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Abstract 

 

 Many contemporary proposals of bilingualism conjecture that domain-

general Executive Functions (EFs) are fundamental to language control. These 

proposals revolve around two main observations: the first is that bilinguals have 

been shown to demonstrate superior performance on tasks used to measure non-

linguistic EFs, and the second is that language switching superficially appears to 

relate to switching between tasks (a process which has been associated with EFs) in 

that they both induce a Response Time (RT) cost. Critically, direct evidence for the 

involvement of EFs in both non-linguistic and linguistic bilingual processing have 

not been demonstrated, but merely speculated. In this thesis, I present a series of 

four analyses, where I explicitly investigate the presence of EFs in bilingual 

processing by expressing their impact as a set of cognitive model parameter changes 

to task performance. The results reveal that bilingual behaviour across both the non-

linguistic and linguistic domains do not exhibit signs of EFs, but instead 

demonstrate the influence of other lower-level general cognitive processes. The main 

conclusions of this thesis are as follows: A) the putative bilingual advantage is 

attributed to enhanced selective attention and B) language switches are attributed to 

automatic bindings between language information and response. These findings are 

discussed in terms of their implications for current frameworks of language control 

and bilingualism in general.  

 

 

 

 



1 Bilingual Language Processing: Old 

and New Problems 
 

What does it mean to be bilingual? The very definition of bilingualism implies 

the use of at least two languages in day to day life. Although the frequency of 

production in one or the other language may vary according to cultural and socio-

economic context, in many cases, a bilingual will converse with monolinguals who 

only know one of their languages. In these cases, bilinguals need to restrict discourse 

to words and expressions corresponding to the appropriate language. For example, a 

Spanish-English bilingual conversing with an English monolingual must monitor 

language production to ensure only English words are used. Fluent bilinguals 

appear to accomplish this easily, and even at a young age bilingual children rarely 

mix their languages (Lindholm & Padilla, 1978; Nanda Poulisse, 1999; Sandoval, 

Gollan, Ferreira, & Salmon, 2010). The cognitive architecture and processes involved 

in language control form a primary area of investigation for bilingualism research, as 

it informs fundamental differences in linguistic and non-linguistic cognitive 

processing between bilinguals and monolinguals. In the following thesis, I set out to 

investigate the cognitive factors that underlie the ability to control language, with 

specific reference to an idea that has gained traction in recent times: that language 

control relies on the involvement of domain-general Executive Functions (EFs) 

(Bialystok, Craik, & Luk, 2012; Green, 1998).   



 

1.1. The Old Problem: Separate vs Integrated Lexical Systems 

 

Intuitively, the ease of bilingual language control might lead one to speculate 

that the vocabularies (lexical systems) for each language are stored separately, with 

words (lexical entries) from only one lexical system being accessed at a time. Early 

studies of bilingual language processing provided support for this separate system 

hypothesis by demonstrating a cognitive cost associated with switching language for 

bilinguals. Macnamara & Kushnir (1971) observed that French-English bilinguals 

took longer to comprehend sentences containing a mix of English and French words 

compared to single language sentences of either language. A later study by Grainger 

and Beauvillain (1987) required French-English bilinguals to decide if letter strings 

formed words in either French or English. In this task, called Lexical Decision, 

participants were slower to make their decision when presented with stimuli which 

included words from both French and English compared to when only words from 

one language was presented. Further analysis revealed that response times (RTs) 

were particularly long for words that immediately followed a word in the alternate 

language (i.e., a French word presented after an English word, and vice versa). These 

studies seemed to suggest that bilinguals compartmentalise language into separate 

lexicons, naturally resulting in an incurred cognitive cost for switching between the 

two (see Figure 1.1 below).  



 

FIGURE 1.1. Graphical representation of separate lexicons. 

  

Later studies however, suggested that the bilingual lexical system is more 

likely to comprise an integrated system in which words from both languages are 

contained within a single lexicon (refer to Figure 1.2 below). The evidence for this 

comes from observations that the inactive language/s (henceforth referred to as the 

‘non-target’ language/s) nonetheless exert an influence on processing during single 

‘target’ language tasks. 

FIGURE 1.2. Graphic representation of an integrated lexicon. 

 



In the domain of visual word recognition, the influence of the non-target 

language on target language processing has been demonstrated through 

orthographic neighbourhood (N) effects. N is defined as the number of words that 

can be formed from a target word by the substitution of a single letter in any 

position (Coltheart, 1977). For example, ‘head’ and ‘heal’ are orthographic neighbours 

due to the fact that one can be derived from the other by substituting the last letter. 

In the monolingual literature for recognition tasks, it has been demonstrated that 

RTs to high N target words are usually faster compared to RTs for words with no 

orthographic neighbours (Andrews, 1989; Balota, Cortese, Sergent-Marshall, Spieler, 

& Yap, 2004; Forster & Shen, 1996).  

Van Heuven and colleagues (1998) demonstrated that bilinguals, in addition 

to being affected by target language N, are also affected by non-target language N. 

They showed that Dutch-English bilinguals produced significantly slower RTs for 

English items with high Dutch N relative to those with low Dutch N in a Lexical 

Decision Task. Importantly, English monolinguals exhibited no such effect, 

highlighting that the slowing of RT could directly be attributed to the knowledge of 

Dutch rather than to the general visual characteristics of the words used.  

Colomé (2001) later demonstrated that this interference from non-target 

language information also extended to language production. In a phoneme 

identification task, they presented Spanish-Catalan bilinguals with a picture 

followed by a phoneme, and required them to decide whether the Catalan word for 



the picture contained the corresponding phoneme or not. Colomé showed that 

phonemes absent in the Catalan word, but present in the Spanish translation, were 

slower to be rejected relative to control phonemes which were absent in both 

languages. Again, Spanish monolinguals exhibited no such effect, highlighting that 

knowledge of the second language was the key driver of their observed effect.  

The results from the above experiments imply that bilinguals experience the 

activation of words in the non-target language even in tasks that require only one of 

their languages. These findings along with many others (Costa, Miozzo, & 

Caramazza, 1999; Costa, Santesteban, & Ivanova, 2006; Gollan & Acenas, 2004; 

Hermans, Bongaerts, De Bot, & Schreuder, 1998; Hoshino & Kroll, 2008) have 

provided support for the currently accepted conjecture that bilinguals possess a 

single integrated lexical system which contains words from both languages, and 

indeed most contemporary models of bilingual language processing postulate a 

single unified bilingual lexicon, rather than separate lexicons for each language 

(Dijkstra et al., 2018; Green, 1998; Green & Abutalebi, 2013; Kroll & Tokowicz, 2005; 

Van Heuven, Dijkstra, & Grainger, 1998). 

 

 

 



1.2. The New Problem: How is Language Control Achieved? 

 

The assumption of a unitary lexical system for bilinguals solved an early 

problem regarding the cognition of bilingualism, but with it came a new 

computational problem: if entries from multiple languages are stored in a common 

lexicon, what cognitive processes underlie the ability of bilinguals to control lexical 

access and select words from the appropriate language? 

An early proposition for language control maintained that lexical properties 

of different language items, such as language-specific orthographic properties,  

might play a role in the selection of correct language items (Grainger & Beauvillain, 

1987; Van Heuven et al., 1998). This idea fell out of favour however, as multiple 

studies failed to produce evidence that these properties  influence the ability to 

switch language (often treated as a proxy for language control; (Orfanidou & 

Sumner, 2005; Thomas & Allport, 2000)). Subsequently, contemporary ideas 

regarding language control have often attributed it to processes external to the 

lexical system (Dijkstra & Van Heuven, 2002; Dijkstra et al., 2018; Green & Abutalebi, 

2013; Orfanidou & Sumner, 2005; Thomas & Allport, 2000). With the focus of 

language control shifted away from the lexical system, a prevalent idea began to 

gain traction: that language control is achieved through the use of domain general 

Executive Function (EF) processes (Green, 1998; Green & Abutalebi, 2013). EF (also 

referred to as Cognitive Control), is a term in the literature which refers to the broad 



set of higher-level cognitive processes that controls the activation, inhibition and 

maintenance of lower-level cognitive processes in order to achieve task goals in an 

efficient manner (Diamond, 2013; Friedman & Miyake, 2017; Jurado & Rosselli, 

2007). Models such as the Inhibitory Control model (Green, 1998) speculate that the 

mental control of language is achieved via interactions between the lexical system 

and these higher order EF processes, making language control similar to control 

imposed over other non-linguistic low-level cognitive behaviours.   

Over the last two decades, the idea that EF plays a role in bilingualism has 

gained traction due to a conceptual link with the popular hypothesis that bilinguals 

might exhibit a cognitive advantage over their monolingual counterparts in 

cognitive tasks that are often associated with EF (Bialystok & Barac, 2012; Costa, 

Hernández, Costa-Faidella, & Sebastián-Gallés, 2009; Prior & Gollan, 2011; Zhou & 

Krott, 2016). If such an advantage on EF exists for bilinguals, it would make sense to 

speculate that EF processes may be involved in the control of distinct languages.  

The proposed external locus of language control, coupled with the finding 

that bilinguals might have advantages in non-linguistic processing, have together 

contributed to the dominance of the EF account of language control. However, it is 

notable that there is currently a dearth of behavioural data that directly link EF to 

bilingual language control. For one, the notion that bilinguals may have an 

advantage on non-linguistic cognition has recently become a subject of intense 

debate, with a central issue being that proponents of the bilingual advantage have 



difficulty specifying the exact processes in which bilinguals supposedly excel 

(Hilchey & Klein, 2011; Paap & Sawi, 2014), and the numerous associated difficulties 

with replicating the supposed advantage (Dick et al., 2019; Duñabeitia & Carreiras, 

2015; Paap & Greenberg, 2013). More crucially, although current frameworks of 

bilingualism provide a theoretical account of how EF might be involved in bilingual 

language control (Green, 1998; Green & Abutalebi, 2013), explicit similarities 

between EF processing and bilingual language processing have not been 

demonstrated. 

 

1.3. Thesis Overview 

  

Whilst the proposal that bilingual language control is achieved through EF is 

intuitively appealing, the claim currently relies on indirect evidence from the 

bilingual advantage literature and associated neuroimaging data (Bialystok et al., 

2012; Green & Abutalebi, 2013). Direct behavioural evidence for the involvement of 

EF in bilingual language control is however, lacking in both the non-linguistic and 

linguistic literature. In this thesis, I aim to identify the cognitive processes that 

underlie bilingual language control, both in the context of non-linguistic tasks that 

are thought to reflect the influence of enhanced EF in bilinguals, and in the context of 

bilinguals switching between their languages. In doing so, I directly test the 



hypothesis that EF is the central driver of bilingual language control against 

alternative accounts.  

Chapter 2 provides the conceptual foundations for the investigations reported 

in this thesis. In this chapter, a framework for decomposing the general construct of 

EF into three specific sub-processes that may underlie the putative role of EF in 

bilingual language control is articulated, as well as a general framework of bilingual 

language processing through which different models of bilingual language control 

can be expressed. Using this bilingual framework, models of language control which 

do and do not involve EF are presented.  

In Chapter 3, I provide a brief overview of the literature regarding the 

proposal that bilinguals possess an advantage over monolinguals on non-linguistic 

tasks that require EF, reflecting an apparent generalisable strengthening of these 

processes through the inherent demands of controlling their languages. This 

overview raises two issues with the current literature: the lack of consensus 

regarding the exact process which drives the bilingual advantage, and the missing 

link between performance on the EF tasks which demonstrate the BA and tasks 

which theoretically tap into language control. 

In Chapter 4, I provide an overview of the research that investigates bilingual 

language control through the lens of language switching. The task of switching 

between languages is often treated as a proxy for bilingual language control in 

experimental contexts, with an associated RT cost being observed in most instances 



(Declerck, Koch, & Philipp, 2015; R. F. I. Meuter, 1994; Thomas & Allport, 2000). 

Despite the robustness of the language switch-cost, and the cost being observed both 

in tasks that require language production and language perception, there is yet to be 

consensus on the processes that underlie the cost. I argue for the theoretical utility of 

focussing the investigations within the thesis on the language switch cost that is 

observed in tasks requiring language perception specifically, and provide a 

conceptual framework for classifying alternative accounts of the cognitive processes 

proposed to underlie this cost. These competing accounts of language switch cost are 

related to models of bilingual language control outlined in Chapter 2.  

 In Chapter 5, an overview of the key methodological cognitive modelling 

approach that is applied in the thesis is provided. In particular, I outline the 

Diffusion Model (DM; Ratcliff, 1978), as a framework of decision making which 

allows behavioural RT data to be decomposed into decision based and non-decision 

based components in a wide variety of cognitive tasks. The critical affordance of 

adopting the DM is that it allows for the decomposition of cognitive tasks into their 

component psychological processes, thereby providing a means to identify the 

signatures of specific aspects of processing that may correspond to EFs or other 

cognitive processes that underlie bilingual language control. 

Chapters 6, 7 and 8 present a series of four experiments that form the core of 

the thesis. In these experiments I apply the DM to a series of tasks to decompose 

them in such a way that enables the putative EFs proposed to underlie bilingual 



language control to be identified in terms of a specific pattern of DM parameter 

changes. Chapter 6 applies the DM to existing RT data comparing bilinguals and 

monolinguals on the Flanker Task to verify whether the process advantage 

demonstrated by bilinguals over monolinguals reflect enhanced EFs or other 

cognitive processes. Chapters 7 and 8 extend this methodology to bilingual language 

processing directly by analysing language switch data across three experiments and 

two language switching contexts in order to verify whether bilingual language 

control demonstrates signatures of EF.  

 Finally, Chapter 9 draws together the results of the current set of experiments 

in conjunction with the literature. Ultimately, evidence against the possible 

involvement of EF in bilingualism is discussed, and alternative domain-specific 

accounts of the observed behavioural results in the bilingual advantage and 

perceptual switch cost literature are proposed. In terms of language processing, I 

argue for a previously under-explored role for low-level cognitive response-bindings 

in bilingual language control. These bindings, between language information and 

response information, could potentially provide the key to a more complete model 

of language control which need not require top-down EF control processes. 

Proposals for advancing future bilingual research using the DM and related 

modelling approaches in both the non-linguistic and linguistic domain are made, 

providing a direction forward in which the propositions of the current thesis can be 

further substantiated.  



 2 Frameworks of Bilingualism and 

Executive Function 
 

 To investigate the proposal that Executive Function (EF) is involved in 

bilingualism, one must first clearly define EF and demonstrate how it can be 

incorporated into current ideas about bilingual language control. To this end, the 

following chapter specifies the main conceptualisation of EF that will be used 

throughout the thesis and outlines a general framework for bilingual processing 

which allows for the incorporation of EF processes, but also permits the 

implementation of language control via other mechanisms.  

Note that I generally use the term ‘framework’ here to refer to broad 

theoretical structures of processing in the domains of both EF and bilingual language 

processing. The term ‘model’ meanwhile refers to explicit verbal process 

explanations of bilingual language control rather than formal computationally 

instantiated models. This is because many of the models discussed here have not 

been computationally instantiated (Declerck, Koch, & Philipp, 2015; Green, 1998; 

Green & Abutalebi, 2013; though see: Dijkstra et al., 2018; Van Heuven et al., 1998). 

Furthermore, I use the term ‘account’ when referring to the particular details of a 

model which may explain some specific type of cognitive behaviour (e.g., the 

presence of cross-language lexical inhibition will be referred to as a ‘cross-language 

lexical inhibition’ account of bilingual switch costs).  



2.1. A Framework for Executive Function 

 

  As mentioned in Chapter 1, EF broadly refers to the set of high-level cognitive 

processes which organise and maintain lower-level cognitive processes to achieve 

specific goals (Diamond, 2013; Friedman & Miyake, 2017). Typically, it is 

operationalised through performance on a variety of tasks that are often associated 

with effortful rather than automatic cognitive processing (Diamond, 2013; Shiffrin & 

Schneider, 1984). An issue with this approach however, has been the variation in the 

tasks used to measure EF. Performance on these tasks can show low correlations 

(Shallice & Burgess, 1996; Stuss & Alexander, 2000), leading to difficulties in the 

specification of exactly which psychological processes comprise EF (Burgess, 2004; 

Monsell, 1996). Although there are many models of EF in continuous development 

(Friedman & Miyake, 2017), I have elected to utilise the influential Unity and 

Diversity framework of EF (Miyake & Friedman, 2012; Miyake et al., 2000). Miyake 

and colleagues (2000) utilised confirmatory factor analysis to demonstrate that EF 

tasks typically involve three separable but correlated latent processes they termed 

updating, shifting, and inhibition1. Updating is hypothesized to refer to the rapid 

removal and addition of content to working memory. Set-shifting is hypothesized to 

capture the mental flexibility of switching between different tasks, and finally, 

 
1 Note that these are verbally assigned labels for latent variables which do not inherently specify mechanistic 
processes. The inhibition factor for example, has alternatively been labelled “goal selection”. 



inhibition is hypothesized to capture the ability to suppress irrelevant stimulus or 

response information which may be a hindrance to completion of the task.  

These three latent factors are not completely independent, but can be 

differentiated to the extent that different tasks appear to tap some of these latent 

factors more so than others. For example, a Number-Letter task (Rogers & Monsell, 

1995), in which participants must alternate between classifying a number-digit 

combination (i.e., A5) as odd-or-even based on the digit, or consonant-vowel based 

on the letter, might load onto set-shifting primarily, and inhibition to a lesser extent 

(Miyake & Friedman, 2012). Although this framework is by no means a definitive 

conceptualisation of EF, it provides a guide by which I can identify separable EF 

processes that could be implicated in bilingual language control. 

Amongst the three EFs, set-shifting and inhibition are two that have strongly 

been implicated in the bilingual literature. Many researchers have speculated that 

there is a link between shifting between tasks and shifting between languages 

(Green, 1998; Prior & Gollan, 2011; Thomas & Allport, 2000; Von Studnitz & Green, 

1997), and that top-down inhibitory control is a key mechanism that enables 

activation from the non-target language to be suppressed (Declerck et al., 2015; 

Green, 1998; Green & Abutalebi, 2013; Meuter & Allport, 1999). Although updating 

has also been related to bilingualism (Blom, Küntay, Messer, Verhagen, & Leseman, 

2014; Morales, Calvo, & Bialystok, 2013), it has notably been related to verbal ability 

in monolinguals as well (Azuma, 2004; Cain, Oakhill, & Bryant, 2004; Daneman, 



1991; Fedorenko, Gibson, & Rohde, 2006). The finding makes it difficult to interpret 

links between bilingualism and working memory updating in terms of bilingual 

language control rather than more general aspects of language processing that 

presumably apply equally to both bilinguals and monolinguals. As such, the link 

between bilingualism and updating is not covered here; instead, focus is placed on 

the possible involvement of inhibition and set-shifting: EFs that are often implicated 

in bilingual language control more directly.  

 

2.2. A Framework for Bilingualism  

 

Now that I have a clear framework for EFs, a framework of bilingual 

processing is needed to determine how EFs could possibly be incorporated into 

bilingual language control. Although there are many different models of bilingual 

language control, they share a basic set of properties that can be incorporated within 

a general framework. Contemporary models of bilingualism all involve a joint 

bilingual lexicon, but also require a non-linguistic task-decision system (henceforth, 

a task schema), which allows bilinguals to map information from the lexicon to 

stimulus and goal information in order to produce the appropriate response (see 

Figure 2.1 below; Declerck, Koch, & Philipp, 2015; Dijkstra et al., 2018; Green, 1998; 

Green & Abutalebi, 2013).  

 



 

FIGURE 2.1. Schematic for a simple model of bilingual cognitive processing on a linguistic task. 

Task input, I, activates entries in the lexical system. Information from that system is then passed 

into a task decision system (Task Schema), which maps relevant lexical information onto an 

appropriate task response, producing behavioural output, O. Arrows represent information 

being transferred from one system to another. 

 

This universal framework is shared by most contemporary models of 

bilingual language control. Beyond this, models may differ on aspects such as 

whether or not there are separate task-schemas for each language (Declerck, Koch, et 

al., 2015; Green, 1998), whether there is cross-language lexical inhibition in the lexical 

system (Grainger, Midgley, & Holcomb, 2010; Van Heuven et al., 1998), or whether 

there is top-down inhibition of the lexical system from task-schemas (Declerck & 

Grainger, 2017; Declerck, Koch, et al., 2015; Green, 1998). These differences in model 

specifications give rise to specific differences between individual models that either 

implicate EFs in language control, or enable control between languages to be 

achieved through other mechanisms. I present a high-level overview of these models 

below.  

 

 



2.2.1. An EF Model of Language Control 

 

One of the most prominent theories of bilingual language control that 

strongly implicates EF in language control is the Inhibitory Control (IC) model 

proposed by Green (1998). Two key assumptions underlie this model. The first is 

that output from the lexical system is funnelled into separate language-specific task 

schemas (see Figure 2.2. below). These language-specific task schemas identify items 

from the bilingual lexical system that correspond to the appropriate language 

required by the task. Crucially, these separate task schemas are developed over the 

course of a bilingual’s development, and will be automatically activated during 

linguistic processing, even if the task-demands require the use of both languages 

instead of one (Green, 1998; Thomas & Allport, 2000). The second key assumption is 

that selection of target language items for use in the task schema is aided by goal-

directed inhibition of non-target language items in the lexical system (Green, 1998; 

Meuter & Allport, 1999). In this manner, non-target language lexical entries are 

suppressed by activation of a target language task schema. 



 

FIGURE 2.2. Simplified schematic for the IC model of bilingual processing. In this framework, 

there are two separate task schemas created for bilingual tasks: one for each language. Black 

solid arrows show the flow of processing given a L2 task, while black circles represent 

inhibition being sent from one level of processing to another. The red labels indicate how this 

framework incorporates EF: set-shifting is involved because the two task schemas are 

essentially separate tasks, and inhibition is involved via the L2 schema inhibiting L1 entries in 

the lexical system.  

 

 The IC model thus attributes language control to EF in two ways. The first is 

that bilingual language control might call upon set-shifting in the case of switching 

from one language to another, due to the assumption that each language has its own 

specialised task-schema. Indeed, many authors have speculated that language 

switching may simply be a special instance of general task switching (A. Allport & 

Wylie, 2000; Green, 1998; Prior & Gollan, 2011), and such an assumption could 



potentially solve the bilingual language control problem by conceptualising it as a 

specific case of a general cognitive phenomenon2.  

 The second form of control which relates to EF is the assumed process of 

inhibition. Particularly, language specific task-schemas achieve language control by 

inhibiting lexical entries in the mental lexicon that correspond to the non-target 

language (Declerck, Koch, et al., 2015; Green, 1998). This inhibition can be assumed 

to be the same general type of inhibition tapped by measures of EF such as the 

Stroop Task (MacLeod, 1991; Miyake et al., 2000), making it a general non-linguistic 

inhibitory process that happens to be incorporated into the language task schema.  

 

2.2.2. Non-EF Models of Language Control  

 

 Opposing the EF model of language control, are alternative models that 

achieve language control without any reliance on EF. These models are more flexible 

than previously discussed models because they are not limited to the three 

aforementioned processes which characterise EF. Note however, that these models 

necessarily assume a single task schema that can incorporate both languages, as the 

assumption of separate schemas for each language would require set-shifting. 

Beyond this assumption however, these models could potentially account for 

 
2 The exact cognitive mechanisms which underlying task-switching are currently unresolved. An inexhaustive 
list of current accounts includes task reconfiguration (Rogers & Monsell, 1995), previous task-interference 
(Allport, Styles, & Hsieh, 1994), cue facilitation effects (Logan & Bundesen, 2003), or a combination of the 
above processes (Arrington, Logan, & Schneider, 2007; Schmitz & Voss, 2012). 



bilingual behaviour in a variety of ways. Broadly, language control in these models 

originates from either the lexical system or the task schema. 

 In terms of the lexical system, it is possible that bilingual language control is 

aided in some way by the organizational structure of the integrated lexicon itself (see 

Figure 2.3 below; Grainger et al., 2010; Van Heuven et al., 1998). Van Heuven and 

colleagues (1998) for example, proposed a bilingual lexical structure where 

activation of words pertaining to one language results in the inhibition of words 

pertaining to other languages. This model, largely geared towards word recognition, 

was coined the Bilingual Interactive Activation model (BIA) and was posited as an 

extension to influential Interactive Activation Model of monolingual word 

recognition (McClelland & Rumelhart, 1981).  

 

FIGURE 2.3. A simplified schematic of cross-language lexical inhibition in the context of a single 

bilingual task schema, as envisaged by the BIA model. Assuming that information pertaining to 

language membership is tagged in the lexicon, the activation of words in one language leads to 

inhibition of words in the non-activated language, resulting in non-target language words being 

suppressed before they reach the task-schema. The task-schema then processes the output from 

the lexicon and maps them onto task responses. 

 



Notably, under this account of language control, inhibition occurs as a 

reaction to the activation of words in the target language, meaning that inhibition in 

this sense is an automatic process. This form of inhibition is specific to the level of 

the lexicon, and is distinct from the top-down non-linguistic inhibitory processing 

associated with EF. To make this distinction clear, I will refer to this account of 

language control as cross-language lexical inhibition.  

Other models speculate that language control occurs after lexical information 

enters the task schema. These accounts are generally less explicitly defined, largely 

because the nature of the task-schema can vary depending on the demands of the 

task (Dijkstra & Van Heuven, 2002b; Norman & Shallice, 1986). In general however, 

these accounts attribute language control to the mapping of language onto response 

outputs (Dijkstra & Van Heuven, 2002b; Finkbeiner, Almeida, Janssen, & 

Caramazza, 2006). It is possible for example that language control occurs after lexical 

information has been processed and passed onto the task-schema; at this stage, 

responses that are most consistent with task goals are selected on the basis of 

language identity information received from the lexical system (see Figure 2.4 

below).  



 

FIGURE 2.4. Simplified schematic of task-based language control. Lexical entries from both 

languages, but tagged with language information, are sent into a single task schema. The task-

schema then uses the tagged language information to map words onto task-appropriate 

response outputs. 

 

Note that this is distinct from the language-specific task schemas in the IC 

model in two ways: the first is that under this account, language task schemas are 

built spontaneously in response to task demands (Dijkstra & Van Heuven, 2002b; 

Norman & Shallice, 1986), and thus a single task schema incorporating items from 

both languages is possible if required. This is in contrast to the assumption of the IC 

model that separate task-schemas are developed for each language over the lifespan, 

and these pre-existing schemas are automatically activated in dual language contexts 

(Green, 1998; Thomas & Allport, 2000). The second distinction is that there is no 

assumed top-down inhibition of language as task schemas need not influence 

activation in the lexical system (Dijkstra & Van Heuven, 2002).  

Crucially, although this account of language control is non-linguistic, it does 

not necessarily require EF, but instead involves a low level cognitive process of 

mapping task information to stimulus-response information. Such response selection 



mechanisms are already posited by models of general speech production, and as 

such, bilingual language control of this nature need not necessarily involve changes 

to more general accounts of language processing (La Heij, 2005; Roelofs, 2003, 2008; 

Roelofs & Verhoef, 2006).   

 

2.3. Relating Frameworks to Behavioural Data 

 

The broad conceptualisations of EF and bilingual language control proposed 

here are not to be treated as a definitive taxonomy. Rather, the frameworks 

presented provide a theoretical lens through which I can address the central 

question of the thesis: whether domain general EF processes are involved in 

language control or not.  

Two areas of the bilingual literature in particular have associated EF with 

language control: the bilingual advantage and the cognitive cost associated with 

switching from one language to another. The next two chapters present a summary 

of the literature from these two fields in the context of the frameworks discussed 

here. In Chapter 3, I present the bilingual advantage literature through the lens of 

the Unity and Diversity framework of EF (Miyake et al., 2000) in order to scrutinise 

the idea that the potential bilingual advantage reflects EF. In Chapter 4, I review the 

literature surrounding the bilingual perceptual switch cost, and relate current 



accounts of the switch cost to the models of bilingual language control discussed 

here.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 The Bilingual Advantage: An Imprint 

of Language Control? 
 

 The last decade has seen a surge in research investigating the possibility that 

bilinguals exhibit an enhancement of non-linguistic domain-general cognitive 

processes compared to monolinguals (e.g., Costa & Sebastián-Gallés, 2014; Kroll & 

Bialystok, 2013). A major rationale for the existence of the Bilingual Advantage (BA) 

revolves around neuroplasticity: based on the assumption that because bilinguals 

constantly engage domain-general cognitive processes to manage control over their 

languages, these cognitive processes become highly trained, thus resulting in 

superior performance relative to monolinguals (Bialystok, Craik, Green, & Gollan, 

2009).  

It is important to acknowledge that there has been recent debate in the 

literature regarding the veracity of the BA (Armstrong, Ein, Wong, Gallant, & Li, 

2019; Lehtonen et al., 2018; Paap, Johnson, & Sawi, 2014; von Bastian, Souza, & Gade, 

2016). Rather than take part in this debate directly, I note that the BA is only relevant 

to the central research question in terms of its ability to implicate EF in bilingual 

language control. If the BA is a spurious finding, then this issue is already resolved, 

as there would subsequently be no non-linguistic signature of enhanced EF 

processing associated with bilingualism. Given the continued discussions regarding 

the BA however (Blanco-Elorrieta & Pylkkänen, 2018; Sekerina, Spradlin, & Valian, 



2019; Valian, 2015), I choose instead to scrutinise the current evidence which is 

purported to be in favour of the BA, to determine whether it demonstrates 

consistency in terms of psychological processing. If consistent direct links to specific 

psychological processes can be observed in cases where the BA manifests, this would 

provide additional support for the existence of the BA (Hilchey & Klein, 2011; 

Valian, 2015), and might provide some insight with regards to any domain-general 

processes which are involved in language control. On the other hand, if no evidence 

is found to support a consistent process account of the BA, then this may add to the 

argument that the BA effects reflect advantages due to factors that are confounded 

with bilingualism (S. Yang, Yang, & Lust, 2011) or even spurious findings (Paap, 

Johnson, & Sawi, 2015).  

Ultimately, the proposed BA and its putative relationship to the processes 

that underlie language control hold clear relevance to the question of how bilingual 

language control is achieved. In this chapter, I briefly review the literature on the BA 

with regards to the Executive Function framework of Miyake and colleagues (2000) 

outlined in Chapter 2, and discuss what current research indicates about the 

relationship between the BA and domain-general processes such as EF. 

  

  



3.1. Overview of The Bilingual Advantage  

 

The BA has been typically demonstrated on tasks that are traditionally 

labelled as measures of EF such as the Flanker task (Abutalebi & Green, 2007; Costa 

et al., 2009), the Simon task (Bialystok, Craik, Klein, & Viswanathan, 2004b; Linck, 

Hoshino, & Kroll, 2008), the Stroop task (Bialystok, Craik, & Luk, 2008; Heidlmayr et 

al., 2014), the Color-Shape shifting task (Garbin et al., 2010; Prior & Gollan, 2011; 

Prior & MacWhinney, 2010), and various others (for a review, see Valian, 2015). 

Subsequently, the BA itself is often assumed to reflect enhanced ability in EF 

(Bialystok et al., 2009; Hilchey & Klein, 2011; Valian, 2015). As outlined in Chapter 2, 

assuming an IC model of bilingualism, control of language processes engages both 

set-shifting and inhibition (Green, 1998; Green & Abutalebi, 2013). Given that many 

of the tasks mentioned involve inhibition of some kind (Fan, Flombaum, 

McCandliss, Thomas, & Posner, 2003; MacLeod, 2015; Simon, 1969), and others are 

primarily related to set-shifting, there appears to be a link between the BA and the 

control of languages through these particular EFs. 

One issue between this purported link between EFs and the BA however is 

that although the tasks used in the BA literature are associated with EFs, the Unity 

and Diversity framework implies that not all variance in these tasks can be traced 

back to the latent EFs (Miyake et al., 2000). It is thus possible for example, that a BA 

can be demonstrated using such tasks, but that the cognitive processes that underlie 



the apparent relationship between bilingualism and these tasks cannot be attributed 

to the two core EFs of inhibition and set-shifting. In this section, the BA literature is 

scrutinised at a level which goes beyond the simple metric of ‘improved 

performance’ on EF tasks in order to identify more direct links between particular 

EFs and the BA. 

 

3.1.1. The Executive Function Account of the Bilingual Advantage    

 

Inhibition  

Enhanced inhibitory ability is the most commonly proposed mechanism for 

the BA (Bialystok et al., 2004b, 2008; Colzato et al., 2008), owing to the common 

finding of a BA in conflict tasks that involve some sort of information suppression 

(Fan et al., 2003; MacLeod, 2015; Simon, 1969). The argument for inhibition is also 

appealing in its logic: the IC model posits that language specific task-schemas 

constantly enact top-down inhibition over non-target language entries (Green, 1998). 

This assumption means that the use of language at all, even in a single language 

context, will constantly involve inhibition, resulting in a relative training advantage 

for inhibition in bilinguals compared to monolinguals. Bilinguals should 

subsequently be better able to inhibit the influence of irrelevant stimulus information 

(i.e., peripheral flankers on a flanker task or stimulus location on the Simon Task) 

during non-linguistic tasks. That is, the repeated demands of inhibitory control 



inherent to bilingual language control are assumed to generalise to enhance 

inhibitory control in all tasks requiring it, even those that are non-linguistic. 

 One difficulty with this line of logic is that the evidence for a BA on conflict 

tasks that require inhibitory control does not necessarily implicate inhibition per se, 

given that other cognitive processes are also required in these tasks (Burgess, 2004; 

Miyake et al., 2000). To give an example of this, in an arrow Flanker task (Fan et al., 

2003) participants are tasked with responding according to the direction in which a 

central target arrow points (see Figure 3.1 below). This central target arrow is 

flanked by arrows that either point in the same direction (congruent trial), or point in 

the opposite direction (incongruent trial) as the target. 

