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Professor Lewis Shaprio, Chair 

 

This dissertation takes on an ambitious set of experiments to gain insight into the 

bilingual language processor. There are approximately 200 countries in the world and more than 

4000 languages; you are in the minority if you speak only one language. Furthermore, 

approximately 55 million Americans are multilingual and that number is growing (census.gov, 

2010). It would seem, then, that accounts of language processing should take into consideration 

these facts. Yet it is the case that very few accounts are sensitive to the issues that occur when 

participants are bilingual.    

Bilingual language research can be daunting because of the number of language and 

developmental factors that must be considered to accurately measure and interpret results. For 

example, bilinguals have demonstrated elevated cognitive skills when compared to their 

monolingual peers. As difficult as it is to account for language history and cognitive abilities in a 

language study, the benefits of such a study are well worth the effort.  
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Monolingual language processing models are founded in studies that examine how and 

when information is integrated while comprehending sentences. The language studies presented 

in this dissertation find their origins in monolingual language processing literature. Pupillometry, 

however, provides time-course information that has been missing in past studies. We use the 

findings as a foundation for developing bilingual language processing models. A battery of non-

linguistic tasks were selected to ensure any language differences were attributable to the 

language studies and not byproducts of differential cognitive abilities.  

The dissertation begins with an overview of both monolingual and bilingual language 

processing to illustrate the differences in language processing models between monolingual and 

multilingual individuals. This is followed by a description of the cognitive differences that have 

been observed between bilingual and monolingual individuals. The battery of non-linguistic 

assessment tools used include: N-Back (working memory), Attentional Network Test (conflict 

monitoring), Auditory Flanker Task (conflict monitoring), TONI IQ test, Picture naming tasks in 

Spanish and English and an extensive language questionnaire. The language studies examine 

tried and true sentence types from the monolingual processing literature including: Garden Path 

(temporarily ambiguous sentences), Filler-Gap constructions and antecedent-anaphor 

agreement.  

Pupillary responses were collected as a continuous index of processing demands. The 

combination of pupil data and non-linguistic tasks provide an interesting perspective on bilingual 

sentence processing. The results suggest that age of acquisition and conflict monitoring abilities 

are associated as both bilingual groups demonstrated reduced conflict monitoring costs. On the 

other hand, in the language studies sequential bilinguals demonstrated pupillary responses that 

resemble those of the monolingual control group in one sentential context and not so in others, 

while the simultaneous bilingual demonstrated unique patterns. Unsurprisingly, age of acquisition 

is associated with differential cognitive abilities as well as differential online language processing, 

but the cognitive advantages do not seem to penetrate language processing in the sequential 

bilinguals. The findings suggest the interaction of language and cognition may be age dependent. 
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CHAPTER 1: 

Introduction  
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1.1 Introduction  

An integral part, arguably the defining aspect, of the human condition is the ability to 

communicate using language. With great efficiency, our minds are constantly processing and 

integrating language into the contexts of our daily lives. To understand how we are capable of 

processing language with such seeming automaticity, psycholinguists have studied language 

processing using a variety of ingenious observational techniques. These investigations have 

yielded several different accounts of sentence processing, including those that hold a privileged 

role for syntactic information, probabilistic and lexical information, cognitive operations, and more.  

Much of this work has focused on monolingual populations, while essentially ignoring populations 

that speak more than one language.  

In fact bilingualism faced an uphill battle for the better part of a century. World War One 

resulted in xenophobia, or the fear of all things and people foreign. This created a major push for 

English-only education and promoted research that demonstrated that multilingualism was 

detrimental to a person’s development. The term “language handicap” was used to describe a 

bilingual individual’s ability to process language. This research dominated the field until the 

1960s, and suggested that bilinguals were less proficient at a multitude of language abilities 

including vocabulary, articulation and writing proficiency (Aresenian, 1937; Barke & Perry-

Wiliams, 1938; Carrow, 1957; Darcy, 1953, 1963; Grabo, 1931; Harris, 1948; MacNamara, 1966; 

Saer, 1923). The primary measures of intelligence during this period were based on lexical level 

tests. In 1962, Vygotsky began to turn the tables by showing elevated metalinguistic awareness 

in bilingual children as compared to their monolingual peers (Cummins, 1978). In the 1970s, 

scientists began to demonstrate that bilingual children outperformed their monolingual peers on 

some cognitive tasks, including those that tested metalinguistic awareness (Bain, 1975; Ben-Zev, 

1977a, 1977b; Feldman & Shen, 1971; Peal &Lambert, 1962). Sentiments towards 

multilingualism slowly changed and societies became more accepting of dual language speakers. 

The field of bilingual language research began to integrate linguistic and psycholinguistic models 

into efforts examining language learning. This progression has informed current models, but 
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despite substantial research on language organization (Caramazza & Costa, 2000; Costa et al., 

1999; Dijkstra & Van Heuven, 1998; Hermans et al., 1998) and some work on cross-linguistic 

activation (Dijkstra & Van Heuven, 2002, Blumenfeld & Marian 2007; Li &  arka ,     ; Wintzel, 

Wintzel & Nicol, 2011) there remain considerable gaps in the literature. 

 Bilingual individuals are exposed to the same language input as monolinguals, but with 

multiple languages. Despite the seemingly increased demands on acquisition development, and 

processing, individuals who know more than one language seem to internalize it with the same 

ease as monolinguals, at least from simple observation. Yet there is far less work on bilingual 

sentence processing that details the operations that occur prior to final interpretation of a 

sentence. Furthermore, there is now considerable evidence to suggest that relative to 

monolingual populations, bilingual speakers enjoy some cognitive advantages. These advantages 

in conflict resolution, multi-tasking, and perhaps working memory may influence the ability to 

understand sentences, and hence affect what we think we know about sentence processing.  In 

essence, bilingual populations can be considered ‘experts’ in cognitive processing and thus form 

an excellent population to examine the interaction of cognition and language. This dissertation, 

then, describes a series of studies that attempts to fill a void in the bilingual literature by 

examining on-line sentence processing and the role of such cognitive advantages.  

To give the reader a flavor for this examination, consider the following sentence 

containing a temporary structural ambiguity: 

(1) The investigator discovered the files from Daniel Ellsberg’s psychiatrist were missing. 

In this sentence, readers are more likely to attach the noun phrase (NP) the files from Daniel 

Ellsberg’s psychiatrist as the direct object of the verb.  Upon encountering the embedded verb 

phrase were missing, readers must reanalyze the sentence to appropriately attach the files as the 

subject of the embedded clause. The Garden Path Account (GPA) proposed by Frazier (1979) 

argues that the first analysis is driven by the simplest syntactic attachment via the minimal 

attachment strategy (see, for example, Frazier & Rayner, 1982, for experimental support). In this 

case, the minimal attachment is the direct object analysis, relative to the ultimately correct 
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analysis – attaching the NP as the subject of the embedded clause. Eye-tracking data have 

demonstrated slower reading time per character in sentences with such ambiguities as well as 

regressive eye movements to the mis-parsed information. Methods like this, which allow for the 

examination of language processing in real-time, provide moment-by-moment information about 

how syntactic structure is built and how different types of information are integrated during 

sentence comprehension. In my experiments I examine auditory sentence comprehension, and 

(re)establish the use of pupillometry as a method to measure processing load that occurs during 

the temporal unfolding of the sentence, a method that is unfettered by extraneous task demands.  

Importantly, garden-path sentences like (1) above yield conflicting analyses. Intuitively, 

recovery from a garden path may involve cognitive control and conflict resolution, since the 

preferred structure must be counteracted to yield the correct interpretation. I will detail some of 

the empirical evidence supporting this intuition later in this chapter, but for now consider the 

possibility that bilinguals who have an advantage in conflict resolution may be able to better 

recover from a mis-analysis; this is the type of issue that I will be investigating in this dissertation.  

In my next chapter I set the stage for this examination of language and cognitive 

processing by describing the literature on monolingual sentence processing. In following chapters 

I move to a description of the literature on bilingual language processing that essentially borrows 

much of the techniques from monolingual investigations. Included in this description is work about 

the putative cognitive advantages of bilingual speakers. I end that chapter with the unresolved 

issues that my dissertation aims to address through a series of cognitive and sentence 

processing experiments. 
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CHAPTER 2:  

Monolingual Sentence Processing 
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2.1 Some History.  

I begin this chapter with a brief sojourn into the history of psycholinguistics
1
. For the first 

half of the   th century, B. . Skinner’s research dominated both experimental and developmental 

psychology.  Skinner famously created conditions in which animals were able to learn and 

perform very specific tasks.  He accomplished this by regulating the feedback of the animal’s 

environment, which resulted in altering the behavior of the animal.  He argued that language was 

no different than a very complex task that can be taught and learned through stimulus-response 

chains, much in the same way as his animals learned.  In this model of language learning, the 

rules of language that allow two strangers to communicate are extracted completely from our 

experience with language throughout our lives.  We are essentially a blank slate ready to learn 

the rules of language through experience (Skinner, 1957).  

For several decades this behaviorist outlook on language went relatively unchallenged, 

but in the 195 ’s Noam Chomsky altered the course of language research with what he called 

“Generative Grammar” (Chomsky, 1965).  Chomsky argued that language is an ability that is 

specific to humans and that certain rules of language are programmed in the human genome.   

The rules that govern language create a system that is predictable yet infinitely variable, limited 

only by the abilities of the parser and producer.  Finally, Chomsky posited that a language device 

existed in the brain, that humans possess a specialized neural correlate for language.  In 1959 

Chomsky wrote a response paper to Skinner’s 1957 Verbal Behavior that would all but eliminate 

the extreme behaviorist account of language.  Chomsky’s advent of structure in language would 

provide the foundation for modern linguistics and would begin the search for the processing 

components that underlie linguistic competence.  Thus, linguistics was divided into two camps: 

those who thought that language innately resided in the brain as, perhaps, an independent 

module and those who believed that language, though possibly even special and unique to 

humans, was no different than any other cognitive task.  This polarization fueled much research 

and gave scientists testable hypotheses to compare and contrast.  Behavioral scientists could 

                                                           
1
 I skip many important periods in the history of psycholinguistics because my purpose here is to simply set the stage for 

my review of sentence processing in monolingual populations.  
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examine whether or not animals could learn human-like language.  Psychologists and cognitive 

scientists could hypothesize about how our minds managed the grammars proposed by 

Chomsky, and neuroscientists could look for the neural correlates of the so-called language 

device.  The field of psycholinguistics began to blossom as scientists combined methodologies 

and tools from psychology, cognitive science, and neuroscience to observe and analyze 

language production and comprehension. With Chomsky’s work as background (as fodder or foil), 

researchers began to investigate whether the language in our minds could be described using the 

structures and rules of a generative grammar.  This increase in language processing research 

coincided with an increase in computer technology that promoted the idea that the brain is like a 

computer in our heads.  Whether right or wrong, the brain-as-processor has promoted concepts 

such as efficiency, processing limitations, and even a one-to-one association between activity in 

the brain and abstract concepts.   

A consequence of Chomsky’s transformational grammar was the attempt to develop a 

theory that directly mapped the grammar to the processor. Thus, the Derivational Theory of 

Complexity (DTC) was born (see Fodor & Garrett, 1966, for a well-known critique). The DTC’s 

claim was that each transformation corresponded to a single perceptual (“decoding”) operation.  

 urthermore, it was claimed that the more transformations that take a “deep structure” to its 

“surface”, the more difficult the sentence was to process (Miller & McKean, 1964).   urther 

experiments showed that the DTC was lacking in theoretical coherence as well as supportive 

data (see Bever, 1970; Slobin, 1966). The outcome of this debate was the separation of 

linguistics and psycholinguistics, or at the very least, the acknowledgment that the relation 

between the two must be abstract (Fodor, Bever, & Garrett, 1974). We are now into the second 

decade of the 21
st
 century and, like it or not, psycholinguists and linguists are still attempting to 

marry. These marriages are complex, owing to different linguistic theories (some of which are 

quite narrow as in Chomsky’s more recent exploration of the Minimalist Program, and some that 

carve out much broader material), and different theories of sentence processing. I will not attempt 

to disentangle the current thought on the relationship. Instead, my assumption is that linguistic 
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theory, at the very least, can act as a set of discovery procedures that psycholinguists (and by 

extension, those interested in brain-language relations) can use to generate testable hypotheses 

about language processing.  

With testable hypotheses, psycholinguists began to theorize about how the human brain 

so efficiently and effectively processes language.  Though there are several contrasting views 

and specific theoretical accounts of sentence processing, one relatively uncontested aspect is 

that processing is incremental:  a decision about how to analyze (or parse) the input is made at 

each and every word that is encountered in the sentence. One question that has forged a great 

deal of research has been: What information does the parser use when making these initial 

decisions? There exists a spectrum of accounts about this, ranging from suggestions that syntax 

has a privileged initial role (Friederici, 2002) to one where syntax is computed late during the time 

course of sentence processing (Townsend & Bever, 2001). There are accounts that suggest that 

lexical properties are used to initially parse sentences (Elman, 2001; Marslen-Wilson, 1973; 

Trueswell, 1994; Tyler & Marslen-Wilson, 1974), and alternatively, it is argued that such 

properties are used later during the unfolding of processing (e.g., Shapiro, Hestvik, Lesan, & 

Garcia, 2003). These accounts, then, suggest that the time course of processing is fundamental 

and in fact the experiments in this dissertation are designed to examine the time course of human 

sentence processing. With this short history in mind, in the next section I describe the 

monolingual sentence processing literature that forms the basis for the experiments in this 

dissertation.  

2.2 Monolingual Sentence Processing 

There are multiple sentence processing accounts under investigation; these can be 

roughly divided into “restricted” or “unrestricted” (Shapiro et al.,     ). Restricted accounts 

suggest that one particular type of information takes precedence over others during the initial 

analysis of a sentence. Typically, this information is syntactic (though see Townsend and Bever, 

2001, for an alternative). The constraint-based framework best exemplifies unrestricted accounts, 

where multiple types of information interact to yield an interpretation. Because there is a focus on 
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initial versus secondary analyses, the time-course of sentence processing becomes a critical 

battleground for various models and accounts.  In the following two sections I will describe each 

of these accounts, using some experimental examples. My purpose here is not to give an 

exhaustive literature review, but rather to give the reader a good indication of the issues that 

sentence processing accounts attempt to address, and to set the stage for the following section 

on Bilingual Language Processing.  

2.2.1 Restricted Account 

The “restricted” side of the language processing spectrum is associated most clearly with 

the Garden-Path Account (GPA; Frazier, 1987) and its most recent version, Construal (Frazier & 

Clifton, 1996).  Here it is claimed that the human sentence processor (or parser) initially 

constructs the simplest structure to maximize efficiency (using heuristics that only make contact 

with the syntax). Underlying the GPA (and several other accounts) is the notion of cognitive 

economy: The human parser has at its disposal limited processing resources and thus attempts 

to minimize their use. The GPA also claims that only syntactic category information (i.e., lexical 

and phrasal categories) is available to the parser, initially. After the initial structure (syntax) is 

built, the GPA parser analyzes the content and other extra-linguistic information in a second 

stage. If the parser encounters information that is not congruent with the initially established 

structure, the sentence will require reanalysis (Fodor, 1983; Frazier, 1979, 1987; Frazier & 

Rayner, 1982; Just & Carpenter, 1980; Rayner et al 1983). A major test for such accounts is often 

how they deal with structural ambiguities. Consider again sentence (1), repeated below in (2): 

( ) The investigator discovered the files from Daniel Ellsberg’s psychiatrist were missing. 

Readers and listeners
2
, moving left-to-right with the input, often have the feeling that they 

have initially mis-analyzed such sentences. According to the GPA, this is because the NP (the 

files….) following the verb has the potential to be analyzed as either the direct object of the verb 

discovered (as in “the investigator discovered the files...”) or as the subject of the embedded 

                                                           
2
 I am particularly interested in auditory comprehension, but much important sentence processing work has been done 

with reading. I will thus discuss some reading as well as auditory comprehension research in this review.  
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clause, the files… were missing. In (2), this structural ambiguity stems from the missing 

complementizer that, which is optional in English (compare (2) to The investigator discovered that 

the files… were missing). According to Frazier and colleagues, when encountering structural 

ambiguities readers/listeners always take the easiest route (‘easy’ in this case equates to ‘less 

processing resources’). In ( ) readers will initially analyze the NP the files… as the direct object of 

the verb, but once they encounter the embedded verb were, they have been ‘garden-pathed’ and 

thus will need to go back and reanalyze the sentence.  The parser analyzes the post-verb NP as 

its direct object rather than the subject of the embedded clause because the latter will require 

expanding the verb phrase to include a sentential complement and the former will not; building 

less structure is preferred since it takes up fewer processing resources. The decision to 

immediately attach the post-verb NP as a direct object is based on the minimal attachment 

strategy: 

Minimal attachment: Attach incoming material into the phrase marker being 

constructed using the fewest nodes consistent with the well-formedness rules 

of the language. 

Again, once such an analysis is taken and subsequent input reveals the analysis is 

wrong, the sentence will need to be re-analyzed. The impact on mis-parsing will be an increase in 

processing load. For example, reading times should be longer in minimal attachment sentences 

relative to control conditions. And indeed, the history of psycholinguistics is rife with such 

evidence. Consider, for example, an experiment from Frazier & Rayner (1982), where they 

presented sentences like the following to readers (examples from Frazier, 1987): 

(3)  a. I suppose the girl knows the answer to the physics problem.  

   (Minimal attachment) 

 b. The girl knows the answer to the physics problem was correct.  

  (Non-minimal) 

c. The girl knows that the answer to the physics problem was correct.  

(Unambiguous non-minimal) 
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Average reading time (per character) was longer for (3b) relative to (3a), there was a 

higher probability of making a regressive eye movement in (3b) relative to (3a), the eyes moved 

from a point of current focus (e.g., the embedded verb phrase was correct in (3b)) to a point in the 

sentence that had already been read and that formed the initial ambiguity (e.g., the initially 

encountered verb phrase knows the answer..), the disruption in (3b) was associated with the 

disambiguating words (underlined in (3b)), and finally, this region took longer to read in (3b) 

relative to the corresponding region in (3c), which was disambiguated by the overt 

complementizer that.  All these results conformed to the GPA. The reason why reading times 

were longer in (3b) versus (3a) was because readers initially took the NP following the verb 

knows as its direct object and once the embedded verb was encountered in (3b), reading slowed. 

The reason why the eyes moved from the embedded VP in (3b) back to the initial VP, and a 

similar pattern was not observed in (3a), was because of the initial mis-analysis. The reason why 

reading the disambiguating region in (3b) was slower than the similar region in (3c) was because 

the overt complementizer disambiguated the latter.  

 An example taken from Frazier & Rayner (1982) demonstrates another simplicity 

heuristic used in the GPA, late closure: 

(4)  Since Jay always jogs a mile… 

 a. this seems like a short distance to him. 

 b. seems like a short distance to him. 

Late closure: When possible, attach incoming lexical items into the clause or 

phrase currently being processed (i.e., the lowest nonterminal node dominating 

the last item analyzed).   

Thus, the structurally ambiguous NP a mile in (4) should initially be considered the verb’s direct 

object since it would be processed as part of the verb phrase already under consideration. Frazier 

and Rayner (1982) showed that sentences like (4b) elicited longer looking/reading times than 

(4a), suggesting that readers initially considered closing the VP with the NP a mile but were 



12 

 

 
 

garden-pathed when encountering the subsequent material. Such evidence points towards an 

account in which the parser is only using specific and limited information during their first-pass 

interpretation of the sentence, and this information is syntactic.  

 inally, I’ll consider one more strategy that fits with the GPA: 

Most Recent Filler (MRF) Strategy: During language comprehension a detected 

gap is initially and quickly taken to be co-indexed with the most recent potential 

filler (p. 196, Frazier, Clifton & Randall, 1983). 

Consider the following examples from Frazier et al. (1983): 

(5) a. This is the girl1 the teacher2 wanted ____2 to talk to ___1. 

 b. This is the girl1 the teacher wanted ____1 to talk. 

These sentences are also structurally ambiguous in the sense that the gap location is unknown 

until subsequent information is obtained. In (5a) there are two potential gap sites and as can be 

seen by the co-indices, the initial gap co-refers with the second-mentioned NP, the teacher, and 

the second gap co-refers with the first mentioned NP, the girl. Thus (5b) should be more difficult 

to understand relative to (5a) because when the initial gap is encountered, the parser ‘looks back’ 

and finds the most recent filler for it, and in the case of (5a) this would give the correct result (that 

is, the NP the teacher is the correct filler for the initial gap). In (5b), however, the sentence ends 

without providing a second gap for the initial NP the girl, and thus the initial parse would need to 

be revised, increasing errors and potentially, processing load.   

More recently, Frazier and Clifton (1996) revised and revived the GPA through their work 

on Construal. Briefly here, construal makes a distinction between primary and non-primary 

phrases, and that initial decisions based solely on syntactic information target primary phrases 

only. Primary phrases essentially consist of the subject and predicate, and any phrase occupying 

argument positions. Non-primary phrases include those that modify primary phrases, such as 

relative clauses and adjuncts. The model itself consists of a constituent structure module that 

does its initial work on primary phrases. Working in parallel is a thematic processing module that 
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checks if the structure being built is appropriate to the verb’s argument structure. The thematic 

module is posited based on some significant research showing thematic role effects in 

processing. For example, Rayner, Carlson and Frazier (1983) argued that thematic roles are the 

units of information that connect real-world experience with the structure of language and allow 

people to communicate about real world events.  Furthermore, they have suggested a thematic 

processing mechanism that allows the parser to extract structure rapidly while allowing for repair 

when structure and input are no longer congruent.  Stowell (1981) hypothesized that when the 

parser encounters a verb during processing, a thematic grid of all possible thematic role 

assignments is activated for that verb (see also Shapiro, Zurif, & Grimshaw, 1987, 1989). The 

concept of a parser maintaining a thematic grid is attractive to researchers who support a 

restricted account because it allows the syntactic architecture of language to operate separately 

from semantic and contextual information in a rapid and systematic way.  In Construal, unlike the 

constituent structure module, the thematic processor is allowed to use all available information in 

its computations.  Thus, construal continues to suggest that syntactic information holds a certain 

representational privilege over other information, but at the same time it recognizes that notions 

such as thematic fit (i.e., whether the NPs that fill argument positions fit with the verb’s argument 

structure constraints) and plausibility also enter into early parsing decisions. 

2.2.2 Unrestricted account 

Though efficiency in the brain is still a major concern in creating a processing model, in 

the 196 ’s computers were large, cumbersome and slow. Today, storage and processors are 

improving at an exponential rate, allowing researchers to maintain and analyze much larger 

corpora of language with greater ease.  Because we often compare the human processor to 

computers and computers were restricted by storage and scale, it was always thought that the 

most efficient solution was the most likely one.  However, today a chip the size of a penny is 

capable of incredible computational feats. As the concept of an electric processor has changed, 

so has the concept of the human processor. Computational modeling is contributing to the set of 

models used in psycholinguistics and the scope of what a human processor can accomplish has 
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been expanded.  In an unrestricted account the human parser accounts for all relevant 

information during processing and, in contrast to restricted accounts, unrestricted accounts 

suggest that syntax has no privileged role in initial decisions. In fact, the most well known of these 

accounts – constraint-satisfaction – suggests that syntax is simply built out of the lexical 

properties (or features) of a word and hence there is no independent ‘syntactic module’ 

(MacDonald et al., 1994). This constraint-based framework claims that a variety of constraints 

from several sources of information (e.g., contextual and probabilistic) converge – interactively 

and quickly – onto a final interpretation of a sentence.  

The modern history of unrestricted accounts began in the 197 ’s at about the same time 

more modular (and sometimes syntax-driven) accounts were being proposed (Marslen-Wilson, 

1973, 1975). One important paper in this regard was Marslen-Wilson & Tyler’s (198 ) treatise on 

the time-course of spoken language comprehension. Briefly, the authors reacted to the serial, 

modular accounts of language processing proposed in the 1970s by proposing a highly 

interactive framework (note that this work was primarily concerned with the ‘word-level’ but the 

functional architecture of the system could be viewed more generally). From this and their 

previous and subsequent work, Marslen-Wilson and Tyler (1980) suggested that context, rather 

than structure, is the factor that most directly affects initial sentence processing decisions.  As an 

example of their experimental work, Marslen-Wilson, Brown, and Tyler (1988) used a word 

monitoring task and aurally presented the following to listeners: 
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(8)  

Lead-in Discourse:  

The nurses walk to their work each morning.    Discourse-congruent 

Christmas falls on a Friday this year.     Discourse-incongruent 

a. They pass the beach on the way to the hospital.  Plausible 

b. They measure the beach on the way to the hospital.  Pragmatic Anomaly 

c. They chew the beach on the way to the hospital.  Semantic Anomaly 

  d. They yawn the beach on the way to the hospital.  Syntactic Anomaly 

Before the onset of each aurally presented sentence, a word (in this case, beach) was presented 

momentarily and the participant was required to press a button as soon as the word was heard; 

monitoring times were recorded. The results showed no difference in monitoring times for the 

plausible continuations presented after a discourse-congruent or discourse-incongruent lead-in 

sentence. However, the results did indicate a continuum of processing difficulty: Monitoring times 

were fastest in the plausible context and slowest in the syntactic context, with pragmatic and 

semantic conditions in-between and not different from each other. From this pattern the authors 

suggested that listeners immediately use different sources of contextual information (semantic, 

pragmatic, and syntactic) interactively to help understand sentences.  

