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Abstract 

In Chinese orthography, phonetic compounds comprise about 80% of the most frequent 

characters. They contain separate phonological and semantic elements, referred to as 

phonetic and semantic radicals respectively. A dominant type exists in which the se-

mantic radical appears on the left and the phonetic radical on the right (SP characters); 

an opposite, minority structure also exists in which the semantic radical appears on the 

right and the phonetic radical on the left (PS characters). Through statistical analyses, 

connectionist modelling, behavioural experiments, and neuroimaging studies, this dis-

sertation demonstrates that the distinct structures of these two types of characters allow 

us crucial insights into the relationship between brain structure and reading processes. 

The statistical analyses of a Chinese lexical database show that, because of the different 

information profiles of SP and PS characters and the imbalanced distribution between 

them in the lexicon, the overall information is skewed to the right. This information 

skew provides important opportunities to examine the interaction between foveal split-

ting and the information structure of the characters. The foveal splitting hypothesis as-

sumes a vertical meridian split in the foveal representation and the consequent contra-

lateral projection to the two cerebral hemispheres; it has been shown to have important 

implications for visual word recognition. The square shape and the condensed structure 

of Chinese characters make them a severe test case for the split fovea claim. Through a 

lateralized cueing examination and a TMS study of the semantic radical combinability 

effect with foveally presented characters in character semantic judgements, a flexible 

division of labour between the hemispheres in character recognition is demonstrated, 

with each hemisphere responding optimally to the information in the contralateral visual 

hemifield. The interaction between stimulation site and radical combinability in the 

TMS study also provides further support for the split fovea claim, suggesting functional 

foveal splitting as a universal processing constraint in reading.  

Even if foveal splitting is true, it is still unclear about how far the effects of foveal split-

ting can extend from the retina into the process of character recognition. We show that, 

in naming isolated, foveally presented SP and PS characters, adult male and female 
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readers process them differently, with opposite patterns of ease and difficulty: males 

responded significantly faster to SP than PS characters; females showed a non-

significant tendency in the opposite direction. This result is also supported by a corre-

sponding ERP study showing larger N350 amplitude elicited by PS character than SP 

characters in the male brain, and an opposite pattern in the female brain. The split fovea 

claim suggests that the two halves of a centrally fixated character are initially processed 

in different hemispheres. The male brain typically relies more on the left hemisphere for 

phonological processing compared with the female brain, causing this gender difference 

to emerge. This interaction is also predicted by an implemented computational model, 

contrasting a split cognitive architecture, in which the mapping between orthography to 

phonology is mediated by two partially encapsulated, interconnected processing do-

mains, and a non-split cognitive architecture, in which the mapping is mediated by a 

single, undifferentiated processing domain. Thus, the effects of foveal splitting in read-

ing extend far enough to interact with the gender of the reader in a naturalistic reading 

task. 

In short, this dissertation demonstrates that foveal splitting is a universal language proc-

essing phenomenon, precise enough to project the two radicals of a centrally-fixated 

Chinese character to different hemispheres to allow a flexible division of labour be-

tween the two hemispheres to emerge, and its effects in reading extend far enough into 

word recognition to interact with the gender of the reader in a naturalistic reading task. 

The results can also be extrapolated to Chinese word and sentence processing as well as 

to other languages. This dissertation thus has contributed to a better understanding of 

the relationship between brain structure and language processes. 

 

Keywords: Chinese character recognition, foveal splitting, gender differences, hemi-

spheric processing, reading, dyslexia, connectionist cognitive modelling, mental lexicon. 
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Chapter 1 Introduction 

Cognitive neuroscientists aim to understand the relationship between brain structure and 

language processes. The advance of technology has contributed to a better understand-

ing of the functional and anatomical structures of the brain through biochemical or neu-

rophysiological techniques (e.g., Shaywitz et al., 1995); knowledge about language 

processes also has been substantially developed through behavioural studies and cogni-

tive modelling efforts, especially after the advent of computer technology (e.g., Harm & 

Seidenberg, 1999). Connectionist modellers initiated an integration of brain anatomy 

and cognitive modelling by suggesting the parallel distributed processing nature of the 

brain as a better approach to understanding cognitive processes (see Rumelhart, 

McClelland, & the PDP research group, 1986). Nevertheless, the standard applications 

of the parallel distributed processing to the cognitive modelling of language processes 

have been restricted to abstract interactions between different linguistic elements (e.g., 

orthography, phonology, and semantics) at different levels (e.g., word or sentence proc-

essing); evidence about the functional and anatomical structures of the brain has seldom 

been incorporated in such modelling efforts1.  

The human brain consists of two hemispheres, connected by a bunch of nerves called 

corpus callosum. Anatomical and functional differences between the two hemispheres 

have been consistently reported (Gazzaniga, 2000). These differences consequently 

have made researchers curious about why there are consistent asymmetries generally in 

the human brain and whether these asymmetries are related to the specific characteris-

tics of humans such as language (e.g., Geschwind, 1985). Also, the evidence of gender 

differences in language abilities (e.g., Feingold, 1996; Halpern, 1992) and brain laterali-

zation has given support to the existence of this complex relationship between brain 

structure and language processes (e.g., Dorion et al., 2000; McGlone, 1980; Voyer, 

                                                 
1 Although, cf. Reggia, Goodall, & Shkuro, 1998, for connectionist modelling of lateralization of pho-
neme sequence generation. 
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1996). This dissertation hence is intended for exploring the relationship between brain 

structure and cognitive processes in reading, through a variety of techniques: statistical 

analyses, behavioural studies, computational simulations, and electrophysiological ex-

aminations 

Brysbaert (2004) took city planning as an example of the relationship between brain 

structure and reading processes: the presence of a river has major implications for the 

organization of a city, which is analogous to the division between the hemispheres for 

the processes of visual word recognition. Hence, the incorporation of the foveal splitting 

phenomenon in modelling visual word recognition and related hemispheric processing 

is one of the important turning points in understanding the relationship between brain 

structure and reading processes in recent years (Brysbaert, 2004). The fovea is the part 

of the retina across which a fixated word is projected. It is responsible for fine-grain, 

focal visual processing. From anatomical and behavioural studies, which we will dis-

cuss in more detail later, it has become increasingly clear that the human fovea is pre-

cisely vertically split, with the two halves contralaterally projected to different hemi-

spheres (e.g., Fendrich & Gazzaniga, 1989; Gray, Galetta, Siegal, & Schatz, 1997). This 

fact has fundamentally important implications for visual word recognition (Brysbaert, 

2004; Shillcock, Ellison & Monaghan, 2000): when a word is fixated, the left part of the 

word is initially projected to the right hemisphere (RH) and the right part of the word to 

the left hemisphere (LH). Thus, visual word recognition can be reconceptualised in 

terms of coordinating the information in the two hemispheres. Shillcock and Monaghan 

(1998) initiated the attempt to integrate foveal splitting into computational modelling of 

reading and proposed a split fovea model for visual word recognition. The model suc-

cessfully captured a broad range of reading behaviour in English word recognition 

(Shillcock et al., 2000), but still has little application to languages other than English. 

As we will show later, Chinese orthography provides a unique opportunity, not avail-

able in English or any other alphabetic languages, for examinations of hemispheric 

processing in reading, given the very different information contained in different parts 

of a character. In this introductory chapter, we will see how Chinese orthography is 

radically different from alphabetic languages, what has been investigated to support 

human foveal splitting, and how the distinct structures of Chinese characters interact 
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with the split fovea claim to help us understand the relationship between brain structure 

and language processes. 

1.1 Chinese Orthography  

In Chinese orthography, characters (see Glossary for an explanation) are the smallest 

units of the orthography and can be regarded as the perceptual unit of the orthography 

(Hoosain, 1991). Chinese characters consist of several individual strokes. There are 

about 20 distinct strokes in Chinese. A few strokes comprise a stroke pattern that ap-

pears to be a recurrent orthographic unit of Chinese characters. Some of these ortho-

graphic units can be characters by themselves. Units can be constructed recursively to 

form other composite units. Those units that are integral stroke patterns and cannot be 

further decomposed into other units have been referred to as single bodies (Chen, All-

port, & Marshall, 1996; Huang & Hu, 1990). 

A subgroup of these single bodies is explicitly listed in Chinese dictionaries as Bu Shou, 

to serve as an index system of the dictionaries. There are currently 189 Bu Shou listed 

in a simplified Chinese dictionary (Xin Hua, 1979) and 214 Bu Shou in a traditional 

Chinese dictionary (Mandarin Promotion Council, Ministry of Education, R.O.C, 2000). 

Chen et al. (1996) further defined the term lexical radical as a single body in a given 

character that is a unit from the Bu Shou and also occurs in its Bu Shou position with 

respect to the rest of the character. Each character contains exactly one lexical radical, 

which usually implies the meaning of the character and is also referred to as the signific 

or the semantic radical. The remainder of the character, if any, usually informs the pro-

nunciation of the character and is referred to as the phonetic or the phonetic radical. 

In general, there are four different types of Chinese characters: pictographs, indicatives, 

ideographs, and semantic-phonetic compounds. Pictographs are depictions of material 

objects, such as “ ” (mountain); indicatives are abstract characters with indicating 

signs, such as ” ” (up). These two types of characters are also referred to as simple 

characters. The other two types are compound characters. An ideograph is a composi-

tion of the meanings of its components. For example, the character “ ” (rest) consists 
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of a person on the left ( ), and a tree on the right ( ), showing a person resting beside 

a tree. The last type of Chinese character is the semantic-phonetic compound (or simply 

phonetic compound). Its orthography contains both semantic and phonetic radicals. This 

group of characters comprises about 81% of the 7,000 frequent characters in a Chinese 

dictionary (Li & Kang, 1993). Most phonetic compounds have a left-right structure. 

This left-right structure is the most tractable aspect of Chinese orthographic structure, 

and has been a focus for understanding how Chinese readers recognize Chinese charac-

ters.  

Regularity & Consistency 

A phonetic compound can be decomposed into two major components: a semantic radi-

cal that bears the meaning of the character, and a phonetic radical that typically provides 

partial information about the pronunciation of the character. For example, the character 

“ ” means “take a bath” and is pronounced as “mu4” in Pinyin2. It consists of a seman-

tic radical on the left, which means “water”, and a phonetic radical on the right, which is 

pronounced the same as the character itself. For current purposes, we call these charac-

ters regular characters. Some characters have the same pronunciation as their phonetic 

radical but with a different tone, such as “ ”. Its phonetic radical “ ” is pronounced 

as “iou2” in Pinyin. However, “ ” has a different tone – it is pronounced as “iou4”. 

These characters are referred to as semi-regular characters. There are also irregular 

characters, which are pronounced with different segments from their phonetic radicals, 

such as “ ” (sa3) and “ ” (xi1). Among irregular characters, some characters may be 

pronounced similarly to their phonetic radical. They may share an onset or a rime. 

Hence, there are three subcategories in irregular characters: alliterating (sharing an on-

set), rhyming, or radically irregular (i.e., no apparent relationship).  

A regularity effect and a frequency effect have been found in the processing of Chinese 

phonetic compounds: Chinese readers name regular characters faster than irregular 
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characters, and name high-frequency characters faster than low-frequency characters. 

There is also a frequency by regularity interaction in Chinese, as in English (e.g., Hue, 

1992; Liu, Wu, & Chou, 1996; Seidenberg, 1985). These effects have been commonly 

used to examine the cognitive plausibility of computational models (e.g., Plaut, 

McClelland, Seidenberg, & Patterson, 1996). 

Another dimension along which to categorize phonetic compounds concerns the consis-

tency of their phonetic radicals. We call a phonetic compound consistent if all the other 

characters with the same phonetic radical in the same position have the same pronuncia-

tion as this given character3. Similarly, a phonetic radical is consistent if its pronuncia-

tion is identical to the pronunciation of all characters containing this phonetic radical 

(Feldman & Siok, 1999). There are approximately 800 phonetic radicals in the Chinese 

language (Taylor & Taylor, 1983), and 38% of the phonetic radicals are consistent 

(Zhou, 1978). 

Orthographic Representation in Modelling Chinese Character Recognition 

The granularity of Chinese orthography is a fundamental issue in any modelling efforts. 

The modelling of Chinese character recognition has long suffered from an input repre-

sentativeness problem due to its complexity (cf. Christiansen & Charter, 2001). There is 

an ongoing debate about how to represent Chinese characters in a psychologically real-

istic way. Researchers have previously suggested that Chinese character recognition 

starts from an analysis of features and the number of individual strokes (e.g., Chen & 

Young, 1989; Perfetti & Tan, 1999; Perfetti & Zhang, 1991; Seidenberg, 1985; Xing, 

Shu, and Li, 2002; Yu & Cao, 1992a, 1992b). The critical considerations are the goals 

of the modelling and where generalization is expected to occur. Models of the process-

ing of alphabetic languages have sometimes used the features of letters (e.g., 

McClelland & Rumelhart, 1981) and sometimes the letters themselves (e.g., Shillcock 

                                                                                                                                               
2 The Chinese Pinyin system is a spelling system based on the Latin alphabet. 



Hemispheric processing in reading Chinese characters 

Introduction  6

& Monaghan, 2001a) depending on whether or not the intent is to investigate, for in-

stance, visual generalization between similar letters such as a and g or pronunciation 

generalization between letters such as b and d.  

In early attempts to model Chinese language processing, researchers usually used 

strokes to encode orthographic representations (e.g., Perfetti & Tan, 1999; Xing et al., 

2002). In recent years, studies have shown that recognition by skilled readers is based 

upon well-defined orthographic constituents, i.e., single bodies, which are integral 

stroke patterns that cannot be further decomposed into other units, instead of individual 

strokes as previously thought (Chen et al., 1996; Zhou, 1999). In order to reflect this 

observation and to facilitate modelling, in Chapter 3 we will introduce a Chinese lexical 

database containing the 3,027 most frequent phonetic compounds from frequent Chi-

nese characters, which are decomposed into semantic and phonetic radicals according to 

Chinese etymology (cf. Harbaugh, 1998; Zhang & Chen, 1716). We also decompose all 

the radicals into 179 basic stroke patterns based on the Cangjie transcription system, a 

Chinese character transcription system which encodes each character according to its 

orthographic constituents (Chu, 1979).  

SP & PS Characters 

Most phonetic compounds have a left-right structure, with the semantic radical on the 

left and the phonetic radical on the right. We refer to characters with this structure as SP 

characters. The opposite arrangement exists in which the phonetic radical appears on 

the left and the semantic radical on the right. They are referred to as PS characters (see 

Figure 1.1). In the analysis of the Chinese phonetic compound database in Chapter 3, 

we will show that there is an unbalanced distribution of SP and PS characters in Chinese 

orthography. This unbalanced distribution influences Chinese readers’ response to SP 

                                                                                                                                               
3 We treat the same radical appearing in different positions of a character differently when examining 
consistency, in order to reflect the observation that radicals appear to have positional-specific representa-
tions (Taft & Zhu, 1999). 
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and PS characters, as will be revealed in the computational modelling introduced in 

Chapter 5 and the behavioural experiments in Chapter 6. 

 

Figure 1.1 An SP and a PS character, meaning “school” and “effect” respectively, share the same 

phonetic radical. Both characters are pronounced as ‘xiao4’ in Pinyin. 

Semantic Radical Combinability Effect 

In Chinese phonetic compound recognition, the effect of radical combinability has long 

been a controversial issue. Radical combinability is the number of combinations that a 

radical enters into to form characters (Feldman & Siok, 1999). Previously Taft and Zhu 

(1997) showed that combinability of right radicals influenced character decision time, 

while combinability of left radicals did not. However, they did not control the function 

of the radicals, that is, whether they were semantic or phonetic radicals. Feldman and 

Siok (1999) argued that this confounded relationship between radical position and func-

tion might contaminate the effect of combinability. To explore this, Feldman and Siok 

(1999) distinguished radical position and function by manipulating semantic radical 

combinability and position. They found that high semantic radical combinability facili-

tated character decisions, but only when the radicals were on the left, and not on the 

right, in contrast to Taft and Zhu (1997).  

Chen and Weekes (2004) recently presented the results of an experiment to examine the 

effects of character type, semantic radical consistency, and semantic radical combina-

bility in character categorization and character decision tasks. According to their defini-

tion, character type (or semantic transparency), is the extent to which the meaning of 

the whole character is denoted by the semantic radical; semantic radical consistency was 

defined as the extent to which a semantic radical consistently represents a specific 

meaning; semantic radical combinability was defined as the total number of characters 
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that share the same semantic radical. Their results showed that for the character decision 

task, there was no effect of character type, semantic radical consistency, or combina-

bility. However, a significant interaction between semantic radical consistency and 

combinability emerged for pseudo-characters, which are nonexistent characters consist-

ing of existing radicals in legal positions; in contrast to Feldman and Siok’s findings 

(1999), for pseudo-characters with small semantic radical combinability, it was more 

difficult to make character decisions when the semantic radical was consistent than 

when it was inconsistent. On the other hand, in the character categorization task, where 

participants were asked to judge whether the meaning of the target character belonged 

to a certain semantic category, they found significant effects of character type and se-

mantic radical combinability. That is, high semantic radical combinability facilitated 

semantic category decisions, and transparent characters were responded to faster than 

opaque characters. They also found that consistency effects interacted with these two 

variables (Chen & Weekes, 2004). 

In summary, according to Chen and Weekes’s (2004) results, large semantic radical 

combinability facilitates character categorizations. In Chapter 4, we will show how this 

observation can help us to investigate the influence of information distribution of Chi-

nese characters on readers’ behaviour, and to examine the split fovea claim, which is 

introduced below. 

1.2 Human Foveal Splitting 

Because of the partial decussation of the optic nerves in the human visual system, the 

visual field is split into a left visual field (LVF) and a right visual field (RVF), which 

are initially contralaterally projected to the two hemispheres. It is unclear exactly how 

the two visual fields flank each other. Early claims of a substantial nasaltemporal over-

lap, i.e., a bilaterally projected foveal representation, came from anatomical studies of 

monkeys and cats through injection of horseradish peroxidase (HRP) into the dorsal lat-

eral geniculate nucleus to trace the projection of the ganglion cells of the retina (e.g., 

Leventhal, Ault, & Vitek, 1988; Stone, 1966; Stone, Leicester, & Sherman, 1973). The 

results showed that, along the vertical meridian of the retina, there was a strip of about 
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0.2 mm in which ipsilaterally and contralaterally projecting ganglion cells were inter-

mingled. However, the ganglion cells to which the foveal receptors are connected are 

laterally displaced, and hence the amount of overlap can only be estimated from a ring 

of traced ganglion cells surrounding the foveal region and there is the possibility that 

some receptors on one side of the fovea are connected to ganglion cells on the other side 

(Schein, 1988). Precise foveal splitting is supported by a different monkey study with 

marker injection, showing that a stimulus presented 0.15° away from the vertical merid-

ian only marked the contralateral hemisphere (Tootell, Switkes, Silverman, & Hamilton, 

1988).  

Evidence construed in favour of nasaltemporal overlap also came from foveal sparing 

observed in hemianopias caused by unilateral brain damage, which was thought to be 

best explained by a bilaterally projected foveal representation (e.g., Trauzettel-Klosinski 

& Reinhard, 1998; Zihl, 1989). Nevertheless, foveal sparing can also be explained by 

the large cortical magnification of the central visual field, which increases the possibil-

ity of foveal sparing after random brain lesion (Harrington, 1981); in fact, a recent mag-

netic resonance imaging (MRI) study showed a correlation between macular sparing 

and spared unilateral brain tissue (Gray et al., 1997). Bischoff, Lang, and Huber (1995) 

also argued that macular sparing could be interpreted as a perimetric artefact because of 

unusual strategies adopted by hemianopia patients. In contrast to foveal sparing, the fo-

veal splitting observed in some patients cannot readily be reconciled with bilateral fo-

veal representation (Celesia, Meredith, & Pluff, 1983). In summary, there is coherent 

anatomical evidence for foveal splitting but only ambiguous evidence for immediate 

bilateral representation of the fovea. Even if an anatomical overlap exists, its normal 

functional significance remains unclear. 

In recent years, there has been converging evidence from human studies, suggesting at 

least a functional splitting of the human foveal representation. For example, various 

visual hemifield studies of commissurotomy or callosal agenesis patients have shown 

that, when comparing stimuli with different eccentricities from fixation, performance to 

targets in the same visual hemifields was significantly better than targets in different 

visual hemifields in identification tasks (e.g., Fendrich & Gazzaniga, 1989; Harvey, 
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1978; Lines, 1984), and any visual information from the ipsilateral visual hemifield has 

only a very limited influence when the stimulus presentation time is short (Fendrich, 

Wessinger, & Gazzaniga, 1996). Several neuroimaging studies have also supported the 

claim that the human foveal representation is not bilaterally projected, or at least that 

there is no functional overlap along the vertical midline (e.g., Gray et al., 1997; Portin 

& Harri, 1999). In visual word recognition, a number of studies have examined previ-

ously reported hemispheric differences in visual hemifield studies (i.e., presenting target 

words in different visual hemifields) with foveally presented lexical stimuli. The gen-

eral finding has been that the different processing styles of the two hemispheres have 

contralateral influences on responses driven by the first and last halves of the stimuli, 

which are initially projected to different visual hemifields. The effects being examined 

in these studies included the optimal viewing position effect (Brysbaert, 1994), the word 

length effect (Lavidor, Ellis, Shillcock, & Bland, 2001), case alternation effects (Ellis, 

Brooks & Lavidor, 2005) and the orthographic neighbourhood effect (e.g., Lavidor, 

Shillcock, Hayes & Ellis, 2004; Lavidor & Walsh, 2003). All these studies have sup-

ported the split fovea claim (for a review, see Brysbaert, 2004). 

The distinct principle structure of Chinese phonetic compound characters, that is, the SP 

characters, has provided important opportunities to examine the foveal representation in 

a language which is dramatically different from any alphabetic languages. According to 

the split fovea claim, when an SP character is fixated between its semantic and phonetic 

radicals, the phonetic radical is initially projected to the LH, while the semantic radical 

is initially projected to the RH. In Chapter 4, we will introduce a cueing paradigm and 

the repetitive transcranial magnetic stimulation (rTMS) technique to investigate the split 

fovea claim through examining semantic radical combinability effects in a character 

semantic judgement task, and the implications of foveal splitting for hemispheric proc-

essing in Chinese character recognition.  

Split Fovea Model 

On the basis of anatomical and other evidence supporting the split fovea claim, a “split 

fovea model” of English word reading has been proposed and successfully captured 
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several reading phenomena (e.g., Shillcock et al., 2000; Shillcock & Monaghan, 2001a, 

2001b). Chinese phonetic compounds provide opportunities not available in English or 

any other alphabetic languages for examining the plausibility of this split fovea model, 

since phonological information only comes directly from half of a character. In other 

words, the split fovea architecture seems to correspond fortuitously to the major func-

tional division in the structure of Chinese phonetic compounds; the model “carves the 

problem at its joints”. Also, when an input character’s pronunciation is irregular, the 

model faces an XOR-like problem, which makes interaction between the two halves 

necessary. In Chapter 5, we will apply this split-fovea architecture to the modelling of 

Chinese character pronunciation. We will show that the split-fovea architecture provides 

computational explanations to some of the known effects in Chinese character recogni-

tion, such as the regularity effect, the interaction between character regularity and fre-

quency, and Chinese dyslexia; we will also show that Chinese phonetic compounds 

provide a unique opportunity to discover qualitative processing differences between the 

split-fovea architecture and the corresponding non-split architecture. 

1.3 Gender Difference in Phonological Processing  

Gender differences in language processing have been frequently reported and argued to 

be consequences of more bilateral language processing and representation in the female 

brain than in the male brain (e.g., Dorion et al., 2000; McGlone, 1980). However, due to 

inconsistent results from various behavioural and brain-imaging studies (see Sommer, 

Aleman, Bouma, & Kahn, 2004), this argument remains controversial. The inconsistent 

results may be because the bilateral language processing in the female brain is task spe-

cific. For example, in recent years, there has been convergent evidence showing a gen-

der difference in the functional organization of the brain for language existing at the 

level of phonological processing (e.g., Coney, 2002; Pugh et al., 1996; Shaywitz et al., 

1995), whereas the evidence for a gender difference in semantic processing is still 

vague (e.g., Frost et al., 1999; Harasty, 2000; Pugh et al., 1996; Shaywitz et al., 1995).  

In Chapter 6, we will investigate gender differences at the level of phonological proc-

essing through examining male and female readers’ behaviour of naming isolated Chi-
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nese SP and PS characters. According to the split fovea claim, the foveal splitting can 

be sufficiently precise that a single Chinese character, under normal reading conditions, 

is split at the fixation point, with the semantic and phonetic radicals projected contralat-

erally to different hemispheres. Providing this assumption about the precision of foveal 

splitting is correct, the two hemispheres are receiving qualitatively different input. 

Hence, we might expect such a processing task to be carried out differently in male and 

female readers. 

The investigation consists of both a behavioural study to examine participants’ response 

time to different types of character (i.e., SP vs. PS characters), and an electrophysio-

logical examination through recording the electroencephalogram (EEG) from the scalp 

and analyzing averaged event-related potentials (ERP). Through this investigation, we 

are able to begin to understand not only the functional organization basis for the gender 

differences in language performance, but also the consequences of different degrees of 

functional hemispheric lateralization of language processing. These issues will be elabo-

rated in Chapter 6.  

In summary, this dissertation concerns examinations of hemispheric processing in read-

ing by employing the distinct spatial characteristics of Chinese characters, with different 

techniques, including statistical analyses of a Chinese phonetic compound database 

(Chapter 3), a cueing and a TMS examinations of the information profile of Chinese 

characters and its interaction with the split fovea claim (Chapter 4), connectionist mod-

elling of Chinese character pronunciation based on the split fovea architecture and a 

comparison with other alternative architectures (Chapter 5), and a behavioural and an 

EEG/ERP examinations of gender differences in reading Chinese characters (Chapter 6). 

Is it true that human foveal representation is split about a vertical midline? What are the 

implications of foveal splitting for Chinese character recognition? What information do 

characters with different structures contain? How does the split fovea claim interact 

with characters with different information structures? How precise is foveal splitting? 

How far do the effects of foveal splitting extend from the retina into the process of 

character recognition? If gender differences in the functional organization of the brain 

for language processing do exist, do the effects of foveal splitting extend far enough to 
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interact with the gender of the reader in naturalistic reading tasks? These questions will 

be answered through this dissertation. The answers to these questions will also allow us 

to extrapolate to the processing of alphabetic orthographies and help us to understand 

more about the universals of how the brain processes language. Before going into the 

details of these examinations, in the following chapter we are going to review the exist-

ing literature in both the modelling of Chinese character recognition and the develop-

ment of the split fovea model. 
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Chapter 2 Review of Existing Literature 

In this chapter, we review the existing literature on the computational modelling (im-

plemented or otherwise) of Chinese character recognition and the development of the 

split fovea model. 

2.1 Modelling of Chinese Character Recognition 

Researchers in cognitive psychology are pursuing the understanding of universals in-

volving how the brain processes written languages. Computational models of the read-

ing of monosyllabic English words have been substantially developed (e.g., Harm & 

Seidenberg, 1999), but with little application to languages other than English4. Here we 

review some previous efforts to expand the modelling approach to the reading of Chi-

nese, a radically different orthography from English, illuminating processing universals 

in reading. 

Interactive Constituency Model 

Following up Seidenberg and McClelland’s “triangle model” of monosyllabic English 

word reading, Perfetti, Zhang, and Berent (1992) proposed a universal phonological 

principle (UPP) explaining the universals of how a written language is processed in the 

brain. UPP states that all written languages, including Chinese, are processed with acti-

vation of multiple levels of phonology; reading is a process which brings together the 

meaning and the phonology of a written word. According to this view, word identifica-

tion is a process with three interconnected constituents: the orthography, meaning, and 

phonology of words (Perfetti & Tan, 1999; Perfetti, Liu, & Tan, 2005). 

                                                 
4 In recent years, there have been some computational modelling studies for German (Hutzler, Ziegler, 
Perry, Wimmer, & Zorzi, 2004; Ziegler, Perry, & Coltheart, 2000), French (Ziegler, Perry, & Coltheart, 
2003), and Hebrew (Velan, Frost, Deutsch, & Plaut, 2005). Nevertheless, Chinese is different from these 
languages (including English) in that Chinese is a non-alphabetic language. 
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In 1995, Tan and Perfetti proposed a model of Chinese word identification, which was 

later referred to as the interactive constituency model (Perfetti & Tan, 1998, 1999; Tan 

& Perfetti, 1995, 1997). This model is shown in Figure 2.1 below: 

 

Figure 2.1 The Interactive Constituency Model of Chinese character identification. 

The interactive constituency model consists of four subsystems: character phonological 

subsystem, meaning subsystem, character orthographic subsystem, and non-character 

orthographic subsystem. Each subsystem consists of a set of representation units. There 

are excitatory connections between different subsystems, and inhibitory connections 

inside different subsystems respectively, according to the degree of consistency between 

the units. The operation of this model conforms to the basic assumptions of interactive-

activation models (McClelland & Rumelhart, 1981). In other words, if the activation of 

a unit exceeds its threshold, this unit will excite or inhibit its adjacent units through the 

connections. Note that, this model was proposed at a descriptive level and has not been 
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computationally implemented. Hence, the operational details of the model, such as the 

threshold function of each node, are left to implementation. 

As shown in Figure 2.1, the character phonological subsystem contains all possible pro-

nunciations of Chinese characters. Each pronunciation is represented with a phonologi-

cal unit. The meaning subsystem contains meaning nodes representing semantic attrib-

utes. The meaning of each character is associated with a set of meaning nodes. The 

character orthographic subsystem contains all existing characters, including all com-

pound characters and all radicals which are existing characters. Some semantic radicals 

are not existing characters by themselves, such as “ ” or “ ”, and hence belong to the 

non-character orthographic subsystem. These radicals do not have a pronunciation and 

hence do not have connections to the character phonological subsystem. 

Perfetti and Tan assumed that the basic feature units in Chinese characters are strokes. 

According to this view, the first stage in character identification is stroke analysis. This 

analysis then further excites the corresponding character and its components (i.e., radi-

cals) in the character and non-character orthographic subsystems. For example, when 

identifying the character “ ”, both the character itself “ ” and its phonetic radical 

“ ” are activated in the character orthographic subsystem. Its semantic radical “ ” is 

also activated in the non-character orthographic subsystem. These activations then fur-

ther excite the related units in the character phonological and meaning subsystems. 

Hence, the phonological unit for “/yuan/” is activated and sends activation to the mean-

ing subsystem, exciting all meaning units related to “/yuan/”. At the same time, this 

phonological unit also sends activation back to the character orthographic subsystem, 

exciting all characters with the same pronunciation as “/yuan/”. The same rules apply to 

the routes from the character orthographic subsystem to the meaning subsystem, and all 

other connections. This activation then keeps travelling until the activation of all units is 

settled. 

In order to explain various empirical findings in Chinese character recognition, several 

assumptions have been made: 
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 The thresholds of the units in the character and non-character orthographic subsys-

tems are determined by the token frequency of the character in daily usage. In con-

trast, the thresholds of the phonological units are determined by the frequency of 

their prior threshold-level activations associated with the given character. As for 

the meaning units, the thresholds are determined by the frequency of encounter. 

Typically the higher the frequency, the lower the threshold. 

 The sum of the activation from an orthographic or phonological unit to all con-

nected meaning units is fixed. Hence, an orthographic unit with many meanings 

activates meaning units with less activation then those with fewer meanings. 

 The activation of orthographic units decays faster than both phonological and 

meaning units. 

 Character identification depends on integration of activation from various sources. 

If two units have equally strong activation, there will be strong competition be-

tween them leading to identification difficulty. 

With these assumptions, the model is capable of addressing several empirical findings 

in Chinese reading studies: 

 The model reflects the assumption that, in Chinese, orthography to phonology rela-

tions are deterministic, while orthography to meaning relations are nondeterminis-

tic (Perfetti & Tan, 1998; Perfetti & Zhang, 1995a), since an orthographic unit al-

ways connects to more than one meaning node, but typically connects to one pho-

nological node (Tan & Perfetti, 1997). 

 Early phonological activation (Tan, Hoosain, & Siok, 1996) can be explained by 

low thresholds of phonological units. Because of pervasive homophony in Chinese, 

there are usually more than one orthographic units connected to a single phono-

logical node; this phenomenon lowers the thresholds for phonological units. 
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 The phonological mediation effect (Tan & Perfetti, 1997), which states that phono-

logical units have more influence on characters with fewer homophones than those 

with more homophones, can also be explained. Characters with fewer homophones 

will activate fewer phonological units. Hence, after the divergent connections from 

phonological units to meaning units, there are relatively fewer unrelated meaning 

units activated. 

 Perfetti and Tan (1998) found that early graphic facilitation would turn into inhibi-

tion once the prime was exposed long enough to produce phonological effects. 

There would be null effects if the prime was exposed even longer. This can be in-

terpreted with the assumption that orthographic information decays faster than se-

mantic and phonological information. 

 The model reflects that semantic vagueness influences character identification 

(Perfetti & Tan, 1998; Tan et al., 1996). This can be interpreted with the diver-

gence of meaning units for characters with vague meanings, or the high threshold 

for semantically inaccessible characters. 

 The model reflects the relationship between compound characters and their com-

ponents. The pattern of facilitation or inhibition depends on the strength of connec-

tions among the characters and their components. Hence, putting the character to-

gether with its components that are also existing characters in the same ortho-

graphic subsystem suggests that, in Chinese, phonological processes arise from 

whole character phonology; the phonology of each character is a constituent of the 

final identification. It also avoids the redundancy of representing the components 

that are also existing characters in both lexical and sub-lexical levels. 

 The separation of the character and non-character subsystems implies different 

roles for the two kinds of sub-characters (i.e., semantic and phonetic radicals), es-

pecially for those non-character semantic radicals.  
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The interactive constituency model has provided a computational framework for Chi-

nese character recognition, which can be considered as a Chinese counterpart of the tri-

angle model developed for English word recognition. Nevertheless, the model requires a 

lot of hand-wired assumptions, such as different decay rates and thresholds 

within/between different subsystems, to cope with related empirical findings, and hence 

can only be considered as achieving “descriptive adequacy”, as opposed to “explanatory 

adequacy”. Although the model has been computationally simulated (Perfetti et al., 

2005), the corresponding computational model was purely hand-wired without learning, 

involved several simplifications, and only worked on a small corpus containing 204 

characters; consequently, it is not able to provide a complete computational account for 

the known effects in Chinese character recognition. There have been some studies im-

plementing the mapping between Chinese orthography to phonology through connec-

tionist modelling, which we will see later. In such connectionist models, the distinction 

between the character and non-character orthographic subsystems can be viewed as an 

emergent property from the mapping between an integral orthographic subsystem and 

the phonological subsystem, and related empirical findings emerge naturally as an inter-

action between model architecture and the statistical structure of the language being 

modelled. 