 

 

Congruent     Incongruent 

 

FIGURE 3.1. Example stimuli in an arrow Flanker task. Trials can be either congruent, where 

flanking arrows face the same direction as the central arrow, as shown in the left array, or 

incongruent, where the flanking arrows face the opposite direction to the central arrow, as 

shown in the right array.  

 

 In this task, a particular trial involves the encoding of sensory information, 

attentional focus on the central target, the inhibition of conflicting information from 

the peripheral flankers (attention is not absolute in selectivity; Eriksen & James, 



1986), the processing of target direction information, and execution of the 

appropriate motor response. Notably, every processing stage involved in the task 

contributes to the eventual RT which is used to characterise behaviour. 

Subsequently, any one of these processes might underlie an observed RT advantage, 

and so enhanced inhibition need not be involved. That sometimes the BA manifests 

in certain conflict tasks but not others increases the complexity of the issue, as a 

supposed general advantage in inhibition would imply that all conflict tasks should 

manifest the behavioural advantage for bilinguals. 

At the very least, behavioural intuitions dictate how inhibition should 

manifest in conflict tasks. Compelling evidence to implicate inhibition in the conflict 

effect should manifest as a reduction in RTs on incongruent trials for bilinguals 

compared to monolinguals, following the logic that bilinguals are better at 

suppressing irrelevant information since they must continuously inhibit non-target 

language information in day to day life. Congruent trials meanwhile should not 

differ between monolinguals and bilinguals because they do not involve inhibition .  

This pattern of results has been demonstrated by certain studies (Bialystok et 

al., 2004b, 2008), but notably, other studies have demonstrated an overall RT 

advantage on both congruent and incongruent trials for bilinguals, with no 

interaction effects (Bialystok & DePape, 2009; Calvo & Bialystok, 2014; Costa et al., 

2009). This lack of consistency across studies makes it difficult to attribute the 



bilingual advantage directly to EF inhibitory effects, although it does not necessarily 

rule out the possibility.  

  

Set-Shifting (Task-Switching) 

 

The second most frequently invoked mechanism for the BA is that bilinguals 

may be better at set-shifting; that is, the ability to switch between tasks with distinct 

goals (Miyake & Friedman, 2012). This once again, intuitively maps onto the IC 

model, as it assumes that switching languages in day to day life is akin to switching 

between distinct tasks with the same set of stimuli (Green & Abutalebi, 2013; Rogers 

& Monsell, 1995; Thomas & Allport, 2000). This proposal is supported by findings 

where bilinguals demonstrate speed advantages over monolinguals when switching 

between tasks (Garbin et al., 2010; Gold, Kim, Johnson, Kryscio, & Smith, 2013; Prior 

& MacWhinney, 2010). The ability to switch between tasks is typically measured 

using general (minimally-linguistic) task-switching paradigms such as the colour-

shape classification task (Rubin & Meiran, 2005), where participants must alternate 

between classifying compound stimuli (containing colour and shape information) 

pairs according to one of the dimensions (colour/shape).  

Although assessment of set-shifting also suffers from the same problem of 

task-impurity as assessment of inhibition, the BA in these tasks appear more 



consistent in their manifestation: most studies showing a task-switching advantage 

demonstrate smaller RT switch costs associated with switching from one task to 

another for bilinguals compared to monolinguals (Garbin et al., 2010; Gold et al., 

2013; Prior & Gollan, 2011; Prior & MacWhinney, 2010). Thus, unlike inhibition, the 

manifestation of the BA in set-shifting appears to show consistency, and may 

implicate the involvement of set-shifting in bilingual language control, as outlined in 

Chapter 2.  

The issue with the BA in set-shifting however, lies in its relationship with 

language control. The link between language control and set-shifting is intuitive; the 

IC model frames both language switching and task-switching as a process of 

switching between task-schemas, thus implying that they involve the same 

underlying cognition. The behavioural data however, do not support this idea: the 

correlation between general task switching performance and language-switching 

tasks is often low (Calabria, Hernandez, Branzi, & Costa, 2012; Klecha, 2013; Prior & 

Gollan, 2013). Moreover, Calabria, Branzi, Marne, Hernández, and Costa (2015) 

demonstrated that although task-switching performance declines with age, language 

switching performance remains relatively stable over time, suggesting that language 

switching appears a specialised skill, rather than a specific instance of general task-

switching.  

This lack of correspondence between language switching and task-switching 

performance seems to indicate that while there may be an advantage for bilinguals 



in set-shifting, the processes modulating this set-shifting advantage in bilinguals 

have not been linked to language control, possibly indicating that the set-shifting 

advantage may reflect the influence of other factors associated with bilingualism 

such as cultural differences (Oh & Lewis, 2008), or even that the set-shifting 

advantage is a spurious result (Paap & Greenberg, 2013).  

 

3.1.2. Non-Executive Function Accounts 

  

 In addition to the popular inhibitory and set-shifting accounts of the BA 

corresponding to EF processes, other accounts that do not completely align with the 

Unity and Diversity framework of EF have also been proposed. Two major accounts 

which have been repeatedly referenced in the literature are conflict monitoring 

(Bialystok et al., 2012; Botvinick, Braver, Barch, Carter, & Cohen, 2001; Costa et al., 

2009) and selective attention  (Chung-Fat-Yim, Sorge, & Bialystok, 2017; Friesen, 

Latman, Calvo, & Bialystok, 2015).  

 

Conflict Monitoring  

Conflict monitoring refers to a computational model of conflict tasks 

originally proposed by Botvinick and colleagues (2001) designed to account for 

sequential effects commonly observed on conflict tasks such as 1) the Gratton effect 



(Gratton, Coles, & Donchin, 1992), where incongruent trials following incongruent 

trials are faster than incongruent trials following congruent trials, and 2) the 

frequency effect, where increasing the proportion of incongruent trials results in 

faster incongruent trials (Tzelgov, Henik, & Berger, 1992). A simple explanation of 

the model is as follows: conflict tasks such as the Stroop utilise a conflict monitoring 

unit which reacts to the presence of conflicting information by up-regulating the 

activation of task-relevant information (i.e., the colour of the word) in opposition to 

task-irrelevant information (i.e., the text of the word). Since this conflict monitoring 

unit could hypothetically be monitoring for conflict in both congruent and 

incongruent trials, researchers have proposed that this as an explanation for why the 

bilingual advantage on ‘conflict tasks’ might manifest as an overall RT advantage, 

rather than a reduced conflict effect (Bialystok et al., 2012; Costa et al., 2009; 

Hernández, Costa, Fuentes, Vivas, & Sebastián-Gallés, 2010). Intuitively, conflict 

monitoring is mapped onto bilingual language control due to the conflict between 

the target and non-target languages—bilinguals encounter conflict between their 

multiple languages in day to day life, and thus would constantly be engaging this 

system. 

Conflict monitoring is appealing in its explanation of the observation of an 

overall RT advantage on conflict tasks, however this interpretation of the BA comes 

with some issues. First, it is unclear how enhanced conflict monitoring should 

manifest—in the original outline of the effect, the conflict monitoring unit 



automatically responds to the amount of conflict caused by incongruent trials, thus 

an increased proportion of incongruent trials should result in a highly activated 

conflict monitoring unit (Botvinick et al., 2001). A study by Costa and colleagues 

(2009) however, found that when the proportion of incongruent trials was increased, 

the BA was not observed, a finding which contradicts the original proposition of the 

conflict monitoring unit. Furthermore, the necessity of conflict monitoring to explain 

conflict behaviour is currently debated in the literature— other, simpler processes 

such as contingency learning have also been proposed to explain these effects 

(Hilchey & Klein, 2011; Hommel, Proctor, & Vu, 2004; Schmidt, 2019). Without a 

concrete framework of how enhanced conflict monitoring processing might 

manifest, and doubt as to whether it is a true cognitive process at all render this 

interpretation of the BA difficult to quantify and thus falsify.  

 

Selective Attention 

 

The selective attention advantage account of the BA hypothesizes that 

bilinguals may be more effective at directing attentional resources to the relevant 

features of a task. In the BA literature, bilingual children have been shown to be 

quicker at identifying key features in ambiguous images compared to monolinguals, 

a process associated with being able to more quickly orient attention to relevant 

features (Bialystok & Shapero, 2005; Wimmer & Marx, 2014). Friesen and colleagues 



(2015) also demonstrated that bilinguals outperformed monolinguals on a visual 

search task, particularly when the target was surrounded by distractors that shared 

features with the target (conjunction search; Treisman & Gelade, 1980). This 

attentional account of the BA explains the variability in the BA literature as 

stemming from the use of tasks that do not primarily engage selective attention as 

the relevant cognitive process (Chung-Fat-Yim et al., 2017).  

It is important to acknowledge that the term attention is a fairly broad term 

that can take on different interpretations. In order to minimise ambiguity, I utilise a 

specific definition of attention which has been used in the BA literature—the ability 

to focus on particularly relevant stimulus information (Chung-Fat-Yim et al., 2017). 

Notably, although this definition potentially links it to both set-shifting and 

inhibition (both require selective attention to relevant stimulus features), the BA and 

EF literature both treat selective attention and EFs as distinct (Chung-Fat-Yim et al., 

2017; Diamond, 2013; Friesen et al., 2015; Hanania & Smith, 2009). I thus 

conceptualise selective attention here as a lower-level cognitive process, which EFs 

may invoke but which does not exist on the same level of processing as inhibition, 

set-shifting or updating.  

Although it potentially explains the broad nature of demonstrations of the 

BA, two issues underlie the selective attention account of the BA. The first is that, 

while it has been hypothesized that the BA in EF tasks actually reflects a selective 

attention advantage (Chung-Fat-Yim et al., 2017), there have yet to be particular 



demonstrations of enhanced attentional processing in EF tasks such as the Flanker or 

the digit-letter task. The second issue is that it is currently unclear how frameworks 

of language control might be explicitly linked to selective attention. This leads into a 

previously mentioned issue: the lack of correspondence between bilingual language 

processing and a selective attention BA subsequently make it unclear whether the 

BA stems from bilingual language control, or from factors which are confounded 

with bilingualism. 

 

3.2. Search for the Advantage in Processing 

 

The central question of this thesis revolves around whether domain-general 

EFs are required in the process of language control. The BA is potentially 

informative in this regard, as it may exist as an imprint of the processing involved in 

language control. In order for the BA to fulfil this role however, two things must first 

be established. The first is a clear interpretation of the exact process or processes that 

underlie the BA, and the second is a clear link between these processes and the 

control of language itself. As briefly covered in this chapter, neither of these two 

requisites are currently met as there is yet to be consensus on the exact processes that 

underlie the BA (Bright & Filippi, 2019; Dash, Berroir, Ghazi-Saidi, Adrover-Roig, & 

Ansaldo, 2019; Hannaway, Opitz, & Sauseng, 2019; Paap et al., 2015). Moreover, 

performance on tasks that demonstrate the BA have not shown relationships with 



tasks that relate to language control (Calabria et al., 2012; Klecha, 2013; Prior & 

Gollan, 2013). 

In this thesis, I attempt to tackle the first issue by taking aim at a central 

problem in the BA literature: the tasks used to demonstrate the effect are ‘impure’ in 

that they are relatively complex and involve multiple different lower order cognitive 

processes (Shallice & Burgess, 1996), thus obscuring any direct mapping between 

psychological process and the BA. To address this issue, I outline a method of 

breaking down the stages of processing involved in tasks through the use of RT 

models. The approach is detailed in Chapter 5 and applied to a dataset 

demonstrating the BA in Chapter 6. 

Even if a BA in certain processing is established however, it is important to be 

able to link these processes back to language control. Doing so would provide 

evidence that language control is achieved through the same non-linguistic 

mechanisms that may underlie the BA.  In Chapter 4, I provide an overview of the 

literature surrounding the language switch cost, often treated as an indirect measure 

of language control, in order to explore how proposed non-linguistic processes 

might account for real-world bilingual behaviour.  

 

 

 



4 Identifying Signatures of EF in 

Language Switching 
 

In Chapter 2, I outlined a conceptualisation of EF through the Unity and 

Diversity framework (Miyake et al., 2000), provided a general framework of 

bilingual language processing, and outlined the basis for three models of bilingual 

language control. In Chapter 3, I presented an overview of how the proposed 

cognitive mechanisms underlying the Bilingual Advantage might provide indirect 

evidence of the mechanisms involved in bilingual language control. In this chapter, I 

consider how researchers might analyse the processes involved in bilingual 

language control directly. 

Although there are many ways in which language control is studied 

experimentally, such as picture-word interference (Giezen & Emmorey, 2016; 

Roelofs, Piai, & Garrido Rodriguez, 2011), cognate processing (Acheson et al., 2012; 

Hoshino & Thierry, 2011) and translation (Gollan, Forster, & Frost, 1997; Kroll & 

Stewart, 1994), I choose here to focus on the analysis of language control through the 

language switch cost (LSC)—the observation that there is a cognitive cost associated 

with switching from one language to another (Declerck, Philipp, & Koch, 2013; 

Grainger & Beauvillain, 1987; Meuter & Allport, 1999; Von Studnitz & Green, 1997). 

This choice is based on the robustness of the LSC: it has been demonstrated across 

both perception (Grainger & Beauvillain, 1987; Thomas & Allport, 2000; Von 



Studnitz & Green, 1997) and production tasks (Declerck, Koch, & Philipp, 2012; 

Declerck, Stephan, Koch, & Philipp, 2015; Meuter & Allport, 1999), as well as in 

bilinguals who share language families (Grainger & Beauvillain, 1987; Von Studnitz 

& Green, 1997) and bilinguals who do not (Prior & Gollan, 2011; Slevc, Davey, & 

Linck, 2016). Furthermore language switching holds ecological validity—although 

the frequency may vary, all bilinguals must switch between their languages at some 

point (Green & Abutalebi, 2013)—thus the LSC, while experimentally induced, 

reflects aspects of the true bilingual experience.  

The following chapter provides a brief overview of the literature pertaining to 

LSC, specifically in the realm of language perception, and maps out how the three 

different models of language control set out in Chapter 2 might account for the 

language switch cost. 

 

4.1 An Overview of the Language Switch Cost  

 

4.1.1. Mix Costs and Switch Costs 

 

The performance of bilinguals on a given linguistic task tends to slow down 

when they are required to respond to items from both of their languages in the same 

block of trials. Notably, this slowing occurs both at a global level, where the mean 



RT for mixed block presentations is generally slower than for single language block 

presentations (mix cost; Gollan & Ferreira, 2009; Hernandez & Kohnert, 1999; Wang, 

Kuhl, Chen, & Dong, 2009), and at the local trial level, where the mean RT for trials 

that require a different language response from the previous trial are slower than the 

mean RT for trials in which language of response repeats (LSC; Costa & Santesteban, 

2004; Meuter & Allport, 1999; Philipp, Gade, & Koch, 2007). Although these two 

types of cognitive costs are driven by different structural components of the task 

environment (global and local), they are both assumed to originate from the same 

overarching system (Christoffels, Firk, & Schiller, 2007; Kiesel et al., 2010). 

Consequently, I take the approach of focusing on the local trial-by-trial LSC rather 

than the global mix cost, noting that information about local level switch effects 

should theoretically reveal information regarding mix costs at the more global level. 

 

4.1.2. Perception VS Production Switch Costs 

 

Bilingual LSCs have been demonstrated to occur both in tasks involving 

language perception (Grainger & Beauvillain, 1987; Thomas & Allport, 2000; Von 

Studnitz & Green, 1997) and language production (Declerck et al., 2012; Jackson, 

Swainson, Cunnington, & Jackson, 2001; Meuter & Allport, 1999). Although the 

mechanisms underlying LSC may be shared across the two task domains, it is of note 

that the language control demands of word perception and production are distinct. 



When a lexical item is presented for perception (e.g., lexical decision; perceptual 

recognition; reading aloud), specific language information (i.e., L1 or L2)  is typically 

unnecessary for successful task completion (although there are exceptions; Kennette 

& Van Havermaet, 2012). Consider a task such as bilingual semantic categorisation 

(Larochelle & Pineau, 1994; Von Studnitz & Green, 2002), in which participants must 

read words and utilise the semantic information associated with them to make a 

category decision (i.e., animate vs inanimate); so long as the bilinguals possess 

representations for the forms of the words in their vocabulary, successful 

performance on the task does not require information about language membership. 

For example, if a balanced Spanish-English bilingual sees the word ‘dog’, they 

should immediately recognize it as a familiar orthographic form that references a 

furry domesticated canine, an animate concept. Given the evidence for an integrated 

lexicon outlined in Chapter 1, one might expect that changing language information 

should not influence task performance, since the language membership of ‘dog’ is 

irrelevant to the task decision (refer to Figure 4.1 below).  

 



 

FIGURE 4.1. Schematic depiction of typical bilingual word perception. Both orthographic forms 

reference the same concept, thus language membership information should not affect access to 

the representation required for task completion.   

 

In contrast, in a task requiring language production such as picture-naming 

(Levelt et al., 1991; Meuter, 1994), the same Spanish-English bilingual could be 

presented with a picture of a dog and asked to name the concept referenced by the 

picture. In this case, the picture will activate the English and Spanish lexical entries 

‘dog’ and ‘perro’ simultaneously (Colomé, 2001), and information regarding the 

required response would be necessary for correct utterance selection and production 

(see Figure 4.2 below). Language information is thus crucial to task performance, 

and switching language necessarily involves switching central task-response related 

information (Costa & Santesteban, 2004; Declerck et al., 2013; Khateb, Shamshoum, & 

Prior, 2017).  



 

FIGURE 4.2. During language production, a language decision process is required in order to 

select the appropriate output form of the semantic concept 

 

 

Language perception and production are therefore characterised by different 

requirements with regards to the relevance of language identity information: 

language identity forms a necessary component of task completion in production, but 

is peripheral to task completion in perception. Crucially, this results in different 

conclusions regarding the nature of LSCs in perception and production tasks. 

Production LSCs involve a change to task goal information, thus implicating 

processing at the task-schema level. This makes it difficult to use production LSCs to 

study processes at the level of the lexical system (i.e., cross-language lexical 

inhibition), as task-schema cognition may obscure these processes. In contrast, 

because language information is orthogonal to task completion in perception, 

perceptual LSCs minimally involve the task-schema, and any influence of switching 

language on cognitive processing implicates fundamental properties of the entire 

bilingual language system which may have an unavoidable impact on language 

control.  



The finding that these bilingual language system properties influence task 

processing in cases where language is peripheral to task completion implies that 

they are fundamental and should also apply to cases where language is central to 

task completion (i.e., language production LSCs), although the latter would involve 

a heavier contribution from task-schema processing. For this reason, I focus on the 

LSC in language perception as a starting point— it is the simplest case of a language 

switch. Analysing and providing an account of the perceptual LSC provides the first 

step to a more complete account of how control over languages is achieved. 

 

4.2. Explaining Language Switch Cost in Language Perception 

 

 The three main models of language control presented in Chapter 2 can be 

translated into different accounts of the perceptual LSC. In this manner, 

investigating the LSC allows the direct investigation of these different models of 

language control. 

 

4.2.1. An Executive Function Account: Set-Shifting 

  

 An intuitively appealing account of the LSC, as exemplified by the IC model 

(Green, 1998), is that it reflects a specific example of set-shifting (Miyake et al., 2000; 



Rogers & Monsell, 1995). Under the IC framework, bilinguals have two specialized 

task-schemas that correspond to one language or the other, that have been 

developed over the course of a bilingual’s life (see Figure 4.3 below). 

 

 

FIGURE 4.3. Schematic depiction of a dual-task schema framework for bilingual processing. 

Solid arrows indicate that in this particular case, the L2 task schema is activated because the 

input belongs to L2.  

 

Due to the repeated use of these different task schemas in separate contexts, 

they are assumed to be automatically activated when any task requires input from 

the lexical system. This automaticity means that separate task schemas are used even 

if the demands of the current task might be better suited to a single integrated task 

schema. Therefore, even if linguistic perception on a task does not inherently involve 

language information for task completion, LSCs might still occur as the system 

defaults to using language specific task-schemas, and must now alternate between 

the two during the course of the task (Green, 1998; Thomas & Allport, 2000; Von 

Studnitz & Green, 1997). This alternating between task-schemas is assumed to 



invoke the same processes involved in switching between tasks of a non-linguistic 

nature, which also results in a response time cost (Rogers & Monsell, 1995). 

Although there are notably different accounts of how domain-general task switch 

costs arise (Logan & Bundesen, 2003; Rogers & Monsell, 1995; Rubin & Meiran, 2005; 

Wylie & Allport, 2000), the key implication of the IC account of LSC is that it asserts 

that language switches involve the same processes as domain-general switch costs. 

 

 

4.2.2. Non-Executive Function Accounts: Lexical and Task-Based 

  

Beyond the assumption  that LSC might reflect domain-general task-switches, 

there are a variety of alternative accounts for why language switch costs occur in 

perception. I restrict myself here to two alternatives which reflect the non-EF models 

of bilingual language control proposed in Chapter 2.  

The first alternative is a possible lexical source for the recognition switch cost. 

Van Heuven and colleagues (1998), in a model of bilingual visual recognition they 

call the Bilingual Interactive Activation (BIA) model, proposed that the bilingual 

lexicon contains cross-language inhibitory processes, such that activation of items 

from one language results in the inhibition of items from the other language (see 

Figure 4.4 below).  



 

 

FIGURE 4.4. Simple schematic depicting how cross-language lexical inhibition might operate 

according to the BIA model. Words from L1 activate a language node corresponding to L1, 

which subsequently inhibits all items corresponding to L2. This activity is assumed to occur 

within the mental lexicon. 

 

 To account for the LSC, this cross-language lexical inhibition can be assumed 

to extend across trials, causing a delay in lexical access for language switches 

because the previous non-target language must recover from inhibition before 

entries from that language can be activated again.  This idea thus attributes the 

perceptual switch cost to the organization of the bilingual lexical system (Grainger et 

al., 2010), and explains them in a fairly intuitive manner—even in an integrated 

lexical system, cross-language lexical inhibition means that there will always be a 

cost of switching from one language to another. Under this model, LSC could 

potentially be accounted for without any involvement from processing external to 

the lexicon.  



The second non-EF account of the perceptual LSC attributes it to the task-

schema stage of bilingual processing. Under this model, lexical entries from the 

lexical system are transferred indiscriminately into the task schema. At this point, 

lexical outputs are mapped onto appropriate responses in accordance with the 

requirements of the task (Dijkstra & Van Heuven, 2002). It is during this mapping 

process, that the LSC may arise, as temporary associations between response and 

language may inadvertently form (Hommel, 1998; see Figure 4.5 below). 

 

FIGURE 4.5. Simple schematic showing bindings between response and stimulus information 

being formed. Black arrows represent the flow of processing form the stimulus to response and 

other representations, while red arrows represent associations being formed. Activation of the 

word dog results in a certain response. This response forms an association to the original 

stimulus ‘dog’, and inevitably, to the language information it contains. 

 

Assuming that mappings between stimulus information and response 

information might persist over time (Hommel, 1998; Oberauer & Vockenberg, 2009), 



consistencies in stimulus information (i.e., repeat language trials) would result in 

facilitation for subsequent trials, but inconsistencies (i.e., language switch trials) 

would result in a relative slowing, as the old associations cannot be used and must 

be replaced. Notably, not all stimulus properties necessarily form these types of 

direct associations with responses (Hommel, 1998, 2004; Hommel & Colzato, 2004). 

Subsequently, this account implies that language information may have some 

privileged status in the context of response binding, hinting at a possible relevance 

for response binding in language control more generally. Response bindings can 

explain the perceptual LSC without necessarily involving EFs or through any 

specific organisational structure in the lexical system—LSCs under this account 

would purely be due to low-level sequential effects caused by the formation of 

temporary stimulus-response bindings.  

 

4.3 Difficulties In Identifying The Source of Switch 

One prevailing difficulty in identifying the source of the LSC is that all three 

accounts of the phenomenon make the same prediction: they stipulate that there will 

be a mean RT cost of switching. Consequently, direct links between the LSC and 

hypothesized processes such as set-shifting or recovery from lexical inhibition are 

difficult to demonstrate without artificially manipulating the perceptual tasks in a 

complex manner, which adds potential confounds to the original phenomenon. 

Here, I propose an alternative approach involving decomposing the processes 



involved in language perception into basic sub-processes in order to identify 

signatures of processing which might indicate different accounts of the LSC. In 

Chapter 5, I introduce the Diffusion Model (DM; Ratcliff, 1978), a sequential 

sampling model that constitutes the main methodological tool that will be used 

throughout the course of this thesis in order to achieve this goal of task 

decomposition. In Chapters 7 and 8, I utilise the DM to investigate the perceptual 

LSC in terms of the accounts presented here, with minimal changes to the simplest 

versions of two perceptual tasks: Generalised Lexical Decision and Semantic 

Categorisation. 

 

 

 

 

 

 

 

 

 



5 Decomposing Psychological Processing 

with Models of Response Time  
 

Both the literature on the BA covered in Chapter 3 and the bilingual switch 

cost covered in Chapter 4 ultimately revolve around trying to identify the specific 

cognitive processes involved in particular behavioural phenomena. One 

complication involved in this endeavour is that the tasks used to measure these 

phenomena are complex, and involve a variety of cognitive sub-processes (Burgess, 

Alderman, Evans, Emslie, & Wilson, 1998; Hilchey & Klein, 2011). Consequently, 

measures such as mean Response Time (RT) or accuracy, which are typically used in 

the research from these fields, do not provide pure accounts of the processes of 

interest but rather reflect a conflation of different processes (Heathcote, Popiel, & 

Mewhort, 1991; Luce, 1986).  

In this chapter, I provide an overview of an alternative to mean RT analysis 

which allows for a more fine-grained analysis of cognitive processing: the analysis of 

the entire distribution of RTs through an influential sequential sampling model, 

Ratcliff’s Diffusion Model (DM; Ratcliff, 1978). This approach allows the separation of 

processes which are central to the task-related decision from those involved in the 

more peripheral aspects of task performance. In the following section, I highlight the 

issues with the mean RT analysis, and provide an overview of the basis of modelling 

RT distributions with models such as the DM before finally providing a detailed 



account of how model parameters might be used to identify the relevant 

psychological processes involved in bilingual processing across both the non-

linguistic and linguistic domains.  

 

5.1. The Shortcomings of Mean RT 

 

To address the problem of ‘task impurity’ associated with mean RT, 

researchers often use complex experimental manipulations that aim to selectively 

influence specific cognitive processes. For example, in their investigation of the 

switch cost in bilingual recognition, Von Studnitz and Green (1997) tested the idea 

that bilinguals switch between task-schemas for each language during a Generalised 

Lexical Decision (GLD) task which involved lexical decisions with words from both 

of their languages. To do this, they manipulated the GLD task such that trials were 

cued to indicate whether they corresponded to English LD, or German LD. In this 

modified version of the task, they observed a large cost of switching on trials in 

which participants switched from LD for a word in one language to LD for a word 

the other language, and concluded that these same costs underlie the cost of 

switching from one language to another in the un-cued version of the task.  

However, changing the task often introduces complications which render it 

difficult to make inferences about the effects that are found. In the Von Studnitz and 



Green (1997) example, costs were observed for switching between types of LD in the 

cued version of the GLD, but it is uncertain whether these switch costs reflect the 

same costs observed in the original paradigm, or whether they reflected a new and 

additional processing cost introduced by the manipulation;  for example, the 

introduction of goal-related information relating to language. The cued version of 

the task can arguably be classified as distinct from the original GLD task in which 

there is no explicit distinction made between words from the two languages. 

Consequently, by introducing additional task demands, the cued version of the GLD 

further complicates explanations of the language switch cost, rather than clarifying 

the underlying mechanisms, especially when the data between tasks are compared 

on an aggregate measure such as mean RT. Thus, although manipulations of this 

kind are helpful in that they inform us of the contexts under which certain 

behavioural phenomena might change, they do not necessarily inform us with 

regards to the nature of specific cognitive processes involved in a task. 

Rather than attempting to continually manipulate the experimental conditions 

that may influence behavioural phenomena, I note that there may be more 

information in RT and accuracy data in the simplest cases of bilingual behaviour 

(i.e., performance on a GLD task) that is being missed by the analysis of mean RT. 

The current widespread method of summarising RT in terms of means (some 

exceptions: Abutalebi, Canini, Della Rosa, Green, & Weekes, 2015; Hartanto & Yang, 

2016; Roelofs, Piai, & Garrido Rodriguez, 2011) is problematic because RT 



distributions are typically (positively) skewed and thus any measure of central 

tendency (mean, mode, median) may not provide an appropriate summary of the 

distribution (Heathcote et al., 1991; Luce, 1986). Furthermore, summarising the 

distribution into a single statistic, results in the loss of information present in the 

shape of the distribution (i.e., skewness and kurtosis). Lastly, having accuracy and 

RT as separate measures is problematic because these two measures may trade off 

against each other (Wickelgren, 1977), meaning that strategic choices favouring 

quick versus cautious responding may influence whether behavioural effects will 

manifest in RT or accuracy, complicating the interpretation of the analyses.  

A more complete measure of behaviour can be attained by utilising data 

modelling frameworks that provide a description of the entire distribution of correct 

and error RTs. Crucially, the shape of an RT distribution may reveal more 

information regarding different aspects of psychological processing that are lost 

when RTs are collapsed into means (Heathcote et al., 1991). Currently, there exist 

models which can simulate the shape of RT distributions. Conveniently, these 

models enable researchers to quantify the range of participant behaviour including 

accuracy, the distribution of correct and incorrect responses, and the non-

independence of response time and accuracy (i.e., speed-accuracy trade-offs) on a 

task as a set of model parameters (Brown & Heathcote, 2008; Ratcliff, 1978; Tillman, 

2017).  

 



 

5.2. Characterising Distributions of RT 

 

5.2.1. A Descriptive Model: The ex-Gaussian 

 

Although RTs have been studied since the inception of the discipline of 

psychology as a scientific endeavour (Donders, 1868), model-based decomposition of 

the distribution of RTs is comparatively new (LaBerge, 1962; McGill, 1963; Stone, 

1960). One early model that successfully provided an approximation of the 

distribution of RTs expressed as a set of parameters is the ex-Gaussian distribution 

(Hohle, 1965). The ex-Gausssian is derived as a convolution of an exponential and 

Gaussian distribution; it captures the shape of a complete RT distribution in terms of 

three parameters. The paramenters µ (mu) and σ (sigma) correspond to the mean and 

variance of the Gaussian component respectively, thus influencing the centre and 

width of the distribution. The τ (tau) paramenter corresponds to the rate of the 

exponential component, affecting the tail of the distribution (see Figure 5.1 below for 

an illustration of how changing different parameters affects the shape of the 

distribution). The utility of the ex-Gaussian lies in the fact that it captures the typical 

shape of real observed RT distributions (i.e., unimodal and right-skewed), making it 

an excellent tool to quantify how experimental manipulations might change the 

shape of a distribution. For example, Rohrer & Wixted (1994), showed that longer 



list-length in a free-recall memory task increased τ, the tail of the distribution, 

without changing µ, the centre of the distribution. In another example, Balota and 

Spieler (1999) demonstrated that word frequency in a single language LD task 

influenced both τ and µ, thus showing that lower frequency stretches the RT 

distribution as well as shifts it forward. Both cases show how the ex-Gaussian can 

provide a richer analysis than can be obtained from mean RT, and also demonstrate 

its flexibility: the ex-Gaussian has been fit to a wide array of RT data across a range 

of cognitive tasks and domains (Balota & Spieler, 1999; Hockley, 1984; Hohle, 1965; 

McGill & Gibbon, 1965; Rohrer & Wixted, 1994; Schmiedek, Oberauer, Wilhelm, Süß, 

& Wittmann, 2007).  

  

FIGURE 5.1. The ex-Gaussian distribution summarises the distribution of RTs as a set of three 

parameters. This figure depicts how different parameter changes can influence the predicted 

probability density (y-axis) of different RTs (x-axis) according to the model. As can be seen in 

the figure: 1) increasing µ shifts the distribution forward 2) Increasing σ widens the distribution 

of RTs at both sides 3) increasing τ fattens the positive tail of the distribution. 

 



Going a step further, some researchers have suggested that the parameters of the 

ex-Gaussian could potentially reflect psychological processing. For example, higher 

order cognitive processing has been attributed to the exponential component (τ) 

while lower order processing has been attributed to the normal component (µ; 

(Balota & Spieler, 1999; Hohle, 1965; Rotello & Zeng, 2008). Two issues however, 

pose problems for this application of the ex-Gaussian. The first is that there is no 

psychological basis for the attribution of these parameters to their corresponding 

processes other than to assume that higher order processes are exponentially 

distributed and lower order processes are normally distributed (Heathcote et al., 

1991; Luce, 1986). Secondly, and perhaps more importantly, the parameters of the ex-

Gaussian have not been exclusively linked to psychological processes with any 

consistency, with studies showing that manipulations sometimes affect µ and other 

times τ across different experiments (Matzke & Wagenmakers, 2009). Thus, although 

the ex-Gaussian can be used to summarise RT data very well, the psychological 

process interpretations of the parameters of the model are currently unclear 

(assuming they exist). Subsequently, the utility of the ex-Gaussian is currently 

limited to a descriptive capacity (Heathcote et al., 1991; Matzke & Wagenmakers, 

2009; Ratcliff, 1978). 