 This experiment, and many others like it, can be criticized on methodological grounds 

alone. For example, a word-monitoring task is essentially a working memory task, as it requires 

the participant to consciously reflect at each and every word, and perhaps to even rehearse the 

to-be-monitored word while doing so. It is therefore quite likely that the task will be sensitive to 

contextual information of the sort manipulated by Marslen-Wilson et al. (1988) (if one assumes 

that context may have a later time-course; see Shapiro, Swinney, & Borsky, 1998).  I will discuss 

psycholinguistic methodology in a further section. It suffices to say here that tasks and methods 

turn out to be a critical component in the search for a theory of language processing.    
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Thus, in contrast to the restricted account, the unrestricted account recognizes the 

activation and use of multiple sources of lexical and extra-lexical information, such as frequency-

of-occurrence and probabilistic information, lexical properties such as argument structure, and 

information derived from sentential and discourse context during sentence comprehension. These 

types of information are claimed to be used whenever they are available to the reader/listener, 

and sometimes are claimed to be used at any necessary point during the unfolding of 

comprehension (Elman, 2001; Marslen-Wilson, 1973; Trueswell, 1994; Tyler & Marslen-Wilson, 

1974). In the 198 ’s and 199 ’s, as shown above, much of this research was focused on the 

influence of context on parsing (see also Altmann & Steedman, 1988; Crain & Steedman, 1985), 

as well as on the influence of lexical information (one of the earlier accounts fell under the name, 

“lexically-driven”, to contrast it with “syntax-driven” accounts such as the GPA). 

 Another good example of an experiment supporting a constraint-based approach is from 

Trueswell, Tanenhaus, & Garnsey (1994). They presented evidence that thematic role 

information is used immediately in structural ambiguity resolution, as opposed to the GPA that 

claims that such information is used during a secondary parse. Their experiment involved the 

monitoring of eye movements of participants during the reading of sentences that contained 

reduced- and unreduced-relative clauses. Consider the examples:  

(9) a. The defendant examined by the lawyer turned out to be unreliable.  

 b. The evidence examined by the lawyer turned out to be unreliable.  

 c. The defendant that was examined by the lawyer turned out to be unreliable.  

 d. The evidence that was examined by the lawyer turned out to be unreliable.  

Sentences (9a) and (9b) are examples of reduced-relative clauses, while sentences (9c) and (9d) 

are unreduced relative clauses and served as controls. Verbs that were ambiguous between past 

participle and past tense forms (such as examined) were used in all sentences. The initial portion 

of sentences like (9a), the defendant examined, is claimed to be given a main clause analysis, 

where the noun phrase (NP) the defendant is the subject and typically plays the role of Agent of 
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the verb examined. This analysis follows from both the GPA and constraint-based accounts. In 

the GPA, it is the easiest and most minimal structure to build; in the constraint-based account, the 

main clause analysis is often considered more probable or highly frequent. When the subsequent 

phrase by the lawyer is encountered, readers/listeners are often found to have mis-parsed the 

sentence (note that this by-phrase is also considered agentive), because though they have 

parsed the fragment the defendant examined as an agentive NP plus a past tense verb, the 

analysis turns out to be a direct object and a past participle (e.g., the lawyer examined the 

defendant…”). Hence, participants are garden-pathed on such constructions.  

Trueswell et al. (1994) hypothesized that using inanimate nouns would bias the main 

clause toward the past participle alternative because such nouns are more likely to be the 

patients or themes of sentences with those ambiguous verbs (see (9b) above). Using an eye-

movement methodology whereby sentences were presented visually and reading times and eye 

movements were measured, first-pass (i.e., those that occur within a particular region before eye 

fixations move outside that region) and second-pass reading times were measured at four 

different points in the sentence: after the first NP, at the ambiguous verb, at the by-phrase, and at 

the main verb (e.g., The evidence/examined/by the lawyer/turned out/to be unreliable). From their 

data Trueswell et al. concluded that thematic information was used to eliminate processing 

difficulties with ambiguous reduced-relative clauses, thus supporting the ‘immediate’ use of 

relevant constraints (such as thematic role information) in sentence processing (but see Binder, 

Duffy & Rayner, 2001, who examined similar sentence types and found slower reading times 

regardless of thematic fit).   

2.2.3 Statistical language 

Another subset of unrestricted language processing models is statistically-based 

predictive models.  Statistical models are at the heart of artificial intelligence and computational 

linguistics. These models are slightly different from unrestricted accounts in that they rely purely 

on the probabilistic nature of language to create a predictive mechanism that allows for language 

comprehension.   
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For example, in a Probabilistic Context Free Grammar (PCFG), the probability of any 

word following another is based on the co-occurrence of the two words in that sequence 

throughout an enormous corpus of data. As the series of words continues (in the sentence) the 

likelihood of the next word will be more restricted by eliminating competitors and promoting likely 

candidates. The total product of the probabilities is a fixed value (e.g., P=1) and as more 

information is added to the system, the probability of certain words becomes much greater as 

other words become less likely.  A limitation of such a model is that it relies on the probabilities of 

surface co-occurrence, making them unlikely to explain the comprehension of non-canonical 

sentences.  To resolve this issue Resnik (1992) proposed a Tree-Attachment Grammar (TAG).  In 

this grammar each possible structure is given a probabilistic value during the unfolding of the 

sentence, and the potential structures are assigned values based on co-occurrence as well as on 

the lexical items in the sequence.   

The idea of using corpora to generate probabilistic information based on frequency of co-

occurrence is very powerful, but is also self-limiting, because humans are capable of producing 

an infinite number and combination of sentences, and thus corpora will always be limited.  By 

using Bayesian statistics, scientists have been able to calculate the combinational probabilities of 

words based on conditional probabilities. A Bayesian model of sentence processing allows 

contextual networks and hierarchically based structure to exist independently, thereby potentially 

allowing the model to describe a wide variety of psycholinguistic results including structural 

ambiguity resolution in garden-path sentences (Narayanan & Jurafsky, 1998).  Such a model 

permits researchers to take a unique look at the question of modularity in sentence processing.  

Rather than simply asking if language is modular or not, they can investigate to what degree is 

language modular.  For the most part statistical models of language are implemented in either 

language learning research or in computational modeling, but the influence of purely statistically 

based models on human sentence processing has been somewhat limited.   

Although the 199 ’s were dominated by the unrestricted account, supporters of the 

restricted account still argue that even though context and plausibility facilitate processing, they 
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do not completely eliminate difficulty in processing (Binder 2001; Clifton, Traxler, Mohamed, 

Williams, Morris, & Rayner, 2003) and it is very difficult to describe the serial nature of language 

with parallel activation. Eye-tracking experiments have provided support for the parallel models, 

especially those using the visual world paradigm. Here, participants look at pictures (often 

depicting the nouns referenced in the sentence) while listening to sentences.  Anticipatory looks 

have been found to be based on the probability of one constituent or another rather than the 

syntactic fit. I have chosen to focus on auditory sentence processing in the absence of visual 

stimuli, as this support may in fact confound the processes of spoken language comprehension 

(Pickering, McElree, & Garrod, 2004).  

Another measuring technique – Electroencephalograms or EEGs – monitors the 

electromagnetic fields produced by cortical activity from the brain. The measure results in a 

continuous waveform of positive and negative charges near the scalp. By time locking the 

changes in charge to stimulus presentation scientists have been able to collect Event-Related 

Potentials.  In 1980, Kutas and Hillyard utilized ERPs from an EEG to show that incongruent 

semantic information elicited a detectable negative deflection approximately 400msec after the 

incongruent information.  This would be the first of many signature ERP waveforms to be 

identified.  In a review of ERP research, Friederici (2002) showed that different syntactic and 

semantic violations elicit unique waveforms at different times following, and depending on, the 

violation. Evidence of physiological responses, such as ERPs, makes a very strong case for a 

serial sentence processing mechanism, and behavioral data from aphasiology research also 

show compelling data that support separate language modules (Ben-Schachar et al., 2004; 

Frieback et al., 2005; Grodzinsky & Santi, 2008; Stromswold et al., 1996).  In research, 

dichotomous arguments are often the greatest fuel for advancement and discovery, but when 

both sides claim to have valid and incontrovertible evidence it may be time to investigate the 

middle ground.   

2.2.4 Other Accounts 
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For nearly 40 years, the field of psycholinguistics has been split: rigid serial structure 

building cannot easily account for the effects of context and rapid recovery from ambiguities, and 

parallel models cannot easily account for the serial nature of language.  In a paper entitled 

Falsifying serial and parallel processing models, Lewis (2000) has suggested that it may be 

impossible to distinguish between parallel and serial models as broad classes. Of course, 

constraint-based and syntactic-centric accounts are not the only theoretical windows in which to 

view sentence processing research. Resource-based accounts suggest that understanding a 

sentence entails the usage of ‘cognitive resources’, be they memory- or attention-based, or 

undefined. The general idea here is that some notion of “complexity” interacts with limited 

processing resources. For example, Lewis and colleagues (e.g., Lewis, Vasisth, & Van Dyke, 

2006) have suggested that as a word is processed in a sentence, its properties are encoded in 

working memory, along with features of other words and phrases with which it will be associated. 

For example, an initial noun might have the features of singular and subject. When the verb is 

encountered, one of its features requires a subject (as in fact all verbs do), and thus the verb is 

integrated with the previously encountered noun. In such an account, parsing occurs by 

concatenating words on a feature-by-feature basis; there is no independent syntactic parsing 

mechanism. Difficulty in comprehension is based on the difficulty of maintaining or retrieving 

memory representations in the face of interference from similar features.   

Another resource-based model is based on the notion of surprisal – how unlikely a word 

is given the context in which it is embedded (e.g., Levy, 2008). Unlike the serial GPA account, but 

much like that constraint-based account, multiple interpretations are computed in parallel and 

ranked by their likelihood. A word that fits into the context and is consistent with a highly ranked 

interpretation will cost little in terms of processing resources, while a word that is inconsistent with 

a highly ranked interpretation yet consistent with a lower-ranked one will force a re-ranking of the 

interpretations, and will yield a cost to the system.  

Ferreira and colleagues have commented that research has also been limited by the 

sterility of psycholinguistic research (Ferreira, Bailey, & Ferraro, 2002). Most studies that examine 
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sentence processing utilize individual sentences in a context-free environment, and sentences 

are rarely, if ever, embedded in conversations or in less-than-ideal conditions. Ferreira et al. have 

proposed a Good-Enough model of sentence processing (e.g., Ferreira, Bailey & Ferraro, 2002) 

that allows the parser to create partially formed syntactic structures rather than automatically 

selecting one and having to recover in the case of incongruent information. In a review of 

psycholinguistics, Ferreira commented that formal linguistics and psycholinguistics have drifted 

apart and that Generative Grammar research should begin to focus more on the biological 

processing aspects of the theory rather than establishing algorithms for describing language 

(Ferreira, 2005). Jackendoff (2004) has proposed that the parser takes into account contextual 

information while maintaining syntactic structures in working memory, refining the set of potential 

structures as more information becomes available; all of the potential structures are maintained in 

working memory and are eliminated by linkages between lexical information as it becomes 

available. This theory of sentence processing allows generative grammar to exist and operate in 

harmony alongside parallel activation of both semantic and syntactic information.  

2.2.5 Cross-Linguistic Variation 

Each of the accounts described above is intended to describe human sentence 

processing mechanisms, regardless of the language spoken. However, it is quite likely that each 

language brings something different to the processing system. For example, to determine 

whether the late closure preference in English is specific to English or if it is employed because it 

provides processing advantages across all languages, Cuetos and Mitchell (1988) examined 

early vs. late closure preferences in both Spanish and English readers. Using a combination of 

offline and online reading measures, Cuetos and Mitchell found that native Spanish readers 

prefer an early closure strategy.  Ten years later, however, Igoa (1998) showed that Spanish 

language readers demonstrate a preference for late closure and argued that Spanish readers 

employ the same heuristics as English language readers. Igoa observed no difference in reading 

times when a Spanish reader encountered an ambiguous PP with two attachment hosts vs. PPs 

with unambiguously late closure. However, PPs that were unambiguously attached to the main 
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verb (early closure) lead to slower reading times. Though this finding would be fundamental 

support to Construal or The Garden Path Account, Igoa suggested that Spanish readers also 

showed a preference for early closure and that, offline, attachment was highly contingent on the 

thematic relationships of the constituents.  

Now that I have described the background literature on monolingual language 

processing, in the next chapter of my dissertation I move to a description of language processing 

in bilinguals. As will soon be evident, the important work that psycholinguists have conducted in 

searching for an empirically valid theory of sentence processing has only barely influenced 

processing in the case where a person comes to the table with more than one language.  
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3.1 Introduction  

There are approximately 200 countries in the world and more than 4000 languages; you 

are in the minority if you speak only one language. Furthermore, approximately 55 million 

Americans are multilingual and that number is growing (census.gov, 2010). It would seem, then, 

that accounts of language processing should take into consideration these facts. Yet it is the case 

that very few accounts are sensitive to the issues that occur when participants are bilingual.   

Bilingualism arguably exists along a continuum of varying degrees of proficiency: one 

language may be stronger or weaker than the other or both languages may be hypothetically 

balanced (Valdés & Figueroa, 1994). Furthermore, the language abilities of bilingual speakers are 

the result of many factors, including age of acquisition and language use, among others. To 

facilitate research, language acquisition in bilinguals has been divided into broader categories. 

For current purposes I am focusing on two groups of bilingual individuals – early bilinguals who 

were exposed to both languages simultaneously, as well as early bilinguals who were exposed to 

each language sequentially. 

The past three decades have seen an explosion of work examining bilingual language 

processing. There are several reasons for this increased interest. Beyond the obvious 

demographic changes throughout the US, one issue stands out: Using more than one language is 

a natural phenomenon and thus discovering just how bilinguals are able to use one language 

while seemingly suppressing the other(s) could reveal fundamental properties of language, 

cognition, and the brain.  

3.2 Language groups 

Bilingualism exists along a continuum with varying degrees of proficiency: one language 

may be stronger or weaker than the other and sometimes both languages are balanced. As a 

result, language processing abilities may also exist along a continuum. In a communicative 
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setting, it is nearly impossible to distinguish accurately between certain degrees and types of 

bilingualism. Even in the controlled environment of a research lab, it can be difficult to accurately 

classify bilingual individuals. The focus of my research has and will continue to focus on auditory 

sentence processing (mostly in the absence of visual support, thus I will not review much on the 

visual world paradigm). I will address second language learning and models that deal with 

language interactions, but the primary focus of my work is to investigate language processing in 

people who have acquired two or more languages well before puberty, early in the so-called 

critical period.  

3.3. Bilingualism 

Valdés and Figueroa (1994) propose a very broad classification for the definition of 

bilingualism, whereby a bilingual is anyone capable of functioning at some capacity in two 

languages. This framework lends itself to the idea of a continuum of ability in two languages, as 

illustrated in Figure 3.1. 

 

Figure 3.1. Types of bilinguals (Valdés and Figueroa, 1994, p. 8) 

The language abilities depicted in the continuum above are a result of many factors, including 

age of acquisition and language use, among others. There are limitless combinations of abilities. 

To facilitate research, language acquisition has been divided into broader categories based on 

physiological changes in the brain and age landmarks proven important in language acquisition 

literature, bilingual individuals have been divided into three groups. First, a simultaneous 

bilingual is someone who has been exposed to two languages in infancy. Second, a sequential 

bilingual is someone who, after acquiring a native (first) language, has been introduced to a 

second language during childhood (pre-puberty). This type of bilingual is sometimes referred to 
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as an “early bilingual” or an “early sequential bilingual.” These first two groups are subdivisions of 

the larger category comprised of all people who acquire two languages prior to the end of the 

critical period (Lenneberg, 1964; Penfield & Roberts, 1959). The third group consists of bilinguals 

who acquired one language, and then later in life, after approximately age 13 (puberty), learned a 

second language (Buckley, 2003). The continuum in Figure 3.1 illustrates that there are more 

than just three classes of bilingualism, but the notions of sequential and simultaneous 

bilingualism highlight the two ways in which language can be acquired prior to the end of the so-

called critical period. For the purposes of this paper, exposure to a language after puberty will be 

considered “late learning” or “second language learning.” The amount of variability that can arise 

during bilingual language acquisition is daunting, and how language systems are organized 

(relative to the acquisition processes) will become important in the sentence processing models 

proposed about multilingual individuals. As mentioned, these classifications are based on 

developmental milestones, but it is important to keep in mind that the term “bilingual” can 

describe a wide variety of populations. Oftentimes different studies will use the same terms to 

describe different populations. With this in mind, I will now examine the bilingual language 

processing landscape.  

3.3.1 Offline sentence processing 

There are a variety of tasks that can be used to examine how people process sentences, 

but all of these tasks can be divided into those that measure offline or online behavior. A primary 

objective of an offline task is to examine the state of linguistic knowledge of participants as they 

attempt to understand sentences; this knowledge can be assessed by tasks that measure final 

interpretation. Importantly, offline tasks are not sensitive to the time-course of processing and in 

fact are often untimed. In contrast, online tasks are designed to measure processing moment-by-

moment, and in some cases the participant does not consciously reflect on the knowledge 

necessary to complete the task.  
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Common offline tasks include picture naming, sentence-picture matching, word 

generation, repetition, and grammaticality judgment, to name a few. Grammaticality judgment 

tasks provide a measure of grammatical knowledge; however, proficient bilinguals and early 

bilinguals usually perform like native language speakers (Clahsen & Felser, 2006). For example, 

Flege et al. (1999) used a grammaticality judgment task to illustrate the association between age 

of acquisition and language proficiency, with the primary objective to examine critical period 

effects on language abilities in bilingual individuals. Bilinguals were found to have little difficulty 

with offline grammaticality judgment. Since early bilinguals most often perform at ceiling on 

grammaticality judgments, these judgments generally serve as a secondary tool to assure that 

the sentences were processed in the intended manner. Even so, offline tasks can still be very 

useful. For example, even though bilinguals performed like monolinguals during online reading, 

 ernandez (    ) demonstrated that bilinguals’ final interpretations were predictable based on 

language dominance. Yet, to explore the underlying mechanisms of bilingual sentence 

processing, online measures of comprehension are also essential.  

3.3.2 Lessons from word-level studies 

Though lexical access is not the focus of my dissertation experiments, it is an important 

component of sentence comprehension and is fundamental in the bilingual language processing 

literature for two reasons. First, early bilingual research was conducted on lexical access and in 

some sense this continues to form the foundation for bilingual language research. Second, many 

of the currently available bilingual language processing models are based on data from studies of 

lexical access. This state of affairs is in large part due to Rumelhart et al.’s 1986 Parallel 

Distributed Processing (PDP) model, which provided a theory bridging the gap between lexical 

access and sentence processing (Rumelhart et al., 1986). The PDP purports that ‘constraint 

satisfaction’ is required for meaning to be extracted from a sentence by first identifying the 

language, then processing the input using a universal language processing mechanism. This 

concept was appealing to bilingual language researchers because, in theory, there could be a 
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constraint that selects the appropriate language for comprehension. I therefore briefly review the 

bilingual lexical access research below.  

Early attempts at bilingual language processing research examined first versus second 

language lexical access. One influential study from this period was conducted by Lambert and 

Rawlings (1969). In this study possible language differences between simultaneous and 

sequential bilinguals were explored for the first time. Simultaneous bilinguals were classified as 

“compounded bilinguals” and sequential bilinguals were “coordinated bilinguals.” Participants 

were provided with a list of related words and asked to name the “core concept.”   or example, 

participants read chair, food, desk, wood, etc. and were expected to come up with table. Lambert 

and Rawlings manipulated the design by inserting words from both of the participant’s languages 

(French/English), for example, chaise, food, desk, bois, manger, etc. The experiment showed that 

simultaneous bilinguals were faster at completing the task than sequential bilinguals, suggesting 

that simultaneous bilinguals are more adept than sequential bilinguals at drawing cues from 

mixed language samples. Another important conclusion from this work (and others) is that higher 

proficiency in a language suggests quicker access to semantic information. This study gave 

insight into problems that still perplex researchers today, but most impressive was the focus on 

the two types of bilinguals. Unfortunately, it would be nearly 20 years before other scientists 

addressed similar issues.  

A second influential study was completed by Mägiste (1979), in which she claimed that 

two languages can never reach the same level of mastery as one language practiced alone. She 

presented evidence that German/Swedish bilinguals performed more slowly on a picture naming 

task and a number memory task than German monolinguals. In the number memory task the 

bilinguals made significantly more mistakes than monolinguals; one such mistake was that the 

bilinguals would reverse the order of the digits. Mägiste attributed this to the fact that the Swedish 

number system works differently than that of German. In Swedish, like English, “ 4” is literally 

translated as ‘twenty-four’, whereas in German it is ‘four-and-twenty’. Mägiste described this 

elevated rate of error as interference from the two competing languages. Though the paper was 
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published nearly 30 years ago, the idea of interference is still relevant to current research in 

bilingualism.  

The majority of language research in the bilingual arena has dealt with language 

production, using priming, interference, and distractor tasks. A good review of the monolingual 

literature comes from Costa et al.’s    3 work (Costa et al., 2003), where they describe how the 

relationship between a distractor word and the picture affects naming time. In this study the 

participant was asked to name a picture shortly after a word was presented aurally. When a 

picture and a word belonged to the same semantic category, response times were slowed relative 

to unrelated items. This is known as the Semantic Interference Effect (SIE; Caramazza & Costa, 

2000; Glaser & Glaser, 1989). On the other hand, if the distractor word and the picture were 

phonetically related, naming was facilitated. This is known as the Phonological Facilitation Effect 

(PFE; Lupker, 1982; Rayner Springer, 1986; Underwood & Briggs, 1984).  

These effects become considerably more complex when studying bilingual individuals. 

Once again, by manipulating the relationship of the distractor word and the picture, the effect on 

naming times can be examined, but with bilingual individuals it is possible to examine these same 

phenomena across languages. Can a semantically related word in L1 elicit the SIE in L2, and vice 

versa?  Can a phonologically related word in L1 elicit a PFE in L2, and vice versa?  One such 

experiment utilized words in one language (English) that were phonologically similar to words in 

the L2 (Dutch) to examine the independence of the two languages (Hermans et al., 1998). For 

example a word like berm (Dutch for verge) that is phonologically similar to berg (Dutch for 

mountain) facilitated naming a picture of a mountain in English, but a word like kaars (Dutch for 

candle) did not facilitate naming of mountain. This demonstrated that the two language systems 

were interacting and active during lexical access. On the other hand, Costa et al. (1999) showed 

that a direct translation was facilitative whereas the semantically related word caused 

interference; for example zanahoria (Spanish for carrot) facilitated naming the target pastanaga 

(carrot in Catalan) whereas, words that were semantically related to pastanaga caused naming 

interference. Thus, they argued that the interference effects were isolated to the language 
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activated for naming. Both of these experiments investigated how the two lexicons are organized. 

Data such as these reinforced the concept that a bilingual individual is not one person with two 

independent language systems, but instead, one person with complex interacting systems. In a 

more recent study, Blumenfeld and Marian (2007) conducted a word recognition task with 

bilinguals, using a visual world paradigm. The participants were native German speakers who 

were late learners of English, and native English speakers who were late learners of German. 

Object names were presented in English and participants were asked to identify the correct 

picture from a set of four images on the screen while their eye movements were recorded. 

Blumenfeld and Marian found that both groups activated both languages when the stimulus target 

was a cognate, but only the native German speakers showed activation of German when a non-

cognate was presented. This asymmetry is a fundamental aspect of language access that must 

be accounted for in bilingual language models; I describe these models in a later section. 

Research in this vein has provided a solid foundation for word level activation and interaction 

across two languages, but they do not address how structure is built and how those words 

interact with each other; in other words, sentence-level processing.  

3.3.3 Online sentence-level processing 

Bilingual language research advanced independently of research on monolingual 

language processing probably because the focus, in bilingual language research, was on the 

organization and interaction of the two languages, how a bilingual individual selects the language 

in which processing will occur, but not on how bilinguals process language for purposes of 

comprehension. In this section I trace the evolution of bilingual processing models and describe 

the current state of bilingual sentence processing. Developing a model of language processing in 

bilinguals is no easy task due to the considerable variability to which such a model must be 

accountable, but it is necessary due to the fact that many people are functionally bilingual.  