Self-organizing Network for Chinese Character Recognition 

Xing et al. (2002) presented a self-organizing connectionist model of Chinese phonetic 

compound recognition which was capable of addressing the regularity effect in chil-

dren’s phonetic compound acquisition. The task of the network was to map Chinese or-

thography to phonology. In their model, they used two self-organizing feature maps 

(Miikkulainen, 1997) associated with the orthographic input and the semantic output 

respectively, shown in Figure 2.2. 
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Figure 2.2 The self-organizing network for Chinese character recognition proposed by Xing et al. 

(2002). 

The phonological representation consisted of three parts: initial, final, and tone. The fi-

nal part contained a nucleus vowel, and optional head and tail vowels. Each phoneme 

was represented by five dimensions or features, with each dimension scaled between 

zero and one. In total, there were 30 dimensions in the phonological representation. 

In the orthographic representation, there were 60 units forming a feature vector. The 

first six units were used to represent the sound of the character. The following six units 

were for the sound of its phonetic radical. The remaining 48 units were used to repre-

sent its component features, shapes, stroke structures, position of radicals, and stroke 

numbers. The purpose of the 12 phonological units representing the sounds of the char-

acter and its phonetic radical was to show how much phonological feature overlap be-

tween the character and its phonetic radical. Nevertheless, as the task of the network 

was to learn the mapping from orthography to phonology and the main purpose of the 

study was to examine regularity effects in Chinese character acquisition, such incorpo-

ration of phonological information of both the character and its phonetic radical in the 

orthographic representation of the character hence was hand-crafted. This representation 

scheme had guaranteed that the network would be able to discover the relationship be-
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tween the pronunciation of the character and its phonetic radical at least in the ortho-

graphic input map (since they were encoded in the input already). 

They trained the network with three lists of phonetic compounds selected from the ele-

mentary textbooks for grades one, three, and five respectively, and examined the accu-

racy of naming of regular and irregular phonetic compounds in different grades. The 

results showed that the regularity effect did not exist for grade one characters, but be-

came transparent for both characters of grade three and five. This conformed to the em-

pirical findings from Shu, Anderson, and Wu (2000). Nevertheless, as discussed briefly 

in the previous paragraph, the orthographic representation they used contained informa-

tion about the sound of the character and its phonetic radical; the psychological plausi-

bility of this design was not clearly addressed. Hence, it was unclear whether the effects 

obtained here were simply because of the orthographic representation scheme they 

adopted. Also, they used three separate training lists, corresponding to the three differ-

ent grades, and trained the network with the three lists separately during the acquisition 

process. In the three training lists they adopted, each list contained roughly the same 

number of characters (around 300 characters), but with decreasing number of families 

from grade one to five (characters in the same family have the same phonetic radical). 

In other words, the higher the grade, the more characters the network encountered in 

each family and hence the more likely the network would be able to discern the rela-

tionship among the characters in the same family (i.e., sharing the same phonetic radical 

and being pronounced similarly). This training pattern may have contributed to the ef-

fects obtained: regularity effects were only exhibited in grade three and five, but not 

grade one. Furthermore, although the characters selected in each training list were 

meant to reflect the characters children learned in and before the corresponding grade, it 

seems more plausible to measure the performance at different stages in one continuous 

regime when comparing the model’s performance with children’s language acquisition 

processes. It hence was not clear whether the model would still be able to exhibit the 

same behaviour with a more realistic, continuous training regime. 
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Feed-forward Network for Chinese Character Recognition 

Chen and Peng (1994) proposed a feed-forward network with a single hidden layer be-

tween the input and the output layer to map Chinese orthography to phonology. The 

model was trained through the back-propagation learning algorithm (Rumelhart, Hinton, 

& Williams, 1986). The training set contained 1,108 characters, most of which were 

frequent characters. In their orthographic representation, they used 552 components, 

retrieved from the most frequent 3500 characters, to encode each character. To avoid 

the binding problem, each character was encoded with two feature sets: one from its 

components, and the other from its structure, i.e., the positions of the components 

within the character. There were 30 features in the component representation, and 14 

features to encode its structure. In total, there were 420 features to encode a character. 

In the phonological representation, similar to Xing et al. (2002), they divided the pro-

nunciation into five slots: initial consonant, head vowel, nucleus vowel, tail vowel, and 

tone. Each unit in a slot represented a possible component in the slot. In total, there 

were 42 phonological units in the phonological representation. Their modelling results 

successfully replicated the interaction between character frequency and regularity, 

which has been shown in the human data (see, e.g., Hue, 1992; Liu et al., 1996; Seiden-

berg, 1985; Shu et al., 2000.) 

In this connectionist modelling of Chinese character recognition, Chen and Peng dem-

onstrated the capability of a feed-forward network architecture to address the interaction 

between frequency and regularity in Chinese character recognition with a medium-sized 

training set. However, the model had a similar problem to that of Xing et al. (2002)’s 

model introduced earlier: the complicated encoding system they adopted for the ortho-

graphic representation tended to be hand-crafted. In summary of the computational 

models we have reviewed in this section, we have shown that the existing computa-

tional models for Chinese character recognition either only achieved “descriptive ade-

quacy” without complete computational implementation, or adopted hand-wired ortho-

graphic representations, small/medium sized training sets, or problematic training re-

gimes. In this dissertation, we will introduce a connectionist model of Chinese character 
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pronunciation which uses a realistic large-scaled training set, adopts psychologically 

plausible representations, and has an anatomically realistic architecture. 

2.2 Development of the Split Fovea Model 

In view of emerging evidence supporting the existence of human foveal splitting, Shill-

cock and Monaghan (1998) proposed a new connectionist model of visual word recog-

nition that reflected the anatomy of the human visual pathways, that is, the initial foveal 

splitting and the consequent contralateral projection of the left visual field (LVF) and 

right visual field (RVF). Their split fovea model assumed that the initial foveal splitting 

persists into the higher-level cognitive processes involved in visual word recognition 

and hence can enrich the modelling of visual word recognition. They examined several 

psychological phenomena with the proposed split architecture and argued that, com-

pared with some current models for visual word recognition, such as some connectionist 

models that adopted non-split architectures (e.g., Plaut et al., 1996), the split fovea 

model successfully captured human data and made correct predictions in a more parsi-

monious and natural way. Here we review their split architecture accounts of the exte-

rior letters effect (ELE) in visual word recognition, to reveal the details of the split fo-

vea and the corresponding non-split architectures, and how much they can account for 

behavioural data; the optimal viewing position (OVP) in reading, to discover the rela-

tionship between eye fixation behaviour and information structure of the language (Eng-

lish), and its interaction with the split fovea claim; and the core phenomena of dyslexia, 

to show how the split fovea architecture accounts for some reading disabilities. 

Exterior Letters Effect 

In visual word recognition, the first and last letters of a visually presented word have 

been shown to receive processing priority in a number of experimental paradigms (e.g., 

Forster & Gartlan, 1975). The first implemented computational model that addresses 

this exterior letters effect (ELE) was the interactive activation model (IAM) proposed 

by Rumelhart and McClelland (1981). They suggested two mechanisms in the IAM 

which could account for the ELE. First, they used different weights for the inputs to dif-

ferent letter positions. Second, they assumed that the readout process started from the 
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two exterior letters. They also mentioned that for monosyllabic English words, the on-

sets and codas usually have greater variety then the middles, and hence it is adaptive to 

give processing priority to exterior letters. Other than the IAM, none of the existing 

models of visual word recognition which adopted a non-split architecture was able to 

capture the ELE (e.g., Seidenberg & McClelland, 1989). Also, before the proposal of 

the split fovea model (Shillcock & Monaghan, 2001a), none of the previous models 

could capture the ELE as a principled result which emerged spontaneously from the ba-

sic architecture of the model. 

In Shillcock and Monaghan’s (2001a) demonstration of the ELE, which emerged natu-

rally from the split nature of the model, they first trained the model with the 60 most 

frequent four-letter English words to show that the ELE occurred with a small but psy-

chologically realistic lexicon. The architecture of the split model is shown in Figure 2.3. 

As shown in the figure, they employed two input sets of four letter slots which corre-

sponded to the input letters on either side of a fixation point. Each letter input was en-

coded according to the eight-bit visual feature system employed by Plaut and Shallice 

(1994). The task of the model was a shift-invariant identity mapping, that is, to recreate 

the split orthographic inputs in the output layer for all five possible input positions for 

each word (see Figure 2.4). They also compared the performance of the split model with 

a comparable non-split model, whose processing power was matched closely with the 

split model by randomly removing half of the connections between the input and hidden 

layers to allow the same number of weighted connections in both models. The nonsplit 

model is shown in Figure 2.5. 
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Figure 2.3 Split model architecture. 

 

 

Figure 2.4 Example of the five different input positions for each word. 
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Figure 2.5 Nonsplit model. 

After the network had learned the task well, they presented the network with words in 

two conditions. In the exterior letters condition, the exterior letters remained intact, and 

the interior letters were replaced by ambiguous patterns in which each unit was assigned 

half of its maximum activation. In the interior letters condition, the interior letters were 

intact, and the exterior letters were replaced with the same ambiguous patterns. The re-

sults showed that, when words were centrally presented, that is, when the letters occu-

pied letter position 3 to 6, there was a significant interaction between model type (split 

vs. non-split) and presentation condition (exterior vs. interior): the difference between 

the mean square error (MSE) for the two conditions was greater in the split model than 

in the non-split model. This pattern was broadly followed in the other two fixation posi-

tions in which input letters fell into both halves of the model (i.e., letter position 2 to 5 

and letter position 4 to 7). This interaction became insignificant when the input fell into 

a single hemifield (i.e., letter position 1 to 4 and 5 to 7). The results suggested that the 

split nature of the split model played a crucial part in the ELE. In addition, the other 

source of the ELE might be from the shift-invariant identity mapping task itself, since a 

smaller but significant difference between the exterior and interior letters conditions 

was also observed in the non-split model. 
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They also simulated the exterior letters priming effect by comparing the MSE produced 

when only exterior letters and when only interior letters were presented to the model. 

McCusker, Gough, and Bias (1981) showed that exterior letters of four-letter English 

words were better than corresponding interior letters at priming subsequent target words. 

The split model successfully captured this effect: presenting exterior letters to the model 

produced smaller MSE than presenting interior letters; this difference was significantly 

smaller in the non-split model. 

In order to rule out the possibility that the source of the ELE was the context informa-

tion of letters defined in the orthotactic structures from the lexicon, Shillcock and 

Monaghan (2001) also simulated the ELE with a random-letter lexicon, in which each 

word was generated by randomly assigning a letter to each position. The results again 

showed a significant interaction between model type and presentation condition, even 

for both of the single hemifield presentations. The ELE was also noticeable in the non-

split model. In other words, the ELE was more pronounced in the random-letter lexicon. 

This significant interaction between model type and presentation condition was still ob-

tained even when they further removed the letter level completely by using a lexicon 

consisting of random feature patterns as “words’. These results hence confirmed that the 

ELE in all three simulations was caused by the nature of the shift-invariant identity 

mapping and was significantly magnified in the split architecture. 

Shillcock and Monaghan concluded with two distinct accounts of the ELE. In the hemi-

spheric division of labour account, the ELE emerged in the split architecture because 

there were chances for a single exterior letter to be processed with all of the processing 

resources from one half of the model (i.e., when words were presented in position 2 to 5 

and 4 to 7) and consequently received less MSE. In contrast, the processing resources 

for interior letters were divided more evenly and hence the MSE data obtained in each 

letter position for interior letters were less skewed than those for exterior letters. This 

account explained the superiority of the split model in its capacity to address the ELE, 

compared with the non-split model. In the superpositional storage account, the five dif-

ferent input positions required in the shift-invariant mapping task made the input to the 

central letter positions have greater variety than the outer letter positions. Consequently, 
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the MSE associated with interior letter positions was typically greater than exterior let-

ter positions. This account explained why the ELE was also obtained in the non-split 

model. Between these two accounts, they argued that the hemispheric division of labour 

account had more psychological reality and might be central to the explanation of the 

ELE. In other words, the ELE emerged as a principle result of the basic architecture 

properties of the split model, which reflected human foveal splitting. 

In summary, in Shillcock and Monaghan’s (2001a) examination of the ELE, we have 

seen how the anatomy of the visual pathways, i.e., foveal splitting, can be accommo-

dated in connectionist modelling of visual word recognition. Also, through the compari-

son between the split fovea and the non-split architectures in modelling the shift-

invariant mapping, they showed the difficulties of attributing the ELE to the split nature 

of the architecture and the information structure of the superimposed input words in-

duced by (idealized) eye fixation behaviour. Later in Chapter 5, we will show how the 

separation of phonetic and semantic information within Chinese SP and PS characters 

can demonstrate more clearly the qualitatively different processing styles between the 

split and the non-split architectures. In the following subsection, we will review a study 

by Shillcock et al. (2000), which further explored the interaction between the split fo-

veal architecture and the information structure of English words in visual word recogni-

tion. 

Optimal Viewing Position in Reading 

In modelling human reading behaviour, based on the hypothesis that the brain have dis-

covered the best solution to the problem (Anderson, 1991), Shillcock et al. (2000) 

adopted an “ideal-observer” approach and argued that a model of optimal reading 

should take any reference to the known architecture of the processor into account, in 

particular, the anatomical splitting of the visual field and the coordination of informa-

tion in the two hemispheres. They hence conducted a statistical analysis of a full-size 

lexicon that lead to many observed reading behaviours, including OVP of words, read-

ers’ failure to fixate shorter words, and the greater span of letter processing in the 

RVF/LH. 
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Shillcock et al. (2000) proposed an algorithm to calculate the optimal splitting point of 

words in a lexicon, aiming at giving both sides equal probability of identifying the word 

and maximizing the sum of information on both sides. This algorithm was based on the 

claim that when each half of the processor has a comparable amount of information 

about the identity of the word, the smallest amount of information is required to be 

transferred across each other, and a greater range of information, such as semantic in-

formation, would be allowed to travel in either direction. 

The algorithm starts with a random split point for each word in the lexicon. Each word 

is split into two halves (beginning and ending halves) in respect of this random split 

point. For each word, a competition measure of the current split setting is given by 1/lr, 

where l is the number of words which have the same beginning half as the given word 

in the lexicon under the current split setting, and r is the number of words sharing the 

ending half as the given word. Each word in the lexicon then is accessed according to 

this competition measure, in order to assign a new split point. The new split point for a 

given word is assigned to where the competition measure is maximized (i.e., the compe-

tition is minimized) under the current split setting in the lexicon. The algorithm updates 

the split point of each word iteratively until no split points of words are changed during 

an entire pass through the lexicon. At this point, the split point for each word ensures 

that each half of the word has as much information as possible about the identity of the 

word.  

In their experiment, the lexicon used was a 34,154-word lexicon from the CELEX lexi-

cal database (Baayen, Pipenbrock, & Guilikers, 1995). Although this algorithm is not 

deterministic, their results of different runs exhibited a great deal of convergence. For 

each word length, the mode of the distribution of split-points was either in the centre or 

to the left of the centre of the word; the leftward displacement was more pronounced for 

longer words. This pattern of split points reflected the fact that the beginning of English 

words tend to be more informative than the endings, and also resembled the OVP ob-

served in human data (O’Regan, 1990). Their results also captured the hypothesis that 

the distributions of optimal split points for words with more informative beginnings and 
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endings are asymmetrical (O’Regan & Levy-Schoen, 1987): there was a small right-

ward shift of the OVP for end-informative words. 

To make the model more psychologically realistic, they considered the constraint of fo-

veal vision and assumed that four letters on either side of the fixation is a psychologi-

cally realistic estimate. They simulated this constraint by restricting the number of let-

ters that the algorithm could use to match each word against the rest of the lexicon. Let-

ters outside of the foveal window were replaced by an asterisk. The results exhibited the 

same effects as the original version of the algorithm. These effects also persisted when 

they further made the information available on each side of the word include the num-

ber of letters on the other half. This amendment was based on the assumption that low-

spatial frequency information can be taken up by the brain very quickly through the 

magnocellular pathways and hence may be overlapped between the hemifields (see 

Fendrich, Wessinger, & Gazzaniga, 1996). In summary, their splitting algorithm suc-

cessfully captured the OVP data reported in psycholinguistic experiments through 

analysis of the statistics of the English lexicon, and the effects persisted when the foveal 

vision constraint was imposed and word length information was provided. 

They also used the results obtained from the splitting algorithm to explain readers’ fail-

ure to fixate shorter words in text. They considered words with an optimal split point to 

the left or right of the whole word after applying the algorithm as a fixation failure. 

When comparing the percentage of fixation failure for each word length with human 

data studied by Rayner and McConkie (1976), they found that the two distributions 

were significantly related. This correlation implied that the splitting algorithm produced 

fixation behaviour closely comparable to that of humans when reading text. 

In interpreting the greater span of letter processing in the RVF/LH, they suggested it to 

be a product of the word recognition processor that approximates the ideal splitting be-

haviour described in the splitting algorithm and that habitually encounters longer sec-

tions of letters in the RVF. They showed that, by aligning all of the words in the lexicon 

about their optimal split point and considering the statistical distribution of letters in 

each letter position, the entropy curve produced by the splitting algorithm was relatively 
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symmetrical but with the right side of the curve decreasing more slowly and covering a 

larger area than the left side. This optimally split curve thus had the advantages of peak-

ing in information across the very centre of the fovea, and the psychological reality in 

terms of the relation between the RVF and the LH in word recognition. 

In conclusion, they argued that various reading behaviours may at least partly be ex-

plained in terms of the observable anatomy of the visual system, i.e., foveal splitting, 

and the information structure of words. Hence, the split fovea model is psychologically 

plausible in modelling visual word recognition. In the following section, we will see 

how their split fovea model proposal captured impaired reading behaviour. 

Modelling of Dyslexia 

The quasi-regularity of spelling-sound correspondence in English has posed problems to 

both normal and impaired readers. Words with irregular pronunciations, such as “pint”, 

usually take longer to read aloud than a matched word with a regular pronunciation. 

Surface dyslexics have particular difficulty reading aloud these irregular words and tend 

to produce regularization errors (see, e.g., Patterson, Coltheart, & Marshal, 1985). Most 

of the current computational accounts of surface dyslexia are resource-based. For ex-

ample, Seidenberg and McClelland (1989) showed that in a connectionist model, re-

stricting the number of hidden units impaired learning low frequency irregular words. A 

similar effect was produced by lowering the learning rate overall (Harm & Seidenberg, 

1999). Plaut et al. (1996) explored the idea of including a semantic pathway to the or-

thography-phonology mapping. They trained their connectionist model with extra input 

to the output layer to push the output activation towards the desired values, to simulate 

the support from the semantic pathway. They showed that after removing this semantic 

support during testing, the model started to have difficulty pronouncing irregular words. 

In other words, the irregular pronunciations seemed to rely more on the semantic route 

than the regular pronunciations, and impairment to this semantic route induced typical 

symptoms of surface dyslexia. 

In 2001, based on the observation that dyslexia is frequently associated with callosal 

transfer problems (e.g., Davidson & Saron, 1992), Shillcock and Monaghan proposed a 
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hemispheric desynchronization account of surface dyslexic through modelling orthog-

raphy-phonology mapping in a split fovea model (Figure 2.3). In their simulation, each 

input layer had four letter slots, and each slot contained 26 units representing the 26 let-

ters. The output layer consisted of six slots, with two slots each for onset, nucleus, and 

coda of the phonological output. Each phoneme in the output was encoded in terms of 

11 phonological features. The training corpus contained 3,835 single-syllable words. In 

order to closely compare with the non-split architecture adopted by Harm and Seiden-

berg (1999), words were only presented in the central fixation position with their first 

vowel justified immediately to the left of the fixation. 

They compared the performance of several versions of the model. The first version was 

the simple split model shown in Figure 2.3 (“Split-No-Attractor”). In the second version, 

they added phonological attractors, which consisted of 35 “clean-up” units connected to 

the output layer of the simple split model (“Split-Attractor”). In order to enable callosal 

transfer in the modelling, as irregular pronunciation is akin to solving an XOR problem 

which requires integration of both sides of the input (Harm & Seidenberg, 1999), they 

further put interconnected links between the two hidden layers, in addition to the attrac-

tors, in the third version of the model (“Split-Interconnected”). They also trained two 

other versions of nonsplit architecture as controls (“Nonsplit-No-Attractor” and 

“Nonsplit-Attractor”). Their results showed that the Split-Interconnected model outper-

formed the other models on the training set, and the Split-No-Attractor model had the 

worst performance. This comparison suggested that integrating information between the 

two halves of the input was critical to successful learning. 

When comparing the models’ performance on irregular words, the Split-No-Attractor 

model performed extremely poorly, and the Split-Interconnected and the Nonsplit-No-

Attractor models outperformed the others. The Split-No-Attractor model produced over-

regularisation errors for irregular words that resembled those found in surface dyslexics. 

If compared the Split-No-Attractor model with the Nonsplit-No Attractor model, the 

nonsplit model finally converged to correct pronunciation for irregular words with 

enough training, but the split model did not. This comparison suggested a qualitative 

difference between the split and non-split models. Shillcock and Monaghan hence 
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claimed that the simple split architecture provided a hemispheric desynchronization ex-

planation of the dissociation between irregular and non-word reading found in surface 

dyslexics, and this account of surface dyslexia emerged naturally from the basic split 

architecture and was a more parsimonious account than resource-based explanations. 

Shillcock et al. (2000) also claimed that hemispheric desynchronization is a major fea-

ture of deep dyslexia. For instance, Kapur and Perl (1978) reported recorded deep dys-

lexic errors and found many examples in which the target and the error shared the same 

beginning or end. Shillcock et al. (2000) argued that the error might be caused by inef-

ficient callosal communication and consequent compensatory strategies.  Deep dyslex-

ics are also frequently characterized by erroneously reporting a less concrete word as a 

more concrete word (Coltheart, Patterson, & Marshall, 1987). If word recognition de-

pends on hemispheric transfer of semantic information, this phenomenon can be ac-

counted by an advantage for concrete words in any competition. Shillcock et al. (2000) 

hence claimed that the split model for visual word recognition generates coherent pre-

dictions concerning lexical competition and provides a more parsimonious account for 

impaired reading in dyslexia. 

In summary, in this section, we have looked at the plausibility and difficulties of inter-

pretation concerning modelling data in visual word recognition, whether of a connec-

tionist kind or of a more statistical nature which might be more connected to the struc-

ture of the problem. In the following chapters, we will show how this split fovea archi-

tecture can be applied to Chinese character recognition and the modelling of Chinese 

character pronunciation. Chinese orthography has dramatically different structures from 

English, and hence has provided opportunities not available in English to examine the 

plausibility of the split fovea architecture and hemispheric processing in reading. In the 

next chapter, we will introduce the uniqueness of Chinese orthography and its implica-

tions for orthographic processing through statistical analyses of a Chinese phonetic 

compound database. 
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Chapter 3 Analysis of a Chinese Phonetic Compound 
Database: Implications for Orthographic Processing 

The complexity of Chinese orthography has hindered the progress of research in Chi-

nese to the same level of sophistication of that in alphabetic languages such as English. 

Also, there has been no publicly available resource concerning the decomposition of 

Chinese characters, which is essential in any attempt to model the cognitive processes 

of Chinese character recognition. This chapter reports a construction and analysis of a 

Chinese lexical database containing the most frequent phonetic compounds decomposed 

into semantic and phonetic radicals according to Chinese etymology. Each radical was 

further decomposed into basic stroke patterns according to a Chinese transcription sys-

tem, Cangjie (Chu, 1979). Other information such as pronunciation and character fre-

quency were also incorporated. We examine the distribution of different types of char-

acter, the information skew in phonetic compounds, the relations between subcharacter 

orthographic units and the pronunciation of the entire character, and the processing im-

plications of these phenomena in terms of universal psycholinguistic principles. 

3.1 Chinese Phonetic Compound Database 

In summary of the Chinese orthography introduction in Chapter 1, the majority of Chi-

nese characters are phonetic compounds. These characters usually consist of a phonetic 

radical and a semantic radical. A semantic radical bears information about the meaning 

of the character; a phonetic radical usually suggests how the character might be pro-

nounced. Most phonetic compounds have a left-right structure. Usually the semantic 

radical is on the left and the phonetic radical is on the right of the character (i.e., SP 

characters). 

In order to understand how these phonetic compounds are formed, the database reflects 

the structures of all phonetic compounds. It contains the 3,027 most frequent phonetic 

compounds from frequent Chinese characters, decomposed into semantic and phonetic 



Hemispheric processing in reading Chinese characters 

Analysis of a Chinese Phonetic  

Compound Database 36 

radicals according to Chinese etymology. This decomposition is uncontroversial (cf. 

Harbaugh, 1996; Zhang & Chen, 1716) and involved native-speaker intuitions. 

The analysis of the cognitive implications of the database statistics is based on current 

research in visual word recognition, that is, the split fovea claim (see section 1.2 ). This 

fact about the anatomy of the visual system motivates a concentration on the left-right 

structure of Chinese characters. From the above analysis, it is clear that the typical 

granularity in Chinese orthography is substantially coarser than that found in English 

orthography: English four-letter words, the subject of much modelling attention, contain 

four constituents, but the left right structured phonetic compounds in our database typi-

cally contain two. We can assume that when a subject fixates at the middle of such a 

character, initially the left half of the character will be projected to the RH, and the right 

half of the character to the LH. Consequently, the initial processing of the two halves of 

a fixated character is located in different hemispheres. According to Shillcock et al.’s 

(2000) approach (see section 2.2 ), in this chapter we examine the hypothesis that there 

is an equitable division of labour between the two hemispheres during reading, which 

may be reflected in the structure of the lexicon5.  

Also, in order to reflect the observation that the smallest functional processing units of 

Chinese character recognition are the well-defined stoke patterns (i.e., single bodies) 

which repeatedly appear in Chinese characters (Chen et al., 1996), each radical was fur-

ther decomposed into basic stroke patterns, or single bodies. A similar decomposition 

had been achieved in the Chinese transcription system, Cangjie (Chu, 1979), and we 

thus decomposed each radical accordingly. The frequency information (Huang, 1995), 

                                                 
5 Note that in the examinations of hemispheric processing in this dissertation, readers’ eye fixation has 
been hypothesized to be between the two radicals of a left-right structured character. In Chinese text read-
ing, it has been shown that there is no tendency for eyes to land more frequently at a particular position in 
a character (Tsai & McConkie, 2003; Yang & McConkie, 1999), possibly because the length of a charac-
ter is too short for the effects to emerge (see Tsai & McConkie, 2003, for a discussion), Nevertheless, we 
can assume that the OVP of isolated Chinese character reading is similar to that of  short English words 
(O’Regan, 1990), which is close to the centre of a character. An examination of OVP in Chinese character 
recognition is beyond the scope of this dissertation, which focuses on the split fovea claim and its interac-
tion with the separation of semantic and phonetic information within a Chinese phonetic compound. 
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the pronunciation (Pinyin), and the information regarding regularity and consistency of 

each character were also put into separate tables in this lexical database6.  

Methodology 

All the 3,027 phonetic compounds were put into two separate tables. The first table con-

tained all phonetic compounds with their semantic and phonetic radicals forming a left-

right structure, irrespective of whether the semantic radical appeared on the left or right. 

Characters with a radical that has its main body occupying one side of a character, such 

as the semantic radical “ ” (chuo4) in “ ” (yuan3), were also included. The criteria 

used to include these exceptional cases were: 

1. The radical of a given character occupies the whole left or right side of the charac-

ter and the top or bottom part of the other side, such as “ ” (yan3). 

2. For the radicals in (1), the part on one side has more strokes than the part on the 

top or bottom of the other side. In other words, the part on the side constitutes the 

principal part of this radical, and the radical could be recognized from this infor-

mation alone. Hence, “ ” does not meet this criterion. 

3. The principal part of this given radical is not a radical itself. That is, there is no 

ambiguity among characters with this principal part on the same side. For example, 

the semantic radical of the character “ ” (shi1) consists of the left part “ ” 

(fang1) and the top of the right part. Since there is no existing character with “ ” 

(fang1) on the left side but without the top part on the right side, “ ” meets this 

criterion. 

                                                 
6 The standard query language (SQL) can produce a larger table containing all related information for 
each character. The database is available online at: 
http://homepages.inf.ed.ac.uk/s0231692/Database/PhoComDB.zip. 
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The exceptional characters that met all the above criteria were included in the first table, 

which contained characters with a clear left-right structure. These exceptional characters 

were those with the following semantic radicals: (chuang2), (chuo4), (gan4), 

(yan3), and  (yin3). The second table contained the rest of the phonetic compounds, 

which were non-left-right structured and had a vertical, concentric, or some other ir-

regular structures. 

Each radical was then further decomposed into those basic stroke patterns defined in 

Cangjie. This decomposition was achieved by encoding each radical in terms of a set of 

predefined basic stroke patterns. We extracted 110 such stroke patterns from Cangjie 

encoding rules, and coded them with numbers from 1 to 110. For radicals with more 

than one identical component, such as “ ”, we used an extra code to represent this 

geminate component. The spatial complexity of Chinese orthography compelled us to 

adapt this approach to the representation of geminates, compared with that taken in the 

modelling of alphabetic spelling (cf. Houghton, Glasspool, & Shallice, 19947). Both 

codes for the original and the geminate components were included in the encoding of 

this given radical. For example, code 73 represented the pattern “ ”. For the radical 

“ ”, which contains two “ ”, we used an extra code 128 to represent the other " ". 

Hence, both code 73 and 128 were included in the encoding of the radical " ", whereas 

only code 73 was included in " ".In this way we could make sure that the radical " " 

and " " have one code, or stroke pattern, in common, and at the same time distinguish 

them with another code. The same applied to triples of the same pattern. For example, if 

there was a radical with a form “ ”, an extra code, 147, would be required to represent 

this triple pattern; Code 73, 128, and 147 hence would all be included in the encoding of 

this radical. We used numbers 111 to 179 to code these geminates and triples. 

                                                 
7 In Houghton et al.’s study, they used only a single “geminate node” for all words with geminates. For 
example, this “geminate node” was activated in both of the representations for the word “deer” and 
“door”, although the duplicate letter in the two words were different. 
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Figure 3.1 Zipf distribution of Stroke pattern frequency among left-right structured phonetic com-

pounds. 

The character frequency information is from the Chinese character list reported by 

Huang (1995). This list contains information about frequency of usage and number of 

strokes for each of the 13,060 traditional Chinese characters. The frequency information 

was taken from a corpus consisting of 171,882,493 BIG-5 Chinese characters which ap-

peared on Usenet newsgroups during 1993-1994. 

Finally, Figure 3.1 shows the distribution of the frequency of the stroke patterns we de-

rived from the Cangjie system, which exhibits a characteristic Zipf curve (Zipf, 1932). 

This curve is plotted by sorting all stroke patterns according to their frequency of ap-

pearance among all left-right structured phonetic compounds, with the most frequent 

stroke pattern first, and so on. 

3.2 Componentiality of Different Character Types 

Among the 3,027 most frequent phonetic compounds, there are 2,159 characters with a 

clear left-right structure (left-right phonetic compounds). This is about 72% of the 3,027 

phonetic compounds (Figure 3.2). Among these left-right phonetic compounds, there 
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are only 218 characters that have their phonetic radicals on the left side (i.e., PS charac-

ters), which is about 10% of the 3,027 left-right phonetic compounds. In other words, 

around 90% of the left-right phonetic compounds have their semantic radicals on the 

left and phonetic radicals on the right (SP characters; see Figure 3.3). 
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Figure 3.2 Distribution of types of Chinese phonetic compound characters and its interaction with 

character frequency (the top and bottom 10%). 

Figure 3.2 shows that there are closely comparable proportions of left-right and non-

left-right phonetic compounds in the top 10% and bottom 10% of the frequency range 

considered. It has been argued that processing of low frequency word types has greater 

componentiality and involves rule-governed processing; in contrast, processing of high 

frequency word types tends to be holistic, reflecting the access of stored items. For ex-

ample, it has been claimed that the past tenses of low frequency English words tend to 

be accessed componentially, i.e., the –ed rule (cf. Marcus, 1996). The closely compara-

ble proportions of left-right and non-left-right structures among very high and very low 

frequency characters imply an equal degree of componentiality in the processing of 

these two different structures. Thus, it is not possible to claim, given these assumptions 

about componentiality, that the left-right phonetic compound is any more or less natu-

rally componential than the non-left-right phonetic compound.  
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Figure 3.3 Distribution of SP and PS characters interacting with frequency (the top and bottom 

10%). 

Figure 3.3 shows a different picture: there tend to be proportionally more minority PS 

forms in the high frequency range compared with those in the low frequency range. In 

other words, given these assumptions about componentiality, processing of SP forms 

tends to have higher componentiality than minority PS forms. This is in line with “dual-

route” theories of rule-governed and non-rule-governed processes interacting with fre-

quency, in a way that is adaptive in storage terms (cf. Marcus, 1996). That is, rule-

governed processes can still yield low-frequency outcomes effectively. 

3.3 Entropy Analysis 

Among all left-right phonetic compounds, there are 252 different radicals on the left of 

the characters. Some 104 out of the 252 radicals are semantic radicals. On the other 

hand, there are 857 different radicals on the right, and 843 of them are phonetic radicals. 

Hence, there is more variation on the right side of the left-right phonetic compounds. 

Some radicals can be further decomposed into other radicals. For example, the phonetic 

radical of the character “ ” (qi1) is “ ” (qie1), which can be further decomposed into 

“ ” as the phonetic radical and “ ” as the semantic radical. In total, there are 73 de-
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composable radicals in the database. If we do not consider these decomposable radicals, 

there are 249 different undecomposable radicals on the left side of the characters, and 

831 on the right. In total, there are 888 different undecomposable radicals.  
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Figure 3.4 Entropy analysis of the radicals on the left and on the right of the left-right phonetic 

compounds. 

Figure 3.4 to Figure 3.6 compares the entropy of the radicals on the left and on the right 

of these left-right phonetic compounds. The entropy of the radicals is obtained from 

equation (1): 

( ) ( ) ( )xPxPxH
x

log∑−= .       (1) 

P(x) is the probability of a given radical x appearing in a specific position, that is, on the 

left or the right of a phonetic compound. In information theory, entropy concerns how 

much randomness is in a signal, or alternatively, how much information is carried by 

the signal. It is sensitive to both the probability distribution of different types of events 

and the total number of events in the signal. The greater the entropy is, the more infor-

mation the signal carries. We thus use this measure to examine the information distribu-

tion within Chinese characters. 