 

 



5.2.2. A Process Model: The Diffusion Model 

 

Superseding the ex-Gaussian as a description of RT distributions are a class of 

models known as sequential sampling models (Ashby, 1983; Laming, 1968; Link & 

Heath, 1975; Ratcliff, 1978). These models envision a psychological task (typically a 

2-Alternative Forced Choice—2AFC task) as an iterative process of repeatedly 

sampling evidence favouring one decision option or another over time. This 

evidence sampling process will terminate once a set amount of evidence has been 

sampled (i.e., a ‘response boundary’ is reached), resulting in the activation of a 

corresponding decision. The sampling process provides two outputs that can be 

matched to real-world data: 1) the time taken to arrive at the response boundary 

reflects the associated response time; and 2) the activated decision reflects a real-life 

task response (i.e., a button press). Randomness in the rate of evidence accumulation 

allows this process to produce a distribution of first passage times, which reflects the 

distribution of response times, and their associated outcomes, on a task. Similar to 

the ex-Gaussian, sequential sampling models allow the decomposition of RT 

distributions into a set of core parameters. The key difference between sequential 

sampling models and the ex-Gaussian is that the parameters derived from sequential 

sampling models can be interpreted in terms of psychological processing rather than 

simply being descriptors for a RT distribution.  



The four core parameters typical of the sequential sampling models are 1) the 

rate of evidence accumulation, known as the drift rate (ν); 2) the amount of evidence 

required to initiate an associated response (evidence threshold; a); 3) the point at 

which evidence begins to accumulate (start point; z); 4) and the time taken up by 

non-decision processes (non-decision time; Ter). Although more complicated versions 

with additional parameters exist (e.g,, Usher & McClelland, 2001; White, Ratcliff, & 

Starns, 2011), these primary parameters tend to be universal among different 

sequential sampling frameworks (Ratcliff & Smith, 2004a). Below in Figure 5.2, I 

present an illustration of the time course of processing as specified by one 

particularly influential sequential sampling model, the Diffusion Model (DM; 

Ratcliff, 1978), which I have chosen as the primary model to be used throughout this 

thesis.   

     

FIGURE 5.2. Schematic depiction of response time decomposition using the diffusion model. 

Observed response times are composed of the time required for decision making (decision 

time), and processes unrelated to the decision making process (non-decision time) including 

stimulus encoding, and response execution. Once the decision making process begins, an 

evidence accumulation process begins at z and moves stochastically towards one of two 

boundaries, located at a or 0 in the figure. Evidence accumulation is a stochastic process making 

the rate of evidence accumulation vary from trial to trial; the mean rate of evidence 

accumulation is characterized by the drift rate (ν). Once the evidence accumulation process hits 

a boundary, the corresponding response is initiated. The time course of processes outside of 

+ 



decision making is captured by the non-decision time parameter, Ter, which is assumed to vary 

uniformly from trial-to-trial, depicted by the uniform distribution in the figure. 

 

Changes to the drift rate, non-decision time and boundary separation 

parameters of the DM influence the predicted shape of the distribution of correct 

and error RTs, and the proportion of errors in various ways (see Figure 5.3). Changes 

to start point, meanwhile cause a response bias which influences the proportion and 

distribution of RTs for specific task responses (see Figure 5.4 below).  

(A) 

 

 

(B) 

 



(C) 

 

FIGURE 5.3. Illustration of how different DM parameters change the shape of correct and error 

RT distribution. Each figure depicts the effect of adding some constant (h) to a parameter value. 

A) Increasing the drift rate (θ) by adding some constant (h) decreases the proportion of errors 

and thins the positive tail of correct RTs. B) Increasing boundary separation (θ) by adding some 

constant (h) decreases the proportion of errors but also fattens the tail of the distribution of 

correct RTs and shifts the mean of correct RTs forward. C) Increasing non-decision time (θ) by 

adding some constant (h) does not change the proportion of errors or the shape of the 

distribution, though it shifts the means of both correct and incorrect RTs forward. 

 

 

 

FIGURE 5.4. Illustration of how the start point DM parameter changes the proportion and shape 

of different response RTs. An unbiased accumulation process (a/2) would predict symmetrical 

RT distributions and equal proportions of each response. A biased accumulation process (a/2 + 

h) would increase the proportion of responses favoured by the bias and speed them up. The 

alternate response that is not favoured by the bias is meanwhile slowed, as the accumulation 

process must travel farther to reach the corresponding response boundary.  

 



In addition to accommodating the shape of different RT distributions, the 

parameters of the DM have psychological process interpretations which have been 

validated (Voss, Rothermund, and Voss, 2004). For example, Voss and colleagues 

(2004) used the DM to analyse RT data from a colour discrimination task and found 

that manipulations relating to different psychological processes were captured by 

changes to the corresponding parameters (see Table 5.1 below).  

 

TABLE 5.1. Parameters of the Diffusion Model and Their Relation to Cognitive 

Processing 

 

Parameter Symbol Cognitive Process 

Represented 

Empirical Validation in Voss, 

Rothermund and Voss (2004) 

Drift Rate v Rate of evidence 

accumulation: reflects the 

quality of stimulus 

information driving the 

decision process 

Reducing stimulus 

discriminability resulted in a 

reduction in drift  rate 

Boundary 

Separation 

a Response caution: 

determines the response 

thresholds 

Motivating participants to 

respond more accurately 

induced wider boundary 

separation 

Starting Point z Response bias: 

determines the starting 

point for evidence 

accumulation 

Asymmetric rewarding of 

responses shifts z toward the 

boundary with higher 

rewards 

Non-decision 

 Time 

Ter Other task-related 

processes (e.g., Sensory 

encoding, attention 

shifting, motor response). 

Increasing complexity of the 

motor response required for 

the task increased non-

decision time 



 

Note that I choose the DM here for convenience as it is currently one of the 

most widely used sequential sampling models and hence, has extensive 

documentation regarding its properties (Ratcliff & McKoon, 2008; Ratcliff & Smith, 

2004a; Vandekerckhove & Tuerlinckx, 2007; Voss et al., 2004; Wagenmakers, 2009). 

Notably, although other sequential sampling models contain differences at the level 

of implementation (i.e., some models express responses as accumulators racing 

against each race towards a single boundary; Brown & Heathcote, 2008; Tillman, 

2017), they share common explanatory principles with the DM relating to their 

parameters (i.e., drift rate always reflects the mean rate of evidence accumulation), 

and subsequently it is reasonably safe to assume that psychological processes 

affecting a certain parameter in one model should affect the same parameter in a 

different model. Indeed, simulations and fits to real empirical data show that 

experimental manipulations tend to cause the same parameter changes, regardless of 

the model used (Donkin, Brown, Heathcote, & Wagenmakers, 2011; Tillman, 2017; 

though for an exception, see Heathcote & Hayes, 2012). I take advantage of the 

simplifying assumption that these models capture basic psychological processes 

through similar parameter changes, and thus rely on fitting RT distributions 

exclusively with the DM throughout the course of this thesis. 

 



5.3. Relating the DM to The Current Tasks 

 

For the current thesis, the DM is applied to 2AFC paradigms (i.e., flanker 

tasks, GLD tasks, and a semantic categorisation task) in order to decompose 

processing into sub-components. It is important to acknowledge that the DM is 

agnostic with regards to what constitutes evidence on a particular task (Ratcliff & 

McKoon, 2008). This allows the DM to fit a variety of data from different paradigms, 

but also means that the DM is not a substitute for a complete psychological model of 

cognitive processing. Rather, the DM acts as a complement to psychological models 

and theories of cognition by providing a framework for breaking down the tasks 

used to measure cognition into processes which are central to the task decision (drift 

rate) and those which are peripheral, but nonetheless important to the task decision 

(non-decision time, response caution, bias). In this regard, the DM can provide 

insight into the sub-components of cognitive processing involved in a task. The DM 

thus allows for the analysis of tasks at a level that is more detailed than analysis of 

mean RT, but does not require the explicit characterisation of the time course of 

every specific process involved in each task (an endeavour which would likely take 

much more than a single thesis to achieve). The advantage of utilising the DM, and 

the overall rationale behind this thesis, is that one can take a standard paradigm 

such as the flanker task, and analyse the parameter changes (i.e., drift rate vs non-

decision time) that are involved in a certain behaviour (i.e., incongruency), and then 



proceed to investigate how other factors (i.e., bilingualism) might influence these 

parameter changes.  

The key DM parameters for the purpose of this thesis are the non-decision 

time and drift rate parameters, which are assumed to reflect processes peripheral to 

task completion and central to task completion respectively. The finer details which 

define the two types of processes will depend on the context of the task used (the 

decision processes is not the same for a flanker task compared to a lexical decision 

for example), but generally, the pattern of changes to decision and non-decision 

processes will be used to make inferences regarding the nature of cognitive 

processing in the BA and the bilingual switch cost.  

In Chapter 6, I use the DM to analyse a set of flanker task data from elderly 

bilinguals in Hong Kong and elderly monolinguals in Milan in order to generate a 

focused account of the psychological processes underlying the supposed bilingual 

advantage. In Chapter 7, I analyse data from Spanish-English bilinguals in 

Melbourne regarding the nature of the bilingual language switch costs in a GLD task 

to verify whether they are similar to set-shifting task-switch costs. In Chapter 8, I 

extend results from Chapter 7 to another 2AFC recognition paradigm: semantic 

categorisation in another sample of bilinguals (Chinese-English) to see whether the 

results of Chapter 7 are consistent across different tasks and populations.  

 The results of analyses spanning both linguistic and non-linguistic tasks in 

different populations will then be integrated in order to answer the question of 



whether bilingual language control involves EFs and to provide insight into the 

nature of bilingual language control. In this manner, this thesis will not necessarily 

provide a complete account of bilingualism, but should be treated as a stepping-

stone towards that explicit goal. 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 Study 1: A Diffusion Model Analysis 

of the Cognitive Processes Underlying 

the Bilingual Advantage 
 

In this chapter I report on an investigation of the Bilingual Advantage (BA) in 

which I apply the Diffusion Model (DM) to an existing data set for which a BA on 

Flanker Task performance was found. I begin my investigation of the putative role of 

EF in bilingual language control with an analysis of the BA because the BA is core to 

the argument that EFs are routinely recruited in bilinguals’ everyday ability to 

control language.  

This investigation was published in the Journal of Neurolinguistics (Ong et al., 

2017), and is presented in this format.  

 

6.1 Aims 

 

The aim of Study 1 is to investigate the claim that the BA in non-linguistic 

processing reflects enhanced EF in bilinguals compared to monolinguals. Abutalebi, 

Canini, Della Rosa, Green, and Weekes (2015) provided a data set that exhibits 

evidence of a Response Time (RT) advantage on Flanker task performance in a 

sample of elderly bilinguals from Hong Kong over a sample of matched 

monolinguals from Milan, Italy. Notably, the authors of that paper characterised the 

difference in RT distributions between bilinguals and monolingual in terms of ex-

Gaussian parameters, which provided a succinct summary of the RT distribution 

data. As stated in Chapter 5 however, these shape changes can not be clearly linked 

to specific cognitive processes (Matzke & Wagenmakers, 2009).  



Here, I sought to elucidate the cognitive processes underlying the apparent 

BA in this data set by fitting the DM (Ratcliff, 1978) to the data, and identifying 

parameter differences present between monolinguals and bilinguals. Conveniently, 

in the context of the Flanker task, the two cognitive processes which have been 

proposed to underlie the BA, inhibition (Bialystok et al., 2012) and selective attention 

(Friesen et al., 2015) can be mapped onto the drift rate and non-decision time DM 

parameters respectively (a more in-depth explanation is provided in the attached 

manuscript). Subsequently, the BA can be summarised as a difference in drift rate or 

non-decision time which reflect different psychological interpretations: increased 

drift rates for bilinguals reflect superior inhibition, decreased non-decision time for 

bilinguals reflects an advantage in selective attention.  

By applying a modelling technique that enables a more precise description of 

the processes underlying cognitive processing in the Flanker task, I am able to 

identify the specific cognitive processes which underlie the BA on the Flanker task—

something which cannot be achieved with mean RT analysis given task impurity 

(Burgess et al., 1998). In the context of the central research question, an advantage in 

inhibition provides support for the notion that the inhibitory EF is enhanced by 

bilingualism, potentially implicating a role for EF in bilingual language control. A 

selective attention account meanwhile would not implicate EF, though would 

provide evidence for the possible involvement of other domain-general processes in 

bilingualism.  

Note that due to this chapter’s status as a stand-alone publication, some 

introductory content may overlap with the literature review of this thesis. 

Subsequently, if desired, the reader may skip ahead to section 1.2 of the manuscript, 

which maps the diffusion model parameters to the cognitive process involved in the 

flanker task. 

 



6.2. Manuscript 

Abstract 

Elderly bilingual speakers exhibit a response time (RT) advantage on tests of 

executive function such as the Flanker task. There is, however, a lack of 

consensus regarding the cognitive mechanisms underlying this bilingual 

advantage. We analysed Flanker task performance from elderly bilingual (N=29, 

age range = 55-75) and monolingual (N = 27, age range = 53-75) speakers using 

Ratcliff’s (1978) diffusion model, which conceptualises decision-making as a 

stochastic evidence accumulation process governed by parameters with 

empirically validated psychological interpretations. These parameters were 

analysed to investigate differences in cognitive processing between bilingual 

and monolingual groups in flanker RT performance. A bilingual advantage on 

decision making onset (the non-decision time parameter) was observed. Non-

decision time was shorter on incongruent flanker trials for bilingual speakers 

but other parameters relating to quality of evidence (drift rate) and decision 

criterion (boundary separation) did not differ between groups. We interpret this 

non-decision time cost as reflecting a process of attentional ‘filtering out’ of 

distracting information. We therefore contend that lifelong bilingual language 

experience generates enhanced attentional control for seniors. 

 



Introduction 

 

1.1. The Bilingual Advantage 

Bilinguals have an advantage over monolinguals on tasks that require 

attention, memory and executive control (see Valian, 2015, for a review). This 

bilingual advantage manifests as differences in response time (RT) on tasks that 

require these cognitive processes. For example, bilinguals typically exhibit 

shorter mean RTs than monolinguals on tasks that generate response conflict 

such as the Flanker (Abutalebi & Green, 2007; Costa, Hernandez, Costa-Faidella 

& Sebastian-Galles, 2009; Luk, De Sa & Bialystok, 2011), the Simon (Bialystok, 

Craik, Klein, & Viswanathan, 2004; Linck, Hoshino & Kroll, 2008), the Stroop 

(Bialystok, Craik & Luk, 2008; Heidlmayr, Moutier, Hemforth, Tanzmeister & 

Isel, 2014) and other related tasks (see Bialystok, Craik, & Luk, 2012 for a 

review; see also Barac & Bialystok, 2012). These effects tend to be more robust in 

children and seniors although they are not exclusive to these groups of 

participants (Zhou & Krott, 2015).  

Theoretical accounts of the bilingual advantage have not reached 

consensus (Hilchey & Klein, 2011). One popular account of the advantage is 

that bilingual speech engages cognitive inhibition in order to prevent 

interference from non-target language items during discourse, thus making 

bilinguals experts in cognitive inhibition (Kroll & Bialystok, 2013). Some studies 



however, report no differences between bilinguals and monolingual peers in 

tasks that putatively require cognitive inhibition such as verbal and non-verbal  

Stroop tasks (Duñabeitia et al., 2014), Attentional Network Test (Antón et al., 

2014), Wisconsin Card Sorting test, and tests of metalinguistic judgments 

(Gathercole et al., 2014). Inconsistent findings have led some to question the 

veracity of the bilingual advantage (Paap, Johnson & Sawi, 2015), and is the 

basis of a lively debate that is current in the field of bilingual language 

processing (compare discussion between Bialystok, Kroll, Green, MacWhinney 

& Craik, 2015, and de Bruin, Treccani, & Della Sala, 2015). 

Inconsistent results across studies may be due to a range of factors. Prior 

and Gollan (2011) argue that variability in the language background of bilingual 

speakers makes the bilingual advantage elusive. For example, control over 

inhibitory processes involved in suppression of a non-target language(s) will 

vary according to whether one language is more dominant, as this would 

generate less inhibitory control compared to bilinguals who constantly switch 

between their languages in daily life (e.g. Green & Abutalebi, 2013). Valian 

(2015) meanwhile argues the bilingual advantage depends on age and notes 

that it is more common in seniors (Bialystok et al., 2004; Zahodne, Schofield, 

Farrell, Stern & Manly, 2013). She suggests that bilingualism is one of many 

‘cognitively engaging’ activities which may provide a cognitive advantage; 

seniors in particular may be less likely to participate in many other activities of 

this kind, and thus the benefits of bilingualism appear more salient in older 



populations. The issue of when and how the bilingual advantage emerges is of 

considerable theoretical importance, but a deeper problem is the lack of a 

coherent account of the cognitive processes leading to the bilingual advantage. 

The behavioural studies used in the bilingual advantage literature typically 

utilize tasks that necessarily involve different cognitive processes to varying 

degrees (e.g. monitoring, inhibition, shifting; Miyake et al., 2000; Friedman et 

al., 2008; Miyake & Friedman, 2012) thus making it hard to identify the exact 

process(es) which drive the advantage. Indeed, Paap and Greenberg (2013) 

demonstrated that performance on the tasks that elicit the bilingual advantage 

do not correlate with each other, highlighting the multidimensional nature of 

the cognitive processing involved in these tasks, and the difficulty in 

identifying a common underlying factor for the bilingual advantage. 

The difficulty in isolating specific cognitive processes from 

multidimensional tasks such as the flanker is further corroborated by the 

current methods of data analysis utilized in the bilingual advantage literature. 

Typically, the tasks used to interrogate the bilingual advantage generate RT 

data and errors, and analysis is often limited to the statistical comparison of 

mean RTs. While this provides a good description of overall performance across 

groups, it does not, by itself, identify the cognitive processes that drive group 

differences. Consequently, the cognitive processes that underlie the bilingual 

advantage remain largely underspecified (though see Costa et al. 2009), most 

critically within the population of bilingual seniors. 



Abutalebi and colleagues (2015) reported an RT analysis of performance 

of elderly bilingual and monolingual speakers on an arrowed version of the 

Flanker task (Fan et al., 2002) and found a significant bilingual advantage in 

terms of faster mean RT. Furthermore, they utilized an ex-Gaussian distribution 

function to describe precise aspects of the shape of RT distributions where 

bilinguals and monolinguals differed. The ex-Gaussian distribution is a 

convolution of Gaussian and exponential distributions, and is defined by three 

parameters: µ, σ, and τ, which correspond, respectively, to the mean and 

variance of the Gaussian component, and the rate of the exponential 

component. The shape of the ex-Gaussian bears many of the characteristics of 

empirical RT distribution data (e.g., a steep “leading edge” and a positively 

skewed tail). Such correspondence permits efficient summary of RT distribution 

data via the parameters of the ex-Gaussian, which can reveal subtle differences 

in performance that can be obscured by analysis of mean RT (Heathcote, Popiel, 

& Mewhort, 1991; Luce, 1986). Abutalebi et al. (2015) found that the advantage 

on Flanker task performance for bilingual seniors is be characterized by 

differences in the µ parameter on congruent trials and τ parameter for 

incongruent trials.  

Although ex-Gaussian analyses are useful for identifying how RT 

distribution data differ across groups (e.g., degree of right skew), they do not  

readily detect the cognitive processes responsible for generating these 

differences (Matzke & Wagenmakers, 2009). An alternative method of analysing 



RT data that does permit interpretations about underlying cognitive processes 

involves fitting the RT distributions with a cognitive model of choice-RT, such 

as the diffusion model (Ratcliff, 1978; Ratcliff & McKoon, 2008). The diffusion 

model conceptualizes decision-making in terms of a stochastic evidence 

accumulation process. According to the model, decisions are driven by 

sequentially sampling stimulus information with each sample providing a 

quantity of evidence favouring one response alternative over another. 

Information from successive samples is accumulated over time until the process 

reaches a pre-defined evidence threshold set by the decision-maker, after which 

the appropriate response is initiated (see Figure 1). 
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FIGURE 6.1. Schematic depiction of response time decomposition using the diffusion model. 

Observed response times are made up of two parts: One corresponding to the time required to 

make a decision, the other corresponding to time related to other non-decision processes (e.g., 

orienting of attention, stimulus encoding, and response execution). Decision-making is modeled 

as a process of evidence accumulation. Evidence accumulation begins at a point, z, with 



successive samples of the stimulus providing evidence for one or the other competing response 

alternatives. When the evidence accumulation process reaches one of the decision boundaries, 

the corresponding response it made. The time-course of non-decision processes outside of the 

decision process itself are modeled using a non-decision time parameter, Ter. The efficiency of 

non-decision processes is assumed to vary from trial-to-trial, depicted by the uniform 

distribution in the figure. 

 

Choice behaviour in the diffusion model is governed by four key 

parameters: drift rate, boundary separation, starting point and non-decision 

time. Critically, for present purposes, each parameter can be associated with 

empirically validated psychological processes that are related to the decision-

making process itself, as described in Table 1 (Voss, Rothermund & Voss, 2004).  

 

TABLE 6.1. Parameters of the Diffusion Model. 

Parameter Symbol Psychological Process 

Represented 

Empirical Validation in Voss, 

Rothermund and Voss (2004) 

Drift Rate v Rate of evidence 

accumulation: reflects 

the quality of stimulus 

information driving the 

decision process 

Reducing stimulus discriminability 

resulted in a reduction in drift  rate 

Boundary 

Separation 

a Response caution: 

determines the response 

thresholds 

Motivating participants to respond 

more accurately induced wider 

boundary separation 

Starting Point z Response bias: 

determines the starting 

point for evidence 

accumulation 

Asymmetric rewarding of responses 

shifts z toward the boundary with 

higher rewards 

Non-decision 

Time 

Ter Other task-related 

processes (e.g., Sensory 

encoding, attention 

shifting, motor 

response). 

Increasing complexity of the response 

required for the task increased non-

decision time 

 



 

The diffusion model provides a complete account of choice RT data on a 

variety of experimental tasks (Ratcliff & McKoon, 2008; Ratcliff & Smith, 2004) 

and is therefore a useful alternative tool to analyse RT distribution data from 

bilinguals and monolinguals. Importantly, because each parameter can be 

mapped onto a specific decision mechanism, fitting the model to data permits 

inferences about the underlying cognitive processes that are affected by 

experimental manipulations and, how those processes might differ across 

participant groups. With this in mind, our primary goal is to identify the 

cognitive processes underlying the bilingual advantage in the RT data reported 

by Abutalebi et al. (2015) using the diffusion model. By comparing parameters 

across flanker conditions for monolinguals and bilinguals, we can characterize 

the bilingual advantage more precisely in terms of underlying cognitive 

mechanisms. It is important to note that our results are relevant to the Flanker 

task and seniors only, and may not generalize to other conflict tasks or age 

groups. While this may limit the impact of the analysis, the findings will still be 

relevant for isolating one or more psychological processes associated with the 

bilingual advantage in the flanker task for seniors. 

 

1.2. Expectations 



A limitation of the ex-Gaussian distribution is that its parameters do not 

uniquely correspond to any of the decision mechanisms defined by the 

diffusion model (Matzke & Wagenmakers, 2009). It is therefore difficult to make 

predictions about variation in diffusion model parameters for bilingual seniors 

based on results from Abutalebi et al. (2015).  Fortunately however, the 

diffusion model has been applied to Flanker task data from monolingual young 

adult participants (White, Ratcliff & Starns, 2011). White and colleagues found 

that the flanker effect could be accounted for by assuming the decision process 

was affected dynamically by the gradual focusing of attention (e.g., zooming in) 

on a target during incongruent trials (Hubner & Tobel, 2012). Here, using a 

simpler standard implementation of the diffusion model, we expect this 

attentional control effect to manifest as a difference in the non-decision time 

parameter, which is sensitive to the time course of processes that are separate 

from evidence accumulation, such as orienting attention to a target stimulus 

(e.g., Sewell, Lilburn, & Smith, accepted pending revision). Although the 

present model implementation differs slightly from the more mechanistically 

complex version developed by White and colleagues—their model allowed drift 

rate to vary over the time course of individual trials, whereas we hold drift 

constant and attribute the flanker effect to changes in non-decision time—we 

note that time-varying drift produces the same effects as allowing non-decision 

time to vary, making conclusions drawn from one set of assumptions relatable 

to those drawn from the other (Smith, Ratcliff, & Sewell, 2014). Most 



importantly, our approach, along with that of White and colleagues, both 

account for the flanker effect in terms of the efficiency of attentional control 

processes (viz. the time needed to focus attention onto the target when 

presented in the context of conflicting distractor information). 

We expect there will be a time cost associated with attentional selection 

of the target, but it is important to note that attentional focus is not assumed to 

be absolute in its selectivity (Eriksen & St. James, 1986). Even after attention is 

focused on a target, evidence accumulation will be adversely influenced by 

conflicting information from distractors on incongruent trials (White et al., 

2011). It is thus expected that both non-decision time and drift rate will be 

affected by flanker trial type (congruent versus incongruent).  

With regards to bilingualism, no previous study has investigated the 

bilingual advantage in the context of the diffusion model. The model does 

however, overlap with the bilingual advantage literature, as the predictions of 

the model are sensitive to the effects of inhibitory processes, a popular 

interpretation of the bilingual advantage drawn from theories of bilingual 

language processing (Bialystok, Martin, & Viswanathan, 2005; Kroll & 

Bialystok, 2003). As we note above, it is often assumed that bilinguals inhibit 

the non-target language in their daily discourse in order to minimize the 

interference from it (Green, 1998). The exact mechanistic definition of inhibition 

in the context of the bilingual advantage is not well specified however (Colzato 



et al., 2008; Paap & Greenberg, 2013) and we thus reasoned that inhibition could 

affect diffusion model parameters in at least one of two ways. The first 

possibility is that inhibition could reduce interference from incongruent flanker 

information, preventing it from affecting evidence accumulation during 

decision-making. If the strength of inhibitory processing differs between 

monolingual and bilingual speakers, this would cause a difference in drift rates 

between groups. The second possibility is that inhibition could enhance the 

efficiency with which attention selectively focuses on target information—

without necessarily reducing interference. If bilinguals differ from 

monolinguals in this aspect of inhibitory processing, bilingual speakers would 

be faster to attend to target items and proceed to the evidence accumulation 

stage, leading to a difference in non-decision time. Either outcome can inform 

our understanding of the bilingual advantage in the context of the Flanker task. 

For example, a drift, but no non-decision time effect would imply that 

bilinguals actively suppress conflicting information provided by flanker stimuli 

even though bilinguals and monolinguals are equally affected attentionally by 

flankers. 

We thus expect the congruency effect (congruent trials faster than 

incongruent trials) to manifest in the drift and non-decision time parameters for 

both groups (cf. White et al., 2011). We also predict that there should be either 



drift or non-decision time (or both) interaction effects (trial type × group) 

depending on the nature of the bilingual advantage on the Flanker task. 

 

2. Methodology 

 

2.1. Participants 

Twenty-nine healthy bilinguals (13 males and 16 females; mean age = 

63.4; standard deviation [SD] = 5.8) and twenty-seven healthy monolinguals (13 

males and 14 females; mean age = 61.9; SD = 6.4) participated in the study. The 

bilingual participants were tested in Hong Kong, China while the monolingual 

group were tested in Milan, Italy. Monolingual controls were recruited from 

Milan due to the low prevalence of, and difficulty recruiting, monolingual 

speakers in Hong Kong. Monolinguals in Hong Kong tend to possess lower SES 

and education levels relative to bilinguals (Abutalebi et al., 2015). Groups were 

matched for MMSE score, socio-economic status (SES) and level of education 

(Abutalebi et al., 2015). The Human Research Ethics Committee at the 

University of Hong Kong approved the work, which formed a larger 

neurobiological study in Hong Kong and all participants provided informed 

consent. 

 



2.2. Procedure 

 Participants completed the Flanker task described by Fan and colleagues 

(2002). Stimuli were presented via a computer monitor. Each trial began with a 

fixation point at the centre of a screen presented for 400 ms, followed by a row 

of five arrows pointing either left or right for 1700 ms. Participants were 

required to identify arrow orientation (left or right) of the central target by 

pressing a dedicated response button. The flanking arrows (two on the left, and 

two on the right) could be congruent (same orientation as the target), 

incongruent (opposite orientation to the target) or neutral (no arrowhead). The 

experiment consisted of two sessions, each composed of 96 trials (32 congruent, 

32 incongruent and 32 neutral) presented in a random order. 

 

3. Analysis 

 

3.1. Diffusion Model Fitting 

Diffusion model parameters (drift rate, non-decision time, boundary 

separation and starting point) were estimated by individually fitting each 

participant’s RT distribution data. Three RT distributions (congruent, 

incongruent and neutral trials) were simultaneously fit per participant. Unique 

drift rate and non-decision time parameters were estimated for each of the 



flanker conditions. As there was no manipulation of reward for different 

response types we assumed an unbiased decision process and set z = a/2 (cf. 

Voss et al., 2004). Similarly, because the different trial types occurred in a 

random order and thus prevented systematic trial-by-trial differences in 

decision criterion, boundary separation was held constant across all flanker trial 

types. 

Following convention, the RT distributions were summarized by the 0.1, 

0.3, 0.5, 0.7 and 0.9 distribution quantiles as described by Ratcliff and 

Tuerlinckx (2002). Because there were too few error responses to generate RT 

quantiles—five response times are required to estimate five RT quantiles—only 

correct RTs were used for model fitting, though the overall error rate was also 

used to constrain parameter estimates. The minimum and maximum RTs 

observed were all within ranges typically examined using the diffusion model 

(i.e., greater than 150 ms and less than 2000 ms) and as such, RT data were not 

trimmed in order to preserve all RT distribution information (see Zhou & Krott, 

2015).  Diffusion model predictions were generated using methods described by 

Tuerlinckx (2004). For each individual, the diffusion model was fit to RT data 

using a SIMPLEX algorithm (Nelder & Mead, 1965) to estimate model 

parameters that minimized the log-likelihood ratio, G2 (see Equation 1), which 

summarizes the overall discrepancy between model predictions and observed 



data, indicating how well the model accounts for the data. Lower values of G2 

indicate closer fits to data. 
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  In Equation 1, i indexes the three flanker conditions, j indexes the six bins 

summarizing RT quantiles for correct responses (the seventh bin corresponds to 

overall error rate), p is the proportion of observations in each bin, and π is the 

proportion of observations in each bin predicted by the diffusion model. Thus, 

parameter estimates were constrained not only the shapes of the RT 

distributions for correct responses, but also by accuracy. 

 

3.2 Parameter Comparison 

 The main analysis consisted of comparison of diffusion model 

parameters for monolinguals and bilinguals across flanker trial type conditions. 

To achieve this, two-way between-within participant analysis of variance 

(ANOVA; language group × stimulus type) were carried out for drift rates and 

non-decision times independently.  

The average G2 fit statistic across all participants was 11.47 (SD = 5.35), 

indicating close fits to data. Visual inspection of predicted vs. observed data 



confirmed that the model provided a good account of the individual data 

(Figure 2 shows predicted vs. observed data from a representative participant). 

 

 

FIGURE 6.2. Predicted and observed correct RT quantiles and accuracy of all participants. Each 

panel summarizes quantiles from three flanker conditions for each of the 56 participants. The 

first five panels depict data from a single RT quantile—with the first through fifth quantiles 

referring to the 0.1, 0.3, 0.5, 0.7, and 0.9 RT quantiles, respectively. The sixth panel depicts 

overall accuracy. Squares reflect incongruent trial data, circles reflect congruent trial data and 

triangles reflect neutral trial data. Monolingual data are represented by black plotting symbols 

while bilingual data are represented by white plotting symbols. In each panel, the diagonal 

reflects a perfect fit (i.e., where observed = predicted). 

 

 As expected, estimated boundary separation was similar for both groups 

(M  = 0.23, SD = 0.17 for monolinguals and M = 0.20, SD = 0.14 for bilinguals). 



Descriptive statistics for the average estimated drift and non-decision 

parameters across group and trial types are shown in Figures 3 and 4. 

 

 

FIGURE 6.3. Estimated drift rate parameters across flanker conditions for each language group 

averaged across participants. Error bars show 95% confidence intervals. 

 



 

FIGURE 6.4. Estimated non-decision time parameters across the flanker conditions for each 

language group averaged across participants. Error bars show 95% confidence intervals. 

 

3.2.1 Statistical Analysis of Drift 

 A two-way between-within participant ANOVA (Group × Stimulus 

Type) with drift rate as the dependent variable found a significant effect of trial 

type, F (2, 108) = 6.75, p < .01, ηp2 = .11, but no main effect of group F (1, 54) = .01, 

p = .92, ηp2 < .001, nor any interaction between group and trial type F (2, 108) = 

.851, p = .43, ηp2 = .016. These results are indicative of an overall congruency 

effect on drift but no influence of language group on drift, with lower drift rates 



on incongruent trials, compared to congruent and neutral trials (cf. White et al., 

2011).  

 

3.2.2. Statistical Analysis of Non-Decision Time 

 A two-way between-within participants ANOVA3 (Group × Stimulus 

Type) with non-decision time as the dependent variable showed that there was 

a significant effect of trial type, F(1.5, 81.08) = 124.16, p < .01, ηp2 = .70, as well as 

an interaction between trial type and language group F (1.5, 81.08) = 4.05, p = 

.03, ηp2 = .07, but no main effect of group F (1, 54) = 1.002, p = .32, ηp2 = .02. These 

results show an overall effect of (in)congruency on non-decision time and faster 

non-decision time for bilinguals than monolinguals in the incongruent 

condition only (refer to Figure 4).  

 

4. Discussion 

 

The aim of the present study was to identify specific cognitive processes that 

underlie the bilingual advantage on the Flanker task for bilingual seniors. To this 

 
3 Note that Mauchly’s Test of Sphericity indicated that the assumption of sphericity had been 

violated, χ2 (2) = 21.38, p < .001, and therefore Greenhouse-Geisser corrections were applied 

where appropriate.  



end, monolingual and bilingual RT distribution data from Abutalebi et al. (2015) was 

re-analysed using Ratcliff’s diffusion model (Ratcliff, 1978; Ratcliff & McKoon, 2008). 

