
Sound and Meaning Components during Speech
Comprehension of Mandarin Compounds

Item Type text; Electronic Dissertation

Authors Ji, Sunjing

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:03:12

Link to Item http://hdl.handle.net/10150/621822

http://hdl.handle.net/10150/621822


 

 

 

 

 

SOUND AND MEANING COMPONENTS DURING SPEECH 

COMPREHENSION OF MANDARIN COMPOUNDS 
 

 

by 
 

 
Sunjing Ji 

 

__________________________ 
Copyright © Sunjing Ji 2016 

 

 

A Dissertation Submitted to the Faculty of the 

 

 

DEPARTMENT OF LINGUISTICS 

 

  
 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 
 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 
 

 

 

 

2016 
 

 

 

 

 

 



2 

 

 

 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

 

 

 

As members of the Dissertation Committee, we certify that we have read the 

dissertation prepared by Sunjing Ji, titled Sound and Meaning Components during 

Speech Comprehension of Mandarin Compounds and recommend that it be accepted 

as fulfilling the dissertation requirement for the Degree of Doctor of Philosophy. 

 
 

_______________________________________________________________________ Date: (11/16/2016) 

Tom Bever 

 

_______________________________________________________________________ Date: (11/16/2016) 

Mike Hammond 

 

_______________________________________________________________________ Date: (11/16/2016) 

Andy Wedel 

 

_______________________________________________________________________ Date: (11/16/2016) 

Andrew Lotto 

 

_______________________________________________________________________ Date: (11/16/2016) 

Rachel Hayes-Harb 

 

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College. 

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: (11/16//2016) 

Dissertation Director:  Tom Bever 
 

 

 

 

 

 



3 

 

 

 

 

 

 

 

STATEMENT BY AUTHOR 

 

 

 
 

This dissertation has been submitted in partial fulfillment of requirements for 

an advanced degree at the University of Arizona and is deposited in the 

University Library to be made available to borrowers under rules of the 

Library. 
 

Brief quotations from this dissertation are allowable without special 

permission, provided that accurate acknowledgment of source is made. 

Requests for permission for extended quotation from or reproduction of this 

manuscript in whole or in part may be granted by the copyright holder. 

 

 

 

 

 

 
SIGNED: Sunjing Ji 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

ACKNOWLEDGEMENTS 

 

This thesis could not have been finished without the following people, situations 

and conditions.  

I would like to thank my advisor, Tom Bever, who has always been an 

academic father for me and who has helped me to grow both as an intellectual and 

more importantly, as a person of virtue. His generosity, talents, knowledge, 

diligence, and open-mindedness have always set up a good role model for me. He 

has provided many resources for me, even for my family. Most of all, he has been 

the source of many unique and valuable ideas for paper production. This thesis is 

no exception. To him I owe a lot. 

I would like to thank Mike Hammond, who has provided good hands-on 

advice to me during part of my early years of graduate school. He taught me how 

to write R code and encouraged me to use Latex. His passion for technology has 

always echoed in me. He has sparkled my interest in learning more about statistical 

methodology. Weekly discussions with him kept me on track. 

I would like to thank Andy Wedel. Working on a side project with him, he 

showed me how to tune experiments and think creatively and thoroughly. These 

details I learned from him have been continually useful for later projects. 

I would like to thank Andrew Lotto, for being on my committee. His 

presence on my committee has provided me with the self-confidence I needed to 

be able to finish this thesis.  

I would like to thank Rachel Hayes-Harb and Shannon Barrios for their 

kindness of letting me join their lab and draw on their lab resources.  

I would like to thank Luciano Fadiga and Alessandro D’Ausilio and other 

people in his lab in Genoa. The short stay in his lab de-mystified hypothesis-

testing and conducting scientific research, particularly in the domain of 

neurolinguistics of speech perception. 

I would like to thank Liu Zhenqian and his students (Xiang Zhenlong, Sun 

Yueming, Sheng Wei and Wang Yujun) from Shandong University. They helped 

me find accommodation during my trip there, provided lab spaces and computer 

facilities, recruited and scheduled participants, and even baby-sat my daughter for 

me while I was running the experiments. Without their help, I would not have been 

able to collect the data I needed to finish this thesis.  

I would like to thank Diana Archangeli. Participating in her lab 

strengthened my understanding of speech from the perspective of articulation. 

I would like to thank the Dean’s Office of the Graduate School at the 

University of Arizona for the extension I needed to finish this thesis. 

I would like to thank all the professors and students in the Department of 

Linguistics, Psychology, Speech and Hearing Sciences, and Computer Science at 

the University of Arizona, for providing a friendly academic environment for 

learning during the years of my stay at the university. All the courses, lectures 



5 

 

and lab meetings, which I have participated in as part of these programs, have 

broadened my knowledge and set a good foundation for writing this thesis. 

I would like to thank my Chinese advisor Yang Xiaolu from Tsinghua 

University, Beijing CELA (Child Early Language Acquisition) lab director Thomas 

Lee, and faculties from the Department of Foreign Languages of Tsinghua University, 

who introduced me to linguistics and helped me apply for graduate schools in the US.  

I would like to thank my family, for my husband’s financial and spiritual 

support in the last couple of years; my parents-in-law and my own parents in 

taking care of my daughter so that I had time to work on this thesis; and my own 

little daughter, for leaving me alone while I was working on this thesis. I would 

also like to thank the good people from Shanghai who helped my family and me 

in the year of 2015. 

Special thanks also go to John Vincent Blazic from the Department of 

Linguistics at the University of Arizona for his help with editing this thesis. 

There are many more I could thank here that I might have missed. Thank 

you all! 

All errors are my own. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

TABLE OF CONTENTS  

LIST OF FIGURES .................................................................................................. 10 

LIST OF TABLES .................................................................................................... 11 
 

ABSTRACT………………………………………………………………………………....12 

1 RESEARCH BACKGROUND ...................................................................... 13 

1.1 Overview of the Thesis ....................................................................................................... 13 
1.1.1 Introduction ........................................................................................................................ 13 
1.1.2 Why Study the word? ......................................................................................................... 14 
1.1.3 What are the Sound and Meaning Components in the Context of this Thesis? A 

Clarification ..................................................................................................................................... 14 
1.1.4 Logic of the Present Study ................................................................................................. 15 
1.1.5 Structure of the Chapter ....................................................................................................... 16 

1.2 Are Linguistic Structures Rule-based or Probability-based? ........................................... 17 
1.2.1 A Research Picture of Linguistics ..................................................................................... 17 
1.2.2 A Recent Debate: Is Online Parsing of Linguistic Structures during Continuous Speech 

Probability-based or Rule-based? .................................................................................................. 19 

1.3 Dual-Route Theory of Speech Comprehension.................................................................... 24 
1.3.1 A Description from the Perspective of Neurolinguistics ................................................. 24 
1.3.2 Evidence from Patients with Language Disorders .......................................................... 25 

1.4 Some Notes about Word Processing ................................................................................ 26 
1.4.1 The Neural Basis of Understanding Written Words and Understanding Auditory Words: 

How Similar and How Different? .................................................................................................. 26 
1.4.2 Facilitative or Inhibitory Effects of Highly Probable Phonological Units on Word 

Processing?  It All Depends on the Task. ......................................................................................... 27 
1.4.3 Auditory Word Processing and Recent Findings on Event-related Potential (ERP) 

Measurements .................................................................................................................................. 33 
1.4.4 Summary .............................................................................................................................. 40 

1.5 Some Notes about Compound Words ............................................................................. 41 
1.5.1 Mandarin Chinese as an Analytic Language and Compounding ................................... 41 
1.5.2 Traditional Classification of Mandarin Chinese Compounds Based on Internal Semantic 

Structures ......................................................................................................................................... 43 
1.5.3 Compound Classification Based on Semantic Transparency ............................................... 45 
1.5.4 Issues on Compound Processing: How Do Experimental Tasks/Contexts Make a 

Difference? ........................................................................................................................................ 46 

1.6 Perspective and Structure of the Thesis ........................................................................... 52 
1.6.1 Perspective of the Thesis ................................................................................................... 52 
1.6.2 Research Questions ............................................................................................................ 54 
1.6.3 General Hypotheses and Structure of the Thesis .............................................................. 57 
1.6.4 Significance of the Present Study ..................................................................................... 59 



7 

 

2 EFFECTS OF LINGUISTIC PROBABILITY AND EXPERIMENTAL 

TASK ......................................................................................................................... 61 

2.1 Introduction ..................................................................................................................... 61 

2.2 Finding Linguistic Probability: An Exploration of Bi-syllabic Compounds in Mandarin .. 61 
2.2.1 Introduction to A Text Corpus of Modern Mandarin ....................................................... 61 
2.2.2 Obtaining Word (Lexical) Frequency ............................................................................... 62 
2.2.3 Calculation of S1 (Word-Initial Syllable) Probability .................................................... 62 
2.2.4 Description of Word Frequency and S1 Probability ......................................................... 64 
2.2.5 Summary ............................................................................................................................. 66 

2.3 Subgrouping Stimuli for Experiment 1 and 2 .................................................................. 67 
2.3.1 Subgrouping Compound Words into Four Probability Groups........................................ 67 
2.3.2 Subgrouping Compound Words Among Four Experimental Tasks ................................. 68 

2.4 Processes of Making Speech Stimuli: Recording, Conversion, Extraction, Normalization 
and Noise Masking of the Sound Files ......................................................................................... 70 

2.5 Experiment 1 ..................................................................................................................... 71 
2.5.1 Hypotheses .......................................................................................................................... 71 
2.5.2 Stimuli ................................................................................................................................. 72 
2.5.3 Factorial Design and Data Collection Method ................................................................. 73 
2.5.4 Participants.......................................................................................................................... 73 
2.5.5 Experimental Tasks ............................................................................................................ 73 
2.5.6 Results ................................................................................................................................. 75 
2.5.7 Discussion and Summary ................................................................................................... 78 

2.6 Experiment 2 ..................................................................................................................... 79 
2.6.1 Introduction and Hypotheses ............................................................................................. 79 
2.6.2 Stimuli ................................................................................................................................. 80 
2.6.3 Factorial Design and Data Collection Method ................................................................. 81 
2.6.4 Participants ......................................................................................................................... 82 
2.6.5 Experimental Tasks ............................................................................................................ 82 
2.6.6 Results ................................................................................................................................. 83 
2.6.7 Summary and Discussion ................................................................................................... 86 

2.7 Conclusion .......................................................................................................................... 87 

3 EFFECTS OF SEMANTIC TRANSPARENCY AND 

EXPERIMENTAL TASK ...................................................................................... 88 

3.1 Introduction ..................................................................................................................... 88 

3.2 Experiment 3 ..................................................................................................................... 89 
3.2.1 Hypotheses .......................................................................................................................... 89 
3.2.2 Subgrouping Stimuli for Experiment 3 and 4.................................................................. 89 
3.2.3 Stimuli ................................................................................................................................. 91 
3.2.4 Participants.......................................................................................................................... 91 



8 

 
3.2.5 Tasks ................................................................................................................................... 91 
3.2.6 Factorial Design and Data Collection Method ................................................................. 92 
3.2.7 Results ................................................................................................................................. 92 
3.2.8 Summary and Discussion ................................................................................................... 95 

3.3 Experiment 4 ..................................................................................................................... 96 
3.3.1 Hypotheses .......................................................................................................................... 96 
3.3.2 Stimuli ................................................................................................................................. 96 
3.3.3 Participants ......................................................................................................................... 97 
3.3.4 Tasks ................................................................................................................................... 97 
3.3.5 Factorial Design and Data Collection Method ................................................................. 97 
3.3.6 Results ................................................................................................................................. 97 
3.3.7 Summary ............................................................................................................................. 99 

3.4 Conclusion ........................................................................................................................ 100 

4 TOWARDS AN INTEGRATIVE VIEW OF LANGUAGE THEORY 101 

4.1 Introduction ................................................................................................................... 101 

4.2 Structure of the Chapter ............................................................................................... 101 

4.3 Distinguishing Different Language Theories: Methods for Model Comparison and 
Variable Selection ........................................................................................................................ 102 

4.3.1 Introduction, Data Recoding and Data Inclusion Criteria ............................................. 102 
4.3.2 Analyses based on Model Comparisons Using the R anova function........................... 103 
4.3.3 Analyses based on Stepwise Variable Selection ............................................................. 106 

4.4 Summary and Discussion ................................................................................................ 107 

5 SUMMARY, DISCUSSION AND FUTURE RESEARCH .................... 109 

5.1 Introduction ................................................................................................................... 109 

5.2 Summary of the Chapters ............................................................................................... 109 
5.2.1 Topic of the Thesis ........................................................................................................... 109 
5.2.2 Summary of Chapter 1 .................................................................................................... 109 
5.2.3 Summary of Chapter 2 .................................................................................................... 110 
5.2.4 Summary of Chapter 3 .................................................................................................... 112 
5.2.5 Summary of Chapter 4 .................................................................................................... 113 

5.3 Discussion ......................................................................................................................... 114 
5.3.1 Functional Trade-off between Sound and Meaning in Human Language .................... 114 
5.3.2 Comparison between Processing Mono-morpheme Words and Processing Compound 

Words  ........................................................................................................................................... 116 
5.3.3 Garden Path during Parsing Opaque Words ................................................................... 117 
5.3.4 Independence to Task Modality: The Role of Mirror Systems during Speech Perception 

and Production............................................................................................................................... 120 
5.3.5 Word Categories in English and Chinese: A Cognitive Processing Continuum? .............. 121 



9 

 
5.4 Future Research .............................................................................................................. 124 

6 REFERENCES ............................................................................................... 126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

LIST OF FIGURES 
 
Figure 1.1 Dual-route Theory of Speech Processing: A Graph of Neurological Pathways ................. 26 
Figure 1.2 Results of Experiment 1A from Zhou and Marslen-Wilson (1995) ................................... 50 
Figure 1.3 Word Counts and Compound Type in Modern Mandarin Chinese .................................. 55 
Figure 1.4 Histograms of Word Counts for Different Compound Types in Modern Mandarin Chinese

 ............................................................................................................................................... 56 
Figure 2.1 Word Frequency and S1 Probability. Left: Original Values; Right: Log-transformed Values.

 ............................................................................................................................................... 64 
Figure 2.2 Word Frequency Distribution (Left) and Histogram (Right) ............................................. 65 
Figure 2.3 Distribution (Left) and Histogram (Right) of S1 Probability ............................................. 66 
Figure 2.4 Histogram of Log Word Frequency (Left) and Log S1 Probability (Right) ......................... 66 
Figure 2.5 Stimuli subgrouping into 4 Item-Sets for in Exp1-2: Green(HL), blue(HH), red(LL), 

black(LH). X-axes: Log of S1-probability; Y-axes: Log of Word-Probability. .............................. 70 
Figure 2.6 Mean RTs by Experimental Conditions in Experiment 1 .................................................. 76 
Figure 2.7 Mean Percent Correct (Accuracy) by Experimental Conditions of Experiment 1 ............. 77 
Figure 2.8 Mean RTs by Experimental Conditions in Experiment 2 .................................................. 85 
Figure 2.9 Mean Percent Correct (Accuracy) by Experimental Conditions of Experiment 2 ............. 86 
Figure 3.1 Sub-grouping of Transparent and Opaque Stimuli into 4 Item Sets, An Overlaying View. X-

axis, log of S1 probability; Y-axis, log of Lexical Frequency. The four colors represent the four 
sub-categories/Item Sets after applying the sub-grouping technique. .................................... 90 

Figure 3.2 Sub-grouping of Transparent and Opaque Stimuli into 4 Item Sets, A Separate View. X-
axis, log of S1 probability; Y-axis, log of Lexical Frequency. The four colors represent the four 
sub-categories/Item Sets after applying the sub-grouping technique. .................................... 90 

Figure 3.3 Mean RTs by Experimental Conditions in Experiment 3 .................................................. 93 
Figure 3.4 Mean Percent Correct (Accuracy) by Experimental Conditions of Experiment 3 ............. 94 
Figure 3.5 Mean RTs by Experimental Conditions in Experiment 4 .................................................. 98 
Figure 3.6 Mean Percent Correct (Accuracy) by Experimental Conditions of Experiment 4 ............. 99 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

LIST OF TABLES 
 
Table 2.1 Number of Stimuli for one Item Set for Experiment 1/Experiment 2 ............................ 72 
Table 2.2  Data Collection Method for Experiment 1 .................................................................... 73 
Table 2.3 Number of Stimuli by Condition for One Item Set in Experiment 2 (ItemSet3/4) . 80 
Table 2.4 Data Collection Method for Experiment 2 ..................................................................... 82 
Table 3.1 Data Collection Method for Experiment 3 ..................................................................... 92 
Table 3.2 Data Collection Method for Experiment 4..................................................................... 97 
Table 4.1 Results for Model Comparisons Using Chi-square Tests for Exp1-4. Table cells with 

significant results represent cases where the full model provides a significantly better 
fitting than the reduced model under comparison. ........................................................... 105 

Table 4.2 Stepwise variable selection for final linear regression fittings on the measurement of 
mean RT and the measurement of percent correct values, both averaged among 
participants. Each row represents a single regression fitting. The Numbers outside 
parentheses represent the order of the variables selected for the final regression fittings. 
Coefficients for selected variables of final fittings are provided in the parentheses. Empty 
cells represent non-selection of the variable for the final model fittings. ........................ 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 

 

ABSTRACT1 

 
Under the framework of dual-route theory of speech comprehension, two 

neurological routes are simultaneously active during speech decoding, the 

dorsal stream and the ventral stream. The dorsal stream is argued to be a sound 

processor whereas the ventral stream is a meaning processor, hence in 

cognitive terms, they are called the sound component and the meaning 

component respectively. Hypotheses concerning the processing speed and 

response accuracy of these two cognitive components were tested on 

compound words in Modern Mandarin Chinese. Four experiments were run 

contrasting, the sound-based task and the meaning-based task, corresponding 

to each of the two cognitive components. In Experiment 1 and 2, the Task 

effect was tested on one set of words in which the word-level and word-initial-

syllable frequencies were controlled. In Experiment 3 and 4, the Task effect 

was tested on a different set of words in which semantic transparency was 

controlled. Multiple regression analyses integrating the data collected in 

Experiment 1-4 were conducted to test which language theory was preferred, 

the probability-based theory, the rule-based theory or the integrative theory. 

The probability-based theory suggests that speech comprehension of compound 

words relies only on the probability distribution of linguistic units. The rule-

based theory suggests that speech comprehension of compound words relies 

only on phrase-structural rules. The integrative theory suggests that speech 

comprehension of compound words relies on both the probabilities of linguistic 

units and phrase-structural rules. It was suggested that the integrative theory 

explains the data best, but further data testing is needed to confirm this 

hypothesis. The results of the present study provide evidence for functional 

trade-off of the sound and meaning components, garden path effects during 

parsing opaque words and the possibility of the role of a mirror system in 

human speech comprehension. 

                                                      
1 If the reader wants to refer to materials and data used in this study, please email the author via 

sunjing@email.arizona.edu or visit the author’s website: http://www.u.arizona.edu/~sunjing/. 

mailto:sunjing@email.arizona.edu
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1   RESEARCH BACKGROUND   

 

 

1.1 Overview of the Thesis 

 
1.1.1 Introduction 

 

This thesis addresses the question of how cognitive processes of speech 

comprehension work, particularly from the perspective of the notion of word 

in a non-alphabetical language, Modern Mandarin Chinese. I test hypotheses 

concerning this question under the framework of the Dual-Route Theory of 

speech comprehension (Hickok and Poeppel, 2004, 2007; Caramazza et al., 

1988; Treiman et al., 2003). Following Townsend and Bever (2001), I support 

a hybrid view of language theory, viewing language behavior as involving the 

integration of usage and rules.  

        The present study provides an extensive review of recent neurological 

findings, based on which new tests were conducted using behavioral 

methodologies. This approach is different from many other studies that start 

from seeking behavioral evidence, and then the corresponding neurological 

evidence. Since the neurological results are becoming equal to behavioral 

results, not merely adjuncts to supplement the latter, such advancement in the 

domain of neurolinguistics makes it legitimate to move from neurological 

evidence back to new behavioral evidence. In fact, logical deductions 

between behavioral evidence and neurological evidence in both directions 

need to be executed in the field of psycholinguistics to expand our 

understanding of the psychology of language. 

         The following sections first provide a description of why to choose the 

word level to investigate, followed by a clarification of what the sound and 

meaning components mean in this research, logic of the present study, and a 

final discussion of the structure of the remaining sections in this chapter. 
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1.1.2 Why Study the word? 

 

Word as a linguistic unit provides a unique perspective to study how human 

language works. It lies at the intersection of phonetics/phonology, semantics, 

and syntax. Viewed from the perspective of linguistic material, a linguistic 

word consists of phonetic categories organized hierarchically. The 

orthography of a specific language is the transcription of the sound forms. 

The phonetic categories may vary depending on specific languages, but the 

‘syllable’ seems to be a universal feature across the speech form of human 

languages and can be considered as the basic unit of speech (Lotto, 2008). 

Viewed from the perspective of linguistic meaning, a linguistic word can 

either be a single smallest meaningful unit (morpheme) or the composition 

of multiple morphemes. Viewed from the perspective of the grammatical 

function, every word has a syntactic identity, the part of speech, which guides 

the assembling of words to form larger phrases or sentences. Due to the 

complex interplays among these three linguistic aspects at the level of a 

linguistic word, understanding the linguistic word and its usage is vital for the 

understanding of human language. 

 

1.1.3 What are the Sound and Meaning Components in the Context of this 

Thesis? A Clarification 
 

The sound and meaning components in this thesis refer to two proposed 

neurological pathways/circuits of speech processing: the dorsal stream and 

the ventral stream. This neurological distinction of speech processing follows 

the Dual-route theory of speech comprehension (Hickok and Poeppel, 2004, 

2007), which is discussed in detail in section 1.3. The dorsal stream carries 

out the processing and identifying the sound entities of speech. The ventral 

stream carries out processing and computing the symbolic meaning of the 

acoustic form of speech. This thesis is dedicated to testing hypotheses that are 
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predicted based on this Dual-route theory of language comprehension. In 

particular, I provide experiment designs that directly contrast experimental 

tasks that are in all other ways identical, except whether the task is either a 

sound-based task or a meaning-based task, to further test the validity of these 

two neurological components during speech comprehension of Chinese 

words. 

1.1.4 Logic of the Present Study 

 

The focus of the present study is to provide experimental evidence for the 

dual route theory of speech comprehension. In particular, in the literature 

review section, I provide behavioral and neurological evidence for the dual 

route theory. I particularly provide a literature review to support the argument 

that speech decoding involves two simultaneous cognitive aspects of 

processing, and I make the connections that the dorsal stream carries out 

sound analysis during speech comprehension, and the ventral stream carries 

out meaning analysis during speech comprehension. This argument is 

supported by findings in the previous research as below.  

        First, neurological signals in the dorsal stream were found to be 

correlated with linguistic probabilities at the sublexical level (word-initial 

syllable frequencies and phonotatic probabilities), and both neurological 

signals and behavioral responses to stimuli manipulated by sublexical 

variables depend on what experimental tasks were conducted. A review on 

how experiment tasks affect the processing time and accuracy for both word 

processing and compound processing was provided, suggesting that it is not 

the modality of the task (production vs. recognition) causing such behavioral 

difference, but whether the task taps into the sound processing or the meaning 

processing.  

        Second, some neurological signals were found to be correlated with 

variables at the lexical (as contrasted with sublexical) level such as lexical 

frequency or neighborhood density, and some of the behavioral and 

neurological measurements corresponding to lexical level frequencies were 
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also sensitive to experimental tasks. In the review on compounding 

processing, I illustrate how the details of priming tasks affect behavioral 

results and therefore support the idea that attentional allocation between the 

sound component and the meaning component during each specific task 

causes different behavioral results found in these studies. 

         Based on the literature review, in the present study, I design experiments 

by introducing the variable Task to further test hypotheses predicted by the 

dual-route theory. The two levels of Task are whether the experiment task 

involves meaning judgment or sound judgment of the auditory word stimuli, 

while all other details of the task remain as identical as possible. Furthermore, 

all the tasks in my experiments are recognition tasks, which will make it 

possible to distinguish whether previous contradictory findings about 

sublexical variables were either due to the modality of the task or due to 

attentional allocation to the sound component or the meaning component 

during each task by the central executive.  

         In the presents study, the Task variable was tested based on two 

different views of language processing theories, i.e. whether linguistic 

structures are parsed from probabilities of linguistic materials (in Chapter 2) 

or parsed from phrase structural rules (in Chapter 3). Chapter 4 tests 

hypotheses distinguishing three language processing theories: whether speech 

comprehension relies on linguistic probability only, morpho-syntactic 

structures (compound type) only, or both. The above considerations lead to a 

set of questions of the present study presented in section 1.6.2 and the 

corresponding hypotheses to the questions presented in section 1.6.3. 

 

1.1.5 Structure of the Chapter 

 

The structure of this chapter is organized as follows. First, I describe the 

research history in linguistics, debating whether human language structures 

emerge from probabilistic distributions of forms of language tokens at various 

levels, or are outcomes of rule specifications or rule applications. I 
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specifically provide two recent representative papers addressing this debate. 

