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Abslract
Three experiments were conducted o provide a better understanding about the
fundamental processes involved in Chinese speech recognition. Specifically, we
intended o answer three questions. First, are subsyllabic units like individual
phonemes or whole syllables the basic encoding units in Chinese speech recognition?
Seecond, does tone play a signiticant role in generating candidate words before correct
idenufication? Third, how can the different meanings of homophones be resolved?
In Experiment 1, we used the gating paradigm to explore the three issues. Results
suggested that both subsyllabic (onsct) and syllabic representations were important in
recognizing Chinese monosyllables. Tonal constraints cmcrg.cd only when context
was available. And context also facilitated homophone recognition. In Llixperiment 2,
the visual-world paradigm was used to verify the-major findings in gating. While the
salience of syllable and the absence of tonal constraints without context were
replicated, the onsat effect was greatly diminished. Further analyses suggested that
acoustic similarity might also play a role in speech recognition. Experiment 3 also
employed the visual-world paradigm. The resolution of Chinese homophones was
found to be inﬂucﬁci:‘d by relative meaning frequency and context position. BBased on
these findings and those from related studies, we proposed a model of Chinese speech
perception, in which initially, segmental and suprascgmental types of information
were processed in separate but interacting pathways. Quiputs from the two pathways
were then combined at a later time point and jointly activated the corresponding
morpheme. Implications of the model and its relations Lo previous findings are

discussed.
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Chapter 1
Introduction

While language is perhaps the Sdefault” tool of communication for ordinary
people all over the world, the form by which linguistic ability is realized differs
substantially. For example, difterent languages have their own phonemic distinctions
(c.g.. T and ‘I! arc treated the same in Japanese, but not in English), arc governed by

.
uniqgue principles in word formation (¢.g., no inflection exist in Chinese), and ihvolve
their own structural constraints (e.g., Japanese prcfcref-a SOV structure than SVQ).
Whether ditferences 1n these surface characteristics are translatable ini() differences in
the underlying principles in language ;')rnccssiné Is an interesting and important
theoretical qucsliun'. In the present dissertation, answers to part of this question will
be explored from the perspective of ambiguity resolution in Chinese specch, which
has a number of unique features distinet from the mostly-rescarched Indo-European
languages such as English. Through such investigation, it is expected that a working
modcl of Chinese speech combrchcnsi(m can be constructed, and contrasted with
existing theories based primarily on Indo-European languages.

This dissertation is divided into seven chapters. The first chapter aims at
introducing gencral concepts about how ambiguities exist at different levels of the
speech signal. Also, three important unique features of Chinese speech are deseribed
with reference to how they possibly create distinet processing demands i\" ambiguity
resolution in Chinese speech, and they are related to the rescarch goal of illuminating
unexplored areas of speech processing in previous studics. The second chapter
focuses on past rescarch on speech processing and lexical ambiguity resolution
conducted mainly in English. We will see that while theories developed based on

these studies can explain yarious phenomena in processing English, they may not be
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dircctly applicable to the case of Chinese speech due to its unigue characleristics.
Chapter Three outlines the paradigms and the hypatheses of three experiments aiming
at ih\-'cstiguling whether the three unigue features reviewed in the introduction
actually matter in Chinese speech processing. Chapters Four, Five, and Six report the
three experiments conducted and discuss their results separately. Chapter Seven
offers a general discussion of how the data from the three experiments contribute to
the understanding of Chinese speech comprehension, and the more general issue of
cross-language difference in processing dynamics. The ultimate goal is to provide

cempirical constraints for models of Chinese speech comprehension.

1.1 Mukti-level ambiguities in language

In language processing research, presenting participants with sumuli of
multiple interpretations and examining how they can come up with a proper
understanding has always been an important technique. This procedure has provided
valuable insights in studying the underlying cognitive mechanisms in various aspects
of language processing. Representative examples adopting such approach include
;taludics on lexical access (e.g., Borowsky, & Masson, 1996; Hino, Lupker, & Pexman,
2002; Rubenstein, Garfield, & Millikan, 1970), syntactic processing (¢.g., Grodner,
Gibson, & Tunstall, 2002), and discourse effects (e.g., Binder, 2003). In the present
dissertation, the same approach will be taken to study the unigque probiems in Chinese

speech processing.

111 Temporary perceptual ambiguity

Indeed, despite the apparent ease in comprehending utterances made by others,

a closer inspection of the speech signal will reveal a high degree of ambiguities at



Ambiguity resolution in Chinese speech 14

different levels, from the very fundamental uncertainties due to insufficient acoustic
inputs { Dahan & Gaskell, 2007) up to higher level language uses such as metaphors
and indirect requests (Coulson & van Petten, 2002). Specifically, unlike the relatively
simultancous availability of word features in the visual domain, acoustic signals of a
spoken word only unfold graduaily over time. This temporal stretching creates
temporary acoustic under-specification in signal interpretation. For instance, simply
perceiving the onset consonant /b/ will be insufficient for determining whether the
syltable will be /bi:/ or /be/. Similarly, knowing that it is /bi:/ will not guarantec it 1s
bi:m/ but not /bi:t/. Therefore, to make sense of the inputs, one has to monitor the
unfolding signal continuously and integrate later acoustic inputs incrementally with
earlier ones until enough information is gathered. Actually, one fundamental finding
in speech perception is that people appear to make hypothetical candidate words
based on the acoustic information available thus far and use new incoming
information to test those hypotheses. Candidates inconsistent with the bottom-up

3

inputs would be rejected from further consideration (Marslen-Wilson & Welsh, 1978;
see also Chapter 2.1).

Evidence for such acoustic level disambiguation comes mainly from studies
related to the uniqueness point, which refers to the point at which the string of inputs
is consistent with only a single interpretation (i.e., it is no longer ambiguous). These
studies employed paradigms such as gating (Grosjean, 1980) and pause-detection
(Mattys & Clark, 2002). Reaction time data showed that words with earlier
uniqueness point, irrespective of word length, are recognized faster, presumably
because the initial ambigduity inherent in these words requires less acoustic
information to clarify. More importantly, the pattern of responses in gating tasks

directly highlighted the presence of competition among partially active lexical
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candidates that were consistent with the current acoustic inputs; participants provided
various alternatives and showed low level of confidence aboul their responses until
enough acoustic inputs had been received, This competition among lexical candidates
and the corresponding disambiguation are captured by most contemporary theories of
speech perception as an incremental integration of phonemes or phonetic feaiures
from onsct to the uniqueness point (Gaskell & Marslen-Wilson, 1997: Marslen-
Wilson & Welsh. 1978: McClelland and Elman, 1986). These theories, and their

applicability to Chinese speech, will be reviewed in Chapter Two.

1.1.2 Morphemic ambiguity

Besides acoustic under-specification, ambiguity can also be characterized at
the morphemic level when the same physical unit is linked to different meanings. For
instance, the prefix *in-"" of “invalid” and “inside” are quite different: The former
means “not” while the latter denotes the opposite of “out”. Similarly, the suffix “-er”
in “heater” and “faster” alse represents distinct meanings. In principle, this situation
reflects ambiguity resolution on the smallest meaningfui scale because the remaining
portion of the word should have provided enough contextual information to retrieve
the correct morpheme meaning. This allows the investigation of sensitivity to
minimal ambiguity. Despite such theoretical potential, very limited works have been
done on it, especially in the auditory modality. Bertram and his colleagues were
perhaps the only group of researchers who had systematically investigated the issue
(e.g., Bertram, Hyond, & Laine, 2000a; Bertram, Laine, Baayen, Schreuder, & Hyona,
2000b). They studied what they called “affixal homonymy™ in Finnish, which is
considered to be a morphologically rich language. Specifically, they tested whether

the ambiguous suffix “-ja” (either as a deverbal subject noun marker or to denote
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partitive plural) ted Fin\nish readers to rely more on the morphological route of lexical
access. Results of lexical decision on isolated words showed no evidence of
morphological effect (Bertram ¢t al.. 2000a). On the other hand, employing an eye
tracking and self-paced reading technique. it was found that reading times of the same
stimuli in sentence context displayed a delayed morpheme (meaning) frequency effect,
suggesting that morphemes are nevertheless a valid processing unit among Finnish
readers (Bertram et al., 2000b). Bertram et al. (2000b) attributed the discrepancy
between studies to the support of prior sentential context in resolving the ambiguous
suffix "-ja”. causing recognition through morpheme to be more cfficient than whole
word access. Two important conclusions can be drawn from their studies: First,
morphemic ambiguity is a valid and testable phenomenon. Second, the prior sentence
context is effective in affecting the relative availability of the meanings of the suffix.
However, the studies by Bertram et al. (2000a; 2000b) failed to answer the
more critical question about the processing dynamics in resolving morphemic
ambiguity. The only information available is the relatively late effect of morphene
frequency compared with word frequency. Without more details about when and how
the correct meaning of a suffix is available, it is impossible to confidently interpret the
null effect in lexical decision as evidence of less efficient disambiguation of suffix by
base morpheme alone (Bertram et al., 2000a) compared with disambiguation by prior
sentence {Bertram et al., 2000b). It is because the resolution processes may simply be
too fast to be captured by traditional approaches like lexical decision. Indeed, a
previous eye-tracking study of reading Chinese two-character words in sentences did
reveal a rapid ambiguity resolution prdcess once contextual information was
encountered (Wong, 2000). Similar conclusion was arrived in Tsang (2006), who

showed that a single morpheme is sufficient to trigger rapid meaning resolution in
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Chinese disyllabic words. 1o two experiments, Tsang investigated the disambiguation
of homonymic morphemes (i.¢., those that share both orthography and phonology
such as gaaud ' ¥, which means either education or religion).  Results suggested
that an initial ambiguous syllable can be resolved by a contextual syllable without any
delay (Experiment 1), Moreover, a prior sentential context even allowed anticipation
of the correct meaning before the ambiguous syllable is encountered (Experiment 2).
The results thus converged with Bertram et al. (2000b) on the existence of morphemic
ambiguity. Morcover, it further illustrated the power of a minimal context in
resolving this ambiguity, at least in languages where words are casily decomposed
into isolated, discrete morphemes. such as Chinese (Packard, 1999) or Finnish
(Bertram et al.. 2000a; 2000b)

Still, one aspect of morphemic ambiguity resolution was left unanswered. In
Chen, Tsang, Chan, and Wong (Experiment 1; manuscript) and Tsang (2006.
Experiment 2), a prior sentential context was available before the ambiguous
morpheme. There were no conditions in which a single preceding morpheme served
as the disambiguating context. Therefore, the results only provided partial evidence
about the effect of minimal context in morphemic ambiguity resolution; while a
succeeding morpheme is useful in Tsang’s Experiment 1, it is unclear whether a
preceding context morpheme is equally constraining. This issue will be elaborated in

Chapter Three.