 

4.1. Overall Trial Type Effects on Diffusion Model Parameters 

We generated separate estimates of drift rate and non-decision time across 

three flanker conditions.  For both bilingual and monolingual participants, we found 

lower drift rates on incongruent trials relative to congruent and control trials. This 

finding is consistent with studies of young adults showing that incongruent trials 

negatively influence the evidence accumulation process (White et al., 2011), and are 

consistent with models of the Flanker task that invoke an attentional orienting 

mechanism that is not absolute in selectivity (Eriksen & St. James, 1986). There were 

also differences in non-decision time between trial types, with higher non-decision 

times for incongruent trials relative to congruent and control trials for both 

monolinguals and bilinguals. Again, this finding is consistent with studies of young 

adults showing that incongruent trials require an additional perceptual process of 

‘attention zooming’ before the onset of the decision process and evidence 

accumulation begins (Hubner & Tobel, 2012).  Thus, it appears that the results of the 

current trial type analysis are consistent with previous analyses on young adults, 

showing both additional non-decision time, and reduced drift rate for incongruent 

trials. Ours is the first study to demonstrate these phenomena in the population of 

seniors. 



 

4.2. Bilingual Status Effect on Drift Rate 

In terms of the language status analysis, there were no significant differences 

in drift rate between the two groups, nor any interaction effects between group and 

trial type; both groups suffered from comparably reduced drift rates for incongruent 

trials. The lack of a between-groups drift effect suggests that bilinguals are just as 

affected as monolinguals by distracting non-target information during the evidence 

accumulation stage of the decision making process. It therefore appears that the 

bilingual advantage is not contingent on suppressing information which has already 

entered processing, constraining the plausibility of late stage information inhibition 

as the cause of the bilingual advantage. 

 

4.3. Bilingual Status Effect on Non-Decision Time 

Although there were no main effects of group on non-decision time, there was 

a significant interaction effect between non-decision time and language group, with 

bilinguals experiencing a lower non-decision time cost for incongruent trials relative 

to monolinguals (refer to Figure 4). This implies that bilinguals were more quickly 

able to proceed to the decision making stage, particularly for incongruent trials. 

Bilinguals thus appear to be faster at “zooming” in attention to the relevant target 

given distracting peripheral information. 



It should be noted that effects on non-decision time do not uniquely implicate 

specific cognitive processes, as the parameter summarizes the time course of all 

other processes apart from the decision itself (Ratcliff & McKoon, 2008). Although 

we attribute the bilingual advantage in the Flanker task to a reduced time cost 

associated with focusing attention on the target during incongruent trials—without 

any change in the degree of interference reduction—it is possible that there are other 

alternative accounts of this result. Pre-decisional perceptual processes and post-

decisional motor responses are the most common drivers of changes in non-decision 

time (Ratcliff & Smith, 2010; Voss et al., 2004). Perceptual processes relate to sensory 

encoding, and essentially shift the evidence accumulation process forward (or 

backward) in time, depending on whether these processes are facilitated or delayed, 

as sensory information must be encoded before evidence accumulation can start. 

Motor responses relate to the translation of a decision outcome into a physical action 

associated with that particular decision, adding to response time after a choice has 

been made. Many cognitive mechanisms, including attention orienting, are 

encompassed in these two broad groups of pre- and post-decisional processes that 

influence non-decision time. However, the contribution of an attention orienting 

mechanism to non-decision time might be a fairly general one, as systematic time 

costs associated with shifting the focus of attention among the contents of working 

memory has also recently been accounted for with non-decision time (Sewell, 

Lilburn, & Smith, accepted pending revision). 



Although non-decision time does not exclusively correspond to attention 

shifting, we favour an attentional control account because the other contributing 

non-decision time factors were held constant in the current experiment. Sensory 

encoding was controlled, as stimulus presentation was held constant across trials 

while the motor response was similarly constant across trials. Thus, the most 

parsimonious explanation of the non-decision time difference observed here is that it 

reflects an attentional control process, such as the attentional ‘zooming’ process 

postulated by Eriksen and Schultz (1979). It therefore appears that the process 

underlying the bilingual advantage on the Flanker task relates to greater control of 

attention, particularly in the presence of distracting peripheral information. This is 

interesting because it implies that the nature of the bilingual advantage is more 

related to perceptual processing controlling the onset of the decision driving a 

response, rather than informational processing controlling the quality of the 

response that is made, as one might intuitively suspect. 

 

4.4. Implication of results 

The results confirm and precisely characterize a bilingual advantage in the 

Flanker task, although the nature of the advantage is more limited in scope than one 

might have initially suspected. The difference in non-decision time suggests that 

bilingual speakers are more efficient in stimulus processing prior to the onset of 

decision-making, potentially implicating attentional control processes in the 



advantage. The absence of a drift effect meanwhile suggests that bilingual speakers 

are no better at suppressing conflicting information in flanker stimuli than 

monolinguals (i.e., the bilingual advantage reported here does not appear to reflect 

differences in interference reduction). 

The current results provide novel mechanistic insight into the nature of the 

bilingual advantage. The interpretation of an attentional advantage in bilinguals on 

the Flanker task has never before been revealed. Interestingly, the results are 

consistent with a recent study that demonstrated that bilinguals may be better at 

attentional search compared to monolinguals but only under conditions where 

surrounding items are difficult to distinguish from the target (Friesen, Latman, 

Calvo & Bialystok, 2014). It is also noteworthy that the current results do not 

necessarily disconfirm the ‘inhibitory’ account of the advantage (Kroll & Bialystok, 

2013), but rather, they add a level of detail to the inhibitory account by suggesting 

that the inhibitory process may relate to attention and early stage perceptual 

processing rather than late stage informational processing.  

It is also noteworthy that although the non-decision time effect observed in 

the current study is an interaction between language group and trial type, there were 

no such interaction effects present when only mean RTs were analysed from the 

same data set (Abutalebi et al., 2015). This demonstrates how important information 

about performance can be lost by analysing and comparing mean RTs only, and is 



further evidence for the importance of analysing complete RT distributions as 

opposed to averages in future studies (e.g., Heathcote et al., 1991). 

The current results are thus novel in both the methodology (the use of the 

diffusion model), and in terms of the insights into the psychological mechanisms 

underpinning the bilingual advantage (in the Flanker task) which have been 

revealed. The findings fill a gap in the literature concerning the exact nature and 

underlying mechanism of the bilingual advantage (Valian, 2015) as we can attribute 

the mean RT advantage on the Flanker task to a specific attentional control process. 

 

4.5. Future directions 

More experiments are required to empirically verify the conclusions of the 

current study.  Future studies should ideally focus on further testing of the 

attentional advantage in bilinguals by designing experiments that focus on the 

process of attentional zooming. As mentioned previously, a study by Friesen and 

colleagues (2014) has already established that bilinguals appear better able to search 

for targets which are surrounded by distractors with low discriminability. That 

research coupled with newer experiments could possibly ratify this specific process 

account of the bilingual advantage, at least with regards to the Flanker task. 

Additionally, future analyses of Flanker task performance between young 

adult bilinguals and monolinguals should produce similar patterns of parameter 



estimates (i.e., a non-decision time interaction effect) to those found in the current 

study. Such a result would further support the conclusions of the current study 

regarding the attentional nature of the bilingual advantage, and ease the doubts 

regarding consistency in the bilingual advantage literature (Hilchey & Klein, 2011). 

On the other hand, a lack of correspondence between future diffusion model 

analyses on the Flanker task (i.e., a drift instead of a non-decision time effect) may 

instead contradict the present conclusions regarding the nature of the bilingual 

advantage. Even so, such a result would inform the literature in a manner that was 

previously unavailable. Different patterns of parameter differences would imply that 

different processes may be driving the advantage in a different dataset, thereby 

demonstrating that the underlying ‘advantage’ provided by bilingualism may not be 

a single coherent advantage at all, but could reflect a multitude of processes that 

may be influencing cognition. 

There is also the potential to extend some of the other findings of Abutalebi 

and colleagues (2015). In addition to the behavioural effects, they also reported 

evidence for the existence of a possible ‘neural reserve’ provided by bilingualism. 

MRI data revealed that grey matter volume (GMV) in the right dorsolateral 

prefrontal cortex (DLPFC) was inversely correlated with the certain ex-Gaussian 

parameters but only for monolinguals. This information, coupled with other studies 

which have shown increased gray and white matter densities (Abutalebi et al., 2013; 

Zou et al., 2012) and the observed later onset of dementia in bilinguals compared to 



monolinguals (Alladi et al., 2013; Schweizer et al., 2012; Craik et al., 2010) appear to 

suggest that bilingualism not only confers cognitive benefits, but that these cognitive 

benefits relate systematically to neural and health benefits as well. Potential future 

studies could thus attempt to correlate diffusion model parameters with imaging 

data in order to more thoroughly link the neural evidence to specific cognitive 

processing. This could possibly extend to neurocognitive models of bilingualism 

(Abutalebi & Green, 2013) by hinting at the probable mechanisms which underlie 

bilingual processes in general. Although previous imaging studies have been able to 

identify structural differences between the two groups, no previous study has been 

able to directly link structural differences to a specific psychological process. 

All in all, the authors hope that the methodology used in the current paper 

will be adopted in future studies so as to further inform regarding the nature or even 

possible non-existence of the bilingual advantage. The diffusion model is a tool 

which has much to offer to the literature going forward. 

 

5. Conclusion 

 

The current analysis complements and extends the results of Abutalebi and 

colleagues (2015) by providing a cognitive process account for the bilingual 

advantage observed in the Flanker task. The diffusion model fits implicate attention 



as a key factor in the bilingual advantage, suggesting that some aspect of 

bilingualism may improve people’s ability to orient or ‘zoom’ attention, particularly 

when there is distracting flanking information. The mechanistic account of the 

bilingual advantage provided by the diffusion model analysis is a start to addressing 

a gap in the literature and subsequently it is hoped that the current results encourage 

future studies to further explore the exact psychological mechanisms which 

underpin the bilingual advantage on various tasks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6.3 Manuscript Discussion: 

 

In summary, the results of the DM analysis of the BA presented in this 

chapter show that bilinguals had lower (i.e., faster) non-decision time (Ter) for 

incongruent trials relative to their monolingual counterparts. Meanwhile, there was 

no difference between the two groups in terms of drift rate (ν). This indicates that 

although bilingual participants were able to focus their visual attention more quickly 

on the central information present in the Flanker task, they did not inhibit irrelevant 

distracting information to a greater extent than their monolingual counterparts. This 

result is consistent with the literature indicating an advantage in attentional selection 

for bilinguals (Chung-Fat-Yim et al., 2017; Friesen et al., 2015), rather than an 

advantage in inhibitory processing (Bialystok, Craik, Klein, & Viswanathan, 2004a; 

Colzato et al., 2008). 

 This demonstration of an attentional advantage is difficult to reconcile with 

the idea of an advantage in EF in inhibitory control, at least according to the 

framework under which it is most commonly understood (Miyake & Friedman, 

2012). Nevertheless, the finding potentially contributes to explaining why the BA can 

be difficult to replicate (Lehtonen et al., 2018): it may be that the tasks which are 

typically used to demonstrate the BA do not load strongly enough onto the cognitive 

processes proposed to underlie the BA (Chung-Fat-Yim et al., 2017).  



Does the BA provide evidence of an imprint of the involvement of EF in bilingual 

language control? The results of our DM analysis are not consistent with this 

proposal. At least in the data set we analysed here, it is apparent that even when a 

BA is present, it does not seem to reflect inhibition. Thus, it follows that there is no 

evidence for the argument that a domain-general inhibitory control EF process is 

enhanced in bilinguals due to the routine involvement of EF in bilingual language 

control. Crucially, what the DM analysis does suggest is that there may instead be a 

link between selective attention and bilingualism. Although selective attention is not 

currently mapped explicitly onto frameworks or models of bilingual language 

control, the current DM analysis of the BA hints that perhaps a selective attention, 

rather than inhibitory, process may be more a appropriate mechanism implicated in 

language control. Exactly how selective attention may be mapped onto language 

control is a question for future research however.  

To the extent that the DM analysis of the BA described in this chapter can be used 

to cast doubt on the proposal that inhibitory control is the central EF involved in 

bilingual language control (and reflected in a BA), I shift the focus of the following 

investigations to investigating the potential contribution of the other leading 

candidate EF from the Miyake et al., (2000) framework to bilingual language 

control— set-shifting. As mentioned in Chapter 3, though the set-shifting BA 

appears to manifest more coherently, there is a dearth of evidence which directly 

links set-shifting to bilingual language switching. 



 In chapters 7 and 8, I extend the use of DM analyses reported in this chapter to 

analyse the RT distributions for tasks in which bilingual participants were required 

to shift languages. In contrast to interrogating the BA for signatures of processes that 

may indirectly reflect the ongoing influence of EF during language use on more 

general cognitive processing, I seek direct evidence regarding the potential role of 

set-shifting in bilingual language control based on tasks that directly index bilingual 

language use.  

 

 

 

 

 

 

 

 

 

 

 



7 Study 2: A Diffusion Model 

Investigation of the Bilingual Language 

Switch Cost in Lexical Decision 
 

 In this chapter I report on an investigation into the processes that are 

proposed to underlie the Response Time (RT) language switch cost in a Generalized 

Lexical Decision (GLD) task. I used a sample of Spanish-English bilinguals living in 

Melbourne to replicate the language switch cost observed in GLD (Grainger & 

Beauvillain, 1987; Thomas & Allport, 2000), and applied the Diffusion Model (DM; 

Ratcliff, 1978) to the data to uncover the psychological processes involved in 

switching language during the course of the task. Here, I seek direct evidence 

regarding the potential role of another EF, set-shifting, in bilingual language control 

based on a task that directly indexes bilingual language use.  

The investigation reported in this chapter was published in Cognitive 

Psychology in 2019 (Ong, McKague, Weekes, & Sewell, 2019) and is presented in its 

published format.  

 

 

 



7.1. Aims: 

 

In Generalised (visual) Lexical Decision (GLD), participants are required to map 

the orthographic forms of words from both languages to the “word” response, and all 

other strings of text to the “non-word” response. As such, the identity of each 

language represented in the task is not central to the word/nonword decision. 

Nevertheless, switches between languages on successive trials requiring a word 

response have are reliably associated with a slowing of RTs (e.g., Grainger & 

Beauvillain, 1987; Orfanidou & Sumner, 2005; Thomas & Allport, 2000). This 

unavoidable language switch cost observed in GLD offers a particularly informative 

context in which to investigate bilingual language control, as it provides insight into 

the fundamental structure of bilingual language processing.  

For this study, I refer back to the differing accounts of language switching 

presented in Chapter 4 to conceptualise possible loci for the switch cost. That is, the 

language switch cost could reflect the EF corresponding to domain-general set-

shifting (Schmitz & Voss, 2012), or it may reflect alternative domain-specific lexical 

processes, such as cross-language lexical inhibition (Van Heuven et al., 1998), or 

task-schema processes such as language-response binding (Dijkstra & Van Heuven, 

2002). These three different accounts of language switching naturally predict 

different patterns of DM parameter changes. In particular, a set-shifting source 

predicts an increase in the non-decision time and a decrease to drift rate (Schmitz & 



Voss, 2012), with the non-decision time cost being removed when switches are cued. 

A cross-language lexical inhibition account meanwhile is linked to an increase in 

non-decision time (Donkin, Heathcote, Brown, & Andrews, 2009; Ratcliff, Gomez, & 

McKoon, 2004), while a response-binding interpretation is assumed to manifest as a 

decrease in drift rate (Ratcliff et al., 2004). The latter two effects are assumed to be 

unchanged by the presence of cues. By fitting GLD switch cost data to the DM, the 

three different accounts of the switch cost can be differentiated according to the 

pattern of parameter changes that occur (see Table 7.1 below). 

 

TABLE 7.1. DM parameter changes according to different accounts of switch 

cost 

 Un-cued Switch Cued Switch 

Set-Shifting 

 

Drift Rate, Non-Decision 

Time  

Drift Rate 

Cross-language lexical 

inhibition 

Non-Decision Time Non-Decision Time 

 

Language-Response 

Binding 

 

Drift Rate 

 

Drift Rate 

 

 In the context of the main theoretical aims of the thesis, a set-shifting account of 

the switch cost provides evidence for the notion that the bilingual control of 

languages involves domain-general EF, while the other two sources of switch cost 

suggest that bilingual language control might occur at the level of the lexicon (i.e., 



cross-language lexical inhibition) or due to general low-level cognitive processing 

(i.e., language-response binding).  

Note that due to this chapter’s status as a stand-alone publication, the 

introduction of the manuscript contains a degree of overlap with the literature 

review of this thesis. Majority of the content however, is complementary to the 

literature review of this thesis, and it is thus advised that no content is skipped.  

  



7.2. Manuscript 

 

 Bilingual speakers show a response time (RT) cost when switching between 

languages. These costs could reflect the organization of language in a shared bilingual 

lexicon (Grainger, Midgley & Holcomb, 2010) or a domain general cognitive 

processing cost (Green & Abutalebi, 2013). To test these accounts, we analysed RT 

distributions of bilingual (Spanish-English) performance on generalized lexical decision 

(GLD) tasks using Ratcliff’s (1978) diffusion model. Experiment 1 revealed that 

language switches decrease the rate of evidence accumulation (drift rate) and slow the 

cognitive processes that occur prior to decision-making (non-decision time). Experiment 

2 showed that the anticipation of language switches did not change these effects. The 

results suggest that language switch costs originate from a combination of at least two 

loci: lexical access and a task-specific decision process.  

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Speakers of more than one language are required to restrict lexical activation to words in 

a target language when communicating in a monolingual context. Most bilingual speakers 

appear to display effortless language-selective control and rarely make cross-language errors 

(Green & Abutalebi, 2013; Poulisse, 1999; Sandoval, Gollan, Ferreira & Salmon, 2010). The 

mechanisms behind this fine grained control of language remain elusive. Some theorise that 

language control is a domain-specific process (Grainger, Midgley & Holcomb, 2010) while 

others suggest that language control arises from processes shared with domain-general 

cognition (Green & Abutalebi, 2013; Philipp & Koch, 2009).  

Despite apparent effortless language switching among fluent bilinguals, we know that 

switching from one language to another has a cost (i.e., bilingual speakers show increased 

response times when required to switch between their languages on a range of comprehension 

and production tasks; Jackson, Swainson, Cunnington & Jackson, 2001; Meuter, 

1994;Macizo, Bajo & Paolieri, 2012; Grainger & Beauvillain, 1987; Thomas & Allport, 

2000; Von Studnitz & Green, 2002). The apparent ubiquity of language switch costs suggests 

that they may reflect the typical processes involved in bilingual language control. 

Subsequently, the goals of our current paper are to 1) isolate the locus of language switch 

costs; 2) provide evidence for different frameworks of bilingual language control based on 

the nature of language switch costs. 

In addressing these goals, we first describe how language switch costs can be measured 

by fitting response time (RT) distribution data with the diffusion model (DM; Ratcliff, 1978) 

of decision-making. Examining how specific model parameters vary in order to account for 

language switch costs provides critical information about the kinds of cognitive processes 

that are involved, and we explain how DM parameters can be understood as reflecting 



different classes of cognitive processes posited by different theories of bilingual language 

control. To this end, we conceptualise theories of language switching in terms of two main 

frameworks— single task frameworks, which presume that language switches are driven 

primarily by domain specific processes, and dual task frameworks which presume that 

language switches reflect domain general cognition. Notably, these frameworks make distinct 

predictions with regards to the DM parameters that might change when language is switched.  

  

1.1. The Relationship Between Task-Switching and Language Switching 

 

Since bilingual language switches can be conceptualized as a specific instance of task 

switching, we briefly consider whether general theories of task switching can be applied in a 

straightforward manner to tackle specific questions about language control. A primary 

theoretical goal in the general task switching literature is to characterize the role of executive 

control in task switch costs. To this end, a number of specific theories have been developed, 

with many focusing on the core concept of a task schema (Norman & Shallice, 1986) or task-

set (Monsell, 1996): a discrete set of Stimulus-Response (S-R) bindings and sub-processes 

(i.e., muscle movements) that are associated with completing a certain task. Performance 

costs arise in situations that require switching between task schemas, relative to trials where 

the same schema is repeated (Rogers & Monsell, 1995). An actively debated question in the 

task-switching literature concerns the degree to which executive control is required to 

perform these switches, and whether other non-executive mechanisms, such as repetition 

priming and memory retrieval can explain the switch costs (e.g., Logan & Bundesen, 2003; 

Schneider & Logan, 2005). 



The issue of executive control is paralleled in the bilingual switching literature. Domain 

general models of bilingualism assume a central role for executive control in language 

switching (Green & Abutalebi, 2013) while domain specific models tend to implicate lower 

order cognitive mechanisms (Van Heuven, Dijkstra & Grainger, 1998). Despite the 

similarities however, we believe that general theories of task switching are not ideal for 

studying language switching because they lack a detailed account of how the (bilingual) 

mental lexicon affects processing. As language-based models provide a more detailed 

account of how factors such as lexical access are influenced by language switches, we prefer 

to focus our discussion on specific theories of bilingual language control, but note that these 

theories draw on general theories of task switching (Green, 1998; Dijkstra & Van Heuven, 

2002). 

 

1.2. Single vs. Dual Schema Frameworks for Language Control 

Most models of bilingual language control (e.g., Declerck, Koch & Philipp, 2015; 

Dijkstra & Van Heuven, 2002; Green, 1998) involve at least two components: a lexical 

component and a task-based component. The lexical component describes cognitive 

processes that access information stored in the lexical system (Monsell, Doyle & Haggard, 

1989) while the task-based component describes a set of cognitive processes—a task schema 

that determines how outputs of the lexical system are deployed to respond in the manner that 

is required by the task (cf. Norman & Shallice, 1986).  

Two general frameworks have been proposed to govern the relationship between 

lexical and task-based processing in language control—for the purpose of this paper, we refer 

to these as the single task schema and the dual task schema frameworks. Note that we use the 

term framework to refer to theoretical structures of processing which have been assumed by 



different models of bilingualism. The term account will be used to refer to more specific 

theories of processing, which assume one framework or another. Under the single task 

schema framework (e.g., Dijkstra & Van Heuven, 2002), the lexical system sends 

information to a single task-specific schema in accordance with immediate task demands, 

whether they are monolingual or bilingual (see Figure 1 below). Under this framework, 

bilingual language control could be achieved by  a) limiting the activation of non-target 

languages in the lexical system (Van Heuven et al., 1998), or b) utilising language specific 

information in the task schema to output appropriate responses (Dijkstra & Van Heuven, 

2002).  

 

FIGURE 7.1. Schematic for a simple model of cognitive processing on a linguistic task. Task 

input, I, activates entries in the lexical system. Information from that system is then passed into 

a task decision system which maps relevant lexical information onto an appropriate task 

response, O. Arrows represent information being transferred from one system to another. 

 

The dual task schema framework (e.g., Green, 1998) meanwhile assumes that separate 

task schemas are developed and refined over time for each language since bilinguals are 

rarely required to utilize both languages simultaneously (although there are exceptions; Green 

& Abutalebi, 2013). Therefore, when given a task that requires responses from both 

languages, bilinguals default to established language task schemas rather than generating a 

single artefactual bilingual task schema (Norman & Shallice, 1986; Thomas & Allport, 2000; 



see Figure 2 below). Language control under this framework is theorized to reflect a domain-

general executive control system which governs the engagement of separate task schemas 

based on current goals (Green & Abutalebi, 2013). 

 

 

FIGURE 7.2. Schematic for a dual task interpretation of bilingual lexical processing. In contrast 

with Figure 1, dual task accounts of the switch cost assume that there are two separate task 

schemas created for bilingual tasks: one for each language. Switch costs are thus a consequence 

of switching between the two task schemas because each task schema has to be ‘prepared’ 

before use, and the repeated use of a particular task schema also results in facilitation. Solid 

arrows reflect that the L2 task schema is activated because the input belongs to L2. 

 

 Below, we look at the potential loci of language switch costs which exist under each 

framework. Note that in each framework, multiple accounts of switch cost exist which may or 

may not be mutually exclusive.  

 

Dual Schema Framework Accounts 



In models that fall under the dual schema framework, language switch costs can be 

conceptualized as domain-general switch costs. In a general task switch, participants are 

required to switch between two distinct tasks involving one type of stimulus. For example, in 

a number-letter task (Rogers & Monsell, 1995), stimuli are digit-letter pairs which need to be 

classified according to the digit (odd vs. even) or the letter (vowel vs. consonant).  

Theories of task switching are primarily based on two experimental findings. The first 

is that presenting a pre-cue indicating the upcoming task reduces the cost involved in 

switching between tasks; the duration between the cue and stimulus (cue-stimulus interval; 

CSI) is proportional to the magnitude of the reduction (Logan & Bundesen, 2003; Meiran, 

1996; Rogers & Monsell, 1995). The second finding is that increasing the duration between 

trials (response-stimulus interval; RSI) decreases the magnitude of the switch cost (Allport & 

Wylie, 2000; Meiran et al., 2000). Both the CSI and RSI effects have been demonstrated to 

be independent of each other (Logan & Zbrodoff, 1982; Meiran, 1996) and are thus assumed 

to reflect different aspects of processing (Sohn & Anderson, 2001; Goschke, 2000; Meiran, 

2000). The exact processes which underlie these effects, remain up to debate (for a review, 

see Grange & Houghton, 2014), however the most common proposals are presented below. 

The CSI effect has commonly been attributed to a preparatory process: the cue, once 

encoded, provides top-down information relating to the required task schema. For switch 

trials, this information activates an endogenous cognitive process which reconfigures the 

cognitive system to the appropriate task schema (Rogers & Monsell, 1995; Rubinstein et al., 

2001). The duration of the CSI thus reflects the duration of the cognitive reconfiguration 

process. Logan and Bundesen (2003) however, demonstrated that the CSI effect could 

alternatively be attributed to a priming effect for cue-encoding time. According to this theory, 

the CSI effect reflects a process where cue encoding is sped up by the availability of a short 

term memory representation (from the previous trial) of the same cue. The CSI duration 



might thus reflect this cue-encoding process. A later study (Arrington, Logan & Schneider, 

2007) suggests that both a preparatory control process and cue-encoding process might be 

required to completely account for the CSI effect.  

The RSI effect meanwhile has been related to interference from decaying information 

from the previous trial. Broadly, this effect is termed task-set inertia (Allport & Wylie, 2000), 

and multiple causes for the interference have been proposed. One theory is that active task 

schemas inhibit inactive task schemas (Mayr & Keele, 2000), and the RSI effect reflects the 

time course of recovery from inhibition. Another proposal, which may not be mutually 

exclusive with inhibition, is that each trial forms an unintentional association between Cue 

and Response (C-R), and when these associations are inconsistent with the previous trial, 

slowing occurs (Brown, Reynolds & Braver, 2007; Meiran, 2000). Both the inhibitory and C-

R processes are assumed to be bottom-up processes beyond the control of endogenous 

cognition. 

For simplicity, we summarise task switching cost in terms of two main effects: a 

preparatory effect relating to the current trial (the CSI effect), and a residual effect relating to 

task information from the previous trial (the RSI effect). Under a dual schema framework, 

bilingual language switches should demonstrate both of these effects. 

 

Single Schema Framework Accounts 

In contrast to dual schema frameworks, single schema frameworks assume that 

language processing does not involve the same mechanism as general task switching, because 

only one task schema is required for any linguistic task. The accounts of language switch 

costs presented below conceptualise language switches as being domain specific, and 

inherently assume a single schema framework.  



Under the assumption of a single schema, it has been proposed that language switch 

costs could result from the organization of the bilingual lexico-semantic system (e.g., 

Chauncey, Grainger & Holcomb, 2011; Grainger et al., 2010). The Bilingual Interactive 

Activation model (BIA; Van Heuven et al., 1998) for example suggests that words from the 

same language have facilitatory connections, while words from different languages have 

inhibitory connections. Note here that language membership is tagged as part of the bilingual 

lexical architecture. Language switch costs thus arise during switches because prior exposure 

to a word in one language (A) results in the inhibition of all words of the non-target language 

(B).  Items from the non-target language must thus recover from inhibition before they can be 

accessed. Thus, under the BIA architecture, language switch costs are assumed to arise from 

within the lexical system, due to a delay in transfer of information to the task schema as a 

result of recovery from inhibition. We will call this the lexical account of language switching. 

An alternative account of language switch cost which assumes a single schema 

framework attributes the cost to the task schema. Dijkstra and Van Heuven (2002) proposed a 

modification of the BIA framework (BIA+) by specifying that the external non-linguistic task 

schema accepts output from the lexical system, and binds this information to a response 

based on task requirements (e.g., word or non-word button presses in lexical decision, or a 

vocal response in picture naming). Critically, this means that language changes could involve 

changes to these bindings. For example, in tasks where bilinguals must identify an object in a 

certain language as signalled by a cue (Jackson et al., 2001; Meuter, 1994), alternating cues 

for responding from language A to language B, also involve a change to the online S-R 

binding on the subsequent trial (i.e., the stimulus is now associated with a response in 

language B instead of language A). Language switch costs could thus be caused by 

interference from lingering S-R bindings; in an experiment where participants had to recall 

the locations of a small set of items, Oberauer and Vockenberg (2009) demonstrated that 



lingering S-R bindings from previous trials could interfere with current trial processing in the 

context of a single task. It is possible that a similar effect is the cause of the bilingual switch 

cost. This account will be referred to as the S-R binding account of language switching.   

Note here that the lexical and S-R binding accounts make different assumptions about 

the locus of language switch costs: one account assumes that ‘lexical’ activation, competition, 

or inhibition is a necessary locus of bilingual language switch costs whereas the S-R binding 

account attributes it to task-specific processes. We note here that both sources of processing 

are simultaneously possible, and thus under the single schema framework, a third account of 

switching is a hybrid account which assumes both lexical and S-R binding constraints.  

 

1.3 Language Switch Costs in Generalized Lexical Decision 

Tasks that require switching between languages vary in demands on lexical or task-

based components. For example, in bilingual picture-naming, a cue (e.g., a coloured shape) is 

used to indicate the language of response. The task therefore cannot be completed without the 

cue since the stimulus itself (a picture of an object), is linguistically bivalent, (i.e., associated 

with a different name in each language). The requirement to retrieve and act on cue-response 

bindings that is inherent in such tasks increases demands at the level of the task schema 

(Heikoop, Declerck, Los & Koch, 2016). This has been demonstrated in general task 

switching; switch costs between different tasks tend to be much smaller when stimuli are 

univalent as compared to bivalent (Arbuthnott & Woodward, 2002; Meiran, 2000). These 

cue-response binding changes add a layer of complexity to the issue of language switch costs, 

as switch trials often involve both a language switch as well as a change in response 

modality. 



It is not clear from the existing literature whether language switch costs in bilingual 

performance result from a language switch or a requirement to change response modality. In 

order to reduce the impact of specific task-based demands on language switching, we chose 

to adapt the Generalized Lexical Decision Task (GLD) for the experiments we report in this 

paper. The GLD is a bilingual extension of the standard monolingual Lexical Decision task 

(e.g., Meyer & Schvaneveldt, 1971) that requires participants to make binary word/non-word 

choices regarding presented letter strings. In the GLD, participants discriminate words in both 

languages from nonwords (e.g., Grainger & Beauvillain, 1987; Thomas & Allport, 2000). 

The GLD does not impose a requirement to process languages differently–words from either 

language require ‘word’ responses and thus stimuli in a GLD are univalent, as they 

unambiguously indicate a ‘word’ response without the need for a cue. Compared to cued 

tasks, GLD is therefore an implicit and more direct test of the language specific processing 

involved in switching because it minimizes involvement of the task schema. 

Based on the language switching literature, the locus of GLD switch costs has largely 

been attributed to processing that is consistent with a dual schema framework (Thomas & 

Allport, 2000; Von Studnitz & Green, 1997). This might seem strange, as a single task 

framework is sufficient to complete GLD (e.g., lexical entries from both languages are used 

in the same manner). As mentioned previously however, bilinguals are rarely required to 

recognize single words from both of their languages in natural language contexts (though see 

Green & Abutalebi, 2013, for exceptions). This compartmentalized use of different languages 

has been argued to result in separate task schemas for each language that have been 

developed and reinforced over years of linguistic experience. It has thus been proposed that 

bilinguals may default to using, and switching between, separate language task schemas 

(separate lexical decision processes for each language) in a GLD task instead of creating a 



new bilingual task schema due to cognitive convenience (Green, 1998; Thomas & Allport, 

2000).  

 Much of the evidence for the dual schema account of language switch costs in GLD 

comes from studies involving modifications to the task where language alternates in fixed 

sequences of trials, referred to as an ‘alternating runs’ paradigm (e.g., two trials of language 

A lexical decision followed by two trials of language B lexical decision). Von Studnitz and 

Green (1997) presented German-English bilinguals with cued alternating runs of German and 

English lexical decision trials and found a 100 ms switch cost for the language type in lexical 

decision (English or German) regardless of item (word or non-word). The authors argued that 

the switch in lexical decision language type demonstrates that participants utilize separate 

language verification processes (and thus separate language task schemas) for English and 

German. Furthermore, they demonstrated that the typical GLD language switch cost (the 

randomized un-cued version of the task) is only 20 ms. They argue that the two switch costs 

reflect the same process of switching between lexical decision language task schemas, and 

argue that the larger cost in the cued alternating version is a result of top-down goal related 

processing inhibiting the irrelevant task schema. 