Hemispheric processing in reading Chinese characters 

Analysis of a Chinese Phonetic  

Compound Database 43 

7.98

9.74

0

2

4

6

8

10

Entropy of left radicals Entropy of right radicals

E
nt

ro
py

 

Figure 3.5 Entropy analysis when the graphotactic constraints which exist in the real lexicon are 

lifted. 
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Figure 3.6 Entropy analysis of very high and very low frequency phonetic compounds (i.e., the top 

and bottom 10%). 
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Figure 3.7 Zipf distribution of radical type among left-right structured phonetic compounds. 

How is Figure 3.4 to be interpreted? The greater entropy on the right of the figure re-

flects the fact that the right side is more variable than the left side, with this contrast 

typically reflecting the greater variability of the phonetic radical as opposed to the se-

mantic radical. Can we interpret this asymmetry further? Figure 3.5 shows the same 

contrast when we lifted the graphotactic constraints which exist in the real lexicon and 

which mean that any one radical on the left of the character can only appear in conjunc-

tion with a small subset of radicals on the right of the character, and vice versa. That is, 

we pretended that the lexicon of left-right phonetic compounds contained every possible 

combination of radicals that can appear on the left and radicals that can appear on the 

right. Without the graphotactic constraints of real Chinese, every left radical is able to 

pair with every right radical to comprise a character. If we compare Figure 3.4 and 

Figure 3.5, we can see that the graphotactic constraints decrease the entropy more on 

the left than on the right. This implies that, in Chinese, the distribution of radicals on the 

left is more skewed than on the right. In other words, on the left of the phonetic com-

pounds, there are some very frequent and some very infrequent radicals, whereas the 

distribution is flatter on the right, indicating that the right half of characters is more in-
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formative. This fact can be seen in the Zipf curve (cf. Zipf, 1932) shown in Figure 3.7 in 

which distribution of right radicals is longer and flatter than that of the left radicals. 

Figure 3.6 shows the entropy analysis of very high and very low frequency phonetic 

compounds (i.e., the top and bottom 10% in terms of frequency). Their left-right en-

tropy distributions are similar to each other, with slightly smaller entropy among very 

high frequency compounds. This fact is again reflected in the Zipf distribution of radical 

type frequency (Figure 3.7), that is, a flatter frequency distribution among very low fre-

quency compounds than among very high frequency compounds. 
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Figure 3.8 Entropy analysis of the radicals on the left and on the right in terms of character token 

frequency. 

Figure 3.8 and Figure 3.9 shows the same entropy analysis, but in terms of character 

token frequency. If we compare Figure 3.8 with Figure 3.4 and Figure 3.5, the entropy 

of right radicals decreases more than that of the left radicals. This decrease means the 

distribution of right radicals is less flat after taking token frequency into account (see 

Figure 3.10 for the Zipf curve for token frequencies). In other words, the usage of char-

acters, reflected in the character token frequencies, makes the levels of entropy on the 

left and right of the left-right phonetic compounds more similar. Figure 3.9 compares 

this left-right entropy distribution among the top and bottom 10% frequent characters in 
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terms of token frequency. The lower entropy among very high frequency characters re-

flects the fact that, in Chinese texts, the radicals of very high frequency characters tend 

to be of just a few types (Figure 3.9).  

Thus our hypothesis has received support from this analysis: the character set should 

have evolved so as to produce an adaptive division of labour between the two hemi-

spheres, and thus between the two hemifields, and the two halves of phonetic com-

pounds. The entropy level is more closely equal – but with rather more information be-

ing projected initially to the LH – in the set of most frequently occurring characters, ex-

actly where we would expect to find most adaptation. 

6.69
7.27

5.48
5.06

0

2

4

6

8

10

Very high frequency Very low frequency
Phonetic Compounds

En
tro

py Entropy of Left
Radicals

Entropy of
Right Radicals

 

Figure 3.9 Entropy analysis of very high and very low frequency characters (the top and bottom 

10%), in terms of character token frequency. 
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Figure 3.10 Zipf distribution of radical token frequency among left-right structured phonetic com-

pounds. 

3.4 Character Regularity and Consistency 

As we have seen, phonetic radicals vary in their relationship with the pronunciation of 

the entire character. They may signify the pronunciation transparently (i.e., they are 

regular) or with varying degrees of transparency (i.e., they are semi-regular or irregular); 

indeed, the irregular category itself breaks down into subcategories of differing degrees 

of transparency. In addition, any one phonetic radical may be more or less consistent in 

its relationship with character pronunciation.  

We will explore the claim that the relationship between a phonetic radical and the pro-

nunciation of the whole character is interpretable in terms of universal psycholinguistic 

principles governing the relationships between spoken words, as addressed principally 

by priming experiments. On the basis of interference between homophones in tasks in-

volving pronunciation judgements and semantic judgements, it has been shown that the 

pronunciation of a Chinese character is activated early in recognition and has been ar-

gued to be integral to the lexical access of the character (Perfetti & Zhang, 1995b). 
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Given the existence of short-range phonological priming between similarly pronounced 

words (e.g., Collins & Ellis, 1992), we can interpret the role of the phonetic radical in a 

character as answering the question “what other character pronunciation would facilitate 

the pronunciation of the current character”. 
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Figure 3.11 Distribution of regularity of left-right structured phonetic compounds and its interac-

tion with character frequency (the top and bottom 10%). 
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Figure 3.12 Distribution of types of irregular left-right structured phonetic compounds and its in-

teraction with character frequency (the top and bottom 10%). 

We have examined the regularity and consistency of the 3,027 most frequent Chinese 

phonetic compounds. As shown in Figure 3.11, overall only about 33% of the left-right 

structured Chinese phonetic compounds are regular and about 52% are irregular, includ-

ing alliterating, rhyming, and radically irregular characters (Figure 3.12). The best clue 

to a character’s pronunciation is something that has the same pronunciation as the char-

acter. Hence, the relationship between a regular character and its phonetic radical is 

identity priming: the radical is trivially the best clue to the character’s pronunciation. As 

expected, from the “memory” argument rehearsed above, the percentage of regular 

characters is larger among low frequency characters than high frequency characters. 

The same comparison for non-left-right structured phonetic compounds is shown in 

Figure 3.13. These characters have structures different from the left-right structure, such 
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as a vertical structure (e.g., ), a concentric structure (e.g., ), and others irregular 

structures (e.g., )8. Figure 3.11 and Figure 3.13 are similar with regard to the distribu-

tion of the different degrees of regularity across the frequency range, and we do not dis-

cern any important differences. 

In both Figure 3.11 and Figure 3.13, the smallest category of phonetic compound is the 

semi-regular one, in which phonetic radical and character pronunciation differ only by 

tone. There is good reason to regard this category as a subcategory of the completely 

regular phonetic compounds. Although tone is a proper part of the phonology of a tone 

language (see, e.g., Van Lancker & Fromkin, 1973, 1978, albeit for Thai), its perceptual 

processing in speech judgements of words and nonwords, and in homophone judge-

ments of written characters is qualitatively different from that of segmental processing, 

being slower and more prone to misperception (see Cutler & Chen, 1997, albeit for 

Cantonese, in which the tone system is more complex; Repp & Lin, 1990; Spinks, Liu, 

Perfetti, & Tan, 2000; Taft & Chen, 1992). Tone in informal continuous speech is typi-

cally not perceived in strict temporal conjunction with the carrier word alone, but may 

require information about the speech contours over the previous and subsequent word(s) 

(Xu, 1994; 2001). Cutler (1986) has shown that lexical stress in English is not used 

prelexically to constrain lexical access (listeners automatically activate both meanings 

in homophone pairs such as forearm and forearm when either is heard). Although tone 

is much more important in Chinese, and is crucial for word identification, its perception 

is inherently slower and less reliable than that of segment perception. Indeed, Chen, 

Chen & Dell (2002) argue on the basis of an implicit priming task that the syllable mi-

nus the tone can act as a planning unit at the phonological level. From this perspective, 

we might categorize the regular and semiregular phonetic compounds together as being 

segmentally identical, together constituting around half of the phonetic compounds 

                                                 
8 Note that the phonetic radicals of non-left-right structured phonetic compounds tend to have small com-
binability and orthographic alterations (e.g., the phonetic radical of “ ” is “ ”, which has been altered 
to “ ”). 
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overall. Additionally, we can expect the semiregular category to be small in part be-

cause the number of tones is very limited. 
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Figure 3.13 Distribution of regularity of non-left-right structured phonetic compounds and its in-

teraction with character frequency (the top and bottom 10%). 

If we take a closer look at the distribution of different types of irregular characters 

among the left-right structured phonetic compounds, interestingly, more than half of 

irregular characters still share some segments with their phonetic radicals (Figure 3.12). 

In other words, only 23% of all left-right structured phonetic compounds have a pho-

netic radical which has a radically different pronunciation. A similar distribution can 

also be found among irregular non-left-right phonetic compounds (Figure 3.14). It sug-

gests that, overall, phonetic radicals may not be as poor an indication of Chinese charac-

ter pronunciation as is often thought. The distribution of types within the irregular pho-

netic radicals may be understood in terms of priming relationships between words. Note 

that one of the largest categories is the one in which the phonetic radical rhymes with 

the pronunciation of the whole character. There is a much smaller category of alliterat-
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ing phonetic radicals, which share an onset with the pronunciation of the whole charac-

ter. There is a substantial literature showing the salience of the rime in the phonological 

representation of words (see, e.g., Dumay et al., 2001; Goswami & Bryant, 1990). In 

phonological priming experiments, overlap at offset tends to lead to facilitation of the 

target (Dumay et al., 2001; Monsell & Hirsh, 1998; Radeau, Morais, & Segui, 1995; 

Slowiaczek, McQueen, Soltano, & Lynch , 2000; see also Norris, McQueen, & Cutler, 

2002, for a discussion of strategic effects). If we equate the rhyming phonetic radicals 

with such facilitation, then their preponderance in the irregular phonetic radicals can be 

understood. 
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Figure 3.14 Distribution of types of irregular non-left-right structured phonetic compounds and its 

interaction with character frequency (the top and bottom 10%). 

In contrast, phonological priming studies tend to show inhibition when only the onset is 

shared (Monsell & Hirsh, 1998; Radeau et al., 1995). The alliterating phonetic cues 

would thus seem to be less preferable as cues, and this may explain the relative propor-

tions of the two categories. We may extrapolate from this reasoning to say that it is 



Hemispheric processing in reading Chinese characters 

Analysis of a Chinese Phonetic  

Compound Database 53 

adaptive for the more frequently used characters to contain a larger proportion of the 

better cues and a smaller proportion of the poorer cues. Thus, the high frequency irregu-

lar characters contain a larger proportion of rhyming characters and a smaller proportion 

of alliterating ones (although the interaction of the alliterating ones with frequency is 

based on rather small absolute numbers)9. 

In discussing the regular left-right phonetic compounds, we used a memory explanation, 

saying that the low frequency pronunciations relied on rule-like decomposition; this de-

composition was absolute – the low frequency character was segmentally identical to its 

phonetic radical. In the irregular characters, pure decomposition does not lead to the 

correct answer. In these circumstances, the low frequency characters and their pronun-

ciations survive due to interactions occurring with other words. For instance, radically 

irregular pronunciations may be consistent across several instances of the phonetic radi-

cal, or there may even be wider systematicity between these apparently poor clues to 

pronunciation. One testable hypothesis raised by this observation is that although any 

one radically irregular phonetic radical only has an arbitrary relationship with the pro-

nunciation of a character in which it occurs, there may be a systematic relationship be-

tween the set of radically irregular phonetic radicals and the corresponding set of pro-

nunciations of the whole characters. For example, in the phonological representation 

space, the distribution of the pronunciations of the radically irregular characters may 

have a similar structure to the distribution of the pronunciations of their phonetic radi-

cals; in other words, there may be a systematic mapping between these two distributions 

(cf. Shillcock, Kirby, McDonald, & Brew, submitted).  

                                                 
9 The interaction of percentage of alliterating characters with character frequency does not hold for non-
left-right structured irregular phonetic compounds, as there is a larger proportion of alliterating ones 
among the high frequency irregular characters than low frequency ones. But note that the absolute num-
ber of alliterating characters is even smaller than that of the left-right structured phonetic compounds. If 
we compare the top 50% high and the bottom 50% low frequency characters among the non-left-right 
irregular phonetic compounds, there is still a larger percentage of alliterating characters among low fre-
quency characters than high frequency characters (14.49% vs. 12.45%).  
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Figure 3.15 Distribution of consistency of left-right structured phonetic compounds and its interac-

tion with character frequency (the top and bottom halves). 

Figure 3.15 bears out the suggestion made above concerning consistency. There is a 

significant increase in consistency in the low frequency stratum compared with the high 

frequency stratum. ( 2χ = 3.865; df = 1; p < 0.05) The most comprehensive way of test-

ing the role of factors such as character frequency, radical frequency, consistency, range 

of segment identity in onset, nucleus and coda, and so on, is to explore a connectionist 

mapping between the orthographic form of a character and its pronunciation, which we 

will introduce in Chapter 5. In such modelling, we see that the regular and the semiregu-

lar characters pattern together in terms of the difficulty of learning the mapping, and the 

three categories of irregular character also pattern together, being somewhat harder to 

learn than the regular relationships, but not behaving strikingly differently between one 

another.  

We have also compared the distribution of regularity among SP and PS characters 

(Figure 3.16). Among PS characters, only 34% are regular or semiregular, compared 

with 50% among SP characters. This difference implies that the phonetic radicals in SP 
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characters may be better indicators of pronunciation than such radicals in PS characters. 

In Chapter 5, we will show through connectionist modelling that there is a significant 

regularity effect among SP characters but not among PS characters. This difference can 

be explained by the relatively high percentage of regular characters among SP charac-

ters. 
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Figure 3.16 Distribution of regularity among SP and PS characters. 

Why should the exceptional PS structure have survived in the face of the dominant SP 

structure? We tested the hypothesis that the existence of the PS structure is adaptive in 

that it increases the variety of radicals on the left hand side of the characters, thereby 

increasing the entropy on the left of the left-right phonetic compounds and making the 

levels of entropy on the left and right sides more similar, in accord with our hypothesis 

about the division of labour between the hemispheres. Figure 3.17 shows the entropy 

levels for the SP characters alone. Compared with Figure 3.4 showing the entropy levels 

for all of the characters, Figure 3.17 is more uneven: the existence of the minority PS 

characters tends to offset this unevenness and make the left-right distribution of infor-

mation more equitable. 
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Figure 3.17 Entropy analysis of the radicals on the left and on the right of the SP characters. 

3.5 Conclusion 

In computational modelling of Chinese language processing, input representativeness 

has long been problematic because of the lack of resources concerning Chinese charac-

ter decomposition. Although there has been recent progress in behavioural studies, 

showing that character recognition by skilled Chinese readers is based upon well-

defined orthographic constituents instead of individual strokes (Chen et al., 1996; Zhou, 

1999), this lack of resources has stalled the progress in computational modelling and 

statistical analysis. Through the construction of this Chinese lexical database, we have 

put diverse information about Chinese characters together, in order to examine the rela-

tions between subcharacter orthographic units in the pronunciation of the entire charac-

ter, to stimulate and facilitate research in Chinese, and to bring research in Chinese to 

the same level of sophistication as that in English.  

From the database, we have examined the structures of the 3,027 most frequent phonetic 

compounds. About two-thirds of them are left-right structured. We have shown that in 

spite of the less-frequent and irregular structures, and higher percentage of irregular 

pronunciations among non-left-right structured phonetic compounds, there are closely 

comparable proportions of left-right and non-left-right phonetic compounds in very high 
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and very low frequency characters. This implies an equal degree of componential proc-

essing in the two different structure types. On the other hand, in the comparison of SP 

and PS characters, we see a greater degree of componential processing in SP characters, 

which occupy a much larger proportion of phonetic compounds, have higher percentage 

of regular pronunciations, and tend to have lower character frequency than PS charac-

ters. In other words, processing of the SP forms tends to have higher componentiality 

than the minority PS forms. 

According to the results from the entropy analyses, in terms of both type and token fre-

quencies, there is more variation on the right of the characters. In other words, in Chi-

nese, the right half of characters is more informative than the left. This information bias 

to the right may just be the result of the cultural evolution of the language, but it does 

reflect the fact that the LH is typically more powerful than the RH (It is also tempting to 

note the alignment of the phonetic information in the character with the phonological 

processing typically found in the LH, but there can be no demonstration of a causal 

connection). Despite the typical dominance of the LH, it is adaptive to have a more or 

less equal division of labour between the hemispheres. We have shown that the typical 

usage of characters, reflected in the token frequencies, makes the levels of entropy on 

the left and right of the left-right phonetic compounds more similar. The existence of 

the minority PS characters has the same effect, offsetting the skew of the majority SP 

characters and making the left-right distribution of information more equitable. 

Regarding character regularity and consistency, we have shown that the relationship be-

tween a phonetic radical and the pronunciation of the whole character is interpretable in 

terms of universal psycholinguistic principles governing the relationships between spo-

ken words. Due to the qualitatively different perceptual processing of Chinese tones 

compared with segmental processing, and the fact that the syllable minus the tone can 

produce implicit priming at the phonological level (Chen et al., 2002), semiregular 

characters can be treated as a subcategory of the completely regular phonetic com-

pounds. The “memory” argument explains the interaction between character regularity 

and frequency: low frequency pronunciations rely on absolute decomposition in which 

the character is segmentally identical to its phonetic radical. Whereas for irregular char-
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acters, whose pronunciations cannot rely on pure decomposition, a large proportion of 

them share the same offset with their phonetic radicals, and a small proportion share the 

same onset with their phonetic radicals. This distribution may be explained by the offset 

facilitation and onset inhibition in phonological priming experiments. The radically ir-

regular characters survive due to the consistency of their phonetic radicals. We have 

also proposed that there may be a systematic relationship between the radically irregular 

characters and their phonetic radicals. In the comparison between SP and PS characters, 

we have shown that SP characters have a higher percentage of regular characters than 

PS characters. This fact may explain the significant regularity effect found in SP charac-

ters, but not PS characters, in the modelling work we are going to introduce in Chapter 

5.  

From the analyses of the Chinese phonetic compound database, we have not only un-

derstood the substructures and distribution of different types of characters, but also the 

implications of these substructures and distributions for the orthographic processing of 

Chinese characters. Together with the existing resources for alphabetic languages such 

as English, this database can thus help us to examine the similarities and differences be-

tween radically different orthographies and arrive at a better understanding of process-

ing universals in reading.  

In the following chapter, we will initiate the application of this database to the under-

standing of Chinese character recognition through a lateralized cueing study and a TMS 

examination of the Chinese semantic radical combinability effect. Through this exami-

nation, we will be able to have a deeper understanding about the information distribu-

tion of the dominant SP characters in Chinese and also to utilize the distinct SP structure 

to examine the split fovea claim. 
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Chapter 4 Foveal Splitting & Character Recognition 

In the previous chapter, we have introduced the unique composition of Chinese phonetic 

compound characters: a separation of semantic and phonetic information, conveyed 

through the semantic and phonetic radicals respectively, within a single character. 

About two-thirds of phonetic compounds are SP characters, which have the semantic 

radical on the left and the phonetic radical on the right. The distinct square-shaped 

structure of Chinese SP characters can be thought of as similar to two letter words in 

alphabetic languages, but with a more elaborate alphabet, and hence provides an ex-

treme test case for examinations of the split fovea claim. Also, interacting with the split 

fovea claim, the separation of semantic and phonetic information within a single charac-

ter enables examinations of hemispheric processing in character recognition. In this 

Chapter, we are going to examine the semantic radical combinability effects in Chinese 

character recognition with both lateralized cues and repetitive transcranial magnetic 

stimulation (rTMS) techniques, in order to examine the split fovea claim and its impli-

cations for hemispheric processing in Chinese character recognition. 

4.1 Introduction 

As introduced in Chapter 1, the effect of semantic radical combinability in Chinese 

character recognition has long been a controversial issue. Early research on this issue 

was focused on how radical combinability helps character decisions. Various results 

have been obtained: Taft and Zhu (1997) showed that combinability of a right radical 

influenced character decision time, whereas combinability of a left radical did not; 

Feldman and Siok (1999) controlled radical function (i.e., semantic or phonetic radicals) 

and reported a facilitation effect of large semantic radical combinability when the radi-

cal was on the left, but not when it was on the right; Chen and Weekes (2004) reported 

no semantic radical combinability effects in a character decision task. 

The absence of effects in the character decision task is not surprising when considering 

that the nature of the processing in Chinese character decision tasks is still a controver-
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sial issue. It is possible that different strategies can be adopted, trading on pronounce-

ability, meaningfulness, and orthographic familiarity. There have been several priming 

studies addressing this issue. According to the direct access hypothesis in Chinese read-

ing research, Chinese characters can be processed for meaning directly from their visual 

form (unlike English), without activating the phonological system (see Shen & Forster, 

1999; Tzeng & Hung, 1978). Shen and Forster (1999), for example, showed that there 

was no phonological priming effect in a Chinese character decision task. Hence, the 

Chinese character decision task can be thought of as a semantic processing task. On the 

other hand, the authors of the Interactive Constituency Theory (ICT) (Perfetti & Tan, 

1998, 1999; Tan & Perfetti, 1998; Perfetti et al., 2005) argue that the phonological form 

of a character is unavoidably activated during character identification. In addition, Chen 

and Weekes (2004) argued that the character decision task showed little or no effect of 

semantic variables on performance. This variability of the processes involved in the 

character decision task demonstrates its complexity. 

In contrast, the character categorization task is widely assumed to involve semantic 

processing of characters, making it an appropriate task to use to examine semantic radi-

cal combinability effects. Chen and Weekes (2004) showed that large semantic radical 

combinability facilitated character categorizations. In their character categorization task, 

the name of a category was presented immediately before the presentation of the target 

character; participants were asked to decide whether the meaning of the target character 

belonged to the given category. However, in their experiment, the position of the se-

mantic radicals in the characters was not completely controlled; the stimulus materials 

contained phonetic compounds in several different structures, e.g., left-right, top-bottom, 

and so on. The combinability of each radical was also obtained regardless of position of 

the radical in a character. In addition, some radicals in Chen and Weekes’ (2004) study, 
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which were categorized in the large combinability condition, have a combinability value 

that is very close to the values in the small combinability condition10.  

In view of these observations concerning Chen and Weekes’ materials, in this chapter 

we report more closely controlled examinations of semantic radical combinability ef-

fects in a Chinese character semantic judgment task. In our experiments, only SP char-

acters (with the semantic radical on the left and the phonetic radical on the right) were 

used. Participants were asked to judge whether a given character was a semantically 

transparent or opaque character, according to its most frequent meaning. The meaning 

of a transparent character is directly related to the meaning of its semantic radical. For 

example, the radical “ ” means “tree, wood, or timber”; the character “ ”, which has 

“ ” as its semantic radical, means “branches of a plant”. Hence, “ ” is a transparent 

character. In contrast, the meaning of an opaque character is not directly related to the 

meaning of its semantic radical. For example, the character “ ”, which also has “ ” as 

its semantic radical, means “a school, or to proofread”. Hence, it is an opaque character.  

The left-right structure of Chinese SP characters also provides an opportunity to exam-

ine the nature of the cortical representation of foveal stimuli. As discussed in section 

1.2 , whether the human foveal representation is split along a vertical meridian and con-

tralaterally projected to the two hemispheres has until recently been a controversial is-

sue. Previous examinations with cats and monkeys have provided anatomical evidence 

for bilateral representation of the fovea (Stone, 1966; Stone, Leicester, & Sherman, 

1973). In humans, evidence from foveal sparing in patients with unilateral brain damage 

or in hemianopia patients (e.g., Trauzettel-Klosinski & Reinhard, 1998; Zihl, 1989) has 

also been taken to support bilateral foveal representation. However, there is converging 

evidence from human studies which suggests that the human fovea is not bilaterally rep-

                                                 
10 For example, the radicals  ( ) and  ( ) were categorized as a small combinability group, while 

 ( ) and were categorized as a large combinability group. However, according to an online Chi-
nese character dictionary (Harbaugh, 1996), the combinability of these radicals is:  (49),  (45),  
(37), and  (40).  
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resented, or at least there is no functional overlap along the vertical meridian (e.g., Fen-

drich & Gazzaniga, 1989; Gray et al., 1997; Harvey, 1978; Portin & Hari, 1999). More 

recent studies, designed to examine previously reported effects in visual hemifield dif-

ferences with foveally presented stimuli, have pointed to the same conclusion in support 

of the split fovea theory, utilizing established effects such as the word-beginning supe-

riority effect (Brysbaert, 1994), the word length effect (Lavidor et al., 2001), and the 

orthographic neighbourhood effect (e.g., Lavidor & Walsh, 2003, Lavidor et al., 2004). 

In this chapter, we introduce two different techniques to examine the semantic radical 

combinability effect and its interaction with the split fovea claim. In section 4.2 , we 

explore cueing effects of character recognition, reflecting the information profile of 

Chinese phonetic compounds; in section 4.3 , we propose an rTMS examination of the 

split fovea claim and its implications for hemispheric processing in Chinese character 

recognition. 

4.2 Examining Semantic Radical Combinability Effects with Lateralized 

Cues 

A fixated four-letter word may typically occupy 1˚ of visual angle; selective attention to 

particular parts of a fixated word is therefore feasible even for short alphabetic words, 

making the role of selective attention in reading an important research topic (see, e.g., 

Stolz & McCann, 2000). Auclair & Siéroff (2002) reported an ipsilateral cueing effect 

on letter identification, with improved performance on identifying the left segment of 

centrally presented strings following a left cue (when compared with a right cue), and, 

conversely, improved performance on identifying the right segment following a right 

cue. Whereas this cueing effect was obtained for pseudowords and nonwords of various 

lengths, it was only observed for real words that were longer than nine letters or for 

short real words of brief exposure duration (Auclair & Siéroff, 2002). In order words, 

short real words did not have their two halves independently cued; they were processed 

very quickly and effectively and the cue did not have time to have an effect, either be-

cause the processing of the word received fast top-down support from the lexicon (“the 

replacement theory”) or because attention took time to redistribute over the word (“the 
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redistribution theory”). Auclair and Siéroff went on to show that such an effect was ob-

tained for degraded eight-letter real word stimuli – the two halves could be independ-

ently cued – but not for degraded six-letter real words. They hence concluded that the 

weaker cueing effects for words was due to a redistribution of attention over the entire 

letter string, which benefits familiar words but not nonwords (cf., Besner, Stolz, & 

Boutilier, 1997; Brunn & Farah, 1991). 

In the current study, the Posner paradigm (Posner, 1980) was employed in order to ex-

plore the role of spatial attention in reading. We present a further investigation of later-

alized cueing effects for recognition of familiar orthographic strings that extends the 

paradigm developed by Auclair and Siéroff. Instead of letter string identification, the 

task under examination was a semantic judgment task, which engages deeper cognitive 

processing levels. The current experiment thus enables us to examine the extent to 

which the redistribution of attention over words influences semantic processing at the 

lexical level. In contrast to Auclair and Seiroff’s materials, the stimuli in the current 

study were Chinese SP characters. We wished to utilize their distinct square structure 

and clear separation of different semantic-related components (or morphemes) within a 

character.  

The distinct structure of Chinese SP characters – a semantic radical on the left and a 

phonetic radical on the right – provides an important test case to examine the influence 

of spatial attention to short-word stimuli at the level of semantic processing when the 

word is presented within the foveal area. More specifically, because the radicals usually 

can also be stand-alone characters, Chinese SP characters consist of semantic-related 

components (i.e., the radicals) that are orthographically more condensed and integral 

than those of English words. In contrast to English words, the two radicals of a Chinese 

SP character are separate morphemes and may be separately cued through lateralized 

cueing manipulation. Because these stimuli are square-shaped and might be said to be 

similar to two-letter words (albeit with an enlarged and more complicated alphabet), the 

attention redistribution process should thus be fast and cueing effects are unlikely to be 

obtained for real characters. Hence, the default prediction based on Auclair and 

Siéroff’s data is that there will be no cueing effects as manifested in the semantic radical 
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combinability effect. If no cueing effects are obtained, as in Auclair and Siéroff’s data 

for short real words, we will have extended Auclair and Siéroff’s observations to a se-

mantic judgment task and provided support for their redistribution theory of attention in 

lexical processing. Alternatively, if cueing effects are obtained, the data will reveal the 

extent to which the redistribution of attention influences Chinese character-level seman-

tic processing and will also potentially reflect the semantic information profiles of Chi-

nese SP characters. 

Method 
Design 

The experiment included three within-subject variables: character transparency (trans-

parent vs. opaque), semantic radical combinability (large vs. small), and cue position 

(no cue, left cue, or right cue). The dependent variables were the response time in milli-

seconds and the accuracy. 

Stimuli 

The material consisted of 192 Chinese phonetic compound characters with their seman-

tic radicals on the left and phonetic radicals on the right. Half of the characters were 

transparent and the other half were opaque. Within both transparent and opaque groups, 

half of the characters had a semantic radical with large combinability, and the other half 

had a semantic radical with small combinability. In other words, the characters were 

divided into four groups, and each group had 48 characters. All characters were from a 

medium to high frequency range; according to a frequency count of traditional Chinese 

character usage reported by Huang (1995), all characters in the materials had a higher 

frequency than the median frequency, and the average log frequencies of the four 

groups were all within the range from 4.4 to 4.9. There were no significant frequency 

differences among the four groups of characters (F(3, 188) = 1.34, n.s.). In order to 

compare the results of the current study with Chen and Weekes’ (2004) study, most 

characters were selected from Chen and Weekes’ (2004) materials and converted into 

traditional forms (N.B. Chen and Weekes used simplified characters); the corresponding 

transparency was adopted. The additional characters were assessed for transparency by 
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a native speaker of Chinese (JHH) according to a traditional Chinese dictionary (Man-

darin Promotion Council, Ministry of Education, R.O.C, 2000). Characters whose 

transparency was ambiguous, possibly because of more than two high-frequency com-

peting meanings, were excluded from the materials.  

Combinability of each character was calculated according to a Chinese phonetic com-

pound database introduced in Chapter 3. From this database, we selected nine semantic 

radicals from those with largest combinability, and 13 semantic radicals from those with 

smallest combinability. For each semantic radical, the same numbers of transparent and 

opaque characters that have the given semantic radical were included in the materials; 

the semantic radicals adopted thus tended to have low consistency since opaque charac-

ters with a highly consistent semantic radical are rare and the same number of transpar-

ent and opaque characters are usually difficult to allocate for such semantic radicals. 

The semantic radicals with large combinability were: ( ), , ( ), , ( ), , 

( ), , and . Those with small combinability were: , , , , , ( ), , 

, , , , , and . According to the Chinese character database introduced in 

Chapter 3, all of the semantic radicals in the large combinability group had a combina-

bility larger than 53. In other words, for any given semantic radical in this group, there 

were more than 53 left-right phonetic compound characters with this same semantic 

radical. On the other hand, all of the semantic radicals in the small combinability group 

had a combinability smaller than 19. Appendix 1 shows the complete list of characters 

used in this experiment. 

The design and control of this experiment was conducted with the Psychology software 

E-Prime v1.1. A PST serial response box was used to collect data. 

Participants 

The participants consisted of 15 females and 15 males, all right-handed according to the 

Edinburgh handedness inventory (Oldfield, 1971), and were all university students in 

Taiwan, whose ages ranged from 19 to 27. The mean age of the participants was 22 



Hemispheric processing in reading Chinese characters 

Foveal Splitting 66 

years and 5 months. Participants volunteered or received a small honorarium for their 

participation. They were all native Chinese speakers from the same culture (Taiwan) 

and had similar education background. They also had normal or corrected to normal vi-

sion. 

Cueing paradigm 

The cues were black solid rectangles, which have the same height and a quarter of the 

width of the characters. Before each character presentation, the cue would appear to the 

left of the character, to the right, or would not appear (i.e., blank), with an equal prob-

ability. In other words, within each of the four character groups, each of the three cue 

conditions was assigned 16 characters. An orthogonal Latin square design was adopted 

to counterbalance the various sequences in which different cue positions might occur. 

The participants were divided into three groups receiving different cue and stimulus 

combinations.  

 

Figure 4.1 Relative presentation location of the cue and the character on the screen. 

During the experiment, monocular vision was used. That is, participants only looked at 

the characters with their preferred eye and had the other eye patched to ensure stable 

fixation. Characters were all presented in a standard calligraphic font and in the same 

size. The size of the characters was about 1 degree of visual angle, and viewing distance 

was 58 cm. In the cued trials, the cue was presented 1.5 degree away from the fixation 

point (see Figure 4.1). These presentation locations were applied to ensure that the pre-

SP 
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sented target word was within the foveal area and with the cue, if it appeared, in the 

parafoveal region. 

Procedure 

During the experiment, characters were presented one at a time, in a random order on 

the computer screen. After each presentation of a character, participants were asked to 

respond to the character they saw as quickly and accurately as possible by pressing the 

relevant buttons. They were asked to press the inner buttons of a response box with four 

keys with their left and right index fingers simultaneously if the character was a trans-

parent character according to the most frequent meaning of the character, and press the 

outer buttons with their left and right middle fingers simultaneously otherwise. This de-

sign was to avoid any hemispheric bias that may be caused by responding with one hand 

(cf. Mohr, Pulvermuller, & Zaidel, 1994). Response times were recorded as the time dif-

ference between the presentation of the character and the fastest button response. Each 

cycle of character presentation started with a 500 ms prompt with two short lines above 

and below the centre of the screen, followed by a brief 80 ms presentation of a cue (or 

blank if it was a no-cue trial) to the left or right of the centre of the screen. After that, 

the target character would appear in the centre of the screen for 150 ms, followed by a 

mask that remained on screen until the participant made a response (see Figure 4.2 for 

the timeline of the experiment). The next cycle began immediately after the response. 

All the materials were evenly divided into four blocks, with each block containing 48 

characters. Characters from the four different type groups (i.e., transparent large combi-

nability, etc.) were evenly distributed among the four blocks. Each block also had all 

three cue location conditions evenly distributed. Characters within each block were pre-

sented to participants in a random order.  
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Figure 4.2 Timeline of the experiment. 

Participants could take a break after each block until they were ready to move to the 

next one. The importance of maintaining fixation on the central fixation cross was em-

phasized. Participants were asked to fixate at the middle of the space between the two 

short lines all the time during the experiment. This position was very close to the middle 

of the boundary between the phonetic and semantic radicals in each character presenta-

tion. Occasionally, a very small one-digit number or an English letter was presented be-

tween the two prompting short lines, where participants should have fixated. Partici-

pants were asked to respond “yes” if it was an English letter, or “no” if it was a number. 

This procedure was intended to help participants fixate at the right place (following 

Brysbaert, 1994). Data from any participant who did not respond to the numbers and 

letters with an acceptable accuracy was rejected. In addition, participants used a chin-

rest during the experiment which kept them at a distance of 58cm from the screen and 

prevented head movements11.  