1.1.3 Lexical ambiguity
While the issue of morphemic ambiguity is new and not much is known about

its underlying resolution processes, the investigation of lexical ambiguity resolution

"' We follow the Cantonese Romantization Scheme proposed by the Linguistic Society of Hong Kong.
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has a long history since the 1970s. Actually. besides validating the phenomenon of
morphemic ambiguity, another equally important contribution in Tsang (2006} is the
discovery that the mechanisms for resolving morphemic ambiguity parallel those for
resolving lexical ambiguity. In his experiments, two variables, namely the position of
disambiguating context and the relative frequency between the alternative meanings,
were manipulated. Both variables exerted significant impacf on the resolution
processes. This pattern of results was consistent with the reordered access model
developed 1o explain texical ambiguity resolution (Duffy, Momis, & Rayner, 1988).
Therefore, the results in Tsang provided the theoretical basis for rescarchers to borrow
concepts and models established in lexical ambiguity to study the issue of morphemic
ambiguity resolution.

Specifically, lexical ambiguity refers to the situation in which the same word
is linked to different concepts. A classic example is the word “bank™, which means
cither the “river bank™ or the “financial institute™. The investigation of the underlying
principle by which the meanings of these ambiguous words are represented and
retrieved can make a significant contribution to the more fundamental question about
the architecture of the mental lexicons. Numerous studies have confirmed an
advantage for such ambiguous words over unambiguous words (e.g., Kellas, Ferraro,
& Simpson. 1988 Rubenstein et al., 1970). Specifically. Kellas et al. obtained faster
reaction times and lower crror rates for ambiguous words compared with control
unambiguous words and pseudowords in two lexical c‘lécision experiments. Similarly
effects were obtained in word naming (see Borowsky & Masson, 1996; Hino et al.,
2002: Lichacz, Herdman, LeFevre, & Baird, 1999). This pattern of results was
typically interpreted as supporting evidence for models assuming an interactive

distributed lexical representation with extensive feedback connections from semaritic
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layer o orthographic and phonological layers (Borowsky & Masson, 19962 Hino et al.,
2002; Kellas et al., 1988).

Another implication from the studies of lexical ambiguity concerns the
mechanisms involved in semantic retrieval during comprehension. Interestingly. in
contrast to observations of ambiguity advantages in lexical decision and naming,
responses tend to be slower for ambiguous words when semantic aceess is required,
such as semantic categorization (Hino et al., 2002), relatedness judgment (Chwilla &
Kolk. 2003). and sentence comprehension (Rayner & Frazier, 1989). These studies
provided important empirical constraints for the construction of maodels related to
meaning resolution in lexical ambiguity. Details of these models will be discussed in

Chapter Two.

[.1.4 Non-literal meanings

Ambiguities in comprehension penetrate through higher levels of language usc
such as indirect request, metaphor and irony. A good example is the utterance “1t is
very hot™, which may act as an indirect request to turn on the air-condHioner, rather
than simply describing a fact or event. To comprehend these non-literal meanings,
one will require a combination of various contextual supports, some of which are
perhaps verbal signals, and many others are conveyed nonverbally (Kelly, Barr,
Church, & Lynch, 1999). For instance, Kelly et al. have demonstrated that pointix1g
gestures can effectively facilitate the indirect request interpretation of utterances.
Morcover, other studies suggested that factors like predictability. conventionality, and
plausibility are important in determining the relative time course of activation of
fiteral and non-literal meanings (Gibbs, 1983; Titone & Connine, 1994). Thercfore,

resolution at the pragmatic level appears to be no less simple. It is co-determined by a



Ambigwity resolution i Chinese speech 20

number of factors related to the contextual bias and relative availability ot different
meanings, just as the ambiguity resolution at other levels.

In the present dissertation, focus will be on the more fundamental resolutions
at the acoustic and morphemic levels. 1t should be noted that although traditionalty,
the investigation of basic speech unit is not a particular concern in the ambiguity
resolution literature. this issue is actually highly relevant. it is because when the unit
of processing is expanded into the whole phrase or even the whole sentence, there will
no fonger be any ambiguity as the processing unit is disambiguated imternally. In
other words, the exploration of processing unit is indeed fundamental to ambiguity
resolution. This is fess an issue in English because researchers generally agreed that
phonemes and words are important encoding units. However, much more works '
about this have to been done in Chinese. It would be important to clarify the basic
encoding unit of Chinese speech to ensure the description of ambiguity resolution at
the appropriate levels. In particular, if acoustic inputs are mapped onto Chinese
words direetly, ambiguities at prelexical levels will be irrelevant to Chinese speech
processing. Moreover, understanding the processes at different Jevels will be crucial
in constructing a possible model of Chinese speech perception, which has a number of
unique features that undermines the validity of generalization of modcls developed in

Inde-European languages.

1.2 Unigue characteristics of Chinese speech

Although the study of speech processing in Indo-European languages has a
long history, the issue is relatively unexplored in Chinese. 1t is unclear whether the
results obtained in Indo-Furopean languages can be generalized to Chinese, which has

many unigue characteristics. Specifically, Chinese has a very simple morphosyllabic
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structure such that cach syllable has its own meaming (Chen, 1992, 2001; Chen & Yip,
2001). This increasces the saliency of whole-syllables compared with individual
phonemes. Maorcover, Chinese speech can be categorized as a tonal language. In
contrast to most Indo-ELuropean languages, in Chinese lexical distunction 1s made not
only by segmental cues (1.e.. phonemes) but also by pitch. a suprascgmental cue. The
rehance of lexical tone in speech pereeption presents a fundamental challenge to
modeling speech recognition because piteh level is correlated with many other
features like gender and emotion. Only very limited information 1s known about how
lexical tone is extracted and integrated to segmental information in spoken word
recognition (e.g.. Cutler & Chen, 1997; Sum, 2003; Ye & Connine, 1999). Finally,
while lexical tone helps differentiate otherwise identical segments, homophony
(1dentical syllable-plus-tone) is still serious in spoken Chinese. Given that cach
syllable-plus-tone unit is also a morpheme and has its own meaning, the homophonic
morphemes will also create morphemic ambiguity similar to the homonymic
morphemes in Tsang (2006). Whether the resolution of such ambiguity is similar 10
that observed by Tsang previously is an empirical question.

Giiven the special properties of Chinese speech, it is desirable to understand its
underlying processing mechanisms and compare them with those observed in Indo-
European languages in order to construct a universal model of speech perception. [n
the following, we will discuss in more details the unigueness of Chinese speech, and

how the special propertics might produce distinctive processing demand.

1.2.1 Svllable as the prominent unit
There are at least three reasons o speculate that syliables, instead of phonemes,

are the fundamental unit in Chinese speech perception. First, linguistically, cach
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spoken syllable in Chinese corresponds tightly to a written character and a meaningtul
morpheme (Chen, 2001). Moreover, syllables in Chinese are relatively simple (fewer
possible combinations than other languages, see Chen, Chen, & Dell, 2002; Cheung,
Chen, Lai, Wong, & Hills, 2001) and more “outstanding™ acoustically (no
“unstressed” syllables). In contrast, English syllables often involve complex
phonemic combination such as consonant clusters. Also, only one syllable 1s stressed
in multi-syllabic words, Therefore, compared o English speakers, Chinese speakers
are polentially more capable to extract structures consistent with syllable boundary
during speech comprehension,

Second, developmental data among Chinese-speaking children has
consistently shown better performance in lasks assessing syllable awareness than
those assessing phonemic awareness {(Cheung et al., 2001; MceBride-Chang, Bialystok,
Chong, & Li, 2004). For instance, Cheung ct al. (2001) delivered a sound-matching
task to children aged four to cight. When children at different ages performed the
matching based on whole-syllable, accuracy reached 90%, as compared to about 50%
accuracy when matching onset, rime or coda. Even within a group of children who
had received explicit Pinyin training that sensitized them to phonemes, accuracy in
phoneme matching was still about 20% behind that of syllable matching. Converging
cvidence of syllable prominence in Chinese children was obtained in another study
using syllable deletion and onset deletion tasks (McBride-Chang ct al., 2004).
Furthermore, in this study syllable awarencess predicted Chinese reading betier than
phonemic awareness while the reverse was true for reading English. These results
suggested that syllables are particularly relevant to Chinese processing and pre-school

children have already been sensitized to this representation unit.
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Third. results from Chinese speech production converged on the importance of
syllables among adult Chinese speakers (Chen, 2000; Chen et al., 2002). In a speech
crror study, Chen (2000) found that Chinese speakers frequently commit errors
involving movement of the whole syllable. For example, the word /gqing 1 zhuo2dud/
(AR elarity™y was spoken as /ging ldu2dud/, a case of anticipation of the third
syllable. In another well-controlled experimental study employing the implicst
priming paradigm, Chen et al. (2002) discovered that while whole syllables facilitated
responses significantly, onset alone failed to produce any cffect. Assuming
pereeption s the reverse of production, it is reasonable to expect similar syllable
prominence during spoken word recognition. In other words, Chinese word
perception will be less sensitive o phonemic contrasts during the course of activating
and selecting items in the candidate set.

[n summary, the rescarch reviewed above supported taking syllables as the
basic units in constructing Chinese speech perception model. This means that syHable
is the first abstract phonological representation (i.¢., having psychological vahdity) in
the Chinese speech perception system.  On the other hand, some studies suggested
that amonyg adult Chinese speakers subsyllabic units might recruit distinet neural
mechanisms (Siok, Jin, Fletcher, & Tan, 2003} and prime auditory word recognition
(Sum, 2003). Also, mismatches in subsyllabic units of target words appeared to
create interference in sentence comprehension (Schirmer, Tang, Penney, Gunter, &
Chen, 2005) as well. Yet, whether these results suggest that phonemes mediates
normal speech perception or simply reflect Chinese adults™ ability to decompose
syllables into phonemes in specific tasks is still unclear. For instance, the study by
Siok ct al. {2003) required participants to perform phonemic judgment (see alse Chen

¢t al. (2002) for proposal of phonemic decomposition afier syllable 1s available).
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Therefore, a better understanding on this issue would be important to accurately

desceribe the phonological unit(s) mediating Chinese speech perception.