Then I provide an illustration of the Dual-route theory of speech 

comprehension. The next section is a literature review of some important 

issues of currently existing research on auditory word processing, including a 

few studies on various ERP measurements selected for a brief review. Next, 

I provide a section describing that words in Modern Mandarin are mostly 

compounds, together with a brief review of existing research on compound 

processing. Finally, I provide the perspective and the general hypotheses of 

this thesis, followed by a description of the structure and significance of this 

thesis.  

 
1.2 Are Linguistic Structures Rule-based or Probability-based? 

 
1.2.1 A Research Picture of Linguistics 

 

Structures have been considered as a core attribute of language. Structural 

linguistics, starting with Saussure (1916), distinguishes different levels of 

linguistic structures: e.g., phonemes, morphemes, lexical categories, phrases 

and sentence types. Such linguistic units at various levels bear two aspects of 

attention: paradigmatic relations among linguistic structural units within a 

level, such as word categories, aid to distinguish linguistic mental categories 

such as phonemes by contrasting minimal pairs; syntagmatic relations govern 

how units are grouped together into larger structures. Chomsky (2002, 1993, 

1995) revolutionized the prior structuralism of linguistics in which the levels 

involve distinct sets with the new tradition of generative grammar, in which 

sentences can be infinitely created via the operation of sets of rules that 

integrate the levels. 

        More recent research shows that the structural units of language are not 

treated equally by language users – some units are more frequent than others. 

Such distributional inequality among linguistic units exists at multiple levels. 

For example, the distributional bias of English orthographic units, i.e. the 
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English letters, was often cited in the discovery of a fundamental 

mathematical concept for communication – ‘entropy’ (Shannon, 2001, 1951), 

which, by definition is calculated from the probability of each of the letters in 

English texts. In the domain of psycholinguistics, such distributional 

inequality among linguistic units has been found to affect both the input and 

output system of linguistic usage – the comprehension and production of 

language.  

        Various comprehension/production models based on the probability of 

linguistic units at the lexical and/or the sublexical level (Marslen-Wilson, 

1987; McClelland and Elman, 1986; Gaskell and Marslen-Wilson, 1997; 

Plaut et al., 1996; Luce, 1986; Luce and Pisoni, 1998) and  at the syntactic 

level (Hale, 2001; Jurafsky, 1996, 2003; Levy, 2008; Levy and Jaeger, 2007) 

have been proposed. Research on the probabilistic aspect of language has 

provided various alternative views for language acquisition, contrasted with 

the classic argument that the structural poverty of the language stimuli that 

the child experiences demonstrates the existence of innate knowledge of 

language structures (Chomsky, 1975; Fodor, 1983).  Frequency based 

alternatives include: usage-based grammar (Bybee, 1998; Goldinger, 1996; 

Langacker, 1988; Tomasello, 2005), connectionist models of learning 

(MacWhinney, 1998; McClelland and Elman, 1986; Seidenberg, 1994), 

exemplar models of linguistic knowledge (Bod, 2006; Gahl and Yu, 2006; 

Goldberg, 2006; Johnson, 1997; Pierrehumbert, 2006), stochastic theory of 

phonological categories (Hayes and Wilson, 2008), word learning as Bayesian 

inference (Tenenbaum and Xu, 2000), and among others. In contrast with the 

Chomskian view, most of these theories posit that our knowledge of language 

is a self-emerging mechanism based on the probabilistic distribution of 

linguistic forms or contents via environmental exposure and episodic 

memory. On these views, knowledge of language usage is gradient 

simultaneously at all levels. For example, in 2007, Diessel theorized that 

sentence comprehension is affected by a multitude of distributional factors 
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including word frequency, the frequency of syntactic structures such as verb-

subcategorization biases, co-occurrence between specific verbs and 

arguments, as well as overall frequency of syntactic structures. 

 

1.2.2 A Recent Debate: Is Online Parsing of Linguistic Structures during 

Continuous Speech Probability-based or Rule-based? 

 

Following the general argument between the rule-based account vs. the 

probability based account of language, it is useful to review two recent papers 

particularly concerned with neurological aspects of online parsing of 

linguistic structures that stand on each side of the debate:  Buiatti et al. (2009) 

vs. Ding et al. (2016).2 

 

1.2.2.1 Buiatti et al.  (2009) 

 

The usage/frequency learning approach assumes that linguistic hierarchical 

structures/segmentation emerge from reliable statistical dependencies among 

syllables within words (Saffran et al., 1996a,b; Bonatti et al., 2005; Newport 

and Aslin, 2004; Balaguer et al., 2007; Endress and Bonatti, 2007; Pena et al., 

2002) and particularly when prosodic cues such as subliminal pauses between 

words co-occur with the statistical cue. Buiatti et al. (2009) further tested 

effects of statistical dependencies and prosodic cues during segmentation 

with an auditory artificial language learning paradigm, while a dense array 

system was used simultaneously to record EEG signals of listeners during 

exposure of the artificial language.  

        In the learning phase of their experiment, two variables were used in their 

design for the streams of artificial continuous speech – whether the stream is 

composed of ‘words’ or random concatenation of syllables (Speech vs. 

Random), and whether pauses (25 milliseconds) were inserted between 

                                                      
2 Thanks to Mike Hammond for pointing out the possibility of probability rules, a different but 

promising view for future research in the domain of speech parsing.  
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‘word’ boundaries in Speech and every 3 syllables in Random streams or not 

(Pause vs. No-pause). 

        For the Speech streams, a ‘word’ contains 3 syllables. A ‘word’ is not a 

real word in any human language but simply tri-syllabic sequences that follow 

some statistical constraint explained below. The transitional probabilities 

between the non-adjacent syllables within ‘words’ are always 1, but between 

0.33 and 0.5 between ‘words’ in this artificial language. The transitional 

probabilities between adjacent syllables are between 0.33 and 0.5 both within 

and between ‘words’.  

        For the Random streams, transitional probabilities were lower than 0.1 

between adjacent and non-adjacent syllables, and the Random streams 

contain none of the word categories (‘Words’, ‘Part-words’ and ‘Rule-words 

explained below) used in the test phase of the experiment.  

       In both the Word and Random conditions, the syllables were controlled 

for exact duration. 

        Participants were asked to write down the ‘imaginary’ words they heard 

after 3-minute and 6-minute exposure of the continuous streams, which was 

a free recall task.  

        In the test phase of their experiment, which only occurred after the Word 

conditions, three categories of test items were used: ‘Words’, ‘Part-words’ 

and ‘Rule-words’. ‘Part-words’ have higher adjacent transitional probabilities 

but lower non-adjacent transitional probabilities than ‘Words’. ‘Rule-words’ 

have the same non-adjacent transitional probabilities as ‘words’, namely 1; 

adjacent transitional probabilities of ‘Rule-words’ are 0. Contrary to ‘Words’, 

‘Rule-words’ never occurred in the learning phase of the experiment.  

        Participants answered yes-or-no to indicate whether each stimulus was a 

‘word’ or not in the artificial language in the Word condition, which was a 

recognition task.  

        Here is a summary of the results found in this study. In the free recall task 

of ‘words’, Buiatti et al. (2009) found that participants recalled significantly 
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more tri-syllabic ‘words’ in the Word condition than the Random condition 

and in streams with pauses than streams without pauses. In the recognition 

task presented only in the Word condition, ‘words’ were significantly more 

identified as ‘words’ than ‘rule-words’ and ‘part-words’. 

        In the frequency-tagging analysis of EEG signals, the signal from each 

electrode was decomposed into the power spectrum using a Fourier transform. 

The power at three target frequencies, each corresponding to one-, two- and 

three-syllable durations, were normalized (averaged) for comparison between 

subjects and experiment conditions. The results of normalized powers (NPs) 

showed that in both random streams with or without pauses, the highest values 

of NPs were at the 1-syllable target frequency (4.2HZ) for electrodes 

clustered around the Vertex and above the temporal areas; no clear peak of 

power was observed for the 2-syllable target frequency (2.1Hz) in any 

conditions in any areas; for the 3-syllable target frequency (1.4Hz), peak of 

power was observed for the ‘word’ stream with pauses only, clustered in front 

of the Vertex and at posterior locations. Such patterns were found for both the 

9-minute streams and the initial 3-miniute streams, providing evidence for 

fast learning. All of the preceding results were statistically significant using a 

method called Cluster Randomization Analysis (CRA), a nonparametric 

randomization test (Maris and Oostenveld, 2007). Correlations were found 

for the six minute exposure between the behavioral measurements (correct 

number of words during the recall task after the 3-minute and 6-minute 

exposure) and the neurological measurement (NPs for the 3-syllable target 

frequency). 

        In the ERP analysis, EEG signals were band-pass (0.5-8 Hz) filtered and 

referenced among the average of all 129 electrodes. Epochs were defined as 

EEG signals starting 100 milliseconds before each tri-syllabic word onset and 

lasting 1024 milliseconds. Epochs were corrected by subtracting the baseline 

over the 100 milliseconds preceding tri-syllabic word onset. ERPs were then 

calculated by averaging among epochs for all blocks in each condition. 
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Comparison of ERP between the Word stream of pause and the Random 

stream of pause revealed a significant difference centered around the 400 

milliseconds after ‘word’ onset (range 256 to 464 milliseconds) for both the 

anterior and the posterior clusters. Such a 400 millisecond position of the 

epochs is exactly where N400 is. More details of N400 is explained in section 

1.4.2.2. 

        To summarize, Buiatti et al. (2009) found that during the presentation of 

Random speech sequences, a peak was found for the frequency corresponding 

to 1-syllable duration for electrodes above the vertex and temporal areas; In 

contrast, when the ‘word’ sequence of speech was presented, a suppression of 

one-syllable steady state response was observed, either with or without the 

pauses inserted; in contrast with that, when the ‘word’ stream contains 

internal pauses, a peak was found for the frequency corresponding to the 3-

syllable duration. The different topographies corresponding to 1-syllable 

steady state response vs. 3-syllable steady state response suggest different 

neurological populations are active corresponding to syllable detection and 

word detection. Buiatti et al. (2009) suggest that both the statistical cues and 

the prosodic cues work together to make the learning more effective. 

Statistical cues may be implicitly computed in a limited memory load, 

whereas prosodic cues may help delimit the domain of computation by adding 

perceptual unity to sequences between boundaries and help limit the domain 

of computation. Hence statistical cues are the dominant mechanism whereas 

the segmentation cues (25 milliseconds) are secondary, at least in this study. 

 

1.2.2.2 Ding et al.  (2016) 

 

An alternative view of the above statistical learning position, nevertheless, is 

that the linguistic hierarchical structure is built by applying a set of rules that 

combine linguistic elements into larger structures recursively (Chomsky, 

1975): On the corresponding views of comprehension, such rules are used to 

construct mental hierarchical linguistic structures during the process of 
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speech comprehension. To provide evidence of neural signatures for syntactic 

structures, Ding et al. (2016) used the same frequency-tagging technique in 

their analysis as Buiatti et al. (2009) did, and tracked brain responses with an 

MEG rather than EEG. In Contrast to the design in Buiatti et al. (2009), Ding 

et al. (2016) designed their auditory materials in which linguistic structures 

are dissociated with any prosodic or statistics cues: each speech stimulus in 

their study consists of isochronous, 4 Hz sequence of syllables that were 

independently synthesized without any coarticulatory cues. The purpose of 

this study is to track the neural entrainment which is induced by patterns of 

syntactic structures (represented as timing chunks of groups of syllables since 

all the syllables used in this study are isochronous) while prosodic cues 

(coarticulation and duration difference among syllables) are removed. In the 

Frequency Domain Analysis (namely the frequency-tagging analysis as in 

Buiatti et al. (2009)), Ding et al. (2016) found that: 

(1) When streams of random syllables ([σ][σ]...) were presented, the power 

spectrum of the recorded MEG signals showed only one peak, which was 

calculated as statistically significantly different from the average of its 

neighboring frequency bins,  always at the frequency (4HZ) corresponding to 

the syllable rate of the presented stream. 

(2) When streams of a list of random bi-syllabic Chinese words ([σσ][ σσ] 

...) were presented, the power spectrum of MEG signals showed the following 

two peaks, one corresponding to the syllable rate whereas the other 

corresponding to the rate of bi-syllabic words; 

(3) When streams of 4-syllable Chinese sentences with hierarchical 

structures such as [NP VP] ([[σσ][σσ]] ... or [[σ][σσσ]]...) were presented, 

additional peaks (in addition to the frequency corresponding to syllable rate) 

at different frequency locations were found, depending on the location of the 

phrasal boundaries. 

        To show the neural entrainment reflecting durational differences due to 

structural manipulation, another analysis based on the global field power 

(power summed over all MEG sensors, namely Time Domain Analysis) was 
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conducted comparing 3-syllable NP with 4-syllable NP within longer 

sentences: a transient increase near the boundary of the noun phrase and the 

verb phrase was observed, even though the syntactic boundaries were not 

indicated by any acoustic gaps.  

        One other result Ding et al. (2016) has found seemed to be at odds with 

the findings from Buiatti et al. (2009). In an artificial language crafted on two 

kinds of transitional probabilities (TP), namely constant TP vs. varying TP, 

peaks of the MEG power spectrum showed the same frequency location for 

these two kinds of speech streams. Ding et al. (2016) interpreted such result 

as neural entrainment for hierarchical syntactic structures rather than 

sequential processing models (Elman, 1990) that generate predictions of the 

incoming words without referring to underlying syntactic structures. 

 

1.3 Dual-Route Theory of Speech Comprehension  

 

1.3.1 A Description from the Perspective of Neurolinguistics 

 

The dual-route theory of speech processing has a long tradition in behavioral 

studies as well as neurological models. According to Hickok and Poeppel 

(2004, 2007), two neurological routes are simultaneously active during speech 

comprehension: the dorsal and the ventral streams. The dorsal stream is 

biased towards the left-hemisphere and involves the form-to-articulation 

mapping of speech. The ventral stream is bilateral and involves the form-to-

meaning mapping of speech. A recent review of the dual-stream model of 

speech recognition is provided by Gow Jr (2012). 

        With regard to particular neurological locations, the model takes the 

dorsal stream as involving the following areas: STG (superior temporal gyrus) 

involves spectrotemporal analysis; Mid-post STS (superior temporal sulcus) 

involves phonological processing; the left dominant Parietal-temporal 

boundary (Sylvian fissure) is where the sensorimotor interface is located; the 

left-dominant pIFG (posterior inferior frontal gyrus), the PM (premotor 
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cortex) and anterior insula are areas of  the articulatory network. The 

articulatory network is also where our motor movement is controlled. The 

ventral stream, on the other hand, involves the following areas: Lexical 

interfaces are at pMTG (posterior Middle Temporal Gyrus) and pITS 

(posterior Inferior Temporal Sulcus); the combinatorial network is left 

dominant at aMTG (anterior Middle Temporal Gyrus) and aITS (anterior 

Inferior Temporal Sulcus); and the conceptual network is widely distributed. 

A graphic representation of two routes for speech processing is provided in 

Figure 1.1. 

 

1.3.2 Evidence from Patients with Language Disorders 

 

There has been evidence from aphasia for the dual neurological system as 

well. Patients of acquired phonological dyslexia (Southwood and Chatterjee, 

2000; Funnell, 1983), whose lesions usually involve the left medial frontal 

and posterior temporal gyri as well as the angular and supramarginal gyri 

(Black and Behrmann, 1994), are incapable of reading nonwords whereas 

their word reading remains relatively intact. It has been suggested that such 

patients are impaired in the sublexical processing whereas their lexical route 

remains relatively intact. It should be noted that such a dissociation argument 

has been challenged in the field as well, such as Plaut et al. (1996).  

        In contrast, patients with surface dyslexia (Behrmann and Bub, 1992; 

Coltheart et al., 1993; Warrington and Shallice, 1980; Shallice and McCarthy, 

1985), whose lesions usually involve the left superior and middle temporal 

gyri and the underlying white matter, the left parietotemporal cortex and the 

deep gray matter of the left hemisphere (Black and Behrmann, 1994), have 

difficulty reading irregular words, with preserved ability reading regular 

words and nonwords. Such patients have been suggested to be impaired in 

accessing whole-word forms in the orthographic lexicon, whereas their 

sublexical processing ability is intact. Specifically, it has been suggested that 

the left angular gyrus (AG) is where the orthographic lexicon is located 
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(Zaidel, 1982). As can be noticed, these patient data conform with the ventral 

vs. dorsal models discussed, in that roughly, patients with acquired 

phonological dyslexia have impairments in the dorsal pathway whereas 

patients with surface dyslexia have impairments in the ventral pathway. 

 

  Figure 1.1 Dual-route Theory of Speech Processing: A Graph of Neurological 

Pathways 

 

1.4 Some Notes about Word Processing 

 

1.4.1 The Neural Basis of Understanding Written Words and Understanding 

Auditory Words: How Similar and How Different? 

 

The processing of different modalities of language may very well differ in their 

neurological underpinnings, but the different modalities may also share some 

neurological common grounds. This sharing of certain neurological networks 

among different modalities could be a way for the human brain to use 

resources more economically. The proposal of the dual-theory of speech 

recognition actually follows a long tradition of research on visual recognition 
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of language orthography, mostly for alphabetic languages (Coltheart et al., 

1993; Paap and Noel, 1991). According to these models, the direct pathway 

is involved in transforming orthographic forms into the corresponding 

phonological whole-word forms before the access to semantic representation; 

the indirect pathway has to go through an intermediate grapheme-to-phoneme 

conversion (GPC) (Joubert and Lecours, 2000) stage before accessing 

meaning. 

        One study by Joubert et al. (2004) using fMRI provided evidence for the 

dual-route theory for silent reading. In their lexical condition, French words 

of high lexical frequency were presented; In their sublexical conditions, either 

French non-words or regular French words with low lexical frequency were 

presented. The control condition was a phonological baseline condition, 

which involved presentation of unpronounceable consonant strings according 

to French orthography. The lexical condition was found to primarily activate 

an area at the border of the left angular and supramarginal gyri, where the 

whole-word orthographic lexicon is believed to be located. Both sublexical 

conditions, however, elicited significantly greater activation in the left inferior 

prefrontal gyrus, where the articulatory motor processing of the dorsal 

pathway is primarily engaged. This provides preliminary legitimacy for my 

research in this thesis. One motivation of the present thesis is to investigate 

the auditory modality. The present research will provide information about 

the degree to which the auditory modality of language and the visual modality 

of language share and differ in their neurological mechanisms.  

 

1.4.2 Facilitative or Inhibitory Effects of Highly Probable Phonological Units on 

Word Processing?  It All Depends on the Task. 
 

High-probability phonological units, namely words that contain phonemes or 

sequences of phonemes that are highly probable for a given language, have 

been found to have either facilitative or inhibitory effects in different studies. 
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Such contradictory findings have been suggested to be evidence for the 

separation of phonological vs. semantic components (or sublexical vs. lexical 

processing) during the cognitive function of language processing. These two 

sets of concepts are usually considered equivalent due to the fact that 

sublexical processing is primarily about sound combination at the 

phonological level, whereas lexical processing involves meaning access. 

Contrasting pseudo words and real words has been used in previous studies 

for the purpose of dissociating effects of these two factors. This section 

provides a review about previous research that suggests separation between 

phonological processing and semantic processing. Specifically, I review a 

number of studies that provide behavioral evidence for word processing being 

sensitive to experimental tasks, and that the probabilistic distribution of 

sublexical and lexical units are correlated with distinct neurological signals. 

        One kind of phonological unit that has been well studied is word-initial 

syllables. Previous research, which I discuss below, has found both 

facilitative and inhibitory effects of the high frequency of word-initial 

syllables during experimental tasks involving the processing of linguistic 

visual stimuli, depending on the task of the experiment.  

        For lexical decision, reaction times (RTs) are faster and N400 amplitudes 

are smaller when word frequency is high and word-initial syllable frequency 

is low, suggesting an inhibitory effect of the high frequency of word-initial 

syllables (Conrad and Jacobs, 2004). Similar studies have been done on 

Spanish (Carreiras et al., 1993), French (Conrad et al., 2007) and German 

(Conrad and Jacobs, 2004), but not English (Cutler et al., 1986). Some recent 

studies (Conrad et al., 2009; Doignon and Zagar, 2005) have shown that such 

an inhibitory effect of initial syllable frequencies are not a pure consequence 

of bigram letter frequencies, as proposed by Seidenberg (1987, 1989). 

Instead, syllabic processing seems to be a real psychological state when the 

stimuli under recognition is written. Due to the fact that letter sequences are 

not faithful transcriptions of phoneme sequences in alphabetic languages, 
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such as Spanish, the effect of initial syllables and the effect of initial bigram 

letters can be separated via experimental control. Conrad et al. (2009) found 

an inhibitory effect of initial syllables in visual word recognition; however, a 

facilitative effect of initial bigram letters is found when the frequencies of the 

initial syllables are controlled. 

        For speech production, to the contrary, the high frequency word-initial 

syllables are facilitative instead. In a naming task involving nonwords in 

Spanish, a facilitative effect of the frequency of the first syllable in bi-syllabic 

words was found (Carreiras and Perea, 2004). In a symbol-position 

association learning task of speech production, the syllable frequency of 

monosyllabic words and the initial syllable frequency were found to show a 

facilitative effect (Cholin et al., 2006). 

        Following these studies, Carreiras et al. (2006) studied the effect of word 

and word-initial syllable frequencies during lexical decision (contrasted with 

reading aloud) of visual stimuli using fMRI for detecting the corresponding 

neurological activations. They found that words with high vs. low word-initial 

syllable frequency increased activation in a left anterior inferior temporal 

region during lexical decision; during reading aloud, words with low vs. high 

word-initial syllable frequency increased activation in the left anterior insula. 

They propose that words with high- frequency syllables may increase lexical 

competition in the inferior temporal lobe while facilitating articulatory 

planning in the left anterior insula. They also studied effects of lexical 

frequency. They found that during lexical decision, words with low vs. high 

lexical frequency increased activation in left frontal, anterior cingulate, 

supplemental motor area (SMA), and pre-SMA regions. During reading 

aloud, no effect of lexical frequency was found. 

        Barber et al. (2004) investigated the effect of word frequency and first 

syllable frequency during lexical decision of visual words by measuring ERPs for 

detecting neurological activities. Barber et al. (2004) found that the amplitude of 
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N400 is less   for the high frequency words than for the low frequency words, 

whereas the inverse pattern was found for syllable frequencies: words with high 

frequency syllables produced more amplitudes for N400 than words of low 

frequency syllables. In addition, the amplitude of P200 was found to be affected 

by syllable frequency. Words of high syllable frequencies were found to produce 

a significantly lower P200 than words of low syllable frequencies. The opposite 

effects by word-level frequency and syllable-level frequency on the measurement 

of N400 in this study suggest that the cognitive processes corresponding to these 

two levels of linguistic materials may be separate. Here I argue that the word-

level processing involves meaning access whereas the syllable-level processing 

involves sound analysis. These different results on N400 corresponding to 

different linguistic levels hence can be viewed as evidence for the two cognitive 

components proposed in the dual-route theory of language comprehension. 

        Another related line of research involves dissociating the different effects 

of two highly correlated variables: high phonotactic probability and high 

neighborhood density. High density words refer to words that have a high 

number of neighbors. A neighbor of a word is defined as one phoneme 

difference from that word by deleting, adding or changing one phoneme of 

the original word. High probability words refer to words that have highly 

occurring individual sounds and/or highly occurring sound combinations. 

Despite the correlation of the two variables, phonotactic probability is 

considered responsive to phonological processing whereas neighborhood 

density responsive to lexical processing (Vitevitch and Luce, 1999). 

        When auditory stimuli are used, phonotactic probability and 

neighborhood density have been found to have different effects depending on 

the experiment tasks as well. For phonotactic probability, words of high 

phonotactic probability are recognized and named faster and more accurately 

than words of low phonotactic probability (Frisch et al., 2000; Luce and Large, 

2001; Vitevitch et al., 2004; Vitevitch and Luce, 1998, 1999). In serial recall 

tasks of non-words, those of high phonotactic probability are recalled more 
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than those of low phonotactic probability accurately (Thorn and Frankish, 

2005). For neighborhood density, in contrast, high-density words are 

recognized more slowly and less accurately than low-density ones; high-

density words are produced more rapidly and accurately than low-density 

words; and high-density non-words are recalled more accurately in serial 

recall tasks. Refer to Table 1 in Storkel et al. (2006) for a summary of previous 

findings (Luce and Large, 2001; Luce and Pisoni, 1998; Vitevitch, 2002b; 

Vitevitch and Luce, 1998; Roodenrys and Hinton, 2002; Vitevitch, 2002a).  

        In other words, both high-probability advantage and high-density 

advantage have been found in production and memory tasks. However, both 

high-probability advantage and high-density disadvantage are found in 

recognition tasks. As is noticed by Vitevitch and Luce (1999), phonotactic 

probability and phonological neighborhood are highly correlated variables 

(e.g. words of high phonotactic probabilities usually have large neighbors), 

yet opposite effects have been found in spoken word recognition. They argue 

that such a contradiction can be explained in this way: effects of high 

probabilistic phonotactics have a sublexical focus whereas effects of high 

neighborhood density have a lexical focus. This is evidenced by the following 

findings: high probability non-words (non-words containing high frequency 

segment(s)) are responded to more quickly than low probability non-words; 

however, high density real words are responded to more slowly than low 

density real words. 

