENW presentations (refer to Figure 18a of Appendix 4). An exainple
neutral multiplication probe would be siete x ocho = cincuenta y cinco (7 x 8 = 55).
Confusion probes yielded the exact opposite result. Similar error ratesowedefér
verifying false multiplication problems, regardless of presentation fotmatever,
verifying false addition problems produced significantly higher error fatéSNW
presentation than either digit or ENW presentation (refer to Figure 18b of ApgBndix
An example of a confusion addition probe would be siete + ocho = cincuenta y seis (7 + 8
=56). As the above examples illustrate, both neutral multiplication probes and aonfusi
addition probes were mainly paired with large Spanish number word answers. Even
though balanced bilinguals had no trouble verbally producing Spanish number words for
the digit naming and arithmetic tasks, they had difficulty when trying tdvamswers to
the same arithmetic problems presented as Spanish number words. This ressilt spea

clearly to the idea of a preferred language for mathematics, which érasliseussed in
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previous research, but was illustrated very clearly in this study, which alsoatiedllc
consideration of type of bilingual and bilingual categorization. Over 90% of thenturr
sample learned mathematics in English; therefore, even the fluent E-SEabitir§juals
performed faster and more accurately when presented with arithmeticnpsahle

familiar formats (e.g. digits and English number words) compared to Spanish number
words, a format that they most likely had little to no experience with whgorming
arithmetic calculations. These results suggest that fluency in a langaegyeat
necessarily mean that the language would be integrated into the retrievaknetear

for numerical processing.

Additional Findings

One effect mentioned earlier regarding bilingual research was tleerptelanguage
effect. The preferred language effect occurs when bilinguals have aguidéarguage
that they prefer to communicate in or, in the case of this study, use for matsentiati
has been found in previous research that bilinguals prefer to do math in the same
language in which they learned math. Almost all of the participants in the cstudit
learned math in English; however, the results for the digit naming, addition, and
multiplication production tasks did not indicate a preferred language effiect the
stimuli were presented as digits. For balanced bilinguals, no significagredities in
reaction time were found that would indicate a preference for producingrartsewe
arithmetic problems in English compared to Spanish. However, results from the
confusion verification task did show significant reaction time differences fanced

bilinguals between verifying answers when the problems were presentadlias E
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number words than when they were presented as Spanish number words. This was the
case for both balanced E-S and S-E bilinguals. Learning math in English resulted in a
preference for the English number words compared to the Spanish number words, but did
not have significant effects for digit presentation.

Another interesting finding from the study was found with regard to the prol#em si
effect. The problem size effect predicts slower reaction times and higberages as
the problem operands become larger. Traditional problems size effects wereofoaihd f
three groups of bilinguals in the study; however, there was an interestingrntfe
between balanced and unbalanced bilinguals with regard to this effect. &urdohl
bilinguals, problem size effects were found when they were producing anavbert$ i
English and Spanish; however, there were no significant reaction time difference
between the two languages. In contrast, unbalanced bilinguals also showed evidence of
problem size effects when answering in both English and Spanish, but for that group,
there were significant reaction time differences between answarkgglish compared
to answering in Spanish, with Spanish taking significantly longer. As fluenbgin t
second language increased, retrieving and producing arithmetic answersrin eithe
language became easier, suggesting that numerical processing amdletved reetwork

were modified to account for second language acquisition.

Ties to the Literature
According to the Revised Hierarchical Model of bilingual memory (Kroll & dedg
1990), connections between L2 and the conceptual store should strengthen with increased

fluency. In the case of this experiment, mathematical knowledge aiyaétwould be
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included in the “conceptual store” of the RHM, and the results were in agreeittent w
the ideas behind the model. For all production tasks (digit naming, addition, and
multiplication), unbalanced bilinguals were slower to name digits as wellreevee
arithmetic answers in L2 (Spanish) compared to balanced bilinguals. Slowen B2
indicate weaker connections between L2 (Spanish) and mathematical congeipitsge
translation before answers could be produced. In contrast, the results of balanced
bilinguals showed similar reaction times whether producing answers imgligk) or
L2(Spanish), indicating that, for balanced bilinguals, connections to mathematica
knowledge were strong in both languages. To summarize, the preditions of the RHM
were supported in the results from this experiment and generalize the constpitd
include mathematical cognition and math knowledge.