1.2.2 Impaortance of fexical tone

Besides the prominence of syllable, Chinese has another interesting feature
different from other Indo-European languages, namely the use of fundamental
frequency (i.e., pitch) to distinguish lexical units. In other words, distinet Chinese
lexical units can be constructed through assigning different tone values to the same
syllable, For instance, the Mandarin (the major dialect of Chinesce) syllable /ma/ can
mean “mother”™ or “horse™ when it is produced with a high rising pitch (tone 1) and a
dipping pitch (tone 3) respectively. Therefore, lexical tone serves to clarify the high
degree of meaning uncertainty that an isolated syltlable carries alone. This kind of
lexical tone differentiation is exclusive to tonal languages, although other
suprasegmental cues like stress pattern in multi-syllabic words and intonation over the
whole sentence are also present in non-tonal languages like English. To a certain
extent, the employment of tonal distinction increases the information density carried
in monosyllabic units and‘ reduces the reliance on extra segments for disambiguation.
For example, the syllable /yi/ has more than| 70 homophones (e.g., * -7, " 007, “HE™,
¢te...), but this number is greatly reduced for the syllable-plus-tone unit /yid/ (¢.g.,
“oa see Li & Yip, 1998). Therefore, in principle, tones should be a valuable cue for
maximizing efficiency in spoken word identification in tonal languages. Indeed,
empirical evidence supported the importance of tonal constraints in Chinese speech
pereeption (e.g., Schirmer et al., 2005, Ye & Connine, 1999; Zhou, Qu, Shu, Gaskell,

& Marsien-Wilson, 2004; but also sce Cutler and Chen, 1997, for weak tone cffects).
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Acoustically, tone is carried by the pitch level (or fundamental frequency FO)
in speech. When onset pitch level combines with another acoustic feature, the pitch
contour, which refers o the variation in FO over time, the identity of the tone being
heard can be defined. Therefore, varying cither or both of these tonal features over
the same syllable leads to entirely difterent meanings. How tone is combined with the
segmental information during Chinese speech comprehension has been the focus of
previous rescarch. Some studies found that during semantic aceess, tonal constraint
was employed at least as quickly as the segmental one (Brown-Schmidt & Canscco-
Gonzalez, 2004; Schirmer ct al., 2005; Ye & Connine, 1999 Experiment 2; Zhou ct al.,
2004). Zhou et al. (2004) employed a cross-modal semantic priming procedure 1o
study the availability of tonal constraints. They presented their participants with
auditory disyllabic words before a visual target. The congruent prime was
semantically related to the target while the tone-altered one was not. {f tone did not
exert early effect on meaning access, participants would confuse the tone-altered
prime with the congruent one. Then lexical decision on the visual target should be
facilitated in both congruent and tone-altered conditions. However, no facilitation
was obiained in the tone-aitered condition, suggesting that tonal constraint is
immediate and would not allow semantic access of words sharing segments but
differing in tonal information.

In another study, Ye¢ and Connine (1999) found that when the target syllable
was preceded by a strong context, tonal violations were detected immediately.
Specifically, when the target syllable served to complete an idiom, recognition of the
tone in this syllable became faster than that of vowel. Tone has also been found to
exert early constraints on semantic access in the context of sentence cumprchcﬁsi(m.

For instance, Brown-Schmidt and Canscco-Gonzalez (2004) studied the N40OO ERP
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component ¢licited when listeners encounter an anomalous word in a sehtence that
differed from the predicted one cither by syllable or tone. Results indicated that the
onset of N4OO in the tone-mismatch condition s as cagy as, if not carlier than, the,
syllable-mismatch condition. Similar results were obtained in Schirmer et al. (2005),
which contrast rime-mismatch condition with tone-mismatch condition. Therefore,
empirical evidence suggested that tone 1s available as quickly as, or cven more
aceessible than (as in Ye and Connine, 1999), segmental information in meaning
retrieval in Chinese speech.

Although tone can provide carly constraints in meaning retrieval of spoken
Chinese, it may indeed be available late perceptually. Specifically, according lo
Cutler and Chen (1997) the acoustic features of tones “are primarily realized upon
vowels™ (p. 176), presumably because the vowel nucleuss allows more FO variations,
which is necessary to reveal the shape of tone contour. On the other hand, phonemic
contrasts are more localized as specific articulatory cues (e.g., voice onset time; place
of articulation, ctc...), Cutler and Chen hypdlhcsizcd that this precision allows the
onset and rime of a syllable to be available earlier than tone. This hypothesis received
supports from an auditory lexical decision task. Participants made mofc false alarms
(incorrectly accepied nonwords as real words) on disyllabic words when syllables
mismatched on tone than on onset or vowel, suggesting that participants relied morc
on segmental information in lexical access. Similar difficulty was observed in a
syllable-matching task (Experiment 2, Cutler & Chen) and a tone-vowel detection
task (Ye & Connine, 1999). Furthermore, Luo et al. (2006) discovered thal pre-
attentively, tonal features are indeed first processed in the right hemisphere, which is
also the processing center for music and intonation. However, computation of lexical

tone relies primarily on the left hemisphere, just as other segmental information
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(Gandour, ¢t al., 2003). Thercfore, tone has both linguistic and non-hinguistic
properties and the pereeption of fundamental frequency may take ime to be
transferred to the language system and converted to lexical tone. When semantic
context is available, this transfer process may be speeded up and lead 1o the carly
constraints observed in other studices. |

Conclusively, empirical evidence suggested an important role of tone during
Chinese spoken word recognition. Its eitect appears to be slower when its pereeptual
nature was emphasized. but the effect emerges much faster when the task concerns
more with meaning retrieval. However, not much is known about the role of tone in
candidate generation and elimination before the actual target is ﬁmlllly identified”. In
other words, what we know 13 simply‘ the product after stable identification. However,
it is possible that tone can activate its own set of fexical candidates. Hints for such
activation could be found in previous studies. First, Li and Yip (1998) used a gating
paradigm to study the recognition of homophones. [nterestingly, they found that, for
example, when the target is /kwong3/, not only do segment-sharing candidates like
/kwongd/ were reported, items sharing tone only, such as /gok3/, /gwok3/ and /kok3/
were also produced, suggesting that they had been included in the candidate set.
Similarly, in Sum (2003), even when an auditory prime was altered such that only
lexical tone remained the same (e.g., /baaul/ changed into /kwingl/), it could still
facilitate subsequent auditory word recognition to the same degree as the original
prime, suggesting that the original prime had been activated based on tone-sharing

alone.

1.2.3 Highly homophonic

* Although Yc and Conninc (1999) proposed a medified TRACE model that incorporated a “toneme™
layer, they did not actually study the time-to-time changes of activation level due to tonal infoermation.
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Although tone greatly reduces ambiguities carried in a syllable, the syllable-
plus-tone unit can still be ambiguous due to the existence of homophones. For
instance, /gaaul’ in Cantonese can refer to morphemes meaning “education™ or
“rehigion™ (as in the character “ £ in “ #¢li/teacher™ and “ ¥ /church™) and
“comparison” (as in the character “fgf” in “§i¢ )t compete™). This one-to-many
mapping betwecen syllable and morpheme is nothing trivial when one realizes how
frequent this occurs in Chinese. For instance, Li and Yip (1998) noted that in the
four-tone Mandarin system, 80 percent of syllable-plus-tone units are ambiguous and
55 percent even have five or more meanings. in some extreme cases, such as in the
six-tone Cantonese dialect, more than 50 meanings like lion, death, silk, thought,
teacher, poem, ctc., can share one single pronunciation /sil/ (Chinese character

database, http:/humanum.arts.cuhk.edu.hk/Lexis/lexi-can/). In this article, this

phenomenon of one-to-many mapping between particular syllable and morpheme is
called morphemic ambiguity, an issue that must be addressed in order to construct a
comprehensive model of spoken Chinese comprehension.

The most straight-forward way to solve the problem of morphemic ambiguity
is to bypass the morpheme layer and directly activate whole word lexical entries from
acoustic features. As words are accessed holistically, any sublexical ambiguity will
be irrelevant and will no‘; require extra resources to compute (Packard, 1999).
However, such position is inconsistent with the large body of empirical research
confirming a morpheme decomposition route of lexical access (e.g., Alvarez,
Carreiras, & Taft, 2001; Frost, Kugler, Deutsch, & Forster, 2005; Marslen-Wilson,
1999; Niswander-Klement & Pollatsek, 2006; Peng, Liu, & Wang, 1999; Taft, Liu, &

Zhu, 1999; Zwitserlood, Bolwiender, & Drews, 2005). These studies generally

supported a morpheme effect beyond that induced by mere form overlapping (Alvarez
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etal., 2001 Frost et al., 2006), which is still present after controlling for whole-word
factor (Niswander-Klement & Pollatsek, 2006; Taft, et al., 1999) and is observable in
different languages (e.g., Chinese, English, and Spanish).

Yet. morphemic ambiguity may actually alter the availability of morphemes in
lexical access. Forinstance, according to a study in Finnish (Bertram et al., 2000b),
ambiguous affix might reduce the reliance of morphemes in lexical access.
Previously. Tsang {2006) tested whether morphemes were bypassed in Cantonese
spoken word recognition and the results he obtained indeed suggested robust
morphemic involvement. In his study. a special case of homophonic morpheme, the
homonymic morpheme, was studied. Homonymic morphemes share both

orthography and phonology but have two or more meanings (e.g., “ ¥ /gaau3/), one

of which has a higher frequency of use (i.e., the dominant meaning). Testing the issue
of morpheme involvement with these specific cases has the advantage of intrinsic
contro! over confounding due to physical form because the visual and auditory forms
are exactly identical across morpheme conditions. However, this also greatly limits
the usable item pool, causing difficulties in generalizing the findings to other
ambiguous syllables. Thus, it is unciear whether the conclusions in Tsang (2006) are

equally applicable to the homophonic morphemes such as /sil/ (meaning “£fi”, lion;

* “fIl”, teacher; and “#4%”, silk, etc...).
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Chapter 2
Theories ,

In this chapter. important theories relevant o speech perception and ambiguity
resolution will be reviewed. These theories were based mainly on research in Indo-
European languages. Much fewer works have been done in other languages. such as
the East-Asian ones. Therefore, it is unclear whether the theories can be generalized
to Chinese, a language with many distinctive features. In the last part of each section,

recent progress tn modeling Chinese speech comprehension will also be reviewed.

LA

2.1 Theories of speech comprehension ~

“The history of research on spoken word recognition is largely a history of
word recognition models™ (Jusczyk & Luce, 2002, p. 502). Although these models
vary in the exact mechanism, such as whether top-down feedback or lateral inhibition
is incorporated, most of them agree that speech recognition is characterized by cycles
of activation and selection. In each cycle, the speech recognizer receives acoustic
input and integrates it with inputs from previous cycles. Lexicons that are consistent
with the inputs thus far will be activated. This “candidate set” of lexical items will
then enters a stage of selection. When a particular item reaches certain activation
threshold or remains the most active at a pre-specified processing deadline, this item
will be “selected™ (recognized). Within this general framework, researchers have
worked for thirty years to answer three fundamental questions about the processing
dynamics in speech recognition {Frauenfelder & Peeters, 1998):

1.) What items will be included in the candidate set?

2.} How do the candidates affect each other during the selection process?

3.) When is the word recognize (i.¢., the definition of sclection deadline)?
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In this paper, three widely-discussed spoken word recognition models,
including the cohort model, TRACE, and Neighborhood Activation Model (NAM)

will be reviewed. As we will see, existing models answers these questions mainly

through proposing specific phonemic processing mechanisms,

211 Cohort model

According 10 the cohort theory (Marslen-Wilson & Welsh, 1978), bottom-up
phonemic input 1s solely responsible for determining what items will be included in
the candidate set. Initially. all words that are consistent with the first phoneme heard
will become active. This initial candidate sct is called the “cohort”. For instance,
when the onset by is perceived, onset-matched lexacal items such as “beam™, “beetle™
and “beaker” will be activated. Uncertainties in this initial cohort are then
disambiguated by subsequent incoming acoustic signals such that only candidates
which still align completely with the input remains and any slight mismatches are
“kicked out” from the cohort. The process continues until only one candidate in the
set 1s consistent with all incoming signals received thus far (1.e., reaching the
uniqueness point of that word). This candidate is consciously recognized. [t should
be noted that in this architecture, words in the cohort do not compete with each other
directly. A word, even with high frequency and small number of competitors. will be
recognized late when there is another word that diverges with it at a late acoustic
point. In other words, the time required for successful word recognition is entirely
dependent on the position of uniqueness point.