        In the study by  Storkel et al. (2006), the dissociation of these two 

variables was studied by using a learning paradigm under which subjects were 

exposed to 16 nonwords paired with novel objects in a story context: the 

phonotactic probability and neighborhood density of the nonwords vary 

orthogonally in the study. By measuring the partial correct (i.e., 2 of 3 

phonemes correct) vs. complete correct (i.e., 3 of 3 phonemes correct) 

responses in a picture-naming task of the newly learned words, this study 

performed a combined and a separate analysis of these two measurements. 
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They found a high-probability (phonotactic probability) disadvantage (which 

is the opposite finding from previous studies in child language learning 

literature) and high-density (neighborhood density) advantage in the 

combined analysis; In the separate analysis, they found a phonotactic 

probability effect for partial correct responses only and a neighborhood 

density effect for the complete correct responses only. They concluded that 

phonotactic probability may aid triggering new learning whereas 

neighborhood density may influence the integration of new lexical 

representations with existing representations.  

        Vaden Jr (2009) and Vaden Jr et al. (2011) also examined the separate 

effects of phonotactic probability and neighborhood density by detecting the 

different neurological activation patterns associated with each of the two 

variables. Vaden Jr et al. (2011) utilized the orthogonal design of these two 

variables. The experimental task was to monitor for the occasional 

presentation of pseudo words mixed with real words in word lists in English. 

The stimuli were auditory. The measurement of the neurological activity was 

the BOLD (blood oxygen level dependent) signal obtained by fMRI 

(functional Magnetic Resonance Imaging). They found a positive correlation 

between phonotactic probability of the stimuli and the neural activity at the 

motor-related area – the left inferior frontal gyrus, but not in the auditory areas 

in the ventral route. As for the lexical effect controlled by the variable of 

neighborhood density, they did not find a negative correlation between 

neighborhood density and neural signals in the auditory related areas, despite 

such previous finding reported by some other studies (Okada and Hickok, 

2006; Stockall et al., 2004; Pylkkanen  and Marantz, 2003) using different 

stimuli and methodologies. 

        To summarize, in this section I have provided a review of previous research 

suggesting that two separate components of cognitive processing exist: one is 

sub-lexical or phonological, whereas the other is lexical or semantic. Two lines 

of research have supported such separation of phonological processing vs. 
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semantic processing: (1) effects high-frequency word-initial syllables are both 

facilitative or inhibitory, depending on what the experimental task is, and (2) two 

highly correlated variables, one with a sublexical focus (e.g. phonotactic 

probability) whereas the other with a lexical focus (e.g. neighborhood density), 

were found to have opposite effects in recognition tasks. 

 

1.4.3 Auditory Word Processing and Recent Findings on Event-related 

Potential (ERP) Measurements 
 

1.4.3.1 Auditory Mismatch Negativity (MMN) 
 

MacGregor and Shtyrov (2013) investigated whether compound words are 

processed as unitary lexical units or as individual constituents by observing 

an event-related potential called the auditory Mismatch Negativity (MMN). 

MMN has been found to be elicited in an odd-ball paradigm where infrequent 

(rare) stimuli were presented randomly in the context of frequent (standard) 

stimuli (Naatanen and Alho, 1995). Previous research on MMN during word 

processing has found that MMN is larger for meaningful words compared to 

meaningless pseudo words (Shtyrov et al., 2005) and for more frequent words 

compared to less frequent words (Shtyrov et al., 2011). Furthermore, MMN 

has also been found to be sensitive to combinatorial features: MMN was 

found to be smaller for syntactically legal strings of words than syntactically 

illegal phrases. Such opposing patterns of MMN between the lexical vs. 

combinatorial aspects of linguistic features (meaningful/frequent words > 

meaningless/infrequent words; congruent combinations < incongruent 

combinations) allow MacGregor and Shtyrov (2013) to predict different 

patterns of MMN, depending on whether unitary lexical processes or 

syntactic combinatorial processes are utilized during the processing of speech 

recognition of compounds.  

        MacGregor and Shtyrov (2013) predicted that if compounds are 

represented as unitary lexical units, a larger MMN is expected for words 

compared to pseudo words, and more frequent words compared to less 
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frequent words. If compounds are represented as combinatorial units among 

individual constituents, a reduced MMN is expected for words compared to 

pseudo words. If different mechanisms were used for transparent vs. opaque 

compounds, as predicted by the dual-route models, a complex pattern of 

MMN would be expected. MacGregor and Shtyrov (2013) found that 

transparent and opaque compounds are processed differently: for opaque 

compounds, MMN is larger for high frequency words than low frequency 

words, suggesting that opaque compounds are processed as unitary lexical 

units. The lack of frequency effects for the transparent compounds suggest 

that transparent compounds are not processed as purely unitary lexical units; 

the lack of difference of MMN between transparent compounds and pseudo 

words suggest that they are not processed using purely combinatorial 

mechanisms.  

        A recent study by Bakker et al. (2013) used MMN in the odd-ball 

paradigm to study the neurological basis of the processing of regular past 

tense inflections on English verbs. In the monomorphemeic case, real words 

like ‘high’ (Standard) were presented with real words ended with the [d] 

sound like ‘hide’ (Deviant) for the elicitation of MMN. Pseudo words like 

‘smy’ (Standard) were presented with pseudo words ended with the [d] sound 

like ‘smide’ (Deviant) for the elicitation of MMN. They found an enhanced 

‘lexical’ MMN for the monomorphemic real words like ‘hide’ as compared 

to the pseudo words like ‘smide’. In the bimorphmemic case, real regular verb 

stems ‘cry’ (Standard) were presented with their past tense form ‘cried’ 

(Deviant) for the elicitation of MMN. As for pseudo words, irregular verbs 

like ‘fly’ (Standard) were presented with the incorrect past tense form like 

‘flied’ (Deviant) for the elicitation of MMN. An enhanced ‘syntactic’ MMN 

was found for pseudo words such as ‘flied’ than that of real words like ‘cried’. 

Therefore, a reversed pattern of lexical MMN and syntactic MMN between 

the real words and pseudo words was found in this study. 
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1.4.3.2 N400 

 

N400 is an ERP measurement that has been shown to be sensitive to the 

meaning   of words either presented in isolation or under sentential contexts. 

N400 peaks right before 400 milliseconds in healthy young adults, and its 

amplitude reflects the degree of ease of lexico-semantic access. High 

frequency words, which are easier to access than low frequency words, have 

been found to elicit smaller amplitudes of N400 (Van Petten and Kutas, 1990; 

Barber et al., 2004). N400 has also been found to be sensitive to the cloze 

probabilities (Kutas and Hillyard, 1984) of the word, which is defined as the 

percentage of respondents supplying a particular continuation for a context in  

an offline norming task (Taylor, 1953): a word’s cloze probability was found 

to be negatively correlated with the amplitude of  N400. 

        A recent study by Fischer-Baum et al. (2014) has shown that the 

amplitude of N400 is also sensitive to experimental tasks. They addressed 

the question of how difference in experimental task (reading aloud vs. proper 

name detection) affects how different information (semantic vs. 

phonological) is accessed during the process of silent reading of the same set 

of words. They used Lexical Frequency and Regularity as core lexical 

variables in their experimental conditions, which measure ease of access to 

meaning and phonology respectively. They measured the following ERP 

components: N400, Late Positive Complex (LPC) measured over the 15 

posterior electrodes using a late time window between 620- 920ms, and P300. 

They then investigated how these ERP components are affected by the core 

lexical variables (Lexical Frequency and Regularity) and two different 

experimental tasks – proper name detection task and reading aloud task.  

        Fischer-Baum et al. (2014) found that: (1) For N400, there was a main 

effect of Frequency but not Task or Regularity. In the speaking task, higher 

frequency words elicited smaller N400 than low frequency words; no effect 

of Lexical Frequency was found for the detection task; (2) There was a main 
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effect of Frequency: low frequency words elicited larger LPC than high 

frequency words. An interaction between Frequency and Regularity was 

found. In the reading aloud task, low frequency irregular words elicited larger 

LPC than words in all other conditions. In the detection task, no main effects 

or interactions were found; (3) As for P300, a significant effect of Frequency 

was found for high frequency words and low frequency words between 450 

and 600 milliseconds; No significant effects were found for peak latency.  

        These results show that access to both meaning and phonology during 

reading is influenced by experimental task at an early stage, rather than at a 

late stage as suggested by previous studies such as (Balota and Chumbley, 

1984, 1990; Seidenberg et al., 1984). These results also argue against the idea 

that the effect of lexical frequency is an inherent property of lexical process 

and hence is context-free and task-free, such as high frequency words are 

‘perceptually salient’ (Solomon and Postman, 1952), ‘more likely to be 

identified by default’ (Morton, 1969), ‘uniformly searched more quickly’ 

(Forster, 1976) and ‘inherently more strongly because of learning’ (Monsell, 

1991). These results from Fischer-Baum et al. (2014) are consistent with the 

framework of Baysian predictive linguistics suggested by Norris (2006), in 

which lexical frequency is considered as the prior probability of the word, and 

the effect of lexical frequency interacts with sentential  context  and  

experimental context/tasks. 

 

1.4.3.3 P2 

Hunter (2013) found that P2, an ERP component which appears as a positive 

peak at around 200 ms after onset of the target stimuli, is sensitive to 

neighborhood density and phonotactic probability (initial consonants) of 

English words during auditory recognition. Two experimental tasks were used 

in this study: (1) same- difference task, which may encourage participates to 

process stimuli at a sublexical level; (2) lexical decision, which may encourage 

participants to process stimuli at a lexical level. 
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        To investigate neighborhood density at the lexical level, the high probability-

density items had significantly larger neighborhood density, frequency-weighted 

neighborhood density, cohort size, and phonotactic probability than low 

probability items, while other factors are either controlled or post-hoc analysis was 

conducted with no significant effect.  

        For the same-difference task, RT was marginally faster for high probability-

density items than low probability-density items. Accuracy was not found 

significant. As for ERP analysis, high-density words were found to elicit more 

positive amplitudes on the P2 (190-250 milliseconds), and high-density nonwords 

were found to elicit more positive amplitudes on P2 as well as on N4 (370-430 

milliseconds).  

         For the lexical decision task, RT was significantly faster for words than 

nonwords and RT was significantly slower for high-density items than low-density 

items for nonwords but not for words. For Accuracy, words were responded more 

accurately than nonwords, and high probability-density items were responded to 

less accurately than low probability-density items. As for ERP (190-250 

milliseconds) analysis, the high-probability-density items had higher positive 

amplitude, and the amplitude was larger for nonwords than words. Both ERP 

findings were found to be at posterior electrodes in particular. 

        Initial-consonant probability was also investigated with other factors 

controlled.  

        For the same-difference task, RT of words were responded more quickly than 

RT of nonwords. No significant results were found for accuracy. As for P2 (from 

143 to 209 ms), higher amplitude for high than low initial-consonant probability 

words (but not for nonwords) was found.  

        For the lexical decision task, analysis of RT showed that words were 

processed faster than nonwords, high initial-consonant probability words were 

responded to more slowly than low initial consonant probability words, and this 
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inhibitory effect of high initial consonant probability on RT did not occur for 

nonwords. Analysis of accuracy showed that words were responded to more 

accurately than nonwords, and high initial-consonant probability words were 

responded to significantly less accurately than low initial-consonant probability 

words, and this inhibitory effect of high initial consonant probability on accuracy 

did not occur for nonwords. As for the ERP analysis, high initial-consonant words 

were found to have earlier P2 latency than low initial-consonant words using 19 

consecutive significant t-tests from 127 to 163 milliseconds, and the same analysis 

did not show an effect for nonwords. 

        To summarize, the results from neighborhood density analyses showed a 

facilitative effect of high density-probability in the same-difference task but 

an inhibitory effect of high density-probability in the lexical decision task: 

evidence from RT. However, consistently, the effect of P2 (higher amplitude) 

was found as evidence for inhibitory effects across both tasks.  

        Results from initial consonant analyses showed no significant effects for 

high vs. low initial-consonant probability in the behavioral measurements of 

the same-difference task, but an inhibitory effect for high vs. low initial-

consonant probability for both RT and accuracy measurements in the lexical 

decision task. As for the ERP analysis of initial consonants, a higher P2 

amplitude for high (than low) initial-consonant probability words in the same-

difference task was found, but a sooner P2 latency for high (than low) initial-

consonant probability words in the lexical decision task was found.  

        In a nutshell, the inhibitory effects shown on P2 are not affected by 

experimental tasks whereas behavioral measurements are sensitive to different 

experimental tasks. 

 

1.4.3.4 N100, Phonological Mismatch Negativity (PMN), P350 and N400 in Dufour 

et al. (2013) 
 

Dufour et al. (2013) investigated how two core lexical variables (lexical 
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frequency and neighborhood density) affected ERP components during a 

lexical decision task of auditory stimuli in French. One unique design of their 

experiment is that summed neighbor frequencies were matched between high 

and low neighborhood density groups, differing from Hunter (2013) in which 

neighborhood density and frequency-weighted neighborhood density co-

varied. One other unique characteristic of this design is that the uniqueness 

point of all the word stimuli is the last phoneme. The following time windows 

were chosen to analyze their EEG data: 90 - 110 ms (N100), 250 - 330 ms 

(PMN), 330 - 400 ms (P350), 400 - 500 ms (N400), and 550 - 650ms (Late 

N400). PMN is ‘a frontocentral negative component usually peaking between 

250 and 350 ms from stimulus onset’ and has been found to be sensitive to 

mismatches in the expected versus perceived phonological form of a word, 

especially when the word-initial phoneme is mismatched. This ERP is found 

in auditory modality only (not in visual modality). P350, according to 

Friedrich et al. (2009), reflects the activation of modality-independent 

neural word form representations. 

        Dufour et al. (2013) found that effects of lexical frequency were observed 

during two time windows, namely P350 and the late N400: high frequency 

words were found to elicit lower amplitudes of P350 and lower negativities of 

late N400 than low frequency words, suggesting the idea that high frequency 

words require less neurological resources during processing for both ERPs. 

As for the results on neighborhood density, they found both a phonologically 

facilitative effect (PMN) and a lexical inhibitory effect due to lexical 

competition (late N400). Particularly, in this study, words with higher 

neighborhoods elicited lower amplitudes of PMN than words with lower 

neighborhoods; however, in the late N400 window, greater negative 

amplitudes were found for words with higher neighborhoods than words with 

lower neighborhoods. Due to the double-window effects on lexical frequency, 

Dufour et al. concluded that ‘word frequency is involved in both lexical 

activation and lexical selection.’ 
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1.4.4 Summary 

 

In this section, I have presented a literature review of word processing from three 

perspectives. First, I showed evidence from existing research for similar 

neurological structures on understanding language forms in two different 

modalities: language in either the auditory form or in the visual form. Second, I 

showed that a number of existing studies have come to a common ground that 

there are two comparatively separate psychological (cognitive) modules for word 

processing during both auditory and visual word comprehension, a sound (also 

called sublexical or phonological) component and a meaning (also called lexical 

or semantic) component. Third, I showed some recent findings on auditory word 

processing using the ERP neurological measurements consistent with these 

views.  

        Specifically, from these previous studies, the following contradictory effects 

were found. First, contradictory effects of word-level frequency as compared to 

syllable-level frequency were found in recognition tasks. Second, contradictory 

effects of syllable frequencies in recognition tasks as compared to the production 

tasks were also found. These patterns of previous results not only suggest that the 

sound component and the meaning component are separate during processing, 

but also that these two modules seem to be in complementary distribution. This 

could be due to the result of focus of attention – that is, if the behavior is focusing 

on one level, by definition, it inhibits the other, and conversely. The present study 

uses the Task variable to contrast different attention focuses across tasks, and the 

finding that word frequency has opposite effects from syllable frequency reported 

in Chapter 2 provides evidence for this inference. 

        In the next section, I provide a literature review on compound word 

processing. I first point out that compound words constitute the majority of the 

lexicon in Mandarin Chinese. I then describe different ways of compound 

classification in the existing research. I finally provide a review of compound 



41 

 

processing, particularly pointing out that how different tasks affect compound 

processing. 

 

1.5 Some Notes about Compound Words 

 
1.5.1 Mandarin Chinese as an Analytic Language and Compounding 

 

Given that most research on word processing, particularly auditory 

processing, is based on alphabetic languages, especially English, here in this 

thesis I focus on investigating the processing of compound words from 

Modern Chinese for a different perspective. Modern Chinese is different from 

English in the following aspects. First, Chinese is a logographic language, 

meaning that the unit of the Chinese writing system corresponds to a 

logograph, a single character representing the abstract drawing of the 

meaning it denotes. Second, Chinese is a language with more restricted 

phonological structures than alphabetic languages: in most alphabetic 

languages, sound combinations allow consonant clusters within syllables, 

which complicates syllable structures. In contrast, Chinese syllables are 

strictly of two parts – an initial (sheng1mu3) and a final (yun4mu3), both of 

whose constitution have strict structural restrictions.  Third, Chinese is an 

analytic language instead of synthetic.  In other words, no inflection is used 

in this language for grammatical functions. Instead, Chinese uses functional 

particles. This feature of Chinese being analytic forms the picture of the 

lexicon in this language consisting of mostly compound words, especially bi-

syllabic. Understanding compounding in Chinese will help us understand 

what makes a word from a cross-linguistic perspective. 

        Although word boundaries in the Chinese language sometimes are arguable, 

because the orthography of the language is chunked by characters, and no empty 

space separating word boundaries exists in the print form, it is clear that there is 

a degree of ‘lexicalization’ for compounds. 

        First, it is clear that the meanings of the compounds in Chinese are more 
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than the simple combination of the literal meanings of its components, even 

for some transparent words. For example, the typical everyday greeting 

among Chinese people is presented in the example below. From this example, 

we can take a look at the compound word ‘chi1 fan4’. In this compound word, 

the combination of the literal meanings of its component morphemes is to eat 

rice.  However, clearly as a compound word, it means ‘to eat more than just 

rice but everything that makes a meal’. Furthermore, this compound may also 

mean ‘to make a living’ in some other contexts. Since the meaning of the 

compound is closely related to the literal meanings of its components, this is 

an example of transparent compound. Its internal morphological structure can 

be parsed into a verb phrase (VP), consisting of a verb and a noun. 

(1)               你吃饭了吗？ 

PinYin: ni3 chi1 fan4     le                    ma? 

Gloss: you eat rice Past Tense Particle Question Particle 

Translation: “Have you already eaten?” 
 

 

 

The answer to this question shows that despite it being a lexical compound as   

a whole, the syntactic past tense marker ‘le’ can be inserted in between, 

dimming the boundary between morphology and syntax. 

 

(2)          吃了饭了。 

PinYin:  chi1        le                     fan4          le. 

Gloss: eat Past Tense Particle rice  Aspect Particle 

Translation: ‘Already eaten.’ 

 

        Second, compound words in many cases are composed of two 

morphemes that are of exactly the same meaning. Refer to section 1.5.2 about 

the discussion of conjunction and reduplication compounds. From the 
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perspective of communication theory (Shannon, 1951), this seems to be a 

phenomenon of language redundancy, and a less economical way of carrying 

message of language codes. 

        Third, many words in Chinese are opaque compounds. In opaque words, 

the meanings of the component morphemes generally have no relation to the 

meaning of the whole compounds. Refer to section 1.5.3 for more detailed 

discussions. In these cases, the word boundaries are clearly not in between 

the two component morphemes, although it true that opacity is a gradient 

property for compound words. Opaque words may also be ambiguous 

between the literal meanings and conventional meanings depending on 

specific contexts.  

 

1.5.2 Traditional Classification of Mandarin Chinese Compounds Based on 

Internal Semantic Structures 

 

According to the textbook on Modern Chinese edited by the Chinese 

Department of Beijing University (Department, 2006), two-syllable 

compounds in Modern Chinese can be classified into the following types 

depending on the semantic relations among the two morphemes, including 

both transparent and, occasionally, opaque compounds. 

 

1. Conjunction (并列式，bing4 lie4 shi4): Both component morphemes 

of the compounds are synonyms, antonyms or have related meanings.  

These two morphemes are of equal grammatical position in these types 

of compounds. For example, 道路  (dao4 lu4, way-way, way) 3  is 

composed of two synonyms, 开关 (kai1 guan1, open-shut, switch) is 

                                                      
3 For the Chinese examples provided in this section, the information provided in the parentheses is 

arranged as the following: Pin-Yin Romanization of the pronunciation of the characters, morpheme-

by-morpheme translation, and compound translation. 
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composed of two antonyms, and 手足 (shou3 zu2, hand-foot, sibling) is 

composed of two morphemes with related meanings. 

2. Modification (偏正式，pian1 zheng4 shi4): The second morpheme is 

the head (center) of the whole compound, and the first morpheme adds 

modification to the head, such as 黑板  (hei1 ban3, black-board, 

blackboard). 

3. Statement (陈述式，chen2 shu4 shi4): The first morpheme denotes the 

subject whereas the second morpheme describes the statement about the 

subject, such as 年轻 (nian2 qing1, year-light, young). 

4. Predication (支配式，zhi1 pei4 shi4): The first morpheme denotes an 

action whereas the second morpheme denotes the entity upon which the 

action is executed, such as 民办 (ming2ban4, people-do, private). 

5. Complementation (补充式，bu3 chong1 shi4): The first morpheme 

denotes an action whereas the second morpheme denotes the result or 

direction of the action, such as 推广 (tui1 guang3, push-wide, promote). 

6. Reduplication (重叠式，chong2 die2 shi4): The second morpheme 

copies the first morpheme to form the compound. The resulting 

compound and the component morphemes mean the same. An example 

is 爸爸 (ba4 ba4, father-father, father).  

 

 

        In addition, compounds in which one morpheme is a bound-morpheme 

are of the type Addition (附加， fu4 jia1). These bound morphemes in 
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Chinese are depleted in meaning and there are only a very limited number of 

those. 

        Finally, there are also compounds whose internal meaning structure is 

hard to detect, and which are usually opaque words. 

 

1.5.3 Compound Classification Based on Semantic Transparency 

 

 

The distinction between transparent and opaque compounds has been 

observed cross-linguistically. Semantic transparency refers to the 

phenomenon of whether the meaning of a compound word can be obtained 

by the composition of the meanings of its separate component morphemes. 

Compound words whose meanings can be obtained by the operation of the 

meanings of their component morphemes are transparent words, such as 

‘blackboard’ in English, in which case its internal morphological structure 

can be viewed as an adjective ‘black’ combined with a head noun ‘board’ to 

form a noun phrase [Adjective-Noun]. In opaque words, on the other hand, 

the meaning of a compound cannot be obtained by applying the 

compositionality of its component morphemes, such as ‘hogwash’ in English: 

‘hog’ means a kind of pig, and ‘wash’ means rinsing out the dirtiness with 

water, but the whole compound means ‘nonsense’. According to Libben et al. 

(2003), compound words are classified into the following four types based on 

whether the first and/or second morpheme is semantically transparent. The 

original examples of each type of compound words from Libben et al. (2003) 

are repeated below. 

 

TT (transparent-transparent) (e.g., car-wash) 

OT (opaque-transparent) (e.g., strawberry) 

TO (transparent-opaque) (e.g., jailbird) 

OO (opaque-opaque) (e.g., hogwash) 

 

        This classification may also apply to compounds in Modern Chinese. 
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One issue related to this type of classification is that sometimes it is hard to 

judge to what degree a component morpheme is opaque. In other words, 

people’s judgment of whether a single component morpheme is a transparent 

one or an opaque one is not one-hundred-percent clear in many word cases. 

Rather, the degree of transparency of component morphemes has been studied 

by asking people to judge on a gradient scale using questionnaires. In this 

thesis, experiment 3 and 4 use semantic transparency as a factor for 

investigation. Refer to section 1.6 for the motivation of investigating semantic 

transparency in this thesis. All the stimuli for experiment 3 and 4 were 

carefully hand selected by the author, and are strictly of the TT and OO types, 

representing the two ends of the continuum of semantic transparency, since 

these two experiments use semantic transparency as categorical variables. 

 

1.5.4 Issues on Compound Processing: How Do Experimental Tasks/Contexts 

Make a Difference? 

 

Similar to the contradictory findings reported on mono-morpheme word 

processing discussed in section 1.4.2, there have been discrepant findings on 

compound word processing as well, depending on different experimental 

contexts/tasks. This section provides a brief literature review on compound 

processing from this perspective. 

        First, whether compound words are processed as separate components or 

as whole-words has been a major concern in the literature of compound 

processing. I refer to different positions as either the ‘whole-word’ hypothesis 

(Butterworth,  1983) or the ‘composition’ hypothesis. There has been research 

showing evidence supporting a few types of ‘composition’ hypotheses. One 

type of ‘composition’ hypothesis suggests that the left-to-right morphemes 

are parsed sequentially, which I refer to as the ‘left-sequential composition’ 

hypothesis (Taft and Forster, 1976). A second type of ‘composition’ 

hypothesis suggests that both morphemes have equal priming effects, and 

hence are of equal importance, which I refer to as ‘position-independent 
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composition’ hypothesis (Shoolman and Andrews, 2003). And a third type of 

‘composition’ hypothesis says that the second morpheme is found to have a 

larger priming effect than the first morpheme, which I call ‘right-position-

priority composition’ hypothesis (Juhasz et al., 2003). Finally, a 

compromising position is the ‘dual-route’ hypothesis (Schreuder and 

Baayen, 1995), which suggests that a compound word can be both 

processed as a whole and through parsing the component morphemes. A 

multiple-route model is suggested by (Kuperman et al., 2009), in which 

access to full forms, first component morpheme, embedded morphemes, 

and morphological families are all necessary. That is to say, a combination 

of morphological, orthographic, phonological and contextual information 

under information-theory (Levy, 2008) is necessary for the comprehension 

of the visual input. 