According to the Bilingual Interactive Activation (BIA) model and iissesor, the
BIA+ model (Dijkstra & Van Heuven, 1998; 2002), both languages are activated in
parallel as a word string enters into the system. The BIA+ model thetnateadh
addition to orthographic representations, phonemic and semantic representat@dss are
activated in both languages as the word string moves up the system until the individual
can positively identify the presented word is an L1 or an L2 word, and that this process
should be relatively fast. The results of the current study indicatedhéhptddictions
for the BIA and BIA+ models were consistent with regard to numerical gsoweand
math knowledge, but only under two conditions. Firstly, bilinguals needed to be fluent in
both languages (balanced); unbalanced bilingual performance in the seconddanguag
(Spanish) indicated longer reaction times for both production and verificationtefeks

to Figures 3, 4b, 6, 8, and 12 in Appendix 4). This indicated that, for unbalanced
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bilinguals performing arithmetic, the two languages were not activatedahghaas the
BIA and BIA+ models would have suggested. Secondly, even for balanced S-E
bilinguals, the arithmetic stimuli needed to be presented in digit form aseapfmsither
English or Spanish number words. For example, the addition and the multiplication
production tasks showed that, for digit presentation, problem size effectsowedeir
both L1(English) and L2(Spanish) for balanced and unbalanced bilinguals; however,
when examining reaction times, those effects were not significantlyedifféor balanced
bilinguals (i.e. although problem size effects existed in both languagesnifcarg
differences in reaction time were found between producing the answer in R}). ofhe
BIA and BIA+ models did not make predictions about bilinguals solving arithmetic
problems, but if the idea behind the models was correct, then both languages would be
activated during feature detection even though a number string was prdedhted
system. Application of the models to arithmetic processing may look somethinigdike
following: for balanced bilinguals, the number string enters the systemitsatiigough

it is likely that both languages are also activated in parallel as the feafuhe digits are
being detected. Once the number string was processed and the answedrgtima the
retrieval network, both languages would still be available for balanceduals\tp
produce the answer (explaining the lack of significant reaction time difiesdretween
L1 and L2). In that case, the problem size effects were occurring undensheofithe
original theory of a retrieval network (Ashcraft & Battaglia, 1978).cdntrast,
unbalanced bilinguals did show significant reaction time differences in proldem s
effects when producing answers in L1 compared to L2. Here, the number striegl ente

into the system with only the dominant L1 activated. Once the answer wasideterm

85



unbalanced bilinguals then had to translate the answer into L2 to be able to produce the
answer. That particular result indicated that the BIA and BIA+ models weignde

with the idea that bilinguals were fluent in both languages and did not take into account
what happened as individuals were in the process of learning an L2 or if treey we
unbalanced in L2. The BIA and BIA+ models also could not account for the confusion
findings in which fluent bilinguals exhibited higher error rates when solvingnaetic
problems presented in Spanish number words (refer to Figures 18a & 18b in Appendix 4)
compared to digits or English number words. Even though S-E bilinguals wereifiue
both languages and learned Spanish as their first language, it was the lahgtituoy/t
learned math in that determined performance on simple arithmetic tasks. , langlen
certain conditions, the BIA and BIA+ models generalized to the numerical cogmtion a
mathematical knowledge of bilinguals. For example, with regard to numerneagsing,

at least when balanced bilinguals were presented with arithmetic stinaligiit form,

results indicated that both languages did activate in parallel as the stioudd through

the system as the models would suggest. However, without the above caveats, the BIA
and BIA+ models were to general to be directly applied to the numerical cognition of
bilinguals.