Instructions were given to each participant before the experiment, including a brief re-

view of the meaning of the semantic radicals used in the materials to make sure that the 

                                                 
11 Despite these stringent measures, it may be that the method we have used introduces a degree of noise 
into the exact positioning of the fixation point (see Jordan, Patching & Milner, 1998). 
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participants knew the meaning of the radicals before the experiment started. A practice 

session, which consisted of characters with semantic radicals that were different from 

those in the experimental material, was also provided. Participants had an opportunity to 

ask any procedural questions regarding the experiment before the test trials began. 

Results 

All participants performed satisfactorily on the digit report task; no participant’s data 

were rejected. The mean correct response times, mean accuracies, and corresponding 

standard errors as a function of radical combinability, character type, and cue position 

are summarized in Table 4.1. 

For accuracies, repeated measures ANOVA revealed a main effect of semantic radical 

combinability (F(1, 29) =25.11, p < 0.001), with the accuracy of characters with large 

radical combinability higher than the accuracy of those with small radical combinability; 

a main effect of character transparency (F(1, 29) =30.19, p < 0.001), with the accuracy 

of transparent characters higher than the accuracy of opaque characters; a significant 

interaction between combinability and transparency (F(1, 29) =30.19, p < 0.001), with a 

significant combinability effect among transparent characters (F(1, 29) = 78.64, p < 

0.001) but not among opaque characters (F(1, 29) = 0.034, n.s.; see Figure 4.3). There 

was also a marginally significant interaction between cue condition (no-cue, left-cue, 

and right-cue) and semantic radical combinability (F(2, 58) = 2.775, p = 0.07). In a 

separate analysis examining the interaction between cue position (left vs. right) and 

other factors, there was a significant interaction between cue position (left vs. right) and 

semantic radical combinability (F(1, 29) =6.05, p < 0.05. See Figure 4.4): the left cue 

significantly improved participants’ accuracy to characters with small radical combina-

bility, when compared with the results in the right cue condition, and hence eliminated 

the combinability effect (Left cue condition: F(1, 29) = 1.51, n.s.; right cue condition: 

F(1, 29) = 8.03, p < 0.01).  
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Transparent Opaque 
  Large Combi-

nability 
Small Combi-

nability 
Large Combi-

nability 
Small Combi-

nability 
No Cue         

    Mean accuracy 96% 86% 79% 78% 
    Standard error 1% 2% 3% 3% 
    Mean RT 854 930 1126 1161 
    Standard error 35 29 44 52 
     
     
Left Cue     
    Mean accuracy 95% 88% 77% 81% 
    Standard error 1% 2% 2% 2% 
    Mean RT 841 928 1105 1149 
    Standard error 28 33 51 58 
     
Right Cue     
    Mean accuracy 97% 86% 77% 77% 
    Standard error 1% 1% 2% 2% 
    Mean RT 840 945 1097 1199 

    Standard error 27 37 46 60 

 

Table 4.1 Summary of mean response times, standard errors and mean accuracies as a function of 

radical combinability, character type, and cue position. 
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Figure 4.3 Interaction between character type and semantic radical combinability for accuracy.  
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Figure 4.4 Mean accuracies as a function of semantic radical combinability in different cue condi-

tions. The error bars show standard errors. 
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Figure 4.5 Mean response times as a function of semantic radical combinability in different cue 

conditions. The error bars show standard errors. 

For response times, there was a main effect of combinability (F(1, 29) = 46.40, p < 

0.001), with responses to characters with large radical combinability faster than re-

sponses to those with small radical combinability; a main effect of character transpar-

ency (F(1, 29) = 91.81, p < 0.001), with responses to transparent characters faster than 

responses to opaque characters. The interaction between combinability and transparency 

was not significant (F(1, 29) =1.35, n.s.). There was a significant interaction between 

cue condition (no-cue, left-cue, and right-cue) and semantic radical combinability (F(2, 

58) = 3.712, p < 0.05). In a separate analysis examining the interaction between cue po-

sition (left vs. right) and other factors, a significant interaction between cue position 

(left vs. right) and semantic radical combinability was also observed (F(1, 29) = 5.87, p 

< 0.05. See Figure 4.5): compared with the right cue condition, characters with small 

semantic radical combinability were responded to faster in the left cue condition, 

whereas characters with large semantic radical combinability were responded to slower 

in the left cue condition. 
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Discussion 

In a Chinese character semantic judgment task, in which the semantic radical position 

was controlled to be on the left, a strong combinability effect was observed; large radi-

cal combinability facilitated both response speed and accuracy. In addition, the results 

showed that semantically transparent characters were responded to significantly faster 

and more accurately than semantically opaque characters. This result may have re-

flected the difficulty of retrieving the meaning of semantically opaque characters, due to 

the lack of aid from their semantic radicals or the delay in resolving the conflict be-

tween their meaning and the meaning of their semantic radicals. For response accuracy, 

there was a significant interaction between the semantic radical combinability effect and 

character semantic transparency; the combinability effect was stronger among semanti-

cally transparent characters than opaque characters. This interaction was not significant 

in response times. 

The combinability effect reported here is consistent with Chen and Weekes’s (2004) 

results for their semantic judgement task (i.e., large semantic radical combinability fa-

cilitated character categorizations in both response times and accuracies), but with more 

control of position of the semantic radicals in the current experiment. We interpret the 

facilitation effect we found as being analogous to the orthographic neighbourhood effect 

in Lavidor et al.’s (2004) experiment involving words with a large “lead neighbour-

hood” (e.g., “street”; there are many words in the lexicon beginning with “str”). Such 

words were facilitated compared with words with a small lead neighbourhood. We see 

in both experiments the classic facilitation observed with a large neighbourhood being 

restricted to the part of the word/character appearing in the LVF, which is initially pro-

jected only to the RH12. We will return to this issue in the following section. 

                                                 
12 In Lavidor et al.’s (2004) experiment, they did not find the same facilitatory effect for words with a 
large “end neighbourhood” (e.g., “cement”). In a Chinese character decision task, Feldman and Siok 
(1999) also reported no facilitatory effects of large semantic radical combinability when the semantic 
radical was on the right (i.e., PS characters). Hence, the facilitation of large neighbourhoods observed in 
word/character recognition has been restricted to the part of the word/character projected in the LVF/RH. 
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A significant interaction between cue position (left vs. right) and radical combinability 

was observed in the current experiment: compared with the right cue condition, charac-

ters with small semantic radical combinability were responded to faster and with higher 

accuracy in the left cue condition; in contrast, characters with large semantic radical 

combinability were responded to slower and with lower accuracy in the left cue condi-

tion (Figure 4.4 & Figure 4.5). If the lateralized cues shift attention to the relevant half 

of the character, and prioritize its processing, such a cue would facilitate the recognition 

process when it points to something informative. According to this view, when the left 

cue points to a semantic radical with small combinability, it facilitates the semantic 

judgement since this semantic radical is informative concerning the meaning of the 

whole character, given that there are only a small number of characters sharing the same 

semantic radical. In contrast, the semantic radicals with large combinability are less in-

formative than those with small combinability in generating the semantics of the whole 

character; since there are a large number of characters sharing the same semantic radical, 

knowing the semantic radical is not very useful in recognizing the meaning of the whole 

character. In this case, the phonetic radical on the right of a character becomes relatively 

informative in retrieving the meaning of the whole character. Hence, the right cue facili-

tates judgements a little because it points to the relatively informative phonetic radical 

on the right (See Figure 4.4 & Figure 4.5).  

According to Auclair and Siéroff (2002), the redistribution of attention over words 

makes lateralized cues ineffective in the case of short words, since the redistribution 

process is fast. In their experiments, the shortest words used were six letters in length. 

In the current experiment, we used Chinese SP characters, which may be thought of as 

being like two-letter words (albeit from a language with a very large alphabet) and 

served as an extreme case of short words. Hence, cueing effects in character identifica-

tion were unlikely to be observed, if the processing of Chinese and English were com-

parable. The cueing effects we obtained in this semantic judgment task may suggest that 

lateralized cues are more effective at the level of semantic processing than in identifica-

tion tasks. An alternative explanation is that the complexity of Chinese characters 

means that the processing of a single phonetic compound-type character is in fact 

equivalent to the processing of a long English word, or a shorter English word under 
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degraded conditions, so that cueing may direct attention to different parts of a single 

character. 

In conclusion, this investigation of the semantic combinability effect with lateralized 

cues has confirmed the facilitatory effects of large semantic radical combinability in a 

character semantic judgment task, when the position of semantic radicals is controlled. 

Also, it illuminated the influence of spatial attention on word recognition by showing 

that cueing effects were still obtained in an extreme case of short words, i.e., Chinese 

characters, in a semantic radical transparency judgment task. The differences from Au-

clair and Siéroff’s findings are that, whereas the redistribution of attention over the en-

tire stimulus may weaken the effectiveness of lateralized cues for identification of short 

English words, this redistribution of attention may not influence Chinese character-level 

semantic processing as much as English word identification. An alternative explanation 

is that Chinese characters may be equivalent to long English words (or degraded shorter 

English words) in this task. This cueing effect has also reflected the information distri-

bution of Chinese SP characters. For characters with small semantic radical combina-

bility, the semantic radical is informative in retrieving the meaning of the whole charac-

ter and hence a left cue will direct attention to the semantic radical and facilitate any 

associated semantic processing. In contrast, for characters with large semantic radical 

combinability, the semantic radical is not very useful in determining the meaning of the 

whole character, and the phonetic radical hence is more informative and plays a larger 

role in identifying the whole character. 

In summary, the current experiment has shed further light on the influence of semantic 

radical combinability on semantic processing of Chinese phonetic compounds, and we 

have provided a novel information-based analysis of the role of radical combinability. 

In the next section, we will examine the semantic radical combinability effects with the 

rTMS technique to examine the split fovea claim and the relationship between different 

information profiles of SP characters and hemispheric processing in Chinese character 

recognition. 
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4.3 A TMS Examination of Semantic Radical Combinability Effects 

In the previous section, we used lateralized parafoveal cues to examine semantic infor-

mation distribution within the SP characters with different semantic radical combina-

bility. We showed that compared with a right cue, a left cue facilitated semantic judge-

ments of characters containing a semantic radical with small combinability, but not 

large combinability. This result reflected the information profile of characters: semantic 

radicals with small combinability are more informative in determining character mean-

ing than those with large combinability, since there are only a small number of charac-

ters sharing the same semantic radical. In contrast, semantic radicals with large combi-

nability are less useful in determining character meaning, and hence in these cases the 

phonetic radicals are relatively more informative in retrieving character meaning. In this 

section, we report a further investigation of Chinese semantic radical combinability ef-

fects in character-level semantic processing through rTMS, utilizing the distinct struc-

ture of SP characters to examine the claim about human foveal splitting and its implica-

tions for hemispheric processing in Chinese character reading. 

Chinese characters have a square shape easily accommodated within fovea vision, and 

are structurally more complex and dense than any alphabetic orthography. Hence, Chi-

nese characters provide a more exacting test of the split fovea claim. The materials we 

used were Chinese SP characters, which consist of a semantic radical on the left and a 

phonetic radical on the right. The radicals usually can be standalone characters and can 

be considered as semantic elements (i.e., morphemes). Chinese SP characters hence 

provide an important opportunity to examine the coordination between different mor-

phemes in character recognition and its interaction with the split fovea. Specifically, if 

foveal vision is split, when an SP character is centrally presented with the fixation be-

tween its semantic and phonetic radicals, the phonetic radical will be initially projected 

to the LH, whereas the semantic radical will be initially projected to the RH. The as-

sumption that the initial projection of the two types of radical is to separate hemispheres 

enables us to predict that differential hemispheric processing will occur for characters 

with different semantic radical combinability. If we find such differential processing, 

the claim regarding human foveal splitting will be strengthened. 
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The approach we adopted was to apply rTMS over the left and right occipital cortex. In 

TMS, a coil of wire is put on the participant’s scalp. Running a current through the coil 

generates a magnetic field, which penetrates the skull and induces a secondary current, 

which activates the neurons in the brain. The shape of the electric field generated de-

pends on the shape of the coil, the location and orientation of the coil with respect to the 

scalp, and the electrical conductivity structure of the tissue being stimulated. It is diffi-

cult to predict the effect of TMS because of the varying orientations of neuronal axons; 

they may be parallel or perpendicular to the generated magnetic field. In its applications 

to functional brain mapping, several types of visual recognition task have been dis-

rupted by TMS applied over the occipital pole at various delays from the letter or the 

word presentation onset. For example, single letter identification was impaired when 

TMS was applied over the striate visual cortex (Corthout et al., 1999) and identification 

of briefly presented letter trigrams was significantly impaired when the visual stimulus 

preceded the occipital magnetic stimulus by 40-120 ms (Amassian et al., 1989; Beckers 

& Homberg, 1991). Lavidor, Ellison, and Walsh (2003) showed that applying rTMS 

over the right occipital cortex significantly inhibited lexical decision performance to 

foveal targets in the left visual field (LVF), but not to those in the right visual field 

(RVF). The complementary pattern was obtained when stimulating the left occipital 

cortex. Potts et al. (1998) tracked TMS sites with magnetic resonance imaging (MRI) 

and concluded that TMS-induced visual suppression is likely to be due to a focal disrup-

tion in the occipital cortex contralateral to the visual suppression effects. Thus, unilat-

eral rTMS over the occipital cortex affects the processing of contralateral foveal targets.  

The current study concerns an rTMS examination of the semantic radical combinability 

effect in Chinese phonetic compound recognition. If the foveal representation is verti-

cally split about fixation, the semantic radical of an SP character will be initially pro-

jected to the contralateral RH and we can apply rTMS to the RH to directly impair the 

processing of the semantic radical. In contrast, rTMS to the LH should directly affect 

the processing of the phonetic radical, which is initially projected to the LH. As dis-

cussed in the previous section, a semantic radical with small combinability is more in-

formative in determining character meaning than one with large combinability. We thus 

predict that unilateral rTMS will have different effects on the semantic processing of 
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characters with large and small semantic radical combinability. The task used – the 

judgement of semantic transparency – requires participants to access the meaning of the 

character. Thus, there may be departures from the results obtained from the nearest al-

phabetic-language analogue to this experiment, Lavidor and Walsh’s (2003) lexical de-

cision-based rTMS experiment with the central presentation of high vs. low lead-

neighbourhood words in English. We will return to this issue in the discussion. 

Method 
Design 

The experiment included three within-subject variables: character transparency (trans-

parent vs. opaque), semantic radical combinability (large vs. small), and TMS condition 

(no TMS, sham TMS, TMS over the left occipital cortex (left TMS), and TMS over the 

right occipital cortex (right TMS)). In the no TMS condition, there was no coil placed 

onto the participant, and no simulation was given. In the sham TMS condition, we put 

the edge of the coil perpendicular to the head; in other words, the magnetic field pro-

duced by the coil was parallel to the surface of the head, and hence no magnetic field 

stimulation was transferred to the cortex. This technique was also used in some previous 

studies (e.g., Lavidor & Walsh, 2004; Chiang & Lavidor, 2005; See also Walsh & Pas-

cual-Leone, 2003). Since the purpose of this study was to compare left and right TMS 

conditions, this sham condition was included just for the completeness of the experi-

ment. The dependent variables were the correct response time in milliseconds and the 

response accuracy. 

Stimuli 

The materials consisted of 256 Chinese phonetic compound characters with their se-

mantic radicals on the left and phonetic radicals on the right (i.e., SP characters). Half of 

the characters were transparent and the other half were opaque. Within both transparent 

and opaque groups, half of the characters had large semantic radical combinability and 

half had small semantic radical combinability. All characters were within the medium to 

high frequency range according to a frequency count study of traditional Chinese char-

acter usage reported by Huang (1995); there were no significant frequency differences 
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among the characters in the four different experiment conditions (F(3, 252) = 1.12, n.s.). 

In order to compare the results of the current study with the one in the previous section 

and Chen and Weekes’ (2004) study, most characters were selected from their materials 

(N.B Chen and Weekes used simplified characters and hence the characters were con-

verted into traditional forms) and the corresponding transparency was adopted. The ad-

ditional characters were assessed for transparency by a native speaker of Chinese (JHH) 

according to a traditional Chinese dictionary (Mandarin Promotion Council, Ministry of 

Education, R.O.C, 2000). Characters whose transparency was ambiguous, possibly be-

cause of more than two high-frequency competing meanings, were excluded from the 

materials. 

Combinability of each character was calculated according to the Chinese phonetic com-

pound database introduced in Chapter 3. From this database, we selected 11 semantic 

radicals from those with the largest combinability, and 22 semantic radicals from those 

with the smallest combinability. 

The semantic radicals with large combinability were:  ( ), ( ), , ( ), , 

( ), , ( ), , , and . Those with small combinability were: , , , , 

, , , , ( ), , , , , , , , , , , , , and . According 

to the database, all of the semantic radicals in the large combinability group had combi-

nability greater than 53. In other words, for any given semantic radical in this group, 

there were more than 53 left-right phonetic compound character types sharing this same 

semantic radical. On the other hand, all of the semantic radicals in the small combina-

bility group had a combinability of less than 27. For each semantic radical, the same 

numbers of transparent and opaque characters that have this given semantic radical were 

included in the materials. The semantic radicals adopted tended to have low consistency 

since opaque characters with a highly consistent semantic radical are rare and it is diffi-

cult to allocate the same number of transparent and opaque characters for such semantic 

radicals. Appendix 2 shows the complete list of characters used in the experiment. 
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The experiment was conducted with the Psychology software E-Prime v1.1. A PST se-

rial response box was used to collect the data. 

Participants 

The participants consisted of four females and four males, all right-handed according to 

the Edinburgh handedness inventory (Oldfield, 1971). They were all international 

graduate students from Taiwan in London, whose ages ranged from 23 to 35. The mean 

age of the participants was 27 years and 5 months. Participants volunteered or received 

a small honorarium for their participations. They were all native Chinese speakers from 

the same culture (Taiwan) and had similar educational backgrounds. They all had nor-

mal or corrected to normal vision. 

Each participant was given an information pamphlet explaining the TMS procedure be-

fore the experiment, and was given at least 24 hours after reading the pamphlet to de-

cide whether to participate or not. Before the experiment, all participants were also re-

quired to sign a consent form and report absence of any neurological conditions, such as 

epilepsy, in themselves and their family. This experiment was reviewed and approved in 

advance by the Joint UCL/UCLH Committees on the Ethics of Human Research. 

TMS Design 

Stimuli were divided evenly into eight blocks of 32 stimuli each. The four different 

types of characters were evenly distributed in each block. Characters with the same se-

mantic radicals were also evenly distributed in each block; they were prevented from 

appearing in the same block to avoid any priming effects. During the experiment, each 

TMS condition (no TMS, sham TMS, left TMS, and right TMS) was assigned to two 

blocks. In each block, the character presentation order was random, and the magnetic 

stimulation site was fixed. An orthogonal Latin square design was adopted to counter-

balance the various block sequences in which different TMS conditions might occur.  

During the experiment, binocular vision was used. Characters were all presented in a 

standard calligraphic font and in the same size. The size of the characters was 1.8 x 1.8 

centimetres, which was about one degree of visual angle, and the viewing distance was 
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100 centimetres. These limits were applied to ensure that the stimulus presented fell in-

side foveal vision.  

The magnetic stimulator used was MagStimTM, model Super Rapid with four external 

boosters (maximum output around two tesla). A 50-mm figure-of-eight coil was used. 

The centre of the coil, where the two circles meet, was placed onto the stimulation site 

horizontally, with the two circles to the left and right of the site and the handle pointed 

vertically. For each participant, the stimulation sites on the occipital cortex were de-

cided by locating the sites where contralateral stationary phosphenes were elicited by 

magnetic stimulation. Participants were asked to put on a latex swimming cap so that 

markers could be fixed on the head. A marker was attached to a reference site which 

was two centimetres above the upper edge of the inion. The left and right hemispheric 

stimulation sites were 1.5 centimetres to the left and right of this reference site respec-

tively. These primary locations were based on previous studies where stationary 

phosphenes were reported (see, e.g., Lavidor & Walsh, 2003). After the left and right 

sites were located, participants were put in the dark and asked to close their eyes, while 

a single pulse was applied at various intensities, until participants reported phosphenes 

reliably and consistently. A phosphene threshold, which was the lowest stimulation in-

tensity required to elicit phosphenes, was recorded for each participant. Participants 

were asked to report whether they saw phosphenes and the location of the phosphenes. 

If participants did not see phosphenes on the sites, a “win-stay/lose-shift” paradigm was 

conducted in the neighbouring area until the phosphene perception sites were located 

(see Ashbridge, Walsh, & Cowey, 1997). Thus, we could ensure that stimulation on the 

left and right sites would successfully produce disruption to contralateral visual fields. 

During the experiment, the intensity of magnetic stimulation for each participant was 

fixed at 90% of his or her phosphene threshold. The frequency of stimulation was 10 Hz, 

lasting for 500 ms from the onset of the character presentation. These settings and pro-

cedures were chosen to match the conditions used in previous rTMS examinations of 

split-foveal processing (e.g., Lavidor & Walsh, 2003). 
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Procedure 

Participants were asked to keep their head on a chin-rest so that the distance between 

the screen and the participants’ eyes was kept constant. Every participant was presented 

with all the materials during the experiment, and only saw each character once.  

During the experiment, characters were presented one at a time, in a random order on 

the computer screen. After each presentation of a character, participants were asked to 

press the inner buttons of a response box with four keys with their left and right index 

fingers simultaneously if the character was a transparent character, and press the outer 

buttons with their left and right middle fingers simultaneously otherwise. They were 

asked to respond as quickly and accurately as possible by pressing the corresponding 

buttons. We measured the time difference between the onset of the character presenta-

tion and the button response. Each trial started with a 500-ms prompt with two short 

vertical lines. After that, the target character appeared for 150 ms between the two lines, 

followed by a mask for another 3500 ms while waiting for participants to make a re-

sponse (see Figure 4.6 for the timeline of the experiment). The next cycle began right 

after the mask presentation. 

 

Figure 4.6 Timeline of the experiment. 

Participants were asked to fixate the middle of the space between the two short lines all 

the time during the experiment. This point approximately coincided with the boundary 

between the phonetic and semantic radicals in each character presentation. Participants 
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could take a break after each block until they were ready to start the next one. Occa-

sionally, a very small symbol was presented between the two short lines and partici-

pants were asked to respond “yes” if the symbol was a digit and “no” otherwise. This 

procedure was to make the participants fixate at the right place (cf. Brysbaert, 1994). 

Each block contained eight such stimuli. Data from any participant who did not respond 

to the symbols with an acceptable accuracy was not considered.  

Clear instructions were given to each participant before the experiment, including a 

brief review of the meaning of the semantic radicals used in the materials to make sure 

that the participants knew the meaning of the radicals. A practice session, which con-

sisted of 20 symbols and 32 characters whose semantic radicals were different from 

those in the experimental materials, was also provided at the start. Participants had am-

ple opportunity to ask any procedural questions regarding the experiment before the test 

trials began. 

Results 

All participants performed well in the symbol judgement task with accuracy larger than 

95% and hence no one was removed from the analyses. Table 4.2 summarizes the par-

ticipants’ mean correct response times, standard errors, and mean accuracies as a func-

tion of radical combinability, character type, and TMS condition. For response times, 

there was a strong main effect of combinability (F(1, 7) = 16.290, p = 0.005), with char-

acters with large semantic radical combinability responded faster than those with small 

semantic radical combinability; and a strong main effect of character transparency (F(1, 

7) = 38.557, p < 0.001), with transparent characters responded faster than opaque char-

acters. A significant interaction between TMS conditions and combinability was also 

observed (F(3, 21) = 4.690, p < 0.05). As shown in Figure 4.7, the combinability effect 

was significant in the no TMS condition (F(1, 7) = 10.583, p < 0.05), the sham TMS 

condition (F(1, 7) = 17.876, p < 0.01), and the right TMS condition (F(1, 7) = 10.328, p 

< 0.05), but not the left TMS condition (F(1, 7) = 2.945, n.s.). For characters with large 

semantic radical combinability, the left TMS condition significantly increased the re-

sponse time when compared with the other conditions (F(3, 21) = 3.805, p < 0.05). In 
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contrast, the four TMS conditions did not have significant effects on characters with 

small semantic radical combinability (F(3, 21) = 0.365, n.s.). 

Transparent Opaque 
  Large  

Combinability 
Small  

Combinability 
Large  

Combinability 
Small  

Combinability 
No TMS         

  Mean RT 854 1032 1119 1261
  Standard error 46 80 79 111
  Mean accuracy 95% 90% 86% 80%
 
Sham TMS    
  Mean RT 931 1032 1133 1284
  Standard error 68 75 56 104
  Mean accuracy 94% 88% 91% 81%
 
Left TMS    
  Mean RT 1024 1007 1218 1287
  Standard error 97 85 83 117
  Mean accuracy 91% 88% 84% 83%
     
Right TMS    
  Mean RT 850 975 1102 1238
  Standard error 58 69 96 97

  Mean accuracy 93% 89% 89% 84%

 

Table 4.2 Summary of the mean response times, standard errors and mean accuracies as a function 

of radical combinability, character type, and TMS condition. 

In a separate analysis, the interaction between rTMS site (left vs. right) and semantic 

radical combinability was also significant (F(1, 7) =6.109, p < 0.05. See Figure 4.7); 

when compared with the right TMS condition, left rTMS stimulation slowed partici-

pants’ response time to characters with large semantic radical combinability (F(1, 7) = 

20.372, p < 0.01), and hence eliminated the combinability effect. In contrast, the combi-

nability effect was not affected when right rTMS stimulation was applied.  
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Figure 4.7 Error bar plots of the mean response times as a function of semantic radical combina-

bility in different TMS conditions. The error bars show standard errors. 

For the accuracy data, a significant main effect of combinability (F(1, 7) = 28.167, p = 

0.001) and a significant main effect of character transparency (F(1, 7) = 7.691, p < 0.05) 

was observed. The interaction between TMS condition and combinability was not sig-

nificant (F(3, 21) = 0.309, n.s.); neither was the interaction between rTMS stimulation 

site (left vs. right) and combinability (F(1, 7) = 0.111, n.s.). In other words, we did not 

obtain any significant TMS effects on response accuracy. It has been shown to be diffi-

cult to obtain effects in error analysis in cognitive tasks with TMS (Lavidor & Walsh, 

2003; Walsh & Cowey, 1998; Walsh & Pascual-Leone, 2003), possibly because TMS 

only disturbs the processing instead of destroying or altering the information in the 

brain. Note that, in contrast, in the lateralized cueing examination of the semantic radi-

cal combinability effect reported in the previous section, response accuracy was af-

fected by the cueing manipulation in the same character semantic transparency judge-

ment task. 
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Accuracy in reporting the small symbols/numbers reached a mean accuracy of 99.25%. 

Hence, the foveal stimuli were properly fixated and the possibility that the current re-

sults reflected any systematic shift or bias in fixation can be precluded. 

Discussion 

In the current study, we have adopted a TMS design to examine the interaction between 

the information structure of Chinese SP characters, reflected in their semantic radical 

combinability, and the two hemispheres in a character semantic judgement task. The 

results showed that, in the character semantic judgement task, in which position of the 

semantic radical was controlled to be on the left, we have demonstrated significant fa-

cilitatory effects of large semantic radical combinability and character transparency. 

The results showing these effects replicate previous findings reported by Chen and 

Weekes (2004) and the results presented in the previous section. As discussed in the 

previous section, the semantic radical combinability facilitatory effect can be interpreted 

as being equivalent to the neighbourhood effect in English visual word recognition 

(Lavidor et al., 2004; Lavidor & Walsh, 2003. cf. Andrews, 1997), in which the recog-

nition of centrally presented words with many “lead neighbours” (i.e. many words shar-

ing the same initial letters) was facilitated compared with words with few lead 

neighbours. The facilitatory effects observed in both English word and Chinese charac-

ter recognition have been restricted to the LVF/RH. How far can this comparison with 

the neighbourhood effect in English be retained, in the light of the current data? 

In the rTMS examination of the semantic radical combinability effect, we obtained a 

significant interaction between rTMS stimulation site (left vs. right) and semantic radi-

cal combinability (large vs. small). Compared with the right TMS condition, applying 

rTMS over the left occipital cortex significantly slowed the response time to characters 

with large semantic radical combinability, and hence eliminated the facilitatory effect of 

large semantic radical combinability. This result is surprising. From the research on 

lexical processing in alphabetic languages, the default prediction should be that impair-

ing right, not left, occipital cortex should cancel the combinability effect, by impairing 

the representation of the semantic radical in the LVF/RH. Below, we will argue that all 
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of the relevant studies can be fitted coherently within a split-fovea account, and that the 

current data is a consequence of a division of labour between the two hemispheres, with 

each responding optimally to the information in the contralateral visual hemifield. 

First we consider the relationship between the visual lexical decision task used for al-

phabetic stimuli, and the semantic transparency judgement task used in the current ex-

periment. The elimination of the lead-neighbourhood effect in English lexical decisions 

by rTMS over the RH (Lavidor & Walsh, 2003) is best conceived of in terms of the op-

eration of a mechanism specific to lexical decision tasks. Grainger and Jacobs (1996) 

proposed that words with a large neighbourhood cause greater global lexical activity, 

which facilitates positive lexical decisions. This account of the neighbourhood effect 

was supported in a further study, using event-related brain potentials (ERP), showing 

that a larger N400 component was observed for large neighbourhood words compared 

with small neighbourhood words (Holcomb, O'Rourke, & Grainger, 2002). The lead-

neighbourhood effect in lexical decisions thus can be explained by a larger global lexi-

cal activation in the RH for large lead-neighbourhood words compared with small lead-

neighbourhood words. Applying rTMS over the right occipital cortex disrupts the input 

to this global lexical activation and destroys the lead-neighbourhood effect. Note, how-

ever, that similar behaviour could stem from global semantic activation in the RH. Hol-

comb et al. (2002) observed the same ERP data for nonwords, indicating to Holcomb et 

al. a relatively early, prelexical stage of processing. But note that these data are also in-

terpretable as the result of semantic incongruity between the simultaneously activated 

meanings of all of the words beginning with the left part of the fixated word. It could be 

that the neighbourhood effect is driven by larger global semantic activation in the RH, 

based on the left part of the fixated word or nonword; larger global semantic activation 

would facilitate a positive lexical decision but hinder a negative one. Thus rTMS over 

the right occipital cortex would remove the neighbourhood effect by impairing the input 

to measures of global lexical activation and/or global semantic activation. 

In contrast to the lexical decision task, the semantic transparency judgement task re-

quires full access to the unique meaning of the particular character; the participant must 

decide if the meaning of the whole character is related to the meaning of the semantic 
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radical. Accessing the meaning of the whole character means taking into account the 

implications of the phonetic radical, and raises the issue of the difference in information 

structure of English words and Chinese characters. In English words, there is typically 

more information on the left of the word (Bryden et al., 1990), but in Chinese characters 

there is more information on the right of a phonetic compound character (see Chapter 3). 

Hence, critical processing of the RVF/LH input must occur, and rTMS applied to the 

left occipital cortex disrupts the input to this processing. 

The semantic radical of a Chinese SP character, appearing on the left, usually signifies 

important aspects of the meaning of the character. When reading an SP character with 

large semantic radical combinability, the expectation is that more information in the 

character resides on the right: if only the left semantic radical was available, the whole 

character could be any of a range of characters and meanings, and the right phonetic 

radical would therefore be more informative in determining the unique meaning of the 

whole character. Applying rTMS to the LH significantly slowed the response time to 

these characters with large semantic radical combinability in the semantic judgement 

task, confirming that the semantic information is skewed to the right radical, which is 

initially projected to the LH. 

For characters with small semantic radical combinability, the semantic radical on the 

left is more informative in determining the character meaning than is the semantic radi-

cal on the left of characters with large semantic radical combinability. Applying rTMS 

over the LH did not significantly increase participants’ response time to those characters 

with small-combinability semantic radicals, since reliable semantic information was still 

available from the semantic radical projected to the RH. However, this semantic infor-

mation from the RH might still be ambiguous, and the character meaning might still be 

influenced by the phonetic radical projected to the RVF/LH. Applying rTMS over the 

RH did not disrupt the LH information in the small-combinability case, and hence did 

not increase participants’ response time either. Access to the meaning of a character 

with a small-combinability semantic radical is achieved by a relatively equal reliance on 

information on the left and right of the character; for a character with a large-
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combinability semantic radical, the reliance is more skewed to the information on the 

right of the character13.  

We do not see a combinability effect confined to a particular place in one or other hemi-

sphere; instead, we see a flexible division of labour between the hemispheres, with each 

responding optimally to the information in the visual hemifield to which it has direct 

access. The facilitation of large semantic radical combinability in the semantic judge-

ment task hence may have resulted from the interaction between the information struc-

ture of characters and the distinction of coarse/fine semantic coding between two hemi-

spheres (Beeman & Chiarello, 1998). The semantic radical is initially projected to and 

processed in the RH, which weakly activates large “semantic fields” of related mean-

ings of all characters having the same semantic radical, whereas the phonetic radical is 

initially projected to and processed in the LH, which strongly activates a narrow seman-

tic field of the phonetic radical, the relatively more informative part of a character in 

determining the exact meaning of the character. Characters with large semantic radical 

combinability hence have a better fit with this distinction between the two hemispheres 

than those with small semantic radical combinability, and consequently the processing 

of these characters is facilitated14.  

Differences between Lavidor and Walsh’s (2003) rTMS study and the current study in 

terms of cognitive processes involved in different tasks are crucial to drawing these 

                                                 
13 It might be argued that the combinability effect observed in the current study may be caused by the 
difference between the visual complexity of the semantic radicals with large and small combinability, 
since the radicals with small combinability tended to have more strokes than those with large combina-
bility. We argue that it is unlikely, since there has been evidence showing that the smallest functional 
processing units of Chinese character recognition are the well-defined stoke patterns which repeatedly 
appear in Chinese characters, instead of strokes (Chen et al., 1996). Although the radicals with small 
combinability tended to have more strokes, most of them could still be considered as a well-defined 
stroke pattern as those with large combinability. Also, this combinability effect was observed in simpli-
fied Chinese scripts (Chen & Weekes, 2004), in which the difference in visual complexity is less salient. 
14 Feldman and Siok (1999) reported that the facilitation of large semantic radical combinability was re-
stricted to the semantic radicals on the left (i.e., SP characters) but not on the right (i.e., PS characters). 
This result is consistent with the claim here: PS characters do not have a good fit with the coarse/fine cod-
ing distinction between the two hemispheres and hence do not have the facilitation, albeit the task they 
adopted was a lexical decision task. 
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TMS data together, and both studies are accommodated consistently within the split-

fovea account. In both studies, the rTMS was applied to the occipital cortex, responsible 

for the early perceptual processing of the character or word. The rTMS over the right 

occipital cortex destroyed the facilitatory effect of large lead neighbourhood size in 

English lexical decision tasks because it impaired the beginning segment of the input 

word, which was important for the RH to accumulate global lexical activation; in con-

trast, the rTMS over the left occipital cortex selectively impaired the processing of 

characters with large semantic radical combinability in Chinese semantic transparent 

judgements, because a semantic radical with large combinability, which was projected 

to the RH, provided less semantic information about the exact character meaning than 

one with small combinability when the perceptual input (i.e., the phonetic radical) to the 

LH was impaired. 