        Specifically, related to this issue in the literature of visual stimuli 

processing of compounds, different positions have been taken as to whether 

opaque compound words are either accessed as whole words or are first 

parsed into components before accessing whole words. Using one type of 

semantic priming technique, Sandra (1990) found that only transparent 

compounds show a facilitative priming effect, contrasted with opaque 

compounds (priming effects of RT in Experiment 3, opaque: -8ms; 

transparent: 26ms). This finding that opaque words and transparent words 

behave differently in this semantic priming task led the author to conclude 

that opaque words are not processed by parsing into their components in 

automatic processing, whereas transparent words are. To the contrary, using 

the morpheme-repetition priming method, Libben et al. (2003) found 

facilitative priming effects for both transparent, opaque and semi-opaque 

compound words. These two studies thus take different positions as to whether 

processing opaque words relies on whole-word processing or on 

decomposition. For Sandra (1990), opaque and transparent compound words 

were considered to have different processing mechanisms; whereas for Libben 
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et al. (2003), processing both types of compound were taken as relying on 

component morpheme parsing. 

        I argue that such different findings between Sandra (1990) and Libben et 

al. (2003) are due to different experimental tasks adopted for these two 

studies. In the study by Sandra (1990), for the condition of opaque words, a 

synonym or semantically associated word to one of the morphological 

components of the target opaque compound was selected as the prime. In 

contrast, in the morpheme-repetition-priming paradigm, both the prime and 

the target share a morpheme, an identical orthographic unit that acts both as 

the means for sound transcription and symbolic referencing. In other words, 

the semantic priming task only taps into the semantic processing of 

compounds whereas morpheme-repetition-priming taps into both semantic 

and phonological processing of compounds. As noted in section 1.4.2, 

separate semantic and phonological components are found to be involved in 

auditory word processing. A better task comparison would be direct 

comparisons between meaning-based vs. sound-based tasks to tease apart the 

meaning and sound components during cognitive processing of compound 

words. The contrast between meaning-based tasks and sound-based tasks is 

adopted in the experiments of the present study. 

        A similar argument in the literature is given in the study by Marelli and 

Luzzatti (2012), who suggested that methodological difference is responsible 

for such different priming effects. Libben (1998)’s compound processing 

model, which contains both a lexical and a conceptual level, was 

mentioned to explain such a discrepancy. In this model, at the lexical 

level, constituents are always linked to the compound, explaining the 

priming effects found in Libben et al. (2003). At the conceptual level, 

transparent words are linked to constituent representations, whereas 

opaque words are not, explaining the priming effects found in Sandra 

(1990). A similar model by Rastle and Davis (2008) that proposes two 

stages has also been suggested to account for such a difference. In Rastle 
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and Davis (2008)’s model, results of masked priming reflect the earliest 

stage of morphological processing, a stage allowing automatic parsing into 

morphological components, for both transparent and opaque words; a later 

morpho-semantic stage is when the integration into word meaning occurs. 

Opaque words reflect unsuccessful integration, therefore, reanalysis 

applies. 

        Second, I highlight two relevant studies that have investigated how details 

of the priming paradigm, particularly the prime-target relationship and the 

timing lag between the prime and the target, affect response latencies. Both 

studies used compounds of Mandarin Chinese as their stimuli: Zhou and 

Marslen-Wilson (1995) investigated the auditory modality of stimuli 

presentation and Zhou et al. (1999) investigated the visual modality of stimuli 

presentation. Despite investigating on different modalities, both studies share 

similarities on their experimental conditions. In these studies, both prime and 

target are bi-syllabic Mandarin compounds. In the IDENT condition, both the 

prime and the target are two identical bi-syllabic Mandarin compounds; in the 

MORPH condition, the prime and the target only share only one morpheme 

(identical in both orthography and meaning in the word contexts) whereas the 

second morpheme differs; in the CHAR condition, both the prime and the 

target share the first character (only identical in orthography but different in 

meaning in the word contexts) whereas the second morpheme differs; in the 

HOM condition, the first morphemes of the both the prime and the target 

share the same pronunciation (identical in sound but different in orthography 

and meaning) whereas the second morpheme differs; in the BASE condition, 

both morphemes of the prime and of the target differ, as a baseline control 

condition. A typical result from these conditions are reproduced in Figure 1.2.  

        What this graph tells us is that when both semantic and phonological 

information is available, the strongest facilitative priming effect was found, 

as in the case of both IDENT and MORPH conditions; however, when only 

phonological information is available and the semantic information is 
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misleading due to ambiguity (e.g. one sound corresponds to different 

meanings,  and the meanings between the target   and prime are incongruent), 

the priming effect is inhibitory or non-priming, as indicated by priming results 

in the CHAR and HOM conditions. These two studies have shown that 

compound processing is sensitive to both the sound component and the 

meaning component of the human language cognition, and details of the 

priming paradigm can change the response latencies to target stimuli, 

disregarding the input modality, either visual orthography or auditory speech 

in the form of acoustic waves. 

Figure 1.2 Results of Experiment 1A from Zhou and Marslen-Wilson (1995) 

 

        Third, I consider a more recent study that has also focused on how 

task difference (word recognition vs. word production) affects response 

latencies of compound processing: Tsang et al. (2014). Instead of 

investigating semantic transparency, this study provides a different 

perspective, the ambiguous morpheme, which is defined as a single 

morphemic form connected to two or more meanings. In this study, similar to 

Zhou and Marslen-Wilson (1995), both prime and target are bi-syllabic 

Mandarin compounds as well, but are presented visually instead. Tsang et al. 

(2014) included three experimental conditions based on the priming-target 
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relations: in the S (same-meaning) condition,  both the prime and target words  

share the first morpheme (same orthography and same meaning in word 

contexts); in the D (different-meaning) condition, both the prime and target 

words share the first character (same orthography but different meanings in 

word contexts); and in the U (unrelated) condition,  the prime and target share 

no morpheme at all. As can be noticed, the S condition in Tsang et al. (2014) 

is the same as the MORPH condition in Zhou and Marslen-Wilson (1995), the 

D condition in Tsang et al. (2014) is the same as the CHAR condition in Zhou 

and Marslen-Wilson (1995),  and the U condition  in Tsang et al. (2014) is 

the same as the BASE condition in Zhou and Marslen-Wilson (1995). Tsang 

et al. (2014) investigated how the S, D and U conditions affect both compound 

recognition and production. A reverse pattern has been found comparing the 

recognition and production modalities. For word recognition, facilitative 

priming effects were found for both the S and D conditions in short SOA 

(40ms), but only facilitative for the S conditions in long SOA (200ms, or 8-

12 intervening trials). For word production, only facilitative priming effects 

were found for S (not D) in short SOA, and both S and D conditions were 

found to be facilitative for long SOA. Tsang et al. suggested that such 

differences across different modalities reflect different cognitive demands, 

‘namely meaning retrieval from the visual word form (recognition) versus 

articulating the phonetic form from the concept (production)’ (page 555).  

        One thing deserving notice is that such differences between recognition and 

production on compound processing are in parallel to the literature of single 

morpheme word processing presented in section 1.4.2, particularly the 

contradictory effects caused by highly probable word-initial syllables. Again, this 

suggests whether the task taps into meaning processing (lexical decision) or the 

task taps into sound processing (production) makes a difference for behavioral 

measurements, for processing compound words as well. Again, these results 

suggest that a higher level, the central executive, which allocates attention focuses 

to either the meaning or the sound aspect of a linguistic auditory stimuli, could 
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lead to the behavioral results found here. One significance of the present study is 

to attempt to seek for the commonality that can merge both research fields of 

single-morpheme word processing and of multi-morpheme word processing. 

To summarize, in this section, I have provided a brief literature review on 

how experimental tasks affect priming effects of compound processing. 

 

1.6 Perspective and Structure of the Thesis 

 
1.6.1 Perspective of the Thesis 

 

The study by Buiatti et al. (2009) showed neurological signatures of speech 

segmentation based on statistical and prosodic cues without referring to 

linguistic hierarchical rules. Different neurological activities are observed 

after exposure to the auditory stream of the artificial language compared to a 

random stream: a steady 1-syllable steady state response was found when 

subjects were exposed to a random stream; a steady 3-syllable steady state 

response was found when subjects were exposed to a ‘word’ stream with 

pauses, where a suppression of 1-syllable steady state response was found. To 

the contrary, the study by Ding et al. (2016) used the same Frequency Domain 

analysis as Buiatti et al. (2009), yet evidence for neurological signatures for 

linguistic rules was found as well, when prosodic cues and/or statistical cues 

are controlled. 

        The present study uses Chinese bi-syllabic compounds as linguistic 

materials, providing a good platform to further study this debate: the 

interaction between statistical cues and syntactic knowledge during speech 

comprehension. As mentioned in Ding et al. (2016), statistical cues may aid 

syntactic parsing, but neurological signatures reflecting the syntactic 

structures are definitely more obvious without prosodic cues and statistical 

cues, as shown by results from speech comprehension of their crafted Markov 

language. The two core experimental variables of the present study, lexical 

frequency and initial-syllable frequency, will provide an opportunity to 
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investigate the role of statistical cues during speech comprehension, and the 

results will either replicate or reject the findings of real (rather than an 

artificial) language neural signatures corresponding to statistical cues by 

Buiatti et al. (2009). On the other hand, compound words are unique linguistic 

phenomena: opaque words and transparent words display different semantic 

structures. These two types of compounds provide a way to control whether a 

morpho-syntactic chunking is involved. In the opaque compounds, no 

chunking of the two syllabic morphemes is expected; in the transparent 

compounds, the syntactic chunking of the two morphemes is expected. Before 

participating in this debate with regard to Mandarin compounds, the first 

question to ask is whether probabilistic distribution of word elements 

contributes to semantic transparency. In other words, do these two kinds of 

compounds (transparent and opaque) show distinct statistical distributions at 

either the syllabic or the lexical level? Do the statistical distributions of the 

two categories of compounds show any difference? If so, this may show 

evidence of word fossilization due to statistical cues. The prediction is that 

opaque words may have higher word frequency than transparent words. To 

answer this question, a random sampling experiment was conducted. 

        Since the word list provided from the text corpus described in section 

2.2.1 has 16255 word items, it is not practical to manually label all their 

semantic transparency. Therefore, I did 10 random samplings of 100 words 

(1000 words in total) from these 16255 words using the random module 

of the programming language Python, and labeled the sampled words by their 

compound types. The labels are of two general categories: transparent words 

and opaque words. It turned out that almost all the words are transparent 

words, and relatively few were completely opaque words. In some of the 

cases, whether the word should be classified as transparent or opaque is 

ambiguous based on the author’s native language intuition for judgment. The 

fact that transparent words are more abundant whereas opaque words are very 

scarce suggests that opaque words are less efficient to process, therefore 
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fewer of them exist in real language usage. Refer to Chapter 5 of this thesis 

for a discussion on how the category difference between transparent words 

and opaque words in Modern Mandarin Chinese is similar to the category 

difference between the regular and irregular past tense verb forms of English, 

and how our common cognitive system allows such category difference in 

different types of languages, either inflectional or analytic. 

        To control for strict semantic transparency, I referred to previous 

research (Gao B., 2004; Yu L.X., 2006; Wang D. Q., 2013) on their opaque 

word lists, as well as searched in the lexical dictionary of Modern Mandarin 

Chinese manually. Using the above methods, I found a list of opaque words 

which are also used in Exp. 3 and 4 in the present study. I checked the word 

counts of these opaque words from the same database described in section 

2.2.1. Figures 1.3 and 1.4 provide visual representations of the results of the 

word counts for the list of transparent words taken from the random sampling 

experiment and the list of opaque words found using the method discussed 

above. A one-way ANOVA test on the word counts of these two types of 

compounds showed that they are not significantly different (F (1, 998) = 1.21, 

p = 0.27), suggesting that compound types in Modern Mandarin are not the 

same thing as linguistic probabilities such as word frequencies. 

 

1.6.2 Research Questions 

 

In the last section, I have provided a discussion on recent research that 

supports either a probability-based language theory or a rule-based language 

theory from the perspective of finding their corresponding neurological 

signatures. I then showed that in Mandarin compounds, word frequency and 

compound type are two different things. Based on these findings, this thesis 

seeks to find the sound and the meaning components of compounds in 

Modern Mandarin Chinese from both the perspective of linguistic probability 

and semantic transparency (i.e. morpho-syntactic structure).  The set of 

questions in the present study include the following: 
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1. Is speech comprehension of compounds in Modern Mandarin Chinese 

affected by experimental tasks (sound-based vs. meaning-based tasks) 

and multi-level linguistic probabilities (lexical frequency and word-

initial syllable probabilities)? 

2. Is speech comprehension of compounds in Modern Mandarin Chinese 

affected by experimental tasks (sound-based vs. meaning-based tasks) 

and semantic transparency (opaque vs. transparent compounds)? 

3. Is speech comprehension of compounds in Modern Mandarin Chinese 

affected by experimental tasks, linguistic probability and semantic 

transparency simultaneously? Which variables are the more important 

ones? Which variables are less important ones? 

 

Figure 1.3 Word Counts and Compound Type in Modern Mandarin Chinese 
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Figure 1.4 Histograms of Word Counts for Different Compound Types in Modern 

Mandarin Chinese 
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1.6.3 General Hypotheses and Structure of the Thesis 

 

Corresponding to the first question stated in section 1.6.2, I hypothesize that 

speech comprehension of Mandarin compound words is affected by 

experimental tasks and linguistic probability. 

        Following the dual-route theory of speech comprehension and Buiatti et 

al. (2009), I predict that speech decoding of words of high lexical frequency 

is more efficient to use the form-to-meaning neurological route (the meaning 

component) than to use the form-to-articulation route (the sound component), 

and hence are processed more accurately (and hence faster, if assuming that 

accuracy is always negatively correlated with response speed) in the meaning-

based tasks than in the sound-based tasks. 

        To the contrary, speech decoding of words of high S1 (word-initial 

syllable) probability are more efficient to use the form-to-articulation (the 

sound component) route than to use the form-to-meaning route (the meaning 

component), and hence are processed more accurately (and hence faster, if 

assuming that accuracy is always negatively correlated with response speed) 

in the sound-based tasks than in the meaning-based tasks.  

        The generalization of the above predictions can be summarized as 

below. The high initial syllable frequency calls attention to the phonological 

form more immediately than a low initial syllable frequency. The high lexical 

frequency calls attention to the semantic form more immediately than a low 

lexical frequency. Whatever statistical property makes a component of words 

more salient, it will swing the early stages of processing towards that level of 

representation. 

        Two sets of task comparisons are used in this thesis to test the above 

stated predictions. First, the two tasks can be a yes-no judgment task, except 

that one task is about the judgment of the sound aspect of the auditory stimuli, 

whereas the other task is about the judgment of the meaning aspect of the 

auditory stimuli. Auditory lexical decision (LD) task is a task about forced-

choice judgment of the meaning aspect of linguistic stimuli, whereas syllable 
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monitoring (SM) is a task about forced-choice judgment of the sound aspect 

of the linguistic stimuli. Second, the two tasks can be lexical decision tasks 

with primes which are either semantically or phonological related to the 

target: Semantic Priming (SM) and Phonological Priming (PP). 

        Corresponding to the second question stated in section 1.6.2, following the 

dual-route theory of speech comprehension and Ding et al. (2016), I 

hypothesize that speech comprehension of Mandarin compound words is 

affected by experimental tasks and semantic transparency. In particular, two 

different hypotheses are predicted. If opaque words are processed as whole-

word-forms without parsing into component morphemes, I predict that it is 

more efficient to process opaque words using the form-to-meaning route than 

using the form-to-articulation route.  I call this the whole-word hypothesis. On 

the other hand, if the compositionality hypothesis is true, I predict that opaque 

words are first processed into its component morphemes using the form-to-

articulation route, and the structural ambiguity of the opaque words (as 

contrasted with transparent words) presented in time in speech will ask for a 

re-analysis in the form-to-meaning route, therefore resulting in longer 

response times and lower accuracy rates of opaque words, as compared to 

those of transparent words which do not need re-analysis. 

        If the whole-word hypothesis were true, I would expect that opaque words 

are processed more accurately and faster than transparent words in meaning-

based tasks, whereas transparent words are processed more accurately and 

faster than opaque words in sound-based tasks. If the compositionality 

hypothesis were true, I would expect that opaque words are processed less 

accurately and slower than transparent words in the meaning-based tasks, 

whereas no difference among compound types can be found in sound-based 

tasks. 

        Corresponding to the third question stated in section 1.6.2, I hypothesize 

that speech comprehension of Modern Mandarin compounds is affected by 

experimental tasks, linguistic probability and semantic transparency. All of 

them contribute to auditory compound processing in a comprehensive 
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manner. 

        Corresponding to the hypotheses provided above, the chapters of this 

thesis are organized as follows. Chapter 2 presents two sets of experiments to 

test the effects of lexical frequencies and S1 probabilities (word-initial 

frequencies) and experimental tasks during auditory processing of Mandarin 

compounds. In chapter 3, two other sets of experiments were designed to test 

the effects of compound types and experimental tasks during auditory 

processing of Mandarin compounds.  In chapter 4, multi-variable regression 

models are fitted with the collected data from the previous two chapters, and 

model comparisons and variable selection procedures are conducted to test 

whether a full model is preferred over the reduced models. Chapter 5 provides 

a summary of the major findings of this thesis, followed by a discussion of 

the implications and a set of questions for future research. 

 

1.6.4 Significance of the Present Study 

 

First, the language of the proposed study is a logographic language – Chinese. 

The majority of the previous studies use linguistic materials from alphabetic 

languages. In a logographic language, each grapheme, the basic orthographic 

unit, represents a word or a morpheme. In an alphabetic language, however, 

each grapheme represents a phoneme of the spoken language instead. It would 

be valuable to see if some evidence for the dual-route theory of speech 

processing can be found in users of a logographic language. 

        Second, many previous studies have used visual stimuli in their 

experiments with regard to the proposed topic, specifically when the 

sublexical unit is the word-initial syllable. The proposed study uses auditory 

stimuli instead. This allows the author to compare results across different 

modalities, providing more information about our understanding of the 

difference between spoken word recognition and visual word recognition. As 

is discussed above, it is reasonable for visual and auditory modalities to share 

certain cognitive mechanisms for the reason of being more efficient. 
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        Third, previous studies have suggested that different experimental tasks 

can have opposite effects when word-initial syllables are highly probable or 

when the phonotactic probabilities are highly probable. This proposed study 

allows for the replication of such findings by contrasting two experimental 

methods for the same set of linguistic stimuli directly: lexical decision vs. 

syllable monitoring. Why is syllable monitoring chosen by the author as the 

task which is more prone to the processing of articulation/phonology (as 

opposed to meaning), despite the fact that previous studies have used reading 

aloud Carreiras et al. (2006)? It is because both tasks involve a simple yes-no 

judgment out of two options (either between real word or nonword or between 

two syllables), followed by a basic pushing of a button. Furthermore, the 

proposed study uses auditory stimuli rather than visual stimuli, and a read-

aloud task is impossible: it would have to be a repetition task. Differing from 

previous research, one significance of the present study is to show that the 

different high-S1-probability effects in different tasks are not due to modality 

of the task (production vs. recognition), but rather are due to the two separate 

cognitive components: the sound component and the meaning component. 

Therefore, all the tasks designed in this thesis are perception or recognition 

tasks. 
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2 EFFECTS OF LINGUISTIC PROBABILITY AND EXPERIMENTAL 

TASK 

 

 

 
2.1 Introduction 

 
To test the dual-route theory of language processing, here I conduct an 

investigation on how frequency of linguistic materials at both the syllabic and the 

lexical levels affects speech comprehension of Chinese compounds under 

different experimental tasks. Under the framework of the dual-route theory 

presented in section 1.3, I expect that high frequency words compared to low 

frequency words will be biased towards the form-to-meaning route, and have an 

advantage in meaning-based tasks over sound-based tasks. High-S1-probability 

words (words whose initial syllable is of high frequency) compared to low-S1-

probability words will be biased towards the form-to-articulation route, and have 

an advantage in sound-based tasks over meaning-based tasks. Two experiments 

are designed to test these hypotheses. In both experiments, Lexical Frequency and 

S1 Probability are controlled as factors concerning linguistic probability. The 

experiments differ in the tasks involved: Experiment 1 utilizes auditory Lexical 

Decision (LD) as the meaning-based task and Syllable Monitoring (SM) as the 

sound-based task, whereas Experiment 2 utilizes Semantic Priming (SP) as the 

meaning-based task and Phonological Priming (PP) as the sound-based task. 

Before moving onto the details of each experiment, I first describe how linguistic 

probabilities, including lexical frequency and S1 probability, are calculated for 

the stimuli used in these two experiments in this chapter. 

 

2.2 Finding Linguistic Probability: An Exploration of Bi-syllabic Compounds 

in Mandarin 

 

2.2.1 Introduction to A Text Corpus of Modern Mandarin 

 

The frequencies of the Chinese compound words are calculated based on a text 
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corpus of Modern Chinese called Database of General Balanced Modern Chinese 

by the State Language Committee, available at: 

 

http://www.cncorpus.org/Resources.aspx.  

 

This corpus contains 100 million Modern Chinese characters. The texts in the 

corpus are of diverse genres. The corpus has been segmented and tagged by part 

of speech manually. The segmentation and tagging have been checked 3 times by 

hand for accuracy. Therefore, the word boundaries and the word frequencies 

based on this corpus are very reliable. 

 

2.2.2 Obtaining Word (Lexical) Frequency 

 

A word list ranked by word frequency according to this corpus was released at 

the same website, including all the segmented words that occur more than 51 

times in the whole corpus. Based on this word list, 400 words were selected by 

hand. Half of the selected words (200) are of the highest word frequency, whose 

word count range from 10899 to 1387, and whose log of word frequency range 

from -6.78 to -8.84. The other half of the words (200) are of much lower word 

frequency, whose count range from 102 to 51, and whose log of word frequency 

range from -11.4 to -12.2. All of the 400 words are chosen to be bi-syllabic 

compounds and are nouns. The mean of the log word frequency of the 200 high 

frequency words is -8.2, and the mean of the log word frequency of the 200 low 

frequency words is -11.9. 

 

2.2.3 Calculation of S1 (Word-Initial Syllable) Probability 

 

For each of the 400 words selected based on the description given above, the 

probability of word-initial syllables (S1 Probability) is calculated. S1 probability 

is defined as the sum of the word frequency of all the segmented words in the 

corpus that contain any one of the homophones list corresponding to that 

particular syllable (S1). For example, to calculate the S1 probability for the word 

http://www.cncorpus.org/Resources.aspx
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bang1 zhu4, the following steps are conducted. 

(3)        帮    助 

Pin Yin: bang1 zhu4 

Closs: help help 

Translation: ‘help’ 

First, for a specific syllable, find the list of homophones that correspond to that 

syllable and all the lexical items containing those homophones. For example, for 

the syllable bang1, four homophones were first found in the database that 

correspond to the sound bang1.  An electronic homophone dictionary was used to 

help with the search. Notice that not all the characters listed under bang1 in the 

electronic dictionary were found in the database. Here 14 characters are listed 

under bang1 in the homophone dictionary, however, only the first 4 characters 

were found in the database for this syllable. 

        Second, for each individual in the homophone list, sum up the frequencies 

of all the lexical items containing that particular homophone, noted as 

P(CharacterN), in which N is used to distinguish different homophones for that 

list. In this example, starting with the first homophone character among the list 

of four, find all Modern Chinese words in this corpus that contain that character 

and their lexical probabilities and counts, by using the on-line search engine in 

the database. The specifications at the search engine are to find all the words 

containing this particular character with the restriction that the lowest word 

count is 1. After all the words containing character 1 and their lexical 

probabilities were found, the lexical probabilities were all added up, taken as 

the probability of the character, noted as P(character1). 

       Finally, the probability of S1 for the compound word is calculated the 

following way. The syllable probability of bang1 was calculated by summing the 

P(Character) of all the homophones of ‘bang1’.  Here in this example, 
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P (bang1) = P (character1) + P (character2) + P (character3) + P (character4). 

 

 

Figure 2.1 Word Frequency and S1 Probability. Left: Original Values; Right: 

Log-transformed Values.  

              

2.2.4 Description of Word Frequency and S1 Probability 

 

The X-Y plot of word frequency and S1 probability for the 400 selected stimuli 

is given in Figure 2.1 (left), and the X-Y plot of the log transformation of both 

variables is given in Figure 2.1 (right). The horizontal and vertical lines 

correspond to the mean of each of the two variables for the high frequency and 

low frequency words. As can be seen, a symmetrical distribution can be found 

after the log transformation is conducted on the original values. 

        Why is log-transformation necessary here? Because lack of orthogonality is 

observed from the scatter plot of the original values. As can be observed in figure 

2.1 (left), no data are available on the upper right part of the scatter plot, whereas 

most data points accumulate in the lower left corner of the graph. A closer 

look at the distribution of the word frequencies, a non-Gaussian distribution of 

words is found. Words are not following the regular Gaussian distribution 

which is found in many other category distributions. Words and syllables in 

Mandarin Chinese seem to be following Zipfs law distribution: very few words 

and syllables are highly frequently used whereas most words and syllables are of 
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very low frequencies. A log transformation converts Zipfs distribution into a 

distribution which is closer to the Gaussian distribution. Figure 2.2 provide the 

probabilistic distribution (left) and the corresponding histogram (right) of word 

frequencies for the selected 400 compounds.  As can be seen, a sudden change of 

word frequency occurs at rank 200, meaning that half of the selected stimuli are of 

high frequencies, and the other half are of much lower frequencies. 