Many bilinguals start with one language and then acquire a second language later in life 

(sometimes still prior to puberty); these are second language learners, as mentioned above. 
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Lenneberg popularized the Critical Period Hypothesis (CPH), which states that adults have 

difficulty acquiring language compared to children due to the decrease in neural plasticity that 

occurs around puberty (1967). People who begin acquiring a second language later in life appeal 

to researchers who investigate the CPH (see, for example, Birdsong, 1999). By examining 

language abilities relative to age of acquisition, researchers hope to demonstrate that language 

acquisition is, or is not, sensitive to critical period effects. If native-like abilities are not observed in 

learners of a second language that is acquired relatively late, then this would be some support for 

a dedicated module of language acquisition (Chomsky, 1986, 1995; Pinker, 1984). Even so, 

some researchers have argued that native-like proficiency is attainable even if the person begins 

the language acquisition process after the critical period (Birdsong, 1992; Ioup et al., 1994, White 

& Genesee, 1996).  

Studies that demonstrate native-like proficiency generally rely on evidence from off-line 

language tasks where the participants are able to consciously reflect on their response. When 

second language learners are examined during online processing of complex syntax, there is 

some evidence that they do not perform like native speakers. In a review of the second language 

acquisition literature, Clahsen and Felser (2006) showed that highly proficient L2 learners 

produce native-like ERP responses to contextual violations and subject-verb agreement violations 

(N400 and P600, respectively). Furthermore, Clahsen and Felser argued that this is evidence that 

proficient bilinguals have automatized these processes. However, violations to the syntactic 

system did not appear to elicit the typical left anterior negativity (LAN) associated with syntactic 

processing, which suggested that the syntactic processing system was not fully automatized in 

second language learners. Clahsen and Felser argued that second language learners, even 

highly proficient ones, do not process complex syntactic dependencies in a native-like manner 

during real-time processing. They stated: “Models of non-native language processing also need 

to include a time-course dimension specifying at which points in time different sources of 

information become available during processing” (Clahsen &  elser,    6, p. 14). I revisit this 

account in further chapters.  
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In the above citation, Clahsen and Felser are referring to second language learners, but 

the message is important for the entire field of bilingual language research: Perhaps differences 

in how meaning is extracted are reflected in the time-course of bilingual sentence processing. At 

the core of monolingual language processing models is the time-course of sentence processing; 

how and when information is integrated to result in ultimate comprehension. Time course 

research provided potential parsing heuristics that could be tested, such as minimal attachment 

(discussed below). If the strategies that describe how humans implicitly parse language are not 

universal, then a bilingual individual may have competing heuristics or a combination of two 

strategies.  

As mentioned, different languages may employ different strategies during first pass 

parsing, and one such example is the case of minimal attachment. Nicol et al. (2011) have 

suggested that the minimal attachment mechanism may not be universal, and in fact may be 

unique to English (as a result of the ‘s construction that allows for predictive power when higher 

attachment is going to occur) (see also Clifton & Frazier, 1996). As mentioned previously, minimal 

attachment refers to a strategy used in resolving a structural ambiguity, as in: 

(10) An armed robber shot the sister of the actor who was on the balcony.  

The relative clause, who was on the balcony, can modify one of two NPs, the sister (low 

attachment) or the actor (high attachment). A multitude of work has shown language-specific 

preferences for resolving syntactic ambiguities: Low attachment preference has been observed in 

Spanish, German, French and Greek, while high attachment preference has been observed in 

English, Brazilian Portuguese, Romanian, Swedish and Norwegian (for a complete review see 

Dussias & Sagarra, 2004).  

Language interaction is well documented in late L2 Spanish-English bilinguals. However, 

there is limited work on how the two syntactic systems interact when both languages are acquired 

early in life (prior to puberty). Dussias and Sagarra (2007) opened the door for such explorations 

by showing that attachment preference was affected by the extensive exposure to a second 
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language. In this study three groups were compared, monolingual Spanish speakers, native 

Spanish speakers who learned English in adulthood with limited experience, and native Spanish 

speakers who learned English in adulthood, with extensive exposure to English. The monolingual 

group and bilinguals with limited experience demonstrated faster reading times for the preferred 

NP1 attachment, whereas the bilinguals with extensive experience demonstrated a preference for 

NP2 attachment. These patterns suggest that acquiring a second language, even late in life, can 

affect fundamental aspects of language processing. Though this study examined the processing 

ability of late language learners as opposed to early, it does show that a second language has the 

potential to penetrate the established L1 processing system.  

A similar finding was observed by Love, Mass, and Swinney (2003), who examined both 

lexical access and structural processing using the cross-modal lexical priming (CMLP) task (see 

the next chapter for details of the task and some findings). Distinct from Clahsen and Felser 

(2006), Love et al. tested both a bilingual English participant group (individuals who, by self-

report, were native English speakers but who also were exposed to other languages prior to the 

age of 6), and a non-native English participant group (those that were exposed to other 

languages prior to age 6, but considered themselves to be non-native English speakers). These 

participants were presented with sentences like the following: 

(11) The professor insisted that the exam be completed in ink, so Jimmy used the new 

pen *1 that his mother-in-law recently *2  purchased ___ *3 because the multiple colors 

allowed for more creativity. 

Note that the target noun in (11), pen, is lexically ambiguous, even though the sentence context is 

biased toward the primary meaning of the noun. Lexical decision probes related to both meanings 

of the ambiguous noun were presented (e.g., PENCIL or JAIL) at one of three probe positions: 

Position 1 immediately followed the lexical ambiguity, position 2 at a position before the gap, and 

position 3 in the immediate temporal vicinity of the gap. The combined results from the bilingual 

groups revealed exhaustive access of both interpretations when the lexical ambiguity was initially 
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encountered, much like what is observed for native English speakers (see Love & Swinney, 

1996).  

More to the point of the current issue, probe position *3 was placed in the immediate 

temporal vicinity of the gap left after the direct object argument (pen) was displaced from its 

typical post-verb position to a position well before the verb. Results for this ‘gap’ position revealed 

that the bilingual native English speakers did not activate the antecedent, unlike what has been 

found with monolinguals. Thus, Love et al. demonstrated that bilinguals show the same 

performance patterns as monolingual individuals during sentence processing with respect to 

lexical access, but structural operations (via gap filling) vary from those of monolinguals. It is 

surprising that, for the bilingual group who considered themselves to be native-like English 

speakers, syntactic processing did not mimic processing with monolinguals. This result is worth 

exploring further, which I do in Experiment 3 (Chapter 8). Even so, like Clahsen & Felser (2006) 

argue, the parsing routines that connect long-distance dependencies may not be ‘automatized’ as 

they are in native speakers. It is important to note here that only with an online task, such as 

CMLP, can such a pattern be revealed.  

Variance in second language processing has been attributed to not only a lack of 

automaticity (see also Hahne & Friederici, 2001; Jiang, 2004, 2007), but also to interactions 

between the two language systems (Barto-Sisamout, Nicol, Witzel & Witzel, 2009; Frenck-Mestre 

& Pynte, 1994; Kilborn, 1989; MacWhinney, 2002). It has been proposed that second language 

learners do not construct syntactic structures with the same depth and complexity as the native 

speaker; this is known as the Shallow Structure Hypothesis (SSH) (Clahsen & Felser, 2006; 

Felser et al., 2003). According to the SSH, bilinguals rely more heavily on lexical, pragmatic, and 

real-world knowledge to extract meaning during real-time processing rather than relying on 

structural processing routines. This account is akin to what has been proposed for monolingual 

sentence processing (see, for example, Ferreira & Patson, 2007; Townsend & Bever, 2001). 

Clahsen and  elser’s evidence is that native speakers show clear attachment preferences (either 

high or low, depending on the language). However, their L2 learners showed no such preference 
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(see Felser, Roberts, Gross, & Marinis, 2003; Papadopoulou & Clahsen, 2003). To Clahsen, 

Felser, and colleagues, this pattern suggests that bilinguals do not compute hierarchical 

structure. This is a very strong claim, and thus requires some further testing. In a very recent 

examination of the SSH, Witzel, Witzel, and Nicol (in press) tested highly proficient non-native 

(Chinese) speakers of English on their comprehension of different types of syntactic ambiguities, 

including relative clauses. Using eye-tracking during reading, they found that these bilingual 

participants showed clear attachment preferences, thus casting some doubt on the SSH.  

A similar finding was reported by Fernandez (2000). As detailed in the section on 

Monolingual Sentence Processing (Chapter 2), use of the minimal attachment strategy would 

predict that, when presented with an ambiguous phrase, monolinguals will prefer attaching 

relative clauses to the local verb (low attachment) over attaching the relative clause to a more 

distant verb (high attachment)  (Fernandez, 2002). Consider, for example, the global structural 

ambiguity: 

(12) John told us that Mary left yesterday.  

The temporal phrase yesterday could be modifying the verb left or the verb told. Monolingual 

English individuals preferred lower attachment and interpreted the sentence as: “John told us that 

[Mary left yesterday],” rather than “[Yesterday, John told us] Mary left.”  ernandez (    ) 

examined four groups of participants: monolingual English speakers, monolingual Spanish 

speakers, English-dominant English/Spanish bilinguals, and Spanish-dominant Spanish/English 

bilinguals (sequential bilinguals). Fernandez found that during online reading, participants 

preferred lower attachment, regardless of language background. However, in the offline portion of 

the experiment where participants were asked to indicate their interpretations, Spanish-dominant 

bilinguals and monolingual Spanish speakers showed a higher propensity to high attachment as 

compared to the English-dominant and monolingual English speakers. Nicol and colleagues 

(2009, 2011) demonstrated the same phenomenon in highly proficient Chinese/English bilinguals, 

who preferred high attachment to low attachment in English while monolingual English speakers 
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maintained preference for low attachment. These results point to a cross-linguistic preference: the 

parser’s preference in the dominant language was applied regardless of the preferences 

associated with native processing in a given language. Minimal attachment assumes a universal 

preference for low attachment (Frazier, 1948), but the above studies suggest this may be a 

language-specific processing mechanism. Furthermore, this evidence indicates that the dominant 

language is playing a significant role during language comprehension regardless of the language 

in use. Such second language learning research may be able to help provide focus for early 

bilingual language research.  

In one such study targeting early sequential and simultaneous bilinguals (both of whom 

were exposed to both languages prior to age 6), my colleagues and I examined how the 

phonotactic constraints in one language (L1) would affect sentence processing in another (L2) 

(Gutierrez et al., 2008). The study addressed whether or not Spanish/English bilinguals process 

word final formations when the construction is in violation of their L1 phonotactics. We exploited 

sentences where a local syntactic dependency, subject-verb agreement, was phonotactically 

constrained by the bilingual’s L1, Spanish. Consider the following: 

  (13) 

 a. He [æskt] the grumpy teacher for more time. 

b. *He [æsk] the grumpy teacher for more time. 

(14)  

a. The singer /tund/ the broken guitar after the concert. 

b. *The singer /tun/ the broken guitar after the concert. 
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In sentence (13), the right edge of the stem of the verb (‘ask’ /æsk/) is phonotactically 

unacceptable in Spanish, whereas in (14), the stem of the verb (‘tune’ /tun/) is phonotactically 

acceptable in Spanish. That is, Spanish disallows word final clusters. For native English 

speakers, we predicted that a grammaticality effect would be observed between the (a) and (b) 

versions, above. Yet, if L1 Spanish speakers bring their phonological system to the processing of 

their L2 (English), we anticipated a different pattern: They would be less likely to distinguish (13a) 

from (13b), as both forms are phonotactically unacceptable (one in Spanish, the other in English).  

We employed a Pitch Change Recognition (PCR) task to assess online sensitivity to 

these grammatical forms. The PCR task has been shown to be sensitive to the thematic fit 

between a verb and its arguments as well as to the emotional salience of arguments (Violett, 

2005). I review the PCR task in more detail in Chapter 4: Methodological Considerations. One 

advantage of the PCR task is its simplicity: Participants are asked to listen to sentences and then 

press a button when they hear a localized change in pitch. If processing load is affected by the 

content or structure of the sentence to which they are listening, the amount of time it takes for the 

participant to acknowledge the pitch change and press the button will be longer relative to a 

control condition. Thus, with strategic placement of the pitch change, we have been able to 

examine whether or not a sentence is perceived as grammatical or ungrammatical; in the latter 

case, RTs to the pitch change are expected to be slower when compared to the grammatical 

control condition. As noted in the previous section, this is a measure of the listener’s implicit 

knowledge, because the task does not require an overt response regarding grammaticality.  

The monolingual control group showed the expected increase in RTs in the 

ungrammatical relative to the grammatical condition. The same pattern was observed for the 

sequential bilingual group, suggesting that, at the very least, the extant language (English) 

overrode any propensity to bring LI phonology to the task. Of course, this pattern could be 

because the bilinguals were in an “English speech mode” given that they were tested in only 

English (Grosjean, 1998). However, this cannot explain the patterns observed for our 

simultaneous bilingual group, who showed no significant distinction in RTs between grammatical 



38 

 

 
 

and ungrammatical versions. It is curious to consider that the simultaneous group was exposed to 

English at birth and therefore had more experience with English than the sequential group. Yet, 

offline data confirmed that all three groups were acknowledging the grammaticality. Interestingly, 

bilinguals with earlier ages of acquisition have been correlated to higher scores on an offline, 

morphosyntactic-based, grammaticality judgment task (Flege et al., 2006). In light of this, we 

have postulated that the simultaneous bilinguals did, in fact, acknowledge grammaticality, but 

some other aspect of processing affected their response times.  

We suggest that the absence of an online grammaticality effect was due to the relative 

ease with which the simultaneous bilingual participants performed the dual task. Indeed, their 

RTs to the pitch change were faster than the sequential bilinguals and our monolingual 

participants. Though some caution should be taken with our null result, and additional data are 

required to support this, such a hypothesis is in agreement with findings of Costa et al. (2008), 

who demonstrated elevated conflict resolution ability for simultaneous bilinguals (see also 

Bialystok, 2004; Costa, Hernandez, Costa-Faidella, & Seastian-Galles, 2009, for differences in 

speed of processing as a result of bilingual advantages in task monitoring).  

Our findings therefore indicate that some bilinguals may have an elevated ability to 

process complex information. This processing advantage could be attributed to the very early 

exposure to two language inputs, whereby the child must select one language while suppressing 

the other, which in turn promotes the multitasking abilities to such a level that simple dual tasks 

appear relatively effortless during online processing. If bilingual individuals have an elevated 

ability to dual-task, then language-based interference effects and other such psycholinguistic 

results may be confounded by these enhanced abilities. There is a necessity, then, for measuring 

language processing independently from a secondary task. In the next section, Methodological 

Considerations, I describe a particular technique – pupillometry – that allows the measurement of 

processing load while keeping dual tasking to a minimum.  
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If a person’s ability to perform dual-tasks, or multitasking in general, can be affected by 

one’s language background, then it is possible that language exposure is helping shape the 

landscape of our neural organization on a larger scale than previously thought. Emmorey and 

McCullough (2008) showed that bimodal bilinguals (bilinguals who are native in both a spoken 

and a signed language) have unique neural organization. The bimodality of these individuals 

makes this organization more apparent, as different regions of the brain are utilized. Though it 

may some time before imaging techniques are capable of distinguishing whether or not unimodal 

bilingual language acquisition is driving aspects of neural organization, our behavioral findings 

show that bilingual language acquisition is affecting language processing, whether the speaker 

knows it or not. 

3.3.4 Models of bilingual language processing 

In the Gutierrez et al. (2008) study discussed above, we began to bridge the gap 

between second language learning and early bilingual processing models. The following is a 

review of the current models of bilingual processing in people who have had exposure to two 

languages at an early age. As mentioned, much of the early bilingual language research 

examined lexical access (though see the Love et al. 2003 study, above). For that reason many 

scientists have relied on the interaction of the two lexical systems, and connectionist models of 

sentence processing, to establish a theoretical framework for bilingual sentence processing. The 

assumption of these models is that the bilingual parser’s primary effort is to identify the language 

in which comprehension should occur, after which processing occurs in the selected language. 

Dijkstra and Van Heuven (1998) proposed the Bilingual Interactive Activation (BIA) model, a 

computational model integrating multiple lexicons of the parser and is based on the visual word 

recognition model proposed by McClelland and Rumelhart (1981). The BIA model uses a 

separate language node for each language. The visual input activates sub-lexical orthographic 

properties that then activate lexical word forms. These in turn activate the semantic 

representations and the specific language nodes. Simultaneously, the language node inhibits 

activation of all lexical items in the other languages. The strength of activation in each node is 
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relative to the amount of information contributing to the stimulus. If context prefers one language 

over another or if one lexicon is more robust than the other, then the activation/inhibition 

interaction can explain the asymmetrical activation of one language over another on the same 

task. For example, imagine there is an asymmetry in language proficiency where one language 

(WL) is weaker than the other, stronger language (SL). Van Heuven and Dijkstra (1998) 

presented participants with words visually, which were interrupted by a mask (screen of white 

noise). Participants were asked to press a button to indicate that they had identified the word and 

then they were required to type the word. The participants were L1 Dutch with L2 English, 

reporting dominance in their L1. Reaction times showed a facilitative effect (faster RTs) when a 

Dutch word was preceded by a related Dutch word (L1-L1), when an English word was preceded 

by a related English word (L2-L2), and when a Dutch word was preceded by a related English 

word (L2-L1). However, when an English word was preceded by a related Dutch word there was 

no facilitative effect, and in fact, RTs increased.  

Van Heuven and Dijkstra (1998) suggested that a stimulus in the WL will activate both 

the strong and the weak language as a result (English activates English and Dutch), and the SL 

will subsequently inhibit the WL and facilitate activation in the SL (Dutch inhibits English, activates 

Dutch), not the language tested. Conversely, if the stimulus is presented in the SL then the WL is 

immediately inhibited and lexical activation is only facilitated in the SL and no primacy effects are 

found. For example, if a person is Dutch-English bilingual with Dutch as the dominant language 

and a word is presented in English, it will activate related lexical entries in both languages. On the 

other hand, if a word is presented in Dutch, then related words in Dutch are activated, but the 

English lexicon is inhibited so primacy effects are only observed in Dutch. As such, primacy 

effects are dependent on the presentation language.   

The authors argued that models of lexical independence, or models where the two 

lexicons are maintained separately, are able to account for this asymmetrical primacy effect. The 

BIA is a non-selective model that allows the two languages to interact, activating and inhibiting 

each other. This is strong support for a model that permits language interaction. The BIA has its 
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limitations, but since the model is dynamic, as more information is applied to the model the 

amount of information that the BIA can account for becomes greater.  

The BIA only deals with lexical level activation based on orthographic stimuli, but Dijkstra 

and van Heuven (2002) proposed the BIA+, which works on the same principles as the BIA but 

incorporates semantics, orthography and phonology into a single connectionist model. The model 

assumes that activation within the bilingual lexicon can be affected by the surrounding linguistic 

context. In a test of the model, Schwartz and Kroll (2006) presented sentences to be read by 

Spanish-English bilinguals (with each word presented for 250ms) and asked their participants to 

read a critical word (in red type); reading times were recorded. The target word was either a 

cognate or homograph (or controls). Sentence context was also manipulated into high- and low-

constraint conditions. Schwartz and Kroll found cognate facilitation (faster reading times for 

cognates relative to controls) with low-constraint contexts, suggesting that both languages were 

active. However, cognate facilitation was eliminated in the high-constraint contexts, thus 

supporting the model (see also Van Assche, Drieghe, Duyck, Welvaert, & Hartsuiker, 2011). 

Utilizing the BIA+ as a foundation, Van Heuven and Dijkstra (2002) then presented a functional 

model of comprehension of Semantic, Orthographic and Phonological Interactive Activation 

(SOPHIA).  

Where the BIA only addresses lexical activation as a result of reading, the Bilingual 

Interactive Model of Lexical Activation (BIMOLA) is designed to address the issues of bilingual 

speech perception (Léwy & Grosjean, 1994). The BIMOLA is similar to the BIA in that inhibition 

and activation are determined by the relative strength of the two languages; however the BIMOLA 

relies on a top-down activation of lexical items and the BIA relies on an inhibitory mechanism to 

create language preferences for activation.  

Elman (1990) took a step towards sentence processing in bilingual language modeling by 

developing the Bilingual Simple Recurring Network (BSRN). Utilizing the co-occurrence of words, 

phonology and word order, Elman (199 ) developed a simple recurrent network that was claimed 
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to predict upcoming words. Li and  ark s  (    ) created a bilingual processing model that is 

self-organizing and accounts for comprehension and production, called the Self-Organizing Model 

of Bilingual Processing (SOMBIP). This model attempts to explain the variability between bilingual 

individuals with different ages of acquisition and proficiency levels by creating self-organizing 

maps - one for each language and one for word meaning. The SOMBIP relies on  ebbian 

learning to create complex interactions of these three maps and allows the system to make 

dynamic changes and adjustments. Li and  ark s trained the S MBIP using a bilingual corpus 

from CHILDES (Yip & Matthews, 2000; MacWhinney, 2000b), with a total of 185,249 words. The 

result is a model that shows some promise of being able to get at the immense complexity of 

bilingual language processing.  

The computational models described above all rely on lexical information and 

probabilistic associations to predict and extract meaning from language. Language has order, and 

at the core of this order is syntactic processing. Yet these models essentially eschew syntactic 

computations. Given the experiments that I reviewed above, where syntactic processing routines 

seem to be affected by bilingualism (e.g., Clahsen & Felser, 2006; Love et al., 2003; Nicol & 

colleagues, 2009, 2011), these models thus seem to be quite limited in the data that they can 

currently explain.  

3.4 Summary 

In this chapter I detailed the current state of the bilingual language processing literature 

and illustrated the dearth of research on real-time language processing or multilingual processing 

models beginning with lexical access and ending with sentence processing. Beyond the lack of 

research in the online sentence processing realm, there are very few studies that address 

sentence processing in early bilingual individuals. After the influential papers on multilingual 

processing advantages (Bialystok, 2004 & Costa et al., 2008) were published, the field moved 

away from developing models to further understand the interaction of language and cognition with 

the goal of creating a more comprehensive bilingual sentence processing model. I will begin the 
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next chapter with a review of bilingualism and the resulting cognitive differences, then describe 

some methodological considerations that can account for these cognitive differences by reviewing 

several different measurement techniques and psycholinguistic tasks. The purpose is to offer 

some more detail regarding these tasks, including their strengths and limitations, while also 

describing some additional and important findings in both the monolingual and bilingual 

literatures.
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4.1 Introduction 

In psychological research we are often confronted with the task of trying to measure 

abstract notions that are inherently unobservable.  We often design experiments in which we 

manipulate parameters of stimuli and monitor the change through a secondary source; any 

change in performance is then claimed to be related to the variable that has been changed 

(behavioral response).  Another way of observing these effects can be found by monitoring the 

body’s physiological responses to stimulus change (physiological response). In this chapter I first 

discuss the potential issues associated with the potential bilingual cognitive advantage. I then 

describe some of the more influential methodologies in language comprehension and end with a 

discussion of the potential benefits of real-time pupillometry as a tool for measuring online 

sentence processing.  

4.2Bilingual Cognitive Advantage 

Bilingual individuals present a unique set of obstacles when trying to collect unbiased 

measures of processing demands. The advantages of bilingualism entered into modern cognitive 

research with the 2004 article by Bialystok et al., nearly a decade ago. Multiple research groups 

have shown that bilingual individuals enjoy a distinct advantage over their monolingual peers 

while processing conflicting information (Bialystok, 2004; Costa et al. 2008; Costa et al., 2009). 

The fields of bilingual language research and cognitive science are working to gain insight into 

the scope and nature of this bilingual advantage. In an article titled The Source of Enhanced 

Cognitive Control in Bilinguals, Emmorey et al. (2013) examined the multi-tasking performance of 

unimodal bilinguals (individuals whose language are expressed through the same modality, i.e. 

verbal speech) and bimodal bilinguals (individuals whose languages are expressed through two 

modalities, i.e. verbal speech and sign). Emmorey et al. employed a series of modified flanker 

tasks to examine executive control in unimodal bilingual and monolingual individuals. They also 

utilized a modified flanker task (“go/no-go”) where participants attended to directional arrows 

while the flanking information indicated whether or not to press the related directional button. In 
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line with previous research (Bialystok et al., 2004; Yang, Shih & Lust, 2005; Bialystok, Craik & 

Luk, 2008, Costa et al., 2008; Martin-Rhee & Bialystok, 2008, Hilchey & Klein, 2011), unimodal 

bilinguals demonstrated an overall advantage on the flanker tasks and faster reaction times on 

the go trials of the go/no-go task. 