A later study by Thomas and Allport (2000) modified the alternating runs paradigm to 

include wrong-context words within language-exclusive runs that participants were required 

to reject as non-words (e.g., an English word presented in a run of French lexical decision 

trials would need to be rejected as a nonword). Thomas and Allport argued that if GLD 

switch costs originate from the lexicon, then rejecting wrong-context words should result in 

an interaction between trial type (non-word versus wrong-context word) and switch cost, due 

to the fact that wrong-context words should be affected by the preceding item (if it was a 

word) whereas non-words should not. In contrast, the dual schema account of switch costs 

predicts no interaction between trial type and switch cost because switching occurs at the 



level of task schemas, rather than the level of the lexicon. They found a switch cost but no 

evidence of an interaction with trial type, thus prima facie supporting the dual schema 

account.  

Despite these findings, we contend that it is premature to draw strong conclusions 

regarding the locus of switch costs. First, although it is clear that the alternating runs version 

of GLD in Von Studnitz and Green (1997) produced a large switch cost, it is not self-evident 

that the cost in the standard GLD paradigm can be attributed to the same costs as their 

alternating runs paradigm, especially given that explicit cueing introduces additional 

processing overheads (Arbuthnott & Woodward, 2002; Heikoop et al., 2016; Logan & 

Bundesen, 2003). Second, the inclusion of wrong-context word rejections in Thomas and 

Allport (2000) restructures the task heavily: wrong-context rejections involve an explicit step 

of response remapping (words previously bound to the word response must now be bound to 

the non-word response and vice versa) which requires additional processing (Ruthruff, 

Remington & Johnson, 2001). Furthermore, the stimuli themselves are changed from 

univalent to bivalent because cues are required for successful task completion. These changes 

to task demands make it difficult to extrapolate the findings of Thomas and Allport (2000) to 

the standard GLD paradigm.  

 

1.4. Distributional Analysis to Identify the Locus of Switch Costs 

In contrast to previous studies on the GLD switch cost, we propose an alternative way 

of isolating the loci of language switch costs. Specifically, we contend that it is possible to 

differentiate the frameworks for switch costs with standard bilingual language paradigms 

(GLD in Experiment 1, alternating runs lexical decision in Experiment 2) by analysing the 

distribution of RTs using the Diffusion Model (DM; Ratcliff, 1978).  



One limitation in research on language switch costs has been the reliance on 

comparing mean RTs between conditions. Summarising RTs using only means involves a 

loss of information about the spread and shape of the RT distribution (Heathcote, Popiel & 

Mewhort, 1991). These properties can be highly diagnostic of underlying cognitive processes. 

For example, the processes that affect the onset of decision making can be differentiated from 

factors that determine the efficiency of the decision making process itself (Ong, Sewell, 

Weekes, McKague, & Abutalebi, 2017; Ratcliff, Thapar & McKoon, 2004; Sewell, Lilburn, 

& Smith, 2016; Soares et al. 2018). In bilingual speakers, Ong et al. (2017) and Soares et al. 

(2018) reported a dissociation between performance on a binary (Flanker) task using the DM 

revealing that the non-decision time parameter had a privileged status - independent of other 

DM parameters - that was diagnostic of visual attention and also evident in brain structure.  

The present study is designed to analyse the entire distribution of RTs in a standard 

GLD task (Experiment 1) and in an alternating runs GLD task (Experiment 2) using a model 

of choice-RT, the DM (Ratcliff, 1978). The parameters of the diffusion model are also related 

to language proficiency measures in order to verify our interpretation of the cognitive 

processes influencing specific model parameters. 

 

The Diffusion Model 

The DM (Ratcliff, 1978) views decision-making in a binary alternative forced 

choice task as a process of stochastic evidence accumulation toward one of two 

response alternatives (Figure 3). Evidence accumulation begins at a point, z, and ends at 

either one of two decision boundaries. When a decision has been initiated, successive 

samples of stimulus information are taken, each providing evidence for one or the other 

response alternative. The strength of evidence driving a decision is represented by the 



drift rate, which is normally distributed across trials with mean ν and standard deviation 

η. When evidence accumulation reaches a decision boundary, the corresponding 

response is made. The time-course of processes outside the decision process itself are 

characterized by a non-decision time parameter, Ter. The duration of the non-decision 

processes is assumed to vary uniformly from trial-to-trial with range st.  

Psychological interpretations of parameters in the DM (drift, non-decision time, 

start point and boundary separation-—the distance between the two decision 

boundaries) have been validated by experimental evidence (Arnold, Bröder, & Bayen, 

2015; Lerche & Voss, 2017; Voss, Rothermund & Voss, 2004) and it is for this reason 

that we choose the DM over descriptive models of RT distribution data (i.e., the shifted 

Wald or ex-Gaussian distributions; see Matzke & Wagenmakers, 2009, for discussion). 

To understand how DM parameters could be used to isolate processes underlying 

language switch costs in GLD with bilingual speakers, we first review DM accounts in 

the context of standard lexical decision. We specifically focus on two parameters of 

interest: drift rate and non-decision time. 



 

FIGURE 7.3. Schematic depiction of response time decomposition using the diffusion model. 

Observed response times are composed of two components: one relating to the time course of 

decision making (decision time), and another relating to the time taken by processes unrelated 

to the decision making process (non-decision time) including stimulus encoding, and response 

execution. Once the decision making process begins, the amount of evidence begins at the 

starting point (z) and accumulates stochastically towards one of two boundaries, located at a or 

0 in the figure. The mean rate of evidence accumulation is the drift rate, (v) which is normally 

distributed with standard deviation (eta). Once the evidence accumulation process hits a 

boundary, the corresponding response is made. The time course of psychological processes 

outside of the decision making process is captured by the non-decision time parameter, Ter, and 

is assumed to vary uniformly from trial-to-trial, depicted by the uniform distribution in the 

figure. 

 

The DM has never been used in the context of language switching before, but has 

been applied to single (Donkin, Heathcote, Brown & Andrews 2009; Ratcliff, Gomez & 

McKoon, 2004; Wagenmakers, Ratcliff, Gomez & McKoon, 2008) and dual language lexical 

decision data (Brysbaert, Lagrou & Stevens, 2017). Under the DM, evidence accumulation in 

lexical decision involves a gradual process of discriminating words from non-words. This 



process is informed by a number of variables, including the strength of lexical representation 

(Forster & Chambers, 1973; Plaut, 1997), orthographic information (Andrews, 1992; 

Coltheart, 1977), phonological information (Rubenstein, Lewis, & Rubenstein, 1971; 

Coltheart, Besner, Jonasson & Davelaar, 1979) and semantic information (Plaut, 1997). 

Information from these sources is pooled and used as evidence relating to how “word-like” a 

letter string is. Drift rate sets the rate of accumulation of this evidence as a function of time, 

and describes the discriminability of words and non-words in the context of the stimulus set, 

similar to d’ in signal detection theory (Green & Swets, 1966). Crucially, in a complex task 

such as lexical decision, changes in drift rate reflect changes in the word/non-word 

discrimination process, rather than changes to specific lexical processes (Ratcliff, Gomez & 

McKoon, 2004). To demonstrate this, Ratcliff and colleagues (2004) showed that the use of 

pseudowords (i.e., word-like, pronounceable nonwords) over random letter strings as non-

words reduces drift rates for word stimuli, because the discriminability between words and 

non-words in the stimulus set is reduced. Changes in drift rate are thus assumed to reflect 

processing at the level of the task schema (i.e., once all the lexical information has already 

been accessed). In the context of bilingualism, a previous study by Brysbaert, Lagrou & 

Stevens (2017), identified that for lexical decision, drift rate tends to be higher for L1 

compared to L2, reflecting more efficient word discrimination process for items from L1 

compared to L2 due to increased proficiency (Segalowitz, Segalowitz & Wood, 1998).  

The non-decision time parameter meanwhile reflects the combined time course of all 

processes that lie outside of decision making, but nonetheless are required for successful 

completion of a task (Ratcliff & McKoon, 2008). In contrast to drift rate, which exclusively 

determines the time course of the decision making process, non-decision time is affected by 

myriad psychological and motor processes. Behaviourally, these processes determine the 

onset of decision making. Delays in any of these processes produce shifts in the RT 



distribution along the time axis (Ratcliff & Smith, 2010; Sewell et al., 2016; Smith, Ratcliff, 

& Sewell 2014). Although encompassing a range of processes, non-decision time in lexical 

decision is undoubtedly influenced by lexical factors. In the context of bilingualism, 

Brysbaert and colleages (2017) report that non-decision time tends to be higher for L2 

speakers relative to L1 speakers in lexical decision, a finding which underlines that at least 

one of the processes involved in non-decision time is dependent on language experience. One 

such assumed process could be lexical access, the time taken to activate lexical information 

(Donkin et al., 2009; Monsell, Doyle & Haggard, 1989). In a lexical decision task, Donkin 

and colleagues (2009) reported that higher frequency words were associated with a lower 

non-decision time, a finding that is consistent with the view that the speed of lexical 

activation is positively related to item frequency (Andrews & Heathcote, 2001). Although the 

processes involved in non-decision time cannot be differentiated using the DM on its own 

(Verdonck & Tuerlinckx, 2016), this paper will later propose plausible processes for non-

decision time in GLD.  

 

1.5. The Present Study 

The DM provides a framework for analysing switching in bilingual lexical decision 

data in terms of cognitive processes including lexical activation, task schema preparation, and 

task schema processing. It is important to note that we are using the DM here in a 

measurement capacity, and not as a substitute for a process model of bilingual language 

processing or task switching. Given the goal of investigating competing accounts of bilingual 

language switching, it might seem straightforward to simply compare how well existing 

models fit data. We note, however, that this issue is complicated considerably by the fact that 

different models of language switching have been formulated with different structural 



assumptions and at differing levels of specificity. Direct comparisons of these models would 

thus be muddied by questions of whether differences in model fit are due to differences in 

how well the theories account for language switching per se, or if they are due to differences 

in implementation details. An advantage of the DM analysis is that it allows us to compare 

different accounts of language switching within a common modelling context in a way that is 

independent of the implementation details of specific theories. Our intention is to utilise the 

DM over the course of two experiments (a GLD task and an alternating runs lexical decision 

task) as a diagnostic tool to compare accounts of the bilingual switch cost in GLD. We 

propose that different accounts of switch cost can be interpreted in terms of distinct patterns 

of changes in DM parameters, based on previous literature (Donkin et al., 2009; Ratcliff et 

al., 2004; Schmitz & Voss, 2012;). We do not imply that this approach gives us a theory of 

underlying processing, however the results of the current study allow us to identify the kinds 

of mechanisms that contribute to language switch costs and therefore inform development of 

more detailed process models of bilingualism. 

 

Dual Schema Predictions 

For language switching under the dual schema framework, we base our predictions on 

a study by Schmitz and Voss (2012). Using the digit-letter paradigm (Rogers & Monsell, 

1995), they demonstrated that task switch costs were associated with both a decrease in drift 

rate and an increase in non-decision time. The decrease in drift rate in the dual schema 

account is interpreted as task-set inertia: continued activation from the now irrelevant 

previous task schema interferes with processing for the current task schema (Allport & 

Wylie, 2000; Rubin & Meiran, 2005). The non-decision time cost under this framework 

meanwhile, is presumed to be associated with the task schema reconfiguration process and 



cue-encoding processes (Rogers & Monsell, 1995; Logan & Bundesen, 2003). Schmitz and 

Voss further demonstrated that the non-decision time cost could be eliminated by pre-cueing 

upcoming task switches, thus linking this parameter change to processing relating to 

preparation. The drift rate cost was shown to be mitigated by increased RSI, linking it to costs 

resulting from residual information from previous trials.  

We argue that because the GLD involves random switches of language across trials, 

the dual schema framework for language switch costs necessitates both a decrease in drift rate 

(reflecting the residual costs from the previous task schema) and an increase in non-decision 

time (reflecting preparatory costs for the new task schema) for language switches. Although 

the DM does not provide detailed information regarding the processes which might underlie 

task switching (i.e., inhibition, reconfiguration, cue-response binding interference), it serves 

as a pragmatic tool that can identify preparatory effects through the non-decision time 

parameter and residual interference effects through the drift rate parameter (Schmitz & Voss, 

2012).   

 

Single Schema Account Predictions 

Given the assumption of a single schema framework, there are two possible accounts 

for language switch costs: the lexical account and the S-R binding account. According to the 

lexical account, switch costs arise due to inhibition of lexical information within an integrated 

lexicon, limiting its accessibility (Van Heuven et al., 1998). As mentioned previously, 

Donkin and colleagues (2009) demonstrated that the speed of lexical access can manifest as a 

non-decision time effect such that items that take longer to access (i.e., low frequency items) 

show higher non-decision times. Given this, one would expect an increase in the non-decision 

time parameter for language switch trials since lexical entries of the other language must 



recover from inhibition before they can be used to drive the evidence accumulation process. 

Once lexical entries are released from inhibition, however, a purely lexical locus of switch 

predicts no further effects on DM parameters (i.e., no effect on drift rate). Therefore, if 

language switch costs on GLD tasks have a purely lexical locus, such effects will be seen in 

the non-decision time parameter only.  

By contrast, the single schema S-R binding account of switch posits that language 

information may become bound to response information during the task processing stage. 

Subsequently, when transitioning from trial t to trial t + 1, irrelevant residual S-R information 

from trial t may interfere with the evidence accumulation process of trial t + 1 (Oberauer & 

Vockenberg, 2009). More specifically, interference created by an active association linking 

language A to the word response are expected to weaken associations between language B 

items to the same word response. Because this type of binding involves the task response 

itself, we presume that that such an effect would manifest as a predicted decrease in drift rate 

(i.e., slowed decision time) for language switch trials compared to non-switch trials with no 

other effects.  

Note that under the single schema framework, it is possible that a combination of 

lexical and S-R binding effects contribute to the switch cost; this would manifest as both a 

decrease in drift rate, and an increase in non-decision time for language switch trials. There 

are thus three possible DM parameter changes that can occur under the single schema 

framework: an increase in non-decision time (reflecting lexical effects), a decrease in drift 

(reflecting task level effects), or both of the above effects (reflecting both lexical and task 

effects).  

 



Summary of Predictions 

The two frameworks of switch cost (single schema and dual schema) thus make 

differing predictions in terms of the DM parameters affected by language switches (presented 

in Table 1 below). Subsequently, the DM can be used as a diagnostic tool to adjudicate 

between these accounts of the language switch cost, although note that a combination of drift 

and non-decision time costs is possible under both the single schema and dual schema 

frameworks (this issue will be dealt with in Experiment 2).  

 

TABLE 7.1. Experiment 1 DM predictions for each account of language switch 

cost.  

 Single Schema Framework Dual Schema Framework 

Switching 

Account 

Lexical 

Cost 

S-R Binding 

Cost 

Combined 

Lexical and S-R 

Binding Cost 

Preparatory processing and 

residual task-set  

information 

Expected DM 

Parameter 

Costs 

Ter ν ν, Ter ν, Ter 

 

2. Experiment 1 

2.1. Method 

Participants 

 Participants were 18 Spanish-English speaking bilinguals (10 males, 8 females). All 

were Spanish-dominant bilinguals from native Spanish speaking countries who had spent five 

or more months in a native English speaking country (max: 15 years), and were studying or 



working in Melbourne, Australia, at the time of testing. Participant language information is 

presented in Table 2 below.  

 

TABLE 7.2. Experiment 1 participant information. 

 Mean (SD) Range (Min-Max) 

Age 30.67 (7.71) 20-55 

English Age of Acquisition 8.33 (4.58) 4-18 

Time Spent in An English 

Speaking Country (Months) 

48.72 (40.48)4 5-228 

Time Spent in A Spanish 

Speaking Country (Months) 

292.78 (60.248) 184-375 

 

 

 

Lexical Decision Stimuli and Task Design 

The task comprised 1400 trials of generalized lexical decision (350 Spanish words, 

350 English words, 350 Spanish pseudowords and 350 English pseudowords). Pseudowords 

were generated by taking the stimulus set in each language and modifying elements at the 

subsyllabic level in a manner that created legal letter combinations that were not words in 

either language (Keuleers & Brysbaert, 2010). All stimuli were 5-6 letters in length, and 

comprised two syllables. Words in each language were matched as closely as possible on 

frequency between languages (Celex; Baayen, Piepenbrock & Gulikers, 1995; LEXESP; 

 
4 The large variance in time spent in an English speaking country is driven by two participants, both of whom 
have spent 10+ years in Melbourne. Note that removing them from the data set does not change the 
outcomes of any of the statistical tests or any of the theoretical conclusions. 



Sebastian-Galles, 2000; M= 32, min = 10.06, max =98.83) as well as on Coltheart’s N (the 

number of orthographic neighbours in any language; Coltheart, 1977; Van Heuven et al., 

1998). Descriptive statistics for the word stimuli are included in Table 3 below.  

 

TABLE 7.3. Experiment 1 stimulus characteristics. 

 Frequency Within-Language N Across-Language N 

English Words 32.94 (22.68) 1.74 (1.99) 0.43 (0.92) 

Spanish Words 31.00 (21.5) 1.73 (1.57) 0.59 (1.14) 

 

A pseudo-random order of presentation was generated such that, of the word trials 

presented, there were 174 trials (87 in English, 87 in Spanish) involving a language switch, 

where the previous trial was a word of the other language. There were also 174 control trials 

(87 in English, 87 in Spanish) where the previous trial was a word of the same language. 

Thus, even though the current experiment contained 1,400 trials, we were only interested in 

word trials which followed word trials (N=348) to avoid issues of response re-mapping where 

nonwords are involved. Other types of trials (i.e., word-nonword, nonword-word and 

nonword-nonword sequences) were not analysed. Every participant encountered the same 

order of presentation with regard to type of stimulus (English word, Spanish word, English 

pseudoword or Spanish pseudoword). However, the specific stimulus of the relevant type 

presented on each trial was randomised for each participant.  

 

Apparatus and Procedure 

Participants completed the generalized lexical decision task on a Microsoft Windows 

computer in a sound-attenuated testing booth. Stimuli were presented and response times 



were collected in MATLAB using the Psychophysics Toolbox (Brainard, 1997). To minimize 

fatigue, the experiment was split into two separate sessions on separate days, each consisting 

of 700 trials and lasting about half an hour.  

Each trial began with a fixation cross presented on the screen for 400 ms, followed 

immediately by the stimulus. Stimuli remained on screen until the participant responded with 

either the left or right button on an RT box (Li, Liang, Kleiner & Lu, 2010), indicating that 

the stimulus was either a word or non-word. Response buttons were counterbalanced across 

participants. All incorrect responses generated a low-pitched beep. The inter-trial interval was 

400 ms, and participants were provided a self-timed break every 35 trials. All instructions 

were presented in English. 

 

2.2. Results 

General Analysis 

Linear mixed effects modelling, as implemented in the lme4 package (Bates, 

Maechler, Bolker, & Walker, 2014) in R, was used to analyse the raw RT data. Responses 

longer than 2 seconds and shorter than 0.3 seconds were excluded from analyses (about 3.7% 

of critical trials) as these responses are likely to reflect attentional lapses or anticipatory 

responses, respectively. 

 Planned contrasts were performed in a forward manner, where the simplest model—a 

model with no fixed effects, but with random intercepts per participant, and random slopes 

for language and switch trial status per participant—was compared with models which 

included fixed effects. Only word trials of either switch (where the previous trial was a word 

trial of a different language) or control (where the previous trial was a word trial of the same 

language) were used in this analysis. 



 Although language switches can manifest as accuracy effects (Thomas & Allport, 

2000), our error rate was very low (mean accuracy was 96%, and conditions only varied by 

1%); subsequently, we expect the switching effect to primarily manifest in RTs. As a first 

step, mean response times were analysed in order to verify whether the current sample 

exhibited a switch cost across English and Spanish. We note that the main theoretical 

analyses regarding the nature of any observed switch costs rest on application of the diffusion 

model and interpretation of its parameter estimates. 

 

Raw RTs 

Introducing a fixed effect of language significantly improved model fit (Δχ2 = 14.800, 

p < .001) from the null model, such that English trials were slower than Spanish trials 

(β=.05747). Introducing a fixed effect of switch trial status also significantly improved model 

fit (Δχ2 = 11.462, p < .001) from the language model, such that switch trials were slower than 

control trials (β =.02449). Introducing an interaction between switch trial status and language 

did not significantly improve model fit (Δχ2 = 3.2248, p = .073). Thus RTs were best 

predicted by a mixed effects model including language and switch trial status as predictors, 

with no interaction between the main effects. Mean RTs per switch trial type and language 

are presented in Figure 4. 



 

FIGURE 7.4. Experiment 1mean response time (mRT) per language and switch trial type. A 

switch in this case refers to trial n where n-1 was a word in the other language. Error bars 

represent standard error. 

 

Diffusion Model Fits 

 Diffusion model parameters (drift rate, non-decision time and boundary separation: 

the distance between decision boundaries) were estimated by individually fitting each 

participant’s observed RT data for each of the four conditions (i.e., 2 languages × 2 switch 

trial types). We also freely estimated between-trial variability in drift rate, non-decision time 



variability, and start point variability, though the values of these parameters were held 

constant across all conditions. We assumed an unbiased decision process, as there were equal 

word and pseudoword trials in each condition, and set the starting point as z =a/2 (Voss et al., 

2004). Because different trial types occurred in a random order, there was no opportunity for 

participants to strategically change their decision criteria on a trial-by-trial basis, hence one 

boundary separation parameter was estimated across all four conditions5. We allowed drift 

and non-decision time to vary across switch trial status, as the pattern of drift and non-

decision time changes across switch trials would reveal evidence for or against the two 

accounts of switch cost. Given that there was a response time difference between languages, 

we also allowed drift and non-decision time to vary across language in order to investigate 

the locus of the language effect as well. 

In fitting the diffusion model, parameters were estimated using the chi-square 

method (Ratcliff & Tuerlinckx, 2002; see Appendix B for parameter recovery details). 

Each individual’s RT distributions were summarized by their 0.1, 0.3, 0.5, 0.7, and 0.9 

quantiles . There were too few error responses to generate error RT quantiles, so only 

correct RTs were used for fitting, with the overall error rate being used to constrain 

parameter estimates. Diffusion model predictions were generated using methods 

described by Tuerlinckx (2004). For each individual, the diffusion model was fit to their 

RT data using a SIMPLEX algorithm (Nelder & Mead, 1965) to estimate the set of 

 
5 In a different parameterisation of the DM where boundary separation was allowed to 

vary across conditions, linear mixed effect model analysis revealed that introducing a fixed 

effect of language did not significantly improve model fit (Δχ2 = 0.077, p = 0.781) from the 

null model. Introducing a fixed effect of switch trial status also didn’t significantly improve 

model fit (Δχ2 = 2.007, p = .157) from the null model. These results imply that freely 

estimating boundary separation did not change the key pattern of effects. For simplicity, we 

fix boundary separation across conditions. We present further support for this choice via 

formal model selection in Appendix A.  

 



model parameters which minimized the log-likelihood ratio, G2 (see Equation 1). G2 

summarizes the overall discrepancy between model predictions and observed data, 

indicating how well the model accounts for the data. Lower values of G2 indicate closer 

fits to data. 

 

               𝐺2 = 2 ∑ ∑ 𝑛𝑖𝑗  2
𝑗=1 ∑ 𝑝𝑖𝑗𝑘

7
𝑘=1 log (

𝑝𝑖𝑗𝑘

𝜋𝑖𝑗𝑘
)2

𝑖=1  (Equation 1) 

 

In Equation 1, i indexes the language conditions (English or Spanish), j indexes the 

switch trial conditions (switch or non-switch), k indexes the six bins summarizing RT 

quantiles for correct responses as well as a seventh bin corresponding to overall error rate, n 

is the number of trials in each condition, p is the proportion of observations in each bin, and π 

is the proportion of observations in each bin predicted by the diffusion model. Thus, 

parameter estimates were constrained not only by the shapes of the RT distributions for 

correct responses, but also by accuracy.  

Before presenting theoretical interpretation of the model parameters, we first verify 

that the best-fitting set of model parameters can accurately describe the observed data (RT 

distributions and accuracy; Heathcote, Brown, & Wagenmakers, 2015). Model fits are 

presented in Figure 5 below, and demonstrate that the DM provides a good account of the 

data across the entire RT distribution (from the 0.1 to the 0.9 quantile) and of accuracy for the 

different trial types (i.e., across language × switch status). Note that the 0.9 quantile, which 

represents the far-right tail of the RT distribution, is described less precisely due to wider 

variability in this part of the RT distribution owing to right skew in these data. 



 

FIGURE 7.5. Experiment 1 DM model fits. Observed data is presented along the x-axis, while 

the DM predictions are plotted along the y-axis. The diagonal line represents a perfect fit, such 

that there is no difference between predicted and observed data. Shaded points represent 

switch trials while white data points represent non-switch trials. Circles represent English trials 

while squares represent Spanish trials.  

 

Diffusion Model Parameter Analysis 

 Having established that the diffusion model can accurately account for the data, we 

proceed with analysis of the parameter estimates themselves. Note that drift variability (M = 

0.04, SD = 0.05), non-decision time variability (M < 0.01, SD < 0.01), start point variability 

(M < 0.01,  SD <0.01) and boundary separation (M = .15, SD=.04) were held constant across 

condition, and so are not analysed. Linear mixed effects models were applied to individual 

diffusion model parameters. Model selection was carried out as outlined in the General 

Analysis Section. To reiterate the theoretical interpretations of our results, a lexical account 



predicts non-decision costs, a single task account predicts drift rate costs and a dual task 

account predicts both drift rate and non-decision time costs. 

 

Drift Rate Analysis 

Introducing a fixed effect of language significantly improved model fit (Δχ2 = 18.649, 

p < .001) from the null model such that Spanish trials had higher drift rates than English trials 

(β =.046520). Introducing a fixed effect of switch trial status significantly improved model fit 

(Δχ2 = 7.263, p = .007) from the language model such that switch trials had lower drift rates 

than non-switch trials (β = .021892). Introducing an interaction between switch trial status 

and language did not significantly improve model fit (Δχ2 = 0.511, p = .474). Drift rate was 

thus best predicted by a mixed effects model including language and switch trial status as 

predictors, with no interaction between the main effects. Drift rates across language and 

switch trial are presented in Figure 6. 



 

FIGURE 7.6. Experiment 1 mean drift rates by language and switch trial type. Error bars 

represent standard error. 

 

 

Non-Decision Time Analysis 

 Introducing a fixed effect of language significantly improved model fit (Δχ2 = 13.867, 

p < .001) from the null model such that English responses had higher non-decision times than 

Spanish trials (β = .020582). Introducing a fixed effect of switch trial status significantly 

improved model fit (Δχ2 = 9.423, p = .002) from the language model such that switch trials 



had higher non-decision times than non-switch trials (β =.013595). Introducing an interaction 

between switch trial status and language did not significantly improve model fit (Δχ2 = 

0.8299, p = .362). Thus non-decision time was best predicted by a mixed effects model 

including language and switch trial status as predictors, with no interaction between the main 

effects. Average non-decision time across language and switch trial status is presented in 

Figure 7. 

 

FIGURE 7.7. Experiment 1 mean non-decision times by language and switch trial type. Error 

bars represent standard error. 

 



2.3. Discussion 

 We observed an effect of switching on both drift rate and non-decision time where 

drift rate for language switch trials was significantly lower than for non-switch trials and non-

decision time for language switch trials was significantly higher than for non-switch trials. 

Consistent with a previous study (Brysbaert et al., 2017), we also observe a language effect 

on both parameters such that drift rate was higher for L1 Spanish compared to L2 English, 

and non-decision time was lower for L1 Spanish compared to L2 English. Since drift rate in 

lexical decision relates to the accumulation of evidence regarding the ‘wordliness’ of the 

stimulus (Ratcliff, Gomez & McKoon, 2004), it appears that switching from one language to 

another has an impact on task-specific processing. Assuming a single schema framework, this 

rules out a purely lexical locus of language switch cost but is consistent with an S-R binding 

account where S-R information from the previous trial interferes with current trial processing 

(Dijkstra & Van Heuven, 2002). This is also consistent with the dual schema framework, 

where the drift effect can be interpreted as reflecting task-set inertia (Allport & Wylie, 2000; 

Schmitz & Voss, 2012).  

The non-decision time effect meanwhile implies that participants are slower to 

proceed to the decision making stage of lexical decision (i.e., activate a relevant task schema) 

if a preceding item is a word in another language. Under the single schema framework, this 

rules out a pure S-R binding account of switch cost, but is consistent with a lexical account of 

switch where the memory representation for a lexical entry of language A on trial t could be 

rendered less accessible because of inhibition to language A applied by the activation of 

language B on trial t - 1 (Donkin et al., 2009; Van Heuven et al., 1998). It is also consistent 

with the dual schema framework; under which the non-decision time effect reflects 

preparatory processing (Rogers & Monsell, 1995; Schmitz & Voss, 2012).  



 Analysing GLD performance using the diffusion model thus revealed language switch 

costs on both drift rate and non-decision time. This combination of effects on model 

parameters rules out both a pure lexical account and a pure S-R binding account of switch 

costs under the single schema framework. It is however, consistent with a hybrid single 

schema framework where costs originate from a combination of cross-language lexical 

inhibition and residual task S-R information. Importantly, it is also consistent with the dual 

schema framework, where switch costs originate from preparatory processing and residual 

task-set information.  

Both the hybrid single schema framework and the dual schema framework provide a 

similar interpretation of the drift rate effect in terms of information from the previous trial 

interfering with processing on the current trial., However, the frameworks differ critically on 

their interpretation of the non-decision time effect. The hybrid interpretation attributes non-

decision time costs to inhibition in lexical activation, while the dual schema interpretation 

attributes it to a preparatory cost. Experiment 2 is therefore designed to disambiguate the 

non-decision time cost associated with language switching in order to compare the two 

frameworks further.  

 

3. Experiment 2 

The aim of Experiment 2 was to compare the single and dual task frameworks with an 

alternating-runs paradigm wherein participants were provided with a pre-cue indicating 

which type of lexical decision (i.e., English or Spanish) was required on each trial. According 

to the dual schema framework, we should expect that the effect of language switch costs on 

non-decision time will be eliminated by pre-cueing. Pre-cues allow participants to complete 

preparatory processes associated with task switching before each trial begins, and have been 



shown to eliminate the non-decision time cost in previous DM analyses (Schmitz & Voss, 

2012). In contrast, the single schema framework predicts that non-decision time costs should 

persist even with pre-cuing because these costs occur at the lexical level rather than the task 

level (Van Heuven et al., 1998). Consistent with the dual schema framework, experiments on 

bilingual picture naming have shown that pre-cueing can reduce language switch RT costs 

(Costa & Santesteban, 2004; Declerck, Philipp & Koch, 2013; Khateb, Shashoum & Prior, 

2017). If we find such a result in the mean RT data for the current experiment, the dual 

schema account predicts that this reduction in switch cost will be due to elimination of non-

decision time costs. Both the dual schema and hybrid single schema accounts predict drift 

rate effects to remain after the introduction of cuing. 

We noted above that alternating runs could introduce switch costs due to task demand 

and thus may not be diagnostic of the locus of standard GLD switch costs. To address this, 

we will analyse a set of word trials (words preceded by non-word) in terms of switches 

between types of lexical decision using DM parameters. Assuming that an alternating runs 

task emphasizes switch costs that are already observed in GLD (Von Studnitz & Green, 

1997), there should be no difference between the effect of switch costs on DM parameters 

when the switch involves the type of lexical decision and the language of lexical decision. On 

the other hand, differences between the two sets of DM parameters would indicate that the 

switch costs associated with type of lexical decision are distinct from the switch costs 

observed in regular GLD.  

We also included a measure of L2 general proficiency in the form of a vocabulary test 

for English (Lextale; Lemhöfer & Broersma, 2012) to verify our interpretation of drift rate 

effects. According to the single schema account, we expect L2 English proficiency to 

influence drift rate for both English and Spanish items because the single GLD task schema 

would incorporate both languages in an overarching word/non-word discrimination process. 



Under the dual schema framework however, each schema operates independently, thus we 

would expect L2 proficiency to affect the word/non-word discrimination process (i.e., drift 

rates) in L2 (English) but not in L1 (Spanish), especially given that L1 and L2 ability are not 

typically correlated (MacIntyre, & Charos, 1996). In terms of non-decision time, Lextale 

scores have not been demonstrated to relate to lexical access (as measured by word 

recognition times; see Lemhöfer & Broersma, 2012), or task-schema preparation (often 

assumed to be a non-linguistic executive process), but we analyse them here in an exploratory 

fashion, with no hard predictions being made.  

 

3.1. Method 

Participants 

 Eighteen Spanish-English bilinguals (10 males, 8 females) participated in Experiment 

2. Some participants (n=7) had also completed Experiment 1, although around 6 months had 

passed from the time between experiment 1 & 2.6 As in Experiment 1, all participants were 

Spanish-dominant bilinguals from various Spanish speaking countries who were living in 

Australia. Information about participants’ language experience for Experiment 2 are 

summarised in Table 5 below.  

 

TABLE 7.5. Experiment 2 participant information. 

 Mean (SD) Range (Min-Max) 

Age 29.11 (8.31) 20-55 

 
6 For repeat participants, there was no significant effect of experimental session F(1, 48) = 

0.10, p = .753. Nor was there an interaction between experimental session and switch trial 

condition F(3, 48) = 0.233, p =.873. 



English Age of Acquisition 8.33 (4.58) 4-18 

Time Spent in An English 

Speaking Country (Months) 

62.22 (57.75) 5-234 

Time Spent in A Spanish 

Speaking Country (Months) 

291.94 (61.70) 167-375 

 

 

Lexical Decision Stimuli & Task Design 

 The stimulus set was similar to Experiment 1, except that three items in each 

condition were removed due to overlap with the language proficiency measure. The design of 

the experiment was changed so that the order of presentation was predictable, with two items 

of English lexical decision (English word or non-word) always being followed by two items 

of Spanish lexical decision (Spanish word or non-word) in an alternating fashion (see Figure 

8 below). Participants were informed of the alternating nature of the experiment and also 

provided with cues to indicate which type of lexical decision they were currently completing. 