 

                       

 

Figure 2.2 Word Frequency Distribution (Left) and Histogram (Right) 

 

Figure 2.3 provides the distribution and histogram of S1 probabilities for the 400 

compounds. Interestingly, the distribution of S1 probabilities also looks more 

similar to a Zipfs distribution than a Gaussian distribution. Figure 2.4 describes 

the distribution of word frequencies and syllable frequencies after log 

transformation. Zipfs law distributions are converted into the Gaussian 

distribution after log transformation: Bimodal distribution can be observed for 

word frequencies and unimodal distribution can be observed for syllable 

frequencies. 
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Figure 2.3 Distribution (Left) and Histogram (Right) of S1 Probability               

 

 

 

 

 

 

 

 

 

 

 
 

                   

Figure 2.4 Histogram of Log Word Frequency (Left) and Log S1 Probability (Right)        

                  

2.2.5 Summary 

 

To summarize, this section provides the description of how lexical frequency and 

S1 probability are obtained for 400 selected Chinese bi-syllabic compounds. It is 

found that both linguistic variables show Zipfs distribution rather than Gaussian 

distribution, and a log-transformation is necessary for obtaining an orthogonal 
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pattern of stimuli distribution in the X-Y plot of both linguistic probabilities. 

 

2.3 Subgrouping Stimuli for Experiment 1 and 2 

This section describes a method for sorting the 400 compound words into 

separate groups that can be utilized for the two experiments in this chapter. In 

both experiments, two variables of linguistic probability are used as controlled 

factors:  Lexical Frequency (words with high vs. low lexical frequency) and S1 

Probability (words whose initial syllable is of high probability vs. words whose 

initial syllable is of low probability). In both experiments, a contrast between two 

different experimental methods is also used (meaning-based method vs. sound-

based method). This situation calls for a need to split the 400 compound words 

into comparable groups that meet the need of experimental control. This section 

describes the processes of stimuli subgrouping. 

 

2.3.1 Subgrouping Compound Words into Four Probability Groups 

 

The first process of subgrouping of the 400 compound words is to sort them into 

four probability groups, as follows: 

 

1. Group 1 (HH): High Word Probability & High S1 Probability 

 
2. Group 2 (HL): High Word Probability & Low S1 Probability 

 
3. Group 3 (LH): Low Word Probability & High S1 Probability 

 
4. Group 4 (LL): Low Word Probability & Low S1 Probability 

 

As is discussed earlier, the 200 high frequency words and the 200 low frequency 

words were taken from the high vs. low end of the frequency list. 

        The subgrouping for high syllable probability vs. the low syllable probability 

within each of the two 200-word lists was conducted by finding the median of 

log S1 probability for each group and using the median log S1 probability as the 

subgrouping norm. Within each group of high vs. low frequency words (200 of 
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each), those whose log S1 probability was smaller than the median of the 200 

items were considered as low S1 probability, whereas those whose log S1 

probability was larger than the median of the 200 items were considered as high 

S1 probability. This way 100 words of low S1 probability and 100 words of high 

S1 probability were obtained for each of the original 200-item high (and low) 

frequency word list. 

 

2.3.2 Subgrouping Compound Words Among Four Experimental Tasks 

 

Four experimental tasks are involved in Experiment 1 and 2, two of which are 

meaning-based tasks (LD and SP) and two of which are sound-based tasks (SM 

and PP). Particularly the hypothesis of the present study involves direct 

comparisons among experimental tasks. The same subject will not be exposed to 

the same linguistic items in different experimental tasks to avoid familiarization 

effect in the experiments, which would interfere with the effect of Experimental 

Task and the effect of Linguistic Probability. Therefore, in the present study, the 

same subject is required to be tested on different linguistic items for different 

Frequency conditions and different Task conditions. The particular arrangements 

between the matching of different experimental tasks and different participant 

groups are provided in each experiment. 

        Since we are interested in comparing among different Tasks, the group of the 

stimuli used for each of the experimental task needs to resemble the others in 

terms of their frequency distribution patterns.  In order to make sure a best 

subgrouping among each of the probability groups (Group1 HH, Group2 HL, 

Group3 LH, and Group4 LL as described above) of words was conducted for 

each of the four experimental tasks, an algorithm was written in Python to find 

the best split of 4 clusters that match the original distribution of each of the 

probability groups. 

        Given a probability group (such as the list of 100 items of HH words, etc.), 

this algorithm conducts the following steps: 
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5. Calculate the mean and covariance matrix of the 100 items 

 
6. Rank the list of 100 items based on the likelihood of each data point given 

the mean and covariance matrix 

7. Assign the top 4 items (which are closest to the mean) to each of the 4 

categories/groups sequentially 

8. Find the next 4 items in the Ranked list, and for all the possible assignments 

of the 4 items into each of the 4 categories/groups (all permutations of 4 

items), find the minimum distance from the group means (the summed 

mean of the 4 groups for a specific instance of the permutation) to the 

original mean of the entire dataset, and use the permutation that 

corresponds to the minimum distance 

9. Do step 4 recursively until the end of the list 

 

        The algorithm works effectively, as can be shown by the results represented 

in the figures below. Each color (Red, Blue, Green and Black) represents one of 

the 4 groups of items to be used in different experimental tasks. Figure 2.5 puts 

together the subgrouping results among the four experimental tasks of the four 

probabilities groups: x-axis represents log of S1 whereas the y-axis represents log 

of word probability. Item Set 1-2 are used in Experiment 1 and Item Set3-4 are 

used in   Experiment 2. 
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Figure 2.5 Stimuli subgrouping into 4 Item-Sets for in Exp1-2: Green(HL), 

blue(HH), red(LL), black(LH). X-axes: Log of S1-probability; Y-axes: Log of 

Word-Probability. 

 

2.4 Processes of Making Speech Stimuli: Recording, Conversion, Extraction, 

Normalization and Noise Masking of the Sound Files 

 

All stimuli were recorded in a quiet sound booth located in the Speech 

Acquisition Lab in the Department of Linguistics at the University of Utah. The 

speaker of the sound stimuli was a female native speaker of Mandarin Chinese 

from the ZheJiang province of China, and who had earned a Certificate for 

passing the oral test of Standard Mandarin. The speaker was first provided a 

written sheet of the stimuli list and was asked to get familiar with both the words 
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and nonwords in the list. After the familiarization period, the speaker was asked 

to be seated in the sound booth for recording. A head mounted microphone was 

positioned around the neck of the speaker and the microphone was pointed 

towards the mouth of the speaker, where a clear voice can be obtained for the 

recorder. The speaker was instructed to read every stimulus together with the item 

number three times before moving onto the next one. Another headphone was 

connected to the recorder outside the booth for the experimenter to monitor the 

quality and accuracy of the recording outside the booth. When the speaker made 

a mistake in pronunciation, the experimenter marked down the item number. At 

the end of the recording session, the speaker was asked to correct those items in 

pronunciation, and those items were re-recorded. Some files were found to have 

click sounds after the experimenter checked the recordings. This problem was 

solved by moving the microphone slightly father away from the speaker’s mouth. 

Those items were also recorded the second time. 

        All the sound files were recorded as 24-bit 44.1 kHz files. The software SOX 

(Bagwell and Contributors, 1998) was used to convert these sound files into 16-

bit 44.1 kHz files. After the conversion, for each stimulus, the experimenter 

handpicked among the three recordings based on the sound qualities.  After 

deciding on a particular recording, the chosen sound files were hand labeled at a 

zero-crossing of the sound wave using the software Praat (Boersma and Weenink, 

2013). A python script (Python, 2015) was written to extract the labeled Praat 

sound files into individual sound files. All the sound files were normalized to 

have the same amplitude root mean square (RMS) using the UNIX tool called 

Normalize (Vaill, 2005). After the amplitude normalization, randomly generated 

white noise was added onto the sound file at 6 dB signal to noise ratio by using 

the scipy library of the programing language python (Python, 2015). 

 

2.5 Experiment 1 

 
2.5.1 Hypotheses 
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Experiment 1 tests the hypotheses that words with high lexical frequency are 

processed more accurately and hence faster in the meaning-based task (LD) than 

in the sound-based task (SM), whereas words with high S1 probability are the 

opposite: they are processed more accurately and faster in the sound-based task 

(SM) than in the meaning-based task (LD). 

 

2.5.2 Stimuli 

 

This experiment contains 2 item sets generated by applying the sub-grouping 

technique explained in section 2.3.2: Item Set 1 and Item Set 2. For each of the 2 

Item Sets, 100 other non-words were created as fillers. Both item sets include 

words for all four types of Linguistic Probability (HH, HL, LH, and LL) 

described in section 2.3.1. The number distribution of stimuli in each probability 

group for one Item Set is shown in table 2.1. 

 

 

Stimuli Category Number of Items 

High Lexical Frequency and High S1 Probability 25 

High Lexical Frequency and Low S1 Probability 25 

Low Lexical Frequency and High S1 Probability 25 

Low Lexical Frequency and Low S1 Probability 25 

Non-word Stimuli 100 
 

Table 2.1 Number of Stimuli for one Item Set for Experiment 1/Experiment 2 

        All non-word stimuli were constructed by concatenating phonologically 

legal tonal syllables of Modern Mandarin. Since the effects of the probabilities 

of the initial syllables of these 400 words were investigated in both Experiment 

1 and Experiment 2, to avoid familiarization effect of syllable priming effect of 

non-words onto the speech perception of real words, none of the non-words in 

both Experiment 1 and Experiment 2 overlapped with the existing syllables in 

real word stimuli in both experiments. All of the stimuli described above were 

recorded and processed according to the procedures described in section 2.4. 

 



73 

 

2.5.3 Factorial Design and Data Collection Method 

 

Three factors were controlled in this experiment. The first factor is Task (T), 

which contains two levels: auditory Lexical Decision (LD) and syllable 

Monitoring (SM). The second factor is lexical frequency (LF) of the compound 

words, including two levels: words of high lexical frequency and words of low 

lexical frequency. The third factor is word-initial syllable probability (S1 

Probability), including two levels: words of high S1 Probability and words of low 

S1 Probability. The stimuli involved in this experiment include Item Set 1 and 

Item Set 2 as described in section 2.3.  

        The data of this experiment were collected in the following way. All the 

participants were divided into 2 groups, and the two participant groups responded 

to each task with different stimuli item sets, as shown in Table 2.2. 

 

 

 Item Set 1 Item Set 2 

Participant Group 1 LD SM 

Participant Group 2 SM LD 

 

Table 2.2  Data Collection Method for Experiment 1 

 

2.5.4 Participants 

 

Seventy-one undergraduate and graduate students from the Foreign Language      

Department of Shandong University participated in this study. Two participants 

were excluded from analysis due to experimental error. All participants were 

reported to have normal hearing and vision abilities after glass correction if the 

person was near-sighted. The participants were split into two groups for all four 

experiments reported in this thesis. Participant group 1 contains 34 people and 

participant group 2 contains 35 people.  

 

2.5.5 Experimental Tasks 
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The experiment includes two different tasks–LD and SM. The following section 

provides a detailed description of the two tasks. 

 

A. Auditory Lexical Decision (LD) 

In the beginning of the LD task, 10 practice items repeated 2 times with 

feedback provided were first responded to by the participants. After the 

practice came the real experiment part, with 200 auditory stimuli (100 real 

words and 100 non-words). The items were presented in a random order 

automatically by DMDX (Forster and Forster, 2003) for different participants.  

        Upon each trial, an auditory form of one bi-syllabic compound/non-word was 

first presented through the headphones, and the participant was asked to judge as 

accurately and fast as possible whether what they heard is a real existing word in 

Modern Mandarin Chinese. If yes, the participant was asked to press the ‘Yes’ 

button on the computer keyboard; If not, the participant was asked to press the 

‘No’ button on the computer keyboard. There were 2000 milliseconds time 

windows allowed for each participant to respond to each trial. If the participant 

failed to respond within this time window, the next trial would automatically start 

by the DMDX program. 

 

B. Syllable Monitoring (SM) 

Similar to Auditory Lexical Decision, Syllable Monitoring was completed by the 

same two participant groups on the same two stimuli item sets. However, different 

from Auditory Lexical Decision, the pairing between participant group and item 

set was swapped: in Syllable Monitoring, participant group 1 is tested on Item 

Set 2, whereas participant group 2 is tested on Item Set 1. Again a 10-item 

practice repeated twice with feedback was conducted before the execution of real 

trials. 

        In each trial of Syllable Monitoring, each participant was first provided with 

a single Chinese character presented visually. The character is presented with the 

font size 36 in red in the middle of the computer screen in front of the participant. 
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The character has no meaning in relation to the auditory word to be presented. 

The participant is asked to vocalize the character silently. Then the participant 

hears an auditory target word/non-word. The participant was asked to identify if 

the first syllable of the auditory target word/non-word sounds the same as the 

Chinese character provided visually before. If yes, the participant pressed the 

‘Yes’ button on the computer keyboard as accurately and as soon as possible; if 

not, the participant pressed the ‘No’ button instead. Again a 2000 ms time 

window was applied to each trial. Below is a sample script for presentation of 

one stimuli for the task SM. Again the program was implemented using the 

software DMDX (Forster and Forster, 2003). 

 

2.5.6 Results  

 

The present experiment collected unbalanced data, meaning that the sample sizes 

across different conditions were different. Three causes contributed to this fact: 

missing stimuli due to experimental error, participants failing to respond to 

stimuli within the maximum time limit (2000ms) and unequal numbers of 

participants for each of the two participant groups. Both the measurement of RT 

and response accuracy data were analyzed using mixed-effects regression models (Barr 

et al., 2013), which are suitable for analyzing unbalanced data.  

 

2.5.6.1 RT 
 

Only real word stimuli were analyzed. In addition, only items of correct response 

and whose RT are less than 2000 milliseconds were included for analysis. The 

factors included in the linear mixed-effects model are Lexical Frequencies, S1 

Frequencies, Task and the interactions among them. The lmer function from the 

lme4 library (Bates et al., 2014) of the statistical software R is used to conduct 

this statistical test.  

        Figure 2.6, generated by the effect function from the R library effect displays 

(Fox et al., 2003), provides the mean RT values for Experiment 1. The factors 
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Lexical Frequency, S1 Probability and Task were included as fixed effects factors, 

whereas participants and item were included as random effects. Following Barr et al. 

(2013), I added participant random slopes into the regression model, in addition to 

the random participant intercepts and random item intercepts. Compounds of 

high lexical frequency were processed significantly faster than compounds of low 

lexical frequency (β = 113.67, SE = 16.15, t = 7.04). Second, compounds in the 

task of SM were processed significantly faster than compounds in the task of 

LD (β =−86.22, SE = 14.92, t = −5.78). Last, the RT difference between 

compounds of the high and those of the low lexical frequency is significantly 

larger in the task of LD than in the task of SM. In other words, a significant 

interaction effect between Lexical Frequency and Task was found (β = −69.86, 

SE = 9.49, t = −7.36).  

 

 

Figure 2.6 Mean RTs by Experimental Conditions in Experiment 1 
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2.5.6.2 Accuracy 

 

For the analysis of response accuracy, all responses, including both correct and wrong 

responses, were included. Failure responses within the 2000 milliseconds were 

considered wrong responses. Furthermore, only responses to real word stimuli were 

analyzed. Since accuracy is a binary categorical dependent variable, the logistic 

regression model needs to be applied here for analysis. The glmer function from 

the lme4 library (Bates et al., 2014) was used here. Figure 2.7 provides the mean 

percent correct values by experimental conditions for Experiment 1. 

 

 

Figure 2.7 Mean Percent Correct (Accuracy) by Experimental Conditions of 

Experiment 1 

        First, compounds of high lexical frequency were processed more accurately 

than compounds of low lexical frequency (β = −1.66, SE = 0.24, z = −7.035, p < 

0.001). Second, compounds were processed with a higher accuracy in the task of 
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LD than in the task of SM (β = −0.64, SE = 0.16, z = −3.89, p < 0.001). Third, 

compounds of high lexical frequency were processed faster than compounds of 

low lexical frequency in both the task of LD and SM, however, such processing 

speed is significantly larger in the task of LD than in the task of SM. In other 

words, a significant interaction was found between Lexical Frequency and Task 

(β = 1.48, SE = 0.17, z = 8.43, p < 0.001). Finally, words of higher word-initial 

syllable probability were responded faster than words of lower word-initial 

syllable probability in the task of SM, but not in the task of LD. In other words, 

an interaction effect between Task and word-initial syllable Probability was 

found to be a trend (β = -0.34, SE = 0.20, z = -1.69, p = 0.09).  

 

2.5.7 Discussion and Summary 

 

To summarize, Experiment 1 investigated the role of multi-level linguistic 

probabilities (Lexical Frequency and S1 Probability) in different experimental 

tasks using auditory stimuli of Chinese compounds. Two types of experimental 

tasks were investigated: Lexical Decision (LD) as the meaning-based task and 

Syllable Monitoring (SM) as the sound-based task. It was found that both types 

of linguistic probabilities and experimental task in conjunction affect the reaction 

time and accuracy during auditory processes.  

        The significant effect of Task found in this experiment supports the dual-

theory of language processing. In particular, it is consistent with the view that 

online comprehension of auditory Chinese compounds display separate 

neurological sound and meaning components. Such separation of the two 

cognitive components are indicated by different processing time of the two 

different tasks. I hypothesized that compounds of high S1 probability are 

processed faster and more accurately in the task of SM than the task of LD. The 

results here do support an interactive effect consistent with this prediction for the 

measurement of accuracy. But the results here do not show such an effect in the 

measurement of RT. To the contrary, the results on RT are the opposite of what I 

predicted. From the results of RT, it was found that the task of LD was 
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consistently processed much more slowly than the task of SM. I suggest that such 

RT difference across tasks does not reflect task difficulty, as to whether a stimulus 

is harder to process therefore requiring longer response latency. Such RT 

difference reflects the difference of the timing resolution of the two cognitive 

language processors, namely the sound component and the meaning component. 

Since the sound component is left-hemisphere biased, whereas the meaning 

component is bilateral in theory. This RT finding is consistent with the idea of 

different timing resolutions across hemispheres as suggested by Poeppel (2003). 

        Such results also support the role of probability during language processing. 

The opposite interaction directions between Lexical Frequency and Task, and 

between S1 Probability and Task, in the measurement of response accuracy of 

this experiment, suggests that probability at different linguistic levels has 

different effects on each of the cognitive processors. Such opposite effects 

between the word-level frequency and syllable-level probability provide 

evidence for the phenomena of functional trade-off between the two cognitive 

processors, further discussed in Chapter 5.  

 

2.6 Experiment 2 

2.6.1 Introduction and Hypotheses 

 

To further test the validity of the findings in Experiment 1, Experiment 2 utilizes 

the contrast between a visual-audio masked semantic priming task (meaning-

based task) vs. a visual-audio masked phonological priming task (sound-based 

task). The detailed explanations of the task procedures are presented in section   

2.6.5. 

        Similar to Experiment 1, I hypothesize that words with high lexical 

frequency are processed more accurately and hence faster in the task of 

semantic priming (SP) than in the task of phonological priming (PP) task, 

whereas words with high S1 probability are processed more accurately and faster 

in the PP task than in the SP task. 
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2.6.2 Stimuli 

 

Since both tasks are priming tasks in this experiment, each stimulus involves a 

prime-target pair. As is mentioned before, in both priming tasks, the prime was 

presented visually whereas the target was presented acoustically via headphones.  

        The target words used in Experiment 2 include Item Set 3 and Item Set 4 

described in section 2.3.2. For each item set, 100 nonwords were created as fillers 

with the restriction that no syllable in the nonwords overlap with any of the 

syllables occurring in the test-word stimuli. All the target words were recorded 

and processed according to the procedures discussed in section 2.4. The 

breakdown of the target words distribution for one item set (Item Set 3/ Item Set 

4) is provided in table 2.7.  

 

 Target Words Categorized Based on 
Linguistic Probabilities 

Priming Conditions HH LH LL HL 

1.  Phonologically or 

Semantically Related: Prime 

(single character) - Target 

(word) Pair 

 
15 

 
15 

 
15 

 
15 

2. Phonologically and 

Semantically Unrelated: Prime 

(single character) - Target 

(word) Pair 

 
10 

 
10 

 
10 

 
10 

3.  Prime (single character) - 

Target (non-word) Pair 
100 

 

Table 2.3 Number of Stimuli by Condition for One Item Set in Experiment 2 

(ItemSet3/4) 

 

The definitions of the relations of a prime-target pair adopted in the present 

experiment are provided below: 

 

Phonologically Related: The priming character and the first character of the 

target word share the same pronunciation but not in meaning or orthography. A 
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sample stimulus of this condition is, for example, 毛 (mao2, hair) as the priming 

character and 矛盾 (mao2dun4, contradiction) as the target word. 

 

Semantically Related: The priming character and the target word are related in 

meaning but not in sound or in orthography. A sample stimulus of this condition 

is such as 道 (dao4, way) as the priming character and 方法 (fang1fa3, method) 

as the target word. 

 

Unrelated:  The priming character and the target word does not sound the same 

as the target word nor are they related in meaning or in orthography in any way. 

A sample stimulus of this condition is such as力 (li4, force) as the priming character and 

志向 (zhi4xiang4, ambition) as the target word. 

 

2.6.3 Factorial Design and Data Collection Method 

 

The design of Experiment 2 remained the same as that of Experiment 1. The only 

difference between the design of Experiment 2 and the design of Experiment 1 is 

that the two levels of the factor Task (T) changed into priming tasks.  The 

following three factors were controlled in Experiment 2: Task (phonological 

priming, PP vs. semantic priming, SP), Lexical Frequency (high lexical 

frequency vs. low lexical frequency) and Word-initial Syllable Probability (high 

S1 Probability vs. low S1 Probability).  

        The stimuli used in Experiment 2 include Item Set 3 and Item Set 4 described 

in section 2.3.  Table 2.8 provides the method for data collection of Experiment 

2. As can be noted in Table 2.8, the same participant was tested on different tasks 

for different items. This method of data collection in Experiment 2 is similar to 

the method used in Experiment 1.  
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 Item Set 3 Item Set 4 

Participant Group 1 PP SP 

Participant Group 2 SP PP 

Table 2.4 Data Collection Method for Experiment 2 

 

2.6.4 Participants 

 

The same participants who participated in Experiment 1 also participated in 

Experiment 2. 

 

2.6.5 Experimental Tasks 

 

For both the SP task and the PP task, the exact same visual-audio procedures were 

applied. The basic task can be summarized as the following steps: pay attention 

to a Chinese character on the screen, listen to an auditory sound file, and make a 

judgment about the auditory sound by pressing a Yes or No button designated on 

the computer key board. For both tasks, the participants were asked to pay 

attention to the visual information, as it will aid them with the judgment; they 

were asked to judge whether the sound file they hear is an existing word in 

Modern Mandarin Chinese or not as accurately and fast as they can. 

        A detailed description of the task procedures is given here. To start a trial, 

the fixation mark ‘++’ appears in the middle of the computer screen presented in 

front of the participants for 500 milliseconds to help the participants focus their 

visual attention. The reason to use two ‘+’s here is due to the fact that many 

Chinese characters actually composes of two parts, called the radicals. A single 

‘+’ does not cover all the space that a single Chinese character occupies on the 

screen, whereas two ‘++’ provides a better visual preparation for the participants 

for the incoming Chinese character as the visual prime. After the fixation mark, 

a priming character immediately appears visually at the same place where the 

fixation mark was on the screen. The visual priming character in the form of 

Chinese orthography is presented in black with the font size 26 for 85ms, after 
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which it was covered by the fixation mark ‘++’ again. The target compound word 

was presented 25 milliseconds after the second appearance of ‘++’ via the 

headphones, and the reaction time was measured at the onset of the sound 

presentation, the onset of the target compound word. After the presentation of the 

target word, the fixation mark ‘++’ will continue for approximately another 800 

to 1000 milliseconds while waiting for the participant’s response.   

 

2.6.6 Results 

 

The same mixed-effects analyses were carried out in Experiment 2 as those in 

Experiment 1. 

 

2.6.6.1 RT 

 

Fig 2.8 provides the mean RT measurement for all conditions in Experiment 2.  

First, a significant effect of Task was found: compounds were responded 

faster in the task of PP than in the task of SP (β = 38.67, SE = 9.96, t = 3.88). 

Second, a significant effect of Lexical Frequency was found: high frequency 

compounds were processed faster than low frequency compounds (β = 44.09, 

SE = 21.5, t = 2.05). Third, some interaction effects were found for the RT 

measurement in Experiment 2. Not only Lexical Frequency has an interaction 

effect with Task (β = −25.53, SE = 11.57, t =−2.21), but also S1 Frequency has 

an interaction effect with Task (β = −28.99, SE =11.3, t = −2.57).  Furthermore, 

a three-way interaction was found for all three factors (β = 33.348, SE = 16.1, 

t = 2.07).  