Another important aspect of this project was to examine whether or not the ideas
behind the encoding-complex model (Campbell & Epp, 2004) proposed for Chinese-
English bilinguals would generalize to a Spanish-English population. The model could
be considered a special case of the RHM (Kroll & de Groot, 1997) in that stronger and
weaker connections are proposed between systems; however, the encoding-complex

model was designed specifically in reference to number processing. Onendiéfer
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between the Campbell and Epp (2004) sample and the sample for this study was that
Spanish did not have a different number format like Mandarin; however, after looking at
the general assumptions of that model, it could be adapted to Spanish-English bilinguals
as well. Two key ideas from the encoding-complex model were that taskespec
activation of information would activate one or more representational codes. For
example, it would predict that when performing arithmetic operations or namitgy dig
activation of both number words as well as digits would occur. Also, the model predicted
interactive processes (e.g. interactive communication between the Arabthe number
word components of the model) that could be influenced with task-specific practice t
optimize resistance to interference from irrelevant information. Instefrmathematics

and arithmetic, encoding-retrieval processes would become more efiutientstimuli

were presented in a familiar format that had been well practiced. dreagéne current

study, results from the addition and multiplication tasks indicated integgmtbcesses
between languages (at least in the case of balanced bilinguals); thilsisteeted in the

form of similar reaction times when answering in English or Spanish, possiblatindic
interactive activation for the production of both English and Spanish number words,
given familiar (Arabic digit) stimuli. This result made sense consigeha sample of
balanced bilinguals in the study reported speaking both languages often. Theooonfusi
task also yielded results that were in accord with the model assumptionsotirtnue

and false probes, as well for both neutral and confusion probes, longer reaction times and
higher error rates were observed for verifications to addition and multiphgaroblems

that were presented in Spanish number words. Considering almost all of thpaasic

in the study learned math in English, they would be more familiar with Arabielaasv
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English number word presentations because they would have received more tdigk-spec
practice in those formats. Although balanced bilinguals were used to speaking both
languages often (hence, they were able to produce number words in either lamitjuage
the same speed and accuracy), their arithmetic facts were moreretgiyed when
presented as either digits or English number words, which was most likelyteofes
task-specific practice as suggested by the encoding complex model. A modiien ve

of the encoding-complex model is given in Figure 9.

General Conclusions

In the past, bilingual research has typically investigated samplesief ait balanced
(Campbell & Epp, 2004; Duyck & Brysbaert, 2002; Ellis, 1992; Marsh & Maki, 1976;
Vaid & Frenck-Mestre, 1991) or all unbalanced (Frenck-Mestre & Vaid, 1993; Sgelke
Tsivkin, 2001) bilinguals, with the exception of Duyck and Brysbaert (2004), which
looked at a bilingual sample containing both. Also, the criterion for determining
categorization (balanced vs. unbalanced) was never standardized, and eabhdsitely
own way of determining categorization. The bulk of bilingual research has been done
using verbal stimuli to help develop models of the bilingual language system, and few
studies have examined the bilingual language system in terms of matharognii
numerical processing. The purpose of this dissertation study was to desigguabil
study that took careful account of bilingual categorization while examiningrpeahce
on several well-known mathematical tasks. Using a standardized languagermaasti
(the LEAP-Q), the study was able to more reliably categorize tmgbadis in the study

as either balanced or unbalanced in their second language. The results framayhis st
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would predict that, without arithmetic practice, bilinguals will have a hard tim

performing arithmetic operations in the language not used for math even though
producing number words in that language (when presented with a familiar forat) is
affected. The results also tied in well with previous models of bilingual memsach as

the RHM, as well as the encoding-complex model, a more current model of bilingual
numerical processing. Even though Spanish did not have a separate format for numerals
and almost all of the sample learned math in English it was possible to adapt the
encoding-complex model to balanced E-S and S-E bilinguals only adjusting for some of
the connections between systems to be weaker or stronger than those presertted with t
original model of Chinese-English. It may be possible to adapt the encoding-geomple
model to most bilingual numerical processing as long as numerical formatseand t
language that the sample learned math in are taken into account.