Spanish items were always presented in a red rectangle, whereas English items were always 

presented in a blue rectangle. These rectangles appeared simultaneously with the fixation 

cross (400 ms before trial presentation). Items from the non-target language never appeared 

on trials for the other language (i.e., a Spanish item was never presented during an English 

lexical decision trial). 



 

FIGURE 7.8. Schematic of experiment 2 stimuli presentation. The color of the frame indicates 

the language of lexical decision for each trial. The order of language across trials was consistent 

such that every two trials would involve a switch in language. 

 

Apparatus and Procedure 

Participants entered a sound-proof testing booth and completed the generalized lexical 

decision task on a Microsoft Windows computer. The experiment was again split into two 

half-hour sessions in order to prevent fatigue. In addition to the main task, participants 

completed an objective language proficiency measure for L2 English called Lextale 

(Lemhöfer & Broersma, 2012) on pen and paper. Lextale is a vocabulary test in the form of 

unspeeded lexical decision which has been demonstrated to reflect general proficiency level.   

For the main experiment, the timing of events on individual trials was the same as in 

Experiment 1, however, the appearance of the fixation cross was accompanied by a red or 

blue coloured rectangle, depending on whether the upcoming trial involved English or 

Spanish lexical decision. This rectangle remained on screen during target stimulus 

presentation, and only disappeared along with the target item once when the participant made 

a response. Participants were provided with a short break every 28 trials. 



 

3.2. Results 

 

General Analysis 

As in Experiment 1, linear mixed effects modelling, was used to analyse the data. The 

same trial exclusion criteria were used resulting in removal of about 2.3% of critical trials. 

Planned contrasts were performed in a similar manner to the analyses conducted in 

Experiment 1. Again, the error rate was very low (mean accuracy was 97%, and conditions 

only varied by 1%), meaning that we expect the switching effect to primarily manifest in 

RTs. 

 

Raw RTs 

Introducing a fixed effect of language significantly improved model fit (Δχ2 = 18.21, 

p < . 001) from the null model such that English trials had slower RTs than Spanish trials (β 

=.06032). Introducing a fixed effect of switch trial status also significantly improved model 

fit (Δχ2 = 25.22, p < . 001) from the language model such that switch trials had slower RTs 

than non-switch trials (β=.065442). Introducing an interaction between switch trial status and 

language did not significantly improve model fit (Δχ2 = .560, p = .454). Thus RTs were best 

predicted by a mixed effects model including language and switch trial status as predictors, 

with no interaction between the main effects. Mean RTs are presented in Figure 9. 



 

FIGURE 7.9. Experiment 2 mean response time per language and switch trial type. Error bars 

represent standard error. 

 

Diffusion Model Fits  

 The diffusion model was fit to each individual using the same methods described for 

Experiment 1. Again, drift rate and non-decision time were allowed to vary between 

languages and switch trial status while drift variability (M < 0.01, SD < 0.01), non-decision 

time variability (M < 0.01, SD < 0.01), start point variability (M = 0.01,  SD = 0.02) and 



boundary separation7 (M = .15, SD=.03) were held constant across condition, and so are not 

analysed. Model fits (presented in Figure 10 below) demonstrate that the diffusion model can 

capture the pattern of results in Experiment 2 very well, permitting theoretical interpretation 

of the parameter estimates. 

FIGURE 7.10. Experiment 2 DM model fits. Observed data is presented along the x-axis, while 

the DM predictions are plotted along the y-axis. The line represents a perfect fit, such that there 

is no difference between predicted and observed data. Shaded points represent switch trials 

while white data points represent non-switch trials. Circles represent English trials while 

squares represent Spanish trials. 

 

 

 
7 In a different parametrisation of the DM where boundary separation was allowed to 

vary across conditions: introducing a fixed effect of language did not significantly improve 

LME model fit (Δχ2 = 1.617,  p = 0.204) from the null model. Introducing a fixed effect of 

switch trial status also did not significantly improve model fit (Δχ2 = 0.039, p = .843) from 

the null model. Again, we thus constrain boundary separation across conditions (refer to 

Appendix A for further justification based on formal model selection). 

 



 

Drift Rate Analysis 

Introducing a fixed effect of language significantly improved model fit (Δχ2 = 12.22, 

p < .001) from the null model such that Spanish trials had higher drift rates than English trials 

(β =0.0436). Introducing a fixed effect of switch trial status significantly improved model fit 

(Δχ2 = 17.006, p < .001) from the language model such that switch trials had lower drift rates 

than non-switch trials (β = .0427). Introducing an interaction between switch trial status and 

language did not significantly improve model fit (Δχ2 = .826, p = .363). Thus drift rate was 

best predicted by a mixed effects model including language and switch trial status as 

predictors, with no interaction between the main effects. Drift rates across language and 

switch trial are presented in Figure 11. 



 

FIGURE 7.11. Experiment 2 mean drift rates by language and language switch trial type. Error 

bars represent standard error. 

 

Non-Decision Time Analysis 

 Introducing a fixed effect of language significantly improved model fit (Δχ2 = 9.204, 

p = .002) from the null model such that English trials had higher non-decision times than 

Spanish trials (β = .0206). Introducing a fixed effect of switch trial status significantly 

improved model fit (Δχ2 = 23.43, p < .001) from the language model such that switch trials 

had higher non-decision times than non-switch trials (β = .0313). Introducing an interaction 



between switch trial status and language did not significantly improve model fit (Δχ2 = 3.374, 

p = .07). Thus non-decision time was best predicted by a mixed effects model including 

language and switch trial status as predictors, with no interaction between the main effects. 

Average non-decision time across language and switch trial status is presented in Figure 12 

below. 

 

FIGURE 7.12. Experiment 2 mean non-decision time by language and language switch trial 

type. Error bars represent standard error. 

 

 



Type of Lexical Decision Switch 

The diffusion model was also fit to word trials which were preceded by non-word 

trials in order to investigate the effect of having a lexical decision ‘type’ switch on these 

trials. The specifics of the fitting procedure were analogous to those applied to the language 

switch and non-switch trials, and a summary of the fits are presented in Figure 13 below.   

 

FIGURE 7.13. Experiment 2 DM fits for lexical decision ‘type’ switches. Observed data is 

presented along the x-axis, while the DM predictions are plotted along the y-axis. The line 

represents a perfect fit, such that there is no difference between predicted and observed data. 

Shaded points represent switch trials while white data points represent non-switch trials. 

Circles represent English trials while squares represent Spanish trials. 

 

Estimates for drift rate across language and type of lexical decision switch are 

presented in Figure 14 below. Introducing a fixed effect of language significantly improved 

model fit (Δχ2 = 10.518, p = .001) from the null model such that Spanish trials had higher 

drift rates than English trials (β =0.0378). Introducing a fixed effect of switch trial status 

significantly improved model fit (Δχ2 = 4.069, p = .044) from the language model such that 



switch trials had lower drift rates than non-switch trials (β = .016). Introducing an interaction 

between switch trial status and language did not significantly improve model fit (Δχ2 = .170, 

p = .680). Thus drift rate was best predicted by a mixed effects model including language and 

switch trial status as predictors, with no interaction between the main effects.  

 

FIGURE 7.14. Experiment 2 mean drift rate by language and cue switch trial type. Error bars 

represent standard error. 

 

 

Average non-decision time estimates across language and lexical decision switch are 

presented in Figure 15 below. In terms of predicting non-decision time, introducing a fixed 



effect of language significantly improved model fit (Δχ2 = 12.406, p < .001) from the null 

model such that English trials had higher non-decision times than Spanish trials (β = .454). 

Introducing a fixed effect of switch trial status did not significantly improve model fit (Δχ2 = 

.398, p = .528). Thus non-decision time was best predicted by a mixed effects model 

including language with no other main effects.  

 

FIGURE 7.15. Experiment 2 mean non-decision time by language and cue switch trial type. 

Error bars represent standard error. 

 

 



Proficiency Analyses  

In order to analyse the effect of L2 English proficiency on diffusion model 

parameters, the best fitting models (one that included switch status and language) for both 

drift rate and non-decision time were compared to nested models with English L2 proficiency 

included as an additional fixed effect.   

 

Drift Rate & Proficiency 

It was found that adding L2 proficiency as a fixed effect significantly improved model 

fit for drift rates (Δχ2 = 11.983, p < .001) such that higher English L2 proficiency was 

associated with higher drift rates for English words (β=.0032254). Furthermore, adding an 

interaction between proficiency and switch status did not significantly improve model fit (Δχ2 

= 3.228, p = .072). Adding an interaction between English proficiency and language did 

significantly improve model fit (Δχ2 = 4.678, p = .031). The data were split into English and 

Spanish trials to analyse this interaction.  

 For English drift rates, it was found that adding English L2 proficiency as a fixed 

effect significantly improved model fit for drift rates (Δχ2 = 14.180, p < .001) such that 

higher English L2 proficiency was associated with higher drift rates for English words 

(β=0.0045). For Spanish drift rates, it was found that adding English L2 proficiency as a 

fixed effect significantly improved model fit for drift rates (Δχ2 = 6.349, p = .01) such that 

higher English L2 proficiency was associated with higher drift rates for Spanish words 

(β=0.0022). The interaction effect in the original linear mixed effect model thus reflects the 

fact that the effect of English L2 proficiency on English L1 drift rates is more pronounced 

than the effect of English L2 proficiency on Spanish drift rates. The relationship between 

drift rates across both languages, and proficiency for English is shown in Figures 16 and 17. 



 

FIGURE 7.16. Experiment 2 english drift rates across language switch condition according to 

English Lextale score with fitted regression lines. 

 
 

 

 

 

 

 

 

 

 



 

FIGURE 7.17. Experiment 2 Spanish drift rates across language condition according to English 

Lextale score with fitted regression lines.  

  

 

Non-decision Time & Proficiency 

For non-decision time, adding English proficiency to the model did not improve 

model fit (Δχ2 = .0794, p = .778). The best fitting model for non-decision time thus did not 

include proficiency as a fixed effect. 

 



3.3. Discussion 

The results of Experiment 2 mirror those of Experiment 1. Crucially however, 

Experiment 2 revealed that the non-decision time switch cost was not eliminated by cueing 

language to allow participants to prepare for the next ‘type’ of lexical decision. This is 

consistent with a lexical access interpretation of the non-decision time cost but is problematic 

for the interpretation of non-decision time as preparatory processing since pre-cues have been 

shown to eliminate the non-decision time costs associated with task schema switches 

(Schmitz & Voss, 2012).  

 

The impact of lexical decision type switches  

Analysis of word trials that were preceded by non-word trials, involving switches 

across types of lexical decision, showed an effect on drift rate, but no non-decision time 

effects. This suggests that the larger switch costs observed in the alternating runs paradigm 

across types of lexical decision (Thomas & Allport, 2000; Von Studnitz & Green, 1997) are 

potentially task-related costs which do not reflect the same switch costs that are observed in 

the standard GLD task. Instead, it is possible that these costs reflect cue-switch costs, which 

have been shown to manifest as pure drift effects (Schmitz & Voss, 2014).  

Crucially, the result of this analysis also indicates that the non-decision time cost 

observed in the main analyses of Experiments 1 and 2 is a stimulus driven effect—it only 

manifests when the previous item was a word of the other language. This provides further 

evidence for the contribution of cross-language lexical inhibition at the lexical level to the 

switch cost.  

 



Proficiency and Drift Rate 

English proficiency predicted drift rates in both English and Spanish items such that 

higher English proficiency was associated with higher drift rate, and the effect was larger for 

English items than for Spanish items. This finding implies that evidence accumulation in 

GLD for both languages is influenced by L2 vocabulary. We suppose that the smaller effect 

of English vocabulary on Spanish reflects the overall task evidence accumulation rate rather 

than an effect on discriminability for Spanish items in particular. Notwithstanding the 

difference in effect size, the effect of English proficiency on Spanish drift rate is consistent 

with the interpretation of drift rate reflecting task-based processing and not lexical activation 

(Ratcliff, Gomez & McKoon, 2004)—if drift rate reflected lexical activation, then there 

should be no positive effect of English proficiency on Spanish processing.  

This proficiency finding is also inconsistent with the dual schema framework of GLD, 

as separate task schemas for each language would imply that each task schema should only 

relate to one’s experience in the relevant language. The analysis thus provides additional 

support for a single schema framework for GLD.  

 

4. General Discussion 

The current study investigated the nature of switch costs in GLD and cued alternating 

runs lexical decision for Spanish-English bilinguals using DM parameters (Ratcliff, 1978). 

We characterized two broad frameworks of bilingualism (the single schema and dual schema 

frameworks) in terms of predicted DM parameter changes during language switches, and we 

compared these predictions to observed data across two experiments. In both experiments, we 

observed a robust mean RT cost of switching language in lexical decision, and analysis of the 

distribution of these costs using the diffusion model showed that both drift rate and non-



decision time are affected by language switching. Additional analyses revealed that switch 

preparation does not remove the non-decision time language switch cost, that standard GLD 

switch costs are distinct from lexical decision type switches observed in alternating run 

paradigms, and that L2 proficiency data, as approximated by English Lextale (Lemhöfer & 

Broersma, 2012) scores affected L1 item drift rates in GLD. We interpret these findings as 

being consistent with a single schema framework bilingual processing where switch costs 

originate from both the lexical system, as a result of cross-language lexical inhibition, and the 

task processing system, as a result of residual language-response information from previous 

trials. 

 

4.1 Language Processing Frameworks  

Experiment 1 showed that GLD language switches are associated with both drift and 

non-decision time costs, a pattern which is consistent with the dual schema framework of 

language processing (Green; 1998; Schmitz & Voss 2012; Thomas & Allport, 2000), but 

could also be explained in terms of a hybrid single schema framework with both lexical (Van 

Heuven et al., 1998) and task processes (Dijkstra & Van Heuven, 2002; Oberauer & 

Vockenberg, 2009) that contribute to switch costs. Experiment 2 however, revealed that pre-

cueing the type of lexical decision did not eliminate the non-decision cost—a finding that is 

inconsistent with the dual schema framework, but is consistent with the hybrid single schema 

framework of language processing.  

Experiment 2 also analysed the lexical decision type switch costs associated with the 

alternating runs paradigm (Von Studnitz & Green, 1997; Thomas & Allport, 2000). The fact 

that the cost of switching type of lexical decision manifests as a drift rate effect but not a non-

decision time effect indicates that these switches are distinct from the language switch costs 



observed in standard GLD paradigms. This provides an argument against using data from 

‘lexical decision switches’ in the alternating runs paradigm to make conclusions regarding the 

language switches in standard GLD.   

Lastly, proficiency analysis revealed that L2 English proficiency influenced drift rates 

in L1 Spanish. This provides further evidence for a single schema framework of language 

where both languages are processed using a single schema for GLD (Dijkstra & Van Heuven, 

2002; Dijkstra et al., 2018), as a dual schema framework would predict no influence of L2 

proficiency on L1 task processing. 

 Taken together, the results suggest that language switch costs originate from a 

combination of processes under a single schema framework. There appears to be both a delay 

in the transfer of information from the lexical system (increasing non-decision time; Donkin 

et al., 2009; Van Heuven et al., 1998) and a subsequent task-based cost at the level of the task 

schema (decreasing drift rate; Dijkstra & Van Heuven, 2002; Ratcliff et al., 2004). 

 

 

4.2. Drift Rate Effects – The Task-Based Component of Switch Costs 

In lexical decision, drift rate reflects the rate of evidence accumulation for a ‘word’ or 

‘non-word’ response in a word/non-word discrimination process (Ratcliff, Gomez & 

McKoon, 2004). This discrimination process maps the ‘stimulus word-likeness’ of the current 

trial by integrating factors such as lexical strength, orthography and phonology in the context 

of the experiment. Drift rate is thus a task specific parameter relating to the framework of the 

2AFC task. Consequently, although drift rate is informed by lexical factors, it largely reflects 

processing at the task schema level.   



The drift costs exhibited by language switches in both Experiments 1 and 2 thus indicate 

that switching language impacts the decision process, and subsequently, it would appear that 

at least a portion of the observed language switch costs in GLD originates from the task 

schema which lies outside of the bilingual lexicon (Dijkstra & Van Heuven, 2002). 

Mechanistically, we conjecture that this task schema is characterized by processes relating to 

the binding of stimulus information to task response information (Dijkstra & Van Heuven, 

2002; Norman & Shallice, 1986). After a word trial, language membership information (i.e., 

English) might be linked more strongly to response information (“word”), which would 

influence evidence accumulation rates for subsequent word trials depending on their language 

membership (Oberauer & Vockenberg, 2009). We concede that this leads to a question of 

why a single task schema would involve binding language to response when, ostensibly, 

word-likeness information could be mapped onto response information across both languages 

simultaneously. One possibility is that language information is such an important aspect of 

bilingual language processing (i.e., responding in the wrong language would result in a 

breakdown of communication), and hence any linguistic task schema has been refined to 

automatically bind language information to response information.  

We concede that this is merely one interpretation of the drift cost here, and further 

research is required to confirm this interpretation. Regardless of the exact cause however, the 

drift effect suggests that part of the switch cost in GLD can be attributed to the task 

component of lexical decision. Further investigation could verify this by using the DM to 

analyse data from different 2AFC tasks where language may not be important (i.e., semantic 

categorization) to determine whether these tasks exhibit the same drift effects for switches as 

those observed in GLD. Further research could also be done on characterising the exact 

processes which govern the evidence accumulation process in linguistic 2AFC tasks. 



Although task-based costs might not reveal much about the bilingual lexical system directly, 

characterizing them will enable a better understanding of language processing in general.  

 

4.3. Non-Decision Time Effects – The Lexical Effects of Switching 

 Under the DM framework, evidence accumulation entails a process of gradually 

matching perceptual information (the stimulus) with an item from memory (Ratcliff, 1978). 

This process of evidence accumulation can only begin once a representation of the stimulus 

has been formed (Ratcliff & Smith, 2010). Recently, Sewell et al. (2016; see also Smith, 

Lilburn, Corbett, Sewell, & Kyllingsbæk, 2016) demonstrated perceptual decisions about a 

single probed item in a memory array were slower to initiate when more items were present 

in the array, and this slowing manifested as an increase in non-decision time. This finding is 

consistent with the idea that access to items in memory must occur before the onset of any 

task-specific decision making process. It thus follows that non-decision time captures the 

time it takes to access entries from the mental lexicon in linguistic tasks (Donkin et al., 2009).  

Experiment 1 revealed that language switches involve a cost to non-decision time and 

Experiment 2 demonstrated that 1) top-down goal preparation could not remove this non-

decision time cost and 2) the non-decision time switch cost in GLD is largely driven by 

previous stimulus information—particularly the language of the previous lexical entry. Both 

results suggest that the non-decision time switch cost reflects possible delayed access to 

lexical information as a result of transitioning from one language to another. This is 

consistent with the proposal by Van Heuven and colleagues (1998) that the presentation of an 

item of language A on trial t inhibits items from language B, causing a subsequent delay in 

access to language B items on trial t + 1.  



As with the drift cost, our interpretation of non-decision time here is only one possible 

interpretation. One way to verify the delayed lexical access account of the non-decision time 

switch cost would be to observe non-decision time effects on other lexical 2AFC tasks, or to 

observe effects on the leading edge of the RT distribution— the fastest RTs that define the 

leading edge determine estimates of non-decision time in the DM—for non 2AFC tasks. 

Lexical access is presumed to be involved in all linguistic tasks (Monsell et al., 1989), hence 

any manipulation involving lexical inhibition should manifest behaviourally in roughly the 

same manner on a range of tasks. A strong case for lexical access effects could thus be made 

if switch costs across different tasks were analysed at the distributional level and 

commonalities were revealed in the effect of language switches on the RT distribution. 

Furthermore, since Lextale is not a particularly good measure of lexical access (Lemhöfer & 

Broersma, 2012), the validity of the NDT effect as reflecting lexical access might be better 

demonstrated by correlating the NDT parameter with measures that are assumed to reflect the 

time course of lexical access (i.e., progressive demasking).  

  

4.4. Implications  

The absence of preparation costs and influence of L2 proficiency on L1 task 

processing provides evidence against dual schema frameworks for bilingual language 

recognition. For recognition tasks, this subsequently provides evidence against models such 

as the Inhibitory Control model (IC; Green, 1998) that assume separate task schemas for each 

particular lexical decision (e.g., English and Spanish). Importantly, we note that our findings 

do not rule out dual schema frameworks for bilingual language production. As previously 

mentioned, bilingual language production involves additional processing that is not needed 

for perception, such as goal information relating to language which is required to complete 



the task. Further research must be done on production tasks to verify the nature of their costs, 

especially given that language switch costs across recognition and production tasks 

demonstrate distinct characteristics (Mosca & De Bot, 2017).   

The current results also suggest a contribution of lexical and task related processes to 

switch costs in bilingual recognition, reflected by effects on non-decision time and drift rates, 

respectively. Based on the pattern of results we have observed, we attribute these effects to 

lexical inhibition and lingering S-R bindings respectively, but acknowledge that the exact 

mechanisms which govern these processes cannot be identified through a DM analysis alone. 

That said, our analysis does provide clear guidance about the kinds of processes that need to 

be incorporated into any theory of bilingual language control (e.g., Dijkstra et al., 2018; 

Green & Abutalebi, 2013) if they are to successfully characterise bilingual behaviour.  

 Lastly, if language switches are conceptualised as a specific instance of cognitive 

switching, then the current results indicate that not all types of task switches may involve the 

same cognitive processes. We have demonstrated that the CSI effect, which has been shown 

in number-letter switching paradigms to manifest as a non-decision time cost (Schmitz & 

Voss, 2012; 2014), is absent in bilingual lexical decision switches. This result echoes 

research which suggest that task switching is dependent on the nature of the tasks which are 

switched between; Meiran (2000) demonstrated that, depending on the nature of the stimuli 

and responses used in switching, the common CSI and RSI effects could be made to 

disappear. This knowledge, in conjunction with the possible lexical access effects 

demonstrated here, imply that models of task switching may need to be fine-tuned to the tasks 

that are used in order to provide a complete account of the effects involved in switching on a 

particular paradigm, and there may not be a universal process account of task switching 

which applies to all tasks. 



 

4.5 Conclusion 

 By analysing the distribution of RTs on lexical decision using diffusion model 

analyses, the current research provides a detailed investigation of the processes underpinning 

the bilingual switch cost in GLD— a task that requires the same response mapping for both 

languages and so minimizes the influence of extraneous task-related processes during 

language switches. The primary findings of the current experiments are inconsistent with a 

dual task schema interpretation of the language switch cost on lexical decision (Thomas & 

Allport, 2000; Von Studnitz & Green, 1997) and inconsistent with the results found in other 

task switching paradigms (Grange & Houghton, 2014). Instead, the evidence suggests that for 

recognition tasks such as lexical decision, language switch costs are governed by a single task 

framework involving contributions from both the lexical system and low-level task-related 

processes. It is hoped that this information may be used to inform the development of process 

models of bilingual language processing.  

 

 

 

 

 

 



7.3. Manuscript Discussion:  

 

The results of the paper demonstrate that both costs to drift rate and non-decision 

time underlie the bilingual switch cost in GLD. Furthermore, neither of these two 

costs appear to be affected by the cuing of language information. This second finding 

is crucial, as it underlines that the language switch cost does not manifest in the 

same manner as domain-general task switch costs, where cuing for the upcoming 

task removes the non-decision time cost (Schmitz & Voss, 2012).  

Taken together, the data provide evidence against the notion that the perceptual 

switch costs observed in GLD reflect the same processes involved in non-linguistic 

set-shifting. Instead, the data suggest that switch costs could potentially arise from 

two sources simultaneously: first, a delay in lexical access due to cross-language 

lexical inhibition, and second, an advantage for same language responses due to 

associations between previous language information and response being formed 

during the task. 

The results of the paper thus imply that the set-shifting EF is not particularly 

involved in the perceptual language switch. This finding, in conjunction with the 

results of Chapter 6, show a lack of evidence for the involvement of EF in bilingual 

phenomena more generally: in both cases, alternative accounts of the data (BA and 

language switch cost) appear more plausible than accounts which speculate the 

involvement of EF. To complement our findings, we delve deeper into the true 



mechanisms which underlie the language switch in order to find evidence for or 

against the non-EF models of language control presented in Chapter 2. In Chapter 8, 

I look at language switching in the context of another task, Semantic Categorisation, 

which allows additional investigation of the drift and non-decision time costs found 

in the current manuscript.  

 

 

 

 

 

 

 

 

 

 

 

 

 



7.4. Appendix 

Appendix A. Model Selection 

 

Although there are theoretical justifications for keeping boundary separation constant 

across conditions, we consider whether a more complex model might provide a better fit to 

the data. We compare the parameterisation of the DM reported in the main text (i.e., where 

only drift rate and non-decision time vary across language and switch conditions) to one 

where boundary separation is also allowed to vary across conditions. We fit each participant’s 

data with the two models, and report the results of model selection using (1) nested likelihood 

ratio tests comparing differences in G2, and (2) the Bayesian Information Criterion (BIC; 

Schwarz, 1978).  

For the likelihood ratio tests, the difference in each participant’s G2 value across the 

two models are compared, and improvements in fit are evaluated against a chi-square 

distribution with degrees of freedom equal to the number of parameters added. The model 

with v, Ter, and a free to vary has 3 more parameters than the model with only v and Ter free 

to vary. We refer to these models as the v-Ter and v-Ter-a models, respectively. For BIC, fit is 

evaluated by taking G2 and applying a penalty term based on the number of parameters in the 

model and the number of data points fit. The calculation of BIC is as follows: 

 

𝐵𝐼𝐶 = 𝑘 𝑙𝑛(𝑛) + 𝐺2 (1) 

 

Where n is the number of data points fit (the number of trials fit in each experiment) and k is 

the number of freely estimated parameters in the model. For the v-Ter model, k = 12. For the 

v-Ter-a model, k = 15. The model with the lower BIC value is the preferred model for a 

particular participant. Table B1 below presents G2 and BIC statistics for each participant 

under each model for Experiment 1, with bold font indicating the preferred model for each 

evaluation method. 

 

 

 

 

 

 

 

 



 

 

 

TABLE 7.A1. BIC and G2 for each model for each participant in Exp. 1 

 G2  BIC 

Participant v, Ter v, Ter, a  v, Ter v, Ter, a 

1 18.23 17.06  88.46 104.84 

2 30.96 27.89  101.19 115.67 

3 21.39 19.80  91.62 107.58 

4 21.92 19.56  92.15 107.34 

5 23.97 16.31  94.2 104.09 

6 15.11 11.31  85.34 99.09 

7 26.53 14.96  96.76 102.74 

8 27.62 24.97  97.85 112.75 

9 26.35 21.33  96.58 109.11 

10 41.93 32.10  112.16 119.88 

11 12.92 9.73  83.15 97.51 

12 22.92 15.44  93.15 103.22 

13 18.36 12.12  88.59 99.9 

14 7.27 6.66  77.5 94.44 

15 32.55 20.82  102.78 108.6 

16 23.21 10.98  93.44 98.76 

17 27.09 19.55  97.32 107.33 

18 24.26 22.94  94.49 110.72 

Note. For each observer, the fit of the preferred model is presented in bold. Preferred models 

are chosen via likelihood ratio tests for G2 and via lower values for BIC. 

 

 As can be seen from Table A1, the simpler model (v-Ter) is typically preferred, as 

likelihood ratio tests select this model for 14 out of 18 participants, while BIC selects it for all 

18 participants.  

In case the more complex model systematically captured any effects missed by the 

simpler model, we also visually examine how well the two models capture the language and 

switch effects at different RT quantiles. Figures A1 and A2 show model predictions for the 

effect of switching, for English and Spanish data respectively.  

 

 



Exp 1 English Trials 

 

FIGURE 7.A1. The mean magnitude of English switch effect according to RT quantile based on 

1) data (points with error bars) and 2) model predictions (different coloured lines with shaded 

envelopes). Note that error bars and shaded regions indicate standard error across different 

participants. 

 

 

Exp 1 Spanish Trials 

 

FIGURE 7.A2. The mean magnitude of Spanish switch effect according to RT quantile based on 

1) the data (points with error bars) and 2) model predictions (different coloured lines with 

shaded envelopes). Note that error bars and shaded regions indicate standard error across 

different participants. 

 



Figures A1 and A2 above show that the effects predicted by the two models mostly 

overlap, demonstrating that the v-Ter-a model does not predict qualitatively different patterns 

of effects than the v-Ter model at the level of RT distributions.  

Taken together, these results suggest that allowing boundary separation to vary across 

conditions appears unnecessary to fit the data from Experiment 1. 

 

Experiment 2 

 

 To check whether Experiment 2 caused any changes to preferred models, we 

conducted the same model evaluation and visual examination for the data from Experiment 2. 

We present the results in Table A2, Figure A3 and Figure A4 below.  

 

TABLE 7.A2. BIC and G2 for each model for each participant in Exp. 2 

 G2  BIC 

Participant v, Ter v, Ter, a  v, Ter v, Ter, a 

1 13.42 12.15  83.23 99.41 

2 21.85 20.24  91.66 107.5 

3 25.31 22.14  95.12 109.4 

4 15.81 14.4  85.62 101.66 

5 7.402 6.909  77.21 94.17 

6 30.34 22.21  100.15 109.47 

7 29.1 26.18  98.91 113.44 

8 45.52 21.25  115.33 108.51 

9 39.96 35.56  109.77 122.82 

10 14.96 9.941  84.77 97.2 

11 20.25 16.95  90.06 104.21 

12 21.89 16.64  91.7 103.9 

13 19.38 17.91  89.19 105.17 

14 24.34 13.33  94.15 100.59 

15 12.71 10.25  82.52 97.51 

16 32.89 25.62  102.7 112.88 

17 13.64 12.2  83.45 99.46 

18 13.63 9.99  83.44 97.26 

Note. For each observer, the fit of the preferred model is presented in bold. Preferred models 

are chosen via likelihood ratio tests for G2 and via lower values for BIC. 

 

Exp 2 English Trials 



 

FIGURE 7.A3. The mean magnitude of English switch effect according to RT quantile based on 

1) the data (points with error bars) and 2) model predictions (different coloured lines). Note that 

error bars and shaded regions indicate standard error across different participants. 

 

 

Exp 2 Spanish Trials 

 

FIGURE 7.A4. The mean magnitude of Spanish switch effect according to RT quantile 1) the 

data (points with error bars) and 2) mean model predictions (different coloured lines). Note that 

error bars and shaded regions indicate standard error across different participants. 

 

Although Experiment 2 used a slightly different task, cuing the language of the next 

trial, the model selection results for Experiment 2 echo those of Experiment 1. Table A2 

show that the v-Ter model is preferred for the majority of participants based on both nested 

likelihood ratio tests (15 out of 18 participants) and BIC (17 out of 18 participants). Figures 

A3 and A4 show that the model predictions for the v-Ter-a model largely overlap with the 



predictions of the v-Ter model, suggesting that allowing boundary separation to vary freely 

does not alter the fundamental predictions of the model.  

 

Across Experiments 1 and 2, the data and model evaluations thus demonstrate that (1) 

participant data is adequately described by a model which holds a constant across conditions, 

and (2) allowing a to vary across conditions does not provide any additional systematic 

predictive power over a model that holds it constant. We conclude that the simpler model, 

which allows only v and Ter to vary across conditions, is the most appropriate model for our 

main analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B: Parameter Recovery 

 

 Recent papers have investigated differences in the reliability of methods for 

estimating parameters of the Diffusion Model (DM; Ratcliff & Childers, 2015; Lerche, Voss, 

& Nagler, 2017). We make the case here that the chi-square method is an appropriate 

parameter estimation technique for our study. 

We conducted a parameter recovery study using parameter estimates from the DM fits 

to data from Experiment 1 as a population of data generating parameters. These parameters 

are summarized in Table B1 below. We then made 1,800 random draws from the population 

distributions for each parameter to generate 1,800 sets of DM parameters, equivalent to 100 

hypothetical samples of 18 participants each, reflecting the sample size of Experiment 1. Our 

goal was to determine how reliably our fitting method and linear mixed effects analyses could 

recover effects present at the population level (i.e., effects of language as well as switch 

costs).  

 

TABLE 7.B1. Generating parameters for parameter simulation and recovery 

  a Teres Tere-n Ters-s Ters-n η sZ st ves ven vss vsn 

μ 0.153 0.436 0.419 0.412 0.402 0.044 0.001 0.001 0.224 0.251 0.276 0.292 

σ 0.038 0.069 0.062 0.059 0.056 0.055 0.002 0.001 0.043 0.044 0.054 0.064 

* Note that subscript e/s-n/s indicates language (e=English, s=Spanish) and switch conditions (n=Non-switch, s= Switch) respectively 

 

We then simulated 1,800 sets of RT data (86 trials across two languages and two 

switch trial conditions) based on the drawn DM parameters. These simulated RT distributions 

were subsequently fit by the DM using the chi-square method (i.e., minimizing G2) in an 

attempt to recover the original 1,800 sets of parameters. The correlations between the 

estimated and true parameters are presented in Table B2 below, while Figure B1 plots a 

random sample8 of 50 sets of recovered parameter estimates vs. 50 sets of true parameters for 

the main DM parameters (i.e., a, v, and Ter).  

 

 

 

 

 

 
8 Only 50 points are used to enable interpretation of the plot. Presenting all 1800 data points obscures visual 
discrimination of different plotting symbols for switch and non-switch trials. 