        Below is a description of the interactions. From Figure 2.8, first, by 

comparing the two sub-plots within the left column in which the S1 Frequency 

remained in the High condition, we can notice the directions of the interaction 

between Lexical Frequency and Task. For compounds of high lexical frequency, 

the mean RT for the PP condition is around 920 milliseconds whereas the RT for 

the SP condition is around 955 milliseconds. In other words, compounds of high 
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lexical frequency and high S1 frequency (the HH group of words) were 

responded to about 35 milliseconds faster in the task of PP than in the task of SP. 

For compounds of low lexical frequency, the mean RT for the PP condition is 960 

milliseconds whereas the mean RT for the SP condition is 970 milliseconds. In 

other words, compounds of low lexical frequency and high S1 frequency (the LH 

group of words) were responded to slightly faster in the PP task than in the SP 

task, only 10 milliseconds difference. To summarize, HH words show a larger 

Task effect whereas LH words show a smaller Task effect.  

        Second, from Figure 2.8, by comparing the two sub-plots within the right 

column in which the S1 Frequency remained in the Low condition, we can find 

the interaction directions between Lexical Frequency and Task. For compounds 

of high lexical frequency, the mean RT is about 920 milliseconds in the PP 

condition whereas the mean RT is about 930 milliseconds in the SP condition. In 

other words, compounds of high lexical frequency and low S1 frequency (the HL 

group of words) were responded to about 10 milliseconds faster in the PP task 

than in the SP task. For compounds of low lexical frequency, the mean RT is about 

980 milliseconds in the PP condition whereas the mean RT is about 1000 

milliseconds in the SP condition. In other words, compounds of low lexical 

frequency and low S1 frequency (the LL group of words) were responded to 

about 20 milliseconds faster in the PP task than in the SP task. To summarize, HL 

words show a smaller Task effect whereas LL words show a larger Task effect. 

        To summarize, depending on the S1 Frequency, the interaction between 

Lexical Frequency and Task was in the opposite directions, although compounds 

were constantly responded faster in the PP task then in the SP task. When the S1 

Frequency is high, the Task effect was larger for the High Lexical Frequency 

group than for the Low Lexical Frequency group. When the S1 Frequency is low, 

the Task effect was larger for the Low Lexical Frequency group than for the High 

Lexical Frequency group instead.  
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Figure 2.8 Mean RTs by Experimental Conditions in Experiment 2 

 

2.6.6.2 Accuracy 

 

Figure 2.9 provides the mean percent correct by experimental conditions in 

Experiment 2. None of the factors or the interaction among them was significant 

for the accuracy measurement in Experiment 2. 
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Figure 2.9 Mean Percent Correct (Accuracy) by Experimental Conditions of 

Experiment 2 

 

2.6.7 Summary and Discussion 

 

Experiment 2 aimed to test the hypotheses that compound words of high lexical 

frequency have an advantage in the meaning-based task (Semantic Priming, SP) 

over the sound-based task (Phonological Priming, PP); on the other hand, 

compound words of high S1 probability have an advantage in the sound-based 

task (PP) over the meaning-based task (SP). The results on the analysis of the 

accuracy measurement did not support the above hypothesis. However, the 

analysis on RT supports the hypotheses stated above. Specifically, the interaction 

effects between the Task, Lexical Frequency and S1 Probability found on the RT 

measurement in Experiment 2 replicated the finding in Experiment 1 such that 
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linguistic probabilities at different levels have different effects on different tasks, 

further supporting the idea of functional trade-off between sound and meaning 

components during language processing, further discussed in Chapter 5. 

 

2.7 Conclusion 

 

In this chapter, two experiments were conducted to test the dual-route theory of 

speech comprehension. In both experiments, two sets of tasks, whether the task is 

sound-based or meaning-based, were contrasted. In experiment 1, LD and SM 

were adopted for task comparisons. In experiment 2, PP and SP were adopted for 

task comparisons. Results of the both experiments showed that word-level 

frequency and syllable level probabilities have opposite effects in different 

experimental tasks. Words with a high lexical probability, compared to words of 

low lexical probability, showed an advantage in the meaning-based task, but not 

the sound-based task. Words with a high S1 probability, compared to words of 

low S1 probability, showed an advantage in the sound-based task, but not in the 

meaning-based task. The varying effects of different linguistic probabilities in 

these tasks supports the idea of functional trade-off between sound and meaning 

components during language processing of speech. 
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3 EFFECTS OF SEMANTIC TRANSPARENCY AND EXPERIMENTAL 

TASK 

 

 

 
3.1 Introduction 

 
This chapter presents two experiments, Experiment 3 and 4, to test the dual-route 

theory of language comprehension from the perspective of semantic 

transparency. Specifically, I conduct an investigation on how semantic 

transparency and experimental task affect speech comprehension of Chinese 

compounds. 

Two versions of hypotheses are possible for the effects of semantic 

transparency during compound processing. If the whole-word hypothesis were 

true, I predict that opaque words tend to be processed as whole-word form 

compared to transparent words, and therefore are more efficient to be processed 

via the direct form-to-meaning route, and have an advantage in meaning-based 

tasks than in the sound-based tasks. To the contrary, transparent words are more 

efficient to be processed via the form-to-articulation route, and have an advantage 

in sound-based tasks than in the meaning-based tasks. Alternatively, if the 

compositionality hypothesis were true, I predict that both transparent and opaque 

words show no distinction in the form-to-articulation route and behave similarly 

in sound-based tasks, whereas the opaque words takes a re-analysis step in the 

form-to-meaning route, and hence are processed slower with less accuracy in the 

meaning-based tasks than in the sound-based tasks. 

Similar to Experiment 1 and 2, I utilize the exact same tasks for Experiment 

3 and Experiment 4, respectively. In experiment 3, auditory Lexical Decision 

(LD) is used as the meaning-based task, contrasted with Syllable Monitoring 

(SM) as the sound-based task. In experiment 4, cross-modal visual-audio 

Semantic Priming (SP) and cross-modal visual-audio Phonological Priming (PP) 

are used as the meaning-based task and the sound-based task respectively. 
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3.2 Experiment 3 

 
3.2.1 Hypotheses 

 

If the whole-word hypothesis were true, in experiment 3, it is expected that 

transparent words are responded faster and more accurately in the task of SM 

than in the task of LD; in contrast, opaque compound words are expected to be 

responded faster and more accurate in the task of LD than in the task of SM. 

Alternatively, if the compositionality hypothesis were true, it is expected that 

transparent words and opaque words are not responded to differently in the 

sound-based tasks, but the opaque words are responded to much slower with less 

accuracy than transparent words. 

 

3.2.2 Subgrouping Stimuli for Experiment 3 and 4 

 

Three hundred and twenty real bi-syllabic compound words in Modern Mandarin 

were manually selected from previously published research (Gao B., 2004; Yu 

L.X., 2006; Wang D. Q., 2013) and from the Modern Chinese Lexical Dictionary, 

to be used in experiment 3 and experiment 4. These selected words do not overlap 

with any of the words used in Experiments 1 and 2. Among these words, half are 

transparent words and half are opaque words. The opaque words are hand 

selected by the author with a strict standard, while semi-opaque words are not 

included. The same subgrouping algorithm as described in section 2.3.2 was also 

applied to these 320 real words. The sub-grouping algorithm was applied twice, 

for 160 transparent words and for 160 opaque words respectively, to reach an 

optimum subgrouping among these 320 words. The distribution of the resulting 

subgroups for the 4 item sets are given in Figure 3.1 and Figure 3.2. 
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Figure 3.1 Sub-grouping of Transparent and Opaque Stimuli into 4 Item Sets, An 

Overlaying View. X-axis, log of S1 probability; Y-axis, log of Lexical Frequency. The 

four colors represent the four sub-categories/Item Sets after applying the sub-grouping 

technique. 

 

Figure 3.2 Sub-grouping of Transparent and Opaque Stimuli into 4 Item Sets, A 

Separate View. X-axis, log of S1 probability; Y-axis, log of Lexical Frequency. The 

four colors represent the four sub-categories/Item Sets after applying the sub-grouping 

technique.  
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The four colors represent each subgroup after the application of the sub-grouping 

algorithm. Some of the stimuli (10 out of the 160 words) were found overlapping 

with those used in Experiment 1 and 2, and were replaced by different stimuli 

that do not overlap with any used in Experiment 1 and 2. These graphs represent 

the final selection of the stimuli after replacement to avoid overlapping of stimuli 

between different experiments. 

 

3.2.3 Stimuli 

The stimuli used in Experiment 3 include Item Set 1 and Item Set 2 illustrated in 

Figure 3.1 and Figure 3.2 in section 3.2.2. In addition to the 160 real words from 

Item Set 1 and Item Set 2, 160 nonwords were created as fillers for experiment 

3.  None of the nonwords in Experiment 3 overlap with any nonwords used in 

Experiment 1, Experiment 2, or Experiment 4. All stimuli were recorded and 

processed according to the procedure explained in section 2.4. 

 

3.2.4 Participants 

The same two groups of participants who attended Experiment 1 and 2 also 

participated Experiment 3, in the order of Experiment numbers. This 

arrangement is to avoid any syllable priming effects from stimuli in 

Experiment 3 and 4 on responses in Experiment 1 and 2, if Experiment 3 and 

4 were conducted on the same participant before Experiment 1 and 2 were 

conducted.  

 

3.2.5 Tasks 

 

The exact same two tasks used in experiment 1 were also used in experiment 3, 

including auditory Lexical Decision (LD) as the meaning-based task and Syllable 

Monitoring (SM) as the sound-based task. The procedures were the same as those 

described in section 2.5.5. 
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3.2.6 Factorial Design and Data Collection Method 

The factorial design is a 2 (Compound Type: Transparent vs. Opaque) × 2 (Task: 

LD × SM) design. The two stimuli sets involved are Item Set 1 and Item Set 2 

described in section 3.2.2. The data were collected while the participant group 

responded to different item sets for different tasks, as shown in Table 2.2. 

 

 Item Set 1 Item Set 2 

Participant Group 1 LD SM 

Participant Group 2 SM LD 
 

Table 3.1 Data Collection Method for Experiment 3 

  

3.2.7 Results 

 

Following Barr et al. (2013), maximal mixed-effects regression analyses were carried 

out on data collected in Experiment 3, in which Compound Type and Task were 

included as fixed-effects factors and participants and items as random-effects 

factors. Again, the lmer function from the lme4 library (Bates et al., 2014) of R 

was used to analyze the RT data, and the glmer function from the lme4 library 

(Bates et al., 2014) of R was used to analyze the accuracy data.  

 

3.2.7.1 RT 

 

Figure 3.3 provides the mean RT by experimental conditions in Experiment 3. 

Comparing the two sub-plots in Figure 3.3, it can be observed that for both 

opaque and transparent compounds, clearly the response time is faster in the task 

of SM than in the task of LD. Comparing the opaque compounds with transparent 

compounds within each subplot, for the task LD, transparent compounds were 

responded faster (about 50 millisecond difference) than opaque compounds, 

whereas for the task of SM, not much response time difference was found. The 

statistical analysis for the RT measurement supports all of the above 
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observations. Table 4.5 shows that a significant effect was found for the factor 

Compound Type (β = −44.4, SE = 13.02, t = −3.41), as well as for the factor 

Task (β = −240.98, SE = 14.38, t = −16.76), and the interaction between the 

two (β = 43.43, SE = 8.4, t = 5.17). 

 

 

 

Figure 3.3 Mean RTs by Experimental Conditions in Experiment 3 



94 

 

 

 

Figure 3.4 Mean Percent Correct (Accuracy) by Experimental Conditions of 

Experiment 3 

 

3.2.7.2 Accuracy 

 

Figure 3.4 shows that for both the sub-plots, transparent words are always 

responded to with higher percent correct than opaque words. Such a response 

difference between the two compound types is larger for the task of LD than the 

task of SM. In other words, the difference between opaque compounds and 

transparent compounds remains only in the meaning-based task, LD in this case. 

When the task switches to the sound-based task, namely SM, such a difference 

between different compound types diminishes. The statistical analysis for 

accuracy supports the above observation. Significant effects for both the factor 

Compound Type (β = 0.59, SE = 0.18, z = 3.2, p = 0.0013) and the factor Task 
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(β = 0.69, SE = 0.09, z = 7.82, p < 0.001) were found, and the interaction 

between the two (β = −0.26, SE = 0.125, z = −2.09, p = 0.037) were also found. 

 

3.2.8 Summary and Discussion 

 

In Experiment 3, I tested the effects of semantic transparency and experimental 

task during native Mandarin speakers’ comprehension of auditory compound 

words in Modern Mandarin Chinese. I found evidence for the role of semantic 

transparency during auditory processes. The results indicate that opaque 

compounds were processed less accurately and much more slowly than 

transparent compound words. This difference between the opaque compounds 

and transparent compounds tends to only occur only in the task of LD (auditory 

lexical decision). When the task switch to SM (syllable monitoring), such a 

difference diminishes or disappears. 

        From these results, we can discuss a few implications. First, the effect of 

semantic transparency found in the task of LD in Experiment 3 provides 

evidence that transparent compounds are processed differently from opaque 

words, as was also found in the EEG experiments using the auditory oddball 

paradigm (MacGregor  and Shtyrov, 2013).  

        Second, the difference between different compound types suggests that 

auditory processes share some similarities to visual processes. Previous 

research  has found that transparent and opaque compounds are processed 

differently during online psycholinguistic tasks such as the visual lexical 

decision task with or without being presented under the priming context 

(Sandra, 1990; Libben et al., 2003; McQueen and Cutler, 1998; Laudanna and 

Burani, 1995; Marslen-Wilson et al., 1994; Schreuder and Baayen, 1997). 

Transparent words have been found to be easier to process (takes shorter RT to 

respond to) than Opaque words, and are easier to learn than Opaque words 

during L1/L2 acquisition. It has been found that opaque words require more 

contextual information to learn than transparent words. Third, we extend such 

previous findings in the direction that such a difference between transparent 
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words and opaque words are restricted to meaning-based experiment tasks. 

When the task is lexical decision, such a difference among two compound 

types is apparent. However, when the task is switched to a sound-based task, 

here SM, such a difference disappears. The finding that the processing 

difference between transparent vs. opaque compounds is sensitive to 

experimental task is evidence for the dual-route speech theory. In particular, 

results of this experiment support the compositionality hypothesis instead of the 

whole-word hypothesis.   

 

3.3 Experiment 4 

 
Experiment 4 was designed to further test whether compound processing is based 

on the whole-word approach or the compositionality approach. Different from 

Experiment 3, in Experiment 4, the tasks are changed to semantic priming (SP) 

and phonological priming (PP). These two experimental tasks are exactly the 

same as those used in Experiment 2. The linguistic stimuli were also different 

between Experiment 3 and Experiment 4.  

 

3.3.1 Hypotheses 

 

If the whole-word hypothesis were true, I expect that opaque words are processed 

faster and more accurately in the SP task (meaning-based) than in the PP task 

(sound-based); transparent words are processed faster and more accurately in the 

PP (sound-based) task than in the SP (meaning-based) task. Alternatively, if the 

compositionality hypothesis were true, I expect that opaque words and transparent 

words are not processed different in the PP (sound-based) task; in the SP 

(meaning- based) task, I expect that opaque words are processed much slowly with 

less accuracy than transparent words are. 

 

3.3.2 Stimuli 

 

The stimuli used in this experiment include Item Set 3 and Item Set 4 from Figure 
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3.1 and Figure 3.2 according to the selection procedure is discussed in section 

3.2.2. Similar to stimuli used in Experiment 3, in addition to the 160 real words 

from Item Set 1 and Item Set 2, another 160 nonwords were created to be used as 

fillers. None of the nonwords overlap with the nonwords used in Experiment 1, 2, 

or 3. All stimuli were recorded and processed according to the procedure explained 

in section 2.4. 

 

3.3.3 Participants 

 

The same two groups of participants who took part in Experiment 1, 2, and 3 

also participated in Experiment 4, with the order of participation according to 

the experiment numbers. 

 

3.3.4 Tasks 

 

The exact same two experimental tasks used in experiment 2 were also used in 

experiment 4. 

 

3.3.5 Factorial Design and Data Collection Method 

The factorial design is 2 (Compound Type: Transparent vs. Opaque) × 2 (Task: 

SP vs. PP). Similar to experiment 1, 2 and 3, the same data collection method 

was used and described in table 3.3. 

 

 Item Set 3 Item Set 4 

Participant Group 1 PP SP 

Participant Group 2 SP PP 
 

Table 3.2 Data Collection Method for Experiment 4 

3.3.6 Results 
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Figure 3.5 Mean RTs by Experimental Conditions in Experiment 4 

 

 

3.3.6.1 RT 

 

Figure 3.5 provides the mean values for RT data collected in Experiment 4.  It 

was found that compounds were processed faster (about 45 milliseconds) 

in the task of PP than in the task of SP (β = 34.22, SE = 11.04, t = 3.1). 

This finding is consistent with all the RT results in the other three 

experiments. No significant effects were found for Compound Type or the 

interaction between Task and Compound Type.  

 

3.3.6.2 Accuracy 

 

Figure 3.6 shows the mean percent correct (Accuracy) values of the data 
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collected in Experiment 4. The mixed effects analysis on the accuracy data 

showed no significant effects of Task, Compound Type or the interactions 

among them. 

 

 
Figure 3.6 Mean Percent Correct (Accuracy) by Experimental Conditions of 

Experiment 4 

 

3.3.7 Summary 

 

In this experiment, I tested the effect of semantic transparency and its interaction 

with experimental tasks during auditory processes of Mandarin compounds. I 

found a significant effect of Task in the measurement of RT, which is consistent 

with results from experiment 3, supporting the separation of two cognitive 

components during speech comprehension. Results from the accuracy analysis in 

Experiment 4, however, do not provide enough evidence to distinguish either the 

compositionality hypothesis or the whole-word hypothesis. 
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3.4 Conclusion 

 
In this chapter, I conducted two experiments to test how different tasks affect 

semantic transparency during speech comprehension of Mandarin compounds. In 

Experiment 3, the compositionality hypothesis rather than the whole-word hypothesis 

was supported. In Experiment 4, no clear distinction between these two types of 

hypotheses were supported by the data. The positive evidence supporting the 

compositionality hypotheses in Experiment 3 is consistent with the previous 

literature on opaque word processing, suggesting that opaque words are harder 

and take more time to process in lexical decision tasks, as compared to those of 

transparent words.  

        The findings in both Experiment 3 and Experiment 4 are also consistent with 

previous research that experiment tasks affect processing speed and accuracy, as 

discussed in section 1.5.4, supporting a dual-route theory of speech 

comprehension.
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4 TOWARDS AN INTEGRATIVE VIEW OF LANGUAGE THEORY 

 

 

 
4.1 Introduction 

 
In Chapter 1, the debate between the probability-based approach (Buiatti, 2009) 

and the rule-based approach (Ding, 2016) for online speech parsing was 

described. Alternatively, the integrative approach based on Townsend and Bever 

(2001) suggests that both linguistic probability and syntactic rules affect speech 

comprehension of sentences. To test which theory is supported by the data 

collected in Experiment 1-4, here in this chapter, I provide statistical analyses to 

test hypotheses distinguishing these three language processing theories. 

        Chapter 2 and chapter 3 in this thesis investigated the issue of speech 

comprehension of compounds from two separate point of views of linguistic 

theories independently, i.e. linguistic probability and semantic transparency (i.e. 

morpho-syntactic structure). Following the sentence comprehension model from 

Townsend and Bever (2001), here I ask the question whether the integration 

between probability and syntactic rules applies on speech comprehension of 

compounds in Modern Mandarin Chinese. For the comprehension of every 

compound, it can be the case that both linguistic probability and morpho-

syntactic structure simultaneously affect speech comprehension of compounds in 

Modern Mandarin. To conduct integrative analyses, multiple regression analyses 

that include both linguistic probability and semantic transparency as predictors 

in single regression models and variable selection procedures are appropriate 

statistical techniques to test these different linguistic theories.  

 

4.2 Structure of the Chapter 

 

The structure of the chapter is presented as below. In section 4.3, I provide 

integrative analyses using regression models that include not only the variables 
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of linguistic probabilities but also the variable of semantic transparency as 

predictors. For all the analyses in this Chapter, I change from categorical 

representations used in Experiment 1-4 into continuous variables for the encoding 

of linguistic probabilities, since the continuous probability values are available in 

the present study. Since no judgment data of semantic transparency was collected 

in this study, the categorical representations of semantic transparency remained. 

I leave it as future research to integrate judgment of degrees of semantic 

transparency into the integrative regression analyses. Variable selection 

procedures and methods of model comparison are conducted to test three views of 

speech comprehension: whether online speech comprehension of compounds 

relies on linguistic probabilities only, or semantic transparency only, or both. 

Last, implications of the integrative analyses are discussed in section 4.4. 

 

4.3 Distinguishing Different Language Theories: Methods for Model 

Comparison and Variable Selection 

 

4.3.1 Introduction, Data Recoding and Data Inclusion Criteria 

The following sections provide three different analytical methods to test which 

model(s) presented above are consistent with the RT and accuracy data I collected 

for Experiments 1-4 in this thesis. In order to conduct analyses in this section, 

first, all the real word stimuli in Experiment 1-2 are recoded by the author for 

their word types, including the OO, TT, OT and TO types. In addition, the 

probability information based on the same corpus described in section 2.2.1 for 

all the real word stimuli in Experiment 3-4 is also added by the author for 

analysis. In other words, for every word stimulus, both information of lexical and 

word-initial syllable probabilities, as well compound types, are simultaneously 

available for analysis. Again for the RT analyses, only correct responses to real 

words with RT smaller than 2000 milliseconds were included. For the Accuracy 

analyses, only responses to real words were included. Furthermore, the 

continuous probability values rounded up to 2 valid numbers were used in the 

regression model fittings in this chapter. 
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4.3.2 Analyses based on Model Comparisons Using the R anova function 

 

In this section, model comparisons based on the chi-square tests using the R 

anova function are conducted. First, mixed-effects regression models for speech 

comprehension of Mandarin compounds are constructed based on different views 

of language theory, provided below. 

  

A. Mixed-effects Regression Models for Speech Comprehension of Mandarin 

Compounds Based on Probability-based Language Theory: Speech 

Comprehension of Mandarin compounds relies only on the probabilistic 

distribution of linguistic units but not on whether syntactic chunking  is 

needed (i.e. compound type). The formalization of this model is provided 

below.  

 

Y1 = β1 Lexical Frequency+ β2 S1 Probability + β3 Task + γ1 

Participant + γ2 Item+ ε    

Y2 = logit-1(β1 Lexical Frequency+ β2 S1 Probability + β3 Task + γ1 

Participant + γ2 Item+ ε) 

 

Where Y1, Y2 refer to the dependent variables RT and Accuracy 

respectively collected from each experiment. The three fixed-effects 

variables in this regression model are Lexical Frequency, S1 Probability 

and Task. The two random-effects variables in this regression model are 

Participant and Item and ε represents the residuals.  

 

B. Mixed-effects Regression Models for Speech Comprehension of Mandarin 

Compounds Based on Rule-based Language Theory: Speech 

Comprehension of Mandarin compounds relies only on whether syntactic 

chunking is needed (i.e. compound type) but not on the probabilistic 

distribution of linguistic units. The formalization of this model is provided 

below. 
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Y1 = β1 Compound Type + β2 Task + γ1 Participant + γ2 Item+ ε 

Y2 = logit-1(β1 Compound Type + β2 Task + γ1 Participant + γ2  

Item+ ε) 

 

Where Y1, Y2 refer to the dependent variables RT and Accuracy 

respectively collected from each experiment. The two fixed-effects 

variables in this regression model are Compound Type and Task, the two 

random-effects variables in this regression model are Participant and Item 

and ε represents the residuals.  

 

C. Mixed-effects Regression Models for Speech Comprehension of Mandarin 

Compounds Based on Integrative Language Theory: Speech 

Comprehension of Mandarin compounds relies both on the probabilistic 

distribution of linguistic units and on whether syntactic chunking is needed 

(i.e. compound type). The formalization of this model is provided below. 

 

Y1 = β1 Lexical Frequency+ β2 S1 Probability + β3 Compound Type 

+ β4 Task + γ1 Participant + γ2 Item+ ε 

Y2 = logit-1(β1 Lexical Frequency+ β2 S1 Probability + β3 Compound 

Type + β4 Task + γ1 Participant + γ2 Item+ ε) 

 

Where Y1, Y2 refer to the dependent variables RT and Accuracy 

respectively collected from each experiment. The four fixed-effects 

variables in this regression model are Lexical Frequency, S1 Probability, 

Compound Type and Task. The two random-effects variables in this 

regression model are Participant and Item and ε represents the residuals.  

 

For each experiment, three mixed-effects models corresponding to each language 

theory were fit separately on the same data from each experiment, provided 

above. In the full model, both linguistic probabilities and compound types are 

included as the predictive variables. The full model is predicted by the integrative 

theory. The other two models were obtained by taking one or two predictive 



105 

 

variables away from the full model, both of which are reduced models. In the 

rule-based model, the variables concerning linguistic probabilities were 

eliminated from the full model. In the probability-based model, the variable 

concerning the semantic transparency of the compounds were eliminated from 

the full model. In all three models, the variable Task is always included as a fixed-

effect variable. In all three models, both the random variables, participants and 

stimuli items, were included as random intercepts.  

        The chi-square tests using the R ANOVA function were conducted to test 

the hypothesis whether the full model provides a significantly better fit than the 

other two reduced models. As is suggested by Werner and Schermelleh-Engel 

(2010), this chi-square test only makes sense if one model (i.e. reduced) is 

obtained simply by fixing/eliminating parameters in the other (i.e. full) model. 