Compared with Lavidor and Walsh’s study, in which the stimuli used for examining 

foveal splitting were six-letter English words, the Chinese character stimuli used in the 

current study constitute a stricter examination of the split fovea claim: the square shape 

fitted more neatly within the area of foveal vision and the information contained in ei-

ther half of the SP structure tended to be more integrated within a hemifield (i.e., not a 

string of letters) and more cleanly divided between the hemifields, compared with Eng-

lish words. The results presented here hence have provided further support for the split 

fovea claim, and have also shown how a non-alphabetic language accommodates the 

universal anatomical constraint of foveal splitting in orthographic processing. 

4.4 Conclusion 

In this chapter, we first explored cueing effects with Chinese phonetic compounds, 

which can be considered as extreme cases of short words, in a character-level semantic 

judgement task. When semantic radical position was controlled to be to the left of the 

characters, a strong radical combinability effect and a strong semantic transparency ef-

fect were observed. There was also a significant interaction between cue position (left 

vs. right) and radical combinability (large vs. small): a left cue facilitated semantic 

judgments of characters with small semantic radical combinability more than a right cue; 
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in contrast, a right cue facilitated semantic judgements of characters with large semantic 

radical combinability more than a left cue. This behaviour reflects the information pro-

file of Chinese phonetic compounds. Semantic radicals with small combinability are 

more informative than those with large combinability in determining the meaning of the 

whole character, and hence benefit more from a left cue; in contrast, the phonetic radi-

cal of a character with large semantic radical combinability is more informative in de-

termining the character meaning than that of a character with small semantic radical 

combinability, and hence benefit more from a right cue than a left cue. Auclair and 

Siéroff (2002) examined lateralized cueing effects in the identification of centrally pre-

sented letter strings and reported no cueing effects for short word stimuli. They argued 

for a redistribution of attention over the entire word for short familiar words. Neverthe-

less, the mechanism redistributing attention over the whole of the character was not in 

evidence in the study reported here; instead, the data are congruent with the initial strict 

hemifield division of the foveal projection onto the visual cortex. 

We then proposed an rTMS examination of semantic radical combinability effects in 

Chinese character recognition. In this examination, we replicated the previous findings 

about the facilitatory effect of semantic radicals with large combinability in a character 

semantic transparency judgement task. We also obtained a significant interaction be-

tween rTMS stimulation site (left vs. right) and semantic radical combinability (large vs. 

small). This interaction has provided further support for the claims regarding human 

foveal splitting through examining semantic processing of Chinese orthography, and has 

suggested the functional foveal splitting as a universal language processing phenome-

non in reading. Also, by drawing together the data from the TMS examinations of the 

lead-neighbourhood effect in English lexical decisions and the combinability effect in 

Chinese character semantic judgements, we have discussed different cognitive proc-

esses involved in the two tasks and shown that both studies can be accommodated con-

sistently within the split fovea account. Applying rTMS over the occipital cortex dis-

rupts visual character/word recognition the most when it is applied to where the most 

informative part of the character/word is projected in respect of the task. For the English 

lexical decision task, it is the lead half of the word presented in the LVF/RH; for the 

Chinese character semantic judgement task, it is the right radical projected to the 
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RVF/LH. The interaction between stimulation site and the combinability/neighbourhood 

effect in both studies reveals a flexible division of labour between the two hemispheres, 

with each hemisphere responding optimally to the information in its contralateral visual 

hemifield. Thus, we have gone some way towards reducing phenomena reported in vis-

ual word recognition – neighbourhood effects and combinability effects – to a clearer 

relationship between the brain and the distribution of information in the outside world. 

In the next chapter, we are going to further explore the interaction between the brain 

anatomical structure, i.e., initial foveal splitting, and the distribution of information in 

the outside world through computational simulation. We will reflect the observation of 

foveal splitting in a split fovea modelling of Chinese character pronunciation, in order 

to provide computational accounts of the relationship between foveal splitting and vis-

ual word recognition processes. We will also examine cognitive plausibility of the split 

fovea model with some of the known effects in Chinese character pronunciation, predict 

reading behaviour according to the model, and compare the behaviour of the split fovea 

architecture with that of other alternative architectures. 
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Chapter 5 Split Fovea Modelling of Character Pronun-
ciation 

In the previous chapters, we have examined the split fovea claim and its interaction with 

the recognition of Chinese characters with different information profiles, which result 

from different semantic radical combinability, in character semantic judgement tasks. In 

this chapter and the following chapter, we turn to examine the role of phonetic radicals 

in determine character pronunciations and how the split fovea claim interacts with char-

acters with different positions of the phonetic radical, i.e., SP and PS characters. In this 

chapter, we adopt a computational approach to address this issue; in the following chap-

ter, we will examine the predictions from such modelling efforts with both behavioural 

and ERP studies. 

Understanding language processing universals is one of the ultimate goals in psycholin-

guistic research. As discussed previously, computational models such as Seidenberg and 

McClelland’s “triangle model” have been substantially developed for the reading of 

words in alphabetic languages, especially in English, but still with little application to 

non-alphabetic languages such as Chinese. Cognitive modelling of the processing of 

Chinese orthography suffers from an input representativeness problem due to its com-

plexity (cf. Christiansen & Chater, 2001. See section 1.1 ); there is ongoing debate as to 

how to represent Chinese characters in a psychologically realistic way. Most of the pro-

posed computational models of Chinese character reading either have not been compu-

tationally implemented (e.g., Perfetti & Tan, 1999), or have employed unrealistic ortho-

graphic representations and/or relatively small-scale training data (e.g., Chen & Peng 

1994; Xing et al., 2001. See section 2.1 ). Cognitive modelling research in Chinese 

reading thus has lagged behind research in the reading of English. In this chapter, we 

are going to introduce an anatomically realistic split fovea model for Chinese character 

pronunciation (cf. Shillcock et al., 2000; Shillcock & Monaghan, 2001b. See section 

2.2 ). We will show that the model not only brings the research in computational model-

ling of Chinese character recognition to the same level of sophistication as that of Eng-
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lish word recognition, but also offers substantial insights into hemispheric processing in 

visual word recognition in general. 

5.1 Introduction 

To summarise the introduction to Chinese orthography in section 1.1 , characters are the 

smallest units of Chinese orthography. There exists a dominant type of Chinese charac-

ter, the phonetic compound, in which a semantic radical signifies the meaning of the 

character and a phonetic radical potentially informs the pronunciation of the character. 

Phonetic compounds comprise about 81% of the 7,000 frequent characters in the Chi-

nese dictionary (Li & Kang, 1993). The phonetic compounds have different relation-

ships with their phonetic radical: regular characters have the same pronunciation and 

tone as their phonetic radical; semiregular characters have the same pronunciation as 

their phonetic radical, but with a different tone; irregular characters have different pro-

nunciations from their phonetic radical. In the Chinese lexicon, about half of the pho-

netic compounds are irregular, the other half are either regular or semiregular (See 

Chapter 3).  

A regularity effect has been reported in Chinese phonetic compound recognition: regu-

lar characters are named faster than irregular characters. There is also an interaction be-

tween character frequency and regularity in Chinese, as in English (see, e.g., Hue, 1992; 

Liu et al., 1996; Seidenberg, 1985). The regularity effect and its interaction with fre-

quency have been commonly used to examine cognitive plausibility of computational 

models (e.g., Plaut et al., 1996). Researchers have also studied Chinese character read-

ing in brain-damaged patients (Yin & Butterworth, 1992; Weekes & Chen, 1999) and 

found similar disorders to those found in English word reading. Chinese deep dyslexics 

were found to be able to pronounce irregular characters well but had difficulties pro-

nouncing pseudo-characters with real semantic and phonetic radicals. In contrast, Chi-

nese surface dyslexics tended to regularize irregular characters and were able to pro-

nounce about 50% of pseudo-characters according to their phonetic radicals (Zhou, 

1999).   
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According to the statistical analyses in Chapter 3, about two-thirds of phonetic com-

pounds have a left-right structure. This left-right structure is the most tractable aspect in 

Chinese orthography, and has been a focus for understanding Chinese character recog-

nition processes. The majority of the left-right structured phonetic compounds have the 

semantic radical on the left and the phonetic radical on the right – SP characters. The 

opposite arrangement also exists, in which the phonetic radical appears on the left and 

the semantic radical on the right – PS characters (see Figure 1.1). The ratio of SP and 

PS character types in the Chinese lexicon is about nine to one. They have correspond-

ingly different internal information profiles. From the entropy analyses in Chapter 3, 

there is greater entropy on the right side of the SP characters, reflecting greater variabil-

ity of the phonetic radicals on the right as opposed to the semantic radicals on the left. 

In contrast, there is greater entropy on the left side of the PS characters, where the pho-

netic radicals appear. The distinction between the SP and PS characters hence provides 

important opportunities to examine hemispheric processing in reading, given the very 

different information contained in the two halves of the characters, interacting with the 

split fovea claim. 

As discussed previously, it has become increasingly clear that the human fovea is pre-

cisely vertically split (see, e.g., Fendrich & Gazzaniga, 1989; Gray et al., 1997); this 

fact has fundamentally important implications for visual word recognition (Shillcock et 

al., 2000): when a word is fixated, the left part of the word is initially projected to the 

RH and the right part to the LH. Thus, visual word recognition can be reconceptualised 

in terms of coordinating the information in the two hemispheres. As suggested in the 

examinations of the split fovea claim introduced in Chapter 4, the splitting is suffi-

ciently precise that a single Chinese character, under normal reading conditions, is split 

precisely at the fixation point, with the semantic and phonetic radicals projected contra-

laterally to different hemispheres. 

The split fovea model of English word reading, which is based on the assumption of 

precise foveal splitting, has successfully captured several reading phenomena (see sec-

tion 2.2 ). Alphabetic languages like English contain uneven distributions of informa-

tion within words, but do not contain a separation of semantic and phonetic information 
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as observed in Chinese orthography. In modelling word recognition phenomena in Eng-

lish, the split architecture significantly accentuates phenomena such as the exterior let-

ters effect, but it does not trade on the qualitative differences in representations found in 

Chinese orthography. In contrast, the split architecture fortuitously corresponds to the 

functional division of the Chinese phonetic compound structure; it “carves the problem 

at its joints”. In view of this opportunity – not available in alphabetic languages – for 

examining the plausibility of the split fovea model, in this chapter we apply the split 

fovea architecture in modelling Chinese phonetic compound pronunciation. We show 

that the model successfully addresses some of the known effects in Chinese character 

recognition, such as the regularity effect and the regularity by frequency interaction, and 

provides cross-language support for the hemispheric desynchronization account of sur-

face dyslexia. We will also examine differences between the split architecture and the 

non-split counterpart and discuss their implications for hemispheric processing of lan-

guage. 

5.2 Simulations of Split Architectures 

In this section, we introduce the split fovea model for modelling Chinese character pro-

nunciation, and examine its plausibility in addressing some of the known effects in Chi-

nese character recognition, including the regularity effect, the frequency effect, and the 

interaction between character regularity and frequency. We will also investigate the na-

ture of impaired recognition behaviour in Chinese surface dyslexia through a compari-

son between the split fovea model and a split model without callosal connections be-

tween the hidden layers (cf. Shillcock & Monaghan, 2001b). 

Phonological Representations 

The sound system of Chinese differs from that of English. One of the most salient dif-

ferences is the four distinct tones in standard Chinese (i.e., Mandarin)15. The pronuncia-

tion of each character has only one syllable, and every syllable has a nucleus and a tone 
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associated. Characters with the same pronunciation but different tones are usually not 

related in their meanings or orthography; hence, tone is a crucial aspect of character 

identity. In addition to a nucleus and a tone, there are three optional components associ-

ated with a syllable: a consonant at the beginning, a glide in the middle, and a glide or a 

consonant from a restricted class at the end. In total, syllables in Chinese have eight 

possible forms (Wang, 1973; see Table 5.1). 

Final  Initial 

consonant Medial glide Nucleus vowel Ending vowel or consonant 

Example 

1 O O O O  (lian3) 

2 O O O   (tie3) 

3 O  O O  (zhang4) 

4 O  O   (ma1) 

5  O O O  (yan2) 

6  O O   (yue4) 

7   O O  (yin3) 

8   O   (yi3) 

Table 5.1 Eight possible forms of Chinese syllables. The final column shows an example character 

for each form and its pronunciation in Pinyin. 

In Chinese syllables, all consonants can appear in the initial consonant position, and all 

vowels can appear in the nucleus position. On the other hand, there are only three possi-

ble vowels (or more accurately semi-vowels) in the medial glide position, and five pos-

sible consonants and vowels at the end. According to the phonetic features of the Chi-

nese Pinyin system (“Mandarin Consonants and Vowels”), there are 14 features for con-

sonants: bilabial, labiodental, dental, alveolar, palatal, velar, stop-aspirated, stop-

unaspirated, nasal, fricative, affricative-aspirated, affricative-unaspirated, glide, and 

                                                                                                                                               
15 Some dialects in China, such as Cantonese or Southern Min, may have more than four different tones. 
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liquid. Hence, every consonant was encoded in terms of these 14 features. Vowels were 

encoded with eight features: front, central, back, high, mid, low, unround, and round.  

 

Figure 5.1 The phonological representation. 

In the phonological representation, the structure of Chinese syllables was represented in 

four parts, exploiting the severe constraints on Chinese syllable structure: onset conso-

nant, nuclear vowel, final consonant, and tone. The onset contained 14 nodes, corre-

sponding to 14 possible consonant features, to represent all consonants that may appear 

in the onset of a syllable. The nucleus had eight nodes for the eight possible vowel fea-

tures that may appear in the nucleus; note that the optional medial glide and the glide at 

the end were represented together with the vowel features in the nucleus vowel section. 

After the nuclear vowel, we used three nodes to represent the three possible features of 

the final consonant (nasal, dental, and velar). Note that there are only two possible con-

sonants (n and ng) in the ending position. As for the tone, according to Yip (2000), the 

four tones in standard Chinese can be represented with different combinations of the 

high and low tones. Hence, we represented the tone with two nodes. In total, the phono-

logical representation consisted of 27 nodes (see Figure 5.1). Note that the phonological 

representation we adopted was a feature-based, distributed representation. In contrast, 

both of the connectionist models we reviewed in Chapter 2 (i.e., Chen & Peng, 1994; 

Xing et al., 2002) adopted a localist phonological representation, in which each possible 

consonant/vowel in a slot was represented by a single node. 

Onset con-

sonant fea-

tures 

Nuclear 

vowel fea-

tures 

Final conso-

nant fea-

tures 

Tones 

14 nodes    8 nodes 3 nodes      2 nodes 
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Orthographic Representations 

As introduced briefly in section 1.1 , Chinese characters consist of several individual 

strokes. There are more than 20 distinct strokes in Chinese orthography. A few strokes 

together may comprise a stroke pattern, which is a recurrent orthographic unit of Chi-

nese characters. Some stroke patterns can be characters by themselves; they can be con-

structed recursively to form another composite unit. Basic stroke patterns are referred to 

as the smallest orthographic units that cannot be further decomposed into other units 

(Huang & Hu, 1990; Chen et al., 1996). Recent research has shown that character rec-

ognition by skilled readers is based upon well-defined orthographic constituents, instead 

of individual strokes as previously thought (Chen et al., 1996; Zhou & Marslen-Wilson, 

1999). Hence, the orthographic representation was encoded with the basic stroke pat-

terns defined in the Chinese transcription system, Cangjie (Chu, 1979. See Chapter 3). 

From the database analysis in Chapter 3, there are 179 such basic stroke patterns com-

prising the radicals of all left-right structured Chinese phonetic compounds in the lexi-

con. Hence, we used these 179 basic stroke patterns to encode the orthographic repre-

sentation of the Chinese characters whose pronunciation was being modelled. 

Network Architecture 

According to the split fovea claim, when an alphabetic word or a Chinese character is 

fixated, the parts to the left and right of the fixation point are directly projected to the 

two hemispheres contralaterally. In modelling Chinese character recognition, we ini-

tially abstracted from real fixation behaviour and assumed that a character consisting of 

a semantic and a phonetic radical side by side could receive three possible fixations (see 

Figure 5.2). Characters were presented in the three fixation positions equally frequently 

during training. The task for the model, as for the reader, was to coordinate the informa-

tion across the hemifields/hemispheres.  
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Figure 5.2 Three fixation positions in the input layer. 

 

Figure 5.3 The split fovea model for mapping Chinese orthography to phonology, with callosal con-

nections. 

The network consisted of three layers. Adjacent layers were fully connected. Input units 

were localist representations of basic stroke patterns, capturing the claim that basic 

stroke patterns are the functional units of character recognition. The characters were all 

represented in each of the three positions necessary to accommodate the input schema 

shown in Figure 5.2. Hence, we used four input slots in the input layer to accommodate 

this fixation scheme; each slot had 179 nodes representing the 179 basic stroke patterns. 

The input was mapped, via a layer of hidden units, onto a feature-level phonological 

output. For characters with more than one pronunciation, only the most frequent pro-
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nunciation was employed. The model is shown in Figure 5.3. To solve the task, “inter-

hemispheric” communication is necessary, in the form of “callosal” connections be-

tween the left hidden layer (LHL) and the right hidden layer (RLH). 

 

Figure 5.4 The model with no callosal connections. 

Figure 5.4 shows a comparison model without callosal connections between the hidden 

layers, which was trained on the same task. In order to compare the performance of the 

two different architectures, we equalized their computational power by putting recurrent 

links on the hidden layers of the model with no callosal connections. Hence, both mod-

els had identical parameters and numbers of weighted connections. Thus, the principal 

difference between the models was the network architecture.  
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Training and Test Corpora 

The training corpus contained all left-right structured Chinese phonetic compounds and 

all their radicals that exist as characters on their own16. During training, each character 

was presented according to its log token frequency, taken from the Chinese lexical da-

tabase introduced in Chapter 3, and equally distributed among the fixation positions 

(Figure 5.2). The phonetic radicals were only presented in position 1 and 3 to simulate 

fixation to the right and to the left of the radical respectively. This equal presentation 

frequency among the fixation positions reflected the finding that there is no tendency 

for eyes to land more frequently at a particular position in a character during Chinese 

text reading (Tsai & McConkie, 2003; Yang & McConkie, 1999); this phenomenon 

may be because the length of a character is too short for the effects to emerge (see Tsai 

& McConkie, 2003, for a discussion). 

The database contains about 3,027 of the most frequent Chinese phonetic compound 

characters; among them there are 2,159 left-right structured phonetic compounds. 

Among all the radicals that comprise these left-right structured phonetic compounds, 

880 of them are also existing characters. The test corpus contained the same phonetic 

compounds, but not the radicals on their own. The learning algorithm adopted was dis-

crete back propagation through time (Rumelhart et al., 1986). The learning rate was 

0.02. Each of the split fovea model and the split model with no callosal connections was 

trained through approximately 2,471,100 training events; the learning curve was smooth 

and became steady after approximately 1,647,400 events. The simulation was imple-

mented with PDP++ neural network simulation software (O'Reilly & Munakata, 2000). 

                                                 
16 Phonetic radicals can often be stand-alone characters, whereas semantic radicals are not. A phonetic 
radical within a character sometimes looks a bit squashed compared with when it is a stand-alone charac-
ter (e.g., the radical “ ” in the character “ ”). In the modelling we treated their graphic form as the 
same, as reflected in the orthographic representation, since they still consist of the same stroke patterns. 
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Results & Discussion 

We ran each of the two different models ten times and analyzed their average perform-

ance. Figure 5.5 shows the average performance of the two models in terms of summed 

square error (SSE) at different stages during training. As shown in the figure, neither of 

the two models had difficulty learning this task well. The split architecture encouraged 

the models to discover the formal similarities within the radicals in the two halves of the 

characters; that is, that most phonological information came from the right half of the 

characters. The divided visual system fortuitously mirrored this distinction in the or-

thography.  
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Figure 5.5 Average performance of the split models with and without callosal connections. 

The split foveal model 

We first examined the performance of the split fovea architecture with ANOVA 

(ANalysis of VAriance). The independent variables were fixation position (position 1, 2, 

and 3; see Figure 5.2), character regularity (regular/semiregular vs. irregular), character 

frequency (high vs. low), and position of the phonetic radical (left vs. right). The de-

pendent variable was averaged SSE. The results showed that, overall, there was a main 

effect of character regularity (F(1, 2151) = 27.534, p < 0.001), with a better perform-

ance for regular/semiregular characters than irregular characters; a main effect of char-
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acter frequency (F(1, 2151) = 10.855, p = 0.001), with a better performance for the top 

50% high frequency characters than the bottom 50% low frequency characters. These 

results replicated the regularity and frequency effects observed in behavioural studies 

(e.g., Hue, 1992; Liu et al., 1996; Seidenberg, 1985).  

There was also a significant interaction between character regularity and position of the 

phonetic radical (F(1, 2151) = 4.554, p < 0.05). When we examined the model’s per-

formance on SP and PS characters separately, a significant regularity effect was ob-

served among SP characters (F(1,1938) = 149.355, p < 0.001), whereas the regularity 

effect was only marginal among PS characters (F(1,213) = 3.766, p = 0.054; see Figure 

5.6)17. This may reflect the fact that only 22% characters are regular in the PS group, 

compared with 35% in the SP group; also, the database analysis introduced in Chapter 3 

suggested that processing of SP characters tends to have higher componentiality than 

the minority PS characters. Here the modelling makes a testable prediction regarding 

human behaviour.  

A strong interaction between character frequency and regularity was also observed 

among SP characters (F(1,1938) = 10.728, p = 0.001. Figure 5.7), but not among PS 

characters (F(1,213) = 0.004, n.s.). This interaction between character frequency and 

regularity was previously reported in behavioural studies (e.g., Hue, 1992; Wu & Liu, 

1997). However, in these studies, either position of the phonetic radical was not con-

trolled (e.g., Hue, 1992) or only SP characters were used (e.g., Wu & Liu, 1997). The 

model hence has made another testable prediction regarding human behaviour: there is a 

strong interaction between character regularity and frequency among SP characters but 

not PS characters. We will come back to these predictions later in the conclusion. 

                                                 
17 Note that these statistics were based on an unbalanced design, as there were different numbers of char-
acters in the SP and PS groups. 
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Figure 5.6 Interaction between position of phonetic radicals and regularity of characters in the split 

fovea model. The error bars show standard errors. 
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Figure 5.7 Interaction between frequency and regularity among SP characters in the split fovea 

model. The error bars show standard errors. 
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Figure 5.8 Performance of the split fovea model in three different fixation positions. 

In the analyses of the split fovea model, there was also a main effect of fixation position 

(F(2, 4032) = 16.845, p < 0.001), with the best performance in fixation position 1 and 

the worst in fixation position 3 (Figure 5.8). This phenomenon can be explained by the 

overall information distribution of SP and PS characters in the lexicon. As mentioned 

earlier, there is greater variability on the right of the SP characters, and this distribution 

is reversed in the PS characters. The overwhelming majority of SP characters lead to a 

greater variability on the right of the left-right phonetic compounds. Hence, compared 

with the LHL, the RHL had a heavier processing load due to the greater variability, or 

entropy in information theory, on the right of the characters (see Figure 5.9). Conse-

quently, the model had the best performance when characters were presented in fixation 

position 1, i.e., when the processing of the character completely depended on the LHL; 

and had the worst performance when characters were presented in fixation position 3, 

i.e., when the processing of the character completely depended on the RHL. 
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Figure 5.9 Entropy Analysis of the four blocks in the input layer during training. In order to show 

the unbalanced distribution between SP and PS characters, “S” and “P” in uppercase stand for the 

semantic and phonetic radicals of SP characters, whereas “s” and “p” in lowercase stand for the 

semantic and phonetic radicals of PS characters. 

As for the model’s behaviour in different fixation positions, there was a significant in-

teraction between fixation position and character regularity (F(2, 4302) = 8.923, p < 
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0.001 with the Greenhouse-Geisser correction18). There was also a significant three-way 

interaction between fixation position, character regularity, and position of the phonetic 

radical (F(2, 4032) = 8.183, p < 0.001 with the Greenhouse-Geisser correction). When 

we examined the model’s performance in three different fixation positions separately, 

the interaction between character regularity and position of the phonetic radical was the 

strongest in fixation position 1 (F(1, 2151) = 11.336, p = 0.001; Figure 5.10) and the 

weakest in fixation position 3 (F(1, 2151) = 3.889, p = 0.049; Figure 5.12). This phe-

nomenon can be explained by a denser mapping problem presented to the model when 

characters were presented in fixation position 3 than in fixation position 1 (Figure 5.9). 

As mentioned earlier, PS characters exhibited a weaker regularity effect than SP charac-

ters because of a smaller percentage of regular characters. When PS characters were 

presented in fixation position 1, the model faced a sparser mapping problem which gave 

more idiosyncratic processing; consequently, the model had adequate processing re-

source to remember individual orthography-to-phonology mappings without generaliza-

tion. Hence, there was no regularity effect observed when PS characters were presented 

in fixation position 1 (F(1, 213) < 1; Figure 5.10); instead, there was a strong frequency 

effect (F(1, 213) = 4.751, p < 0.05). When PS characters were presented in fixation po-

sition 2 or 3, the denser mapping problem, compared with fixation position 1, demanded 

more generalization in the network. Hence, the frequency effect became insignificant 

whereas the regularity effect became significant when PS characters were presented in 

fixation position 2 and 3 (Figure 5.11 and Figure 5.12). Consequently, the interaction 

between regularity and position of the phonetic radical (SP vs. PS characters) was 

strongest when characters were presented in fixation position 1 and the weakest in fixa-

tion position 3. Note that in fixation position 3, where the model had the densest map-

ping problem, the model had to generalize both SP and PS characters to a similar extent 

and consequently SP and PS characters had an equally strong regularity effect (Figure 

5.12).  

                                                 
18 In repeated-measures designs, Greenhouse-Geisser correction can be applied to produce a valid F-ratio 
when data violate the sphericity assumption. The sphericity assumption refers to the hypothesis that the 
variances of differences between conditions are equal. 
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Figure 5.10 Interaction between character regularity and position of the phonetic radical in fixation 

position 1 in the split fovea model. The error bars show standard errors. 
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Figure 5.11 Interaction between character regularity and position of the phonetic radical in fixation 

position 2 in the split fovea model. The error bars show standard errors. 
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Figure 5.12 Interaction between character regularity and position of the phonetic radical in fixation 

position 3 in the split fovea model. The error bars show standard errors. 

Comparison with the split model without callosal connections 

We also performed ANOVA between the performances of the split fovea model and the 

split model without callosal connections. The between-subject variable was the network 

architecture (split fovea model vs. split model without callosal connections), and the 

within-subject variables were fixation position (position 1, 2, and 3. See Figure 5.2), 

character regularity (regular/semiregular vs. irregular), character frequency (high vs. 

low), and position of the phonetic radical (left vs. right); the dependent variable was av-

eraged SSE. The results showed that, in overall, there was a significant main effect of 

network architecture (F(1, 2151) = 427.032, p < 0.001): the split fovea model outper-

formed the split model without callosal connections. This effect was because the encap-

sulation of the communication between the two hidden layers in the split model without 

callosal connections impaired the model’s performance on character pronunciation.  
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Figure 5.13 Interaction between network architecture and character regularity when characters 

were centrally presented in fixation position 2. The error bars show standard errors. 

There was also a significant interaction between network architecture and character 

regularity (F(1, 2155) = 168.075, p < 0.001. See Figure 5.13): a stronger regularity ef-

fect in the split model without callosal connections than the split fovea model; and a 

significant three way interaction between network architecture, character regularity, and 

fixation position (F(2, 4032) = 168.334, p < 0.001). We consequently examined the 

models’ performance in different fixation positions. The results showed that, in all of 

the three fixation positions, the split fovea model outperformed the split model without 

callosal connections (fixation position 1: F(1, 2151) = 7.746, p = 0.005; fixation posi-

tion 2: F(1, 2151) = 430.814, p < 0.001; fixation position 3: F(1, 2151) = 9.736, p < 

0.005). Compared with the split fovea model, the split model without callosal connec-

tions had the worst performance when characters were presented at fixation position 2, 

i.e., when they were centrally presented. Furthermore, the interaction between network 

architecture and character regularity was significant only when characters were pre-

sented at fixation position 2, but not when they were presented at fixation position 1 or 

3 (fixation position 1: F(1, 2151) = 0.423, n.s.; fixation position 2: F(1, 2151) = 188.440, 

p < 0.001; fixation position 3: F(1, 2151) = 1.734, n.s.). Compared with the split fovea 

model, the split model without callosal connections exhibited a stronger regularity ef-
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fect when characters were centrally presented (split fovea model: F(1, 2151) = 41.136; 

split model without callosal connections: F(1, 2151) = 205.842. See Figure 5.13); it per-

formed much worse on irregular characters than on regular characters, giving rise to the 

stronger regularity effect.  

 

Character  Correct  pronunciation Generated pronunciation Phonetic radical pronunciation

 cai1 qing1 qing1 ( ) 

 tie3 zhan4 zhan4 ( ) 

 heng2 huang2 huang2 ( ) 

 Su2 yu4 ( , )  gu3 ( ) 

 sha1 shao2 Shao3 ( ) 

 ye3 tai2 tai2 ( ) 

 bei1 bu4 bu4 ( ) 

Table 5.2 Examples of regularization errors generated by the split model with no callosal connec-

tions. 

The split model without callosal connections made a lot of regularization errors, as we 

might predict from the nature of the problem it faced: the irregular pronunciation is 

similar to solving an XOR problem, in which information about the identity of both left 

and right radicals is essential in retrieving the pronunciation of the character. Table 5.2 

shows some examples of such regularization errors. As can be seen, most characters 

were mistakenly pronounced exactly like their phonetic radicals; some were given the 

same pronunciation but with a different tone. Note also that some irregular characters 

were pronounced as other irregular characters with the same phonetic radical (e.g.,  in 

Table 5.2). This shows that the pronunciation of an irregular character was not only af-

fected by its phonetic radical, but also by orthographic “neighbours” which share the 

same phonetic radical.   
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The implemented split fovea model provides an approach to understanding dyslexia in 

terms of hemispheric desynchronization (Shillcock & Monaghan, 2001b). In the current 

simulations, the split fovea model with callosal connections outperformed the model 

with no callosal connections (equivalent to extreme hemispheric desynchronization) on 

both regular and irregular characters. The split model with no callosal connections espe-

cially exhibited more difficulty learning irregular characters, which constitute an XOR-

like problem for the models. Chinese surface dyslexics demonstrate reading impair-

ments similar and analogous to those of dyslexics in alphabetic languages: poorer per-

formance on reading irregular characters (Yin & Butterworth, 1992; Weekes & Chen, 

1999). Hence, the implemented split fovea model has provided cross-language support 

for the hemispheric desynchronization account of dyslexia. 

5.3 Differences of Split and Non-split Architectures 

In the previous section, we have applied the split fovea architecture in modelling Chi-

nese phonetic compound pronunciation. The model successfully addressed known ef-

fects in Chinese character recognition, such as the regularity effect and the regularity by 

frequency interaction, and provided cross-language support for the hemispheric desyn-

chronization account of surface dyslexia (see Monaghan & Shillcock, submitted). Pre-

vious efforts in connectionist modelling of Chinese character recognition usually 

adopted a feed-forward network architecture with a single hidden layer (Chen & Peng, 

1994. See Figure 5.14). This architecture can be considered as a non-split architecture 

as opposed to the split fovea architecture, which has two interconnected hidden layers, 

left hidden layer (LHL) and right hidden layer (RHL), receiving input from left and 

right halves of the input layer respectively (Figure 5.3). These interconnections, or “cal-

losal” connections, between the two hidden layers enable the “interhemispheric” com-

munication between the two halves of the input. Nevertheless, non-split models also 

have been reported to be able to capture the regularity effect and the regularity by fre-

quency interaction (Chen & Peng, 1994). It is hence unclear whether the split fovea 

model has a qualitatively different processing style and behaviour from the non-split 

model. Here we explore this issue by training both the split and non-split models with a 

realistic large-scale lexicon, which has an imbalanced distribution of SP and PS charac-
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ters, and an artificial lexicon that has a balanced distribution of SP and PS characters. 

We show that the difference between the two architectures is revealed in processing the 

lexicon with an imbalanced SP and PS character distribution. This difference hence has 

important implications for hemispheric processing of language. 

 

Figure 5.14 The non-split model for mapping Chinese orthography to phonology. 

Representations 

The same phonological and orthographic representations as the previous simulations in 

section 5.2 were adopted in the current simulation. 

Training & Test Corpora 

Two sets of training and test corpora were used. The first set was the one used in the 

previous simulation, which contained all left-right structured Chinese phonetic com-

pounds and their radicals which exist as characters on their own in the lexicon. Hence, 

in this real corpus, the ratio of the number of SP characters to PS characters was nine to 

one. The corpus contains 2,159 of the most frequent left-right structured phonetic com-

pound characters and 880 radicals that are also existing characters. The test corpus con-
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tained the same phonetic compounds as those in the training corpus, but not the pho-

netic radicals.  

In the second set of corpora, an artificial lexicon was created in which the SP and PS 

characters had a balanced distribution. This artificial lexicon had 200 SP and 200 PS 

characters. The character type distribution in both the SP and PS character groups was 

proportional to the distribution of the SP characters in the real lexicon. Hence, among 

the 200 characters in either the SP or PS group, there were 74 regular characters (37%), 

26 semiregular characters (13%), and 100 irregular characters (50%). Within the 100 

irregular characters, 53 characters had the same rime as their phonetic radical, 12 char-

acters had the same onset as their phonetic radical, and 35 characters had a radically dif-

ferent pronunciation from their phonetic radical.  

The radicals that comprised the 200 SP characters consisted of 10 semantic radicals that 

only appeared on the left of the characters, and 40 phonetic radicals. The 200 PS charac-

ters consisted of the same 40 phonetic radicals as those in the SP characters, and another 

set of 10 semantic radicals which only appeared on the right of the characters. The 40 

phonetic radicals could appear on either the left or right of a character. The characters in 

the SP group were randomly generated from different combinations of the left semantic 

radicals and the phonetic radicals; the semantic radicals of the characters in the PS 

group had the same combinations with the phonetic radicals as those in the SP group. 

The training corpus contained all the 400 phonetic compounds and the 40 phonetic radi-

cals. The test corpus contained the same phonetic compounds but not the phonetic radi-

cals. 