The cohort mode! is an important first step in modeling speech recognition. It
successfully established several important processing principles, like the effect of

uniqueness point, that need to be considered in understanding the processing
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dynamies in spoken word recogmtion. It has been moditied in light of new empirical
cvidence against some of its major assumptions, such as its over-reliance ot word
imibial information (Marslen-Wilson, 1987). Gaskell and colleagues have also
explicitly implemented the model in computer simulations using a distributed
processing architecture (Gaskell & Marsien-Wilson, 1997; Gaskell, Hare, & Marslen-
Wilson, 1995). Despite these vanations, the model maintains its original claim that
lhtl:ft.‘ are no direct competitions among the candidate items. Thts stands in sharp
contrast to TRACE, which relies heavily on lateral inhibition among partially

activated words 1n the selecting the “correct” candidate for stable recognition,

212 TRACE

Adopting an interactive-activation framework, McClelland and Elman (19%6)
proposed the TRACE model of spoken word recognition. The model incorporates
three hierarchically organized layers, namely feature, phoneme and word. Between
layers are extensive feedforward and feedback excitatory connections. More
importantly, units within a layer are connected with inhibitory loops, leading to a
winner-take-all phenomenon. Therefore, when a particular word 1s highly active
because it matches well with the incoming features and phonemes. 1t will also exert
strong inhibition on other words, leaving itself as the only active unit in this layer. In
other words, unlike the cohort model, TRACE assumes that partially activated words
compete with cach other directly. When an absolute activation threshold 1s reached,
or one item is more active compared with other partially active words 1o a certain
degree, the best-fit item wins the competition and is recognized.

Another important distinctiveness of TRACE is related to its definition of

candidate set from which the “correct”™ word 1s selected. The “cohort set” in the
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traditional cohort model includes only onset-aligned words so any notse at word onset
will lead 1o failures in word recognition because there are no mechanisms allowing
acoustic features at later time points to recover carly mismatches. This over-rehance
on onset information s clearly inconsistent with our daily experiences of natural
comversation, in which we can nevertheless recognize what others say despite a notsy
environment or unclear word segmentation. The interactive-activation architecture of
TRACE provides a natural solution to this problem: Acoustic features entering the
system at any time point can tead o exeitations at the phoneme layer, which in tum

i *
activates the corresponding matched words. Therefore, even when a word initial is
not percerved properly. the word can still Be activated if later acoustic cues converge
on it. In short, at any time shice, some items 1in the candidate set will be inhibited due
1o mismatches with the input, while other items may receive activations from new
inputs strong enough to overcome the lateral inhibition onginally exerted on them.
This greatly improves the “mobility” of items in the candidate set.

The inclusion of candidates that match the input at any position may
dramatically increasc the candidate set size. This seemingly unrealistic consequence
is partly avoided by the lateral inhibition: Htems that are only weakly consistent with
the inputs will not enter the set because they are strongly “repelied” by current items
that match better. Another approach to alleviate the problem is to assume an upper
limit in the number of items that can concurrently enter the selection process. This
approach is adopted in another connectionist mode!, namely the Shortlist model
(Norris, 1994). [n this model, the system first “shortlists” some highly activated items.
These items are then fed into an interactive-activation network similar to TRACE. A

word 1s “recognized” when certain threshold s reached.
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21 3 Neighborhood Activation Model (NAM)

While the cohort model and TRACE model are explicit processing model that
emphasize on the underlying mechanisms of recognition, proponents of NAM (lLuce
& Pisoni, 199K} are more interested in how the global similarity among words can
aftect the outcomes of complex internal processing. 1t has the most detailed
speaification of factors involved in determining successful recognition. For instance,
the model proposes that recognition of a word will be less successful (leading to
longer reaction Ume and higher error raies) when 1t 1s low in frequency, has many
neighbors (particularly when these neighbors are comparatively high in frequency)
and has many confusable phonemes.

The most important deviation of NAM with other models is the coneept of
neighbors, which characterizes the competitor set i this architecture. Neighbor in
NAM is defined as a group of “similar sounding words™. More specifically,
neighbors of the word “cat™ include words that differ from it by only one phoneme
through addition (¢.g., ““cast™), deletion (e.g., “at™) or substitution (e.g., "kit™).
Activation level of ecach neighbor is directly proportional 1o the “degree of match with
the input”™ (Jusczyk & Luce, 2002, p.504). The activation level of a particular
neighbor is then translated to the probability that it is what the input actually condieys.
This probability is in turn correlated with the time required for successful recognition.
Although the model provides a detailed description of factors involved in computing
the probabiiity that a ;-)an'icular word will be recognized. it does not mention much
about the temporal dynamics during such computation. In particular, it includes no
descriptions of how the unfolding signals are mapped to the lexicons. Yet, its success
in correctly predicting performances on lexical decisions and naming tasks supports

the validity of certain model assumptions (¢.g., neighborhood size effect). This
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motivates Luce, Goldinger, Aucr, and Viteviteh (2000) to revise NAM o
accommuodate the incremental nature of spoken word recognition to make it a real
processing model that take into consideration processing dynamics like competition

among neighbors.

213 Current trend in model development

The most recent development of speech perception models took nto account
the statistical regularities of speech signal ina corpus-based manner (Protopapas,
1999). These Bayesian models of speech perception complemented the traditional
approach by showing how the acoustic variabitity could be processed (c.g., Gaskell &
Marslen-Wilson, 2002 Norris & McQueen, 2008). Units such as phonemes and
syllables become less meaningful in the probabilistic context. Morcover, these
models also emphasized the abundance of information in the speech signals (Chater &
Manning, 20006), thereby chalienging the nativist view (e.g.. Chomsky, 1965), which
claimed that external inputs alone would be insufficient for language acquisition.
This idea explicitly linked the acquisition and processing aspects of linguistic function
together, However, a prerequisite of developing this type of models would be a lot of
empirical works and corpus analyses, both of which are lacking in Chinese speech
processing at present. Thcrcforc, this study serves more as an initial step in gathering
uscful empirical data. Concepts and terms will follow more closely the traditional
approach to facilitate a comparison across different languages.
2.1.5 Chinesc js'pcw h comprehension

As reviewed above, most existing theories consider phonemes or phonemic

features as the fundamental input units in modeling the processing dynamices of
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spoken word recognition. In contrast, the effect of suprasegmental cues on spoken
word recognition s feft unspecified. The over-emphasis on phonemes or phonemic
features and the ignorant of suprasegmental cues in speech perception can probably be
attributed to the fact that existing models of speech pereeption are constructed based
on English and other Indo-European languages, in which suprasegmental information
plays only a limited role in differentiating lexical items. Therefore, conducting
rescarch in other languages is important to extend the limitations in existing models.
Although not many works have been done on modeling Chinese specech
pereeption, Ye and Connine’s study (1999) provided an encouraging framework for
further investigation. They were interested in studying how lexical tone affected
Chinese speech pereeption. Results suggested that although Chinese speakers were in
general more sensitive to segmental cues, tonal features werg still important in lexical
accuess, especially in highly constraining context. Based on these results, Ye and
Connine modified the TRACE model (McClelland & Elman, 1986) to explain
phenomena in Chinese speech perception. Specifically, they proposed a “toneme™
layer to incorporate the unique reliance of lexical tone in distinguishing lexical items.
They also replaced the word laycr in the original model with a syllable layer to
account for the prominence of syllable in Chinese speech. Activation in the toneme
fayer was graded, such that more similar tones would be confused more casily.
Morcover, the toneme Tayer received both bottom-up feedforward inputs from
acoustic features and top-down lexical feedbacks. Yet, because of the high rate of
homophone in Chinese, feedback activation was in general weak unless a highly
constraining context was provided. Other aspects, such as the existence of lateral
inhibition, and the connection between syllable and phoneme layers, were identical to

the original TRACE modcl. Figure 1 présents the modificd model.



Ambiguity resolution in Clunese speech 37

Figure 1 Modified TRACE model in Ye and Connine (1999)
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Despite the important contributions by Ye and Connine (1999), there were
several potential limitations. First, even though the importance of syllables was
acknowledged, input features were still mapped onto phonemes. This fit the vowel
sensitivity Ye and Connine observed, but the special status of syllable in Chinese led
one to wonder whether features were also directly connected to syllables. Second,
while tone is a suprascgmental cue very different from segmental ones, its treatment
in the model as a toneme layer resembled phonemes and syltables. In contrast, other
suprasegmental cues such as stress pattern were treated differently in the literature.
For instance, stress was considered as part of the information in the “metrical frame™,
which was separated from processes of segmental retrieval in speech production
(Levelt, Roelofs, & Meyer, 1999). Finally, although the model was inlcn}lcd tobea
processing model of speech perception, the vowel/tone monitoring task in Ye and

Connine did not provide information about candidate generation and elimination
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betore actual identification. It also fatled to reveal the time course by which various
speech units were available, This information would be essential for model

evaluation and construction.

2.2 Theories of lexical ambiguity resolution

The discrepancy between the fact that many lexical items have multiple
meanings and people’s subjective unawareness of ambiguity has evoked considerable
interest among psycholinguists. This is because, on the one hand, lexical ambiguity is
a prominent phenomenon in many languages that models for language comprehension
must account for. On the other hand, studying ambiguity resolution can provide
important insights about the nature ot human language pPocessing system, such as
whether semantic access should be considered as a modular or an interactive system
(Duffy ctal., 1988; Hogaboam & Perfetti, 1975; Kambe, Rayner, & Duffy, 2001,
Simpson, 1981; Swinney, 1979; Tabossi, 1988; Vu & Kellas, 1999; Vu, Kellas, &
Paul, 1998). More specifically, rescarchers usually conceptualize the extraction of the
appropriatc meaning in ambiguous words as involving two mechanisms. The first is a
lexical-retrieval system which is sensitive to lexical propertics such as meaning
frequency. The second 1s a conlcxl—-imcgrali(m system that allows the selection of
context-fit meanings. Although it is beyond doubt that the ultimate constraint for
appropriate meaning sclection is context, there are rigorous debates on when
contextual effects can be seen. Rescarchers in the field can be divided into two
groups along the modular-interactive dimension.  Advocates of the modular view
suggested that context only exerts a fate effect after initial lexical access. [n contrast,
other rescarchers asserted that carly meaning retrieval has already been constrained by

word-context interaction.
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221 Modulur view of semantic aceess

Models adopting the modular view usually assume ambiguity resolution Lo go
through a strict serial two-stage process, in which the initial stage of fexical access 1s
automatic and encapsulated. Context can only exert effects on the product of initial
access but not alter the access itself. A classical example of this type of model 1s the
exhaustive access model (Swinney, 1979), which suggests that all meanings of an
ambiguous word are activated upon initial encounter. Confirmatory cvidence of this
claim was obtained in studies using cross-modal priming, in which participants were
presented with a spoken sentence that ended with a two-meaning ambiguous word.
When a visual probe appeared immediately (0 ms SOA) after the auditory _primc,
facilitation was obtained for probes related to either meaning of the final ambiguous
word, irrespective of the prior sentential context. Facilitation on probes related to the
context-inappropriale meaning ceased when SOA is lengthened to 250 ms, a period
required for context 1o exert effects.