 

Figure 4.1: Emmorey et al., 2013: Modified Flanker Task Stimuli (Emmorey et al., 2013, pg. 3) 

 Emmorey et al. argue that the bilingual cognitive advantage extends beyond conflict 

monitoring and may be found in paradigms that require attentional mechanisms, monitoring 

processes, and task switching. Although the replication of such studies is important, the most 

informative findings came when the unimodal bilinguals and monolinguals were compared to their 

bimodal bilingual peers. Unlike the unimodal bilingual individuals, the bimodal bilinguals did not 

differ from the monolingual group. Emmorey et al. argued that the source of the bilingual 

multitasking advantage was not simply attributable to bilingualism; it was instead a result of 

having to inhibit one language while using the other in the same modality. Because bimodal 

bilinguals are able to express both languages at the same time (sign and speech) they do not 

have to inhibit one language in order to use the other. On the other hand, unimodal bilinguals 

must inhibit the phonology/morphology/lexicon/syntax of one language to use the other. It is the 

constant use of this inhibitory control that results in the bilingual multitasking advantage.  

Although the Emmorey et al. paper provides insight into the origin and scope of the 

bilingual advantage there is still much we do not know. For example, we do not know the extent 
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to which this differential bilingual performance might affect language processing. Even if the 

bilingual cognitive advantage did not extend into the realm of language processing, it must be 

considered while interpreting results. My previous work (detailed in the previous chapter) found 

that a simultaneous bilingual group, unlike both monolingual and sequential bilingual groups, 

showed no online effect of grammaticality (Gutierrez et al., 2008). The absence of an increase in 

processing demands was attributed to one of two possibilities: either bilinguals’ elevated ability to 

monitor and resolve conflict using a secondary task did not tax the system enough to elicit an 

observable difference, or simultaneous bilinguals are more accepting of variation in language. 

Though we do not fully understand the absence of the online grammaticality effect, it is important 

to note that using a secondary task in bilingual language research will always be difficult to 

interpret. This is not to say that we should abandon offline behavioral responses in bilingual 

language research, but rather that they should be used with caution. In an examination of ERPs 

and bilingual language processing, Kroll, Guo, and Misra, (2012) suggest that it is important to 

consider both behavioral data and electrophysiological responses in conjunction to gain further 

insight into bilingual language processing. I will now detail both behavioral and physiological 

measures that have played an integral role in developing sentence processing models.  

4.3 Cross-modal Tasks 

Some of the behavioral tasks used to examine sentence processing have relied on 

priming effects or interference effects. Lexical Decision Tasks (LDTs) and Cross Modal Lexical 

Priming (CMLP) tasks are tools that can reveal whether or not the meaning or ‘sense’ of a lexical 

item is activated during sentence processing by visually presenting a related probe (either picture 

or word) and requiring participants to make a judgment on that probe. For example, in a CMLP 

task a participant might listen to the following sentence: 

(14) The man found some bugs
*1

 in the corner
*2

 of the room. 

At Probe Point 1 (*1), one of three potential visual stimuli would momentarily appear on 

the screen: ANT, HAT or ALT (the latter, a nonword conforming to the phonotactic constraints of 
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the language, in this case, English).  The participant would be asked to decide as quickly as 

possible whether the sequence of letters forms a word or not by pressing the appropriate button.  

The results are in reaction times (RTs), from the time the probe appears to lexical decision. In this 

example we would anticipate faster RTs for the participant to decide that ANT – a probe related to 

the word of interest in the sentence, bug – was a word compared to the RTs to HAT, an unrelated 

control probe.  This result is based on the semantic priming effect, whereby associated words 

facilitate recognition/activation of one another (Neely, 1977). Of course, a great deal of pre-testing 

is necessary to insure that the effect is indeed due to associative priming and not due to, for 

example, the properties of the lexical decision probe, such as frequency of occurrence, 

orthography, etc. One strength of the CMLP task is that probes can be placed almost anywhere in 

the sentence (with the constraint that only one probe is paired with each sentence). Thus, we 

would predict that at probe position *2 above, the priming effect would disappear.  

CMLP and related methods have also been used quite successfully in illuminating the 

processing of long-distance dependencies. As a classic example, consider the object relative 

construction: 

 (15) The cop saw the boy who the crowd at the party *1 accused___ *2 of the crime. 

This sentence contains two propositions: ‘the cop saw the boy’ and ‘the crowed at the 

party accused the boy of the crime.’ In the second of these, the direct object of the verb accused 

(i.e., the boy) has been displaced from its typical canonical position that occurs after the verb, to a 

position well before the verb. This displacement leaves a “gap” after the verb (in psycholinguistic 

terminology and a trace or copy in linguistic terminology) and the filler of the gap is the displaced 

constituent (the boy; also called the antecedent in linguistic terminology). In a series of 

experiments, Swinney and colleagues presented sentences such as (15) to listeners, while the 

participants had to make a lexical decision on a visually presented probe. As an example, the 

probe was presented in one of two positions, either before the gap or in the immediate temporal 

vicinity of the gap, as shown in (15) above (reported in Nicol & Swinney, 1989; see also Balogh et 
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al., 1998; Love & Swinney, 1996; Nagel, Shapiro, & Nawy, 1994; etc.). Results have consistently 

shown that priming for a probe related to the filler is observed only at the gap, and not at the 

position placed before the gap. Hence, the filler to the gap is re-accessed at the gap (note that a 

similar set of findings has been consistently observed in ellipsis constructions, including verb 

phrase-ellipsis and sluicing; see Callahan, Shapiro, & Love, 2010; Poirier, Walenski, & Shapiro, 

2012; Poirier, Wolfinger, Spellman, & Shapiro, 2010; Shapiro & Hestvik, 1995; Shapiro, Hestvik, 

Lesan, & Garcia, 2003). As I described in the previous chapter, Love et al. (2003) successfully 

used the CMLP task to reveal distinct time-course patterns in processing long-distance 

dependencies with bilingual participants relative to monolinguals, as did Felser and Roberts 

(2007). 

Another use of cross-modal tasks is to measure processing load at the point where the 

lexical decision probe is presented. Here, we are interested in RTs to an unrelated probe; the 

assumption is that processing load increases at points of computational complexity (given by a 

particular theory). For example, Shapiro and colleagues have used this task (called cross-modal 

interference or CMI) to measure the effects of the argument structure representations of verbs 

(Shapiro, Zurif, & Grimshaw, 1984, 1989; Shapiro, Brookins, Gordon, & Nagel, 1991; etc.). Verbs 

with more argument structure configurations yielded slower RTs on an unrelated probe placed in 

the immediate temporal vicinity of the verb relative to verbs with fewer configurations. Such a 

result strongly suggested that when a verb is encountered in a sentence, it’s full range of 

argument structures are activated. CMI has also been used successfully to measure the effects of 

statistical preferences (Shapiro, Nagel, & Levine, 1993), the effects of prosodic information during 

the parsing of temporary structural ambiguities (Nagel, Shapiro, Tuller, & Nawy, 1996), and the 

effects of localized brain damage on the processing of argument structures during sentence 

comprehension (e.g., Shapiro, Gordon, Hack, & Killackey, 1993).  

These tasks – CMLP and CMI – have much to recommend them. They allow for the 

measurement of processing when participants are confronted with continuous, fluent speech; 

probes can, in principle, be placed anywhere during the temporal unfolding of the sentence and 
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thus allow snapshots of processing; they measure activation on-line as well as interference 

(processing load) effects; and importantly, they are relatively impervious to conscious reflection 

(see, for example, Nicol et al., 2009, 2011). Nevertheless, there are limitations to such 

techniques. Priming, for example, works on the notion of an “existence proof” – either priming is 

or is not (statistically) observed and rarely is it used for examining relative priming.  It is also 

unclear what the relation is between priming and interference to ultimate comprehension. Both 

tasks often require complex, nested designs, with multiple testing sessions, particularly when 

using participants with brain damage and who have aphasia. And importantly, both are secondary 

tasks, so it’s unclear how the decision that is made affects subsequent processing.  

4.4  Pitch Change Recognition (PCR) 

Similar strengths and limitations hold for the PCR task though in this case the secondary 

task is placed within the sentence being understood. As discussed previously in Chapter 3, a 

momentary change in pitch is placed over a critical word (while leaving other acoustic-prosodic 

information unaffected), and the participant simply has to attend to the aurally presented 

sentence and press a button when the pitch change is recognized. The RT to press the button is 

relative to the local processing load of the primary task (attempting to understand the sentence).  

This task has been used successfully to examine the effect of the thematic fit of a verb to its 

arguments (essentially, a semantic plausibility manipulation; Violett, 2005), the effects of 

argument structure in specific language impairment (Kenan, Friedmann, Schwartz, & Shapiro, 

2008, 2009), and more recently, how the system respects grammaticality information (as 

discussed in Chapter 3 above; see also Gutierrez, Shapiro, Barlow, Fabiano-Smith, Kilpatrick, 

Orton, & Merrill, 2009). Behavioral tasks such as these have provided considerable insight into 

human sentence processing.  These tasks are also limited, however, because, again, they can 

only provide individual snapshots of processing, thus requiring elaborate design schemes with 

strategic placement of probes.  

4.5 Electrophysiology  
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EEG monitoring devices rely on the electromagnetic field near the scalp that is generated 

by the electrical activity of pyramidal cells in the cerebral cortex.  To measure the cloud of 

electrical energy, participants are asked to wear a cap, much like a swimming cap or a net, with a 

multitude of sensors. The electromagnetic field is a complex interaction of equilibriums and shifts 

as a result of continuous neural activity. The waveforms associated with a stimulus are known as 

Event-Related Potentials or ERPs. As a result of many studies, signature waveforms have been 

identified and associated with certain linguistic phenomena. In the arena of language research, 

Kutas and Hillyard (1980) identified a signature waveform in response to semantic anomalies in a 

sentential context. They identified a negative deflection in polarity in the EEG, approximately 

4  ms following the anomaly. Since Kutas and  illyard’s seminal work, a multitude of language-

related waveforms have been identified. For example, morphosyntactic violations have yielded a 

Left Anterior Negativity (LAN) that occurs 300-500ms post-violation (Coulson, 1998).  Kutas and 

Federmeier (2011) have demonstrated that the amplitude and time-course of the N400 (the most 

well documented signature waveform) can be altered based on experimental manipulations.  

Thus one particular strength of ERPs is that they are time-sensitive and given the right design, do 

not involve a secondary task. Bilingual individuals have shown similar EEG responses to those of 

monolinguals, but frequently they are less pronounced (of smaller amplitude) and tend to occur 

temporally later in bilinguals by comparison to monolingual individuals (Hahne, Clahsen & 

Mueller, 2006; Rossi et al., 2006). The reduced amplitude could be associated with the fact that 

other regions are being recruited to process a second language. 

Another technique for monitoring neural activity is Magnetoencephalography (MEG).  

Much like EEGs, MEGs rely on the electromagnetic fields induced as result of cortical activity.  

When an electrical current is conducted, a magnetic dipole is created orthogonally to the current.  

MEG measures these minute magnetic changes near the cortex, but externally, outside of the 

head.  MEGs are similar to EEGs in many ways, as they work on similar principles.  MEG 

provides precise time-course information but, unlike ERPs, MEGs can also provide accurate 

spatial resolution. The participants must place their head in a large spherical hood device, which 
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monitors the local changes in neural activation. Since the device can only get near the surface of 

the scalp, it can only measure the neural activity of the cells that run orthogonally to the device.  

This means that the device can only measure the pyramidal cells firing along the sulci of the 

cortex. Regardless, MEGs do provide very accurate time-course information and spatial 

resolution.  MEGs can be used to examine the same signature waveforms as EEGs and can 

provide an added spatial component in real-time.  Halgren et al. (2002) compared MEG activation 

patterns to sentences with congruent final words to those with incongruent final words while 

participants read sentences presented one word at a time.  Halgren et al. demonstrated the 

progression of divergent neural activity beginning in Wernicke’s area, spreading to anterior 

regions and eventually peaking around 400ms. The peak of activation resulted in widespread 

activation in the anterior temporal, perisylvian, orbital, frontopolar, and dorsolateral prefrontal 

cortices.  

Scientists using MEG are able to compare activation across participants by normalizing 

the convolutions of the human brain, which they accomplish by mapping the MEG information 

onto the participants’ anatomical image, using nuclear magnetic imaging (NMR or MRI), then 

generalizing the MR image to Talairach space (Talairach space is standardized anatomical 

representation of the brain;  Talairach & Tournoux, 1993), generating a real-time continuous map 

of activation. A more recent MEG study demonstrated the differences between spatial deviations 

and syntactic violations (Herrmann et al., 2011).  Spatial deviations were created by offsetting the 

presentation of words in the left ear by 0.2ms. Herrmann et al. demonstrated that spatial 

divergence and early syntactic processing do occur on a similar time-line and in close proximity, 

but when presented simultaneously, the MEG response from the double violation was observed 

in an intermediate area between the loci of activation for the two violations.  This study 

demonstrated the strength of MEGs to identify spatial differences that are very difficult to observe 

using EEGs, yet at the same time, the double violation condition demonstrated some of the 

limitations of MEG.  The authors state that the intermediate activation may be a result of two 

proximal regions in simultaneous activation, thus information is lost in the combined condition; 
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thus researchers must account for the fact that the electromagnetic field measured in any one 

location may be a result of multiple areas interacting simultaneously. MEGs augment the 

information provided by EEGs by adding a spatial component to the analytical tool kit, but as 

always, it is important to remember that associating neural correlates with behavior must be 

considered with caution.   

4.6 fMRI 

Magnetic Resonance Imaging (MRI) utilizes strong magnetic fields and the inherent 

dipole of hydrogen atoms in coordination with radio frequencies to generate three-dimensional 

anatomical images.   Approximately 30% of all the blood in the body goes to the brain even 

though the brain only comprises three to four percent of the body’s total mass.  unctional MRI 

(fMRI) takes advantage of changes in deoxyhemoglobin as regions of the brain utilize oxygen in 

the metabolism process.  Local neural activity results in local increases in cerebral blood flow and 

a decrease in deoxyhomoglobin concentrations, which in turn, increases the MR (Magnetic 

Resonance) signal.  By monitoring changes in the MR signal, changes in neural activity provide a 

blood oxygenation level effect (BOLD).  fMRI provides an indirect measure of neural activity, as it 

measures the neurovascular response that is associated with local neural activity, and is not a 

measure of the neural activity itself.  With careful design fMRI is capable of providing a three-

dimensional model of “neural activity.”  Unlike ERPs and MEGs, fMRI allows neuroscientists to 

examine activation patterns throughout the entire brain.  By time-locking stimulus presentation to 

the BOLD signal, it is possible to collect a real-time measure of activation but the temporal 

resolution is quite coarse, in seconds.  The time-course of fMRI is not as accurate as EEG/MEG 

because changes in blood flow lag behind neural activation, yet spatial resolution is quite 

detailed.  fMRI studies thus can illuminate which regions are recruited more heavily for 

processing.  

Van Heuven and Dijkstra (2010) have provided a nice review of the bilingual language 

research in the neuroimaging field, and explain that there have been findings both for the overlap 
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of syntactic processing in bilinguals (Chee et al., 2003; Frenck-Mestre et al., 2005; Hasegawa et 

al., 2002; Hernandez et al., 2001; Klein et al., 2006b; Yokoyama et al., 2006), as well as findings 

that demonstrate differentiated or at least partially differentiated neural activation (Kim et al., 

1994, 2002; Tan et al., 2003).  For the most part, syntax in both languages results in similar 

activation patterns in the brain as long as the participant is proficient in both languages.  When 

differences in EEG/MEGs are found they are often smaller in amplitude and later in time-course 

than the monolingual ERPs.  The variability found may be a result of less proficient bilingual 

individuals having to recruit other resources to process language efficiently (Chee et al., 2001). 

As language proficiency decreased, the BOLD signal increased, perhaps signifying that extra 

resources were recruited to process language. Wartenburger et al. (2003) argued that 

differentiated innervations in L2 for semantic information was more highly correlated to 

proficiency, whereas differentiated innervations in L2 for grammaticality judgments was more 

highly correlated with age of acquisition (for review, see Hernandez and Li, 2007).  The functional 

imaging data and ERP data indicate that L1 and L2 do elicit unique neural responses.  These 

physiological data are not evidence that language processing mechanisms in bilingual individuals 

are separate, but they do suggest that the brain is recruiting more resources, or possibly different 

resources, for language processing.   

4.7 Eye Tracking  

Eye tracking methods fall into two major categories in the language processing field.  

First, reading methods analyze looking times and looking patterns with excellent temporal acuity.  

Some of the most influential studies in language processing have been reading-based studies.  

The garden path account, which promotes serial sentence processing, found support in reading 

times and regressive eye movements (e.g., Frazier & Rayner, 1982; see also Chapter 3).  

However, it is often the case that there is a larger disconnect between language abilities and 

reading proficiency in bilingual individuals; that is, bilingual individuals are often at risk for literacy 

deficits (Ramìrez, 2000). The second category consists of the visual world paradigm.  Here, 

participants listen to sentences while looking at pictures presented on a computer screen.  If one 
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of the pictures is referenced, then the participant’s gaze is subconsciously drawn toward that 

picture. Furthermore, visual-world paradigms can provide anticipatory looks. Kamide et al. (2003) 

showed that contextual information and extra-linguistic information can affect anticipatory looks 

during auditory comprehension. Though eye tracking can provide great insight into language 

processing, the primary focus of this paper is to examine auditory sentence processing in the 

absence of visual support.  I now turn to a description of the measuring technique that I used in 

my language processing experiments to be detailed in further chapters – pupillometry. 

4.8 Pupillometry  

An ancient proverb states: “the eyes are the window to the soul” and although this is a 

metaphor, it is more insightful than one might imagine. At the center of the human eye is the 

pupil, the region through which light passes.  The size of the pupil may vary between 1.5mm to 8 

or 9mm (Guyton, 1944; Lowenstein & Lowenfeld, 1962).  The primary reason for pupillary change 

is to adjust to ambient lighting and to help the viewer focus.  However, Charles Darwin noted a 

smaller pupillary response when people were startled by a pistol shot (Darwin, 1842/1965). Since 

then, many researchers have noted the same effect and, utilizing modern technological 

advances, have been able to quantitatively analyze pupillary responses.  It is now understood 

that small pupillary change is an autonomic response to increased cognitive loads.  Every 

intellectual effort has a pupillary response; therefore, by time locking pupillary responses to 

stimulus presentation, pupillometry can be used as a real-time measure of processing load 

(Bumke, 1911; Beatty, 1982; for a complete history of pupillometry see Hess, 1945, and 

Andreassi, 2007).  In this section of the paper, I will discuss the important works that validate 

pupillometry as a viable tool for examining processing, discuss a variety of applications of 

pupillometry, review the sentence processing research that has utilized pupil dilations as an index 

of processing load, and finally, briefly propose the next step in the progression of language 

research and pupillometry.   
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Observing pupillary changes in a variety of contexts gained popularity near the end of the 

nineteenth century.  At first the studies were physiologically based.  In 1863, Westphal attempted 

to create a comprehensive catalogue of pupillary responses.  For example, he noted that even 

when sedated a person’s pupils would respond when a finger was pricked by a pin or when he 

yelled in their ear (Westphal, 1863).  Only thirteen years later, Heinrich observed pupillary 

increases while participants completed complex arithmetic; he would be the first to link increases 

in pupil diameter to mental effort ( einrich, 1896).  Without knowledge of  einrich’s findings, 

Roubinovitch also documented the pupillary changes while participants were asked to recall 

dates and perform arithmetic (Roubinovitch, 1900).  To create a collection of all pupillometric 

studies, Bumke published a book that included the most important works to date, concluding that 

every intellectual effort produces a pupillary enlargement (Bumke, 1911).  Hess used pupillometry 

to examine sexual attitudes, and found that when a heterosexual individual was shown a pin-up 

of a member of the opposite gender, pupils would dilate more than when shown a pin-up of a 

member of the same gender.  Similarly, when homosexual individuals were presented with the 

same pictures, pupillary response was greater to images of the same gender (Hess, 1965).  As 

the popularity of pupillometry grew, the general public became more aware of the new technique.  

During an interview with a reporter, Hess was asked to describe the field he worked in and coined 

the term Pupillometrics (Hess, 1945).   

Not only do pupils dilate in response to task demands, the degree to which they dilate is 

affected by the relative difficulty of the task.  Kahneman and Beatty (1966) presented participants 

with a series of three to seven digits, followed by two seconds of silence, then asked participants 

to recall the series.  Pupil diameter increased with each additional digit and reached a peak 

during the period of silence just prior to recall. Furthermore, the number of digits the participant 

was asked to recall determined the slope of the pupillary dilation: the more digits, the steeper the 

slope.  In the 1980s another potential use for pupillometry was discovered when the time-course 

for pupillary enlargements was found to be reasonably reliable.  By time-locking measurement of 

pupil dilations to stimuli presentation pupillometry can provide a real-time measure of processing 
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load.  Beatty refers to the time-locked pupil dilations as Task Evoked Pupillary Responses 

(TEPRs) (Beatty, 1982).   

Due to the systematic nature of pupil response time, Beatty proposed that the association 

between cognitive load and pupillary dilations might be caused by cortical modulation of the 

reticular formation (Beatty, 1982).  This neural pathway can provide an index of processing load; 

however, it is important to remember that it is a correlative measure and not a direct measure of 

cognitive demands.  In a more recent study, it was found that the sympathetic pathway that 

controls pupillary dilations is held constant throughout pupillary change, so therefore, pupillary 

responses to increased processing loads may be due to the inhibition of the parasympathetic 

system controlling the constrictor muscles, thus allowing the pupil to dilate (Steinhauer et al., 

2004).  The neurological mechanisms governing pupillary responses are not fully understood, 

nonetheless, scientists are able to elicit regular and predictable pupil dilations by increasing task 

demands.  

Because pupillary responses correlate reliably with the Central Nervous System (CNS), 

they are often used as a diagnostic tool for injuries and disease that affect the CNS.  For 

example, an atypical pupillary response to tropicamide can be a tool for diagnosing Alzheimer’s 

disease (Iijima et al., 2003).  Pupil dilations and mental effort are found to be greater in young 

adults in a state of sleep deprivation, particularly in the anticipation of and presentation of 

negative stimuli.  Franzen et al. (2009) argued that this finding might provide insight into 

psychiatric conditions that are triggered by variations in sleep patterns.  Cognitive scientists have 

also used pupillometry to measure the relative psychological effort required to perform a variety of 

tasks.  For example, participants were trained on a sequence of events and when the canonical 

order was broken, pupils increased in diameter (Raisig et al., 2010).  Furthermore, participants 

who performed more accurately on the task had significantly larger pupillary responses to the 

incongruence than the less accurate participants, suggesting the more attentive group invested 

more cognitive resources to the task.  Utilizing the well-known Stroop Word Color Task, Brown et 
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al. (1999) found that incongruous word-color stimuli elicited larger pupillary responses. Thus, 

pupillometry appears to be sensitive to a wide range of information. 

It is often the case that techniques and apparatus used in cognitive science and 

psychology are also used in psycholinguistic research and pupillometry is no exception.  For the 

remainder of this section I will focus on the application of pupillometry to human sentence 

processing.  Wright and Kahneman (1941) first employed pupillometry in sentence processing 

research.  Pupillary responses were used to examine the depth of sentence processing by 

monitoring pupils during aural sentence presentation and during a subsequent recall task. 

Sentences were presented followed by a pause of either three or seven seconds. Participants 

were told that they would have to respond after the pause by either repeating the entire sentence 

or answering a question about the sentence.  Pupil dilations during the pause were found to be 

significantly greater for the repetition than the question-answering task.  Pupil dilations were 

significantly larger when the pause interval was seven seconds as compared to three seconds, 

though the difference in pupillary responses to question-answering and total recall were more 

pronounced after the three second interval.  Finally, during the recall task, pupil dilations began 

larger for recall, but question answering eventually yielded the largest pupil dilations.  It was 

concluded that the differences in pupillary responses during the pause interval was a result of the 

amount of information being recalled and that the large increase in pupil diameter was attributable 

to the depth of processing necessary to answer a question, requiring comprehension as 

compared to recitation (Wright & Kahneman, 1941).   

To examine the effects of syntactic complexity on pupillary dilations, Schluroff (1982) 

used the Yngve depth metric to assign each sentence a complexity value (Yngve, 1960).  Based 

on the Derivational Theory of Complexity (DTC), the more transformations that occur between the 

deep structure and surface structure, the more syntactically complex the sentence will be to 

process (Fodor & Garrett, 1964). Twenty-one different sentence types were constructed and 

rated for complexity; these sentences were then correlated to mean pupil dilations using a linear 

regression.  The result was a strong correlation between syntactic complexity and pupillary 
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response, with the more complex structures yielding larger pupil dilations.  Importantly, sentence 

length did not correlate to pupil dilations.   