Network Architecture 

In the split fovea model for Chinese character pronunciation introduced in the previous 

section, real fixation behaviour was idealized and a character was presented in each of 

three fixation positions equally frequently (Figure 5.2). We adopted the same idealiza-

tion in the current modelling. 
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Figure 5.15 Corresponding split and non-split architectures for modelling the artificial lexicon. 

Figure 5.3 and Figure 5.14 show the split and non-split network architectures respec-

tively for modelling the real lexicon. Adjacent layers were fully connected. The four 

blocks in the input layer were used to accommodate the input schema shown in Figure 

5.2. Each node in a block represented one of the 179 possible stroke patterns. This or-

thographic input was mapped onto a feature-based phonological output, where the most 

frequent pronunciation of the input character was presented. We equalized the computa-

tional power of the two networks as much as possible by adding recurrent links to the 

hidden layer of the non-split model and making the number of weighted connections in 

the two models as closed as possible. As a result, in the simulation with the real corpus, 

the split model had 97,000 connections, and each hidden layer had 100 nodes; the non-

split model had 96,728 connections, with 113 nodes in its hidden layer. As for the artifi-
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cial corpus, the split model had 13,360 connections, and each hidden layer had 40 nodes; 

the non-split model had 13,330 connections, with 43 nodes in its hidden layer. Hence, 

the principal difference between the two models was the network architecture.19 The 

corresponding split and non-split models for modelling the artificial lexicon is shown in 

Figure 5.15. Note that in the input layer, each of the four slots had 60 nodes, represent-

ing the 40 phonetic radicals and the 20 semantic radicals. 

Training & Testing 

When training with the real lexicon, each character was presented according to its log 

token frequency, whereas when training with the artificial lexicon, each character was 

presented with equal frequency. The learning algorithm adopted was discrete back 

propagation through time (Rumelhart et al., 1986). The learning rate was 0.02. For the 

real lexicon, each model was trained through approximately 2,471,100 training events; 

the learning curve was smooth and became steady after approximately 1,647,400 events. 

For the artificial corpus, the number of training events was approximately 1,024,000 

events; the learning curve was relatively steeper than that of the real corpus, and became 

steady after about 384,000 events. The simulation was implemented with PDP++ neural 

network simulation software (O'Reilly & Munakata, 2000). 

                                                 
19 Note that because of the inherent difference in architecture between the two models, it is not possible to 
equalize the computational power of the two models in terms of both the number of nodes and the number 
of weighted connections while keeping connections between layers all fully connected. We chose to 
match the number of weighted connections since the weights on the connections are the only trainable 
parameters during training according to the learning algorithm, and hence the number of weighted con-
nections is a good indication in the models’ learning capacity. 
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Figure 5.16 Performances of the split fovea model and the non-split model in overall when being 

trained with the real lexicon. 

We ran each model ten times and conducted an ANOVA between the performances of 

the two models. For the models trained with the real lexicon, the between-subject vari-

able was network architecture (split vs. non-split); the within-subject variables were 

character regularity (regular/semiregular vs. irregular), character frequency (high vs. 

low), position of the phonetic radical (left vs. right), and fixation position (fixation posi-

tion 1, 2, and 3). For the models trained with the artificial lexicon, the character fre-

quency variable was removed since characters were trained with equal frequency. The 

results showed that there was a significant main effect of network architecture (F(1, 

2151) = 10.461, p = 0.001 when being trained with the real lexicon; F(1, 396) =  14.451, 

p < 0.001 when being trained with the artificial lexicon): overall, the split fovea model 

outperformed the non-split model (Figure 5.16). This advantage suggests that the split 

architecture encouraged the model to discover the functional division between the radi-
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cals in the two halves of the characters. The divided visual system fortuitously mirrored 

the distinction between the phonetic and semantic information in the orthography20.  
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Figure 5.17 Interaction between frequency and regularity among SP characters in the non-split 

model. The error bars show standard errors. 

Frequency and regularity effects 

As for the performance on different types of characters in the real lexicon, similar to the 

split fovea model, the non-split model also exhibited a strong regularity effect (F(1, 

2151) = 14.168, p < 0.001) and a strong frequency effect (F(1, 2151) = 29.799, P < 

0.001); there were no significant differences between the two models in these two vari-

ables. The non-split model also captured the regularity effect and the regularity by fre-

quency interaction among SP characters (F(1, 1938) = 5.498, p < 0.05; Figure 5.17), but 

not among PS characters (F(1, 213) = 0.001, n.s.).  

                                                 
20 Another possibility concerning the observed advantage for the split model was the slightly larger num-
ber of weighted connections in the split model than in the non-split model. Nevertheless, the number of 
connections was already matched as closely as possible between the two models, and hence the perform-
ance difference observed was less likely to be due to the small difference in the total number of connec-
tions. 
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As for the difference between the two models, there was a significant three-way interac-

tion among network architecture, character regularity, and character frequency – a 

stronger regularity-by-frequency interaction among SP characters in the split fovea 

model compared with the non-split model (F(1, 1938) = 5.108, p < 0.05). This interac-

tion suggested that the split fovea architecture has a better ability to capture the interac-

tion between character regularity and frequency than the non-split architecture. We ex-

pand on this issue below. 

The interaction between character frequency and regularity can be thought of as result-

ing from an adaptation in storage terms, i.e., rule-governed processes such as character 

regularity can still yield low-frequency outcomes effectively (cf. Marcus, 1996; see also 

Chapter 3). In modelling character pronunciation, when a processor does not have 

enough resources to hardwire every mapping between orthography to phonology in the 

system, adaptively it will apply generalizations towards low frequency characters, 

which tend to have more regular pronunciations (see Chapter 3). This phenomenon gave 

rise to the frequency-by-regularity interaction observed in the current modelling. Hence, 

there is a balance between the resources available and the level of the interaction effect 

between character frequency and regularity the model exhibits. When there are abun-

dant resources, the model is able to hardwire each mapping between orthography and 

phonology, and the learning process will be dominated by character frequency, whereas 

when the resources are scarce, there is much pressure given to the model to rely on gen-

eralization, and the learning process will be dominated by character regularity. The in-

teraction between character frequency and regularity should be the strongest when there 

is a compromise between reliance on generalization and on specific coding, and become 

weaker when moving towards either extreme. 

In the current study, the split architecture, which allows a division of labour, facilitated 

the processing of character pronunciation. Compared with the split fovea model, the 

processing of the non-split model did not receive the same facilitation from the network 

structure as did the split fovea model; hence, the non-split model had to rely more on 

generalization, and consequently exhibited weaker frequency-by-regularity interaction 

than the split fovea model. The observed interaction thus was consistent with the claim 
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that the split architecture facilitates character recognition because it mirrors the func-

tional division between the two radicals within the characters. 

For models trained with the artificial lexicon, there was also a significant interaction 

between network architecture and character regularity (F(1, 396) = 7.474, p < 0.01) 

(note that character frequency was not an independent variable since characters were 

trained with equal frequency): the non-split model exhibited a stronger regularity effect 

than the split fovea model. This phenomenon was also consistent with the claim about 

the facilitation of the split architecture in modelling character recognition; the non-split 

model did not have the facilitation from the network architecture and hence had to rely 

more on generalization, which gave rise to a stronger regularity effect. 

Performance on SP and PS characters 

The two models also had similar performance on SP and PS characters. As mentioned in 

the previous section, in the split fovea model, there was a significant interaction be-

tween position of the phonetic radical and character regularity (F(1, 2151) = 4.554, p < 

0.05); this interaction was marginal in the non-split model (F(1, 2151) = 3.268, p = 

0.071). The difference between the two models in this interaction was not significant 

(F(1, 2151) = 0.634, n. s.). This interaction reflected the fact that only 22% of characters 

are regular among the PS characters, compared with 35% among the SP characters. This 

interaction was absent in the models trained with the artificial lexicon, which had a bal-

anced distribution and the same percentage of regular characters between SP and PS 

characters (F(1, 396) < 1). Hence, this interaction reflected the information skew in the 

lexicon and different percentage of regular characters between SP and PS characters. 

Performance in different fixation positions 

As for the behaviour in different fixation positions, similar to the split fovea model, the 

model exhibited a significant interaction between fixation position and character regu-

larity (F(2, 4032) = 8.718, p < 0.001 with the Greenhouse-Geisser correction) and a sig-

nificant three-way interaction between fixation position, character regularity, and posi-

tion of the phonetic radical (F(2, 4302) = 16.137, p < 0.001 with the Greenhouse-

Geisser correction). When examining the model’s behaviour in three different fixation 
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positions separately, the interaction between character regularity and position of the 

phonetic radical was the strongest when characters were presented in fixation position 1, 

and was the weakest in fixation position 3 (Figure 5.18 to Figure 5.20). This pattern of 

behaviour was similar to that of the split fovea model, and reflected the interaction be-

tween different processing loads in the three fixation positions and the extent to which 

the model generalized input patterns. 
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Figure 5.18 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 1 in the non-split model. The error bars show stan-

dard errors. 
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Figure 5.19 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 2 in the non-split model. The error bars show stan-

dard errors. 
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Figure 5.20 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 3 in the non-split model. The error bars show stan-

dard errors. 

We also have examined the models’ behaviour when being trained with the artificial 

lexicon, which had a balanced distribution of SP and PS characters. We can think of this 
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simulation with the artificial lexicon as baseline behaviour of the models when there is 

no information skew overall in the lexicon; the results reflect the fundamental structural 

differences between the processing of SP and PS characters. For both the split fovea 

model and the non-split model, there was a significant interaction between fixation posi-

tion and character regularity (F(2, 792) = 10.307, p < 0.001 with the Greenhouse-

Geisser correction), a significant interaction between fixation position and position of 

the phonetic radical (F(2, 792) = 35.031, p < 0.001 with the Greenhouse-Geisser correc-

tion) and a significant three-way interaction between fixation position, character regu-

larity, and position of the phonetic radical (F(2, 792) = 25.360, p < 0.001 with the 

Greenhouse-Geisser correction). As shown in Figure 5.21, in the split fovea model, SP 

characters had the best performance when they were presented in fixation position 3, 

whereas PS character had the best performance when they were presented in fixation 

position 1. This phenomenon can be explained by the entropy distribution across the 

four input blocks during training, as shown in Figure 5.22; SP characters had the best 

performance when they were presented in fixation position 3, in which their phonetic 

radicals were presented in a block with small entropy (block 4); for PS characters, the 

best performance was obtained when they were presented in fixation position 1, where 

their phonetic radicals were presented in block 1. The non-split model also exhibited the 

same behaviour. The results here hence support the claim that the models’ performance 

in different fixation positions was influenced by the entropy distribution across the four 

input blocks during training. 
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Figure 5.21 Interaction between fixation position and position of phonetic radical in the split fovea 

model trained with the artificial lexicon. The error bars show standard errors.  
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Figure 5.22 Entropy Analysis of the four slots in the input layer for the models trained with the ar-

tificial lexicon. 

Figure 5.23 to Figure 5.25 show the interaction between character regularity and posi-

tion of the phonetic radical in three different fixation positions respectively in the split 

fovea model. In fixation position 1, SP characters had a stronger regularity effect than 

PS characters; this phenomenon can be explained by a higher processing load for SP 
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characters than PS characters, which pushed the model to a higher level of generaliza-

tion (Figure 5.22; see also Figure 5.21). In contrast, PS characters had a stronger regu-

larity effect in fixation position 3 than SP characters, since their phonetic radicals were 

presented in a block with a higher entropy value. In fixation position 2, SP and PS char-

acters had an equally strong regularity effect, since the two blocks where their radicals 

were presented had the same entropy value. The non-split model also exhibited the 

same behaviour. This phenomenon supports the claim that the level of the regularity ef-

fect in different fixation positions was influenced by the processing difficulty presented 

to the model from the given fixation position. 
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Figure 5.23 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 1, in the split fovea model trained with the artificial 

lexicon. The error bars show standard errors. 
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Figure 5.24 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 3, in the split fovea model trained with the artificial 

lexicon. The error bars show standard errors. 
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Figure 5.25 Interaction between character regularity and position of the phonetic radical when 

characters were presented in fixation position 2, in the split fovea model trained with the artificial 

lexicon. The error bars show standard errors. 

Qualitatively different behaviour between the two models 

For models trained with the real lexicon, when comparing the performance of the two 

models in different fixation positions, there was a significant interaction between fixa-
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tion position and network architecture (F(2, 4032) = 14.338, p < 0.001 with the Green-

house-Geisser correction). As shown in Figure 5.26, the split fovea model outperformed 

the non-split model in all of the three fixation positions. When the performance of the 

two models was examined in the three fixation positions separately, the performance 

difference was only significant in fixation position 2 (F(1, 2151) = 36.389, p < 0.001), 

but was non significant in fixation position 1 and 3 (F(1, 2151) < 1). This phenomenon 

has provided another support for the claim that the division of labour between the two 

hidden layers in the split architecture fortuitously helps the model to discover the func-

tional division between the two radicals and hence facilitates Chinese character recogni-

tion. 
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Figure 5.26 Interaction between fixation position and network architecture. 

Furthermore, there was a significant three-way interaction between network architecture, 

fixation position, and position of the phonetic radical (F(2, 4302) = 6.932, p = 0.001 

with the Greenhouse-Geisser correction). When we examined the models’ performance 

in different fixation positions separately, we found that when characters were centrally 

presented in fixation position two, there was a significant interaction between network 

architecture and position of the phonetic radical: compared with the SP characters, the 

PS characters were relatively more difficult to process in the non-split model, but rela-

tively easier in the split model (F(1, 2151) = 7.591, p < 0.01; see Figure 5.27). In con-
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trast, when characters were presented in fixation position one or three, this interaction 

was not significant (fixation position one: F(1, 2151) = 3.026, n. s.; fixation position 

three: F(1, 2151) = 2.454, n. s.). In other words, the split model’s behaviour in the fixa-

tion position one or three was very similar to the non-split model.  
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Figure 5.27 Interaction between position of phonetic radicals and network architecture when char-

acters were centrally presented in fixation position 2. The error bars show standard errors. 

This interaction between position of the phonetic radical and network architecture when 

characters were presented in fixation position two can be explained in terms of the in-

formation profile in SP and PS characters and the qualitatively different processing style 

of the two models. As mentioned earlier, there is greater variability on the right of the 

SP characters, and this distribution is reversed in the PS characters. The overwhelming 

majority of SP characters lead to a greater variability on the right of the left-right pho-

netic compounds. When characters were centrally presented in the split model, the left 

and right radicals were projected to the LHL/RH and RHL/LH respectively, and com-

municated through the interconnected callosal connections. Compared with the LHL, 

the RHL had a heavier processing load due to the greater variability, or entropy in in-

formation theory, on the right of the characters (see Figure 5.9). For a centrally pre-

sented SP character, the RHL was where its phonetic radical initially projected. It hence 
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had more processing difficulty than a centrally presented PS character, whose phonetic 

radical was initially projected to the LHL. Thus, in the split architecture, centrally pre-

sented SP characters were relatively more difficult to process than PS characters; this 

was especially true for irregular SP characters, for which more computational resource 

was required. 

In contrast, in the non-split architecture, both left and right radicals were projected to 

and processed in the same single hidden layer. Also, as shown in Figure 5.9, the stag-

gered input scheme (Figure 5.2) made the input entropy of the two sides of a centrally 

presented stimulus balanced (block 2 and 3 in Figure 5.9). Hence, there was no entropy 

bias towards either side of the characters. The results showed that the minority PS char-

acters were more difficult to process than the majority SP characters. This effect was 

especially true for regular PS characters: the disadvantage of PS characters was stronger 

among regular characters than irregular characters; this interaction was significant (F(1, 

2151) = 4.570, p < 0.05). The disadvantage of PS characters could be explained by their 

unrepresentative nature: phonological information came from the left of the characters, 

as opposed to the normal cases in which phonological information came from the right 

of the characters. These two qualitatively different processing styles gave rise to the 

significant interaction observed between network architecture and position of the pho-

netic radical. 

Nevertheless, such interaction was only observed when the distribution of SP and PS 

characters in the lexicon was imbalanced, i.e., in the real lexicon. When the networks 

were trained with the artificial lexicon with a balanced distribution of SP and PS charac-

ters, the interaction between network architecture and position of the phonetic radical 

was absent (F(1, 396) = 0.466, n.s.). When being trained with such a lexicon, the LHL 

and RHL of the split model received the same processing load without any bias toward 

either PS or SP characters. Neither did any bias exist in the non-split model given an 

exactly balanced distribution of SP and PS characters. Hence, the interaction between 

network architecture and character type disappeared. 
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What can be inferred from these findings is that, the qualitatively different processing 

styles between the split and non-split architectures is best observed when there is an im-

balanced distribution of two groups of stimuli with opposite internal information distri-

butions. The distinction between Chinese SP and PS characters represents a unique op-

portunity for this examination. The processing difference between the two architectures 

hence has important implications for understanding hemispheric processing in language 

and examining the cognitive plausibility of the two architectures. 

5.4 Conclusion 

In this chapter, we have presented a connectionist model of Chinese character pronun-

ciation, an extension of the anatomically based split fovea model. In this modelling, we 

have incorporated several simplifications concerning the nature of the orthographic in-

put and fixation behaviour, but several dimensions of our modelling have been of a psy-

chologically realistic scale. On the task of orthography to phonology mapping, the mod-

elling has succeeded in capturing a number of human behaviours, including the regular-

ity effect, the frequency effect, and the interaction between character regularity and fre-

quency.  

The split fovea model also has made some testable predictions from its performance. It 

shows that the regularity effect is more salient among characters with their phonetic 

radicals on the right than on the left. This interaction reflects a statistical fact that there 

is greater regularity among characters with phonetic radicals on the right. Hence, these 

phonetic radicals become better cues for pronunciation. Another prediction was that the 

interaction between character regularity and frequency was significant among SP char-

acters but not PS characters. This phenomenon may also be because of the weaker regu-

larity effect among PS characters; the statistic analyses introduced in Chapter 3 also 

suggested higher componentiality in the processing of SP characters compared with PS 

characters. The skewed overall information distribution among SP and PS characters 

may also play a role here; we explore this issue in the following paragraph. 
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In the Chinese lexicon, the overall information among SP and PS characters was 

skewed to the right, whereas the minority PS characters had more information on the 

left. Consequently, the model had more resources to process the phonetically important 

part (i.e., the phonetic radical) of PS characters compared with SP characters, especially 

when they were presented in fixation position 1 (Figure 5.9). In this fixation position, 

there was no regularity effect observed for PS characters, since the model was able to 

learn the orthography to phonology mapping without generalization. When the process-

ing load increased, as in fixation position 2 and 3, PS characters started to exhibit regu-

larity effects. In contrast, the majority SP characters presented the model with a more 

difficult processing problem than the minority PS characters; also, the percentage of 

regular characters was higher among SP characters than that of PS characters. Conse-

quently, SP characters exhibited strong regularity effects across all of the three fixation 

positions. This phenomenon also gave rise to the three-way interaction between fixation 

position, character regularity, and position of the phonetic radical observed in both the 

split fovea model and the non-split model; the interaction between character regularity 

and position of the phonetic radical was the strongest when characters were presented in 

fixation position 1, compared with when they were presented in fixation position 2 or 3. 

Note that this interaction was also observed in the non-split model. 

In summary, the models’ performance and the level of the regularity effect exhibited by 

the models in different fixation positions was influenced by the processing difficulty 

(i.e., entropy of the input patterns) presented to the model from the given fixation posi-

tion. This phenomenon was observed in both the split fovea model and the non-split 

model, regardless of the lexicon used, real or artificial. 

In comparison with alternative models, we have first examined the performance of a 

comparable split model with no callosal connections, and found behaviour similar to 

that of Chinese surface dyslexics. The performance of this “callosally impaired” model 

is worse than the split fovea model, especially on irregular characters. A further exami-

nation showed that most errors made were regularization errors, which matches the be-

haviour of surface dyslexics. The modelling hence provides cross-language support for 

the hemispheric desynchronization account of surface dyslexia. Because of the poor 
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performance of the split model with no callosal connections on irregular characters, the 

model exhibited a stronger regularity effect than the split fovea model. 

We have also compared the performance of the split fovea model and its non-split coun-

terpart in modelling Chinese character pronunciation. When the computational power of 

the two models is closely matched as much as possible, the split fovea model slightly 

outperforms the non-split model, especially when characters were centrally presented 

(i.e., in fixation position 2). The split architecture fortuitously mirrors the functional dis-

tinction between the semantic and phonetic radicals, and hence facilitates discerning 

where the phonological information comes from.  

Although both the split fovea model and the non-split model have successfully ad-

dressed the regularity effect and the regularity by frequency interaction found in behav-

ioural studies, the split fovea model has a better ability in capturing this interaction. 

This phenomenon can be explained by the facilitation of the split architecture in model-

ling Chinese character recognition; without this facilitation, the non-split fovea model 

had to rely more on generalization of character regularity and hence exhibited a weaker 

interaction between regularity and frequency. 

The difference in processing style between the two models emerged when comparing 

their performance on centrally presented SP and PS characters. Due to the imbalanced 

distribution of SP and PS characters in the real lexicon, in the split architecture, the 

LHL/RH typically receives less processing load than the RHL/LH, and consequently 

facilitates the processing of centrally presented PS characters. In contrast, in the non-

split architecture, both SP and PS characters are projected to and processed in the same 

single hidden layer. The unrepresentative nature of PS characters consequently induces 

more processing difficulties. Hence, there is a significant interaction between network 

architecture and position of the phonetic radical. Nevertheless, such interaction is not 

present when training the networks on an artificial lexicon with a balanced distribution 

of SP and PS characters. The distinct structures and skewed distribution of Chinese SP 

and PS characters hence has provided a unique opportunity for examining the differ-

ences between the split and non-split architectures. 
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Do the visual pathway anatomies, reflected in the split fovea architecture, really matter 

in attempts to model reading behaviour? Or more specifically, do the effects of foveal 

splitting reach far enough from the retina to influence phonological processing? The dif-

ferent processing styles of the two architectures have made different predictions about 

Chinese readers’ behaviour when naming centrally presented SP and PS characters. In 

an attempt to compare modelling results with experiment data, the split fovea model can 

be though of as having the character phonology processed with two partially encapsu-

lated, interconnected processing domains (cf. the LH and the RH); in contrast, the non-

split model can be thought of as processing the character phonology with a single do-

main (cf. the LH, where most language processes are located). In Chapter 1, we have 

briefly discussed the existence of gender differences in the functional organization of 

the brain for phonological processing. The general finding has been that there is more 

left-lateralization in the male brain for phonological processing than the female brain. If 

this gender difference in phonological processing does exist, we hypothesize that the 

female reading behaviour can be better captured by the split model, whereas the male 

reading behaviour would be better predicted by the non-split model. Hence, the model-

ling predicts that when reading isolated, centrally presented SP and PS characters, male 

and female readers may process them differently, with opposite patterns of ease and dif-

ficulty as revealed in the simulation. We are going to examine this prediction through 

behavioural studies in the next chapter. If we do not see a gender difference in naming 

isolated, centrally presented characters, this result will imply that the two halves of the 

foveal representation are either bilaterally projected or projected to the different hemi-

spheres initially and combined before phonological processing takes place; in other 

words, the foveal splitting does not have functional significance in reading. On the other 

hand, if we see a gender difference as predicted in the current simulation, this result will 

show that the effects of foveal splitting can extend far enough from the retina to influ-

ence the processing of character phonology and interact with the gender of readers, and 

suggest that a better understanding of reading behaviour requires consideration of foveal 

splitting.
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Chapter 6 Gender Differences in Processing Chinese 
Orthography 

Male and female brains have been shown to differ in many aspects of language devel-

opment and impairment, in imaging studies of normal language processing, and in be-

haviours elicited by non-naturalistic language processing tasks (e.g., divided visual field 

studies; see Voyer, 1996), but reliable gender differences have previously not been visi-

ble in naturalistic studies of the normal reading behaviours of skilled adult readers. Chi-

nese orthography contains different elements, i.e., phonetic and semantic radicals, 

which relate to the phonological and semantic aspects of the individual characters. The 

recent appreciation of the role of the anatomy of the fovea, and subsequent cortical pro-

jections, in visual word recognition suggests that the spatial arrangement of information 

in Chinese SP and PS characters, which are a major character type in Chinese orthogra-

phy, may present the brain with different processing problems and lead to differential 

processing in the male and female brain. In view of this opportunity, in this chapter we 

present examinations of gender differences in a naturalistic reading task, isolated Chi-

nese character naming. 

6.1 Introduction 

In summary of the previous introduction of Chinese orthography, Chinese phonetic 

compound characters comprise about 81% of the 7,000 frequent characters in Chinese 

orthography (Li & Kang, 1993). A majority of these characters have a distinct structure 

that provides a unique opportunity for differential hemispheric processing to arise in 

reading: they consist of two radicals, a semantic radical and a phonetic radical, standing 

side by side (Figure 1.1). Some 90% of them have the semantic radical on the left and 

the phonetic radical on the right (SP characters); the remainder have the semantic radi-

cal on the right and the phonetic radical on the left (PS characters). In other words, the 

ratio between the number of SP and PS character types is about 9 to 1. In the usage of 

characters, as reflected in the token frequency of the characters, the ratio between the 

number of SP characters and PS characters is about 5.5 to 1. Thus, on average, the mi-
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nority PS characters tend to have higher token frequency than SP characters. The se-

mantic radical usually carries information about the meaning of the character, and the 

phonetic radical typically provides partial information about the pronunciation of the 

character. Among both SP and PS characters, the phonetic radical types outnumber the 

semantic radical types; the ratio is about ten to one (See Chapter 3). Hence, given that 

SP characters also hugely outnumber PS characters, the overall information distribution 

of Chinese phonetic compounds is skewed to the right. 

 

Figure 6.1 Illustration of foveal splitting and contralateral projection of the two radicals of an SP 

character and a PS character. If foveal splitting were sufficiently precise, under normal reading 

conditions, an SP character might have its phonetic radical contralaterally projected initially to the 

LH, and its semantic radical to the RH. In contrast, a PS character might have its phonetic radical 

projected initially to the RH, and its semantic radical to the LH. The phonetic radicals are high-

lighted as lighter grey. 

Recent understanding about how the structure of the retina, in particular the fovea, in-

teracts with visual word recognition suggests that SP and PS characters might present 

the brain with different processing problems. As discussed previously in Chapter 4, it 
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has become increasingly clear from anatomical and behavioural studies that the human 

fovea is precisely vertically split; this fact has fundamental implications for visual word 

recognition: when a word is fixated, the left part of the word is initially projected to the 

RH and the right part to the LH. Thus, visual word recognition can be reconceptualised 

in terms of coordinating the information in the two hemispheres. If foveal splitting were 

sufficiently precise, a single Chinese character might have its semantic and phonetic 

radicals contralaterally projected initially to different hemispheres, under normal read-

ing conditions (Figure 6.1). 

If the two hemispheres are receiving qualitatively different input, we might expect such 

a processing task to be carried out differently in male and female readers. There are 

longstanding observations about gender differences in language, from the social use of 

language (e.g., Crawford, 1995; Henley, 1989) to cognitive processing abilities (e.g., 

Feingold, 1996; Halpern, 1992; Voyer, 1996) and language development (e.g., Born-

stein, Hahn, & Haynes, 2004) and impairment (e.g., Feldman et al., 1995; Lambe, 1999). 

Observed gender differences have been claimed to reflect anatomical differences in the 

brain (e.g., Aboitiz, Scheibel, & Zaidel, 1992; Kulynych et al., 1994; Witelson & Kigar, 

1992) and functional differences in hemispheric lateralization, particularly with respect 

to phonological processing, as revealed by functional magnetic resonance imaging 

(fMRI) (e.g., Kansaku & Kitazawa, 2000; Pugh et al., 1996; Shaywitz et al., 1995; 

Vikinstad, George, Johnson, & Cao, 2000). There is converging evidence showing more 

left-lateralization of phonological processing in the male brain than in the female brain. 

Nevertheless, the implications of this difference for the naturalistic study of normal 

reading behaviour are still unclear, in that laterality studies standardly employ visual 

hemifield presentations, in which the word is not directly fixated but is initially pro-

jected to one or other hemisphere (Voyer, 1996). Chinese SP and PS characters offer a 

unique opportunity to examine this issue in a task as simple as pronouncing a centrally 

presented character. Naming has been shown to produce robust laterality effects (Voyer, 

1996). Providing the assumptions about the precision of foveal splitting are correct, and 

providing that the information in the two hemifields has not already been seamlessly 

integrated at an earlier stage, we may expect differential processing of the semantic and 

phonetic radicals in the two halves of the brain in male and female readers. Hence, in 
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the current study, we conducted a behavioural experiment examining gender differences 

in the time taken to generate the pronunciation of single, centrally presented characters; 

we tested the hypothesis that there would be significantly different processing in male 

and female readers of Chinese. 

This hypothesis also arose from the computational simulation of Chinese character pro-

nunciation introduced in the previous chapter, which contrasted differences between a 

split cognitive architecture, which had two interacting processing domains (i.e., two 

connected sets of hidden units), and an otherwise comparable non-split architecture, 

which had a single processing domain (i.e., a single group of hidden units). The two 

models behaved differently and the split model was identified with the female brain, in 

that it allowed a mapping between orthography and phonology to be carried out in two 

partially encapsulated domains (cf. the RH and LH), whereas the non-split model re-

quired the mapping to be conducted in only one processing domain (cf. the LH). We 

will compare this simulation with observed human behaviour later in the discussion. 

In this chapter, we present a behavioural study examining gender differences in the time 

taken to generate the pronunciation of single, centrally presented characters (section 

6.2 ), and a corresponding electrophysiological examination through EEG/ERP re-

cording and analyses (section 6.3 ). We show a robust effect of the gender of the reader 

in a naturalistic reading task. 

6.2 Gender Differences in Naming SP and PS characters – the Behavioural 

Study 

In this section, we present the behavioural study examining gender differences in the 

time taken to name isolated, centrally presented tokens of SP and PS characters 

Methods 
Materials 

The material consisted of 75 pairs of SP and PS characters sharing the same phonetic 

radical (See Figure 1.1). Each pair was matched in terms of pronunciation and token 
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frequency; the two groups of characters were matched as closely as possible according 

to syntactic class, semantic concreteness, and visual complexity of semantic radical as 

defined by number of strokes. Of the 75 pairs of Chinese phonetic compound characters, 

31 were regular or semiregular and 44 were irregular. Regular characters have the same 

pronunciation and tone as their phonetic radical; characters having the same pronuncia-

tion but a different tone from their phonetic radical are referred to as semiregular; ir-

regular characters are pronounced differently from their phonetic radical, but may still 

share phonological segments. For current purposes, we refer to both regular and 

semiregular characters as regular characters. The mean number of strokes of the seman-

tic radical of the SP characters was 4.45, and that of the PS characters was 4.76. Charac-

ter frequencies were within a mid- to-high range (Huang, 1995); very low frequency 

characters were avoided. In a further test of the materials, eight male and eight female 

native Chinese speakers judged whether the characters had a male- or female-oriented 

meaning. There was no significant gender bias between the meanings of the SP and PS 

character pairs (paired t-test, t = 0.893, n.s.). A further 40 SP and 20 PS characters, half 

regular and half irregular, were used as fillers during the experiment. Their phonetic 

radicals did not appear in any of the 75 SP-PS character pairs. 

Participants 

We recruited 16 female and 16 male native Chinese speakers from Taiwan. They were 

all students in Edinburgh, with similar (university or higher) educational background 

and normal or corrected vision. All were right-handed according to the Edinburgh hand-

edness inventory (Oldfield, 1971) and with ages matched between the male (mean = 

27.25 years) and female (mean = 27.69 years) groups. 

Design 

The design of this study had two within-subject variables: character type (SP vs. PS 

characters) and character regularity (regular vs. irregular), and a between-subject vari-

able: gender (male vs. female). The dependent variable was the time taken to begin a 

correct pronunciation. The onset of the pronunciation was detected by a Shure WH20-

XLR microphone, which transmitted the signal to a PST serial response box as a voice 

key input. Note that both males and females were presented with all characters in the 
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materials, hence the possible phonetic bias in voice key response time measurements, 

i.e., some consonant and vowel features of the initial phonemes were detected later than 

others, was matched between the male and female participants (Kessler, Treiman, & 

Mullennix, 2002). Characters were presented in a standard calligraphic font, each meas-

uring approximately 1 x 1 square centimetres. Participants sat in front of a screen, at a 

viewing distance of 92 centimetres. Hence, each character subtended less than one de-

gree of visual angle and fell within foveal vision. The experiment was conducted using 

E-Prime v1.1 software tools. 

Procedure 

Each naming trial began with two short vertical lines presented on the screen for 500 ms. 

Participants were told to look at the midpoint between the two lines, which was ap-

proximately the middle of the boundary between the phonetic and semantic radicals 

when a character was presented. The two lines were followed by a 150 ms presentation 

of the target character, which did not allow time for refixation. Occasionally a 9 pt. digit 

was presented, instead of a character, exactly between the two lines where participants 

should be fixating, to ensure that participants were foveating the stimuli; data from any 

participant who did not report the digits to an acceptable accuracy were rejected (cf. 

Brysbaert, 1994). After each presentation of a target character or a digit, participants 

were asked to name the character or digit as fast and as accurately as possible. We 

measured the response time as the time difference between the onset of the character 

presentation and the onset of the participant’s pronunciation. The stimulus was replaced 

by a mask, which disappeared after the onset of the participant’s pronunciation. The 

screen then turned blank until the experimenter pressed a button to start the next trial. 

The SP and PS characters in the same pair did not appear in the same block. Participants 

were put into two groups, with males and females evenly distributed. The presentation 

order of each pair of PS and SP characters was counterbalanced across the two groups. 

Characters in each block were presented in a random order. 

Participants were allowed to take a break after each block until they were ready to start 

the next one. For the first two trials of each block, only filler materials were presented 

to serve as practice trials after coming back from a break. Clear instructions were given 
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before the experiment. A practice session, which consisted of only irrelevant characters, 

was also provided at the beginning of the experiment. Participants had ample opportu-

nity to ask any procedural questions regarding the experiment before the test trials be-

gan.  

Results 

Table 6.1 Summary of the mean response times and standard errors as a function of gender, char-

acter type, and character regularity. 

All participants accurately reported the digits in the experiment (accuracy > 99%) and 

hence no participant was removed from the analyses. Table 1 summarizes the partici-

pants’ mean correct response times and standard errors as a function of character type 

(SP vs. PS characters), character regularity, and gender. The results showed that there 

were no significant main effects of gender (F < 1) or of character type (F < 1). There 

was a significant main effect of character regularity (F(1, 30) = 30.904, p < 0.001): par-

ticipants responded to regular characters significantly faster than irregular characters. 