Future research could take another look at balanced S-E bilinguals who leanfed all
their arithmetic in Spanish to see if they perform differently given Spawistoer word
presentation. It would be especially interesting to compare them to baBsteed
bilinguals who learned all of their arithmetic in English. The results fromuttiera
study would predict similar performance on production tasks as well as the oanfusi
task; however, those bilinguals who learned arithmetic in Spanish would be predicted to
have higher error rates for English number word presentation, and those wied lear
arithmetic in English would be predicted to have higher error rates for Spamsber
words. It may also be interesting to design an experiment in which bilirgreadgven
task-specific practice with arithmetic presented in number words fromrihedge in

which they did not learn math to see if some of the effects from the confusion task her
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would be diminished. The encoding-complex model may predict so, since there is room

for the connections between systems to become stronger.
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APPENDIX 2

BILINGUAL MEMORY MODELS

lexical

linky
L1 ] L2
eaal
eqpeeps \
concepts

Figure 1. Word Association Model taken from Potter (1984)

L1 L2

comcaptinal conceptunl
links links

concepts

Figure 2. Concept Mediation Model taken from Potter (1984)
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Figure 3. Revised Hierarchical Model of Bilingual Memory (RHM) takem Kroll and
de Groot (1997)
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Figure 4. Bilingual Interactive Activation Model (BIA) taken from Dijlesind Van
Hueven (2002)
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Figure 5. Bilingual Interactive Activation Plus (BIA+) model taken frDijkstra and
Van Hueven (2002)
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APPENDIX 3

NUMERICAL PROCESSING MODELS

CALCULATION SYSTEM

Operatien Calculation] |Arithmetic
Symbol /wWord| | Procedures Foct

Processing Store
chanisms
r
NUMBER--COMPREHENSION SYSTEM NUMBER-PRODUCTION SYSTEM
Verbal-Comprehension Subsystem Verbal-Production Subsystem
Phonological Phonological
Lexiculg Lexica?g
Syntoctic System Syntoctic System
Pr ssing P oceezin
Mechanisms Grophemic Mechanism Graphemic
Lexical Lexical
System System
Arabic-Comprehension Subsystem Arabic-Production Subsystem
Syntoctic Lexical Syntactic Lexical
Processin Proceseing P ocesiing Processin
Mechaniem Mechonisms Mechan Mechanis

Figure 6. Number-processing model of McCloskey, Caramazza, and Basili (1985)
adapted with permission and taken from Campbell and Clark (1988).
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Mandarin Visual Code

Encoding-Ratriawval
Integration

41\ weaker
L1 ‘l' : L2
Chinese Chinese Magnitude ][ English English
arithmetic ¢===p number Numeral size number arithmetic
facts lexicon Code lexicon facts
1 +

L 4
Arabic Visual Code
012345067809

Wisual Arabic arithmetic facts

Figure 7. Encoding Complex Model for cognitive number processing extended to
Chinese-English bilinguals taken from Campbell and Epp (2004)
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Preverbal System
of Arithmetic Reasaning

Arabic Numarsl Reading

000>
<J0oom

Arabic Nurneral Witing

Figure 8. Triple Code Model of cognitive number processing taken from Dehaene (1992)
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Spanish Spanish‘ English — English
arithmetic number ) number arithmetic
factsA lexicon -« Magnitude < lexicon facts
<4 f ) numeral size
v Code

1 J
Arabic Visual Code
0123456789

Visual Arabic arithmetic
facts

Figure 9. An encoding-complex model adapted to Spanish-English bilinguals. Beld line
indicate stronger connections between systems.
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Table 1

APPENDIX 4

TABLES AND FIGURES

A breakdown of participants for each experimental task.