Even though the DTC has since been largely discredited, both the Schluroff and Wright 

and Kahneman studies affirm reliability of pupillometry as a measure of psychological effort 

during sentence processing.  An alternative way to examine language processing is to compare 

the processing of ambiguous to unambiguous items.  Lexical ambiguity has been used by many 

researchers to examine lexical access and, according to the lexical search theory, ambiguous 

sentences require more mental effort to process because the parser must search more for the 

appropriate lexical item (Conrad, 1974).  As the lexical search theory would predict, pupil dilations 

increased while reading sentences (word-by-word) that contained homophones (Ben-Nun, 1986).    

Using syntactically ambiguous sentences, Schluroff et al. (1986) found that when the 

parser resolved the ambiguity into the more complex interpretation, larger pupil diameter was 

observed. Consider: 

 (16)  

a. Peter chased the man on the motor bike. 

b. The man was chased by Peter on the motor bike  

c. The man on the motor bike was chased by Peter. 

Sentence (16a) is globally structurally ambiguous. This sentence can be ultimately resolved to 

either a “verb-oriented” (where the prepositional phrase on the motor bike modifies the verb) or 

“object-oriented” interpretation (where the PP modifies the NP, Peter). Using tree structures 

based on theories of formal linguistics, a Yngve depth score (Yngve, 1960) was assigned to both 

interpretations of the sentence, with (16b) rated as more syntactically complex than (16c). 

Sentences were presented in a word-by-word manner and after each sentence the participant 

was asked to write the passive form of the sentence they had just heard.  Based on the parser’s 
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interpretation, it was found that larger pupil dilations were associated with the more complex 

reading (note that this result conforms to minimal attachment, as described in Chapter 2).  

In a study also examining sentence complexity effects, Just and Carpenter (1993) 

observed pupil dilations while participants read sentences of varying complexity and plausibility.  

Participants were asked to read object relative (17a) and subject relative (17b) sentences. 

 (17)  

a. The reporter that the senator attacked admitted the error. 

b. The reporter that attacked the senator admitted the error.  

Not only did Just and Carpenter (1993) show that object-relative construction reliably evoked 

larger pupil diameters than subject-relative constructions, they also found that the maximum pupil 

dilation in the object relative condition occurred significantly later (1044ms after main clause verb) 

than in the subject relative context (958ms after main clause verb). Additionally, if the direct 

object was implausible, pupillary dilations were observed to be larger relative to a plausible 

condition.  Because more complex sentence structure and plausibility resulted in reliably larger 

pupil dilations, and that such patterns have been observed with other psycholinguistic measures, 

Just and Carpenter conclusively showed that pupillometry can serve as an index of sentence 

processing difficulty.   

More recently, Engelhardt et al. (2009) demonstrated that pupillometry is sensitive to 

prosodic congruency by presenting sentences with a prosodic break between clauses 

(cooperative prosody) and sentences with no prosodic break between clauses (conflicting 

prosody).  In the cooperative prosody condition, the prosody of the speaker was congruent with 

the syntactic structure of the utterance.  Conversely, in the conflicting condition there was a 

mismatch with prosody and syntactic structure.  The conflicting condition produced a steeper 

slope of pupillary dilation, as well as overall larger pupil dilations than the cooperative condition 

across the 1200ms region of interest. 
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Finally, Piquado et al. (2010) also demonstrated that pupillometry is a viable index of 

auditory sentence processing.  Furthermore they were able to use pupillometry to examine the 

relative processing demands between younger and older participants.  The younger participants 

(M = 22.6 years old) were sensitive to both sentence length and sentence complexity whereas 

the older group (M = 44.1 years old) appeared to be sensitive to only sentence length.  Piquado 

et al. argued that the lack of pupil dilation in the more complex conditions for the older group is 

evidence of intact ability to process sentences with greater ease at an older age (of course, this is 

a null result and thus no specific conclusions can really be drawn).  This study illuminates the 

sensitivity of pupillometry to aging and suggests care should be taken when attempting to 

generalize results across age. Even so, like the previous work, this work demonstrates that 

pupillometry is an effective tool for examining auditory sentence processing. 

Though these studies have confirmed the validity and versatility of pupillometry as an 

index of cognitive demands, there is one glaring limitation to them: Most if not all of these studies 

have averaged over large time windows rather than examine moment-by-moment processing. In 

the early stages of pupillometry, researchers recorded the pupil on a 16mm film recorder and 

then measured pupil size in the developed images: this was known as “The  ess Technique.”  

Today, devices built by companies such as EyeLink® and Tobii® are capable of measuring 

pupillary diameter at a rate of 2000 times per second (EyeLink) and 120 times per second (Tobii) 

by using a combination of cameras and infrared lights.  Though the technology has evolved 

greatly, the methods employed by researchers are only recently beginning to catch up. As Beatty 

mentioned in 1982, there is great potential to time lock stimulus presentation to pupillary 

responses. Indeed, Klingner et al. (2008) examined the potential of fine-grained temporal analysis 

of pupillary responses; they proposed applying the technique to visual search paradigms.  Timing, 

duration, and shape were examined to see if the apparatus was capable of gathering data with 

enough detail to make reliable comparisons.  It was concluded that the remote video eye tracker 

was sufficient for making such comparisons. With these advances in technology and greater 

attention to detail, pupillometry can be used much like Evoked Related Potentials (ERPs) to gain 
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insight into human sentence processing. Pupillometry can provide a real time measure of 

processing load as well as, possibly, unique pupillary waveforms based on the information being 

processed. It is with this technique, in conjunction with other behavioral tasks, that I use to help 

illuminate the time-course of sentence processing in monolinguals and bilinguals. In the next two 

chapters, then, I will describe in full the battery of experiments that were run. 
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Non-Linguistic Studies 
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5.1 Introduction 

There exists a large body of research describing the differential cognitive performance of 

bilinguals relative to their monolingual peers (Bialystok et al., 2004; Costa et al., 2008, 2009; 

Hernandez and Li, 2007; Hilchey & Klein, 2011; Sebastian-Galles, 2008). It has been argued that 

bilingual individuals have a unique cognitive profile as a result of their language history (Bialystok, 

2006; Prior & MacWhinney, 2010). Bilingual individuals seem to enjoy a task-general inhibitory 

control advantage as well as some degree of neural protection as individuals age (Bialystok et al., 

2004). I have suggested has suggested that if individuals who are bilingual are better at conflict 

monitoring or even multi-tasking, then experiments using tasks that require such cognitive skills, 

particularly secondary tasks, risk confounding results (Gutierrez et al., 2008; Gutierrez et al., 

2009; Gutierrez et al., 2011). To address this issue, and possibly inform the debate regarding 

language-cognition interaction, the current research program described in this dissertation 

developed and tested a strategically selected battery of cognitive tasks. The basic purpose here 

was to examine the potential cognitive advantages of some bilingual participants, with the 

ultimate goal of associating their performance on non-linguistic tasks with language-specific 

performance.  

In an extensive review of bilingual cognitive advantages, Hilchey and Klein (2011) 

illustrated that bilingual individuals have a temporary conflict monitoring advantage as well as an 

overall reaction time advantage over monolingual participants. To address the issue of conflict 

monitoring, two tasks were selected: the Attention Network Test (ANT, Fan et al., 2002) and a 

new version of the typical visual flanker task, the Auditory Flanker Task (AFT, developed for this 

study). The ANT is designed to examine the three attentional networks proposed by Posner and 

Peterson (1990). Evidence suggests that the conflict monitoring portion of the ANT has most 

consistently elicited bilingual cognitive advantages (Carlson & Meltoff, 2008; Costa et al., 2009; 

Costa, Hernández, & Sebastián-Gallés, 2008). The ANT is a purely visual task so, to bridge the 

gap between auditory and visual realms, I designed an auditory analogue to the conflict 

monitoring portion of the ANT; the Auditory Flanker Task.  
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Beyond the conflict monitoring advantage, Yang et al. (2005) argue that a byproduct of 

bilinguals’ elevated executive control is a larger working memory capacity (but see Bialystok, 

2009). To address the potential working memory differences between bilingual and monolingual 

individuals we selected a non-verbal n-Back task. As a measure of overall reaction time, we 

compared reaction times within and across all experiments (i.e., both linguistic and non-linguistic). 

This battery of experiments intimately links the language studies at the heart of this dissertation to 

the current topics and findings in research dealing with bilingualism.  

Each experiment is presented individually and this chapter will end with a discussion of 

the non-linguistic tasks as a group. The bilingual cognitive abilities discussed in this dissertation 

may or may not directly affect or interfere with dual-task results/interpretations; however by using 

non-linguistic tasks in conjunction with a task that does not require a secondary response to 

monitor language, I hope to begin to uncover the nature of online language processing in bilingual 

individuals as well as interplay of language and cognition.   

5.2 Participants: 

Participants were divided into three groups based on a self-report of their language 

history: Monolingual individuals who had no exposure to a second language prior to puberty and 

who do not specialize or have extensive experience in a second language (due to graduation 

requirements at SDSU and UCSD it is nearly impossible to find participants with zero second 

language experience); Sequential Bilingual: individuals who are native Spanish speakers and 

were first exposed to English at approximately age 5; and Simultaneous Bilingual individuals who 

were exposed to both Spanish and English from birth. Recall that all participants contributed to all 

studies and all conditions.  

5.3 Experiment 1: ANT 

5.3.1 Materials 

Stimuli consisted of five arrows presented in a horizontal line, in the middle of the screen 

(see Figure 5.1). The center arrow (the target) either pointed in the same direction as the flanking 

arrows (Congruent Condition) or in the opposite direction as the flanking arrows (Incongruent 
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Condition). For the sake of saving time a shortened version of the ANT was selected, this version 

did not include the neutral condition (an arrow flanked by dashes so there was no facilitation or 

competing information). In total, each participant contributed to 36 congruent trials and 36 

incongruent trials.  

 

Figure 5.1 Timeline of visual flanker task and example stimuli.  

5.3.2 Procedure 

After the participants were briefed, instructions were presented via computer.  

Participants were asked to press the “Left mouse button if the center arrow points LE T” and the 

“Right mouse button if the center arrow points RIG T.” Eprime  .  was used to present the 

materials and record the participants’ responses. Both reaction time (RT) and accuracy were 

recorded. Each trial began with a fixation cross in the center of the screen presented for a 

random amount of time (between 400-1600ms), sometimes followed by a visual warning cue 
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presented for 100ms.  Immediately after the warning cue the target and flankers were presented 

simultaneously. The target and flankers were present until either the participant pressed a button 

or 1700ms elapsed.  Following each response a post-response fixation cross appeared, which 

lasted until 4000ms had elapsed from the beginning of the trail.  

5.3.3 Predictions 

 The ANT provides insight into conflict monitoring by comparing RT and accuracy 

between congruent and incongruent trials. The arrows flanking the target provide spatial cues that 

must be ignored to press the correct button (Left or Right). This spatial mismatch is the source of 

the conflict that must be managed in this ANT. All previous studies have demonstrated slower 

and less accurate responses to the incongruent condition relative to the congruent condition. 

Since the language groups in question are neurologically intact adults, we anticipated the same 

pattern with slower RTs and elevated error rates in the incongruent condition. Current literature 

has revealed an effect of overall reaction time as well as an effect of conflict monitoring in 

bilingual populations (Costa et al., 2009; Hilchey & Klien, 2011). I anticipated faster overall RTs a 

smaller conflict monitoring cost for both of the bilingual groups relative to the monolingual group. 

The conflict monitoring cost was calculated by finding the difference in RTs between the 

congruent and incongruent trials. This difference is intended to illustrate the added cost needed to 

identify and resolve the conflicting information in the task. 

5.3.4 Results 

5.3.5 Analysis 

 Participants were first screened by accuracy.  If a participant scored below 70% on the 

task they were eliminated under the premise that they did not understand or did not actively 

partake in the task. RTs that were faster than 250ms and slower than 2000ms were eliminated as 

errors. After the screening, data were compiled from a total of 79 participants: 25 monolingual, 12 

simultaneous bilingual and 42 sequential bilingual individuals. The number of participants in the 

non-lingusitic studies differs from the linguistics studies because these experiments occurred in 

the first two sessions and had a lower attrition rate.  
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 I first ran a mixed design repeated measures ANOVA with Language Group 

(monolinguals, sequential bilinguals, and simultaneous bilinguals) as the between-subjects factor 

and Congruency (Congruent X Incongruent) as the within-subject factor, with RTs as the 

dependent measure. I found a main effect of congruency, with RTs in the Congruent condition 

(512ms) faster than those in the Incongruent condition (606ms) F(1)=446, p<.001. I observed no 

effect or interaction involving Language Group. However, because there were three groups and I 

wanted to account for the possibility that any one group might show differences relative to two 

others, I ran a series of pairwise comparisons (congruent vs. incongruent) within each group. All 

three groups showed strong effects of congruency (monolingual, t(24)=-15.768, Std. Error=5.35 

p<0.001; sequential bilingual group, t(41)=-15.704, Std. Error=6.20, p<0.001; simultaneous 

bilingual group, t(11)=-11.661, Std. Error=8.81, p<0.001). To visualize the cost of resolving 

conflicting information, a Conflict Cost was calculated by taking the absolute value of the 

difference of RTs in Congruent and Incongruent trials within each group. This measure revealed 

the extra mental effort required to ignore conflicting information and press the correct button; see 

Figure 5.2 below. 

 

Figure 5.2 ANT Visual Flanker Task. Reaction times and conflict cost are reported.   

5.3.6 Discussion: 
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 The ANT has been a pivotal experiment for distinguishing differences in performance 

between bilingual individuals and their monolingual peers (Carlson & Meltsoff, 2008; Costa el al., 

2009; Hernández, & Sebastián-Gallés, 2008). Furthermore, it is a task that has been run many 

times throughout the literature and as such should provide a solid link between my findings and 

cognitive neuroscience in general. Previous research (e.g. Fan et al., 2002) using the ANT has 

demonstrated a consistent pattern in which the incongruent condition elicits slower RTs and 

higher error rates. Not only did the monolingual group demonstrate the anticipated pattern of 

interference from the incongruent trials, the simultaneous and sequential bilinguals also 

performed similarly. Thus, though the conflict monitoring portion of the ANT elicited the 

anticipated effect of congruency, it did not distinguish among groups as expected. Unlike the 

previous cognition studies (e.g. Costa, Hernández, & Sebastián-Gallés, 2008) that compared 

bilinguals to their monolingual peers, we did not observe any difference in conflict monitoring 

costs.  

 In a review of the conflict monitoring literature, Hilchey and Klein (2011) discuss several 

of the studies that examined the conflict monitoring effect. Although an advantage has been 

observed in many studies, it is not well understood. Furthermore, there is an absence of an effect 

in young adults (see, for example, Luk, De Sa, & Bialystok, 2011, who found the same patterns 

as the current study). Since the participants in this study were young adults it is perhaps not too 

surprising that a conflict monitoring advantage was not observed.   

 The second multi-tasking advantage that has been observed in bilinguals is an overall 

advantage of reaction time (Bialystock et al., 2004; Bialystock et al., 2008). This finding, though 

more robust than the ANT, has not been observed in as many studies and has been found 

primarily in older adults and young children. Again, since the participants in this study are college 

age, it was not particularly surprising that no overall effect of RT was observed.  

5.4 Experiment 2: AFT 

The AFT is essentially an auditory version of the AFT. Instead of a central arrow flanked 

by competing arrows, auditory tones were presented. The primary tones provided spatial 
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information (rising or falling) that flanked the secondary tone, thus the primary tone must be 

ignored for a correct response in the incongruent condition. The interaction of spatial response 

and stimuli is established in the A T by requiring an “Up” button press to rising tones and a 

“Down” button press to falling tones.  

5.4.1 Materials 

Two tones were presented: a 2000ms primary tone and a 500ms secondary tone overlaid 

on the primary tone.  The primary tone either rose or fell consistently over the 2000ms and, 

though the frequencies varied, the tone always rose or fell across a spectrum of 800Hz (e.g., a 

primary tone might start at 200Hz and rise to 1000Hz).  The primary tones were all consistent 

sinusoidal waves, selected to fall within the frequencies associated with typical speech, more 

specifically, centered around the frequencies associated with first and second formants of 

Standard American English vowels.  The secondary tone rose or fell 800Hz across 500ms. The 

start point of the secondary tone was random, but between 500ms and 750ms from the beginning 

of the primary tone (see Figure 5.4.1 for a visual representation). To facilitate identification of the 

secondary tone, “saw-tooth” waves that have a distinct electronic sound compared to the primary 

sinusoidal wave tones were used.  There was also a neutral condition in which the secondary 

tone was overlaid upon a primary tone that was consistent across the entire 2000ms. All tones 

were generated using Adobe Audition. There were three conditions: congruent, incongruent and 

neutral. Each condition had 12 stimuli, resulting in 36 total stimuli for the experiment. Each 

participant received all 36 stimuli twice, across two sessions, but never twice within the same 

session, for a total of 24 trials in each of the congruent, incongruent and neutral conditions. 

Figure 5.4.1 is a visual representation of one permutation of the stimuli used in the AFT. Along 

the X-Axis is the 2000ms of each trial and the Y-Axis shows the change in frequency across time 

(recall that the secondary tone is a “saw-tooth” waveform whereas the primary tone is a sine 

wave). 
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Figure 5.3 Is a visual representation of the combined auditory stimuli that make up the 3 

conditions (Congruent, Incongruent and Neutral) of the AFT. 

5.4.2 Procedure 

Participants were asked to sit in front of a monitor, listen to the tones presented over 

headphones, and “Press the ‘Up Button’ if the secondary tone is rising” and “Press the ‘Down 

Button’ if the secondary tone is falling”. The experiment was run with E-Prime and RT and 

accuracy were recorded.  

5.4.3 Predictions 

 This experiment was designed to be an auditory analogue to the Flanker Task in the 

ANT, so it was anticipated that the congruent trials would elicit faster RTs and more accurate 

responses than incongruent trials. As discussed above, our participants were healthy college-

aged, thus no between group differences were anticipated.  

5.4.4 Results 

 Data were collected from 79 participants: 23 monolingual, 45 sequential bilingual and 11 

simultaneous bilingual individuals. Mean RTs and accuracy were recorded. Data for the analyses 

are shown in Table 5.4.4 below. 

 Error analyses revealed differences between congruent and incongruent trials for the 

monolingual group ( t(19)=4.058, p<.05,). The sequential bilingual group approached significant 
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results (Sequential Bilingual speakers, t(38)=1.940, p=.06), while the simultaneous group showed 

no difference between trial type (Simultaneous speakers, t(19)=0.846, p=.419). Analysis of error 

rates showed no differences for any group (Monolingual speaker, t(19)=1.288, p=.213; Sequential 

Bilingual speakers, t(39)=0.002, p=0.998; Simultaneous speakers, t(9)=-1.844, p=.098).  

 

Table 5.1 Paired comparisons between congruent and incongruent conditions for all three 

language groups. 

 

AFT 

 

Congruent vs. Incongruent 

 

Std. 

Deviation t df pValue 

Monolingual  59.85 4.08 21.00 0.00054 

Sequential Bilingual 62.50 1.48 42.00 0.15 

Simultaneous Bilingual  73.00 -0.02 9.00 0.98 

 

 

 Conflict monitoring cost was examined by subtracting RTs from congruent and 

incongruent conditions. As mentioned above the monolingual group demonstrated statistically 

significant differences in RTs between the congruent and incongruent conditions. A t-test 

comparison of the Conflict Monitoring Score (RT congruent-RT incongruent) yielded significant 

differences between the monolingual group and the simultaneous bilingual group 

(Monolingual*Simultaneous, t(19)= -2.668, p<0.05). No other group comparison yielded 

significant differences, though the difference between monolinguals and sequential bilinguals was 

marginally significant (Monolingual*Sequential, t(19)=-2.003, p=0.060; Sequential*Simultaneous, 

t(38)=-1.567, p=0.125) 
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Figure 5.4: Reaction times to congruent and incongruent conditions for each group; the Conflict 

Cost is reported in the bottom row.  

 

5.4.5 Discussion 

 This experiment yielded interesting findings; some were expected while others were 

somewhat of a surprise. Differences in both RT and accuracy were expected in all groups, but 

they were not observed. Furthermore, the direction of the expected effect was reversed. 

Congruent trials elicited slower reaction times than incongruent trials across all groups. The 

reversed effect is hypothesized to be a result of signal detection. Since the secondary tone in the 

congruent condition followed a similar trajectory as the primary tone, the absolute difference in Hz 

was reduced. Take for example the following two conditions: 
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Figure 5.5: Visual representation of the more distinct tone in the Incongruent condition. 

 

In the Incongruent Rise trial the difference between the primary tone and secondary tone was 

twice as big as that in the Congruent Rise trial. As a result of this difference, the secondary tone 

was easier to detect in the incongruent trials than in the congruent trials, yielding faster reaction 

times.  

 

5.5 General Discussion: Non-linguistic battery 

 The current study is unique in that it divided early bilingual individuals into two separate 

groups: (1) those who acquired both languages simultaneously from birth and (2) those who 

began with Spanish as their first language and acquired English prior to puberty. Most studies 

would combine both of these into an early bilingual group. However, the difference between the 

bilingual groups does fall in line with the finding that age of second language acquisition is 

associated with WM capacity (Luk, De Sa & Bialystok, 2011); the earlier the exposure the greater 

the WM capacity.  

As mentioned, this task was intended to examine differences in inhibitory control between 

bilingual and monolingual individuals. The results revealed that bilingual individuals experienced 

no difference between congruent and incongruent trial types and thus there was a reduced cost 

of processing when compared to the monolingual group. Costa et al. (2008) have argued that the 

bilingual advantage is a result of an elevated ability to monitor and resolve conflicting information. 

This argument is based on bilinguals’ performance on the  lanker Task in the ANT, which was 
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specifically designed to observe the conflict monitoring and conflict resolution aspects of the 

attention network (Posner & Fan, 2004). Since Flanker Tasks are designed to examine both 

conflict monitoring and resolution it is possible that the advantage lies in the bilingual’s ability to 

monitor or detect the signal in the presence of conflicting information. The ANT is a visual task, 

whereas the flanker task in question was an auditory flanker task. Young adult bilinguals have 

demonstrated elevated abilities in auditory perception tasks (Scott, 1994).  Hilchey and Klien 

(2011) argue that the bilingual processing advantages that have been observed have not beenb 

due to a task general inhibitory advantage because the advantage has not been observed in 

young adults. If there is a task general advantage (excluding language) for bilingual individuals in 

flanker tasks it may be a result of an elevated ability to detect conflicting information rather than 

resolve conflicting information.  

  ne question that still persists is “why does the A T elicit conflict cost differences 

between bilingual and monolinguals while the ANT does not?” The strength and foundation of the 

conflict monitoring effect are questionable. Costa et al. (2008) showed that the conflict monitoring 

advantage is a diminishing effect and that, with practice, bilingual individuals were able to perform 

like their monolingual peers. The AFT appears to be more sensitive to these differences because 

RTs are more contingent on signal detection (i.e., the conflict detecting abilities rather than 

conflict resolution). This argument falls in line with bilinguals’ elevated auditory perception (Scott, 

1994). Moreover, this account describes previously unresolved questions that have arisen in my 

previous work. Recall that, using a pitch change detection task, Gutierrez et al. (2008) found that 

simultaneous bilinguals revealed no effect of grammaticality. We assumed that bilinguals have an 

elevated ability to detect conflicting information in an auditory stream, since the participants were 

asked to press a button as soon as they heard a change in pitch.  

 As this is the first time this experiment has been run, it requires replication before 

conclusions about bilingual conflict monitoring in the auditory domain are established. However, it 

provides a fascinating glimpse into the potential underlying source of the bilingual cognitive 

advantage.  
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 The experiments selected in this battery had three major goals: (1) to independently 

assess the putative cognitive advantages of bilingual participants with non-linguistic tasks; (2) to 

investigate whether the Flanker Task portion of the ANT and the results stemming from it was, in 

fact, due to modality of presentation; and (3) to insure that sure any differences observed in 

language processing tasks were not the result of differential cognitive abilities.  

 The results collected from the ANT Flanker Task yielded precisely what was expected 

considering the demographic tested in the study; that is, slower RTs in the incongruent trials 

relative to the congruent trials for all groups were observed. This pattern demonstrates that the 

bilingual and monolingual populations in the current study perform like those examined in 

research from around the world (Bialystok, 2004; Bialystok, 2006; Costa, Hernández, & 

Sebastián-Gallés, 2008; Prior & McWhinney, 2010, Hilchey & Klein, 2011, Luk, De Sa & 

Bialystok, 2001). Meanwhile, the AFT proved to be a sensitive measure for distinguishing conflict 

monitoring in bilingual and monolingual populations. As mentioned above, the AFT had a much 

stronger component of conflict monitoring than the visual ANT and, with additional investigations, 

may help to describe the differential cognitive performance exhibited by bilingual individuals. The 

findings from these studies will be considered during the interpretation of the language 

processing studies portion of this dissertation, and associations, or lack thereof, will be pointed 

out to begin to illuminate the domain specificity or generality of language and general cognition. 
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Language Processing Studies 
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6.1 Introduction 

Three experiments were run that were designed to measure sentence processing 

performance during on-line comprehension. As discussed previously, the pupillometric record, 

sensitive to cognitive workload or processing demands, was the method of measurement in each 

of the three experiments. Final comprehension was measured in a fourth experiment by collecting 

offline responses to all sentence types in a grammaticality judgment task. By running both 

bilingual and monolingual individuals on the same conditions it was possible to compare any 

findings about bilingual language processing in the already established monolingual literature.   