The regularity effect has been demonstrated in the literature concerning Chinese charac-

ter recognition (e.g., Seidenberg, 1985; Hue, 1992); this effect did not interact with 

other variables in the current experiment. There was a significant interaction between 

  Males Females 

  SP characters PS characters SP characters PS characters

Regular characters         

   Mean response time in 

ms 
501  510  513  510  

   Standard error 19  17  22  18  

     

Irregular characters     

   Mean response time in 

ms 
526  535  541  527  

   Standard error 21  23  23  20  
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gender and position of the phonetic radical (F(1, 30) = 7.867, p < 0.01. Figure 6.2): 

males responded to SP characters significantly faster than PS characters (F(1, 15) = 

6.333, p = 0.024); in contrast, females responded equivalently to the two character types, 

with a non-significant tendency in the opposite direction (F(1, 15) = 2.768, p = 0.117).  
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Figure 6.2 Males’ and females’ naming times to SP and PS characters. The error bars show stan-

dard errors. There was a significant interaction between character type (SP vs. PS) and gender. 

Discussion 

In the current study, we have shown that, when asked to pronounce two different ortho-

graphic forms of character, adult male and female Chinese readers produced different 

performances, with opposite patterns of ease and difficulty: males responded to SP 

characters significantly faster than PS characters, whereas females showed a non-

significant tendency in the opposite direction. Given previous demonstrations of gender 

differences in the lateralization of phonological processing, the interaction between par-

ticipant gender and the position of the phonetic radical in naming single foveated char-

acters is most parsimoniously explained by foveal splitting being sufficiently precise to 

divide a single phonetic compound character. These characters are the smallest ortho-

graphic unit for which foveal splitting has been demonstrated (cf. Lavidor & Walsh, 

2004. See Chapter 4). In the current experiment, each briefly presented character ap-
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peared with the boundary between the semantic and phonetic radicals aligned with the 

participants’ initial fixation point; under the split-fovea hypothesis, the two radicals 

would initially be projected to different hemispheres: the phonetic radical of a centrally 

presented SP character will be projected directly to the LH, whereas the phonetic radical 

of a centrally presented PS character will be projected directly to the RH (Figure 6.1). 

We interpret the data in Figure 6.2 as showing that the male brain, with its typically 

greater degree of lateralization of phonological processing, tends to excel in the process-

ing of the majority SP characters, in which the phonetic radical is projected directly to 

the LH, at the expense of the minority PS characters. In contrast, the female brain, typi-

cally with less lateralization in phonological processing, tends towards more equivalent 

processing of PS and SP characters. 

In the previous chapter, we have presented a study of connectionist modelling of Chi-

nese character pronunciation and showed that Chinese SP and PS characters provide a 

unique opportunity for the differences between a split architecture and a non-split archi-

tecture to emerge in cognitive modelling of word recognition. We created a split model 

(cf. Shillcock et al., 2000; Shillcock & Monaghan, 2001b) of Chinese character pronun-

ciation (Figure 5.3), and compared its performance with a corresponding non-split 

model (Figure 5.14). The task of the models was to map an orthographic input, defined 

by basic stroke patterns in Chinese orthography, to the corresponding phonological fea-

tured-based output. During training, the characters were presented in three different ide-

alized fixation positions (Figure 5.2). The results showed that, when characters were 

centrally presented, with the fixation point between the two radicals, there was a signifi-

cant interaction between model architecture and character type (SP vs. PS characters): 

the split model performed better on PS characters than SP characters, whereas the non-

split model performed better on SP characters than PS characters (Figure 5.27). A sepa-

rate simulation involving an artificial lexicon in which the distribution of SP and PS 

characters was balanced showed that the previous interaction disappeared. The original 

interaction reflected the overall information profile of the characters – the right-hand 

side was typically more informative – in conjunction with the split/non-split architecture. 
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In the non-split architecture, the phonetic radicals of both SP and PS characters were 

processed through the same hidden layer; the unrepresentative PS characters thus en-

countered more processing difficulties than the majority SP characters. In contrast, in 

the split architecture, when the input character is centrally presented, the phonetic radi-

cals of SP and PS characters were processed in different hidden layers. Due to the im-

balanced overall distribution of information in the characters, the left hidden layer re-

ceived less processing load and hence was able to devote more resources to the process-

ing of PS characters. Consequently, Chinese SP and PS characters provide a unique op-

portunity for the differences between a split architecture and a non-split architecture to 

emerge (for more details see section 5.3 ). 

The connectionist modelling of Chinese character pronunciation introduced in the pre-

vious chapter involved an idealisation of real fixation behaviour and made a number of 

simplifying assumptions. Nevertheless, the results in the current study are consistent 

with the modelling predictions; the same interaction occurred in the model and in the 

human data. 

Given the precision of foveal splitting, the phonetic radicals of SP and PS characters 

were projected to the LH and the RH respectively. When the mapping between orthog-

raphy and phonology was mediated by a single, undifferentiated processing domain (as 

in the male participants and in the non-split model) the minority PS characters were 

processed less effectively than the majority SP characters. When the same mapping was 

mediated by two, partially encapsulated, interconnected processing domains (as in the 

female participants and in the split model) the processing of the minority PS characters 

was facilitated and the previous interaction was reversed. Thus, the split-fovea hypothe-

sis, together with the implemented computational model, correctly predicted the gender 

by character-type interaction in the current study. The distinct structures and the imbal-

anced distribution of information overall in Chinese characters has allowed this gender 

difference to emerge in a naturalistic reading task. 

The current study also supports the claim that gender differences in language processing 

exist at the level of phonological processing. Gender differences in language processing 
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have been frequently reported and argued to be a consequence of more bilateral lan-

guage processing and representation in the female brain than in the male brain (e.g., 

Dorion et al., 2000; McGlone, 1980; Inglis & Lawson, 1981). However, due to incon-

sistent results from various behavioural and brain-imaging studies (Sommer et al., 

2004), this argument remains controversial. Some have argued that the inconsistent re-

sults may be because the bilateral language processing in the female brain is task spe-

cific (Kitazawa & Kansaku, 2005). Indeed, in recent years, there seems to have been 

convergent evidence showing a gender difference in the functional organization of the 

brain for language at the level of phonological processing (e.g., Shaywitz et al. 1995; 

Pugh et al., 1996; Coney, 2002). The current study hence provides further support for 

the existence of a gender difference in the functional organization of the brain for pho-

nological processing, through an examination of Chinese characters, a radically differ-

ent orthography from any alphabetic language. 

In conclusion, a robust gender effect is demonstrated in skilled adult readers, for the 

first time to the best of our knowledge, at the level of reading behaviour in a naturalistic 

isolated-character reading task. This effect relies on the assumption of precise foveal 

splitting and the contralateral projections of the two halves of a centrally presented 

character to different hemispheres, interacting with gender differences in the functional 

organization of the brain for phonological processing. This effect is also predicted by a 

computational simulation contrasting a split cognitive architecture, in which the map-

ping between orthography to phonology is mediated by two partially encapsulated, in-

terconnected processing domains, and a non-split cognitive architecture, in which the 

mapping is mediated by a single, undifferentiated processing domain. This study hence 

supports the existence of a gender difference in phonological processing, and shows that 

the effects of foveal splitting in reading extend far enough into word recognition to in-

teract with the gender of the reader in a naturalistic reading task. In the following sec-

tion, we are going to examine this gender difference in processing Chinese orthography 

with EEG/ERP recording and analyses, seeking electrophysiological support for the ob-

served behaviour. 
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6.3 Gender Differences in Naming SP and PS characters – the Electro-

physiological Examination 

In the previous section, we have conducted a behavioural study examining gender dif-

ferences in a Chinese character naming task. The results exhibited an interaction be-

tween gender and position of the phonetic radical (Figure 6.2). This phenomenon may 

have reflected a gender difference in the functional organization of the brain for proc-

essing Chinese orthography. Hence, in this section, we conduct a corresponding 

EEG/ERP study to seek electrophysiological supports for the observed gender differ-

ences. 

The EEG recorded from the scalp provides a window onto online processing and has 

been used in monitoring brain activities when subjects are performing certain cognitive 

tasks. Through analyzing averaged ERPs, which consist of a sequence of positive and 

negative changes from a baseline after stimulus presentation, we can monitor the precise 

timing of character recognition processes as well as identifying the regions showing 

maximum activity for each type of stimulus at different times. Hence, with this tech-

nique, we can compare the EEG/ERP patterns recorded from the male and the female 

brain when participants attempt to name a PS or an SP character, and examine whether 

there is a gender difference in the functional organization of the brain for processing 

these two types of character.  

Method 
Material 

The materials consisted of the same 75 pairs of Chinese phonetic compound characters 

as those in the behavioural study introduced in the previous section. Hence, each pair of 

characters shared the same phonetic radical (Figure 1.1); the two characters in each pair 

were matched as far as was possible for their pronunciation, regularity, token frequency, 

semantic concreteness, and semantic radical visual complexity defined by number of 

strokes. The same list of fillers as that in the previous behavioural study, consisting of 

40 SP and 20 PS characters, was also used in the current study.  
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Participants 

The participants consisted of 16 female and 16 male native Chinese speakers in Taiwan. 

They were all university students, had normal or corrected vision, and were right-

handed according to the Edinburgh handedness inventory (Oldfield, 1971), between 20 

to 32 years old, with ages closely matched between the male and female groups. The 

average age of males was 23 years and 10 months, and the average age of females was 

24 years 6 months.  

Design 

The design of this study had a between-subject variable: gender (male vs. female), and a 

within-subject variable: character type (PS vs. SP characters). The ERP recordings for 

the two types of character were averaged separately at each electrode site. There were 

three other within-subject variables concerning electrode sites: left vs. right, anterior vs. 

posterior, and dorsal vs. ventral (lower vs. upper). Electrodes were divided and aver-

aged into eight regions according to these three dimensions: left anterior dorsal (LAD), 

left anterior ventral (LAV), left posterior dorsal (LPD), left posterior ventral (LPV), 

right anterior dorsal (RAD), right anterior ventral (RAV), right posterior dorsal (RPD), 

and right posterior ventral (RPV) (Dien & Santuzzi, 2004). The dependent variables 

were amplitude and latency of each ERP component. 

During the experiment, binocular vision was used. Characters were presented in a stan-

dard calligraphic font and in the same size. The size of the characters was about 1 x 1 

square centimetres. Participants were sitting in front of a screen with a 92 centimetre 

distance from their nasion to the screen. Hence, the character spanned less than one de-

gree of visual angle. This limit was applied to ensure that the stimulus presented fell 

within foveal vision. Every subject was presented with all characters in the materials. 

These settings were the same as those in the previous behavioural study. The purpose of 

this study was to examine gender differences in the EEG/ERP patterns recorded from 

the two hemispheres when participants respond to isolated, centrally presented phonetic 

compounds with different phonetic radical positions, i.e., SP vs. PS characters. The de-

sign and control of this experiment was through the psychology software E-Prime v1.1. 
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Procedure 

The task in the current study was a delayed homophone judgement task, in order to re-

cord EEG patterns corresponding to the silent pronunciation of the character. The 

homophone judgement ensured that the phonology of the character was the principle 

component being activated in the brain, without motor preparation and activation result-

ing from reading out the character. Each trial began with two vertical short lines pre-

sented on the screen for 500 ms. Participants were made to look at the middle point be-

tween the two short lines, which was approximately the middle of the boundary be-

tween the phonetic and semantic radicals when a character was presented. They were 

asked not to move their eyes or blink once a trial began. The two short lines were fol-

lowed by a brief, 150 ms presentation of the target character; this presentation time was 

too short for a refixation to occur. As in the previous behavioural study, occasionally a 9 

pt. digit was presented, instead of a character, between the two lines where participants 

should have fixated. This digit was to make them fixate at the right place. Data from 

any participant who did not respond to the digits with an acceptable accuracy would not 

be considered (following Brysbaert, 1994). 

After each presentation of a target character/digit, participants were asked to mentally 

name the target character or digit and keep the pronunciation in mind. The stimulus was 

covered by a mask after the presentation. The mask stayed on the screen for 1300 ms. In 

the trials where a filler character or a digit was presented, another character or digit 

would appear after the mask. Participants were asked to judge whether the two charac-

ters were homophones or whether the two digits were the same by pressing correspond-

ing buttons on a response box with four buttons. They were asked to press the inner but-

tons with their left and right index fingers simultaneously for a positive response and to 

press the outer buttons with their left and right middle fingers simultaneously for a 

negative response. In the rest of the trials, no further character or digit was provided. 

The second character or digit stayed on the screen for 700 ms, followed by a blink sig-

nal “B” presented for another 1200 ms. Participants were asked to blink at least once 

when they saw this signal, and not to blink otherwise. The screen then turned blank for 

800 ms before the start of the next trial. Participants had no opportunity for correction 
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of responses; neither was any feedback given during the experiment. The timeline of 

this task is shown in Figure 6.3.  

The characters in the materials were divided into four blocks evenly, with each block 

contained 10 numbers, 15 fillers, 18 or 19 SP characters, and 18 or 19 PS characters 

from the 75 SP-PS pairs. In total, there were 62 or 63 trials in each block. The SP and 

PS characters in the same pair were prevented from appearing in the same block. Par-

ticipants were put into two groups, with males and females evenly distributed. The pres-

entation order of each pair of PS and SP characters was counterbalanced across the two 

groups. Characters in each block were presented in a random order. Other procedural 

details were the same as the previous behavioural study. 

 

Figure 6.3 Timeline of the delayed homophone judgement task. 

ERP Recording and Analysis 

The EEG was recorded from a 64-channel Neuroscan version 4.3 system with a com-
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left and right eyes to monitor horizontal eye movements. The recording of these elec-

trodes were used to reject trials contaminated by eye artefacts. Trials contaminated by 

muscular activities, electrical noise, or other unknown noise were also precluded from 

the analyses by rejecting data with extreme values, abnormal trends, and abnormal dis-

tribution. We also applied independent component analysis to the data of each partici-

pant and performed rejection on the derived components that were characterised by 

noise or artefacts. These data rejection methods were suggested and provided by the 

EEGLAB toolbox (Delorme & Makeig, 2004). After removing artefacts, ERPs to the SP 

and PS characters were averaged separately over an epoch of 1022 ms, including a 100-

ms prestimulus baseline. This length of epoch corresponded to 512 data points with a 

sampling rate of 500 Hz. 

Based on results from previous EEG/ERP studies regarding phonological processing in 

visual word recognition (e.g., Bentin et al., 1999; Grossi et al., 2001; Liu & Perfetti, 

2003), the components of interest in this study were early components around 150 ms 

post-stimulus over posterior electrodes in the occipitotemporal areas, and late compo-

nents around 350 ms post-stimulus over anterior electrodes; these components may be 

related to visual word form representation and phonological processing, respectively. 

Each ERP component was labelled according to its polarity and its mean peak latency. 

For early components, amplitude was measured as peak amplitude over a time window; 

for broader late components, amplitude was measured as mean amplitude over a time 

window (cf. Grossi et al., 2001). Peak latency was measured as the latency in which the 

peak amplitude was observed over a time window. 

Results 

Appropriate components were identified and the corresponding time window for each 

component was selected through visual inspection of the averaged waveforms. The 

components and the time windows observed were consistent with previous ERP studies 

concerning phonological processing in visual word recognition (e.g., Bentin et al., 1999; 

Grossi et al., 2001; Liu & Perfetti, 2003). In the current study, the target characters elic-

ited a series of early components before 250 ms: P120 (50-175 ms) and N180 (150-250 
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ms) over posterior sites, N120 (75-200 ms) over anterior sites, and P200 (160-300 ms) 

over both anterior and posterior sites. These components were also identified in Grossi 

et al.’s (2001) ERP study of phonological processing in visual rhyming, and the same 

time windows of these components were used for statistical analyses. As for late com-

ponents, the most notable late component after 250ms was a negative deflection be-

tween 280 and 450 ms, peaked at around 350 ms (N350). Figure 6.4 and Figure 6.5 

show the ERPs elicited by SP and PS characters in the eight regions in the male and fe-

male groups respectively.  

 

Figure 6.4 ERPs elicited by SP and PS characters in the eight different regions in the male group, 

with components of interest marked. 
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Figure 6.5 ERPs elicited by SP and PS characters in the eight different regions in the female group, 

with components of interest marked. 
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F(1, 23) = 9.916, p < 0.01). Thus, a gender difference in processing SP and PS charac-

ters was observed as early as 120 ms post-stimulus, as revealed in the P120 component. 

 

Figure 6.6 Distribution of P120 (50-175 ms) peak amplitude in the male and female groups. The 

error bars show standard errors. 
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Figure 6.7 Distribution of N180 (150-250 ms) peak amplitude in the male and female groups. The 

error bars show standard errors. 

 

Figure 6.8 Distribution of N180 (150-250 ms) peak latency in the male and female groups. The error 

bars show standard errors. 

Early component in the anterior regions: N120 

 
Figure 6.9 Distribution of N120 (75-200 ms) peak amplitude in the male and female groups. Error 

bars show standard errors. 
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ence was found in N120 amplitude. There was also no significant effect observed in 

N120 latency (not plotted).  

Early component in both the anterior and posterior regions: P200 

P200 was elicited between 160 and 300 ms. As shown in Figure 6.10, there was a larger 

peak amplitude in the anterior regions than in the posterior regions (F(1, 29) = 45.175, p 

< 0.001; N.B. the amplitude measure is upside down since P200 is a positive compo-

nent); this pattern was stronger in the male group than in the female group (F(1, 29) = 

5.290, p < 0.05). P200 also had larger amplitude in the ventral region than in the dorsal 

region (F(1, 29) = 57.848, p < 0.001); this pattern was also stronger in the male group 

than in the female group (F(1, 29) = 6.009, p < 0.05). A significant interaction between 

hemisphere and gender was observed (F(1, 29) = 9.228, p < 0.01), with a larger ampli-

tude over the LH compared with the RH in the male group, and an opposite pattern in 

the female group (Figure 6.10). There was also an interaction between character type 

and hemisphere (F(1, 29) = 9.324, P < 0.01), with the amplitude of SP characters 

smaller than PS characters in the LH, but larger than PS characters in the RH. Finally, a 

three-way interaction between gender, hemisphere, and dorsal-ventral dimension was 

observed (F(1, 29) = 8.120, p < 0.01); in the female group, there was an interaction be-

tween hemisphere and dorsal-ventral dimension (F(1, 15) = 6.576, p < 0.05), with a lar-

ger amplitude difference between ventral and dorsal regions in the RH compared with 

the LH. This effect was not significant in the male group (F(1, 14) = 1.880, n. s.). No 

significant effect was observed regarding P200 latency (not plotted). Thus, in P200 

component amplitude, we have found hemispheric differences between males and fe-

males, and also between processing of SP and PS characters.  
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Figure 6.10 Distribution of P200 (160-300 ms) peak amplitude in the male and female groups. Error 

bars show standard errors. 
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Figure 6.11 Distribution of N350 (280-450 ms) mean amplitude in the male and female groups. Er-

ror bars show standard errors. 

 

Figure 6.12 Distribution of N350 (280-450 ms) peak latency in the male and female groups. Error 

bars show standard errors. 
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was the anterior region. It also had a larger amplitude in the LH than the RH (F(1, 30) = 

4.652, p < 0.05). A significant interaction between character type and gender was ob-

served in N350 amplitude (F(1, 30) = 9.213, p < 0.01), with PS characters eliciting lar-

ger N350 than SP characters in the male group, and smaller N350 than SP characters in 

the female group. N350 amplitude was also larger over the ventral regions then the dor-

sal regions (F(1, 30) = 7.846, P < 0.01); this effect was stronger in the posterior region 

than the anterior region (F(1, 30) = 7.545, P = 0.01), and also stronger in the male group 

than the female group (F(1, 30) = 7.725, p < 0.01). As for N350 latency, there was a 

significant interaction between anterior-posterior and dorsal-ventral dimensions (F(1, 30) 

= 5.001, p < 0.05), with N350 peaking earlier in the anterior ventral regions than the 

anterior dorsal regions; in contrast, in the posterior regions, dorsal sites peaked earlier 

than ventral sites. Finally, there was a three-way interaction among character type, ante-

rior-posterior dimension, and gender (F(1, 30) = 5.876, p < 0.05). In the male group, 

N350 peaked earlier for PS characters than SP characters in the anterior region, but 

peaked later for PS characters than SP characters in the posterior region (Figure 6.12). 

In other words, the difference of latency between the anterior and posterior region was 

larger for PS character, compared with SP characters. In contrast, in the female group, 

N350 peaked slightly earlier for SP characters than PS characters in the anterior region 

and slightly later in the posterior region. Thus, a significant gender difference in proc-

essing SP and PS characters was reflected in both N350 amplitude and latency. 

Discussion 

Early visual information for word reading has been argued to be initially processed in 

occipito-temporal areas contralateral to the stimulated hemifield, also predominantly in 

the LH posterior fusiform gyrus, in the time window between 0 and 200 ms, and subse-

quently transferred to the visual word form area (VWFA) within the time window 100 – 

300 ms after stimulus presentation (Pammer et al., 2004). Hence, early components are 

usually identified within 200 ms post-stimulus. For example, in a visual rhyming task 

with English stimuli, Grossi et al. (2001) reported P120 and N180 over occipital sites, 

and N120 and P200 over anterior temporal sites. Liu and Perfetti (2003) reported that in 

a Chinese character delayed naming task, the posterior regions, which support visual 
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analysis or word form identification, activated early within 200 ms, whereas the anterior 

regions generally activated later. Bentin et al. (1999) reported a negative potential N170 

in a visual oddball task, elicited in the occipito-temporal sites, which was larger for or-

thographic than for nonorthographic stimuli in the LH and vice versa in the RH.  Cohen 

et al. (2000) also reported a negative potential occurring 150-160 post-stimulus strictly 

contralateral to stimulation recorded from posterior electrodes. The activation in VWFA, 

which has been argued to be in the middle portion of the LH fusiform gyrus, was re-

ported to appear around the time window 100-300 ms post-stimulus (Pammer et al., 

2004). This area was reported to respond with increased activation to words compared 

with consonant strings and demonstrate retinal position invariance (Cohen et al., 2000; 

2002).  

As for late components after 250 ms post-stimulus, Bentin et al. (1999) reported a nega-

tive potential N320 in a phonological/phonetic decision task, which was only elicited by 

pronounceable stimuli, and a more broadly distributed negative potential N350 in a 

phonological/lexical decision task, which was only elicited by phonologically legal 

stimuli. Grossi et al. (2001) reported an N350 component in a visual rhyming task 

which had a left anterior temporal distribution, larger over the LH from frontal to parie-

tal sites, but not at occipital sites. The amplitude decreased with age as well as the la-

tency. This component may be an index of LH specialization during reading (Neville, 

Kutas, & Schmidt, 1982). Hence, Grossi et al. (2001) argued that the decreasing ampli-

tude with age suggests that such LH reading processes become more efficient with age. 

Pammer et al. (2004) also reported activation in the posterior superior inferior frontal 

gyrus (IFG) temporally preceding the activation in the VWFA region. This area has 

been found to be associated with fine-grained phonological processing and activated 

during silent reading and naming (see Fiez & Petersen, 1998). 

The components observed in the current study were consistent with these previous stud-

ies of visual word recognition. The early components before 200 ms post-stimulus, 

mostly over the posterior electrodes in the occipito-temporal areas, include P120, N120, 

N180, and P200; the late component of interest, N350, elicited around 250 to 350 ms 
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post-stimulus over anterior electrodes, may be related to visual word form representa-

tion and phonological processing. 

Early components: P120, N120, N180, & P200 

Traditionally in the ERP literature, early components identified during 50 ms to 150 ms 

post-stimulus onset have been considered indices of the information flow going through 

a hierarchical visual system (Sereno & Rayner, 2003). Foxe and Simpson (2002) have 

shown that the initial trajectory of visual activation flow is a fast and widespread sweep 

which activates sensory, parietal, and frontal areas in less than 30 ms, and continues 

through iterations of feedback loops for further processing in the sensory area (see also 

Buchner et al., 1997). Given the timing of the early ERP components observed, they 

might result from the recurrent feedback loops in visual information processing, rather 

than the first direct sweep through the system (Sereno & Rayner, 2003). 

P120 

In the current study, the peak amplitude of the earliest component identified, P120 (or 

P1, referred to as the first positive component observed after the stimulus onset), was 

larger over the right posterior regions than the left posterior regions. P1 was reported in 

previous naming studies of English words to be larger over the left posterior sites then 

the right homologues (e.g., Cohen et al., 2000; Grossi et al., 2001), regardless of the 

visual field in which the stimulus was presented (Cohen et al., 2000). Different from 

studies of English word reading, previous fMRI and ERP studies of Chinese character 

recognition generally exhibited a bilateral or more right lateralized activation in the vis-

ual system (e.g., Chee, Tan, & Thiel, 1999; Liu & Perfetti, 2003; Tan et al., 2000; Tan 

et al., 2001). This pattern is attributed to the square shape and the visual complexity of 

Chinese characters, which demands elaborate visual/spatial analyses (Tan et al., 2001). 

The result obtained in the current study hence is consistent with the previous research.  

In the current study, P1 was elicited earlier and with smaller amplitude in the male 

group than in the female group; this phenomenon may suggest more efficient vis-

ual/orthographic processing in the male brain compared with the female brain (cf. 

Grossi et al., 2003). In addition, the interaction between gender and character type ob-
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served in the current study also suggests that the two types of characters are processed 

differently in the male and female brain. Nevertheless, the functional significance of P1 

is still controversial. Sereno, Rayner, & Posner (1998) reported effects of “wordness” 

(words vs. nonwords) in P1 in a lexical decision task, whereas Cohen et al. (2000) re-

ported no difference between words and non-words at this stage in a word naming task. 

This inconsistency may be due to different tasks adopted, and further investigation is 

required before drawing a definite conclusion21. 

N120 

N120 was elicited between 75 and 200 ms in the anterior regions, and had larger ampli-

tude in the dorsal regions than the ventral regions. Its functional significance is still un-

clear; it is perhaps related to visual processing (Grossi et al., 2001). In the current study, 

it did not interact with character type or gender. 

N180 

N180 was elicited between 150 and 250 ms over posterior regions. We match the N180 

observed in the current study with the N1 component observed in previous ERP studies 

of visual word naming (e.g., Cohen et al., 2000; Grossi et al., 2001). Cohen et al. (2000) 

reported that in the left posterior regions, RVF stimuli elicited larger N1 amplitude than 

LVF stimuli; the opposite pattern was observed in the homologous regions of the right 

hemisphere. They hence suggested that initial visual processing was confined to early 

visual areas contralateral to the stimulated visual hemifield. The corresponding fMRI 

data also exhibited tightly localized contralateral activations, with the coordinates coin-

ciding with area V4 in previous PET or fMRI studies of early visual processing (e.g., 

Hasnain, Fox, & Woldorff, 1998; Zeki et al., 1991). V4 has been known to be related to 

colour and form vision and shape processing (e.g., Rizzo, Nawrot, Blake, & Damasio, 

                                                 
21 One issue regarding the nonword/word difference is that a hemifield view of this difference may not be 
the same as a non-hemifield view for early processing. For example, in a hemifield view, the nonword 
“muld” may still elicit early lexical processing whereas the nonword “ldmu” may not, since the beginning 
and ending halves of the word “muld” are existing word beginning and ending, as opposed to the non-
word “ldmu” (cf. Shillcock et al., 2000). 
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1992; Schiller & Lee, 1991). Cohen et al. (2000) hence argued that, for early visual 

processing at this stage, which has been revealed as the N1 component in ERP studies, 

visual information in each hemifield is still processed by the contralateral hemisphere 

and has not reached a location-invariant processing stage yet.  

In the current study, SP characters elicited N1 earlier and with larger amplitude than PS 

characters in the left posterior regions, whereas PS characters elicited N1 earlier and 

with larger amplitude in the right posterior regions. According to the entropy analysis 

introduced in Chapter 3, the information profile of SP characters is skewed to the right, 

whereas the information profile of PS characters is skewed to the left. Also, Chinese 

phonetic radicals usually have a more complicated structure with more strokes or stroke 

patterns than semantic radicals; in other words, the right of an SP character is usually 

more visually complex than the left, and the left of a PS character is usually more visu-

ally complex than the right. Thus, the interaction between hemisphere and character 

type in N1 amplitude and latency may have reflected the information profile of the 

stimulus or the relative visual complexity between the left and right halves of the stimu-

lus presented to the two hemifields. This interaction is also consistent with the split fo-

vea claim: a foveally presented stimulus is split about the fixation, with its two halves 

being contralaterally projected to different hemispheres and consequently eliciting dif-

ferent activations in the two hemispheres; the claim that initial visual processing was 

confined to early visual areas contralateral to the stimulated hemifield (Cohen et al., 

2000) applies to foveally presented stimuli as well.22  

P200 

Immediately following N180 was a positive inflection, P200, elicited between 160 ms 

and 300 ms. P200 has been reported to be related to first syllable frequency of words, 

                                                 
22 N1 has also been reported to interact with word/character frequency (e.g., Sereno et al., 1998; Liu & 
Perfetti, 2003). Since character frequencies were matched between the SP and PS characters in the the 
current study, we do not attribute the effects obtained here to character frequencies. Also, there is no in-
teraction between character frequency and hemisphere reported in the previous studies. Hence, the effect 
obtained here were unlikely to be due to a character frequency bias. 
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but not the whole word frequency, in visual lexical decision tasks in Spanish and Ger-

man (e.g., Barber, Vergara, & Carreiras, 2004; Hutzler et al., 2004). The first syllable 

frequency of words being referred to in these studies may be considered as related to the 

lead neighbourhood size in the English lexical decision studies introduced earlier in 

Chapter 4; thus, according to the split fovea claim, the first syllable of words is likely to 

be initially projected to and processed in the LVF/RH. An inhibitory effect of high first 

syllable frequency in lexical access has been reported behaviourally in Spanish and 

German (Carreiras, Alvarez, & de Vega, 1993; Conrad & Jacobs, 2004) and shown to 

be indexed by a smaller P200 amplitude (more negative) elicited by words with high 

first syllable frequency compared with words with low first syllable frequency in lexical 

decision tasks. The more negative P200 elicited by words with high first syllable fre-

quency may have indexed a higher processing load due to activation of the competing 

syllabic neighbours (in the RH) (Carreiras et al., 1993; Hutzler et al., 2004. cf. Holcomb 

et al., 2002). Barber et al. (2004) argued that this syllable frequency effect could be as-

sociated with phonological processing of the stimulus and activation of lexical candi-

dates, whereas Stenneken, Conrad, Goldenberg, and Jacobs (2003) suggested an ortho-

graphic locus of this effect. Note that if this effect reflects the processing style of the 

RH (since the first syllable is initially projected and processed in the RH), it may be as-

sociated with phonological processing only in the female brain, due to a more left-

lateralization of phonological processing in the male brain. 

The first syllable frequency effect regarding P200 amplitude reported previously did not 

interact with hemisphere (Barber et al., 2004; Hutzler et al., 2004). In contrast, in the 

current study, an interaction between character type and hemisphere in P200 amplitude 

was observed. Similar to the interaction observed between character type and hemi-

sphere observed in N180 amplitude, this interaction in P200 amplitude again reflected 

differential processes involved in SP and PS character recognition. According to previ-

ous studies about the sensitivity of P200 to first syllable frequency, but not word fre-

quency, in lexical decision tasks, the P200 observed in the naming task here might be 

related to orthographic/phonological processing of radicals. This claim is consistent 

with an ERP study of Chinese character recognition in a homophone judgement task 

conducted by Liu, Perfetti, & Hart (2003). Their results showed reduced P200 ampli-
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tude when the target and the prime characters shared a radical compared with a con-

trolled condition and hence suggested the involvement of P200 in ortho-

graphic/phonological processing of radicals.  

Thus, in the current study, SP characters elicited a larger N180 and a more negative 

P200 in the LH compared with the RH, suggesting that the LH is the main locus of early 

phonological/orthographic processing of SP characters; in contrast, PS characters elic-

ited a larger N180 and a more negative P200 in the RH compared with the RH, suggest-

ing the main processing locus of PS characters at this early stage is in the RH. This phe-

nomenon is also consistent with the split fovea claim. Furthermore, the effects observed 

here suggest that the initial foveal splitting can reach far enough to influence phonologi-

cal/orthographic processing of visual character/word recognition. The interaction be-

tween gender and hemisphere in P200 observed here also suggests differential phono-

logical/orthographic processing in the two hemispheres of the male and female brain. 

Late Component: N350 

The late component of interest, N350, had left-anterior-ventral loci. It has been reported 

to be related to phonological processing (e.g., Bentin et al., 1999; Fiez & Petersen, 1998; 

Grossi et al., 2000; Pammer et al., 2004). In the current study, a significant interaction 

between gender and character type was observed regarding N350 amplitude: in the male 

brain, PS characters elicited larger N350 than SP characters, whereas in the female brain, 

SP characters elicited larger N350 than PS characters. If drawing together the ERP data 

obtained here with the behavioural data in the previous section, for males, the larger 

N350 elicited by PS characters in the ERP data and a longer response time to PS charac-

ters in the behavioural study, compared with SP characters, suggest that PS characters 

induce more processing difficulty than SP characters in the male brain. In contrast, for 

females, SP characters elicited larger N350 and took longer to respond to than PS char-

acters, suggesting more processing difficulty for SP characters in the female brain. The 

ERP data obtained here hence have provided substantial electrophysiological support 

for the observed interaction between character type and gender in the behavioural study. 

The three-way interaction between gender, character type, and anterior-posterior dimen-
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sion observed in N350 peak latency data also suggests that the two types of character 

are processed differently in the male and the female brain. 

Does this gender difference result from a more left-lateralization in phonological proc-

essing in the male brain than in the female brain? In the current study, we did not see a 

gender-by-hemisphere interaction in N350 amplitude (F(1, 30) = 1.109, n.s.); both 

males and females showed a left-lateralization for this component. Nevertheless, we did 

see an interaction between gender and hemisphere in P120 and P200 components: com-

pared with males, females had a stronger pattern of right-lateralized P120 component; 

P200 was larger over the RH than the LH in the female brain, whereas the opposite pat-

tern was observed in the male brain. Both of the two early components showed that 

more RH processes were involved in visual character recognition in the female brain 

compared with the male brain. 