Type of Bilingual

English-Spanish

Spanish-English

Task Total | Balanced | Unbalanced | Total | Balanced | Unbalanced
LEAP-Q 37 25 12 43 43 0
Demographics 37 25 12 41 41 0
Digit Naming 28 19 9 37 37 0
Addition Production 28 19 9 36 36 0
Multiplication

Production 24 17 7 25 25 0
Confusion Verification 37 25 12 38 38 0
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Table 2

The means and standard deviations of the findings from the demographic sheet and

LEAP-Q

Type of Bilingual

Categorization

English- Spanish-
Spanish English
Balanced 25 43
Unbalanced 12 0
Demographic Variable
Gender M/F 14/23 12/29
Age 20.11(3.733) 20.49(5.358)
Ranking 2.08(1.115) 1.83(1.181)
MathLang E/S 37/0 28/15
# High School Math Classes
Taken 4.12(.545) 4.02(.880)
High School MathLang E/S 37/0 40/3
Ethnic Group: % of Total
African American 2.7 N/A
Hispanic/Latino 40.5 97.6
Native American N/A N/A
Asian/Pacific Islander 10.8 2.4
Caucasian 324 N/A
Other 13.5 N/A
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Response Language: English

850.00 Type of Bilingual

—Es
---SE

800.00

750.007

700.00

650.00

Reaction Time (ms)

600.00

550.007

rr 1711717 117 17 1717 17T 17T 1T T T T T T T T T T1T°T
2345678 910111213141516171819202122232425

Digit

Figure 2a. Results for the response language x digit x type of bilinguaadter for the
digit naming task using only balanced bilinguals
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Figure 2b. Results for the response language x digit x type of bilingualtmerfor the
digit naming task using only balanced bilinguals
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Figure 3. Results for the response language x categorization interacttbe figit
naming task using only E-S bilinguals
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Figure 4a. Results for the response language x digit x categorizati@aciierfor the
digit naming task using only E-S bilinguals
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Figure 4b. Results for the response language x digit x categorizatiorciiotefar the
digit naming task using only E-S bilinguals
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Figure 5. Results for the response language x type of bilingual interactitre faddition
production task using only balanced bilinguals
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Figure 6. Results for the response language x categorization interacttbe ddition
production task using only E-S bilinguals
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Figure 7. Results for the response language x type of bilingual interamtithve f
multiplication production task using only balanced bilinguals
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Figure 8. Results for the response language x categorization irgerfmstthe
multiplication production task using only E-S bilinguals
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Figure 9. Results for the problem size x response language interaction for the
multiplication production task using only E-S bilinguals
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Figure 10. Results for the problem size x response language interaction for the
multiplication production task using only E-S bilinguals
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Figure 11. Results for the format x type of bilingual interaction for true prisbe the
confusion verification task using the full sample
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Figure 12. Results for the format x categorization interaction for true pnayagte
confusion verification task using only E-S bilinguals
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Figure 13. Results for the operation x type of bilingual interaction for true phaves
the confusion verification task using the full, three-group, sample
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Figure 15. Results for the probe type x operation interaction for false probeth&om
confusion verification task using the full, three-group, sample
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Figure 16. Results for the probe type x operation interaction for false probeth&om
confusion verification task using only E-S bilinguals
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Figure 17. Results for the probe type x operation interaction for false probethi
confusion verification task using only balanced bilinguals
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APPENDIX 5

LEAP-Q

Northwestern Bilingualism & Psycholinguistics Re_esearch Laborat(_)ry ) ) ‘
Please cite Marian, Blumenfeld, & Kaushanskaya (2007). The Language Experience and Proﬁcxency Questlfmnalre (LEAP-Q):
Assessing language profiles in bilinguals and multilinguals. Journal of Speech Language and Hearing Research, 50 (4), 940-967.

Language Experience and Proficiency Questionnaire (LEAP-Q)

Last Name First Name Today’s Date
Age Date of Birth Male [ ] Female []

(1) Please list all the languages you know in order of dominance:
i [2 [3 [4 |5 |

(2) Please list all the languages you know in order of acquisition (your native language first): | ]
[1 [2 [3 4 5

(3) Please list what percentage of the time you are currently and on average exposed to each language.

(Your percentages should add up to 100%):

[ List language here: | [ [ | |
| List percentage here: | [ [ | |

(4) When choosing to read a text available in all your languages, in what percentage of cases would you choose to read it in each of
your languages? Assume that the original was written in another language, which is unknown to you.

(Your percentages should add up to 100%):

| List language here | ] | l I |
| List percentage here: | l | ] [ |

(5) When choosing a language to speak with a person who is equally fluent in all your languages, what percentage of time would you
choose to speak each language? Please report percent of total time.