6.2 Participants 

Participants were divided into three groups based on a self-report of their language 

history: Monolingual (n=18) individuals who had no exposure to a second language prior to 

puberty and who do not specialize or have extensive experience in a second language (due to 

graduation requirements at SDSU and UCSD it is nearly impossible to find participants with zero 

second language experience); Sequential Bilingual: (n=26) individuals who are native Spanish 

speakers and were first exposed to English at approximately age 5; and Simultaneous Bilingual 

(n=10) individuals who were exposed to both Spanish and English from birth. To ensure that the 

language groups were matched for age, IQ and language abilities, all participants completed an 

extensive language questionnaire, the TONI Non-Verbal test of IQ, as well as the Woodcock-

Johnson Picture Naming Task. Furthermore, both of the sequential and simultaneous bilingual 

groups completed the Woodcock-Muños Picture Naming Task. Finally, all participants were 

administered a grammaticality judgment task which included stimuli from all of the sentences 

types studied.  All groups showed typical/ceiling performance on all measures and adequate 

offline comprehension. 

6.3 Method 

General Considerations: There was a total of three sessions, each one week apart, with 

sentences from each experiment presented in each of the three sessions. The sessions also 

included trials for the non-linguistic studies, described in Chapter 5. The materials from all three 
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experiments were randomly presented aurally, over headphones, but in a fixed order for all 

participants. Due the variety of sentences used, the stimuli from the three experiments served as 

fillers for one another.  

6.4 Procedure 

Participants sat in front of a computer monitor and focused on a cross in the middle of the 

screen while sentences were presented aurally. Participants were asked to listen to sentences for 

content and to respond to any visual prompts that would appear on the screen.  Twenty percent 

of all sentences were followed by a YES/NO content question to assure that participants were 

paying attention to the sentences.  urthermore, to keep the participants’ attention and to provide 

a different item to focus on, an image popped up after every 30 trials and the participants were 

asked to name the object.  

Each trial began with a “Ready?” cue for     ms immediately followed by the fixation 

cross that appeared in the center of the screen. This was followed by 750ms of silence, the 

auditory sentence, then 750ms of silence. The 750ms of silence provided enough time for pupils 

to acclimate to the current conditions. The autonomic pupilometric response is indifferent and 

responds to any increase in processing demand, including any change to the visual field 

(including a fixation cross). It takes approximately 250ms for pupils to respond to changes in 

processing demands. The 75 ms of silence provided ample time for participants’ pupils to react 

and subsequently normalize. Participants were asked to minimize head movements and blinking 

during the experiment and were asked to attempt to hold blinks until the     ms “Ready?” inter-

stimulus interval (ISI). Each session was divided into three blocks, with each lasting 

approximately 7 minutes, after which there was a short break.  

Each session began with a set of practice items. Once the participant felt comfortable 

with the task the experiment began. E-Prime 2.0 Professional® was used to present the stimuli 

on a Tobii T-60 screen/Eye-Tracker. E-Prime collected button press responses with millisecond 

accuracy while the Tobii T-60 collected pupil diameter measurements every 17ms (60Hz).  

6.5 Design and Materials: 
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6.6 Experiment 1: DO/SC ambiguity  

In this experiment I investigated the well-worn temporary ambiguity where there is a 

preposed adjunct clause containing an optionally transitive verb, yielding a potential garden-path. 

Twenty minimal pairs were constructed. Consider the following: 

18a. While the band played* the song pleased all the customers.  

18b. While the band played* the beer pleased all the customers.  

  

19a. As the men drank* the beer pleased everybody very much.  

19b. As the men drank* the song pleased everybody very much.  

The examples in (18) & (19) exploit the argument structure of the verb; play and drink are 

optionally transitive, and thus can be intransitive (as in “While the band played, the song pleased 

all the customers”) or transitive, requiring a direct object (as in “While the band played the song, 

the beer pleased all the customers”).  Sentence (18a) and (19a) contain a plausible misanalysis 

(e.g., ‘the band played the song’) while (18b) and (19b) contain an implausible misanalysis (e.g., 

‘the band played the beer’). The window of observation for the pupillometric record for each 

sentence began after the verb in the initial clause, at which point the content of the sentences 

diverged; I term this the Point of Divergence (POD). Each temporally ambiguous NP was used in 

both plausible and implausible instances. For example, in (18a) the song appears as a plausible 

DO, but in (19a) it is an implausible DO (these conditions will be referred to as Plausible Direct 

Object and Implausible Direct Object). A full list of stimuli can be found in Appendix 1. 

6.6.1 Predictions 

For our monolingual participants, I predicted garden-path effects that should be revealed 

by observing the differences in processing between the congruent versus incongruent V-NP 

pairs. That is, I predicted that in both the (a) and (b) cases, the listener should adopt the object 

analysis initially, and thus there should be greater difficultly with (b) than (a) in the general region 

of the object (e.g., the song/beer)
3
. However, listeners should find (a) more difficult to repair or 

                                                           
3
 A cautionary note about viewing the pupillometric record: I assume that the record is intimately tied to the timing of the 

input and thus my predictions are cast in details about which constituents are available during particular time points. 
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recover from than (b) because it would be more difficult to switch to the correct analysis in the 

former relative to the latter. Thus ideally, the continuous pupillometric record should reveal two 

waveforms that cross; in (1a) for example, there should be an increase in pupil size when the 

listener encounters the object NP relative to (1b), and that pattern should reverse when the 

listener encounters the disambiguating VP. Because the pupillometric record as a measure of 

sentence processing has a current history that is relatively devoid of detailed time-course 

predictions, it is also possible that only patterns suggesting garden-path recovery will emerge. For 

our bilingual participants, our default prediction is that similar patterns should emerge. There have 

been claims that bilingual participants rely more on semantic context when engaged in syntactic 

ambiguity resolution or do not fully process the syntax of a sentence (see Clahsen & Felser, 

2006). If so, then a different pattern should emerge, with an increase in pupil diameter when the 

V-NP segment was plausible but with no subsequent effects of reanalysis.  

Regarding the putative cognitive advantages, Hilchey and Klein (2011) have claimed that 

bilinguals are more adept at monitoring incoming information for potentially conflicting material. 

When a potential conflict is identified bilinguals are more efficient at allocating cognitive recourses 

to resolving the conflict.  If this is the case, and if this cognitive skill transfers directly to sentence 

processing, a reduced initial garden-path effect or a reduced effect of repair from an initial mis-

parse would be observed. This finding would demonstrate that cognitive ability to reallocate 

recourses in a timely manner could influence the processing demands required during real-time 

sentence processing.  

6.6.2 RESULTS 

6.6.2.1 General Analysis Considerations 

Pupil diameter measurements were collected as the auditory sentence unfolded. Data 

can be lost during eye-tracking due to participant blinks, eye movements, or not looking at the 

screen. If more than 35% of the overall data from any individual participant was missing, that 

person’s data were removed from the analysis. 75 participants completed all three sessions and 

                                                                                                                                                                             
However, it is quite possible that the record, though sensitive to the time course of the sentences, might not be perfectly 
coupled with particular segments of the sentences.  
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21 were eliminated in the initial screening leaving 54 total participants (Monolingual n= 18, 

Sequential Bilingual n= 26, Simultaneous Bilingual n=10). After this initial screening, the data 

from each participant were organized by trial and subsequently by condition. To account for 

eyelid interference from blinking, three pupillary measurements (51ms, the mean length of a 

blink) preceding and following the missing data point were eliminated (Häkkänen et al., 1999). 

The two points on each side of the missing data were averaged and the average value was used 

to fill in the missing data. The pupil data were then centered on the Point of Divergence (POD) 

that had been identified prior to analysis. PODs were strategically chosen. Recall example 

sentences (1a) and (1b):  

 18a. While the band played* the song pleased all the customers.  

 18b. While the band played* the beer pleased all the customers.  

As shown here, the auditory information preceding the POD (indicated with *) was 

identical in both conditions, thus the assumption was that any difference in pupil diameter after 

the POD would not be contaminated by prior information. Pupillary response to external 

stimulation has been reported as early as 200ms (Beatty, 1982) and as late as 360ms to subtle 

changes (Barbur, Harlo, & Sahraie, 1991). To account for this physiological delay the time-course 

of the sentence was adjusted 250ms forward so the pupillary waveforms could be indexed to the 

auditory information (i.e., 0ms became -250ms and 17ms became – 233ms). Thus, the 250ms 

after the POD became the zero point for each sentence and the start of the window of interest. 

Pupillary responses were averaged at successive data points (every 17ms) for each condition for 

each participant (in this experiment, Plausible or Implausible Direct Object) resulting in two 

pupillary waveforms, one for the Plausible condition and one for the implausible condition. To 

standardize the data across conditions, the two time-points surrounding the POD and the time 

point associated with the POD itself were averaged for each condition, within each subject. These 

values were then subtracted from each pupillary measurement for each condition for that 

participant, reducing the amplitude of the pupillary waveform to zero at the beginning of the 
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window of interest. The window of interest was carried out to 4080ms or to the end of the longest 

sentence.  

6.6.2.2 Analysis (Note that the same analysis procedures were used in all three language 

studies in this dissertation). 

Pupillometry yields very large data sets. To organize my analyses procedures, I began by 

examining differences across the entire 4080ms time window of interest and eventually narrowed 

my focus on 255ms time bins across the entirety of the time-window. 

Pupil measurements were concatenated and standardized as described above, yielding 

relative pupil diameters (relative to the local baseline, for each participant in each condition). 

Analyses were conducted on the screened data using restricted maximum likelihood (REML) in a 

mixed-effects regression model with a random effect of participant on the intercept and on Time 

(as a continuous variable sampling once ever 17ms), and with fixed effects of Language Group 

(Monolingual, Sequential, Simultaneous), Time (17ms samples), and Direct Object (DO) 

Acceptability (Plausible, Implausible), and their interactions. The models were fit with an 

unstructured covariance matrix for the random effect. Follow-up models examined the sub-

interactions of pairwise Language Group by Plausibility by Time, Plausibility by Time within each 

Language Group, and for each condition over time within each group. The coefficient and 

standard error are reported for main effects and interactions. Alpha was set to .05 for all 

comparisons. All analyses were conducted using SAS version 9.3 Proc Mixed (SAS Institute, 

Inc.).  
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Figure 6.1: Visualization of data treatment: The auditory sentences averaged by condition for one 

participant.  

 

6.6.3 Results 

6.6.3.1 Growth Curve Analysis (GCA): 

The analyses yielded a significant interaction of Language Group X Plausibility 

(B=.000295 (Std. Error=.000016), t=17.98, p<0.0001).  The results for each language group and 

plausibility condition are given in Table 1 and shown in Figure 6.6.3.1. To gain further insight 

about the source of this interaction, I examined the slope of the curve for the plausible and 

implausible sentences, separately, over time, and separately for each language group. I then 

examined whether the curves for each plausibility type differed within each language group 

(plausibility X time interaction).  

Monolinguals 

For the monolingual group the slope for the plausible condition was positive though not 

significantly different from zero (B=.000148, t(17)=2.01, p=.061), and for the implausible condition 

the slope was negative and not significantly different from zero (B=-.00006, t(17)=.74, p=.47). 

Nevertheless, there was a significant difference between the slopes of the two conditions 

(plausibility X time interaction: B=.000208 (Std. Error = .000013), t=.15.84, p= <0.0001). 

Sequential Bilinguals  

For the sequential bilingual group the slope for the plausible condition was positive and 

significantly different from zero (B=0.000182, t(25)=2.47, p=0.021), and for the implausible 
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condition the slope was negative and not significantly different from zero (B=-0.000002, t(25)=-

0.02, p=0.98). Again, there was a significant difference between the slopes of the two conditions 

(plausibility X time interaction: B= 0.000183 (Std. Error=0.00001), t=18.08, p<0.0001). 

Simultaneous Bilinguals 

For the simultaneous bilingual group the slope for the plausible condition was positive 

though not significantly different from zero (B=0.00033, t(9)=23.66, p=0.0052), and for the 

implausible condition the slope was also positive and not significantly different from zero 

(B=0.000031, t(9)=0.22, p=0.83). Nevertheless, there was a significant difference between the 

slopes of the two conditions (plausibility X time interaction: B=0.000295(Std. Error =0.000014), 

t=20.77, p=<0.0001). 

Further analyses compared the plausible/implausible differences in slopes across each 

possible pairing of groups (e.g., between monolinguals and sequential bilinguals) to determine if 

the language groups showed different effects of the plausibility manipulation. The comparison 

between the sequential vs. simultaneous groups revealed a significant interaction of Group by 

Plausibility by Time (B=-0.00011 (Std. Error=0.00002), t=-6.02, p<0.0001). Likewise, the 

comparison of simultaneous vs. monolingual groups revealed a significant interaction of Group by 

Plausibility by Time (B=-0.00009 (Std. Error=0.000021), t=-4.24, p<0.0001). However, there was 

no interaction of Group by Plausibility by Time for the monolingual vs. sequential group 

comparison (B=0.000025 (Std. Error=0.000016), t=1.5, p=0.132). 
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Table 6.1: GCA results by condition for each language group. 

    Parameter Estimates 

Language Group   Estimate Std. Error tvalue P 

Monolingual       

Plausible DO 0.00015 7.4E-05 2.01 0.0609 

Implausible DO -0.00006 0.000081 -0.74 0.47 

Sequential BG       

Plausible DO 0.00018 7.4E-05 2.47 0.0208 

Implausible DO -0.000002 0.000088 -0.02 0.98 

Simultaneous BG      

Plausible DO 0.00033 8.9E-05 3.66 0.0052 

Implausible DO 0.000031 0.00014 0.22 0.83 

 

6.6.3.2 Binned analysis to examine when growth curves diverged: 

The GCA above provides insight into the slope of the pupillary response over the entire 

window of observation, but does not illuminate when the plausible and implausible conditions 

began to diverge during the unfolding of the auditory sentence, nor during which temporal 

intervals the two conditions remained different. To examine when these differences were present, 

the data were concatenated into bins; the bins were 255ms each (corresponding to average 

length of syllables in English). Starting at the beginning of the window of interest and going until 

4080ms or the end of the window of interest, this yielded 16 time bins.  Analysis of each bin was 

conducted using restricted maximum likelihood (REML) in a mixed-effects regression model (SAS 

9.3 proc mixed) with a random effect of participant on the intercept and a fixed effect of 

Plausibility (plausible vs. implausible). The models were fit with an unstructured covariance matrix 

for the random effect. A Bonferroni correction was applied to correct for multiple comparisons 

giving a corrected alpha of 0.05/48 (16 comparisons/group) or 0.0010 for each bin. Table 2 

contains the results from the sixteen mixed-effects regression model comparisons of the 255ms 

bins across the 4080ms time-window of interest, shown also in Figure 6. 2. Each row represents 

one 255ms bin. 
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Table 6.2: Results from analyses of differences between plausible and implausible sentences for 

the three language groups across the time windows of interest. Type III F-tests are reported for 

each bin (gray shaded regions highlight significant differences between plausible and implausible 

sentences).  

  Plausible Direct Object vs. Implausible Direct Object 

  Type 3 Tests of Fixed Effects 

Time (ms)   Monolingual CG   
Sequential Bilingual 

Group 
  

Simultaneous Bilingual 
Group 

0-255  F(557)=0.09, p=0.76  F(805)=9.19, p=0.0025  F(309)=4.93, p=0.03 

255-510  F(521)=47.52, p<0.0001  F(753)=0, p=0.95  F(289)=4.64, p=0.03 

510-765  F(521)=47.03, p<0.0001  F(753)=12.68, p=0.0004  F(289)=4.93, p=0.03 

765-1020  F(521)=101.32, p<0.0001  F(753)=53.17, p<0.0001  F(289)=24.68, p<0.0001 

1020-1275  F(521)=102.16, p<0.0001  F(753)=33.06, p<0.0001  F(289)=42.76, p<0.0001 

1275-1530  F(521)=43.32, p<0.0001  F(753)=41.24, p<0.0001  F(289)=10.79, p=0.0011 

1530-1785  F(521)=14.76, p.<0001  F(753)=53.59, p<0.0001  F(289)=0.4, p=0.53 

1785-2040  F(521)=15.23, p= 0.0001  F(753)=79.98, p<0.0001  F(289)=18.78, p<0.0001 

2040-2295  F(521)=11.55, p= 0.0007  F(753)=126.14, p<0.0001  F(289)=30.03, p<0.0001 

2295-2550  F(521)=18.49, p<0.0001  F(753)=82.57, p<0.0001  F(289)=58.03, p<0.0001 

2550-2805  F(521)=42.07, p<0.0001  F(753)=83.07, p<0.0001  F(289)=65.26, p<0.0001 

2805-3060  F(521)=51.46, p<0.0001  F(753)=119.81, p<0.0001  F(289)=19.61, p<0.0001 

3060-3315  F(521)=61.16, p<0.0001  F(753)=165, p<0.0001  F(289)=56.18, p<0.0001 

3315-3570  F(521)=83.85, p<0.0001  F(753)=132.28, p<0.0001  F(289)=119.21, p<0.0001 

3570-3825  F(521)=110.08, p<0.0001  F(753)=108.58, p<0.0001  F(289)=67.84, p<0.0001 

3825-4080   F(521)=124.73, p<0.0001   F(753)=90.09, p<0.0001   F(289)=69.98, p<0.0001 
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The following figure (Figure 6.2) is a visualization of pupillary responses across the time-window 

of interest for all three groups. 

 

 

Figure 6.2: Pupillary waveforms for all three language groups over the entire 4080ms window of 

interest are reported in Pupil Diameter Change from Baseline (measured in millimeters). The 

255ms bins are indicated and regions that are shaded had a p-value < 0.003. The example 

sentence is only an approximation and is not representative of the longest sentence. 

 

6.6.4 Discussion 

I begin with a summary of my findings, and then move to a discussion of these findings. 

Beginning with the monolingual data, a significant plausibility effect was observed, with the 

plausible condition yielding larger pupil dilations and thus requiring more processing load than the 
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implausible condition. A similar effect was also observed for the two bilingual groups. Comparing 

the plausibility effects across groups, I observed that the simultaneous group differed from the 

monolingual and sequential groups, the latter two not differing from each other. The difference 

between the plausible and implausible slopes was larger for the simultaneous group than the 

other two groups (Table 6.6.1.2; see also Figure 6.6.3.2).  

Regarding the time-course of the effects (Table 6.6.3.2; see also Figure 6.6.3.2), the 

monolingual group demonstrated an increase in processing demands for the plausible condition 

in the second time window (255-510ms after POD) relative to the implausible condition, and this 

difference persisted until the end of the sentence. For the sequential bilingual group, the 

waveforms diverged slightly later than for the monolinguals, beginning at the 510-765ms time 

window, persisting to the end of the sentence. The simultaneous group evinced a unique pattern 

of pupillary response; at time windows 765ms-1275, the implausible elicited larger pupillary 

responses relative to the plausible condition. This pattern reversed at the 1785ms time window, 

becoming similar to the two other groups, and this pattern persisted to the end of the sentence. 

I now interpret these results with reference to the predictions. Recall that the temporary 

syntactic ambiguity for Experiment 1 was selected because it has had a long history of 

investigation in the monolingual processing literature, providing a foundation for comparisons 

between monolingual and bilingual populations. The comparisons above demonstrated 

differences across time in pupil diameter and, subsequently, processing demands between the 

plausible and implausible conditions. I predicted that the monolingual participants should initially 

assign the role of direct object to the temporarily ambiguous NP and thus recovery in the 

plausible direct object condition would elicit greater processing demands as it will be more difficult 

to switch to the correct interpretation. This prediction should have yielded a larger pupillary 

response in the plausible condition relative to the implausible. For the bilingual populations, since 

they are early bilinguals with comparable English proficiency to the monolingual group, we 

expected similar patterns. Below I discuss the results from each of the participant groups. 
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Monolingual 

As predicted, a plausibility effect was observed. This plausibility distinction can most 

likely be attributed to the Garden Path Effect (Frazier and Rayner, 1982). That is, in the sentence 

While the band played the song pleased…, the NP the song is a ‘good’ Theme for the verb 

played, which renders recovery from a garden path more difficult than the sentence While the 

band played the beer pleased…, where the NP the beer is a poor Theme for the verb played, and 

hence recovery from the garden path should be relatively easy. It was also possible that listeners 

used prosodic information to help parse the sentences. As mentioned previously, the sentences 

were presented aurally with natural intonation. At the NP the song or the beer, the participant 

would be hearing the correct intonation for the final interpretation. The prosodic information 

indicated that the NP the song would be the subject of a subordinate clause, yet the song was 

also a good thematic fit as the Theme or direct object of played. This conflicting information may 

have caused an immediate increase in processing demands as revealed by the larger pupil 

dilations in the plausible DO condition. Yet on the contrary, the NP the beer was congruent with a 

noun phrase that would start a subordinate clause at this point in the sentence, i.e., congruent 

with the prosodic information, and this congruency yielded lower processing demands and 

smaller pupillary changes.  

Sequential Bilingual  

These data suggest that much like the monolingual group, the sequential bilingual group 

considered both prosodic and syntactic information during the initial analysis. Furthermore, the 

distinction between the two plausibility conditions began later (510ms-765ms) for the sequential 

bilingual participants relative to the monolinguals. This pattern is consistent with my predictions 

that both monolinguals and sequential bilinguals should perform similarly, but for the slight delay 

for the sequentials (1 time window; 255ms). This delay might reflect the reduced exposure to 

English during the first few years of life (Sebastián-Gallés & Soto-Faraco, 1999). Another possible 

contributing factor to this pattern involves delayed lexical activation, which might shift the 

plausibility effect downstream. I will revisit this possibility in the General Discussion. 
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Simultaneous Bilingual 

As initially predicted, the data for this group was distinct from the other two groups. The 

initial part of the pupillometric curve over time suggested that these listeners locally attached the 

temporarily ambiguous NP as the verb’s direct object, thus yielding an initial plausibility effect 

(i.e., a larger processing load for the segment played the beer relative to played the song) while 

ignoring the prosodic contour (which suggested that the NP should be subsequently attached as 

the subject of the main clause). The second part of the curve revealed the predicted pattern; it 

was more difficult to recover from the garden path when the ambiguous NP served as a ‘good’ 

direct object. This overall pattern may suggest that, unlike the sequential bilingual and 

monolingual groups, the simultaneous bilingual group relied on syntactic (attachment) information 

and the plausibility of the V-NP segment rather than prosody, thus the immediate effect of 

plausibility and the later recovery effect. This pattern is supported by evidence from the literature 

that suggests that since simultaneous bilinguals have been exposed to a larger variety of 

prosodic information and conflicting prosodic cues as they experience code switching/blending, 

their parsing routines rely more heavily on syntactic cues that are less likely to be violated during 

language mixing (Grosjean, 1990). 

Preliminary Summary 

Both the monolingual and sequential bilingual groups evinced similar patterns whereby 

the temporarily ambiguous NP was initially attached as the direct object of the verb, and the 

initially plausible direct object analysis (e.g., played the song) yielded a more difficult garden path 

recovery than the initially implausible direct object analysis (e.g., played the beer). Even so, the 

sequential bilinguals revealed a slightly delayed effect relative to the monolinguals. Unlike these 

two groups however, the simultaneous bilingual pupillometric record revealed a cross-over at 

approximately 1700ms post-POD, suggesting an initial plausibility effect from the initial V-NP 

segment, and then a recovery pattern similar to what was observed for the other two groups. My 

initial interpretation of these patterns, then, suggests that the simultaneous bilinguals ignored the 

prosodic contour initially, and then once the main verb (e.g., pleased) was encountered, recovery 
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from the garden path was made more difficult when the initial direct object attachment (e.g., 

played the song) was plausible.  Finally, the evidence from this single experiment calls into 

question the surface structure hypothesis (SSH), which claims that bilinguals do not fully structure 

the input based on syntactic information. If this was the case, then the sequential group’s patterns 

should not have essentially mimicked the monolingual patterns, nor should have the 

simultaneous bilinguals evinced a garden path recovery effect.   
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7.1 Experiment 2: Subject-reflexive agreement 

In this experiment I examined a process that requires knowledge of syntactic 

dependencies. In English, a reflexive pronoun must co-refer with a local antecedent, that is, to the 

subject of the clause in which the reflexive is contained. Two sets of 24 pairs of sentences were 

generated.  