Another model with a modular architecture is the ordered access model
proposed by Hogaboam and Perfetti (1975). They noticed that when asked to provide
definitions of words with multiple meanings, participants usually started from the
most frequently used meaning (i.¢., the dominant meaning). [n other words,
availabilities of the different meanings of an ambiguous word appcared to be ranked
by their relative dominance. With this in mind, Hogaboam and Perfetti did not agrec
with the idea of simultaneous activation of all meanings. Instead, in their theory, only
the most dominant meaning is activated during initial access. That meaning is then

integrated with the preceding context. 1f it fits, the system will process the next word,
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otherwise the system need 1o go back o retricve the next most dominant meaning,

The cycle continues until integration with context is successful.

2.2.2 Interactive view of semantic access

In contrast to the modular view, maodels with an interactive architecture do not
dissect the comprehension process into two distinet stages. Rather, lexical and
contextual influences are argued to operate together during comprehension. For
instance. according to the selective access model ( Simpson. 1981; Tabossi, 1988),
context does not simply “scleet”™ the appropriate meaning out of the available
candidates (as exhaustive access mode! implies) bui can “determine”™ the entire
meaning retrieval process such that only the context-fit meaning will ever get
activated in the first place. Vu et al. (1998) further suggested that contextual effect
would be strengthened if its constraint is “strong™ enough, which means the context
can form a coherent representation with one meaning of the ambiguous word.

Another interactive view of ambiguity resolution is the reordered access model
proposed in Duffy et al. (1988). Whilst selective access model emphasizes the
absolute influence of context, reordered access retains the role of lexical properties.
Similar to the ordered access model ( Hogaboam & Perfetti, 1975), Duffy et al.
highlighted the importance of relative dominance among the different meanings an
ambiguous word has. They proposed that upon encountering an ambiguous word, all

#

meanings will be activated, with their activation levels being proportional to their
relative frequency of use. In other words, the most dominant meaning will be the
mostly activated one. However, a prior context can boost the activation level of the
context-fit meaning so that with contextual support, a subordinale meaning can

become as active as the dominant one. This implies a cost for retricving the
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subordinate meaning not because it is available late but because it 1s as active as the
dominant meaning and _lJ;\us requires extra resources to select among the equally
available meanings. Supports for this subordinate bias effect came mainly from cye
movement studies on reading comprehension (c.g.. Duffy et al., 1988, S¢reno,

O Donnell, & Rayner, 2006; Sereno, Pacht, & Rayner, 1992). The basic rationale for
recording eye movements during reading is that any difficulty in meaning retricval

and integration will be directly translated into longer fixations times at the point
difficulty is met (Rayner, 1998). Empirical evidence revealed fengthened reading
times at the ambiguous word when previous context recruited its subordinate meaning,

-

thereby confirming predictions made by the reordered access model.

2.2.3 Ambiguity resolution in Chinese specch

As reviewed previously, the morphosyllabic structure in Chinese, combined
with its highly homophonic nature, leads to the prevalence of morphemic ambiguity
in Chinese speech perception. While there are many studies on lexical ambiguity,
virtually no published data concern ambiguity resolution at the morpheme level.
However, as the smallest meaningful linguistic unit, meaning resolution of morpheme
is non-trivial. For instance, the effective meaning resolution for the ambiguous prefix
“in-"" in “inside™ and “invalid” or the ambiguous suffix “-cr” in “beaker’™ and
“quicker™ is fundamental for successful comprehension of the whole word. Thus,
theoretically, understanding its underlying méchanisms is crucial for constructing a
valid model of word recognition. Moreover, this issue allows us to test whether a
general mechanism for meaning resolution is applicable to both lexical and morpheme

level resolutions, or there are distinet processes involved.
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As a first attempt to investigate the issue, Tsang (2006) studied the recognition
of Cantonese spoken disyllabic words with the visual world paradigm {(Tanenhaus &
Spivey-Knowlton, 1996; Tanenhaus, Spivcy—KnoWlton, Eberhard & Sedivy, 1995).
The materials used in this study began with a homonymic syllable and ended with a
disambiguating context morpheme. For example, the syllable “%4" /gaaud/ is
ambiguous, meaning “‘education” and “religion™ in “ 21" /gaaulsil/ (teacher) and
“FUEET Jgaaudtong2/ (church) respectively. All ambiguous materials used in the

study were biased, meaning there was a highly frequent dominant meaning (such as

“education™ in “#"). In the first experiment, Tsang investigated the time course of
activation of the different meanings “#{"" /gaau3/ contains and the temporal locus of
disambiguation by the contextual morphemes “fifi” /sil/ and 4" /tong2/. The results

are interesting. First, the dominant meaning was always more aclive than the
subordinate one during initial access of the ambiguous syllable. Second, after the
contextual morpheme disambiguated the ambiguous syllabie towards the subordinate
meaning, the dominant meaning remained more active than an unrelated distracter for
about 300 ms. Finally, albeit delayed and weakened compared to the dominant
meaning, the subordinate meaning was always more active than a control baseline.

In the second experiment, a prior sentential context was constructed before the
target disyllabic words. Prior context greatly increased the activation level of the
context-_appropriate meaning, especially when it is the dominant one. Therefore, the
whole patiern observed in Tsang (2006) suggested that morphemes are important
processing units during Chinese spoken word recognition, and the one-to-many
syllable-morpheme mapping did lead to the issue of morphemic ambiguity, which
should be considered in constructing models of comprehension. Most importantly,

both the dominant and the subordinate meanings were always available, with a faster
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and stronger activation for the dominant meaning. And the activation level of a
particular meaning can be flexibly altered by a prior context. The resuits were overall
consistent with the predictions made by the reordered access model (Duffy et al.,
1988). In other words, morphemic ambiguity resolution is resolved using similar
mechanisms as those employed in lexical ambiguity resolution.

However. as mentioned in the introduction, the use of a sentential context in
the second experiment in Tsang (2006) precludes us from drawing a strong conclusion
about morphemic level ambiguity resolution with preceding disambiguating
information. It is because the constraints induced by a prior sentence and a prior
morpheme may be qualitatively distinct. It is thus desirable to conduct an experiment
in which the ambiguous syllable is preceded by a single contextual morpheme.
Although such experiment is not possible in Tsang due to limitations in his
homonymic materials, using homophonic morphemes as matenals could solve this

problem and allow more rigorous testing on the issue.
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Chapter 3
Overview of Three Experiments
This chapter provides a general overview of the three cxpcriﬁwnts 10 be
reported. Specifically, purposces of the experiments, backgrounds about the paradigms

used. and the main hypotheses will be covered.

3.1 Aims

[tis 1t is surprising to find so few studies on Chinese speech given the
aforementioned uniqueness. Therefore, the purpose of this thesis is to construct a
working model of Chinese speech perception through studying the mechanisms
involved in resolving the multi-level ambiguities inherent to the speech signal. Three
1ssues are of particular interests, including the fundamental encoding unit in Chinese
speech, the processing dynamics of tone, and the resolution of homophonic
morphemic ambiguity. Answers to these questions not only allow us to better
understand the processing of Chinese speech but also illuminate on the unexplored
areas in existing speech perception models that are based primarily on Indo-European
languages. Furthermore, it provides the ideal opportunity to test the generalizability
of processing principles discovered in other languages such as English or Dutch.

In particular, three experiments were conducted to study Chinese speech
perception. The first two experiments atmed at offering general information about the
more fundamental issues about the role of tone and other segmental units in the
identification of Chinese monosyllabic words. Experiment | employed the gating
paradigm ((rosjean, 1980). which has been a fruitful technique in exploring the basic
units and mechanisms involved in speech perception (see Grosjean, 1996 for a brief

review). [n Experiment 2, preliminary results obtained in Experiment 1 were further
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tested with the visual-world paradigm developed by Tanenhaus and his colleges

{ Tanenhays & Spivey-Knowlton, 1996; Tanenhaus ot al., 1995). Using the same
visual-world paradigm. Experiment 3 tested how the correct meaning ot homophonic
marphemes. a frequent phenomenon in Chinese, could be retrieved. This experiment

also served as an extension of the study of homonymic morphemes in Tsang (2006).

3.2 Paradigms
This section presents the basics for the gating paradigm and the visual-world

paradigm. which were two important techniques in studying spoken word recognition.

3.2.1 Gating

The gating paradigm used in the present experiment was developed by
Grosjean (1980). 1n a typical gating paradigm, participants will be presented with
segments of a speech stimulus repeatedly. The first segment is usually very short but
the presentation time (duration from onsct) increases in successive pass (gate) until
the entire simulus is presented finally. After each gate, participants are asked to write
down their guess to the stimulus identity, and judge how confident they are to their
guess, based on the information they heard so far. Depending on the issues under
investigation, procedure can be modified accordingly. For instance, the unit of
segment (time, phoneme, syllable, etc.), segment size, presentation format, context
availability, and response type can vary flexibly. In the present study, we foillowed
the most traditional version including successive presentation of time segments with
writlen responses.

The vanables of interest in the gating paradigm include the number of gates

that participants need to correctly recognize the target and establish high confidence.
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Morcover, the tentative answers made by the participants and how their guesses
changed as more acoustic mputs are gathered also provide valuable intormation about
the trajectory of lexical retrieval of the targets. Actually, the patiern of guesses
participants made before correct target identification constitutes the earliest evidence
supporting the incremental nature of speech perception: Initially, participants produce
diverged responses with low confidence.  As they gathered more acoustic inputs,
however, the diversity of guesses decreases until they finally converged on a single
answer with high confidence. This pattern also fits perfectly with Cohort model’s
(Marslen-Wilson & Welsh, 1978} description of the candidate generation and
elimination processes. Moreover, correct identification can usually be achieved
before the final gate, indicating that partial information is sufficient for recognizing
spoken words. All these findings provide important constraints in attempts to model
the detailed dynamics of speech perception.

The gating paradigm has been validated by showing sensitivity to various
well-established factors of word recognition, such as frequency and word length
(Grosjean, 1980; Tyler, 1984). Robust context effect was also demonstrated with the
paradigm. More importantly, the pattern of candidate generation has been argued to
provide important mnsights on what hypothetical linguistic units are tmportant in
human speech perception. In particular, Tyler showed that a group of Dutch speakers,
tnitial acoustic information was mapped onto cor!sistcnt phonemes, suggesting that
phoneme was a valid processing unit.