Activation in VWFA observed in previous EEG/ERP studies of visual word recognition 

in lexical decision tasks (e.g., Cohen et al., 2000; Pammer et al., 2004) was not apparent 

in the current study; this activation was not observed in Grossi et al.’s (2001) rhyming 

judgement study either. Hence, it is possible that the activation in VWFA is better ob-

served in lexical decision tasks than naming or rhyming judgement tasks. Another pos-

sibility is that this activation was overlapped with the N350 component in time (Pam-

mer et al., 2004). In other words, the N350 component may have been influenced by 

both the activation from VWFA and the IFG, which has been reported to be related to 

phonological processing (Pammer et al., 2004). Also, similar to Pammer et al.’s (2004) 

results, the activation profile in the current study was widely distributed between 200 

and 500 ms post-stimulus, and hence fits better with parallel distributed processing or 

cascaded processing models of reading (e.g., McClelland, 1979; Plaut et al., 1996) than 

it does with other cognitive models which have strict hierarchical descriptions of cogni-

tive processes. This highly distributed processing also restricts the usefulness of 

EEG/ERP analyses in identifying loci of the processes involved. Other neuroimaging 

techniques with a higher spatial resolution, such as functional magnetic resonance imag-

ing (fMRI) and Magnetoencephalography (MEG) are required for further examinations. 
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In conclusion, the EEG/ERP examination in this section has provided electrophysio-

logical evidence for the gender differences in naming Chinese SP and PS characters ob-

served in the behavioural study. The interaction between gender and character type in 

N350 and P120 amplitude showed that the two character types are processed differently 

in the male and female brain. In addition, the female brain showed significantly more 

RH processing in P120 and P200 components, consistent with the claim that there is 

more bilateral language processing in the female brain. The interaction between hemi-

sphere and character type observed in the amplitude of some early components, i.e., 

N180 and P200, were also consistent with the split fovea claim. This examination hence 

has provided further support for the claim that Chinese orthography is processed differ-

ently in the male and the female brain, brought new evidence for the existence of a gen-

der difference in the functional organization of the brain for phonological processing, 

and demonstrated again that the effects of foveal splitting extend far enough to interact 

with the gender of the reader in a naturalistic reading task. 

6.4 Conclusion 

In this chapter, we have showed that, when asked to pronounce isolated tokens of two 

structurally different orthographic types of Chinese character, i.e., SP and PS characters, 

adult male and female readers process them differently, with opposite patterns of ease 

and difficulty: males responded significantly faster to SP characters, within which the 

phonetic information was on the right, than to PS characters, which have the phonetic 

information on the left; females showed a non-significant tendency in the opposite di-

rection. As discussed previously in Chapter 4, recent research concerning foveal split-

ting and reading suggests that the two halves of a centrally fixated character are initially 

projected to and processed in different hemispheres. More specifically, a centrally fix-

ated SP character would have its phonetic radical initially projected to the LH, whereas 

a centrally fixated PS character would have its phonetic radical initially projected to the 

RH. When processing these two types of character, the male brain typically relies more 

on the left hemisphere for phonological processing compared with the female brain, 

causing this gender difference to emerge.  



Hemispheric processing in reading Chinese characters 

Gender Differences 167 

This interaction is predicted by an implemented computational model introduced in sec-

tion 5.3 , in which we contrasted the qualitatively different processing styles of two cog-

nitive architectures, i.e., the split fovea model and the corresponding non-split model, in 

modelling Chinese character pronunciation. In the split fovea model, the mapping be-

tween character orthography to phonology was mediated by two sets of interconnected 

hidden layers (cf. the LH and the RH), whereas the non-split model had only a single 

group of hidden units (cf. the LH). By drawing together the data from the computer 

simulation and the behavioural experiment, the results showed that when the mapping 

between orthography to phonological was mediated by two partially encapsulated proc-

essing domains, as in the female brain and the split-foveal model, the processing of the 

minority PS characters had a slight advantage over the majority SP characters. In con-

trast, when the mapping was mediated through a single, undifferentiated processing 

domain, as in the male brain and the non-split model, the processing of the majority SP 

character was facilitated at the expense of the minority PS characters.  

An ERP study of the same naming task was also conducted in order to seek electro-

physiological support for the observed gender difference in processing Chinese orthog-

raphy. The results exhibited a significant interaction between character type and gender 

in the amplitude of N350 component, which has been shown to be related to phonologi-

cal processing. PS characters elicited larger N350 than SP characters in the male brain, 

suggesting more processing difficulties for the minority PS characters, whereas in the 

female brain, PS characters elicited smaller N350 than SP characters, suggesting facili-

tation for processing the minority PS characters. These data were consistent with the 

behavioural response-time study. In addition to N350, an interaction between gender 

and character type was also observed in P120 amplitude: PS characters elicited larger 

P120 than SP characters in the female brain, where as the opposite pattern as observed 

in the male brain. These phenomena have supported the claim that SP and PS characters 

are processed differently in the male and the female brain. Also, the female brain was 

shown to have more RH processes than the male brain in P120 and P200 components. 

This phenomenon is consistent with the claim that the observed gender difference was 

due to more left-lateralization of phonological processing in the male brain compared 

with the female brain (although the functional significance of P120 is still unclear). Fi-
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nally, both N180 and P200 components showed an interaction between character type 

and hemisphere: SP characters elicited larger N180 and more negative P200 in the LH 

than the RH, where as PS characters elicited larger N180 and more negative P200 in the 

RH than the LH. N180 and P200 have been shown to be related to early visual, ortho-

graphic, and phonological processing. The observed interactions hence are consistent 

with the split fovea claim, and suggest that the effects of foveal splitting may extend 

from the retina to at least 200 ms post-stimulus, within which differential phonologi-

cal/orthographic processing of the two halves of the character may have taken place in 

different hemispheres. 

In conclusion, in this chapter robust gender effects have been demonstrated in skilled 

adult readers at the level of reading behaviour in a naturalistic isolated-character reading 

task, through both a behavioural study and a corresponding ERP examination. In order 

to show this effect, we need to examine the right stimulus materials in the appropriate 

orthography that are able to allow this gender effect to emerge. The distinction between 

PS and SP characters in Chinese is a well-known aspect of the orthography, occurring in 

the dominant character type (i.e., phonetic compounds) in a major language of the world. 

This gender effect relies on the assumption concerning the precision of foveal splitting. 

It remains a controversial question as to exactly how far the effects of foveal splitting 

extend from the retina into the process of word recognition. We have demonstrated that 

the effects of foveal splitting in reading reach far enough into word recognition to inter-

act with the gender of the reader. The results obtained here may also have interesting 

implications for reading in alphabetic languages. Researchers should now consider the 

possibility of hemisphere and gender interactions within even the smallest fixated or-

thographic units. 
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Chapter 7 Conclusion 

Is it true that human foveal representation is split about a vertical midline? What are the 

implications of foveal splitting for Chinese character recognition? What information do 

characters with different structures contain? How does the split fovea claim interact 

with characters with different information structures? How precise is foveal splitting? 

How far do the effects of foveal splitting extend from the retina into the process of 

character recognition? If gender differences in the functional organization of the brain 

for language processing do exist, do the effects of foveal splitting extend far enough to 

interact with the gender of the reader in naturalistic reading tasks?  

These are the questions that we raised in Chapter 1. After the statistical, behavioural, 

computational, and electrophysiological examinations introduced throughout Chapter 2 

to Chapter 6, now we are ready to answer these questions as concluding remarks, as 

well as examine extrapolations to other languages and explore future directions. 

7.1 Concluding Remarks 

In this dissertation, we have investigated hemispheric processing in Chinese phonetic 

compound character recognition through connectionist modelling, statistical analyses, 

behavioural experiments, and an electrophysiological study. The distinct structures of 

Chinese phonetic compounds provide important opportunities to examine hemispheric 

processing in reading. Thus, not only do the studies presented here provide further sup-

port for some of the previous findings in word reading, but they also bring new data into 

the literature of hemispheric processing in reading. 

Is it true that human foveal representation is split about a vertical midline?  

As discussed in Chapter 1, in recent years, there has been convergent evidence showing 

that at least functionally, the foveal representation is split and the two halves contralat-

erally projected to different hemispheres. In this dissertation, we have examined the 

split fovea claim with Chinese characters, which have a condensed, square shape, 
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orthographically more complex than words in alphabetic languages, and hence have 

provided an extreme test case for the split fovea claim.  

We conducted a TMS examination of the facilitatory effect of large semantic radical 

combinability in a character semantic judgement task. The results showed that applying 

rTMS over left or right occipital cortex had different effects on the facilitatory effect of 

large semantic radical combinability; unilateral rTMS selectively disrupted the informa-

tion available in the contralateral visual hemifield. The results of this examination are 

consistent with the split fovea claim; the general picture is that human foveal represen-

tation is at least functionally split, in support of previous findings. This examination 

thus has provided further support for the split fovea claim and suggested the functional 

foveal splitting as a universal language processing phenomenon in reading.  

What are the implications of foveal splitting for Chinese character recognition? What in-
formation do characters with different structures contain?  

In order to answer these questions, in Chapter 3 we have conducted a statistical analysis 

of Chinese orthography. In Chinese orthography, the materials of the greatest interest 

for examining the split fovea claim and hemispheric processing in character recognition 

are the left-right structured phonetic compound characters, which are a dominant char-

acter type in the orthography. These characters have a distinct structure in which the 

semantically and phonetically relevant parts of a character, i.e., the semantic radical and 

the phonetic radical, are separated; 90% of these characters have an SP structure (i.e., 

the semantic radical on the left and a phonetic radical on the right), whereas only 10% 

of them have an opposite PS structure. Also, among there characters, the semantic radi-

cal types outnumber the phonetic radical types; the ratio is about ten to one. Hence, due 

to the overwhelming percentage of SP characters, the overall information among there 

characters is skewed to the right. This information bias may only be the result of the 

cultural evolution of the language, but it does reflect the fact that the LH is typically 

more powerful than the RH. Nevertheless, it is adaptive to have a more or less equal di-

vision of labour between the hemispheres. Thus, the typical usage of characters, re-

flected in the token frequencies, makes the information (i.e., entropy) level on both 
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sides of the characters more similar; the existence of the minority PS characters also 

offsets the skew of the majority SP characters. 

In Chapter 4, we have examined the semantic radical combinability effect in a character 

semantic judgement task with a lateralized cueing paradigm, in order to examine the 

information distribution (or profile) of the characters in retrieving their meanings. The 

materials consisted of only SP characters. The results showed that a left parafoveal cue 

facilitated semantic judgements of characters with small semantic radical combinability 

more than a right parafoveal cue, whereas a right parafoveal cue facilitated semantic 

judgements of characters with large semantic radical combinability more than a left 

parafoveal cue. This phenomenon has reflected the information profiles of characters 

with different semantic radical combinability. For characters with large semantic radical 

combinability, the semantic radical is not informative in determining the exact meaning 

of the character, since there are a large number of characters sharing this same radical. 

Thus, the phonetic radical is relatively more informative and the information profile of 

these characters is skewed to the right. In contrast, for characters with small semantic 

radical combinability, their semantic radical is more informative than that of characters 

with large semantic radical combinability, since there are only a small number of char-

acters sharing this same radical. Thus, the information profile of characters with small 

semantic radical combinability is more balanced than that of characters with large se-

mantic radical combinability. 

How does the split fovea claim interact with characters with different information struc-
tures?  

We have further conducted a TMS examination of the semantic radical combinability 

effect to examine how foveal splitting interacts with characters with different informa-

tion profiles (Chapter 4). According to the split fovea claim, when an SP character is 

fixated between its two radicals, the phonetic radical on the right will be initially pro-

jected to the LH, whereas the semantic radical on the left will be initially projected to 

the RH. The results showed that in the character semantic judgement task, applying 

rTMS over the left occipital cortex significantly increased participants’ response time to 

characters with large semantic radical combinability, but not when applying rTMS over 
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the right occipital cortex; in contrast, the response time to characters with small seman-

tic radical combinability was not affected by applying rTMS over either the right or the 

left occipital cortex. This phenomenon occurs because, for characters with large seman-

tic radical combinability, applying rTMS over the left occipital cortex disrupts visual 

inputs from the phonetic radical presented in the right visual hemifield, which is more 

informative in determining the exact meaning of the character than the semantic radical 

on the left; this disruption thus significantly delayed the responses. In contrast, for char-

acters with small semantic radical combinability, both the semantic radical and the pho-

netic radical are informative in retrieving the exact meaning of the characters, and hence 

applying rTMS over either the left or the right occipital cortex is not able to signifi-

cantly slow participants’ responses.  

In short, character recognition processes are disrupted the most when the cortical input 

of the most informative part of the character is impaired (e.g., by TMS) in respect of the 

task; this claim applies as well to the TMS examinations of the lead-neighbourhood ef-

fect in English lexical decision tasks. What has been demonstrated in this study is a 

flexible division of labour between the two hemispheres, with each responding opti-

mally to the information in its contralateral visual hemifield, which it has direct access 

to. The facilitation of large semantic radical combinability in character semantic judge-

ments thus does not come from the processing of a specific area in one or other hemi-

sphere, but comes from a better match between the information profile of the characters 

with large semantic radical combinability and the distinction of coarse/fine semantic 

coding between the two hemispheres, compared with that of the characters with small 

semantic radical combinability. In short, this facilitatory effect is the consequence of the 

interaction between the functional structure of the brain and the distribution of informa-

tion in the outside world.  

How precise is foveal splitting? How far do the effects of foveal splitting extend from the 
retina into the process of character recognition?  

In the TMS examination of the semantic radical combinability effect introduced in 

Chapter 4, we have shown that the foveal splitting phenomenon is precise enough to 

allow the processing of the two sides of a character to be selectively disrupted by apply-



Hemispheric processing in reading Chinese characters 

Conclusion 173 

ing rTMS over the left or the right occipital cortex. Nevertheless, even if foveal splitting 

is true in the retina or even in the primary visual cortex (V1) in the occipital cortex, it is 

still unclear whether this splitting extends far enough to influence cognitive processes 

involved in character recognition; in other words, does foveal splitting have functional 

significance in character recognition beyond V1? How far does it extend into the proc-

esses of character recognition? 

In this dissertation, we have answered these questions with both computational simula-

tions and behavioural examinations. In Chapter 5, we have proposed a split fovea model 

of Chinese character pronunciation, in order to examine the cognitive plausibility of the 

split fovea model in modelling character pronunciation behaviour. The split fovea 

model assumes precise foveal splitting in the input layer according to different (ideal-

ized) fixation positions, and a consequent processing split, being simulated with two 

interconnected hidden layers. Thus, the mapping between orthography to phonology is 

mediated through two partially encapsulated processing domains. The results from the 

simulation showed that the split fovea model was able to account for the regularity ef-

fect, the frequency effect, and the interaction between character regularity and fre-

quency observed in human data. The model also made some testable predictions regard-

ing character pronunciation behaviour. Nevertheless, a comparison with a correspond-

ing non-split model showed that the non-split model was also able to account for the 

same effects and made similar predictions as the split fovea model. If the two models 

always have similar behaviour and both can account for human data well, it may imply 

that foveal splitting does not have functional significance in modelling character recog-

nition, as a structurally simpler, non-split model can account for the human data as well. 

Thus, it is important to examine the existence of qualitative processing differences be-

tween the split fovea model and the non-split model. In order to see the differences, we 

need to look at the right materials which are able to provide opportunities to allow the 

differences to emerge. The distinction between Chinese SP and PS characters provide 

this important opportunity to understand the qualitatively different processing styles of 

the split fovea and the non-split model. We have shown that, because of the overall in-

formation skew to the right and the imbalanced distribution between SP and PS charac-
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ters, when characters are centrally presented, the non-split model performs better on the 

majority SP characters, at the expense of the minority PS character. In contrast, the split 

fovea model allows a partial encapsulation for the processing of the two radicals and 

hence favours the minority PS characters, whose phonetic radicals are processed 

through a hidden layer with less processing load due to the overall information skew 

presented to the model. 

The qualitatively different processing styles of the split fovea and the non-split models 

have made different predictions regarding the pronunciation performance of Chinese SP 

and PS characters. We have further verified these predictions from the two models with 

an examination of gender differences in naming SP and PS characters and a correspond-

ing EEG/ERP study. If the male brain has more left-lateralization for phonological 

processing than the female brain, the male behaviour will be better simulated by the 

non-split model, in which the processing is mediated through a single, undifferentiated 

processing domain (cf. the LH); in contrast, the female behaviour will be better pre-

dicted by the split fovea model, in which the processing is mediated through two par-

tially encapsulated processing domains (cf. the RH and the LH).  

The results of both the behavioural and the ERP studies support this prediction. Males 

responded to SP characters significantly faster than PS characters, whereas females ex-

hibited an insignificant tendency in the opposite direction. This pattern of behaviour 

was also revealed in the amplitude of N350 component in the ERP study, which has 

been reported to be related to phonological processing of word recognition. PS charac-

ters elicited larger N350 amplitude in the male brain than SP characters, suggesting 

more processing difficulty induced compared with SP characters; in contrast PS charac-

ters had smaller N350 amplitude in the female brain, suggesting a facilitation relative to 

the processing of SP characters. This interaction between gender and character type (SP 

vs. PS characters) is best explained by the split fovea claim: foveal splitting is precise 

enough to make the phonetic radicals of the SP and PS characters be initially projected 

and processed in different hemispheres, and consequently allows this gender difference 

to emerge.  
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Now we are ready to answer the final question: how far do the effects of foveal splitting 

extend from the retina into the process of character recognition? The effects of foveal 

splitting extend far enough to interact with the gender of the reader in naturalistic read-

ing tasks. Thus, foveal splitting is a fundamental phenomenon in reading and should be 

taken into account in any attempts to model reading behaviour. Researchers should now 

consider the possibility of influences from hemispheric differences in reading, such as 

hemisphere and gender interactions, within even the smallest fixated orthographic units. 

7.2 Extrapolations to Other Languages 

In this dissertation, we have examined hemispheric processing in Chinese character rec-

ognition, including the interaction between the two hemispheres and information struc-

tures of characters in a semantic judgement task and the gender differences in character 

naming. Although word recognition in different languages may involve different cogni-

tive processes, in this section we explore the possibility of extrapolating the obtained 

results in Chinese to hemispheric processing in other languages. 

Interaction between the hemispheres and information structure of words 

In Chapter 4, we have shown how each of the two hemispheres responds optimally to 

the information in its contralateral visual hemifield in a character semantic judgement 

task, and argued that the facilitation of large semantic radical combinability is because 

of a better fit of the information structure of characters with large semantic radical com-

binability with the distinction of coarse/fine coding nature between the two hemispheres, 

compared with those with small semantic radical combinability. A similar phenomenon 

has also been reported in English lexical decision tasks: for centrally presented words, 

the facilitatory effect of large neighbourhood size in lexical decisions only applies to 

lead neighbourhoods, but not end neighbourhoods (Lavidor et al., 2004). This phe-

nomenon can also be construed as a better fit of the information structure of words with 

a large lead neighbourhood size with the processing style of the two hemispheres, com-

pared with words with a small lead neighbourhood size. In contrast, words with a large 

end neighbourhood size do not have the facilitation, because word codas are initially 

projected to the LH, whose processing does not benefit from a large end neighbourhood 
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size due to its fine-coding processing nature. Similar phenomena may also be observed 

in semantic categorizations of English words. According to an ERP study, larger N400 

amplitude for large neighbourhood words than small neighbourhood words was ob-

served and thought of as an index of the facilitation effect of large neighbourhood size 

in lexical decisions; this phenomenon was also observed in a semantic categorization 

task (Holcomb et al., 2002).  

Another example comes from an English word naming experiment. Brysbaert (1994) 

reported that the word-beginning superiority effect, i.e., words are more efficiently 

processed when being fixated within the beginning half, was larger for participants with 

LH dominance than for participants with RH dominance. It demonstrated a flexible di-

vision of labour between the two hemispheres in processing centrally presented words 

(Note that aspects of the RH/LH coarse/fine distinction may be reversed in lefthanders 

(Mevorach, Humphreys, & Shalev, 2005)). 

The information structure of Hebrew orthography also provides an interesting test case 

for this interaction. Hebrew is a Semitic language which is written and read from right 

to left. Hence, the onset of a Hebrew word is on the right of the word, as opposed to that 

of the words in alphabetic languages read from left to right. The onset of Hebrew words 

should usually be more informative than the coda of the words. Hebrew readers’ behav-

iour is consistently in the opposite direction to that of English, as revealed in their pre-

ferred viewing locations to the right of the centre of words (Deutsch & Rayner, 1999). 

The OVP of Hebrew has been reported to be influenced by the morphological structure 

of the words: when the root was located at the word beginning, the OVP is to the right 

of the centre of the word; when the root is at the word centre, the OVP is to the left of 

the centre of the word; when the root is spread throughout the first three quarters, the 

OVP is at the centre and the OVP curve is symmetric. It thus exhibits a fine-tuning 

among word specific lexical characteristics, the influence of general factors of attention, 

and hemispheric dominance (Deutsch & Rayner, 1999; cf. Farid & Grainger, 1996, for a 

comparison between French and Arabic) – another example showing an interaction be-

tween the functional structure of the brain and information structure of words (see also 

McCauley & Shillcock, 2002). 
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Thus, this interaction between the hemispheres and information structure of words has 

been shown to be a universal phenomenon existing in the processing of a variety of 

orthographically different languages (e.g., Chinese, English, and Hebrew). So far there 

has not yet been an experiment demonstrating the Hebrew equivalent of the lead 

neighbourhood effect in English. Although there are some other factors, such as ortho-

graphic depth of the language (i.e., a transparent or opaque relationship between spell-

ing and sound), which may also influence the existence of neighbourhood effects, the 

prediction is that, there is no facilitatory effect for words with a large lead neighbour-

hood size in Hebrew as that in English, since the beginning of a Hebrew word, when 

centrally fixated, is initially projected to the LH, where fine-coding but not coarse-

coding processing typically takes place. 

Gender differences in word naming 

The interaction between hemispheric difference and the recognition of centrally pre-

sented words within foveal vision has been examined in several word recognition tasks 

in English. These studies are also considered to support the split fovea claim. For exam-

ple, Lavidor et al. (2001) found that for centrally presented words within foveal vision, 

response times for lexical decisions were affected by the number of letters to the left of 

fixation (i.e., the RH processing), but not by the number of letters to the right of fixation 

(i.e., the LH processing). Nevertheless, an interaction between hemispheric difference 

due to the gender of the reader and the recognition of centrally presented words within 

foveal vision has not been examined for languages other than Chinese. How can the re-

sults obtained in Chinese character naming be extrapolated to other languages? 

According to the computational simulations introduced in Chapter 5, differences be-

tween a system with a single, undifferentiated processing domain (such as the non-split 

model and the male brain for phonological processing) and a system with two partially 

encapsulated processing domains (such as the split fovea model and the female brain for 

phonological processing) emerge when the training materials contain two types of 

stimulus with an opposite internal information structure and an unbalanced distribution 

(e.g., SP and PS characters). To explore the possibility of a similar gender difference in 

other languages, a possible candidate is the distinction in English between words with 
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an irregular pronunciation in the onset (e.g., “chef”) and words with an irregular pro-

nunciation in the coda (e.g., “bomb”). When these words are centrally presented, the 

phonologically irregular parts of the two types of word are initially projected to differ-

ent hemispheres. Hence, these two types of word will present the two hemispheres with 

different processing problems. Also, there are more different irregular codas than ir-

regular onsets (cf. Roberts, Rastle, Coltheart & Besner, 2003); this phenomenon meets 

the second criterion regarding an unbalanced distribution between the two types of 

stimulus. Although the information structures of these two types of word do not com-

pletely match the information structures of Chinese SP and PS characters, they may still 

provide an opportunity for a similar gender difference to emerge, and hence are worth 

further investigation. 

7.3 Future Directions 

This dissertation has initiated the examinations of hemispheric processing in Chinese 

character reading and demonstrated that the distinct structures of Chinese characters 

have provided important opportunities to allow phenomena of hemispheric interaction 

in language processes to emerge. Now we already have some answers to the questions 

raised in the beginning of this dissertation, but still a lot concerning hemispheric proc-

essing in language processes remains unknown. Hence, the future direction is to further 

explore the relationship between brain structure and language processes based on the 

results obtained so far. 

Verify testable predictions from the computational simulations 

In the computational simulations introduced in Chapter 5, both the split fovea model 

and the non-split model have made testable predictions regarding human behaviour. 

These predictions need to be verified with human data, in order to examine the cogni-

tive plausibility of the models: 

 There is a stronger regularity effect among SP characters than PS characters. 
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 There is a strong interaction between character regularity and frequency among SP 

characters but not PS characters. 

Note that these two predictions are both related to the processing of PS characters. Nev-

ertheless, because of the small number of PS character types in the Chinese lexicon, it is 

difficult to design a well controlled experiment for the comparisons between SP and PS 

characters. 

 The models had the best performance when characters were presented in fixation 

position 1. This phenomenon predicts that Chinese readers have better performance 

when characters are presented in the LVF (when the fixation is to the right of the 

character) than the RVF. 

In the literature of Chinese character recognition, unlike that of English, a LVF-RH ad-

vantage has been reported in character identification tasks; this phenomenon has been 

argued to be the RH superiority in handling holistic pattern recognition tasks or a more 

efficient lexical interpretation of character stimuli in the RH (Tzeng, Hung, Cotton, & 

Wang, 1979; Cheng & Yang, 1989). These studies concern the accuracy of character 

identification when the presentation time is very short, according to participants’ recog-

nition thresholds – a perceptual identification paradigm (e.g., the mean of one of the ex-

periments was 40 ms). As for phonological processing in Chinese character recognition, 

Weekes and Zhang (1999) reported phonological priming effects on phonetic compound 

recognition when the characters were presented in the RVF but not LVF. Yang and 

Cheng (1999) also showed that, in a character recognition task, when the orthographic 

similarity of two alternative items for choice was manipulated, there was an LVF ad-

vantage effect for legal characters in the visually similar condition and a more promi-

nent LVF than RVF character-superiority effect; in contrast, when the phonological 

similarity of two alternative items for choice was manipulated, there was a prominent 

RVF advantage effect and a significant phonological similarity effect in the RVF. In 

short, previous visual hemifield studies in Chinese character recognition usually exhib-

ited a LVF advantage for orthographic processing and a RVF advantage for phonologi-

cal processing. In addition to the RH superiority in handling holistic pattern recognition 
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or lexical interpretation required in Chinese character recognition, there are some other 

factors which may also influence any hemisphere advantage for Chinese character rec-

ognition, such as visual acuity (i.e., visual acuity drops dramatically from the centre of 

fixation, although this effect is probably symmetrical; see Nazir, O’Regan, & Jacobs, 

1991) and information structures of the characters (i.e., the predictions of the modelling); 

this hemisphere advantage may also interact with gender. Thus, further investigation is 

required to understand how the two hemispheres coordinate information in Chinese 

character recognition.  

Note that these predictions from the computational simulations are based on some ideal-

ized simplifications. Caution is required when attempting to match the behaviour of the 

models with human data. For example, the simulations showed that the split fovea 

model outperformed the non-split model on the mapping from Chinese orthography to 

phonology when their computational powers were matched as closely as possible; also, 

the interaction between character frequency and regularity was stronger in the split fo-

vea model than in the non-split model. These differences between the two models may 

not be able to be applied directly to a difference between genders, since it may just be a 

quantitative difference between the two models, reflecting different resource require-

ments for the effect to emerge. Although gender differences in the brain anatomy have 

consistently been reported (e.g., Aboitiz et al., 1992), there has not been any indication 

showing a strict causal relationship between the size of the brain and the resources 

available for cognitive processes. Thus, direct inferences involving processing resources 

from the modelling should be avoided. 

Explore cortical dynamics with fMRI/MEG 

The interaction between brain structure and language processes may be better under-

stood with functional neuroimaging techniques. In this dissertation, we have employed 

an electrophysiological technique to record and analyze EEG/ERP patterns, in order to 

understand the cortical dynamics involved in the gender effect observed in the Chinese 

character naming task. Nevertheless, the EEG/ERP technique has relatively low spatial 

resolution and hence is not able to identify the exact loci of the cognitive processes ob-

served. The distinct structures of Chinese SP and PS characters have provided an oppor-
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tunity not available in alphabetic languages to examine cognitive processes in reading. 

Indeed, in the ERP study, we have found significant interactions between gender, hemi-

sphere, or character type (SP vs. PS characters) at latencies, which were either not ob-

served or less clear in the previous studies of alphabetic languages. Integrating the cur-

rent data with another fMRI or MEG study will be able to provide a clearer picture 

about cortical dynamics involved in character recognition and also to extrapolate to the 

processing of other languages. 

Neuroimaging techniques can also be used for further investigation of the semantic 

radical combinability effect observed in the character semantic judgement task. The 

neighbourhood effect in alphabetic languages has been a flourishing topic in the re-

search of reading processes; the separation of semantic and phonetic radicals within 

Chinese phonetic compound characters provides an opportunity to examine a Chinese 

equivalent of neighbourhood effects observed in alphabetic languages. Neuroimaging 

data will reveal how the two hemispheres process the two radicals and how the facilita-

tion of large semantic radical combinability emerges from the coordination between the 

processing of the two hemispheres. 

Incorporate more anatomical evidence into the modelling 

In the current computational simulations, we have incorporated the anatomical evidence 

of the visual pathways, i.e., foveal splitting, in the architecture of the models. In order to 

examine the processing of the split fovea model at an abstract level, some other ana-

tomical evidences, such as, the LH is usually larger and dominant in language processes, 

have not been incorporated. Thus, after understanding the qualitatively different proc-

essing styles between the split fovea model and the non-split model, more anatomical 

evidence can be incorporated to explore their functional significances. For example, the 

fine/coarse coding distinction between the two hemispheres may emerge naturally from 

a split fovea model with more computational resources in one of its hidden layers. Sev-

eral cognitive processes thus can be better understood with such modelling efforts. 
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Examine the OVP curve of Chinese character recognition 

In Chinese text reading, it has been reported that there is no preferred viewing location 

in a character; this phenomenon has been argued to be due to the length of a character is 

too short for the effects to emerge (Tsai & McConkie, 2003). It is also possible that 

various structures of Chinese characters (e.g., whether they are simple or compound 

characters and whether they have a left-right, vertical, concentric structures, etc.) have 

dramatically different information distributions, and consequently cancel out the pre-

ferred viewing location effects in reading Chinese texts. Examinations of the OVP 

curves for different types of Chinese character thus will provide a clearer picture about 

the factors influencing Chinese reading behaviour, and offer insights into the coordina-

tion and division of labour between the two hemispheres during reading. 

Expand to Chinese word and sentence processing 

The examinations of hemispheric processing in reading Chinese character can be ex-

panded to Chinese word and sentence processing. In Chinese texts, there is no word 

boundary, and hence segmentation is required to identify the words. According to the 

Modern Chinese Frequency Dictionary (1986), two-character words are twice as fre-

quent in texts as one-character words; fewer than 2% of the words have three or more 

characters. Thus, in reading Chinese texts, readers encounter two-character words more 

often than words of other lengths. Also, similar to characters, words may have different 

levels of regularity/consistency in their relationship with the constituent characters in 

meaning or pronunciation; they also have different information structures. All of these 

phenomena may have implications for the behaviour of reading Chinese texts, and some 

principles of hemispheric processing observed in reading Chinese characters may be 

applied as well to Chinese word and sentence reading. 

Chinese is one of the major languages in the world, spoken by a large number of people 

all over the world. Because of the complexity of the Chinese language system, research 

in reading Chinese has lagged behind that in reading alphabetic languages. Nevertheless, 

also because of its complexity, Chinese language has provided important opportunities 

not available in alphabetic languages in examinations of reading and other language 
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processes. For example, Chinese is a logographic writing system, which is dramatically 

different from any alphabetic languages. As a tonal language, Chinese has a compli-

cated sound system; several of its dialects involve even more numbers of tones than 

Mandarin (e.g., Cantonese has seven standard tones). As for its semantic processing, it 

has a semantic index system, i.e., the Bu Shou, embedded in each character, serving 

partly as a thesaurus to facilitate its semantic processing. These distinct characteristics 

have made the Chinese language crucial to understand what is specific to a language 

and what language processing universal there may be. This dissertation thus has con-

tributed to not only the research in reading Chinese, but also to a better understanding of 

language processing specifics and universals, as reflected in the relationship between 

brain structure and language processes. 



 

  



Hemispheric processing in reading Chinese characters 

Appendix 185 

Appendix 

Appendix A Experimental materials in section 4.2  

 

 Small radical combinability Large radical combinability 

Transparent 

  

Opaque 
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Appendix B Experimental materials in section 4.3  

 

 Small radical combinability Large radical combinability 
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Appendix C Experimental materials in Chapter 6 

 

 SP characters PS characters 

Regular 
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Glossary 

Character 

In Chinese, characters are the smallest units of the orthography. A character is a distinct 

symbol that consists of several strokes and corresponds to a syllable in Chinese. 

Irregular character 

Irregular characters are those whose pronunciations are different from their phonetic 

radical. 

Phonetic compound 

A type of characters which consists of a semantic radical and a phonetic radical; they 

comprise about 80% of the most frequency characters. 

Phonetic radical 

A component of a Chinese character, which usually contains partial information about 

the pronunciation of the character. 

PS character 

A type of phonetic compounds in which the semantic radical is on the right and the 

phonetic radical is on the left. 

Radical combinability 

Radical combinability is the number of combinations that a radical enters into to form 

characters. 

Regular character 

Regular characters are those whose pronunciations are exactly the same as their pho-

netic radical. 

Semantic radical 
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A semantic radical is a component of a Chinese character, which usually informs infor-

mation about the meaning of the character. 

Semiregular character 

Semiregular characters are those whose pronunciations are the same as their phonetic 

radical but with a different tone. 

SP character 

A type of phonetic compound characters in which the semantic radical is on the right 

and the phonetic radical is on the left. 

Transparency 

Character semantic transparency is the extent to which the meaning of the whole char-

acter is denoted by the semantic radical. 

EEG 

Electroencephalogram, tracing of electrical activity from certain parts of the brain. 

ERP 

The Event Related Potentials are exported from repeated encephalograms, which are 

time connected with a (repeated) type of stimulus. Fluctuations of encephalograms that 

are irrelevant to the stimulus and the time that it occurred are removed from the signal 

by averaging, and what remains is the ERP. 

IFG 

Inferior frontal gyrus. This area has been reported to be associated with fine-grained 

phonological processing and activated during silent reading and naming 

MRI 

Magnetic Resonance Imaging, based on absorption and transmission of high-frequency 

radio waves by water molecules in tissues placed in a strong magnetic field. 
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fMRI 

Functional Magnetic Resonance Imaging. It is a technique for determining which parts 

of the brain are activated by different types of physical sensation or cognitive activity.  

Phosphene 

The perceptions of flashes of light. 

RH 

Right hemisphere. 

LH 

Left hemisphere. 

Tesla 

Unit of magnetic flux density. 

TMS 

Transcranial magnetic stimulation. In TMS, a coil of wire is put on the participant’s 

scalp. Running a current through the coil generates a magnetic field, which penetrates 

the skull and induces a secondary current, which activates the neurons in the brain. 

rTMS 

Repetitive TMS delivered at a single scalp site. 

VWFA 

Visual word form area. This area has been argued to be in the middle portion of the LH 

fusiform gyrus and reported to respond with increased activation to words compared 

with consonant strings and demonstrate retinal position invariance. 
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