TABLE 7.B2. Correlations of true and estimated parameters 

a Teres Tere-n Ters-s Ters-n ve-s ve-n vs-s vs-n 

0.903 0.943 0.932 0.949 0.941 0.769 0.764 0.802 0.852 

* Note that subscript e/s-n/s indicates language (e=English, s=Spanish) and switch conditions (n=Non-switch, s= Switch) respectively 

 Spanish English 

Drift 

 

NDT 

Boundary 

FIGURE 7.B1. Scatterplot showing true parameters along the x-axis, and estimated parameters 

using the chi-square method along the y-axis. For drift rate and non-decision time (NDT), red 

circles represent non-switch trials while green squares represent switch trials. Boundary 

separation was not allowed to vary across condition or language, and so there is only one set of 

plotting symbols for this panel. 

 

 Boundary separation and non-decision time appear to be estimated well while drift 

rate estimates were slightly noisier (r≈.76). This is consistent with previous suggestions that 

the chi-square method may not be optimal for fitting the DM to data if high-precision 

estimates of drift rate are required (Lerche et al., 2017). For our study however, we are 



primarily interested in the relative values of drift rate across different conditions rather than 

the absolute drift rates used to generate the data. The moderately strong correlations we 

observe may thus be acceptable as long as the ordering of estimated values is preserved (i.e., 

if differences in drift rate across language and switch conditions are reliably recovered).  

We ran linear mixed effects models (LMEMs) with random intercepts and slopes per 

simulated participant on the 100 data generating samples (each with n=18) as well as the 100 

estimated parameter samples (each with n=18) in order to check whether the estimated 

magnitude of effects (as measured by sample LMEM coefficients) was similar for estimated 

and true data generating parameters. We present the spread of LMEM coefficients for 

language and switch condition for the two variables of most interest (i.e., drift and non-

decision time) according to true and estimated parameters below (Figures B2, B3, B4 and 

B5). 

 

 

FIGURE 7.B2. Linear mixed effects model coefficients (100 coefficients based on 100 samples of 

simulated data, each with n=18) for the effect of language on drift rates based on true vs 

estimated parameters. The x-axis shows the estimated coefficient for true drift parameters, 

while the y-axis showed the estimated coefficient for estimated drift parameters.  

 

r = 0.892 



 

 

FIGURE 7.B3. Linear mixed effects model coefficients (100 coefficients based on 100 samples of 

simulated data, each with n=18). The x-axis shows the estimated coefficient for true drift 

parameters, while the y-axis showed the estimated coefficient for estimated drift parameters.  

 

 

FIGURE 7.B4. Linear mixed effects model coefficients (100 coefficients based on 100 samples of 

simulated data, each with n=18). The x-axis shows the estimated coefficient for true non-

decision time parameters, while the y-axis showed the estimated coefficient for estimated non-

decision time parameters.  

 

 

r = 0.872 

r = 0.970 



 

FIGURE 7.B5. Linear mixed effects model coefficients (100 coefficients based on 100 samples of 

simulated data, each with n=18). The x-axis shows the estimated coefficient for true non-

decision time parameters, while the y-axis showed the estimated coefficient for estimated non-

decision time parameters.  

 

The four figures demonstrate that the sign and magnitude of true and estimated LME 

coefficients for drift and non-decision time are similar. Furthermore, although Figure B1 

shows that drift rates are underestimated, Figures B2 and B3 show that this underestimation 

is consistent across conditions, meaning that the effects of experimental condition on drift 

rate are recovered well (r ≈ .87 for LME coefficients regarding drift). These results 

demonstrate that the chi-square method successfully recovers the relative differences in drift 

and NDT across both language and switch conditions.  

 

 

 

 

 

 

 

 

 

 

 

r = 0.978 



8 Study 3: A Diffusion Model 

Investigation of the Bilingual Language 

Switch Cost in Semantic Categorisation 
 

 Although I have argued against a role for domain-general EF in bilingual 

language control on the basis of the evidence provided in Chapters 7, one remaining 

question is whether the pattern of DM parameter changes in Chapter 7 could truly 

be attributed to cross-language lexical inhibition and response-binding.  In this 

Chapter, I report an investigation in which I sought to extend the DM analysis of 

language switch costs in GLD and cued GLD reported in the previous chapter to 

semantic categorisation in a sample of Chinese-English bilinguals. By verifying the 

results of Chapter 7, in this final investigation I provide further support for my 

contention that bilingual language control entails a role for neither of the two 

domain-general EFs that are so commonly proposed to drive bilingual language 

control; inhibitory control and set-shifting, and provide a firmer basis for developing 

an alternative account. 

This chapter is currently being prepared as a manuscript for submission to the 

journal Bilingualism, and is presented in this format.  

 



8.1. Aims 

  

 In Study 2, two DM parameter costs were found in the analysis of language 

switches in a GLD task—a cost to drift rate and a cost to non-decision time, with 

neither cost being affected by the presence or absence of cue information relating to 

the upcoming language of a trial. On the basis of previous research, the drift cost 

was attributed to cross-language lexical inhibition, and the non-decision time cost 

was attributed to language-response bindings. The aim of Study 3 was to verify the 

interpretations of the DM parameter switch costs by replicating the switch cost on 

another bilingual perceptual task: semantic categorisation, which allows for the 

separation of response switches and language switches.  

Extending the DM analysis to semantic categorisation provides a different 2-

AFC task context in which to test the conclusions drawn on the basis of GLD, 

potentially offering converging evidence for the previous conclusions. Moreover, in 

addition to using a Spanish-English sample of bilinguals as I have done in the 

previous GLD experiments, I extended the current investigation to include a large 

sample of Chinese-English bilinguals living in Melbourne. The inclusion of a group 

of bilinguals who speak and read in languages of distinct origins provides an 

opportunity to determine whether the mechanisms and processes proposed on the 

basis of the Spanish-English data generalise to bilinguals who speak highly 

differentiated languages.  



 The Semantic-Categorisation task used in this investigation required 

participants to classify written word-forms representing number concepts between 

one and ten in English and Mandarin (e.g., “two” or  “二”) as odd or even. The use 

of semantic categorisation permitted the influence of language identity to be 

disentangled from the influence of response-type (i.e., “odd” or “even”) which was 

not possible in the case of GLD. The separation of the effects of language identity 

from those of response-type classifies language switches into two trial-type 

conditions; 1)  “response stays” where trials on which the correct “odd-or-even” 

button press response for the current trial matched the previous response, and 2) 

“response switches” were trials on which the correct “odd-or-even” response 

differed from the previous response. This approach enables a stronger case for the 

alternative process account of bilingual language switch costs advanced in the 

previous chapter.  

Following the interpretations of drift and non-decision time effects outlined in 

Chapter 7, it is predicted that the non-decision time cost should manifest regardless 

of response consistency, while the drift rate cost should only occur when responses 

are consistent with the previous trial. In this manner, this investigation provides a 

level of validation to the interpretations of these DM parameters, allowing explicitly 

links between observed results and accounts of bilingual switching set out in 

Chapter 4.  



Note that due to this chapter’s status as a stand-alone publication, some 

introductory content may overlap with the literature review of this thesis, as well as 

content covered in Chapter 7. If so desired, the reader may skip to page 199 in order 

to skip the introductory content and continue from where Study 2 ended. 

 

  



8.2 Manuscript 

 

Abstract 

 Previous research has demonstrated that bilinguals tend to show response 

time (RT) costs when switching between languages, even on tasks where language 

information is not required for completion of the task (Thomas & Allport, 2000). 

These costs have been attributed to the organisation of language in a shared 

bilingual lexicon (Grainger, Midgley, & Holcomb, 2010) as well as to task-specific 

decision processes relating to response (Dijkstra & Van Heuven, 2002). By analysing 

data from a sample of Chinese-English bilinguals on a Semantic Categorsiation task, 

we demonstrate that a lexical source of switch cost is unlikely, as switch costs only 

manifest when the response for a trial is consistent with the previous response, thus 

attributing switch costs purely to the task-decision process. Model-based analysis 

using the Diffusion Model (DM; Ratcliff, 1978) indicate that this particular cost could 

reflect a process of removing lingering language-response bindings from previous 

trials  

 

 

 

 



 

1. Introduction 

What is the Switch  

Bilinguals demonstrate Response Time (RT) processing costs when switching 

between responses in one language and the other on various tasks (Jackson, 

Swainson, Cunnington, & Jackson, 2001; Meuter, 1994; Thomas & Allport, 2000; Von 

Studnitz & Green, 2002). From a cognitive and psycholinguistic perspective, this 

switch cost is of particular interest, as it may discriminate between frameworks that 

make different assumptions about how bilingual language control is achieved. If, for 

example, switch costs originate from within the bilingual lexical system, then the 

mental lexicon itself might be structured in such a way that constrains the language 

of response (Dijkstra & Van Heuven, 2002b; Grainger et al., 2010). On the other hand, 

if switch costs originate from task-related processing, then this suggests that 

bilingual language control relies on non-linguistic domain general cognitive 

processes (Dijkstra & Van Heuven, 2002b; Green, 1998; Green & Abutalebi, 2013).  

When discussing switch costs, it is important to note that language is utilised 

in two different contexts: production and recognition. One major contrast point for 

switch costs in these two contexts is the relevance of language in response 

preparation (see Figures 1 and 2 below). For most production tasks, language 

information plays a central role in task completion as it defines the responses 

required by the task. The existence of language switch costs in production is thus 



intuitive, as switching language necessarily involves a switch of response and 

response switches on even basic tasks are known to result in RT costs (Edwards, 

1961; Nicks, 1959). However, because language switches in such paradigms are 

necessarily confounded with response switches, it is difficult to address the 

theoretical question regarding whether language switch costs are language 

dependent or not (Declerck et al., 2013; Heikoop, Declerck, Los, & Koch, 2016).  

 In contrast to production, language information is peripheral to response 

preparation in recognition. Recognition tasks involve decisions based on the 

semantic information contained in a word, and this language ambivalent 

information is mapped onto a response (typically a button press) (Grainger & 

Beauvillain, 1987; Macizo, Bajo, & Paolieri, 2012; Thomas & Allport, 2000; Von 

Studnitz & Green, 1997, 2002). The orthogonal relationship between language and 

task completion in recognition makes the presence of switch costs in these types of 

tasks less intuitive, but potentially more informative with regards to the role of 

language information in linguistic processing (Grainger & Beauvillain, 1987; Thomas 

& Allport, 2000). Furthermore, because language information is independent of 

response in these tasks, the effect of each switch (i.e., response or language) can be 

investigated separately. It is thus easier to attribute cognitive phenomena relating to 

switching language to language specific processing in bilingual recognition tasks. 

For these reasons, the current study focuses on language switching in a recognition 

context.  



Production 

  

FIGURE 8.1. Schematic depiction of typical bilingual production tasks. Circles represent 

visually presented stimuli, squares represent the internal representations necessarily activated 

by the task, and diamonds represent behavioural responses. Solid lines indicate the appropriate 

flow of processing when an L2 cue is presented: the cue, combined with a language ambiguous 

visual stimulus should strongly activate internal representations for the L2 word, resulting in an 

L2 response.  

 

Recognition 

 



FIGURE 8.2. Schematic depiction of typical bilingual recognition tasks. Circles represent 

visually presented stimuli, squares represent the internal representations necessarily activated 

by the task, and diamonds represent behavioural responses. Solid lines indicate the appropriate 

flow of processing when an L2 word is presented; semantic information contained in the word 

is activated and used to drive a response in either A or B which is independent of stimulus 

language. 

 

Switching in Recognition 

An influential account of the switch cost in bilingual language recognition 

tasks is that it can be viewed as a special case of domain general task-switching 

(Green, 1998; Thomas & Allport, 2000; Von Studnitz & Green, 1997). Empirical 

results however, provide evidence against this interpretation. For one, correlations 

are not typically observed between switch costs across tasks and switch costs across 

languages (Calabria, Branzi, Marne, Hernández, & Costa, 2015; Prior & Gollan, 2013; 

Weissberger, Wierenga, Bondi, & Gollan, 2012; though see Declerck, Grainger, Koch, 

& Philipp, 2017). Moreover, the effect of cues on switches appear distinct for task-

switches and language-switches: cueing upcoming switches in the task-switching 

literature has been shown reliably to reduce the switch cost (Logan & Bundesen, 

2003; Meiran, 1996; Rogers & Monsell, 1995). In contrast, cueing upcoming language 

switches demonstrates no such effect (Declerck, Koch, et al., 2015; Ong et al., 2019; 

Philipp et al., 2007). Given the apparent lack of similarity between domain-general 

task-switches and language switches, the current evidence does not support an 

interpretation of language switching as an example of domain general task-

switching. 



This leaves two other prevalent accounts for the processes underlying the 

switch cost. The first of these accounts proposes that language switch costs in 

recognition tasks reflect relationships between lexical entries at the level of the 

mental lexicon (Declerck & Grainger, 2017; Grainger & Beauvillain, 1987; Grainger et 

al., 2010). In particular, this account assumes that distributed relationships between 

lexical representations might require that the activation of lexical entries in one 

language results in the inhibition of lexical entries from the other language. If the 

effect of this inhibition is assumed to extend across trials, then there will be a delay 

in subsequent access to previous non-target language items. This proposal will be 

referred to as cross-language lexical inhibition. 

The second plausible origin of language switch costs, which we will refer to as 

the Stimulus-Response (S-R) binding account, proposes that language may 

inadvertently become bound to particular responses during task performance 

(Dijkstra & Van Heuven, 2002b; Von Studnitz & Green, 2002). That is, if on one trial, 

an item from L1 is presented, an association will be formed between the task 

response, X, and language, L1. This association could be assumed to result in 

facilitation if the language and response both remain the same for the subsequent 

trial but may produce interference if language or response change (Hommel, 1998; 

Oberauer & Vockenberg, 2009). Importantly, this account implies that language 

switches in recognition are an artefact of general sequential task responding rather 

than a consequence of bilingual language processing per se. 



In a previous study, Ong, McKague, Weekes, and Sewell (2019) sought to 

investigate the source of the bilingual switch cost by analysing language switches in 

a Generalised Lexical Decision (GLD) task in which Spanish-English bilinguals were 

asked to classify strings of letters as words (regardless of language) or nonwords. 

They argued that language switch costs in their task arose due to a combination of 

cross-language lexical inhibition and lingering S-R bindings. Language switch costs, 

the relative RT cost when two words from different languages were presented in 

succession compared to when two words from the same language were presented in 

succession, were analysed using Ratcliff’s Diffusion Model (DM; Ratcliff, 1978). 

Under the DM, a 2-Alternative Forced Choice (2AFC) task such as GLD is envisioned 

as an evidence accumulation process towards one response or another (see Figure 3 

below). Conceptualising GLD in this manner provides an advantage over traditional 

methods of analysis (i.e., measures of central tendency) because it allows for the 

decomposition of the entire distribution of language switch trial RTs (Heathcote et 

al., 1991; Luce, 1986) into a set of psychologically interpretable parameters (Ratcliff, 

1978; Voss et al., 2004). 

 



 

FIGURE 8.3. Schematic depiction of response time decomposition using the diffusion model. 

Observed response times are composed of two components: one relating to the time course of 

decision making (decision time), and another relating to the time taken by processes unrelated 

to the decision making process (non-decision time) including stimulus encoding, and response 

execution. Once the decision making process begins, the amount of evidence begins at the 

starting point (z) and accumulates stochastically towards one of two boundaries, located at a or 

0 in the figure. The mean rate of evidence accumulation is the drift rate, (v) which is normally 

distributed across trials with standard deviation (η). Once the evidence accumulation process 

hits a boundary, the corresponding response is made. The time course of psychological 

processes outside of the decision making process is captured by the non-decision time 

parameter, Ter, and is assumed to vary uniformly from trial-to-trial, depicted by the uniform 

distribution in the figure. 

 

The DM provides a convenient psychologically interpretable framework 

under which the effects of non-response specific and response specific processing 

affect different parameters (non-decision time and drift rate respectively). In this 

manner, effects of cross-language lexical inhibition, where language entries are 

inhibited on previous trials, and have to recover from inhibition before they can be 

accessed on subsequent trials, should result in a delay to the non-decision time. 



Meanwhile, effects relating to response-specific processing might provide erroneous 

information to the decision making process if they are inconsistent with the response 

requirements of the current trial, resulting in a reduction to the mean rate of 

evidence accumulation. Thus, S-R binding effects are predicted to manifest as 

changes to the drift rate parameter in the model. Ong and colleagues (2019) found 

that for language switches, there was a cost associated with both the non-decision 

time and drift rate parameters. They thus concluded that there was evidence for both 

cross-language lexical inhibition and response binding contributing to language 

switch costs. 

Ong and colleagues’ conclusions regarding the source of the switch cost 

however, are limited by two factors relating to the GLD task they used: the 

confounding of response and language related processing, and the complexity of the 

decision involved in GLD. In terms of responding, GLD suffers from the same 

response binding confound as production because language switches are always 

associated with the same response, making it difficult to separate language 

processing from response binding due to the lack of a control condition (where 

language switches and response also changes). This issue is compounded by the 

complexity of the decision process in a GLD task. GLD decisions require the 

integration of multiple sources of information including lexical representation, 

orthographic, phonological and semantic information into a single decision variable 

(Coltheart, 1977; Coltheart, Besner, Jonasson, & Davelaar, 1979; Forster & Chambers, 



1973; Plaut, 1997; Ratcliff et al., 2004). It is thus possible that effects of lexical 

inhibition in GLD might trickle down into the decision process (e.g., inhibited lexical 

information could manifest in a DM analysis as weaker evidence, rather than 

reducing the accessibility of that information). It is also possible that the non-

decision time cost observed reflects a process of S-R binding updating, rather than 

an effect of language. The possible influence of language on the decision process, 

coupled with the confounding of response and language make it difficult to 

definitively interpret the drift and non-decision time effects associated with 

language switches in the GLD task. 

For the current experiment, we investigate language switching in a 

recognition task in which language and response are independent. In doing so, we 

seek to clarify the interpretation of DM parameter changes associated with switching 

language. To this end, we use a semantic categorisation task. Semantic categorisation 

involves the presentation of a lexical stimulus (i.e., a written or spoken word), which 

participants must use to make a response relating to the semantic information 

contained in a presented word. In the context of language switching, numerous 

studies on bilingual semantic categorisation have found that language switches 

result in RT costs (Declerck & Grainger, 2017; Hirsch, Declerck, & Koch, 2015; 

Macizo et al., 2012; Von Studnitz & Green, 2002). Crucially, switches of language in 

semantic categorisation are independent of switches in response (i.e., language 

switches can occur both when the response switches and when the response stays 



the same), and thus DM parameter changes associated with each type of switch can 

be investigated independently, providing a clearer picture of the nature of language 

switch costs. 

 

Predictions: 

 We make some predictions regarding the nature of bilingual semantic 

categorisation data as analysed using the DM. First, given that the lexical component 

of semantic categorisation should manifest in non-decision time, we expect that there 

will be non-decision time differences across L1 and L2, since access to L2 is typically 

assumed to be slower than access to L1 for unbalanced bilinguals (Brysbaert, Lagrou, 

& Stevens, 2017; Kroll, Van Hell, Tokowicz, & Green, 2010). In contrast, drift rates 

should not be affected by language, since it is assumed that the same semantic 

concept is accessed by both L1 and L2 (Dijkstra et al., 2018; Francis, 2005; Illes et al., 

1999).  

 The second prediction, on the basis of the cross-language lexical inhibition 

account of recognition switch costs (Grainger et al., 2010; Ong et al., 2019; Van 

Heuven et al., 1998), is that there will be a non-decision time cost for language 

switching that is independent of response switching. This cost would reflect a delay 

in lexical access when language switches, due to items from the previous non-target 

language having to recover from inhibition from the previous trial. This delay in 

access is expected to manifest in non-decision time because it is orthogonal to task 



response, and is assumed to be independent of task-response switches because it 

should occur early in processing (i.e., before the decision making process begins). 

 The third prediction, on the basis of the response binding account (Dijkstra & 

Van Heuven, 2002b; Ong et al., 2019; Von Studnitz & Green, 2002), is that there will 

be a drift cost for language switches which is dependent on whether the response 

switches or not. The response binding account assumes that associations form 

between a particular language and a particular response, and this association can 

facilitate the decision making process on a subsequent trial when language and 

response remain the same. There will however, be no language switch cost when 

responses switch because the previous language-response association cannot be 

used in this case. This response binding cost is expected in drift rate because it is tied 

to task-response—the previous association provides evidence for the previous 

response when language remains the same.  

Through these three predictions, the current study allows us to provide 

evidence for or against the interpretations of DM parameters involved in the 

observed GLD language switch cost of Ong and colleagues (2019). To reiterate, it is 

anticipated that language switch costs in recognition reflect a combination of cross-

language lexical inhibition, which will manifest as a non-decision time effect 

independent of response switching, and previous language-response bindings, 

which will manifest as a drift effect that interacts with response switching. 

 



2. Method: 

 

Participants 

 Fifty Chinese-English bilinguals (mean age = 19.18, SD = 1.14) participated in 

the Experiment. All participants were Mandarin Chinese dominant bilinguals from 

Mandarin Chinese speaking countries who were living in Australia at the time of 

testing. Information about participants’ language experience in the experiment are 

summarised in Table 1 below.  

 

TABLE 8.1. Chinese-English general language information means and SDs. 

 

Chinese 

(SD)  

 English 

(SD)  

Age of Acquisition 2.44 (1.33)  8.42 (3.45) 

Months in Language Environment 191.6 

(57.25) 

 40 (50.51) 

LEXTALE Proficiency 0.85 (0.05)  0.63 (0.11) 

 

 

 



Task Design and Stimuli 

The task was a semantic categorisation task using numbers as stimuli, and 

odd or even categorisations as the category response. The stimulus set consisted of 

the written word form of the numbers 1-10 in Mandarin Chinese or English (i.e., 

‘five’ or 五). These written words were presented 16 times in each language, leading 

to a total of 320 trials per participant.  

Trials were divided according to three possible factors with two levels each: 

language (native language or English), language switch condition (switch or stay) 

and category response switch condition (switch or stay). The same number was 

never presented consecutively in order to avoid potential effects of stimulus 

repetition (Logan, 1990; Scarborough, Cortese, & Scarborough, 1977) or potential 

translation effects (Chen & Ng, 1989; Gollan et al., 1997; Grainger, 1998). Trials at the 

beginning of the block (n=16) were not analysed. This meant that each participant 

had approximately 38 trials in each of the 8 conditions.  

 

Apparatus and Procedure 

 Participants completed the semantic categorisation task on a Microsoft 

Windows computer in a sound-attenuated testing booth. Stimuli were presented and 

RTs were collected in MATLAB using the Psychophysics Toolbox (Brainard, 1997). 



 Each trial began with a fixation cross presented on screen for 400 ms, followed 

immediately by the stimulus. Stimuli remained on screen until the participant 

responded by pressing either a left or right button on an RT Box (Li, Liang, Kleiner, 

& Lu, 2010) indicating whether the number represented by the word shown reflected 

an odd or an even number. Incorrect responses generated a low-pitched beep. The 

inter-trial interval was set at 400 ms and participants were provided a self-timed 

break every 16 trials. All instructions were presented in English and response 

buttons were counterbalanced across participants. 

 

3. Results: 

 

General Analysis 

 Linear mixed effects modelling, as implemented in the lme4 package (Bates, 

Maechler, Bolker, & Walker, 2014) in R was used to analyse the raw RT data. 

Responses longer than 2000 ms and shorter than 300 ms were excluded from 

analyses (about 2.5% of the trials), as these responses were likely to reflect 

attentional lapses or anticipatory responses respectively.  



 Planned contrasts were performed in a forward manner where the simplest 

model—a model with no fixed effects, but with random intercepts per participant 

and per stimulus (1-10)9—was compared to models which included fixed effects.  

 Although accuracy effects are expected, the error rate for our task was very 

low (accuracy was around 97%, and conditions only varied by 3% at most), thus we 

expect switching and language effects to manifest primarily in the RTs.  

 

Mean RT 

 As a first step, we analyse mean RTs to verify whether the current 

experimental paradigm produces a switch cost across English and native language 

trials. A visual summary of the means and variance across conditions is presented in 

Figure 4 below. We note that the main theoretical analyses regarding the nature of 

switch costs are made with regards to the diffusion model parameter estimates 

rather than mean RT analysis. 

 

 
9 Although (Barr, Levy, Scheepers, & Tily, 2013) suggests that LMEs should always be ‘maximal’ (i.e., include 
random slopes per participant), including random slopes in the LME resulted in models not converging. 
Therefore, we ran the most complex version of the model that allowed the LME to converge. 



 

FIGURE 8.4. Mean RT for response ‘stays’ (left panel) and response switches (right panel) as a 

function of language and language switch trial status. Error bars represent standard error. 

 

Introducing a fixed effect of language significantly improved model fit (𝛥𝜒2 = 

25.835, p < 0.001) from the null model such that English trials were slower than 

Chinese trials (𝛽 = 0.021). Introducing a fixed effect of switch trial status also 

significantly improved model fit (𝛥𝜒2 =22.569, p < 0.001) from the language model 

such that switch trials were slower than non-switch trials (𝛽 = 0.019). Introducing an 

interaction between switch and language did not significantly improve fit (𝛥𝜒2 = 

0.009, p = 0.926). 

Introducing a fixed effect of response switch did not significantly improve 

model fit (𝛥𝜒2 = 2.506, p = 0.113). However, based on visual inspection of the data, 

we suspected that response switches might interact with language switches, and 



therefore checked if an interaction between response switch and language switch 

would improve model fit. Introducing an interaction between response switch and 

language switch did significantly improve model fit (𝛥𝜒2 = 10.966, p = 0.001, 𝛽 = -

0.019), indicating that the effect of language switch was dependent on response 

switch status. Introducing an interaction between response switch and language did 

not improve model fit (𝛥𝜒2 = 0.377, p = 0.539) nor did introducing a three-way 

interaction between the three factors (𝛥𝜒2 = 0.073, p = 0.788). 

Given the interaction between response switching and language switching, 

we now analyse response switches and response stays separately. Because there 

were no interactions between language and response-switching, only the fixed effect 

of switching language is investigated in this sub-analysis. The null model in this case 

is thus an LME model with language as a fixed effect, and random intercepts for 

participant and stimulus. 

For response stays, adding an effect of language switches to the model 

improved model fit (𝛥𝜒2 = 26.762, p < 0.001), such that language switches were 

slower than language non-switches (𝛽 = 0.033). Non-response switch data was thus 

best fit by a model including language, and switch with no interactions between the 

two. 

For response switches, adding an effect of language switches to the null 

model did not significantly improve model fit (𝛥𝜒2 = 2.077, p = 0.15). Response 

switch data was thus best fit by a model with only language as a fixed effect. 



  

Diffusion Model Fits 

 

On the basis of our mean RT analysis, we find an effect where language 

switches result in costs when responses stay the same, but not when they switch. We 

now complement this result with an analysis of the entire distribution of RTs using 

the DM.  

 Individual participant RT data across the eight conditions (i.e., 2 Language × 2 

Language Switch × 2 Response Switch) were used to estimate diffusion model 

parameters. In keeping with the model structure set out in Ong et al. (2019), we hold 

boundary separation and the between-trial variability in drift rate, non-decision 

time, and start point constant across conditions, but allow drift rate and non-decision 

time to be freely estimated for each condition. Although every participant 

encountered an equal number of odd and even responses, the proportion of trials 

where a response switched or did not switch was not constant across participants, 

and so we also freely estimate a single start point bias parameter for every 

participant, which reflected the tendency to switch or stay on a particular response. 

This parameter was also held constant across language and language switches.  

 DM parameters were estimated using the chi-square method (Ratcliff & 

Tuerlinckx, 2002), which has been shown to recover the relative differences between 



drift rates and non-decision times across different conditions well (Ong et al., 2019). 

Each individual’s RT distribution was summarised by their 0.1, 0.3, 0.5, 0.7 and 0.9 

RT quantiles (Ratcliff, 1979). There were too few error responses to generate error 

quantiles, and thus the overall error rate is used to constrain parameter estimates. 

The DM was then fit to the data by minimizing G2, the discrepancy between the 

observed RT quantiles and model predicted quantiles (see Equation 1 below).  

      𝐺2 = 2 ∑ ∑ ∑ 𝑛𝑖𝑗𝑘 2
𝑘=1 ∑ 𝑝

𝑖𝑗𝑘𝑚
7
𝑚=1 𝑙𝑜𝑔 (

𝑝𝑖𝑗𝑘𝑚

𝜋𝑖𝑗𝑘𝑚
)𝟐

𝒋=𝟏
2
𝑖=1  (Equation 1) 

 

In Equation 1, i indexes the language conditions (English or Spanish), j indexes the 

language switch conditions (switch or non-switch), k indexes the response switch conditions 

(switch or non-switch), m indexes the six bins summarizing RT quantiles for correct 

responses as well as a seventh bin corresponding to overall error rate, n is the number of trials 

in each condition, p is the proportion of observations in each bin, and π is the proportion of 

observations in each bin predicted by the diffusion model. Thus, parameter estimates were 

constrained not only by the shapes of the RT distributions for correct responses, but also by 

accuracy.  

 

 To verify that the model parameters can accurately describe the observed RT 

distributions and error rates in the data, we present model fits in Figure 5 below. 

 

 



 



FIGURE 8.5. DM fits for semantic categorisation data. Observed data is presented along the x-

axis while DM predictions are plotted along the y-axis. The diagonal represents a perfect fit, 

where there is no difference between predicted and observed data. Shaded shapes represent 

language stay trials while white shapes represent language switch trials. Triangles represent 

Chinese trials while squares represent English trials. Finally, the left column corresponds to 

non-response switch data and the right column corresponds to response switch data.  

 

 

DM Analysis 

 Drift variability, non-decision time variability, start point variability, 

boundary separation and response bias were held constant across conditions, and so 

are not analysed. LMEs were applied to individual diffusion model parameters as 

outlined in the General Analysis Section, except that stimulus level intercepts are not 

included because there were too few trials of each number per condition to reliably 

estimate DM parameters for specific number stimuli.  

 

 

 

 

 

 

 



Non-decision Time 

 

FIGURE 8.6. Mean Non-decision Time by language (colour), language switch status (x-axis) and 

response switch status (left and right panels). 

 

Non-Decision Time Analysis 

Introducing a fixed effect of language significantly improved model fit from 

the null model (𝛥𝜒2 = 42.461, p < 0.001) such that English trials had higher non-

decision time than Chinese trials (𝛽 = 0.02). Introducing a fixed effect of switch trial 

status significantly improved model fit (𝛥𝜒2 = 5.321, p = 0.021) from the language 

model, such that switch trials had higher non-decision times than language stay 

trials (𝛽 = 0.007). Introducing an effect of response switch also significantly improved 

model fit (𝛥𝜒2 = 26.788, p < 0.001) such that response switches had higher non-



decision times than response stays (𝛽 = 0.015). The interaction between response 

switches and language switches was significant (𝛥𝜒2 = 27.705, p < 0.001, 𝛽 = -0.03), 

and we thus analyse the response switch and non-response switch data separately. 

For response stays, adding an effect of language switches to the model 

improved model fit (𝛥𝜒2 = 28.9, p < 0.001), such that language switches had higher 

non-decision time than language non-switches (𝛽 = 0.022). Non-response switch data 

was thus best fit by a model with language and language switch as fixed effects. 

For response switches, adding an effect of language switches to the model 

significantly improve model fit (𝛥𝜒2 = 5.276, p = 0.022) such that language switches 

had lower non-decision time than language non-switches (𝛽 = -0.008). Non-response 

switch data was thus best fit by a model with language and language switch as fixed 

effects. 



Drift Rate

 

FIGURE 8.7. Mean drift rate by language (colour), language switch status (x-axis) and response 

switch status (left and right panels). 

 

Drift Rate Analysis 

 

Introducing a fixed effect of language did not significantly improve model fit 

from the null model (𝛥𝜒2 = 1.022, p = 0.312). Introducing a fixed effect of switch trial 

status also did not significantly improve model fit (𝛥𝜒2 = 3.731, = 0.053) from the null 

model. Introducing an effect of response switch significantly improved model fit 

(𝛥𝜒2 = 55.192, p < 0.001) such that response switches had higher drift rates than 

response stays (𝛽 = 0.033). The interaction between response switches and language 



switches was not significant (𝛥𝜒2 = 2.247, p = 0.134). Therefore, drift was best 

accounted for by a model with response switches as a predictor. 

 

4. Discussion 

 

 The aim of the current study was to provide evidence for or against the claim 

that language switch costs in recognition reflect a combination of cross-language 

lexical inhibition and lingering S-R binding information by utilizing a task which 

separates response from language. Based on the results of Ong and colleagues 

(2019), it was hypothesized that there would be a cost for non-decision time for 

language switches that would not interact with response switches, and a cost for 

drift rate which would depend on the status of response switches. The results of our 

analyses however, did not support the hypotheses. 

 

Non-Decision Time Effects 

  

 We observed a clear effect of language on non-decision time, with L1 

responses being faster than L2 responses. This can be interpreted under the DM as 

indicating that non-decision time captures variance relating to linguistic processing. 



The L1 advantage did not seem to interact with switches in response or switches in 

language, which is consistent with previous studies of bilingual recognition tasks 

that demonstrate symmetrical switch costs across languages (Macizo et al., 2012; 

Thomas & Allport, 2000; Von Studnitz & Green, 2002).  

We also observed a significant effect of language switching on non-decision 

time. However, as can be seen from Figure 6, this effect was dependent on response 

switch status. In particular, language switches resulted in a slowing of non-decision 

time when response-type was repeated, but language switches facilitated non-

decision time when response type was switched.  

 Given these results, the non-decision time effect observed here is unlikely to 

reflect a lexical access cost. In a semantic categorization task, impaired lexical access 

due to inhibition from the previous trial should occur early in processing and cause 

an unavoidable delay because cognition would not be able to proceed to the decision 

process until the semantic information contained in the presented word is accessed 

(i.e., one cannot make a numerosity judgement without information about the 

identity of the number). However, our results suggest that language switches are 

actually quicker than language non-switches when responses switch, making the 

cross-language lexical inhibition account of the non-decision time cost unlikely. 