Given its relevance Lo the present research goal and the ease in administration,
we employed the gating paradigm in Experiment 1 as our first step to understand the
mechanisms in Chinese speech perception. it should be noted, however, that the

paradigm has been cniticized for involving unnatural strategies and/or contamination
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from post-access processes. Nevertheless, results obtamed with gating would sl be
valuable m guiding further ngorous test with the visual-world paradigm in

Experiments 2 and 3.

322 Visual-world paradigm

The basic theoretical ground for the visual world paradigm can be traced back
to Cooper’s work (1974), in which participants simultancously saw a visual display
contaiming several objects and heard a prose passage that imcluded the objects’ names.
Although participants were not explicitly requested to look at any object during
lislfcning to the speech, results indeed suggested that they spontancously fixated on the
objeet once it was supported by the acoustic signals. While Cooper’s work did not
produce an immediate impact on speech comprehension research, Tanenhaus and
colleagues (Dahan & Tanenhaus, 2004; Tanenhaus & Spivey-Knowlton, 1996;
Tanenhaus et al., 1995) employed this idea and developed the visual-world paradigm
for online monitoring of specch processing with high temporal resolution. The typical
procedure of their experiments included presenting participants with a display
containing several concrete objects. At the same time the experimenter would deliver
a target detection instruction {¢.g., “click on the X). Participants’ ¢yc-movements on
the various objects were recorded as they performed the target detection task.

Usually, objects in the visual display are having particular relationship. For
instance, in Allopenna, Magnuson and Tanenbaus (1998), objects with names sharing
the same onset {e.g., “beaker™ and “beetle™) or rime (e.g., “beaker™ and “speaker™)
were put together. Through a simple linking hypothesis, Allopenna et al. concluded
that the fixation proportion on the various objects in the display is a direct function of

the underlying lexical activation of the objects’ names. Higher fixation proportion
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reflects stronger activation. In other words, by tracing the changes m fixation
proportion on different objecets, we can oblain an effective index of relative lexical
activation over ime . 1t is similar (o a “continuous™ version of gating, in which the
availability of different candidate words in the participants’ mind at different times 1s
probed by the fixation proportions, rather than by stopping the signal and asking the
participants o write down what they have in mind.  In addition, later results
confirmed the validity of the paradigm in reflecting the time course of activation of
various candidate words given the inputs reccived so far. Such activation is a genuine
lexical event involving conceptual information of the target, rather than simply
matching a pre-uctivated phonological form with the incoming acoustic signals
{Dahan & Tanenhaus, 2005; Huettig & Altmann, 2005).

Employing the visual-world paradigm, various issucs about speech perception
have been studied. For example, Dahan, Magnuson and Tanenhaus (2001)
investigated the time course of the frequency effect in spoken word recognition. They
found a higher activation level for words with higher frequency at the earliest possible
moment, ruling out a postlexical decision bias interpretation. [n another line of
studies, rescarchers (Altmann & Kamide, 1999; Kamide, Altmann, & Haywood, 2003)
were interested in the effects of sentential constraints.  Results indicated that the
context effect was so strong that even a single verb could affect the activation level of
the subsequent noun. For example, activation of “cake™ rose much more quickly
following the verb “cat™ than “move”, presumably because typically people think of a
cake as edible rather than movable. In short, the paradigm had been validated by
showing sensitivity to both frequency information and contextual constraints.

Moreover, results from Allopenna et al. (1998) also indicated that the paradigm could

1t was estimated that about 200 ms is necessary to program and cxecute a saccade. Therefore, at any
time paint the fixation is reflecting the activation fevel 200 ms ago.
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be used to investigate the basic units of candidate generation and climiation m
speech pereeption. When objects in the display shared an important processing unit,
hearing the name of one object would fead 1o fixations on the other because both were
receiving supporting bottom-up evidence and would be included in the candidate sets.
For exampile, it the onset was an important unit in candidate generation, hearing
“beaker™ would also activate the onset-sharing word “beetle™ and lead 1o more
fixations on it. Otherwise, fixation proportions on “beetle™ would be identical to an
unrelated distracter (sharing nothing) such as “dolphin™,

Using the visual-world paradigm to further investigate the results obtained in
Experiment 1 has several advantages. First, the paradigm makes use of the natural
human tendency to look at the objects in the visual field as they are mentioned in
speech. As cye movements are continuous and fast, this provides high temporal
resolution information necessary 1o reveal the changes in activation level of various
candidate words. Sccond, interpretation is casy because the activation level of a
specific lexical unit can be inferred directly from the fixation data (Allopenna ct al.,
1998). Finally, the paradigm allows continuous monitoring of the relative activation
levels of different meanings over the whole time course of word recognition. This s

much more natural than gating or other priming procedures.

3.3 Major hypotheses

Consistent with the findings in Indo-Europcean languages, studies in Chinese
speech perception (e.g.. Li & Yip, 1998; Schirmer et al., 2005) have shown that itis a
highly incremental process involving candidate generation and climination. However,
given the unique properties of Chinese speech compared with other indo-European

tanguages, the incremental nature might not be realized in the same way in different
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languages. Specifically, we hypothesized that Chinese speakers would rely on lexical
tone in generating hypothetical candidates before correct identification.  In other
words, we expected o observe participants writing down word candidates that shared
only tone with targets in the gating paradigm. We also expected 1o see higher fixation
proportion on objects sharing tone with targets than objects sharing nothing with
targets in the visual-world paradigm.

Morcover, given the salience of syllable in Chinese speech, we hypothesized
that the acoustic information was mapped directly onto whole syilable rather than
individual phonemes in the course of speech perception. In this case, participants
would rely less on subsyllabic information in candidate generation. They would not
produce candidates that shared only phonemes but not the whole syllable in the gating
task. In addition, participants would be fixated more on syllable-sharing competitors
than on competitors sharing on subsyliabic units.

Finally, Tsang (2006) proposed that the resolution of homonymic morphemic
ambiguity in Chinese speech followed closely the prediction of reordered access
model. In particular, both relative meaning frequency and context exerted strong
influence in retrieving the correct meaning. We expected the same pattern would be
true in resolving homophonic morphemic ambiguity. Without a prior context, the
dominant meaning would be more available than the subordinate meaning initially
until the disambiguating morpheme helped activate the subordinate meaning. In
contrast, when there was a preceding contextual morpheme, the subordinate meaning

could be available immediately upon encountering the ambiguous homophone.
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Chapter 4
Experiment 1 — Recognition of Chinese Syllables
Two gating experiments were conducted o provide a brief overview of
Chinese speech pereeption. Specificalty, they served o replicate in Chinese speech
several fundamental properties found in perceiving Indo-European speech, such as its
incremental nature, the recognition based on partial inf:nrmaliun. and its sensitivity o
context. Furthermore, by analyzing the types of error made by our participants in the
experiments, we could obtain a general idea of whether the unique characteristics of

Chinese speech could produce signiticant impacts on speech pereeption.

4.1 Experiment 1A — recognizing isolated monosylables

In Experiment | A, we employ the gating paradigm (sce Grosjean, 1980; 1996)
in testing how Chinese speakers recognized isolated monosyllabic words as increasing
amount of acoustic information was provided. First, based on the results from
previous gating experiments in English, we expected our participants to generate
various response candidates when only limited information was given. However,
with more information, participants would converge on a single “correct”
interpretation. Moreover, such convergence would occur before the whole syllable
was available. Sccond, if Chinese speakers arce still sensitive to subsyllabic units
despite the prominence of syllables, they should produce a significant amount of
onsct-sharing and rime-sharing errors during the course of recognition. On the other
hand, if syllables are the prominent processing units in Chinese speech, participants
would be as likely to commit whole-sytlable errors. Finally, given that lexical tone
was found 1o be an important feature in Chinese speech processing in previous

research (1.i & Yip, 1998; Ye & Connine, 1999), we expected to observe candidate
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generation based solely on tone-sharing. In other words, there would be a sigmificant

amount of errors with mtact lexical lone.

.11 Participants

Twenty undergraduates (12 males) in The Chinese University of Hong Kong
participated in the experiment. All of them were native Cantonese speakers and none
reported hearing deficits. They were paid $50 for participation. Informed consent

was obtamed and full debricfing was delivered after the experiment.

4.1.2 Materials and Design

Twenty-four Cantonese monosyllabic words were prepared (sce Appendix A).
To facilitate the direct comparison across tasks, identical materials were used in the
present gating experiment and Experiment 2A. Thercfore, the words were chosen on
the basis of satisfying the constraints of the visual-world paradigm. In particular,
each target monosyllabic word could be paired with an onsct-shared competitor {()), a
rnme-shared competitor (R). a syllable-shared competitor (S), and a tone-shared
competitor (T). For instance, the target /bou3/ ({1j; cloth) was paired with /buil/ (4
cup), /doul/ ( /}; knife), /boul/ (1% pot), and /coid/ (53 vegetable) for the four
conditions respectively. Although we only tested participants’ responses towards
segments of the target syllables in the gating experiment, it should be noted that all
items were picturable concrete nouns for the presentation in visual-world. Moreover,
only the tone-shared competitor had identical tone to the target, while the other
competitors shared another lexical tone. Finally, according to the Chinese Character
Database developed by Rescarch Centre for the Humanities Computing

(http: ‘humanum.arts.cuhk.cdu.hk‘Lexis/lexi-can/), items across conditions were
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closely matched for log-frequency (log-frequency  2.84, 275, 2.82,2.93, and 2.93
tor the target, O-, R-, S-, and T-conditions respectively; Fig oy 261, ns).

The stimuli were recorded by a female native Cantonese speaker who was
naive o the details of the experiment. She had received training in phonetics and was
teaching relevant courses in kindergartens. However, she was instructed to produce
the target monosyllables naturally to resemble daily conversation. Recording was
made on a DAT tape in a sound-proof chamber. Each word was recorded three times
and the best token (in terms of clarity and naturalness) was selected for digitalization
at 44.1kHz. All digitalized matenials were manipulated with Cool-Edit Pro
(Syntrillium Software). Peak amplitude was normalized to 70dB. Each sclected
token of the target monosyllables was then segmented into gates with 40ms increment
size, until the last gate cnnlailncd the whole syllable. For example, there were 13 gates
for the syllable /bou3/, which was 494 ms long (40 ms, 80 ms. 120 ms, 160 ms, 200
ms, 240 ms, 280 ms, 320 ms, 360 ms, 400 ms, 440 ms, 480 ms, and 494 ms). The

durations and the number of gates for cach target word are listed in Appendix A.