Consider: 

20a. Grammatical: The father of the actress injured* himself during the race. 

20b. Ungrammatical: The father of the actress injured* herself during the race. 

 

In (20a) the reflexive pronoun (himself) must co-refer with the head (the father) of the complex NP 

(the father of the actress), rendering (20b) ungrammatical because of mis-matched gender. Note 

that (20a) has an NP (the actress) that acts as an intervener between the reflexive and head of 

the phrase.  Interveners function to increase the complexity of processing and offer a potential, 

but illegal, antecedent to the reflexive. The POD was established at the offset of the verb 

preceding the pronoun because the grammaticality (relevant to the anaphoric relationship) of the 

sentence was based on the gender of the pronoun. 

7.2 Predictions 

I expected that the monolingual listeners would exhibit increased pupil diameter when 

confronted with the reflexive pronoun when it co-referred with the closest NP (e.g., the actress in 

(20b)) relative to the grammatical condition where it co-referred with the head of the complex NP 

(e.g., the father in (20a)). For our bilingual participants, the default prediction was that they should 

evince similar patterns relative to our monolinguals. However, if these participants indeed have 

difficulty computing structure on-line as the SSH suggests, then no differences are predicted 

between the two conditions. This failure could be due to either not computing the structure of the 

complex NP, or because the participants failed to appreciate the co-reference relation between 

the two positions. These predictions are founded in previous psycholinguistic research; however, 

since pupillometry has never been used to examine these grammatical relationships on such a 
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fine-grained time scale, the monolingual control data are used to interpret the results from the 

bilingual data.  

 

7.3 Results 

7.3.1 Analysis (Note: Recall from Experiment 1, described in Chapter 6 that the same analysis 

was used in all three language processing studies in this dissertation) 

I began by examining differences across the entire 4080ms time window of interest and 

eventually narrowed my focus on 255ms time bins across the entirety of the time-window. 

Pupil measurements were concatenated and standardized, yielding relative pupil 

diameters (relative to the local baseline, for each participant in each condition). Analyses were 

conducted on the screened data using restricted maximum likelihood (REML) in a mixed-effects 

regression model with a random effect of participant on the intercept and on Time (as a 

continuous variable sampling once every 17ms), and with fixed effects of Language Group 

(Monolingual, Sequential, Simultaneous), Time (17ms samples), and Direct Object (DO) 

Acceptability (Grammatical, Ungrammatical), and their interactions. The models were fit with an 

unstructured covariance matrix for the random effect. Follow-up models examined the sub-

interactions of pairwise Language Group by Grammticality by Time, Grammticality by Time within 

each Language Group, and for each condition over time within each group. The coefficient and 

standard error are reported for main effects and interactions. Alpha was set to .05 for all 

comparisons. All analyses were conducted using SAS version 9.3 Proc Mixed (SAS Institute, 

Inc.).  

7.3.2 Growth Curve Analysis (GCA): 

  The analyses yielded no significant interaction of Language Group X Grammaticality 

(B=-0.0000036 (Std. Error=0.000014), t=-0.26, p=0.80). The results for each language group and 

grammaticality condition are given in Table 7.1 and shown in Figure 7.1. I then examined the 

slope of the curve for the grammatical and ungrammatical sentences over time, separately for 
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each language group, and then examined whether they differed by examining the Plausibility by 

Time interaction within each language group.  

Monolinguals 

For the monolingual group the slope for the grammatical condition was positive though 

not significantly different from zero (B=-0.00007, t(17)=-0.71, p=0.49), and for the ungrammatical 

condition the slope was negative and not significantly different from zero (B=0.00004, t(17)=0.52, 

p=0.61). Even so, there was a significant difference between the slopes of the two conditions 

(grammaticality X time interaction: (B=-0.0001 (Std. Error = 0.000012), t=-9.37, p <0.0001). 

Sequential Bilinguals  

For the sequential bilingual group the slope for the grammatical condition was positive 

and significantly different from zero (B=-0.00005, t(25)=-0.59, p=0.5575), and for the 

ungrammatical condition the slope was negative and not significantly different from zero (B=-

0.000002, t(25)=-0.02, p=0.98). Once again, there was a significant difference between the two 

slopes of the two conditions (grammaticality X time interaction B= -0.0002 (Std. Error=.000008), 

t=-25.31, p<0.0001). 

Simultaneous Bilinguals 

For the simultaneous bilingual group the slope for the grammatical condition was positive 

though not significantly different from zero (B=0.000197, t(9)=1.73, p=0.18), and for the 

ungrammatical condition the slope was also positive and not significantly different from zero 

(B=0.0002, t(9)=2.17, p=0.058). There was a significant difference between the slopes of the two 

conditions (plausibility X time interaction: B=-0.00011 (Std. Error =0.000012), t=-9.37, 

p=<0.0001). 

Further analyses compared the grammatical/ungrammatical differences in slopes across 

each possible pairing of groups (e.g., between monolinguals and sequential bilinguals) to 

determine if the language groups showed different effects of the grammaticality manipulation. The 

comparison between the sequential vs. simultaneous groups revealed a significant interaction of 

Group by Grammaticality by Time (B=-0.0002 (Std. Error=0.000016), t=-12.38, p<0.0001). 
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Likewise, the comparison of simultaneous vs. monolingual groups revealed a significant 

interaction of Group by Grammaticality by Time (B=-0.00001 (Std. Error=0.000019), t=-5.43, 

p<0.0001). There was also an interaction of Group by Grammaticality by Time for the 

monolingual vs. sequential group comparison (B=0.000092 (Std. Error=0.000014), t=6.79, 

p<0.0001). 

Table 7.1: 

GCA results by condition for each language group. 

    Parameter Estimates 

Language Group   Estimate Std. Error tvalue P 

Monolingual       

Grammatical DO -0.00007 0.000096 -0.71 0.49 

Ungrammatical DO 0.00004 0.000077 0.52 0.61 

Sequential BG       

Grammatical DO -0.00005 0.00008 -0.59 0.56 

Ungrammatical DO 0.00015 0.000038 4.01 0.0005 

Simultaneous BG      

Grammatical DO 0.0002 0.00011 1.73 0.12 

Ungrammatical DO 0.0002 0.000092 2.17 0.06 

 

7.3.3. Binned analysis to examine when growth curves diverged 

Like the GCA performed on the data from Chapter 6: Experiment 1, here I examined the 

255ms bins across time to determine when along the time-window of interest the significant 

differences occurred. Data were concatenated into bins; the bins were 255ms each 

(corresponding to average length of syllables in English). Starting at the beginning of the window 

of interest and going until 4080ms or the end of the window of interest, this yielded 16 time bins.  

Analysis of each bin was conducted using restricted maximum likelihood (REML) in a mixed-

effects regression model (SAS 9.3 proc mixed) with a random effect of participant on the intercept 

and a fixed effect of Grammaticality (grammatical vs. ungrammatical). The models were fit with an 

unstructured covariance matrix for the random effect. A Bonferroni correction was applied to 

correct for multiple comparisons giving a corrected alpha of 0.05/48 (16 comparisons/group) or 

0.0010 for each bin. Table 2 contains the results from the sixteen mixed-effects regression model 
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comparisons of the 255ms bins across the 4080ms time-window of interest, shown also in Figure 

7.1: Each row represents one 255ms bin. 

 

Table 7.2: Results from analyses of differences between grammatical and ungrammatical 

sentences for the three language groups across the time window of interest divided into 255ms 

bins. Type III F-tests are reported for each bin (gray shaded regions highlight significant 

differences grammatical and ungrammatical sentences.  

 

 
  

Grammatical vs. Ungrammatical 

  
Type 3 Tests of Fixed Effects 

Time (ms)   Monolingual CG   
Sequential Bilingual 
Group 

  
Simultaneous Bilingual 
Group 

0-255  F(557)=16.16, p<0.0001  F(805)=5.35, p=0.021  F(309)=8.48, p=0.0038 

255-510  F(521)=130.33, p<0.0001  F(753)=12.62, p=0.0004  F(289)=14.23, p=0.0002 

510-765  F(521)=104.49, p<0.0001  F(753)=9.68, p=0.0019  F(289)=9.94, p=0.001 

765-1020  F(521)=118.68, p<0.0001  F(753)=9.66, p=0.002  F(289)=9.65, p=0.0021 

1020-1275  F(521)=97.99, p<0.0001  F(753)=1.57, p=0.211  F(289)=22.66, p<0.0001 

1275-1530  F(521)=127.71, p<0.0001  F(753)=9.9, p=0.0017  F(289)=15.68, p<0.0001 

1530-1785  F(521)=197.96, p<0.0001  F(753)=73.84, p<0.0001  F(289)=3.08, p=0.08 

1785-2040  F(521)=164.51, p<0.0001  F(753)=59.76, p<0.0001  F(289)=0.83, p=0.3626 

2040-2295  F(521)=105.25, p<0.0001  F(753)=43.55, p<0.0001  F(289)=1.78, p=0.1838 

2295-2550  F(521)=93.1, p<0.0001  F(753)=29.14, p<0.0001  F(289)=6.07, p=0.0143 

2550-2805  F(521)=47.11, p<0.0001  F(753)=44.27, p<0.0001  F(289)=6.49, p=0.0114 

2805-3060  F(521)=46.71, p<0.0001  F(753)=66.97, p<0.0001  F(289)=27.2, p<0.0001 

3060-3315  F(521)=52.9, p<0.0001  F(753)=108.95, p<0.0001  F(289)=34.55, p<0.0001 

3315-3570  F(521)=67.48, p<0.0001  F(753)=126.56, p<0.0001  F(289)=26.58, p<0.0001 

3570-3825  F(521)=70.45, p<0.0001  F(753)=126.03, p<0.0001  F(289)=10.45, p=0.0014 

3825-4080   F(521)=60.15, p<0.0001   F(753)=153.08, p<0.0001   F(289)=3.17, p=0.076 
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The following figure (Figure7.1)is a visualization of pupillary responses across the time-

window of interest for all three groups.  

 

 

Figure 7.1: Pupillary waveforms for all three language groups over the entire 4080ms window of 

interest are reported in Pupil Diameter Change from Baseline (measured in millimeters). The 

255ms bins are indicated and regions that are shaded grey had a p-value < 0.00010. The 

example sentence is only an approximation and is not representative of the longest sentence. 

7.4 Discussion 

I begin with a summary of my findings for this experiment, and then move to discussion of 

these findings. Beginning with the monolingual data, a significant grammaticality effect was 

observed, with the ungrammatical condition yielding larger pupil dilation (i.e. greater processing 

demands) than the grammatical condition. A similar effect was observed overall for both bilingual 

groups. Comparing the effects across groups, all pairwise comparisons (between monolinguals 
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and sequentials, monolinguals vs. simultaneous, and sequential vs. simultaneous) were 

significant (Table 7.2; see also Figure 7.1).  

 Regarding the time-course of the effects (see Table 7.2; see also Figure 7.1), the 

monolingual group demonstrated an immediate and continuous increase in pupil 

diameters/processing demands when they encountered the ungrammatical relative to the 

grammatical version. The sequential bilingual group demonstrated minimal change in pupil 

diameter initially, but in the time-window 1275-1530 the pupillary responses diverged and the 

ungrammatical condition elicited larger pupil diameter than the grammatical. Thus the 

grammaticality effect appeared delayed relative to the monolinguals. The simultaneous bilingual 

group evinced the same initial pattern as the monolingual group. The ungrammatical condition 

elicited larger pupil diameters, yielding significant differences in the second time-window 255-

510ms and continued through approximately 1500ms. The pattern then became unstable and 

reversed at approximately 2800ms to the end of the sentence. I know interpret these data for 

each group separately. 

Monolinguals 

The monolingual group demonstrated an immediate effect of grammaticality that lasted 

the entirety of the sentence. These results suggest that the monolingual sentence processor was 

correctly computing the reflexive pronoun-antecedent relation without interference from an 

intervening NP. This pattern also suggests that the pupillometric record is sensitive to 

grammaticality based on anaphoric relations.  

Sequential Bilinguals 

Like the monolingual control group, the sequential bilingual group demonstrated an effect 

of grammaticality. Although the time-window 255ms-520ms revealed a significant and reversed 

effect of grammaticality, the absolute differences in pupil diameter were minimal and the more 

pronounced effect – with the ungrammatical version elicited larger pupil diameters than the 

grammatical version – began in the time-window 1275ms-1530ms. Thus, unlike the monolingual 

group who showed a very large effect of grammaticality through the entire sentence, the 
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sequential bilingual group evinced this pattern much later (approximately 1275ms after the POD) 

during the time-course of processing. As mentioned in the Chapter 6: Experiment 1, bilingual 

individuals have demonstrated slower lexical activation in a variety of studies (Rosselli et al. 

2000;  Gollan & Acenas, 2004); Gollan, Bonanni & Montoya, 2005; Ivanova & Costa, 2008; 

Sandoval, et al., 2010; Bialystok & Luk, G., 2012). Thus it is possible that these delays in 

activation are also playing a role in reducing the timely processing of the anaphoric relationships 

examined in this study.  

Simultaneous Bilinguals  

Initially the pupillary response pattern for the simultaneous bilingual group appeared 

similar to the monolingual control group; that is, the simultaneous bilingual group demonstrated 

an early, but not immediate, effect of grammaticality. These data demonstrate that the 

simultaneous bilingual group is building structure appropriately, unlike what would be predicted by 

the surface structure hypothesis, which argues that bilingual individuals do not build structure as 

monolinguals do, but rather rely on contextual cues (Clahsen & Felser, 2006). The early effect of 

grammaticality combined with the native-like performance on the offline portion of this experiment 

indicate that simultaneous bilinguals efficiently built structure and correctly established the co-

reference relation between the reflexive pronoun and the head of the complex subject NP. 

However, between 1500ms and 2800ms post-POD the pupillary response pattern reversed and 

from 2850ms to the end of the window of observation the grammatical condition elicited larger 

pupil dilations than the ungrammatical condition. This finding was not expected and will require 

more research to more completely understand why the grammatical condition would require more 

processing demand than the ungrammatical condition.  

Preliminary Discussion 

The patterns emerging from this study were not as clear-cut and interpretable as 

predicted. Even so, the study revealed that all three groups were sensitive to the reflexive 

pronoun-antecedent relation, given that pupillary size was found to be larger in the ungrammatical 

relative to the grammatical conditions. However, the sequential bilingual individuals showed a 
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grammaticality effect that was shifted by 1275ms. Both the monolingual and the simultaneous 

group were exposed to English from birth, whereas the sequential bilingual group was first 

exposed to English at approximately age 5, and thus it was possible that the difference in 

exposure during formative years may result in a mature syntactic system that is slower at 

detecting the described ungrammaticality. Note that all three groups performed at ceiling on the 

offline grammaticality judgment task, which means that all three ultimately were sensitive to the 

grammaticality of the minimal pairs. Sebastián-Gallés & Soto-Faraco (1999) argued that age of 

acquisition plays a role in ultimate attainment of second language phonology such that, even an 

early and proficient bilingual may show differential phonological processing compared to native 

speakers. In the same way, it is possible that efficiency of processing anaphoric relationships 

(online) is determined by the age of exposure to a second language. Of course, the reversed 

pupillary response for the simultaneous bilinguals, with grammatical constructions yielding 

increased pupil diameters relative to ungrammatical constructions, requires further research and 

explanation. 



 

103 
 

CHAPTER 8 

Filler-Gap Dependencies 
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8.1 Experiment 3: Processing demands of filler-gap constructions:  

In this experiment I continued my investigation of long-distance dependencies by 

focusing on object-extracted relative clauses while also manipulating plausibility. Two sets of 24 

minimal-pairs were constructed.  Consider:  

 

21a.The janitor cleaned the wall that the child smacked*__during recess this afternoon. 

21b.The janitor cleaned the wall that the child chased*__during recess this afternoon. 

The sentences in (21) contain transitive verbs with a direct object that has been displaced from its 

typical post-verb position. Previous monolingual research has shown that the displaced NP is 

activated in the gap position regardless of its plausibility ((Love et al., 2008; Love & Swinney, 

1996; see also Dickey & Thompson, 2004). In Sentence (1a) the displaced NP the wall is a 

plausible direct object for the transitive verb smacked. Conversely, in Sentence (1b) the NP the 

wall is an implausible direct object.  

8.2 Predictions 

Monolinguals should acknowledge that the transitive verb (chased) requires an object 

that has been displaced from its typical post-verb position. Hence, there should be an increase in 

processing load (measured by an increase in pupil diameter) in the case where there is an 

implausible filler (1b) relative to a plausible filler (1a). The default prediction for the bilingual 

participants, again, is that they should show similar patterns relative to monolinguals. However, if 

they have difficulty building structure, then there should be no differences observed between the 

Wh-movement plausibility conditions.  

8.3 Results 

8.3.1 Analysis (Note: Recall that the same analysis was used in all three language studies in this 

dissertation). 

As in Chapters 6: Experiments 1 and Chapter 7: Experiment, I begin by examining 

differences across the entire 4080ms time window of interest and eventually narrow my focus on 

255ms time bins across the entirety of the time-window. 
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Pupil measurements were concatenated and standardized, yielding relative pupil 

diameters (relative to the local baseline, for each participant in each condition). Analyses were 

conducted on the screened data using restricted maximum likelihood (REML) in a mixed-effects 

regression model with a random effect of participant on the intercept and on Time (as a 

continuous variable sampling once ever 17ms), and with fixed effects of Language Group 

(Monolingual, Sequential, Simultaneous), Time (17ms samples), and Direct Object (DO) 

Acceptability (Plausible, Implausible), and their interactions. The models were fit with an 

unstructured covariance matrix for the random effect. Follow-up models examined the sub-

interactions of pairwise Language Group by Plausibility by Time, Plausibility by Time within each 

Language Group, and for each condition over time within each group. The coefficient and 

standard error are reported for main effects and interactions. Alpha was set to .05 for all 

comparisons. All analyses were conducted using SAS version 9.3 Proc Mixed (SAS Institute, 

Inc.).  

8.3.2 Growth Curve Analysis (GCA) 

  The analyses yielded a significant interaction of Language Group X Plausibility B-

0.00020 (Std. Error=0.0000087), t=-23.55, p<0.0001).  The results for each language group and 

plausibility condition are given in Table 8.1 and shown in Figure 8.1. To gain further insight about 

the source of this interaction, I examined the slope of the curve for the plausible and implausible 

sentences over time, separately for each language group, and then examined whether they 

differed by examining the Plausibility by Time interaction within each language group.  

Monolingual 

For the monolingual group, the slope for the plausible condition was positive though not 

significantly different from zero (B=0.00015, t(18)=2.16, p=0.045), and for the implausible 

condition the slope was negative and not significantly different from zero (B=.000081, t(18)=2.31, 

p=0.033). There was a significant difference between the slopes of the two conditions (plausibility 

X time interaction: (B=-0.0001 (Std. Error =0.00004), t=4.65, p <0.0001). 

Sequential Bilingual  
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For the sequential bilingual group, the slope for the plausible condition was positive and 

significantly different from zero (B=0.00021, t(24)=3.00, p=0.062), and for the implausible 

condition the slope was negative and not significantly different from zero (B=0.00022, t(24)=-

.4.61, p=0.0001). Again, there was a significant difference between the slopes of the two 

conditions (plausibility X time interaction: B= 0.000018 (Std. Error=0.0000085), t=2.12, 

p<0.0324). 

Simultaneous Bilingual 

For the simultaneous bilingual group, the slope for the plausible condition was positive 

though not significantly different from zero (B=0.00013, t(9)=1.38, p=0.20), and for the 

implausible condition the slope was also positive and not significantly different from zero 

(B=0.00042, t(9)=3.80, p=0.0042). Nevertheless, there was a significant difference between the 

slopes of the two conditions (plausibility X time interaction: B=0.00030 (Std. Error =0.000012), 

t=24.90, p=<0.0001). 

Further analyses compared the plausible/implausible differences in slopes across each 

possible pairing of groups (e.g., between monolinguals and sequential bilinguals) to determine if 

the language groups showed different effects of the plausibility manipulation. The comparison 

between the sequential vs. simultaneous groups revealed a significant interaction of Group by 

Plausibility by Time (B=-.00028 (Std. Error=..000015), t=-18.07, p<0.0001). Likewise, the 

comparison of simultaneous vs. monolingual groups revealed a significant interaction of  Group 

by Plausibility by Time (B=-0.00026 (=0.000015), t=-17.61, p<0.0001)). However, there was no 

interaction of Group by Plausibility by Time for the monolingual vs. sequential group comparison 

(B=0.000022 (Std. Error=0.000012), t=1.77, p<0.08). 

8.3.3 Binned analysis to examine when growth curves diverged 

Recall that the 255ms bins were used to more closely examine when the pupillary 

waveforms diverge between conditions within each group. Analysis of each bin was conducted 

using restricted maximum likelihood (REML) in a mixed-effects regression model (SAS 9.3 proc 

mixed) with a random effect of participant on the intercept and a fixed effect of Plausibility 
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(plausible vs. implausible). The models were fit with an unstructured covariance matrix for the 

random effect. A Bonferroni correction was applied to correct for multiple comparisons giving a 

corrected alpha of 0.05/16 or 0.003125 for each bin. Table 3 contains the results from the sixteen 

mixed-effects regression model comparisons of the 255ms bins across the 4080ms time-window 

of interest, shown also in Figure 8.1. Each row represents one 255ms bin. 

 

Table 8.1: GCA results by condition for each language group. 

    Parameter Estimates 

Language Group Estimate Std. Error tvalue P 

Monolingual      

Plausible 0.00015 6.8E-05 2.16 0.045 

Implausible  0.00019 8.1E-05 2.31 0.033 

Sequential BG      

Plausible  0.00021 0.00068 3 0.0062 

Implausible  0.00022 4.8E-05 4.61 0.0001 

Simultaneous BG     

Plausible  0.00013 9.1E-05 1.38 0.2 

Implausible  0.00042 0.00011 3.8 0.0042 

 

The GCA above provides insight into the slope of the pupillary response over the entire 

window of observation, but does not illuminate when the plausible and implausible conditions 

began to diverge during the unfolding of the auditory sentence, nor during which temporal 

intervals the two conditions remained different. To examine when these differences were present, 

the data were concatenated into bins; the bins were 255ms each (corresponding to average 

length of syllables in English). Starting at the beginning of the window of interest and going until 

4080ms or the end of the window of interest, this yielded 16 time bins.  Analysis of each bin was 

conducted using restricted maximum likelihood (REML) in a mixed-effects regression model (SAS 

9.3 proc mixed) with a random effect of participant on the intercept and a fixed effect of 

Plausibility (plausible vs. implausible). The models were fit with an unstructured covariance matrix 

for the random effect. A Bonferroni correction was applied to correct for multiple comparisons 

giving a corrected alpha of 0.05/16 or 0.003125 for each bin. Table 2 contains the results from the 
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sixteen mixed-effects regression model comparisons of the 255ms bins across the 4080ms time-

window of interest, shown also in Figure 8.1: Each row represents one 255ms bin. 

 

Table 8.2: Results from analyses of differences between plausible and implausible sentences for 

the three language groups across the time windows divided into 255ms bins. Type III F-tests are 

reported for each bin (gray shaded regions highlight significant differences between plausible and 

implausible sentences.) 

  Filler Gap Plausible DO vs. Implausible DO 

  Type 3 Tests of Fixed Effects 

Time (ms)   Monolingual CG   
Sequential Bilingual 

Group 
  

Simultaneous Bilingual 
Group 

0-255  F(588)=4.44, p=0.0356  F(774)=26.23, p<0.0001  F(309)=3.02, p=0.0835 

255-510  F(550)=5.03, p=0.0253  F(724)=0.08, p=0.7744  F(289)=20.62, p<0.0001 

510-765  F(550)=6.28, p=0.0125  F(724)=19.45, p<0.0001  F(289)=40.98, p<0.0001 

765-1020  F(550)=0.35, p=0.5566  F(724)=45.57, p<0.0001  F(289)=37.45, p<0.0001 

1020-1275  F(550)=96.07, p<0.0001  F(724)=52.39, p<0.0001  F(289)=46.48, p<0.0001 

1275-1530  F(550)=94.17, p<0.0001  F(724)=98.6, p<0.0001  F(289)=33.37, p<0.0001 

1530-1785  F(550)=39.66, p<0.0001  F(724)=148.73, p<0.0001  F(289)=11.79, p=0.0007 

1785-2040  F(550)=98.47, p<0.0001  F(724)=123.56, p<0.0001  F(289)=0.02, p=0.8877 

2040-2295  F(550)=184.94, p<0.0001  F(724)=46.44, p<0.0001  F(289)=2.38, p=0.1243 

2295-2550  F(550)=219.53, p<0.0001  F(724)=8.15, p=0.0044  F(289)=9.78, p=0.0019 

2550-2805  F(550)=219.09, p<0.0001  F(724)=2.43, p=0.1194  F(289)=44.64, p<0.0001 

2805-3060  F(550)=121, p<0.0001  F(724)=0.14, p=0.7084  F(289)=109.81, p<0.0001 

3060-3315  F(550)=42.61, p<0.0001  F(724)=0.84, p=0.3592  F(289)=85.69, p<0.0001 

3315-3570  F(550)=0.79, p=0.3739  F(724)=0.17, p=0.681  F(289)=117.68, p<0.0001 

3570-3825  F(550)=0.33, p=0.5658  F(724)=0.29, p=0.591  F(289)=203.43, p<0.0001 

3825-4080   F(550)=15.1, p=0.0001   F(724)=1.59, p=0.2082   F(289)=325.16, p<0.0001 

 

The following figure (Figure8.1) is a visualization of pupillary responses across the time-

windows for all three groups.  
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Figure 8.1: Pupillary waveforms for all three language groups over the entire 4080ms time 

windows are reported in Pupil Diameter Change from Baseline (measured in millimeters). The 

255ms bins are indicated and regions that are shaded grey had a p-value < 0.003125. The 

example sentence is only an approximation and is not representative of the longest sentence. 