This is why this chi-square test comparing the probability-based model and rule-

based model does not apply here, because in this comparison, there is no full 

model. 

 

Exp. 
Rule-based Model  

vs. Full Model 

Probability-based Model vs. 

Full Model 

Exp 1 RT χ2(2) = 43.24, p < 0.001 ∗ ∗∗ χ2(3) = 2.26, p = 0.52 

 Accuracy χ2(2) = 32.35, p < 0.001 ∗ ∗∗ χ2(3) = 5.36, p = 0.15 

Exp 2 RT χ2(2) = 9.61, p = 0.008 ∗ ∗ χ2(3) = 1.68, p = 0.64 

 Accuracy χ2(2) = 6.75, p = 0.034∗ χ2(3) = 2.3, p = 0.51 

Exp 3 RT χ2(2) = 13.59, p = 0.001 ∗ ∗ χ2(1) = 1.56, p = 0.21 

 Accuracy χ2(2) = 28.39, p < 0.001 ∗ ∗∗ χ2(1) = 6.03, p = 0.014∗ 

Exp 4 RT χ2(2) = 10.88, p = 0.004 ∗ ∗ χ2(1) = 1.37, p = 0.24 

 Accuracy χ2(2) = 15.198, p < 0.001 ∗ ∗∗ χ2(1) = 0.26, p = 0.61 

 

Table 4.1 Results for Model Comparisons Using Chi-square Tests for Exp1-4. 

Table cells with significant results represent cases where the full model provides 

a significantly better fitting than the reduced model under comparison. 

 

        Table 4.1 provides the results for the chi-square tests for all four 

experiments. All of the tests show that the integrative language theory is preferred 
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over the rule-based theory, but not probability-based theory, with only one 

exception:  the accuracy data in Experiment 3 showed that the integrative 

language theory is preferred over both the rule-based theory and the probability-

based theory.  

        In the next section, I provide a set of different analyses based on stepwise 

algorithms for variable selection to further test which language theory is more 

consistent with the empirical data collected from Experiment 1-4. 

 

4.3.3 Analyses based on Stepwise Variable Selection 

According to Chatterjee and Hadi (2015), in many cases, the variables to include 

in a multiple regression formula depends on particular theoretical situations and 

may need to be tested empirically. In other words, which set of predictors to apply 

for a particular data set may need to be tested empirically. Stepwise variable 

selection algorithms are explored to meet the needs of this problem using various 

criterion such as AIC (Akaike’s Information Criterion) and BIC (Bayesian 

Information Criterion). In this section, I will report results from stepwise variable 

selection analyses based on AIC using the function step from the FSA library 

(Ogle, 2016) of the statistical software R.  

        To conduct this analysis, first, all the raw data, including both RT and 

Accuracy, were averaged across all the participants. This aggregated data, e.g. 

mean RT and percent correct values, can be considered as data for the ‘ideal’ 

participant abstracted from all the participants who participated in the 

experiments reported in this thesis. Then general linear models were fit on the 

aggregated data with no need to include random factors. A null model and a full 

model were fit for the aggregated data for each experiment. The step function 

includes one variable at a time from the null model towards the full model, and 

calculates the AIC for each step. As long as the AIC is reducing, the algorithm 

keeps on adding more variables until the AIC no longer reduces, which ends up 

with a final model. Table 4.11 provides a summary of the variable selection steps 

for data of each experiment. As can be noticed from this table, in most cases, the 

first chosen variable is Log of Word Frequency, followed by Task, followed by 
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Compound Type, followed by Log of Word-initial-syllable Probability. In many 

cases, both the probability variable and the compound type variable are 

simultaneously included, providing evidence for an integrative view of language 

theory for online compound processing. 

 

Exp. Dependent 

Variable 

                      Independent Variables 

Log of Word 

Frequency 

Log of S1 

Probability 

Compound 

Type 

Task 

Exp. 1 Mean RT 2 (-23.46)   1 (-58.65) 

Percent Correct 1 (0.025)    

Exp. 2 Mean RT 1 (-11.57)   2 (10.77) 

Percent Correct 1 (0.017)  2 (-0.0087)  

Exp. 3 Mean RT 2 (-12.03)   1 (-110.24) 

Percent Correct 1 (0.0203) 3 (0.0254) 4 (0.00917) 2 (0.0287) 

Exp. 4 Mean RT 1 (-19.487)  3 (6.374) 2 (16.722) 

Percent Correct 1 (0.0256) 2 (-0.011)   

All Exp. Mean RT 1 (-16.55)  3 (3.775) 2 (-19.521) 

Percent Correct 1 (0.0223)   2 (0.0075) 

Table 4.2 Stepwise variable selection for final linear regression fittings on the 

measurement of mean RT and the measurement of percent correct values, both 

averaged among participants. Each row represents a single regression fitting. The 

Numbers outside parentheses represent the order of the variables selected for the 

final regression fittings. Coefficients for selected variables of final fittings are 

provided in the parentheses. Empty cells represent non-selection of the variable 

for the final model fittings. 

 

4.4 Summary and Discussion 

 

In this section, I have provided three different analyses on auditory processing of 

compounds in Modern Mandarin Chinese to test among three different language 

theories: the full model which supports an integrative language theory, the 

probability- based model which assumes that the emergence of linguistic 

structures are based on probabilistic distributions of the linguistic units, and the 

rule-based model which assumes that linguistic structures are segmented based 
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on syntactic rules that chain linguistic units together to form larger structures, the 

hierarchical syntactic structures. 

        The first analysis involves model comparisons using chi-square tests, and it 

was found that both the full-model and the probability-based model are preferred 

over the rule-based model based on our data. The second analysis involves 

stepwise variable selection procedures, and it was found that in many cases, 

though not in all cases, both the probability-related variables and the rule-related 

variable are included in model construction based on the AIC criterion. 

        Given that the data collected in the current experiments involve large 

numbers of rows of data, the rich data set provides solid basis of the construction 

of all of the three models.  Furthermore, the lacking of the rating of the semantic 

transparency of all linguistic stimuli by the same participants make the variable 

of compound type a categorical variable, indicating missing information in the 

current data set, which is one limitation of the current study. Nevertheless, the 

results do not reject the existence of the role of linguistic probability nor morpho-

syntactic structure (i.e. semantic transparency). For now, a more compromising 

and promising position is the integrative theory. 
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5 SUMMARY, DISCUSSION AND FUTURE RESEARCH 

 

 

 

5.1 Introduction 

 

This chapter contains a summary of the major findings of this thesis, followed by 

a discussion on the implications of the findings. Finally, possible future research 

is discussed. 

 

5.2 Summary of the Chapters 

 

5.2.1 Topic of the Thesis 

 

This thesis studies the cognitive and neuropsychological mechanisms behind 

speech comprehension of compound words in Modern Mandarin Chinese. 

 

5.2.2 Summary of Chapter 1 

 

Chapter 1 starts with a description of the debate between the probability-based 

vs. rule-based views of language theory starting with consideration of current 

neurological theories of language processing. It then revisited two recent sample 

research papers on this debate: one paper provides evidence for neurological 

signatures for the probabilistic dependencies after learning an artificial language 

and the other paper provides evidence for neurological signatures for syntactic 

chunking of the Chinese language when the probabilistic and the prosodic cues 

are controlled. The dual-route theory of speech comprehension is put forward, 

emphasizing the two neurological pathways, the dorsal stream and the ventral 

stream, each corresponding to the two cognitive processors during speech 

comprehension, the phonological processor and the semantic processor. A 

literature review of recent research on auditory word processing has shown that 

experimental tasks play an important role during language processing: highly 

probable word-initial syllables were found to have an inhibitory effect on 

recognition tasks, whereas the same type of syllables were found to have a 

facilitative effect on production tasks. A few selected studies using various ERP 

measurements also pointed out that experimental task affects only behavioral 
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measurements but not ERP measurements. 

        Next, the analytical feature of Mandarin Chinese is explained, stressing on the    

fact that most words in Mandarin Chinese are compounds, the word boundaries of 

the Chinese orthography are arguable and ambiguous, and the boundary between the 

syntax (rules for inter-lexical concatenation) and morphology (rules for intra-lexical 

concatenation) of the Chinese language is not clear. A literature review on compound 

processing is also provided, explaining that experimental tasks also affect the 

behavioral measurements of compound processing as well, depending on whether the 

task is a production task or a recognition task, or whether the task is a morpheme- 

repetition-priming task, a semantic-priming task or an ambiguous-morpheme-priming 

task. 

        I suggest that such similar discrepant findings, during processing mono- 

morpheme words and processing compound words, are not due to task modality 

(production vs. recognition), but rather, are due to whether the task taps into the 

semantic processing, the phonological processing, or both.  To test this argument, 

I proposed investigating Mandarin compounds by directly contrasting the sound-

based tasks with the meaning-based tasks. In both types of tasks, the recognition 

modality was used, with the only difference whether the task taps the 

phonological processing, or the semantic processing. I suggested that we 

investigate the two cognitive components from both the perspective of 

probabilistic aspect and the morpho-syntactic aspect of compounds words in 

Modern Mandarin Chinese. 

 

5.2.3 Summary of Chapter 2 

 

To investigate these two cognitive processors of language from the perspective of 

probability-based theory, Chapter 2 presents two experiments to investigate the 

Task (contrasting sound-based vs.  meaning-based tasks) effects during speech 

comprehension of bi-syllabic compound words in Modern Mandarin Chinese, 

while two levels of linguistic probabilities (word-initial syllable probabilities and 

word frequencies) are controlled. 
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        In Experiment 1, auditory lexical decision was utilized as the meaning- 

based task, whereas syllable monitoring was utilized as the sound-based task. 

Both tasks are recognition tasks, with the sound-based task involving forced-

choice judgment of the sound aspect of the target speech stimuli while the 

meaning-based task involving forced-choice judgment of the meaning aspect of 

the target speech stimuli. For the effect of Lexical Frequency, it was found that 

compounds of high lexical frequency were responded to more accurately and 

faster than low frequency compounds for both the lexical decision and syllable 

monitoring tasks. However, an interaction effect was found, in which the Lexical 

Frequency effect was larger in the lexical decision task than in the syllable 

monitoring task. For the effect of Word-initial Syllable Probability, an opposite 

pattern was found: compounds of high S1 Probability were found to be responded 

to more accurately but not faster than compounds of low S1 Probability, only in 

the task of syllable monitoring, but not in the lexical decision task. For the effect 

of Task, it was found that compounds were consistently responded faster in the 

syllable monitoring task than in the lexical decision task, disregarding the 

linguistic probabilities. 

        To summarize, a consistent pattern of response speed was found across the 

tasks, with the syllable monitoring task always responded to faster than the lexical 

decision task. As for accuracy measurement, opposite interaction patterns were 

found depending on the type the linguistic probabilities. For the whole-word level 

probability, namely Lexical Frequency, a facilitative effect for words of high 

lexical frequency was found in the lexical decision task, not the syllable 

monitoring task. For the syllable level probability, namely S1 probability, a 

facilitative effect for words of high S1 Probability was found in the syllable 

monitoring task, not the lexical decision task. I call such opposite findings 

between the multi-level linguistic probabilities the functional trade-off between 

the two language cognitive processors, the sound component and the meaning 

component. This finding is consistent with many language phenomena that 

support a functional tradeoff between the sound component and the meaning 

component, to optimize cognitive load of processing, discussed in section 5.3.1. 
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        In Experiment 2, a Semantic Priming task was utilized as the meaning-based 

task, whereas a Phonological Priming task was utilized as the sound-based task.  For 

both tasks, the SOA was set as 110 milliseconds. The results of this experiment reveal 

a three-way interaction pattern, supporting the idea of functional tradeoff between the 

sound component and the meaning component. Specifically, a larger Task effect was 

found for both the HH and LL words, and a smaller Task effect was found for the HL 

and LH words, despite the fact that words of High Lexical frequencies (HH and HL 

words) were always responded to faster than words of low Lexical frequencies (LH 

and LL words). 

        In summary, Chapter 2 provides two experiments that showed opposite 

effects of multi-level linguistic probabilities with regard to which type of task is 

involved, supporting the functional trade-off between the sound and the meaning 

components, further discussed in section 5.3.1. Chapter 2 also provided the RT 

evidence for the different speeds of the two cognitive processors, with the sound 

component being the faster processor whereas the meaning component being the 

slower processor. 

 

5.2.4 Summary of Chapter 3 

 

To investigate the two cognitive processors of language from the perspective of 

rule-based theory, Chapter 3 presents two sets of experiments to investigate the 

Task (contrasting sound-based vs. meaning-based tasks) effects during speech 

comprehension of bi-syllabic compound words in Modern Mandarin Chinese, 

while semantic transparency (transparent compounds vs. opaque compounds) is 

controlled. Two different hypotheses were predicted depending on whether 

opaque compounds are accessed as whole words (the whole-word hypothesis) or 

are first parsed into components before accessing the whole words (the 

compositionality hypothesis). 

        In Experiment 3, auditory lexical decision was adopted as the meaning- 

based task whereas syllable monitoring was adopted as the sound-based task. For 

the measurement of accuracy, it was found that opaque compounds were 
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responded with less accuracy than transparent compounds only in the lexical 

decision task, but not in the syllable monitoring task. For the measurement of RT, 

it was found that RT in the task of syllable monitoring was consistently 

approximately 200 milliseconds faster than RT in the task of lexical decision.  I 

interpret such results as confirming the compositionality hypothesis rather than the 

whole-word hypothesis. The results show clearly that the sound component is 

processed 200 milliseconds faster than the meaning component. Transparent and 

opaque words do not show much difference in the sound-based tasks, but 

transparent words were processed with significant higher accuracy and faster RT 

than opaque words in the meaning-based tasks. The interpretation of such a result 

suggests that the acoustic target was always treated as transparent words, whereas 

during semantic integration at a later stage, only opaque words show a need for 

a re-analysis, therefore more time is needed for access to opaque words than to 

transparent words. Further discussions on processing of opaque words, including 

how such morphological processing is similar to certain syntactic processing, is 

provided in section  5.3.3. 

        In Experiment 4, phonological priming was used as the sound-based task 

whereas semantic priming was used as the meaning-based task. For the 

measurement of accuracy, no significant effects were found. Consistent with 

other experiments in this thesis, the RT was found to be faster in the 

phonological priming task than in the semantic priming task. 

        To summarize, two sets of experiments were conducted to test the whole-word 

hypothesis or the compositionality hypothesis against the null hypothesis. Both 

sets of experiments provided evidence for the compositionality hypothesis. More 

discussion on this compositionality hypothesis is provided in section 5.3.3. 

 

5.2.5 Summary of Chapter 4 

 

Chapter 4 provides alternative analyses for data collected used in the four 

experiments presented in the previous chapters. The goal of Chapter 4 is to test 

which view(s) of language theory, including the rule-based theory, the 

probability-based theory, and the integrative theory, is supported by the speech 
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comprehension data of Mandarin Chinese I collected. Two different analyses 

were conducted to test which theory among the three candidates is preferred, 

including model comparisons using chi-square tests and stepwise variable 

selections for regression models. It has been found that the integrative theory is 

preferred over the other two. Future research is suggested to include gradient 

judgment of semantic transparency for analysis, which is a limitation of present 

study. 

 

5.3 Discussion 

 

5.3.1 Functional Trade-off between Sound and Meaning in Human 

Language 

 

Experiment 1 and 2 of this thesis showed that when lexical frequency is high and 

when word-initial syllable frequency is low, the processing time among the four 

type of words (HH, HL, LH and LL) is the fastest for both the sound-based task 

and the meaning-based task, and the timing difference of the two types of tasks 

is the smallest, suggesting that this type of words provide the most efficient and 

balanced processing for both cognitive components of language processing. I call 

the fact that word frequency and word-initial syllable frequency are in the 

opposite direction the functional trade-off between the sound component and the 

meaning component. In this type of word, it is more predictable for the meaning 

component (due to high lexical frequency) whereas it is less predictable for the 

sound component (due to low syllable frequency). This section provides a 

discussion on many human language phenomena that support such functional 

trade-off between the sound component and the meaning component. 

        The first widely available evidence is speech reduction (Fowler and Housum, 

1987), either due to linguistic probability or due to pragmatic contexts. When the 

meaning is more predictable, the acoustic sound or speech articulation gets reduced. 

First, there has been research showing that words are of higher lexical frequency 

tends to be produced less carefully, therefore providing less acoustic/articulatory 

information.  For example, in English ‘memory’ and ‘mammary’ are of identical 

phonological encoding, but the former is a high frequency word whereas the latter 

is a low frequency word. During the speech production of native English 
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speakers, the second vowel is produced closer to the schwa (the most neutral 

sound in the vowel space) in the first word than in the second word.  

        Second, the reduplication phenomenon of Mandarin compounds discussed 

in section 1.5.1 provides evidence for the functional tradeoff between sound and 

meaning. For words with reduplication, the two morphemes are of the exact same 

meaning. In other words, the meaning of the second morpheme is highly 

predictable given the first morpheme in these words. Therefore, the second 

morpheme of these words tend to be produced with a neutral tone. 

        Third, function words are among the most frequent words across languages. 

Function words usually describe the most frequent meanings, therefore, they are 

usually reduced during speech. 

        On the other hand, when meaning is the least predictable, more idiosyncratic and 

more context-specific, the acoustic sound gets more emphasized and articulated with more 

care. For example, the topicalization in Mandarin is a phenomenon of adding extra 

meaning to a particular sentence. Take a following sentence as an example: 

 

(4) 黄 桥  烧 饼       我   喜 欢     吃。 

 Pinyin:  huang2qiao2 shao1bing3 wo3 xi3huan1 chi1 

 

 Gloss: yellow-bridge burn-biscuit I happy-happy eat 

 

 Translation: ‘Yellow bridge biscuit I like to eat.’ 

 

        By taking the object phrase ‘yellow bridge biscuit’ to the front of the 

sentence, it means what I like to eat is the particular kind of biscuit only made in 

the town yellow-bridge, not other things. During speech of this utterance, the 

intonation stresses the phrase that is topicalized to express the extra meaning 

which is beyond the literal meaning of the utterance. Furthermore, by stressing 

different parts of the sentence using intonation, different meanings can be added 

onto the literal meaning of the sentence. 

        To summarize, in this section I have provided various language phenomena 

that support functional trade-off between sound and meaning. 
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5.3.2 Comparison between Processing Mono-morpheme Words and 

Processing Compound Words 

The second implication of the present study is the similarity and difference 

between processing mono-morpheme words and processing compound words. 

First, previous research has shown that multi-level linguistic probability affects 

auditory processing of single-morpheme words. The present study tested this on 

compound words instead, and replicated the opposite effects of linguistic 

probability at the word level and at the syllable level for compound words during 

lexical decision. This suggests that during speech processing, both single-

morpheme words and compound words share the similarity that linguistic 

probabilities at different levels affects processing: high lexical frequency facilitates 

meaning access whereas high syllable frequency increases competition among 

lexical candidates. 

        Second, Fiorentino (2006) found that mono-morpheme words differ from 

compound words in the sense that their MEG 350 components come a little later 

in time than those of the compound words, when both types are matched with 

word frequencies. They suggest that this is evidence for early decomposition 

analysis for compounds. In this study, mono-morpheme words are English bi-

syllabic words, therefore, meaning integration and confirmation occurs later at the 

second syllable. To the contrary, two-morpheme two-syllable words can start the 

meaning integration earlier, due to the fact that the first morpheme is disclosed in 

time earlier than the corresponding mono-morpheme words in this study. 

        Finally, similarity between processing opaque compounds and processing fake 

compound words can also be noticed. It has been found that compound nonwords 

with morphemic constituents consistently elicit long response times (Taft and 

Forster, 1976). Van Jaarsveld and Rattink (1988) and others have also shown that 

a novel compound’s lexical status and its interpretability affect response times. 

This finding for compound nonwords are the same for what is found for processing 

opaque compound words in this thesis. The mechanism of processing opaque 

words is discussed in the next section 5.3.3. 
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5.3.3 Garden Path during Parsing Opaque Words 

 

In experiment 3 and 4 of this thesis, it was found that opaque compounds were 

processed differently from transparent compounds. Specifically, opaque words 

were found to be processed with less accuracy than transparent words in the 

meaning-based tasks, not in the sound-based tasks. This finding not only supports 

that two separate cognitive components, the sound vs. the meaning components, 

exist during language processing, it also supports the garden path effect in parsing 

the morpho-syntactic structure in words, which is also consistent with the AXS 

theory. In this section, I will explain how online parsing of the morpho-syntactic 

structure of opaque words goes through a garden path effect, similar to parsing a 

garden-path effect sentence. A typical sentence of garden path effect from Bever 

(1970) is revisited here. 

 

(5) The horse raced past the barn fel l . 

 

A structural ambiguity is present at the moment of hearing the word raced during 

the temporal disclosure of speech of this sentence. The word raced can either be 

parsed as a main verb in the past tense form or be parsed as a past participle            

in a reduced relative clause. Since the structure of the [D N V] as the start of a 

sentence in English is the most frequently occurring type, a canonical form of 

syntactic structure (Townsend and Bever, 2001), the initial parser prefers such a 

canonical form over other possibilities. This is step one of parsing, a step of 

guessing the structure based on prior probabilistic distribution of syntactic 

structures in the target language. However, as the sentence is further disclosed up 

to the word fell, the initial parsing favoring the canonical form leads to a dead 

end, rejecting of the initial guess occurs and a re-analysis is called for. This is 

step two of parsing, a step of finding a dead end of the initial parsing and 

triggering a re-analysis. Parsing an opaque compound word during speech of 

Modern Mandarin Chinese also experiences such two steps: an initial guess step 

and a re-analysis step. Take the following opaque word for example: 

 

(6)   点 心 
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Pinyin: dian3 xin1 

Gloss: dot heart 

Translation: dessert 

 

        Upon the temporal point of disclosing the word-initial syllable dian3, the 

sound component of the language processor will successfully identify the sound 

target. However, structure ambiguity exists in multiple senses. At the end of 

disclosing the word-initial syllable dian3, the parser has to make guesses about 

the target word with regard to the following questions: first, which morpheme 

(sound-meaning pairing) does the syllable dian3 correspond to? Second, which 

syntactic structure does the target compound fit? To answer these questions, let’s 

first take a look at the corpus data. First, dian3 corresponds to three homophone 

characters (different orthographic logographs with the same pronunciation) in 

Modern Mandarin, all of which occur in the corpus described in section 2.2.1. 

Second, character form 1 corresponding to dian3, meaning ‘making an action just 

like to make a drop or a dot’, either used as a classifier or as a verb as a single 

morpheme by itself, and has the most frequency counts in the corpus, 5958. 

Finally, among all bi-syllabic compounds starting each one of the three 

homophone characters in the corpus, the most frequently occurred form is dian3 

xing2, whose word count is 872 and the first morpheme of whom is of character 

form 2. 

Character form 1 点: dian3 (drop, dot) – used as single-morpheme word whose 

count is 5958 in the corpus 

(7) 点头 - compound word whose word count is 346 

Pinyin: dian3tou2 

Gloss:  dot head 

Translation: nodding the head to show agreement 
 

Character form 2 典: dian3 (example) – used as single-morpheme word whose 

count is 67 in the corpus 
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(8) 典型 – compound word whose word count is 872 

Pinyin: dian3xing2  

Gloss: law   mold 

Translation: typical example 

 

Character form 3 碘: dian3 (iodine) – used as single-morpheme word whose 

count is 96 in the corpus 

 

(9) 碘酒 – compound word whose word count is 21 

Pinyin: dian3 jiu3 

Gloss: iodine alcohol 

Translation: iodine alcohol 

 

        Based on the above frequency counts, we can provide a 2-step analysis for 

the parser during speech comprehension of bi-syllabic words starting with the 

syllable dian3 in Modern Mandarin Chinese: 

        Step 1 Based on the frequency counts mentioned above, the parser will first 

make a guess of the incoming speech signal based on frequency information of 

various kinds. The parser will guess that the most frequently occurring bi-syllabic 

compound 典型 dian3 xing2 ‘typical example’ (872) is the target word, which is a 

transparent word composing of the [adjective adjective] structure. However, the 

incoming speech discloses that the second syllable of the speech is xin1, which 

differs in both the coda and the tone from the guessed syllable xing2, triggering a 

re-analysis. 

        Alternatively, the parser will guess that character form 1 is the first 

morpheme of the target compound, which is the most frequently occurring 

character as a single stand-alone free morpheme corresponding to the syllable 

dian3 (5958).   Since it is a bi-syllabic compound word, the parser will further 

guess the most frequently occurring word (346) among all bi-syllabic words 
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starting character form 1, 点头 dian3 tou2 ‘nodding head’, as the most possible 

target. However, the incoming speech discloses the second syllable to be xin1, 

which differs in all segments from the guessed candidates, hence a re-analysis is 

called for as well. 

        Step 2 In either case, the parser hits a garden path and triggers a re-analysis.     

A re-analysis is conducted by the meaning-based component to ask for a direct 

mapping between the whole sound sequence and the holistic meaning, leading to 

lexical access. This two-step lexical access of the speech form of Mandarin 

compound is very similar to the two-step parsing a garden path effect sentence. 

        To summarize, in this section I have showed how processing of opaque 

words in Mandarin Chinese is similar to parsing a garden path sentence. 