4.1.3 Procedure

Participants were tested in groups of five in a sound-proof room. They were
told that in each trial, they would hear segments of a Cantonese monosyllable, one at
a time with increasing segment size (i.c., successive presentation). In particular, the
first segment contained the initial 40ms of the target syllable. The second segment
inctuded the first gate plus an additional 40ms, and so on, until the whole syllable was
presented. Participants were instructed to try their best to identify the target
monosylilabic word based on the segment they heard, write down their answer, and

rate their confidence level about their “guess™ on a 10-point scale (10 = very



Ambiguity resolution in Chinese speech 54

confident). They were encouraged to write down the first word that came to their
mind, and if they were not sure abowt how to write the word in mind, they could
replace it with a homophone or write down a contextual character for disambiguation.
Presentation of materials was via speakers connected to a personal computer and was
controlled by an experimenter. There were 412 segments in total. After cach segment,
participants were given about 10 seconds to respond. The whole experiment lasted

tor about an hour.

.14 Results and Discussion

The target syllable /jyuS/ (144 rain) was eliminated from further analyses
because no participants could recognize it correctly*. Three variables were
particularly relevant to the present research questions.  First, we calculated the amount
of information needed for identifying the target monosyllabic word (or its
homophones) after excluding error trials. In this study, the “recognition point™ was
defined as 1.) the gate at which a correct identification was made with confidence
rating of 8 or above; or 2.) the intermediate gate in which the correct syllable was
written down for three consecutive segments regardless of confidence level. The
second criterion was included because some participants were very persistence in
their “guesses™ despite their subjective feelings of uncertainty. The two criteria
converged most of the time. [f they conflicted, the critenion that led 10 an earlier
estimation was taken®. The gate of recognition of a particular syllable was divided by
its tota] number of gates to estimate the amount of information needed for recognition.

e

* Re-examination of the scgments suggested that a wreng token was sclected for this syllable in gating.
This token was replaced with the better one in Experiment 2, which improved the recognition accuracy
of the whole syllable to 97%

" In 1% of all trials, participants produced the correct response but conform to neither criteria (e.g.. they
only wrote down the same syllable for two consecutive trials with low confidence). Thesc trials were
coded as missing and were not analyzed further.
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Consistent with studies in Indo-European languages (e.g.. Grosjean, 1980; Marslen-
Wilson, & Welsh, 1978), participants could recognize the Cantonese monosyllables
when only partial information was given (66.39% of the whole syllable, range - 50.55
W 84.72; 2y 1480, p- 01, one-sample t-test agaimst 100),

Next, for trials in which participants failed to identify even when the whole
syllable was presented (i.c., errors in fal responses), we analyzed the type of errors

they made. Table 1 shows the distribution of ditferent types of crror with examples.

Tabic 1. Distribution of different types of error in Experiment 1A.

Type of error Example Y of error
No-sharing faan6 '—) baak 1 1.30
Onsct-sharing coengd 2 catl 3.48
Rime-sharing bou3 = doul 2.39
Syllable-sharing boul -> boul 20.00
Tone-sharing ful - sil3 1.52
Onset-plus-tone-sharing leoi6 = loub 2.83
Rime-plus-tone-sharing taid > cai4 217

The total error rate was 33.70%, which indicated that the recognition of
isolated Cantonese monosyilables was indeed difficult. Inspecting Table 1, it should
be clear that participants confused syllables with different tones most easity (Fio 132) =
8.99, MSE = 0.012 p < .01). Tonal error was much more prominent than any other
types of error in protected LSD test (#s = 3.07 to 3.51, all ps < .01). Morcover, only a
few (1.52%) errors were generated based on tonal-sharing only, arguing against our
expectation that tone alone was enough to create lexical candidate activation. Table 2
displays the exact distribution of tonal errors when participants produced syllable-
sharing responses. This is essentially a confusion matrix which provides details about

which tones are more easily confused.
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Table 2. Confusion matrix of tonal errors in Experiment 1A,

Correct response

Tone | Tone 2 Tone 3 Tone 4 Tone S Tonc 6

Tone | - (0 24 2 0 6

Tone 2 0 - 0 3 ( 0

Actual Tone 3 2 0 - 1R 0 15
[ESpoOnse  Tone 4 0 0 0 - 0 ()
Tone 5 0 7 () 7 - ()

Tone 6 0 l 5 0 1 -

The confusion matrix clcarl); shows that there seems to be more errors for
target monosyllables with Tone 3 and Tone 4. Some observations could be made.
First, the three level tones (1, 3, and 6) seemed to be higl;ly confusable. Second, the
two rising tones (2 and 5) are also confusable. Third, the falling tone (4) was difficult
to recognize and participants did not prefer to gi\;c Tone 4 responsces.

The distribution of errors actually resembled the pattern observed in Cutler
and Chen (1997). In one of their experiments, they asked participants to decide
whether two successively presented Cantonese monosyllables were identical. In the
mismatching trials, they found that when the syllables differed only in tone,
participanis’ error rate was much higher than in conditions where the difference was
on other dimensions. In other words, the present gating result converged with
previous evidence and argued against the constraining power of lexical tone in
perceiving spoken Chinese.

To provide further information about whether tonal constraint was utilized in
_recognizing the isolated monosyllables, we inspected the word candidates participants
generated before they arrived at the correct interpretation. Results suggested that in
13.91% of triais, participants had generated at least one candidate word that shared

with the actual target only on tone {(e.g., /sat6/ as /faan6/; /ci2/ as /sing2/) during the
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course of 1dentification. However. given that there were six tones in Cantonese, this
value was actually no better than chance (1>, - .73, n.v., one-sample -test against
16.67%)". This again suggested that texical tone might not be particularly
constraining in recognizing isolated monosyllables.

There were also cases in which candidates sharing rime were proposed (e.g.,

saanl as ‘faan6’; 'sau6' as 'zau6.). Yet, most of the times, participants generated
onset-shared candidates during recognition. For instance, a typical response profile
towards coengd: (1%; wall) would include initial “guesses™ such as ‘eyutd/, /eeotl!,
cockd', and -coengl- before the correct interpretation arrived finally. This reliance of
word onset in generating hypotheses about what was being heard supported the idea
that Cantonese speakers were also sensitive to subsyllabic information. Morcover, it
was consistent with studies in indo-European languages showing the special role of
word onsets in spoken word recognition (e.g., Allopenna et al., 1998; Marsien-Wilson,
& Zwitserlood, 1989). Such onset-sensitivity made sgnse in gating because the initial
portion of target words was all participants could base in responding during carly
gates. This issue would be covered again in Experiment 2A.

On the other hand, sensitivity 10 subsyllabic units should not be taken as
evidence agatnst the role of whole-syllable in Chinese speech perception. Actually,
the prevalence of syllable-sharing errors suggested that syllables were also highly
prominent. To test whether syllable representation existed over and above onset and
rime, a two-way Analysis of Variance (ANOVA) with onset-sharing and rime-sharing
as two within-item factors was conducted on the proportion of errors (Figure 2A) .

We obtained a significant interaction (F 22, = 8.93, MSE = 0.015, p < .01) such that

“ Obviously, it was just an estimation because not all tones were equally productive.

" We excluded the tone-sharing cases in order 10 observing the pure effect of segmental information. In
other words, we only included syllable-shanng {tonal) crrors, onsct-sharing (rime-plus-tone) crrors.
rime-sharing (onset-plus-tone) errors, and no-sharing {complete) errors in the analysis,
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there were more syllable-sharing errors (422, = 3.10, 3.35, and 3.51 when compared
with onset-sharing, rime-sharing, and no-sharing conditions, all ps < .01). The
significant interaction suggested that syllable was more than just the combination of

onset and rime.

Figure 2A. Proportion of errors as a function of onset-sharing and rime-sharing.
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Figure 2B. Proportion of errors as a function of onset-sharing and tone-sharing.

A0

3% |

| Toweshanng
5 =1l

| | === Thaued

| = = Hon chaied
L 1

-
~1.20

LA
Shaied Neoon haned
neet shanng




Ambiguty resolution in Chinese speech 59

Figure 2C. Proportion of errors as a function of rime-sharing and tone-sharing.

a4

50 |

LN I

T shasng
L+l 1
| —hared

== Hon chaed

tog b

Tarmi L T

Fime chaiing

We also conducted similar two-way ANOV As crossing onset-sharing/rime-
sharing with tone-sharing (Figure 2B to 2C). None of the effects approach

significance (Fsq 22, < 1).

4.2 Experiment 1B - recognizing monosyllables in context

Although researchers differed in their views about when contextual effects
emerged, it is generally agreed that context must at some points exerts effects on
lexical access. However, virtually all previous research on contextual effect
concerned how a preceding sentence constrained recognition. It is still unclear
whether contexts as short as a single morpheme can also influence succeeding
meaning retrieval in speech perception. Actually, in the classical gating study,
Grosjean (1980) demonstrated that short contexts facilitated recognition less than long
contexts. On the other hand, Tsang’s result (2006) suggested that a single morpheme
was enough to disambiguate another homonymic morpheme. In Experiment 1B, we
intended to verify Tsang’s finding in homophonic morphemes, which is the more

general case of the previously tested homonyms. Two factors were factorially
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mantipulated, namely the position of contextual morpheme and the refative domimance
of the intended homophone.  The main purpose was (o see it a morphemic context
could tacilnate syllable dentification in gating. Furthermore, we compared the
recognition performance across conditions and contrasted the patterns observed with

the processing dynamics predicted by various ambiguity resolution models.

4 11 Participanis

I'wenty-tour undergraduates (12 maIc‘s} in The Chinese University of Hong
Kong participated in the experiment. All of them were native Cantonese speakers and
none reported hearing deficits. None of them had participated in Experiment 1AL
They were paid $50 for participation.  Informed consent was obtained and full

debriefing was delivered after the experiment.

4.2.2 Materials und Design
The present experiment adopted a 2 (context position: preceding or succeeding)

X 2 {meaning frequency: dominant or subordinate) factonial design. Again, the
materials in Experiment 1B were identical to those in Experiment 3 to facilitate
comparison across tasks. Twenty pairs of homophonic syllable were selected such
that each could form picturable disyllabic concrete nouns in the four conditions (SID:
succeeded context-dominant meaning, SS: succeeded context-subordinale meaning,
PD: preceded context-dominant meaning, PS: preceded context-subordinate meaning:
see Appendix B).

Moreover, we conducted a series of pilot testing 1o ensure that the materials in
the four conditions were properly matched. First. the dominant meaning of the

syllable should be more frequent than the subordinate meaning. However, the writien
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character log-frequency (hup: 'humanum.arts.cuhk.edu.hk/Lexis/lexi-can/) between

the two conditions was significant only in one-way t-test (1,9, = 1.85, p < .05).
Therefore, to validate the meaning frequency mampulation, 20 students who did not
participate in any main experiments were presented with the twenty syllables in
L]

isolation. They were instructed to write down the first monosyllabic word that came
to their mind after hearing the syllables. 1f they were not sure, wepresented the
syllable again until it was clear to them. Results suggested that the dominant meaning
(mean = 54%, S. D. = 25%, range = 10% to 86%) was always written down at least
twice as frequently as the subordinate meaning (mean = [1%, S. D. = 12%, range =
0% to 24%). Paired-sample (-tests indicated a significant difference between
frequencies of the two meanings (19, = 6.82, p < .01).