(Your percentages should add up to 100%):

[ Listlanguage here | |
I List percentage here: f |

(6) Please name the cultures with which you identify. On a scale from zero to ten, please rate the extent to which you identify with
each culture. (Examples of possible cultures include US-American, Chinese, Jewish-Orthodox, etc):
[ List cultures here

| (click here for scale| (click here for scale| (click here for scale| (click here for scale| (click here for scale|

(7) How many years of formal education do you have?
Please check your highest education level (or the approximate US equivalent to a degree obtained in another country):

[0 Lessthan High School O Some College [0 Masters
[J High School [J College [0 Ph.D/M.D/ID.
O  Professional Training [J Some Graduate School O Other:

(8) Date of immigration to the USA, if applicable
If you have ever immigrated to another country, please provide name of country and date of immigration here.

(9) Have you ever had a vision problem D hearing impairment D language disability D, or learning disability D ? (Check all
applicable). If yes, please explain (including any corrections):
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This is my (please select from pull-down menu) language.

All questions below refer to your knowledge of

(1) Age when you...:

began acquiring

became fluent
in ]

began reading
in__

became fluent reading
in i

(2) Please list the number of years and months you spent in each language environment:

Years

Months

A country where

is spoken

A family where

is spoken

A school and/or working environment where

is spoken

(3) On a scale from zero to ten, please select your level of proficiency in speaking, understanding, and

reading

from the scroll-down menus:

| Speaking | (click here for scale] Understanding spoken language | (click here for scale) | Reading

| (click here for scale]

(4) On a scale from zero to ten, please select how much the following factors contributed to you

learning

Interacting with friends

(click here for pull-down scale)

Language tapes/self instruction

(click here for pull-down scale

Interacting with family

(click here for pull-down scale)

Watching TV

(click here for pull-down scale

Reading

(click here for pull-down scale)

Listening to the radio

(click here for pull-down scale

(5) Please rate to what extent you are currently exposed to

in the following contexts:

Interacting with friends

(click here for pull-down scale)

Listening to radio/music

(click here for pull-down scale

Interacting with family

(click here for pull-down scale)

Reading

(click here for pull-down scale

Watching TV

(click here for pull-down scale)

Language-lab/self-instruction

(click here for pull-down scale

(6) In your perception, how much of a foreign accent do you have in

?

(click here for pull-down scale)

(7) Please rate how frequently others identify you as a non-native speaker based on your accent in

(click here for pull-down scale)
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This is my (please select from pull-down menu) language.

All questions below refer to your knowledge of

(1) Age when you...:

began acquiring

became fluent
in :

began reading
in__:

became fluent reading
in :

(2) Please list the number of years and months you spent in each language environment:

Years

Months

A country where

is spoken

A family where

is spoken

A school and/or working environment where

is spoken

(3) On a scale from zero to ten please select your level of proficiency in speaking, understanding, and

reading

from the scroll-down menus:

[ Speaking | (click here for scale) | Understanding spoken language | (click here for scale) | Reading ] (click here for scale]

(4) On a scale from zero to ten, please select how much the following factors contributed to you

learning

Interacting with friends

(click here for pull-down scale)

Language tapes/self instruction

(click here for pull-down scale

Interacting with family

(click here for pull-down scale)

Watching TV

(click here for pull-down scale

Reading

(click here for pull-down scale)

Listening to the radio

(click here for pull-down scale

(5) Please rate to what extent you are currently exposed to

in the following contexts:

Interacting with friends

(click here for pull-down scale)

Listening to radio/music

(click here for pull-down scale

Interacting with family

(click here for pull-down scale)

Reading

(click here for pull-down scale

Watching TV

(click here for pull-down scale)

Language-lab/self-instruction

(click here for pull-down scale

(6) In your perception, how much of a foreign accent do you havein 2

(click here for pull-down scale)

(7) Please rate how frequently others identify you as a non-native speaker based on your accent in

(click here for pull-down scale)
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