 

5.3.4 Independence to Task Modality: The Role of Mirror Systems during 

Speech Perception and Production 

As is discussed in section 1.4.2, previous studies have found both facilitative and 

inhibitory effects of high-probable word-initial syllables in different tasks that 

differ in modalities. Specifically, the inhibitory effect of such syllables was found 

in the lexical decision task (perception), and the facilitative effect was found in 

the naming task (production).  In chapter 2 of the present study, I showed the same 

opposite effects of highly probable word-initial syllables (Exp.1) by contrasting 

whether the task is a meaning-based task or a sound-based task, while the task 

modality always remains perception. This suggests that task modality is a specific 

case for whether the task is sound-based or meaning-based, and it is the attention 

modulation among the two neurological paths during each task that is causing 

such a contradictory effect. Therefore, the dual route theory of speech processing 

is supported by experimental designs that contrast sound-based tasks with 

meaning-based tasks. 

        Such results also support the idea that perception IS action, the function of 

mirror neurons, which were originally found in the area of the premotor area of 

monkey brains (Rizzolatti et al., 1996; Gallese et al., 1996). Although mirror 

neurons were found in monkeys, as human being are a species close to monkeys, 



121 

 

they may very possible have mirror systems as well. A recent TMS study by 

D’Ausilio et al. (2014) has tested the role of mirror neurons in speech perception 

by having listeners listen to syllables that involve front vs. back part of the tongue 

articulation (place of articulation of consonants or place of articulation in the 

vowel space for vowels) while stimulating the brain areas that either controls the 

front vs. back part of the tongue. It was found that while the articulation place of 

the speech stimuli is congruent with the corresponding brain areas stimulated by 

TMS, better perception performance was found than otherwise. 

        The idea of mirror neurons applied in the domain of speech means that 

perception of speech always involves inherent articulation. Therefore, the 

modality is not what is causing such contradictory effects observed for high-

probability word-initial syllables. Rather, it is the dual routes of speech 

processing that act as the cause. Such an argument can be tested by modulating 

the attention to each of the functional aspect of the dual routes, the sound 

components and the meaning components, via task contrasts. The results of 

Experiment 1 and 2 are in parallel with the literature discussed in section 1.4.2, 

providing inferential evidence for mirror neurons which act as the perception and 

production link during speech processing. 

 

5.3.5 Word Categories in English and Chinese: A Cognitive Processing 

Continuum? 

One implication of the present study is to provide a common cognitive 

explanation that can be used account for cross-linguistic variations on word 

categories. In this section, I will first provide a discussion on the comparison of 

word categories in English and Modern Mandarin Chinese, one being an 

inflectional language and the other an analytical language. I will then discuss that 

a common cognitive mechanism, the dual-component system, can be used to 

explain the surface differences of word categories in these two different 

languages. 

        English and Modern Mandarin Chinese represents two different language 

typologies. In English, inflection is used as a common language practice. A well-
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studied language case is the past tense inflection of English verbs. For example, 

in most cases, to construct a past tense form of a verb, a past tense bound 

morpheme pronounced [id] or [it] spelled as ‘ed’ is attached to the right side of 

the root form of the verb. This concatenation rule of chaining a verb root and an 

‘ed’ form together is applied to most English verbs, called regular verbs. Such a 

rule of past tense inflection in English has been considered productive, due to the 

fact that the application of this rule can be legitimately applied to any verb forms, 

including unfamiliar and novel verbs, as a default option, if no other alternative 

is available within the cognitive system of the language speaker. On the other 

hand, a small number (less than 200) of irregular verbs also exist in English. In 

the case of irregular verbs, the past tense forms of a verb cannot be formed by the 

‘ed’ rule based on the infinitive verb forms. For example, the past tense of go is 

went, which share no identical phonological material. The past tense inflection of 

the verb go in English represents the extreme of irregularity. For most irregular 

verbs, they actually behave in a manner called quasi-regularity, defined as ‘the 

tendency for an exception to exhibit aspects of the regular pattern’ (McClelland 

and Patterson, 2002). A list of quasi-regularity of irregular verbs can be found in 

McClelland and Patterson  (2002).  

        Pinker and Ullman (2002) proposed the words-and-rule theory, in which 

regular verbs and irregular verbs were considered completely different in terms 

of memory storage: regular verbs were assembled productively via rules whereas 

irregular verbs were just like other words and stored as whole units in memory. 

McClelland and Patterson (2002) argued against such a clear-cut treatment 

between regular and irregular verbs in English, due to the quasi-regularly 

phenomena of English past-tense verbs. Instead, McClelland and Patterson 

(2002) proposed a connectionist ‘single-mechanism’ approach. Here I argue that 

the distinction between regular and irregular verbs in English is similar to the 

distinction between transparent and opaque compounds in Mandarin Chinese. 

This assumption is in fact essential to the claim that the distinction between 

opaque and transparent words taps rule effects. Specifically, in both languages, 

one word category is productive (regular verbs in English and transparent 
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compounds in Mandarin) whereas the other is based on rote memory (irregular 

verbs in English and opaque compounds in Mandarin). Furthermore, the 

productive word category contains the majority of the lexicon, whereas the other 

word category includes only very limited few lexical items as exceptional cases. 

Finally, the category boundaries among the two types of words in each language 

are gradient. Irregular verbs sometimes behave quasi-regular, whereas opaque 

words in many cases are semi-opaque. 

        I propose that the dual cognitive processors, the separate sound and meaning 

components, and the dynamics between the two cognitive processors, are the 

basis for particular kinds of word categorization across two languages. I propose 

that a cognitive continuum based on the dynamics of processing difficulty and 

processing speed of the two processors act as the norm for word categorization. 

The irregular verb in English represent cases for the fastest and the easiest lexical 

access. In cases of irregular verbs, the infinitive verb forms are of high word 

frequency, indicating most frequently used meanings of action in English. 

Whereas the meaning of past tense inflection, as a grammatical need for utterance 

construction, is a very frequently used meaning in English as well. Since this is a 

case of combination of two very frequent meanings, the sound encoding of both 

meanings concatenated is reduced into single syllable morphemes instead of 

sound concatenation of multiple syllables. The productive words in both English 

and Mandarin represent lexical access of a median level of speed and difficulty. 

Therefore, for most verbs of median frequency, the sound encoding of the 

meaning concatenation of verb and past tense therefore follows the -ed 

concatenation rule. And finally, the opaque compound words in Mandarin 

Chinese represent the slowest and most difficult processes to lexical access. As is 

discussed in section 5.3.3, accessing opaque words require a garden path step and 

a re-analysis step, therefore requiring more processing time. Finally, such a 

processing continuum for different word categories are modulated by sentential 

contexts. Specifically, the utterance context provides predictions on what 

possible meaning the incoming target word may be conveying. Such predictions 

on the most possible meaning under pragmatic contexts interacts with the 
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incoming sound information, of which process the dynamics between possible 

meaning prediction and sound disclosure together determines the processing 

speed and difficulty. 

 

5.4 Future Research 

 

The present study has investigated the Task effect during speech comprehension 

of compound words in Modern Mandarin Chinese, and provided evidence for two 

separate cognitive processors, the sound component and the meaning component, 

working in parallel for decoding the two different functional aspects of speech. 

These two cognitive processors are considered to be in charge of the decoding of 

the meaning aspect of speech and the decoding of the sound aspect of speech 

respectively. Based on the findings of the present study, future research may 

possibly explore the following questions further. 

1. Functional-tradeoff between Sound and Meaning. How can the functional 

trade-off between sound and meaning be tested under sentence context? 

How do linguistic probabilities interact with pragmatics for word 

comprehension during continuous speech? What are the sound changes 

during speech that respond to syntactic patterns/restriction, and how can 

these phenomena of sound changes be understood from the perspective of 

function trade-off between sound and meaning? What are the meaning 

changes during speech that are subjective to sound changes, and how can 

these phenomena be understood from the perspective of functional trade-

off between sound and meaning? What other experimental designs can be 

used to test the functional trade-off between sound and meaning? How 

about other methodologies such as neurological measurements and corpus 

analysis? 

2. Cross-linguistic Variations. What are the processing differences between 

function words and content words across languages from the perspective of 

dual-route theory? What processing mechanisms cause the typological 

differences across languages? What makes a psychological ‘word’ cross-

linguistically? 
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3. Difficulty during Parsing and Meaning Ambiguity. How can one explain 

meaning ambiguity either in the form of multiple possible structural parsing 

or multiple form-meaning mappings under the framework of dual-route 

theory? What evidence can be found by methods of neurological 

measurements? 

4. Literal and Implicational Meanings. What are the neuropsychological 

mechanisms that help language users to generate both literal meanings and 

implicational meanings under the framework of dual-route theory? 

5. Speech Production and Perception. Under the framework of dual-route theory, 

what are the similarities and differences between speech production and 

perception based on findings of neurological activations? How can such 

findings shed light on language acquisition processes and language evolution? 

6. Computational Simulations and Practical Applications. What computational 

simulations and practical applications can be conducted based on the dual- 

route theory? How can such research benefit language pedagogy, patients 

of language disorders, speech pathologists, etc.? 
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N̈ ä atä nen, R. and K. Alho (1995). Mismatch negativity-a unique measure of sensory 

processing in audition. International Journal of Neuroscience, 80(1-4), pp. 317– 

337. 

Newport, E. L. and R. N. Aslin (2004). Learning at a distance I. Statistical 

learning of non-adjacent dependencies. Cognitive psychology, 48(2), pp. 127–

162. 

Norris, D. (2006). The Bayesian reader: explaining word recognition as an 

optimal Bayesian decision process. Psychological review, 113(2), p. 327. 

Ogle, D. H. (2016).  FSA: Fisheries Stock Analysis.  R package version 0.8.5. 

Okada, K. and G. Hickok (2006).  Identification of lexical-phonological networks in 

the superior temporal sulcus using functional magnetic resonance imaging. 

Neuroreport, 17(12), pp. 1293–1296. 



133 

 

Paap, K. R. and R. W. Noel (1991). Dual-route models of print to sound: Still a 

good horse race. Psychological research, 53(1), pp. 13–24. 

Pena, M., L. L. Bonatti, M. Nespor, and J. Mehler (2002). Signal-driven computations 

in speech processing. Science, 298(5593), pp. 604–607. 

Pierrehumbert, J.B. (2006).  The next toolkit.  Journal of Phonetics, 34(4), pp. 

516–530. 

Pinker, S., & Ullman, M. T. (2002). The past and future of the past tense. Trends in 

cognitive sciences, 6(11), 456-463. 

Plaut, D. C., J. L. McClelland, M. S. Seidenberg, and K. Patterson (1996). 

Understanding normal and impaired word reading: computational principles in 

quasi-regular domains. Psychological review, 103(1), p. 56. 

Poeppel, D. (2003). The analysis of speech in different temporal integration 

windows: cerebral lateralization as asymmetric sampling in time. Speech 

communication, 41(1), pp. 245–255. 

Pylkkanen, L. and A. Marantz (2003). Tracking the time course of word recognition 

with MEG. Trends in cognitive sciences, 7(5), pp. 187–189. 

Python, F., Software (2015). Python Language Reference, version 2.7. 

Rastle, K. and M. H. Davis (2008). Morphological decomposition based on the 

analysis of orthography. Language and Cognitive Processes, 23(7-8), pp. 942–971. 

Rizzolatti, G., L. Fadiga, V. Gallese, and L. Fogassi (1996).  Premotor cortex and 

the recognition of motor actions. Cognitive brain research, 3(2), pp. 131–141. 

Roodenrys, S. and M. Hinton (2002). Sublexical or lexical effects on serial recall of 

nonwords? Journal of Experimental Psychology: Learning, Memory, and 

Cognition, 28(1), p. 29. 

Saffran, J. R., R. N. Aslin, and E. L. Newport (1996a). Statistical learning by 8-

month-old infants. Science, 274(5294), pp. 1926–1928. 

Saffran, J. R., E. L. Newport, and R. N. Aslin (1996b). Word segmentation: The 

role of distributional cues. Journal of memory and language, 35(4), pp. 606–

621. 

Sandra, D. (1990). On the representation and processing of compound words: 

Automatic access to constituent morphemes does not occur.  The quarterly journal 

of Experimental Psychology, 42(3), pp. 529–567. 

Saussure, F. D. (1916). 1966. Course in general linguistics. 

Schreuder, R. and R. Baayen (1995). Modeling morphological processing. 

Morphological aspects of language processing, pp. 131–154. 



134 

 

Schreuder, R. and R. H. Baayen (1997). How complex simplex words can be. 

Journal of memory and language, 37(1), pp. 118–139. 

Seidenberg, M. S. (1987). Sublexical structures in visual word recognition: 

Access units or orthographic redundancy? 

Seidenberg, M. S. (1989). Reading complex words. In Linguistic structure in 

language processing, pp. 53–105. Springer. 

Seidenberg, M. S. (1994).  Language and connectionism:  The developing 

interface. Cognition, 50(1), pp. 385–401. 

Seidenberg, M. S., G. S. Waters, M. A. Barnes, and M. K. Tanenhaus (1984). When 

does irregular spelling or pronunciation influence word recognition? Journal of 

Verbal Learning and Verbal Behavior, 23(3), pp. 383–404. 

Shallice, T. and R. McCarthy (1985). Phonological reading: From patterns of 

impairment to possible procedures. Surface dyslexia, pp. 361–398. 

Shannon, C. E. (1951). Prediction and entropy of printed English. Bell system 

technical journal, 30(1), pp.  50–64. 

Shannon, C. E. (2001). A mathematical theory of communication. ACM SIGMO- 

BILE Mobile Computing and Communications Review, 5(1), pp. 3–55. 

Shoolman, N. and S. Andrews (2003). Racehorses, reindeer, and sparrows. Masked 

priming: The state of the art, pp.  241–278. 

Shtyrov, Y., L. Kimppa, F. Pulvermuller, and T. Kujala (2011). Event-related 

potentials reflecting the frequency of unattended spoken words: A neuronal 

index of connection strength in lexical memory circuits? Neuroimage, 55(2), 

pp. 658– 668. 

Shtyrov, Y., E. Pihko, and F. Pulvermuller (2005). Determinants of dominance: 

is language laterality explained by physical or linguistic features of speech? 

Neuroimage, 27(1), pp. 37–47. 

Solomon, R. L. and L. Postman (1952). Frequency of usage as a determinant of 

recognition thresholds for words. Journal of experimental psychology, 43(3), p. 

195. 

Southwood, M. H. and A. Chatterjee (2000). The interaction of multiple routes 

in oral reading: Evidence from dissociations in naming and oral reading in 

phono- logical dyslexia. Brain and language, 72(1), pp. 14–39. 

Stockall, L., A. Stringfellow, and A. Marantz (2004). The precise time course of 

lexical activation: MEG measurements of  the  effects  of  frequency,  probability,  

and density in lexical decision.  Brain and Language, 90(1), pp.    88–94. 



135 

 

Storkel, H. L., J. Armbruster, and T. P. Hogan (2006). Differentiating phonotactic 

probability and neighborhood density in adult word learning. Journal of 

Speech, Language, and Hearing Research, 49(6), pp. 1175–1192. 

Taft, M. and K. I. Forster (1976). Lexical storage and retrieval of polymorphemic 

and polysyllabic words. Journal of Verbal Learning and Verbal Behavior, 15(6), 

pp. 607–620. 

Taylor, W. L. (1953). Cloze procedure: a new tool for measuring readability. Journalism 

quarterly.  

Tenenbaum, J. B., & Xu, F. (2000, August). Word learning as Bayesian inference. In 

Proceedings of the 22nd annual conference of the cognitive science society. 

Thorn, A. S. and C. R. Frankish (2005). Long-term knowledge effects on serial recall 

of nonwords are not exclusively lexical. Journal of Experimental Psychology: 

Learning, Memory, and Cognition, 31(4), p. 729. 

Tomasello, M. (2005). Constructing a language: A usage-based theory of language 

acquisition.  Harvard University Press. 

Townsend, D. J. and T. G. Bever (2001). Sentence comprehension: The integration 

of habits and rules, volume 1950. MIT Press. 

Treiman, R., Clifton, C., Meyer, A. S., & Wurm, L. H. (2003). Language 

comprehension and production. Handbook of psychology. 

Tsang, Y.-K., A. W.-K. Wong, J. Huang, and H.-C. Chen (2014). Morpho- 

orthographic and morpho-semantic processing in word recognition and 

production: evidence from ambiguous morphemes. Language, Cognition and 

Neuro- science, 29(5), pp. 543–560. 

Vaden Jr, K. I. (2009). Phonological processes in speech perception. University of 

California, Irvine. 

Vaden Jr, K. I., T. Piquado, and G. Hickok (2011). Sublexical properties of 

spoken words modulate activity in Broca’s area but not superior temporal 

cortex: implications for models of speech recognition. Journal of cognitive 

neuroscience, 23(10), pp. 2665–2674. 

Vaill, C. (2005). Normalize, version 0.7.7. 

Van Jaarsveld, H. J. and G. E. Rattink (1988). Frequency effects in the processing of 

lexicalized and novel nominal compounds. Journal of Psycholinguistic Research, 

17(6), pp. 447–473. 

Van Petten, C. and M. Kutas (1990). Interactions between sentence context and 

word frequency in event-related brain potentials. Memory & Cognition, 18(4), 

pp. 380–393. 



136 

 

Vitevitch, M. S. (2002a). The influence of phonological similarity neighborhoods on 

speech production. Journal of Experimental Psychology: Learning, Memory, and 

Cognition, 28(4), p. 735. 

Vitevitch, M. S. (2002b).  Naturalistic and experimental analyses of word frequency 

and neighborhood density effects in slips of the ear. Language and Speech, 45(4), 

pp. 407–434. 

Vitevitch, M. S., J. Armbru¨ster, and S. Chu (2004). Sublexical and lexical 

representations in speech production: effects of phonotactic probability and onset 

density. Journal of Experimental Psychology: Learning, Memory, and Cognition, 

30(2), p. 514. 

Vitevitch, M. S. and P. A. Luce (1998). When words compete: Levels of 

processing in perception of spoken words. Psychological science, 9(4), pp. 

325–329. 

Vitevitch, M. S. and P. A. Luce (1999). Probabilistic phonotactics and 

neighborhood activation in spoken word recognition. Journal of Memory and 

Language, 40(3), pp. 374–408. 

Wang, D. Q. (2013). Frequency Effects during Recognition of Bisyllabic Chinese 

Compound Words汉语双音节复合词识别中的频率效应 (PhD Thesis). HeiBei 

Normal University. 

Warrington, E. K. and T. Shallice (1980). Word-form dyslexia. Brain: a journal of 

neurology, 103(1), pp.  99–112. 

Werner, C. and K. Schermelleh-Engel (2010). Deciding Between Competing 

Models: Chi-square Difference Tests. 

Yu, L.X. (2006). The Interaction between the Semantic Representations of 

Component Morphemes and the Semantic Representations of Whole Words in 

Chinese Bisyllabic Compound Words 汉语双字词词素与整词语义表征相互作

用的研究 (PhD Thesis). Zhejiang University.  

Zaidel, E. (1982). Reading by the disconnected right hemisphere: An aphasiological 

perspective. Dyslexia: Neuronal, cognitive and linguistic aspects, 35, pp. 67–91. 

Zhou, X. and W. Marslen-Wilson (1995). Morphological structure in the Chinese 

mental lexicon. Language and Cognitive Processes, 10(6), pp. 545–600. 

Zhou, X., W. Marslen-Wilson, M. Taft, and H. Shu (1999). Morphology, 

orthography, and phonology reading Chinese compound words. Language and 

cognitive processes, 14(5-6), pp. 525–565.  


	LIST OF FIGURES
	LIST OF TABLES
	1   RESEARCH BACKGROUND
	1.1 Overview of the Thesis
	1.1.1 Introduction
	1.1.2 Why Study the word?
	1.1.3 What are the Sound and Meaning Components in the Context of this Thesis? A Clarification
	1.1.4 Logic of the Present Study
	1.1.5 Structure of the Chapter

	1.2 Are Linguistic Structures Rule-based or Probability-based?
	1.2.1 A Research Picture of Linguistics
	1.2.2 A Recent Debate: Is Online Parsing of Linguistic Structures during Continuous Speech Probability-based or Rule-based?
	1.2.2.1 Buiatti et al.  (2009)
	1.2.2.2 Ding et al.  (2016)


	1.3 Dual-Route Theory of Speech Comprehension
	1.3.1 A Description from the Perspective of Neurolinguistics
	1.3.2 Evidence from Patients with Language Disorders

	1.4 Some Notes about Word Processing
	1.4.1 The Neural Basis of Understanding Written Words and Understanding Auditory Words: How Similar and How Different?
	1.4.2 Facilitative or Inhibitory Effects of Highly Probable Phonological Units on Word Processing?  It All Depends on the Task.
	1.4.3 Auditory Word Processing and Recent Findings on Event-related Potential (ERP) Measurements
	1.4.3.1 Auditory Mismatch Negativity (MMN)
	1.4.3.2 N400
	1.4.3.3 P2
	1.4.3.4 N100, Phonological Mismatch Negativity (PMN), P350 and N400 in Dufour et al. (2013)

	1.4.4 Summary

	1.5 Some Notes about Compound Words
	1.5.1 Mandarin Chinese as an Analytic Language and Compounding
	1.5.2 Traditional Classification of Mandarin Chinese Compounds Based on Internal Semantic Structures
	1.5.3 Compound Classification Based on Semantic Transparency
	1.5.4 Issues on Compound Processing: How Do Experimental Tasks/Contexts Make a Difference?

	1.6 Perspective and Structure of the Thesis
	1.6.1 Perspective of the Thesis
	1.6.2 Research Questions
	1.6.3 General Hypotheses and Structure of the Thesis
	1.6.4 Significance of the Present Study


	2 EFFECTS OF LINGUISTIC PROBABILITY AND EXPERIMENTAL TASK
	2.1 Introduction
	2.2 Finding Linguistic Probability: An Exploration of Bi-syllabic Compounds in Mandarin
	2.2.1 Introduction to A Text Corpus of Modern Mandarin
	2.2.2 Obtaining Word (Lexical) Frequency
	2.2.3 Calculation of S1 (Word-Initial Syllable) Probability
	2.2.4 Description of Word Frequency and S1 Probability
	2.2.5 Summary

	2.3 Subgrouping Stimuli for Experiment 1 and 2
	2.3.1 Subgrouping Compound Words into Four Probability Groups
	2.3.2 Subgrouping Compound Words Among Four Experimental Tasks

	2.4 Processes of Making Speech Stimuli: Recording, Conversion, Extraction, Normalization and Noise Masking of the Sound Files
	2.5 Experiment 1
	2.5.1 Hypotheses
	2.5.2 Stimuli
	2.5.3 Factorial Design and Data Collection Method
	2.5.4 Participants
	2.5.5 Experimental Tasks
	2.5.6 Results
	2.5.6.1 RT
	2.5.6.2 Accuracy

	2.5.7 Discussion and Summary

	2.6 Experiment 2
	2.6.1 Introduction and Hypotheses
	2.6.2 Stimuli
	2.6.3 Factorial Design and Data Collection Method
	2.6.4 Participants
	2.6.5 Experimental Tasks
	2.6.6 Results
	2.6.6.1 RT
	2.6.6.2 Accuracy

	2.6.7 Summary and Discussion

	2.7 Conclusion

	3 EFFECTS OF SEMANTIC TRANSPARENCY AND EXPERIMENTAL TASK
	3.1 Introduction
	3.2 Experiment 3
	3.2.1 Hypotheses
	3.2.2 Subgrouping Stimuli for Experiment 3 and 4
	3.2.3 Stimuli
	3.2.4 Participants
	3.2.5 Tasks
	3.2.6 Factorial Design and Data Collection Method
	3.2.7 Results
	3.2.7.1 RT
	3.2.7.2 Accuracy

	3.2.8 Summary and Discussion

	3.3 Experiment 4
	3.3.1 Hypotheses
	3.3.2 Stimuli
	3.3.3 Participants
	3.3.4 Tasks
	3.3.5 Factorial Design and Data Collection Method
	3.3.6 Results
	3.3.6.1 RT
	3.3.6.2 Accuracy

	3.3.7 Summary

	3.4 Conclusion

	4 TOWARDS AN INTEGRATIVE VIEW OF LANGUAGE THEORY
	4.1 Introduction
	4.2 Structure of the Chapter
	4.3 Distinguishing Different Language Theories: Methods for Model Comparison and Variable Selection
	4.3.1 Introduction, Data Recoding and Data Inclusion Criteria
	4.3.2 Analyses based on Model Comparisons Using the R anova function
	4.3.3 Analyses based on Stepwise Variable Selection

	4.4 Summary and Discussion

	5 SUMMARY, DISCUSSION AND FUTURE RESEARCH
	5.1 Introduction
	5.2 Summary of the Chapters
	5.2.1 Topic of the Thesis
	5.2.2 Summary of Chapter 1
	5.2.3 Summary of Chapter 2
	5.2.4 Summary of Chapter 3
	5.2.5 Summary of Chapter 4

	5.3 Discussion
	5.3.1 Functional Trade-off between Sound and Meaning in Human Language
	5.3.2 Comparison between Processing Mono-morpheme Words and Processing Compound Words
	5.3.3 Garden Path during Parsing Opaque Words
	5.3.4 Independence to Task Modality: The Role of Mirror Systems during Speech Perception and Production
	5.3.5 Word Categories in English and Chinese: A Cognitive Processing Continuum?

	5.4 Future Research

	6 REFERENCES