This observed interaction between non-decision time cost and type of switch 

is more likely to reflect some type of automatic association that might be formed 

between the language of the stimulus and the response required (Von Studnitz & 



Green, 2002). The surprising finding that this S-R binding information is reflected in 

non-decision time, suggests that this information does not influence the decision 

process. We speculate that this S-R binding effect may reflect a lingering association 

between language and response which must be removed and updated if the 

association cannot be used on the next trial (e.g., Ecker, Lewandowsky, & Oberauer, 

2014; Oberauer & Vockenberg, 2009). This ‘lingering association’ account can 

potentially explain the response switch facilitation effect for language switches—the 

inactive language and inactive response have no active bindings that need to be 

updated, resulting in a slight speed up relative to the case where the same language 

is associated with a changed response. The response binding effect can thus be 

conceptualized as a process of ‘association removal,’ which simply takes time.   

 On the basis of the observed dependency of language switch costs on 

situations in which response remains the same, and facilitation of non-decision time 

on trials in which languages changed and the response type switched, we argue that 

the non-decision time costs for language switches observed in any 2AFC language 

task are more likely to reflect non-linguistic task-related updating of S-R bindings 

rather than cross-language lexical inhibition at the lexical level. Although NDT 

appears to capture language processing in our task, as indicated by the differences in 

NDT between L1 and L2, the data do not show an NDT cost for language switches 

that is independent of response switching. 

 



Drift Rate Effects 

 We observed no effects of language on drift rate, consistent with an account of 

drift rate as reflecting an evidence accumulation process relating to a decision, which 

is independent of language information. 

 There was also no significant effect of language switch on drift rate. Although 

some might argue that a ‘marginal’ drift effect of language switching was observed, 

we note that the magnitude of this drift effect is less than half that of the effect 

observed in the context of GLD reported by Ong and colleagues (2019)10. Thus, for 

practical purposes, and in accordance with the conventional threshold for significant 

effects, we consider this effect negligible.   

There was a surprising finding that response switches had higher drift rates 

than response stays. There are two potential explanations of this result. One 

possibility is that the finding may reflect the unequal proportion of response 

switches and response stays in the task. Due to the fact that numbers are never 

repeated, the probability of a change in parity is 5/9 (55%) while the probability of 

parity staying the same is 4/9 (45%); the drift advantage for response switches could 

thus simply reflect experimental design causing a response bias towards the case 

where parity shifts (e.g., Forstmann, Ratcliff, & Wagenmakers, 2016; Leite & Ratcliff, 

2011; Ratcliff & Smith, 2004). Alternatively, the effect could be driven by contrast 

information(Stewart & Brown, 2005; Stewart, Brown, & Chater, 2002). In particular, it 

 
10 β for the effect of language switch in this study = 0.008. Reported β in Ong and colleagues (2019) = 0.021 



is possible that a change in parity provides stronger evidence for a change in 

response than constant parity provides for a stay in response. Although potentially 

interesting from a broader cognitive perspective, we refrain from delving into more 

detail regarding this effect, as it did not interact with language or language 

switching, which are the main focus of the current manuscript. 

The lack of any major significant effects in drift rate concerning language 

demonstrates that the decision process in semantic categorization appears to be 

independent of language-specific manipulations.   

 

Implications 

The observation that the L1 advantage over L2 manifested as a non-decision 

time cost rather than a drift cost supports previous research showing that linguistic 

variables such as word length tend to affect non-decision time rather than drift rate 

(Vandekerckhove, Verheyen, & Tuerlinckx, 2010). This indicates that semantic 

categorization may be a good task for investigating linguistic processing in the 

context of the DM because lexical effects seem to be captured by the non-decision 

time parameter.  

The lack of a language switch-cost for non-decision time that was 

independent of response type provides evidence against models that suggest 

inhibitory relationships across language that can persist across trials (Grainger et al., 



2010; Van Heuven et al., 1998), indicating that the switch cost is unlikely to come 

from the lexical system (Dijkstra & Van Heuven, 2002b; Von Studnitz & Green, 

2002). Importantly, this might also indicate that cross-language lexical inhibition at a 

lexical level (Grainger et al., 2010; Van Heuven et al., 1998) may not be a necessity in 

models of bilingualism (e.g., Dijkstra et al., 2018).  

The lack of a language switch cost for drift rate meanwhile suggests that task-

based processes are independent of language and language-switches. This result is at 

odds with the findings of Ong and colleagues (2019), who found an effect on drift 

rate for language switches using a GLD task. The discrepancy between our current 

and previous results may reflect the complexity of GLD, which involves combining 

multiple sources of information into a single decision variable (Ratcliff et al., 2004), 

making it difficult to attribute the observed drift rate cost to any one process without 

additional experiments. Crucially, the lack of an effect of language switching on drift 

rate observed in the present study indicates that that the language switch cost on 

drift rate observed by Ong and colleagues (2019) in GLD is not universal to all 

recognition tasks.  

Where then do language switch costs come from? Ultimately, the results of 

the current experiment suggest that they may simply be an artefact of S-R 

associations formed during completion of the task (Dijkstra & Van Heuven, 2002b; 

Von Studnitz & Green, 2002). Language appears to automatically bind to response, 

resulting in associations that must be removed and replaced (Ecker et al., 2014) when 



either language or response switches. Contrary to our expectations in the 

introduction, these associations do not appear to affect the decision-making process, 

and instead cause a time-based delay that occurs when S-R associations must be 

updated and replaced. 

Crucially, these S-R associations may provide a hint at the nature of language 

control. In the semantic categorization task, language is seemingly irrelevant to the 

task goal, and yet appears to form a relationship with response. Crucially ‘irrelevant’ 

information-response associations also have been shown to form in domain-general 

tasks, but only for specific types of information (Hommel, 1998; Waszak, Hommel, & 

Allport, 2003). Hommel (1998) for example, reported that location information which 

was orthogonal to task requirements, formed associations with task response such 

that responses were quicker if location and response information were consistent, but 

not when either would change. Such an effect was not found for colour information, 

leading the authors to conclude that this S-R binding process is selective, and that 

location information is one feature that automatically binds to response. They 

proposed that this could be because location tends to index the stimulus—the 

stimulus has to appear somewhere, and therefore location information, though 

orthogonal to the task demands, could not be decoupled from task-relevant stimulus 

information. It may very well be possible that language could play a similar 

indexing role in linguistic processing—every concept has to be expressed in one 



language or another, which may lead it to automatically bind to response in a similar 

fashion. 

For the time being, the reasons for language-response binding are speculative, 

but regardless of the underlying cause, the results indicate that language 

information may possess special salience with regards to task response, possibly due 

to its importance in bilingual processing (Ong et al., 2019; Thomas & Allport, 2000). 

Other aspects of lexical information could influence processing in a similar way (La 

Heij, 2005; N. Poulisse & Bongaerts, 1994), although as yet, no other lexical features 

have been associated with this pattern of results. Future studies could investigate the 

issue by manipulating sequential lexical characteristics under the contexts of 

response switches and response stays. 

 

Conclusion 

We show here that in a bilingual semantic categorization task, there does not 

appear to be any language switch cost that is independent of response switch. 

Consequently, we argue against an account of language switch costs based on the 

inhibition of the competing language for bilingual recognition. Instead, we attribute 

the switch cost to associations between language information and task-specific 

responses. This implicates language information as a salient cue in response 



selection, hinting at the possible involvement of low-level S-R associations in 

bilingual language processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8.3. Manuscript Discussion: 

 The results of Study 3 demonstrate that in the context of a semantic 

categorization task, there was a cost associated with switching language for non-

decision time, but only on ‘response-stay’ trials. No NDT cost was observed for 

switching language on “response switch” trials in which response-type (“odd-or-

even”) switched with language. Additionally, no drift rate cost was observed in the 

data, regardless of response switch status.  

 This pattern of results is inconsistent with the proposal that cross-language 

lexical inhibition, originally outlined in Chapter 2, is responsible for the language 

switch cost. Although it was speculated in Chapter 7 that the non-decision time cost 

for switching language reflected a recovery from inhibition, the results of study 3 

indicate that the non-decision time parameter cost occurred was dependent on 

response-type consistency with the previous trial, indicating that the non-decision 

time language switch cost reflects the influence of language-response bindings 

instead (Dijkstra & Van Heuven, 2002).  

 The results have multiple implications for the questions central to this thesis. 

First, the lack of an observed drift cost for switching language in semantic 

categorisation provides further evidence against the possibility that the set-shifting 

EF accounts for the language switch cost (Schmitz & Voss, 2012). Second, it appears 

that the locus of the language switch cost lies solely in the task-schema, as the only 

DM parameter cost observed was dependent on consistent responses across trials. It 



therefore seems that language-response bindings may be the main source of the 

language switch costs observed in bilingual language perception tasks. In the 

following, final Chapter, I take up these implications and integrate them with the 

earlier findings to provide a final set of conclusions and a discussion of future 

research pathways. 

 

 

 

 

 

 

 

 

 

 

 

 



8.4. Appendix 

 

Appendix A: Additional Data  

  

 Although the manuscript above presents evidence for an S-R binding 

interpretation of the switch cost, it is noteworthy that the population in that study is 

comprised of Chinese-English bilinguals, as opposed to the Spanish-English 

bilinguals analysed in Ong and colleagues (2019). It is thus possible, that the results 

of the above manuscript might not necessarily apply to the effects found in Ong and 

colleagues (2019) due to differences in the languages used by the different 

populations, especially as Chinese-English bilinguals use separate scripts for their 

two languages. In order to verify the generalizability of the results, a follow-up 

study was done with the same experimental design, but instead using a pool of 

Spanish-English participants. 

 

Method: 

 The experiment was as described in 8.2. The only difference is that a sample 

of Spanish-English participants (N=23, mean age= 28.95, SD= 3.39) is used. 

Descriptive information regarding their language experience is listed in Table A1 

below.  



 

 

TABLE 8.A1. Participant Demographics 

 Spanish (SD) 

English 

(SD) 

Age of Acquisition 2.14 (0.99) 8.5 (3.19) 

Months Spent in 

Country 

305.18 

(80.59) 

37.27 (62.87) 

LEXTALE Proficiency 0.89 (0.06) 0.74 (0.07) 

 

Results: 

Mean RT 

 

We analyse mean RTs to verify whether the Spanish-English sample replicates 

the mean RT switch cost across English and native language trials. A visual 

summary of the means and variance across conditions is presented in Figure A1 

below.  

 

 



 

FIGURE 8.A1. Mean RT for response ‘stays’ (left panel) and response switches (right panel) as a 

function of language and language switch trial status. Error bars represent standard error. 

 

Introducing a fixed effect of language did not improve model fit (𝛥𝜒2 = 0.353, 

p = 0.552) from the null model. Introducing a fixed effect of switch trial status also 

did not significantly improve model fit (𝛥𝜒2 =1.612, p = 0.204) from the null model. 

Introducing a fixed effect of response switch significantly improved model fit (𝛥𝜒2 = 

27.491, p < 0.001), such that response switches were quicker than response stays (𝛽 = 

-0.025). Introducing an interaction between language switch and language did not 

significantly improve fit (𝛥𝜒2 = 2.869, p = 0.09). 

 Although the interaction between switching response and switching language 

was not significant (𝛥𝜒2 = 1.467, p = 0.226), based on the results of the manuscript, 



and on visual inspection of the data, we analyse response switches and response 

stays separately. 

For response stays, adding an effect of language switches to the model 

improved model fit (𝛥𝜒2 = 10.042, p = 0.002), such that language switches were 

slower than language non-switches (𝛽 = 0.023). Adding an effect of language did not 

significantly improve model fit (𝛥𝜒2 = 2.519, p= 0.112).  Response stay data was thus 

bet fit by a model with language switch status as a fixed effect. 

For response switches, adding an effect of language switches to the model did 

not significantly improve model fit (𝛥𝜒2 = 1.788, p = 0.181), nor did adding an effect 

of language (𝛥𝜒2 = 0.741, p= 0.389).  Response switches were thus best fit by a null 

model with no fixed effects. 

 

Interim Discussion: 

 

Diffusion Model Fits: 

On the basis of our mean RT analysis, we find an effect where language 

switches result in costs when responses stay the same, but not when they switch, 

echoing the results of the main manuscript. Interestingly however, we find no effect 

of language. We now complement this result with an analysis of the entire 

distribution of RTs using the DM. The DM was fit to the data as described in the 



main manuscript. Model fits for the Spanish-English sample is presented in Figure 

A2 below. 

 



 



FIGURE 8.A2. DM fits for semantic categorisation data. Observed data is presented along the x-

axis while DM predictions are plotted along the y-axis. The diagonal represents a perfect fit, 

where there is no difference between predicted and observed data. Shaded shapes represent 

language stay trials while white shapes represent language switch trials. Triangles represent 

Chinese trials while squares represent English trials. Finally, the left column corresponds to 

response stay data and the right column corresponds to response switch data.  

 

DM Analysis 

Non-Decision Time 

 

FIGURE 8.A3. Mean Non-Decision Time by language (colour), language switch status (x-axis) 

and response switch status (left and right panels). 

 

Introducing a fixed effect of language did not significantly improve model fit 

from the null model (𝛥𝜒2 = 3.446, p = 0.063). Introducing a fixed effect of switch trial 

status did not significantly improve model fit (𝛥𝜒2 = 3.469, p = 0.063) from the 



language model. Introducing an effect of response switch also did not significantly 

improve model fit (𝛥𝜒2 = 0.008, p = 0.93). The interaction between response switches 

and language switches was significant (𝛥𝜒2 = 5.484, p = 0.019, 𝛽 = -0.019), and we 

thus analyse the response switch and response stay data separately. 

For response stays, adding an effect of language switches to the model 

improved model fit (𝛥𝜒2 = 7.555, p = 0.006), such that language switches had higher 

non-decision time than language non-switches (𝛽 = 0.017). Response stay data was 

thus best fit by a model with language switch as a fixed effect. 

For response switches, adding an effect of language switches to the model did 

not significantly improve model fit (𝛥𝜒2 = 0.159, p = 0.69). Response switch data was 

thus best fit by a null model with no fixed effects. 

 

 

 

 

 

 

 

 



Drift Rate 

 

FIGURE 8.A4. Mean drift rate by language (colour), language switch status (x-axis) and 

response switch status (left and right panels). 

 

Introducing a fixed effect of language did not significantly improve model fit 

from the null model (𝛥𝜒2 = 1.193, p = 0.275). Introducing a fixed effect of switch trial 

status also did not significantly improve model fit (𝛥𝜒2 = 0.38, = 0.538) from the null 

model. Introducing an effect of response switch significantly improved model fit 

(𝛥𝜒2 = 23.552, p < 0.001) such that response switches had higher drift rates than 

response stays (𝛽 = 0.042). The interaction between response switches and language 

switches was not significant (𝛥𝜒2 = 0.594, p = 0.441), nor was the three way 

interaction between response switches, language switches and language (𝛥𝜒2 = 



0.771, p = 0.38). Based on visual inspection of the data however, we investigated 

language switches in the case where the response is the same but language differs.  

For response stays in Spanish, adding an effect of language switches to the 

model did not significantly improve model fit (𝛥𝜒2 = 2.913, p = 0.088). Response stay 

data was thus best fit by a null model with no fixed effects. 

 For response stays in English, adding an effect of language switches did not 

significantly improve model fit (𝛥𝜒2 = 2.445, p = 0.118). Response stay data was thus 

best fit by a null model with no fixed effects. 

 

Similarities and Differences Between Spanish-English and Chinese-English Data 

 The general pattern of results observed match the pattern of results observed 

with the Chinese-English sample presented in the main manuscript. One exception is 

the lack of a difference between L1 and L2 in either non-decision time or mean RT 

for Spanish-English bilinguals. Our view, is that the language differences in the 

Chinese-English sample reflect a cost of script expertise—because the reading 

systems of Spanish-English bilinguals are similar (i.e., both utilise the Latin 

alphabet), Spanish-English bilinguals can leverage their reading processes to use for 

English items, meaning that their L2 reading time will be lower than their Chinese-

English counterparts, who do not have the same amount of experience with the 

English script.  



 The lack of a general language effect for Spanish-English data in both mean 

RT and non-decision time is unique however, as previous studies on unbalanced 

bilinguals tend to show differences between languages (Brysbaert et al., 2017; Von 

Studnitz & Green, 1997, 2002). We suspect that the lack of the general language effect 

could be due to the high level of familiarity of the stimuli: words for number are 

extremely high frequency, possibly resulting in floor effects for processing times. 

Notably, this finding is indicative of a lexical entrenchment account of bilingualism 

(Brysbaert et al., 2017; Diependaele, Lemhöfer, & Brysbaert, 2013) where RT 

differences between L1 and L2 are solely based on exposure. We suspect that had we 

used a different categorisation task with lower frequency stimuli, then differences 

between L1 and L2 for mean RT and non-decision time in the Spanish-English data 

would have manifested.  

 A relevant note observed here is that though there were differences across 

language groups due to differences in language characteristics (i.e., Chinese-English 

use different scripts and have larger L1/L2 RT differences than Spanish-English 

bilinguals who use the same script for both languages), there appear to be aspects of 

general bilingual processing which seem to apply regardless of any differences. 

Language switch costs across the two groups show a similar pattern of results effects 

(i.e., a non-decision time effect which that interacts with response switching, and no 

drift rate effects). This is consistent with research that shows that though a 

bilingual’s languages may have different scripts or characteristics, they still 



demonstrate the experimental effects that are commonly observed in the largely 

Latin-alphabet based literature (Degani, Prior, & Hajajra, 2018; Thomas & Allport, 

2000).  

 

Conclusion 

Importantly, this additional dataset provides a demonstration of the 

robustness of the main findings of the manuscript across two different populations. 

Both populations showed that there was a non-decision time cost for language 

switches, but only in the case where response remained the same. Both populations 

also showed no drift effects associated with switching language on the semantic 

categorisation task.  

 

 

 

 

 

 

 

 



9 General Discussion 
  

 At the outset of the thesis, it was noted that although there have been many 

references to the involvement of Executive Function (EF) in bilingual processing, 

there has been a lack of direct behavioural evidence that implicates EF in bilingual 

processing. The central aim of the thesis was to investigate whether bilingual non-

linguistic and linguistic behaviour demonstrate signatures of processing which 

could be related back to EFs. Data from two particular bilingual phenomena, often 

associated with language control in some capacity were analysed: the Bilingual 

Advantage (BA) and the bilingual Language Switch Cost (LSC). Using the Diffusion 

Model (DM; Ratcliff, 1978) to decompose bilingual processing in these two tasks, the 

empirical results ultimately provide evidence against a role for EF in language. In 

this final chapter, I discuss the theoretical implications of the thesis findings with 

relation to the main bilingual phenomena that have been reviewed: the bilingual 

advantage and the observed language switch cost in perceptual tasks, before 

considering the implications of the findings from these two fields together to discuss 

the nature of bilingual language control. 

  

 



9.1. Bilingual Advantage  

 

 The Bilingual Advantage (BA) is an experimental finding that has invigorated 

bilingualism research but also generated controversy (Duñabeitia & Carreiras, 2015; 

Paap et al., 2015; Sekerina et al., 2019; Valian, 2015; Woumans & Duyck, 2015; H. 

Yang, Hartanto, & Yang, 2016). Although the BA was not the central focus of the 

thesis, the findings from the three studies reported herein inform our understanding 

of the BA.  

In Chapter 3, I highlighted that although the inhibition EF has been suggested 

to underlie the BA, the evidence supporting this idea has been relatively 

inconsistent. In Chapter 5, I noted that part of the inconsistency could stem from the 

reliance on mean RT analyses which obscure the specific processes which underlie 

differences in performance between bilinguals and monolinguals. Subsequently, in 

Chapter 6, I applied the DM to pre-existing Flanker task data which demonstrated a 

BA (Abutalebi et al., 2015). The results showed that for incongruent trials, bilinguals 

had shorter non-decision times than monolinguals, while drift rates were similar 

across the two groups. These results strongly implicate improved attentional 

selection rather than inhibition as a cognitive processing locus of the BA (White et 

al., 2011). Importantly, this selective attention advantage was demonstrated on the 

Flanker task (Fan, McCandliss, Sommer, Raz, & Posner, 2002), which has previously 

been used in the BA literature to attribute the advantage to inhibitory or conflict-



related processing (Abutalebi et al., 2015; Calabria, Hernández, Martin, & Costa, 

2011; Costa et al., 2009),  highlighting the difficulty in drawing inferences about 

underlying cognitive processes without the use of cognitive models such as the DM. 

Given the current controversy regarding the BA (Dick et al., 2019; Paap et al., 2015), 

the consistency of this selective attention advantage would need to be established by 

analysing similar data sets (i.e., where there is a BA on a flanker task, or other tasks 

with an attentional component) with the DM. Consistency across results could 

provide support for a coherent, selective attention account of the BA. Conversely, 

revealed inconsistencies in the various demonstrations of the BA, would paint a 

more complex picture or support the idea that the BA is a spurious result. 

Although the evidence for an advantage in the other primary EF, set-shifting, 

has been bit more consistent, its relationship with bilingual language control is 

unclear. As discussed in Chapter 3, despite the theoretical link between set-shifting 

and the control of language itself (Bialystok et al., 2012; Green & Abutalebi, 2013), 

there is a notable disconnect between domain general task switching performance 

and language switching performance (Calabria et al., 2012; Klecha, 2013; Prior & 

Gollan, 2013).  In Chapters 7 and 8 I utilised the DM to break down the processing 

that occurs during switches of language, and noted that the DM parameter changes 

associated with language switching are not the same as the DM parameter changes 

associated with domain-general task-switches (Schmitz & Voss, 2012), providing 

additional evidence that these two behavioural phenomena do not necessarily share 



underlying cognitive processes. Though this does not eliminate the possibility of a 

set-shifting advantage, the inability to link the set-shifting advantage to bilingual 

language switching itself calls into question the idea that the BA is a manifestation of 

a domain-general cognitive advantage afforded by the general processes invoked by 

being bilingual. This subsequently lends credence to the idea that the BA may 

actually be associated with the socio-cultural rather than the cognitive aspects of 

bilingualism. Datasets investigating the BA which have controlled for socio-

economic status (Morton & Harper, 2007) and cultural differences (Samuel, Roehr-

Brackin, Pak & Kim, 2018) have, for example, demonstrated that bilingualism itself 

conferred no EF advantage, though these secondary socio-cultural factors did. These 

results in conjunction with the inability to show direct links between the BA and 

bilingual language processing potentially supports the notion that the BA is a 

spurious result (Paap, Johnson, & Sawi, 2015). Such a possibility highlights that 

factors such as SES and cultural differences should be measured and controlled for 

in future investigations of the BA.  

Is the BA a real phenomenon? The results of the thesis unfortunately do not 

provide a solid answer to that particular question, but they do provide constraints 

on the nature of the putative BA. First, the idea that the BA is driven by inhibitory 

processing is not supported here. Secondly, though the advantage in set-shifting is 

not investigated here, empirical results present additional evidence that general set-

shifting and bilingual switching appear to involve different processes. Given these 



findings, future researchers wishing to investigate the BA should aim to achieve two 

things: 1) demonstrate the consistency of any potential bilingual process advantages 

such as selective attention, and 2) link these particular processes back to bilingual 

processes, or other factors related to bilingualism which may explain why the 

advantage exists.  

 

9.2. Language Switching in Perception 

 

 The existence of Language Switch Costs (LSC) in perceptual language tasks, 

such as Generalised Lexical Decision (GLD) is somewhat perplexing given the 

apparent peripheral nature of language information to successful task performance. 

Although previous theories have provided explanations of perceptual language 

switch costs, (Grainger & Beauvillain, 1987; Thomas & Allport, 2000) this thesis 

provides a framework for outlining how the lexical system and task-schema could 

interact in order to produce perceptual LSCs. Three accounts of the perceptual LSC 

were outlined in Chapter 4: the set-shifting EF account, the cross-language lexical 

inhibition account and the response binding account. As noted in Chapter 5, all three 

accounts predict a mean RT cost of switching language, making them difficult to 

distinguish using mean RT analysis alone. Subsequently, in Chapters 7 and 8, I 

analyse language switching data through the lens of the DM, noting that the 



differing accounts predict different DM parameter changes to occur during switches 

of language.  

In Chapter 7, the DM was applied to data from a sample of Spanish-English 

participants conducting a GLD task as well as a cued version of GLD, where 

participants were provided foreknowledge regarding the language of lexical 

decision for each trial. The results showed that the LSC in GLD manifests as an 

increase to non-decision time, and a decrease to the drift rate, with neither cost being 

affected by the cueing of potential language switches. Ultimately, this result is 

inconsistent with the set-shifting account, as costs pertaining to domain-general set-

shifting involve an elimination of non-decision time costs when upcoming switches 

are cued (Schmitz & Voss, 2012). Furthermore, when analysed in terms of switching 

the type of Lexical Decision (i.e., from English Lexical Decision to Spanish Lexical 

Decision), there was no non-decision time cost found for switching between types of 

Lexical Decision. This latter finding, implies that the non-decision time cost observed 

for perceptual language switch costs appear to be stimulus driven—they are 

explicitly triggered by the presentation of words from the other language.   

A follow-up study in Chapter 8 analysed language switching in a bilingual 

semantic categorisation task to allow for a fully factorial design crossing language 

switch trials with task response switch trials.  This design permitted any influence of 

cross-language lexical inhibition to be analysed independently of any influence of 

language-response binding. It was found that the language switch cost for non-



decision time was only present on trials where task response remained the same, 

with no language switch cost observed on the drift-rate parameter. Thus, although 

the non-decision time cost observed in Chapter 7 was stimulus driven, it was 

ultimately dependent on task response and could subsequently be attributed to the 

task-schema, rather than lexical processing. The result of Chapter 8 thus provides 

evidence against the notion that LSCs reflect cross-language lexical inhibition, as the 

LSC could be made to disappear when task-response switched (Dijkstra & Van 

Heuven, 2002).  

The empirical studies presented suggest that perceptual LSCs originate 

purely from a single task-schema used for both languages. Chapter 7 shows that a 

single task-schema is sufficient to account for the perceptual LSC, and, importantly, 

that some aspect of the perceptual LSC is stimulus driven. Chapter 8 meanwhile 

demonstrates that the LSC is dependent on task response consistency. The results 

from Chapter 7 and 8 together support the idea that perceptual language switch 

costs are due to the inadvertent mapping of language information to particular task 

responses (Dijkstra & Van Heuven, 2002). These bindings appear to persist over 

trials, resulting in the need to replace binding information from the previous trial 

when there is inconsistency across trials (Ecker et al., 2014; Oberauer & Vockenberg, 

2009). One question for future researchers to consider is whether these bindings 

occur in relation to physical responses (i.e., a particular button presses), or to 

conceptual information relating to particular responses (i.e., odd or even concepts). 



 

9.3. Language Control 

  

 The central research question of the thesis was this: are domain-general EFs 

involved in bilingual language control? From the evidence I have pooled from non-

linguistic and linguistic data from bilinguals, the short answer is no. There is no 

evidence found in the set of experiments carried out that links current 

conceptualisations of language control (Dijkstra et al., 2018; Green, 1998) to EF 

(Miyake & Friedman, 2012).  

 Results from Chapter 6, indicate that the BA does not appear to be due to 

inhibition, ergo the BA as a behavioural phenomenon does not provide support for 

the notion of an involvement of top-down inhibition in language control. Although 

Chapter 6 did provide some support for a BA in set-shifting, results from Chapter 7 

meanwhile provide evidence against the notion that the language switch costs in 

perception reflect a reliance on separate language-specific task-schemas which have 

been developed over time (Green, 1998; Thomas & Allport, 2000), as language switch 

costs do not exhibit the same properties as general task-schema switch costs 

(Schmitz & Voss, 2012). Chapters 6 and 7 together therefore provide evidence 

against the involvement of the two EFs commonly associated with bilingual 

language control: inhibition (Bialystok et al., 2012; Green, 1998) and set-shifting 

(Green, 1998; Thomas & Allport, 2000) in language control. 



In the absence of evidence for a bilingual language control system that relies 

on EF, how then is bilingual language control generally achieved? Results from 

Chapter 8 demonstrate the existence of experimental conditions (i.e., when task 

response switches) that do not demonstrate language switch costs. It is thus unlikely 

that the lexical system itself exhibits general cross-language lexical inhibition 

(Grainger et al., 2010; Van Heuven et al., 1998). Taking the empirical results together, 

there is thus support for a model where bilingual processing is modulated by a joint 

integrated lexical system without inhibition (Colomé, 2001; Dijkstra et al., 2018) 

which sends outputs from both languages to a single task-schema, where lexical 

information is bound to a response  (see Figure 9.1 below).  

 

 

FIGURE 9.1. Schematic for model of cognitive processing on a linguistic task. Task input, I, 

activates entries in the lexical system. Information from that system is then passed into a task 

decision system which maps relevant lexical information onto an appropriate task response, O. 

Arrows represent information being transferred from one system to another. Evidence from the 

current thesis attributes language control to the task-schema stage of processing. 

 

Although the current set of experiments are focused on language control from 

a perceptual perspective, they provide implications for broader bilingual processing. 

As noted in Chapter 4, the existence of language switch costs in perceptual tasks 



necessarily places restrictions on the nature of general bilingual processing (Grainger 

et al., 2010; Thomas & Allport, 2000). Subsequently, the model supported by this 

empirical thesis (Figure 9.1, above), is the minimal assumption of processing 

required to account for bilingual behaviour, and may be used to frame the 

investigation of other bilingual tasks.  

The finding that language information automatically binds to response on a 

task where language information is theoretically irrelevant may hint at how other 

forms of language control are achieved. In non-linguistic tasks, irrelevant stimulus 

information has also been shown to bind to response (Hommel, 1998; 2004), but 

notably, not all stimulus properties form such associations with responses. The fact 

that language information in particular does bind to response, indicates that it may 

be privileged in a manner that other lexical information is not (see Figure 9.2. below). 



 

FIGURE 9.2. Simple schematic showing bindings between response and stimulus information 

being formed. Black arrows represent the flow of processing form the stimulus to response and 

other representations, while red arrows represent associations being formed. Activation of the 

word dog results in a certain response. This response forms an association to the original 

stimulus ‘dog’, and to the language information it contains, but not to the semantic information 

relating to its status as an animal. 

 

This salience of language information potentially implies a key role for it in 

This salience of language information potentially implies a key role for it in 

determining responses. This process is consistent with models of language 

production which speculate that selective, rather than inhibitory processes modulate 

language in production (Finkbeiner et al., 2006; La Heij, 2005). Under these models, 

task-goal information (i.e., produce an English response) combines with output from 

the lexical system (i.e., the English and Spanish words for a concept), resulting in 



selection of the most appropriate item (i.e., concept in the correct language). The 

significant role of language information as a mediator between task-goal information 

and appropriate responding in production in these models could potentially explain 

the automatic binding to response which occurs on tasks where language is 

seemingly irrelevant. Notably, these models achieve appropriate language output 

without the need for separate task-schemas or any form of inhibition, mirroring the 

structure of the model of bilingual processing that we provide evidence for here. 

Subsequently, though I primarily investigated language control here from the 

perspective of language perception, the results of the current thesis appear 

consistent with certain models of language production as well. Naturally, the next 

step for language control research would be to extend the current findings to 

language switching in production; in particular, I hypothesize that production LSCs 

could also stem from processes which map outputs from the lexical system onto 

task-appropriate responses.  

 

9.4. Overall Conclusion 

 The central question of this thesis was whether or not domain-general EFs, 

specifically inhibitory control and set-shifting, are involved in the ability of 

bilinguals to control language access. In my investigations of bilingual cognition in 

both non-linguistic (Flanker task) and linguistic (GLD; SC) task domains, the simple 

answer to this question was a resounding “no”. More broadly, the data reported in 



this thesis also contribute to our understanding of the literature on the BA, the 

bilingual switch cost, and models of bilingual language control.  

 Crucially, the results of the switching experiments implicate a model of 

language processing involving a single integrated lexicon with words from both 

languages, and no cross-language lexical inhibition, which sends lexical outputs to a 

single task-schema. Automatic language-response bindings provide a hint at how 

language control may be achieved at the task-schema stage without the aid of higher 

level cognitive processing.  

It is important to acknowledge here that the bilingual population investigated 

in this thesis was quite specific— non-English speaking migrants who now live in a 

mostly English speaking society. I argue however, that all bilinguals share the 

common experience of having to restrict their lexicons in certain contexts, and thus 

the nature of cognition underlying this fairly specific language process should be 

constant, and apply to other bilingual populations (i.e., those who live in bilingual 

contexts, 2nd generation migrants) as well.  

In addition to the theoretical contributions of this thesis, a novel 

methodological contribution is also provided: the use of the DM to analyse cognitive 

subprocesses in bilingual language processing. Rather than increasing the 

complexity of the tasks, I show here that models which break down RT data into 

different processing components are useful for analysing behavioural phenomena in 

the simplest instance. Notably, although the inferences made in this thesis regarding 



the interpretation of model parameters are far from definitive, the pattern of DM 

parameter changes themselves are explicit signatures of bilingual cognition which 

provide more detail than mean response time. Future research should seek to both 

scrutinize and extend the work which has been conducted here through the 

continued use of the DM or alternative distributional models of RT where possible, 

especially considering that the sample sizes utilised in the current studies were not 

large.  

 This thesis thus finds its place in the literature as a stepping-stone in the 

development of a complete processing account of bilingualism that specifies the 

nature of both the lexical system and the task-schema. The studies presented provide 

(1) a model of bilingual language control which accounts for empirical data in the 

simplest instance, and (2) a blueprint for the investigation of bilingual processing 

through the use of the DM. It is hoped that future studies utilise the same approach 

and model presented here in further investigations of more complex cases of 

language control.  
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