8.4 Discussion 

 These sentences were selected to examine online structure building during sentence 

processing. Interestingly, in this study all three groups demonstrated the same pattern; all 

evinced an elevated processing cost for sentences that contained a plausible filler-gap relation 

(e.g., The janitor cleaned the wall that the child smacked__during recess this afternoon),  

compared to those with an implausible filler-gap relation (e.g., The janitor cleaned the wall that 

the child chased__during recess this afternoon). This finding is contrary to what was predicted 

(i.e., the implausible condition should have yielded larger pupil dilations than the plausible 
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condition). What is interesting about the filler-gap sentence construction in the auditory modality 

is that no auditory information is provided at the gap site, yet activation of the appropriate noun 

phrase is typically observed (Love et al., 2008; Love & Swinney, 1996; Shapiro et al., 2003; 

Swinney, 1979). Thus the participant is required to reactivate a constituent that was previously 

active in the sentence. This reactivation carries with it all of the relevant linguistic information of 

the co-referenced constituent. The fact that the plausible condition consistently elicited a larger 

pupillary response than the implausible condition requires an explanation. One possibility is that, 

though the antecedent is reactivated at the gap site (as observed in many studies in the 

literature), integration of the appropriate filler into the gap would only occur when the filler is 

plausible. Thus the displaced NP would only be integrated into the gap site if it has a good 

thematic fit for the verb in question (smacked/chased in the example sentences above). In other 

words, the elevated cost comes from the integration of the displaced material and when the filler 

is not a good thematic fit, it is simply not integrated into the unfolding process.   

Even though all three groups demonstrated this initial pattern, both bilingual groups 

showed this pattern earlier during the time-course of processing than the monolingual group. 

This, too, requires an explanation, as it is somewhat surprising. As mentioned previously, many 

studies have revealed delayed lexical access in bilingual individuals (Rosselli et al. 2000;  Gollan 

& Acenas, 2004; Gollan, Bonanni & Montoya, 2005; Ivanova & Costa, 2008; Sandoval, et al., 

2010; Bialystok & Luk, G., 2012). One possibility, then, is that when the antecedent/filler of the 

gap was first encountered in the sentence, lexical activation for the displaced constituent (e.g., 

the wall) was delayed. It is possible that this delay kept the constituent the wall active later in the 

sentence. Subsequently both bilingual groups activated the displaced noun phrase more quickly 

than the monolingual group because it was available in working memory, facilitating integration at 

the gap. A similar finding has been observed by Love et al. (2008), who demonstrated that 

slowed lexical activation can affect integration at the gap. This finding falls in line with the slowed 

lexical activation that has been reported throughout the bilingual language literature and seems to 

be a trend throughout all three experiments. A second related possibility is a depth of processing 
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explanation; since the displaced NP would be more difficult to access, the activation would be 

prolonged. This prolonged activation might overlap with the reactivation site and facilitate access 

to the displaced NP. Given this, the bilingual groups would reveal an earlier integration effect than 

the monolingual group who would have to reactivate a less salient constituent.  

Both the monolingual and simultaneous bilinguals demonstrated a reversal of the 

plausibility effect while the sequential bilinguals did not. This reversal occurs in the last window of 

observation (3825ms-4080ms) for the monolingual group and at 2295ms-2550ms and persists 

until the end. I initially predicted that the implausible condition would elicit larger pupil diameters 

than the plausible; this was not the case immediately at the filler-gap site. However, it appears 

that the implausible condition ultimately requires greater processing demands at the end of the 

sentence as revea;d by the late effect of grammaticality. The same is true about the simultaneous 

group, but the plausibility effect manifested earlier in the time course. This finding is similar to 

what was found in Chapter 6: Experiment 1. The simultaneous bilingual individuals demonstrated 

an elevated sensitivity to the local plausibility in Chapter 6 relative to the monolinguals and 

sequentials; that may be the case in this experiment as well. The simultaneous bilinguals are 

experiencing greater processing demands in the implausible relative to the plausible conditions 

with more immediacy than the other two groups. In Chapter 6, this was attributed to the 

simultaneous group demonstrating a reduced sensitivity to conflicting prosodic information. In this 

experiment, after the elided information is not integrated in the implausible condition, the 

simultaneous and monolingual groups are showing what looks like a reanalysis. Perhaps the 

reanalysis is a result of the parser examining the sentence in search of a constituent to be 

integrated in the gap site. To more completely understand this reversal, further studies will need 

to be conducted. 
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CHAPTER 9 

General Discussion 
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9.1 General Discussion 

The studies in this dissertation sought to accomplish two objectives: (1) To gain insight 

into real-time language processes in both monolingual and bilingual individuals, and (2), to 

examine whether or not the purported cognitive advantages enjoyed by bilingual individuals affect 

online sentence processing. To accomplish these objectives, a battery of language processing 

and cognitive tasks were administered to the same group of participants. In Chapters 1-4 I 

reviewed the monolingual and bilingual literatures.  

Chapter 5 described the cognitive experiments that examined the conflict resolution 

abilities of my participants. Here I used two flanker tasks to test whether or not bilinguals evince 

enhanced conflict resolution abilities. The visual flanker task, as part of the Attention Network 

Task, has played a major role in documenting the bilingual conflict resolution advantage (e.g., 

Costa et al., 2008). I designed the second of these, an Auditory Flanker Task (AFT), to examine if 

the cognitive advantage was sensitive to presentation modality. The visual flanker task revealed 

no differences in performance among groups; all groups showed a greater cost during 

incongruent relative to congruent trials. Thus there were no ‘advantages’ afforded to the bilingual 

participants. These results are not particularly surprising given the literature. For example, both 

Costa et al. (2008) and Bialystok (2003) reported advantages in cognitive processing in their 

bilingual populations, however, the advantage was primarily found in children and in aging 

populations. Furthermore, the advantage disappeared as the monolingual population gained 

more experience with the task (Costa et al., 2008). What is more perplexing is that the advantage 

is not found in typically developed college-age students (Hilchey & Klein, 2011).  

On the other hand, the auditory analogue of the visual flanker task, the AFT, revealed a 

decrease in conflict cost (the difference in RT between congruent and incongruent trials) for the 

simultaneous bilingual group relative to the other groups. Due to the nature of the experiment I 

attributed this pattern to the first stage of conflict resolution: conflict detection (conflict resolution 

has been broken into two stages, first conflict identification and then resource allocation to 

resolve the conflict ( ilchey & Klein,   11)). Thus, only the auditory version revealed a ‘cognitive 
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advantage’ for the simultaneous bilinguals, suggesting that it is the auditory input of language that 

yields such an advantage (see also Emmorey et al., 2008, who found that bimodal bilinguals do 

not show a cognitive advantage).  

The garden path sentences examined in Chapter 6, were selected because they are 

fundamental in the monolingual language processing literature and have been largely overlooked 

in the bilingual literature. The resulting pupillary waveforms revealed an interesting finding for the 

monolingual language processor. As predicted, the plausible direct object ultimately elicited larger 

pupil diameters than the implausible direct object condition. However, this effect appeared earlier 

than was anticipated for the monolingual group that demonstrated reanalysis in support of a 

garden path account. It was anticipated that syntax would drive the first pass interpretation 

yielding larger pupil diameters as a result of the local plausibility violation in the sentence 

containing played the beer compared to the plausible direct object played the song. The opposite 

effect was found. The immediate increase in pupil diameter in the plausible direct object condition 

relative to the implausible direct object condition is attributed to an elevated processing demand 

from conflicting prosodic and syntactic information. The sentences were spoken with the 

intonation of the intended meaning, so a slight pause occurred after the verb played, indicating 

that the subsequent NP was the beginning of a subordinate clause, not the direct object of the 

verb played. The simultaneous bilinguals showed an immediate effect of the plausibility of the V-

NP segment and then later evinced the predicted recovery pattern. I suggested that the 

simultaneous group ignored the prosodic contour, which would cue that the NP should be 

attached as the subject of the main clause and not the direct object of the embedded verb. 

Instead, they seemed to initially rely on syntactic (attachment) information and the plausibility of 

the V-NP segment. After encountering the main verb, these participants then showed the typical 

pattern – more difficulty recovering from the garden path when the ambiguous NP was a good 

direct object of the verb. Like the monolingual control group the sequential bilingual group 

showed the same pattern, albeit slightly later, which indicates a similar strategy for both 

monolinguals and sequential bilinguals; both groups are comprised of people who were 
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monolingual for the first five years of their lives. One possible explanation is that this heuristic is 

defined in monolingual individuals prior to the approximate age of five years. This finding 

suggests that the prosodic information that affected the monolingual and sequential bilingual 

groups was consistently overridden by a syntax driven interpretation. Since the simultaneous 

bilinguals have been exposed to more prosodic variability (multiple languages from birth), 

prosodic cues carry less weight in the first pass interpretation.  

Further investigations are currently being conducted in our lab about the role of prosody 

in resolving temporary syntactic ambiguities of the type studied in Experiment 1. The cognitive 

studies in Chapter 5 were designed to tap into the same resources as a garden path sentence. 

Despite showing an elevated sensitivity to detecting conflicting information in the AFT, the 

simultaneous bilinguals did not enjoy any advantage in processing the garden path sentences. In 

fact they seemed to ignore the prosodic cues rather than use them. This finding will require much 

more research to substantiate, but indicates that language and cognition, although related, 

develop independently from each other.    

In Chapter 7, the pronoun-anaphor agreement study, the monolingual and simultaneous 

groups demonstrated the expected immediate increase in processing demand in the 

ungrammatical condition relative to the grammatical condition. On the other hand, the sequential 

bilingual group demonstrated a delayed response to the ungrammaticality. Both of the groups 

who had exposure to English from birth showed an earlier increase in processing demands than 

the one group that was first exposed to English around age five. Thus it is possible that the 

processing pronoun-anaphor relationships is optimized during the early years of development.  

The third and final language processing study described in Chapter 8 examined the 

processing of filler-gap constructions. These sentences were selected to test the Shallow 

Structure Hypothesis, proposed by Clahsen and Felser (2006), who have argued that bilingual 

individuals do not build structure as automatically as monolingual individuals.  Even though I 

observed the opposite pattern from my initial predictions, larger pupil diameters were associated 

with plausible relative to implausible filler-gap relations, I interpreted these patterns to suggest 
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that only the plausible filler is integrated into the gap site and hence the implausible filler is 

discarded. However, the two bilingual groups showed earlier effects than the monolingual group. 

This suggests that bilinguals are using a similar structure building mechanism but that they did so 

more rapidly.  I tentatively suggested that the patterns observed for the bilinguals might be due to 

the delayed activation of the filler that remained in memory until the gap site, allowing faster 

integration. Thus, each study provided a unique set of insights into how bilingual and monolingual 

individuals process sentences in real-time but, ultimately, the common theme that arose was one 

of delay. Even though the results were unexpected, this study provides evidence for real-time 

online structure building in the two bilingual populations examined.   

Table 9.1 below provides an overview of how the groups patterned across the three 

language experiments. Interestingly, in each study two groups looked similar, but the pairs of 

groups that were similar were different for each study: 

Table 9.1: Group performance across all three experiments. 

Experiment Similar Language Groups 

Garden Path Monolingual = Sequential Bilingual 

Reflexive-Anaphor Monolingual = Simultaneous Bilingual 

Filler-Gap Simultaneous Bilingual = Sequential Bilingual 

  

These comparisons show the considerable diversity in language processing with regards to 

bilingual language research.  

One common theme that can be extracted from the sentence processing experiments is 

that the bilingual groups demonstrated delayed effects in all three studies. Even when the 

bilingual groups appeared very similar to the monolingual control group there was still an 

approximate 250ms delay in pupillary response. In other words, the increase in processing 

demands was slightly delayed. This was an unanticipated finding, but it does relate to my 2008 

study that showed no effect of grammaticality in simultaneous bilinguals. It is possible that the 

absence of a grammaticality effect in that pitch change experiment (secondary task) can be 
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attributed to the observed delay in processing demand increase. The probe sites in 

methodologies that require a secondary task occur in a single position along the timeline of a 

sentence, offering a snapshot of the system. These locations are selected based on the 

monolingual language processing literature but, if bilingual individuals have a different time-

course of processing, the probes may be missing the increase in processing demands. Even 

though the time-course of bilingual language processing may be different or even delayed, recall 

that these participants are active members of society in two languages, are proficient in both, and 

that the bilingual system is not broken. Indeed, there is no evidence that ‘delayed processing’ 

affects offline interpretation.  

With regards to the interplay of language and cognition, we found no evidence to indicate 

that the conflict detection advantage observed in the AFT had any effect on language processing 

(though more work is required, even with further analyses from the data obtained in this 

dissertation). The garden path sentences in Chapter 6 were selected as a linguistic analogue to 

an auditory flanker task. The AFT, however, demonstrated an elevated sensitivity to conflict 

detection and Experiment 1 (Chapter 6) demonstrated, perhaps, a decreased sensitivity to the 

prosodic cues.  

This dissertation set out to provide insight into the time-course of language processing in 

both monolingual and bilingual language processing. A variety of patterns were observed and 

processing demands differed both between groups and between studies but, ultimately, all three 

groups performed at ceiling on the offline grammaticality task. This variability emphasizes the 

possibility that the bilingual individuals may have a unique, albeit effective, time-course with 

regard to online sentence processing. 
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APPENDIX 1 

Experiment and 
number 

 Sentence 

EXP1 1 a While the band played the song pleased all the customers.  

EXP1 1 b While the band played the beer pleased all the customers.  

EXP1 2 a As the men drank the beer pleased everybody very much.  

EXP1 2 b As the men drank the song pleased everybody very much.  

EXP1 3 a As the window-cleaner called housewife started to shake alarmingly.  

EXP1 3 b As the window-cleaner called ladder started to shake alarmingly.  

EXP1 4 a While the child climbed the ladder fell to the ground.  

EXP1 4 b While the child climbed the housewife fell to the ground.  

EXP1 5 a While the neighbor visited the boy passed by the house.  

EXP1 5 b While the neighbor visited the car passed by the house.  

EXP1 6 a As the driver parked the car made a loud noise.  

EXP1 6 b As the driver parked the boy made a loud noise.  

EXP1 7 a While the woman drank the coffee looked very nice indeed.  

EXP1 7 b While the woman drank the flowers looked very nice indeed.  

EXP1 8 a As the girl painted the flowers smelled very fresh indeed.  

EXP1 8 b As the girl painted the coffee smelled very fresh indeed.  

EXP1 9 a As the woman called the puppy fell to the ground.  

EXP1 9 b As the woman called the ice-cream fell to the ground.  

EXP1 10 a While the child ate the ice-cream dropped to the floor.  

EXP1 10 b While the child ate the puppy dropped to the floor.  

EXP1 11 a While the cleaner polished the truck was stolen by someone.  

EXP1 11 b While the cleaner polished the cake was stolen by someone.  

EXP1 12 a As the mother baked the cake disappeared mysteriously from sight.  

EXP1 12 b As the mother baked the truck disappeared mysteriously from sight.  

EXP1 13 a As the woman ate the fish shone in the sun.  

EXP1 13 b As the woman ate the tree shone in the sun.  

EXP1 14 a While the boy climbed the tree looked very beautiful indeed.  

EXP1 14 b While the boy climbed the fish looked very beautiful indeed.  

EXP1 15 a While the boy walked the dog got hot and smelly.  

EXP1 15 b While the boy walked the milk got hot and smelly.  

EXP1 16 a As the girl drank the milk disappeared from the kitchen.  

EXP1 16 b As the girl drank the dog disappeared from the kitchen.  

EXP1 17 a As the woman rode the horse raced under the bridge.  

EXP1 17 b As the woman rode the boat raced under the bridge.  

EXP1 18 a While the captain sailed the boat passed by very quickly.  

EXP1 18 b While the captain sailed the horse passed by very quickly.  

EXP1 19 a As the pilot flew the plane sounded far too loud.  
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EXP1 19 b As the pilot flew the song sounded far too loud.  

EXP1 20 a As the choir sang the song could be heard by everyone.  

EXP1 20 b As the choir sang the plane could be heard by everyone.  

EXP2 1 a The janitor cleaned the wall that the child *smacked *during recess this 
afternoon 

EXP2 1 b The janitor cleaned the wall that the child chased *during recess this 
afternoon 

EXP2 2 a The busboy wiped up some water that the chef spilled during lunch today 

EXP2 2 b The busboy wiped up some water that the chef chopped during lunch today 

EXP2 3 a The woman looked at the portrait that the artist sketched during the gallery’s 
reception 

EXP2 3 b The woman looked at the portrait that the artist chewed during the gallery’s 
reception 

EXP2 4 a The customer picked up the package that the employee wrapped in the 
customer service department 

EXP2 4 b The customer picked up the package that the employee drilled in the 
customer service department 

EXP2 5 a The children threw away the oranges that the mother squeezed during 
breakfast this morning 

EXP2 5 b The children threw away the oranges that the mother kissed during 
breakfast this morning 

EXP2 6 a The woman opened the windows that the maid wiped in the front room this 
morning 

EXP2 6 b The woman opened the windows that the maid weighed in the front room 
this morning 

EXP2 7 a The accountant deposited some money that the banker earned in the stock 
market last year 

EXP2 7 b The accountant deposited some money that the banker solved in the stock 
market last year 

EXP2 8 a The man examined the hole that the plumber fixed under the house today 

EXP2 8 b The man examined the hole that the plumber pushed under the house today 

EXP2 9 a The little girl put on a shirt that her mother picked for her before church 
today 

EXP2 9 b The little girl put on a shirt that her mother fried for her before church today 

EXP2 10 a The woman picked up the hose that the gardener dropped *in the yard this 
afternoon 

EXP2 10 b The woman picked up the hose that the gardener killed *in the yard this 
afternoon 

EXP2 11 a The vet helped the kitten that the little boy petted in the waiting room of the 
clinic 

EXP2 11 b The vet helped the kitten that the little boy tackled in the waiting room of the 
clinic 

EXP2 12 a The girl used the pencils that the boy sharpened during art class this 
afternoon 

EXP2 12 b The girl used the pencils that the boy erased during art class this afternoon 

EXP2 13 a The smuggler surrendered the ship that the navy boarded in the harbor 

EXP2 13 b The smuggler surrendered the ship that the navy cancelled in the harbor 

EXP2 14 a The boy put on a sweater that the old woman knitted in the retirement home 

EXP2 14 b The boy put on a sweater that the old woman pronounced in the retirement 
home 

EXP2 15 a The lawyer interviewed the prisoner that the guard abused in the dining hall 

EXP2 15 b The lawyer interviewed the prisoner that the guard emptied in the dining hall 

EXP2 16 a The cameraman photographed a butterfly that the scientist captured during 
the expedition 

EXP2 16 b The cameraman photographed a butterfly that the scientist dated during the 
expedition 

EXP2 17 a The politician visited the city that the army destroyed during the war 
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EXP2 17 b The politician visited the city that the army published during the war 

EXP2 18 a The assistant held the board that the carpenter measured on the back deck 

EXP2 18 b The assistant held the board that the carpenter achieved on the back deck 

EXP2 19 a The secretary listened to the phone call that the boss received after the 
meeting 

EXP2 19 b The secretary listened to the phone call that the boss carried after the 
meeting 

EXP2 20 a The accountant examined the error that the businessman uncovered during 
the company review 

EXP2 20 b The accountant examined the error that the businessman imported during 
the company review 

EXP2 21 a The reporter interviewed the protesters that the police arrested during the 
rally 

EXP2 21 b The reporter interviewed the protesters that the police resisted during the 
rally 

EXP2 22 a The boy looked at some postage stamps that the old man collected for his 
nephew 

EXP2 22 b The boy looked at some postage stamps that the old man adopted for his 
nephew 

EXP2 23 a The judge looked up the rule that the attorney violated during the trial 

EXP2 23 b The judge looked up the rule that the attorney imitated during the trial 

EXP2 24 a The charity used the money that the celebrity raised during the fund drive 

EXP2 24 b The charity used the money that the celebrity dropped during the fund drive 

EXP3 1 a The uncle of the bride embarrassed himself at the wedding reception. 

EXP3 1 b The uncle of the bride embarrassed herself at the wedding reception. 

EXP3 2 a The son of the waitress fixed himself a snack in the kitchen. 

EXP3 2 b The son of the waitress fixed herself a snack in the kitchen. 

EXP3 3 a The brother of the policewoman found himself in legal trouble. 

EXP3 3 b The brother of the policewoman found herself in legal trouble. 

EXP3 4 a The grandson of the queen introduced himself to the famous singer. 

EXP3 4 b The grandson of the queen introduced herself to the famous singer. 

EXP3 5 a The grandfather of the girlscout bought himself many boxes of cookies. 

EXP3 5 b The grandfather of the girlscout bought herself many boxes of cookies. 

EXP3 6 a The nephew of the ballerina taught himself to tap dance. 

EXP3 6 b The nephew of the ballerina taught herself to tap dance. 

EXP3 7 a The father of the actress made a fool of himself on the set of the movie. 

EXP3 7 b The father of the actress made a fool of herself on the set of the movie. 

EXP3 8 a The son of the princess bought himself a sports car for his sixteenth 
birthday. 

EXP3 8 b The son of the princess bought herself a sports car for his sixteenth birthday. 

EXP3 9 a The daughter of the prince hurt herself while learning to ski. 

EXP3 9 b The daughter of the prince hurt himself while learning to ski. 

EXP3 10 a The grandmother of the school boy taught herself geometry and algebra. 

EXP3 10 b The grandmother of the school boy taught himself geometry and algebra. 

EXP3 11 a The granddaughter of the king injured herself during the polo game. 

EXP3 11 b The granddaughter of the king injured himself during the polo game. 

EXP3 12 a The niece of the fisherman convinced herself to go fishing in the morning. 
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EXP3 12 b The niece of the fisherman convinced himself to go fishing in the morning. 

EXP3 13 a The aunt of the waiter taught herself to cook gourmet meals. 

EXP3 13 b The aunt of the waiter taught himself to cook gourmet meals. 

EXP3 14 a The sister of the policeman gave herself up after the robbery. 

EXP3 14 b The sister of the policeman gave himself up after the robbery. 

EXP3 15 a The mother of the groom congratulated herself on how smoothly the dinner 
went. 

EXP3 15 b The mother of the groom congratulated himself on how smoothly the dinner 
went. 

EXP3 16 a The sister of the butler made herself at home while the owners were away. 

EXP3 16 b The sister of the butler made himself at home while the owners were away. 

EXP3 17 a The brother of the hostess made a fool of himself at the banquet. 

EXP3 17 b The brother of the hostess made a fool of herself at the banquet. 

EXP3 18 a The grandson of the land-lady taught himself geometry last summer. 

EXP3 18 b The grandson of the land-lady taught herself geometry last summer. 

EXP3 19 a The father of the bride embarrassed himself at the reception. 

EXP3 19 b The father of the bride embarrassed herself at the reception. 

EXP3 20 a The father of waitress treated himself to a donug a little too often.  

EXP3 20 b The father of waitress treated herself to a donug a little too often.  

EXP3 21 a The nephew of the cowgirl injured himself during the horse race. 

EXP3 21 b The nephew of the cowgirl injured herself during the horse race. 

EXP3 22 a the uncle of the duchess got himself a new boat, but in the end, it was too 
expensive 

EXP3 22 b the uncle of the duchess got herself a new boat, but in the end, it was too 
expensive 

EXP3 23 a the niece of the actor taught herself to play the piano last winter. 

EXP3 23 b the niece of the actor taught himself to play the piano last winter. 

EXP3 24 a the grandmother of the King gets herself vaccinated this year. 

EXP3 24 b the grandmother of the King gets himself vaccinated this year. 
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