Second, written character log-frequency for the contextual morphemes

(http://humanum.arts.cuhk.edu.hk/Lexis/lexi-can/) was matched across conditions

(Fsq.a0) = .51 to 1.62, all n.s.). Finally, because there was no available word
frequency corpus in Hong Kong undergraduates, another independent group of 20
participants rated their subjective familiarity to the words on a 6-point Likert scale (6
= highly familiar). Again, there were no significant differences observed (mean =
3.98,3.77,4.01, and 3.86, S. D. = 0.98, 0.90, 0.86, and 0.57, for SD, SS, PD, and PS
conditions respectively, all Fsq 19, < 1). Any effects observed in the present
experiment were thus irrelevant to unmatched word level famihiarity.

Recordings were done by the same female speaker in Experiment 1A, We
recorded both the isolated monosyllabic homophones (for the present gating) and the
disyllabic words for the four conditions (for Experiment 3). Other details of recording
an.d editing were identical to those in Experiment |A. Appendix B also lists

information about the durations of these stimuli.
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4.2.3 Procedure

The procedure was identical to that in Experiment 1A, with a few exceptions.
First, for every trial, a contextual morpheme was given in the answer sheet on which
participants wrote their “guesses™ towards the syllable segments they heard. Context
position was indicated by leaving a space before or afier the context for participants to
write down their responses. Participants were told that the context “might help them
to identify the speech segments™ but they were not requested to write down words that
had to fit the context. Second, each syllable was presented only once to each
participant. Therefore, the eighty possible target words were divided into four lists
such that within list, the same syllable occurred only in one condition and there were
equal number of syllables in cach condition; across list, the same syllable occurred in
all conditions. Six participants completed cach list as a group. Each of them received
a total of 337 gates. They were given about 10 seconds to respond after cach segment.

The whole experiment took about an hour.

4.2.4 Results and Discussion

In 2.29% of all trials, participants wrote down the correct response but
conform to neither criterion of correct recognition (criteria identical to those in
Experiment 1A). These trials were excluded from further analyses. In 6.25% of trials
(no difference across conditions, Fs 9, = .07 to 1.49, all a.s), participants produced a
correct homophonic response which was not consistent with the contextual morpheme.
However, they indicated that they simply forgot how to write the intended character.

Therefore, these responses were considered as correct. Table 3 presents the
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proportion of gates needed for correct recogmition and the distribution of error types

across the four conditions for the remaining data.

Table 3. Mean proportion of gates for recognition and types of error in Experiment 1B,

; . SD PD SS PS
"/ii\kfg;dlgpécded for recognition 44.77 43.82 44.90 47.39
No-sharing 0.21 0.00 ©0.00 0.21
Onset-sharing 0.42 0.42 0.83 0.42
Rime-shanng 0.42 0.00 0.00 0.21
Syllable-sharing 0.21 0.21 1.88 1.04
Tone-sharing 0.00 0.00 0.00 0.00
Onset-plus-tone-sharing 0.00 0.62 0.00 0.21
Rinw;pi‘édnnc-sharing 1.04 0.21 0.21 0.21

Note: SD = succeeded context-dominant meaning; SS = succeeded context-
subordinate meaning, PD = preceded context-dominant meaning, PS = preceded
context-subordinate meaning.

Similar to Experiment | A, participants could identify the target syllable with
only partial information. Although correct identification was apparently faster when
context was available (mean proportion of gate for recognition = 66.38% and 44.69%
for Experiments 1A and 1B respectively), we would not elaborate on this further
because the two experiments employed different stimuli. Yet, it should be noted that
facilitatory context effect on spoken word recognition has been documented in similar
gating experiments (¢.g., Grosejan, 1980). '

Furthermore, there were no significant differences among the four conditions
(Fs.9 < 1, all n.s). In other words, in the present gating experiment, the mere
presence of a morphemic context could facilitate recognition, ‘rcgardlcss of whether

the context was available early or late, and whether the more frequent or the less
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frequent meaning was o be retneved. This pattern seems o fitwell with the selective
aceess mode! of ambiguity resolution (Simpson, 1981 Tabossi, T98R) which assumes
an absolute influence by context. In contrast, 1t 1s mconsistent with models that
include eftects of meaning trequency such as ordered aceess model (Hogaboam &
Pertetti, 1975) and reordered aceess model (Dufty et al., 198&; Screno et al., 20006).
Howeser, the pattern might be attributed solely to the foose tme constraint ot
responding i a gating tash. We will retum to this issue i Experiment 3.

1he overall error rate of Experiment 1B (8960} was much lower than that in
bBxperiment TA (33.70%, ¢4y, 416, p - .01). Also, there were no significant
difterences across conditions (Fsy e, 02 to 128, all n.s). These results again
supported the mere presence of conlext was enough to facilitate syllable recognition
in gating experiments (Grosjean. 1980; 1985), Furthermore, comparing the
distributions of error types across Experiment 1A and 11, it s obvious that the largest
discrepancy lics on the amount of tonal errors (Figure 3). Indeed. the interaction
between experiment and type of errors was highly significant (Fis 2460 5.26, MSE
67.74, p - 01). Post-hoc pairwise comparison suggested that only the proportion of
tonal crrors differed across experiments (451, - 3.00, p - .001). Therefore, in contrast
to Experiment A, tone was actually quite constraining in Experiment 18.
Interestingly, in a recent experiment, Schirmer ¢t al. (2005) discovered that when
prior context was available, lexical tone could be as constraining as segmental
information (rime) in lexical activation. In their experiment, participants heard a
series of sentence and completed a congruity judgment. In some sentencces, a correct
monosyllabic word {e.g.. beng6.; i1 iliness)y was replaced by a mismatched word.
Results indicated that a tone-mismatch word (c.g.. ‘beng2-; {iif: biscuil; when the

actual target was) produced an N40OO of comparable size and lateney to the one



Ambiguity resolution i Chinese speech 65

generated by a rime-mismatch word (e.g.. /bou6/; ‘L step) in sentence comprehension.
Theretore, Chinese speakers appeared Lo be sensitive to lexical tone in context
(Experiment 1B Schirmer ct al., 2005) but not when the stimuli were presented in

wsolation (Experiment TA; Cutler & Chen, 1997). «

Figure 3. Distribution of types of errors in Experiment 1A and Experiment 113,
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Inspecting the candidate words participants generated before they reached the
final answers indicated that the faster convergence in Experiment 1B was not simply
due 1o expectation of the target based on the contextual morpheme given. If they did,
all their responses would have fit the context very well. This was not the case,
however. Rather, resembling the pattern in Experiment | A, participants produced
many onset-shared candidates when limited information was given. For instance,
participants produced candidates such as /luk6/ and /laap6/ before the correct
identification /laam$5/, even though they could not combine meaningfully with the
context (see Tyler, 1984 for similar findings). However, participants needed less
tnformation for correct identification in Experiment 1 A, showing that context might

act to speed up candidate convergence. In other words, under the present gating
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procedure, bottom-up acoustic signal cooperated with top-down contextual bias to
constrain lexical activatton (see Christtansen & Chater, 1999: Gaskell & Marslen-

Wilson, 2001 for theoretical significance for such cooperation).

4.3 Summary of Experiment |1

In two gating experiments, we successfully replicated in our Chinese speakers
major findings ot speech recognition obseryed i Indo-European languages with
similar methodologies. First, partial information (about SO 1o 6074 of total acoustic
inputs) would be sufficient for correet recognition, In addition, before succeesstul
recognition, they generated candidates that fit the acoustic information available so far
ti.e.. onset-fit words). This illustrated that Chinese speakers also conform to the basic
principle of “active™ speech processing: People will not just sit and wait until all
speech signals are available (e.g.. Allopenna et al., 1998; Grosjean, 1980). Rather,
they actively generate possible hypothetical words based on what they have and test
these hypotheses against the incoming information. This continuous or incremental
processing appears to be a universal characteristic of speech perception. After all,
given the limited capacity of short term memory (¢.g.. Miller’s magical number seven,
1956), it would be highly risky to hold a copy of the speech signal and delay
immediate processing. Also, in the acoustic signal there ts actually no clear syllable
boundary. 1t is thus not obvious when histeners can stop waiting and start processing.
A more active processing dynamics may theretore be the more efficient alternative to
passive waiting,

Second. in both Experiments 1A and 1B, our participants did not commit
whole-syllable errors significantly more. In contrast. analyses on the distribution of

error types suggested that most of the tme, the errors made would share either onset
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or rime with the actual target. Morcover, the profile ot candidate generation betore
correct recognition also indicated sensitivity 1o word onscets. These data converged on
the significant role of subsyllabic unit in Chinese speech perception, despite the
obscrved prominence of syllabic unit in Chinese reading acquisition (Cheung et al.,
2001 MeBride-Chang et al., 2004) and Chinese speech production (Chen, 2000 Chen
ctal., 2002y Actually, latest finding (Wong & Chen, 2008) also supported the role of
subsvyliabic units such as rime in Chmese speech production. 1Cs unclear why such
discrepancy exists; tasks, materials, and procedure probably jointly contribute. In any

case, it seems that the role of subsyllabic umit should not be overlooked in studying

o

s
Chinese speech processing. \\

.

On the other hand, it is also unlikely that sylable 1s completely irrelevant to
Chinese speech perception because there were more errors sharing the whole syllable
(onset-plus-rime; 1.c., tonal errors) than the sum of errors sharing onset {i.c., rime-
plus-tone errors) or rime alone (1.¢., onset-plus-rime errors; see Experiment TA). This
interactive nature supported a role of syllabic unit over and above subsyllabic onces.
In other words, both syllabic and subsyllabic representations exist in processing
Chinese speech.

Finally, while lexical tone is a distinctive feature in Chinese speech that helps
disambiguate between otherwise identical syllables (e.g., /boul/ and /boud/), its
functional role seems to be qualitatively different from that of segmental units like
onset and rime. Such a conclusion is inconsistent with Sum (2003), in which a
primed auditory lexical decision task was used. [n the present experiment, Cantonese
speakers did not appear 1o use tone to generate possible candidates betore correct
identification like they did with onset. Morcover, without context, fexical tene could

only play minimal role in constraining lexical access, whereas onset and rime were
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stitl Highly etfective cues {Experiment TA). Indeed, there were a large amount of tone
errors. Also, the difference between proportions of onset-¢rror and onsct-plus-tone
error, and that between rime-error and rime-plus-tone error, were not statistically
significant.

Yet, we cannot completely dismiss the role of lexical tone in Chinese speech
pereeption because when context was available, it became as important as segmental
information (Experiment [B: Brown-Schmidt & Cansceo-Gonzalez, 2004; Schirmer
etal., 2005 Ye & Conmine, 1999). Giiven that fundamental frequency of speech (FO,
the physical realization of lexical tone) varies according to gender, age. and/or
emotion, generating candidates based on the pereeived piteh level is likely to be
misleading, especially when there are not enough acoustic context available for
normalization (¢.g.. Moore & Jongman, 1997; Peng, 1997). Therefore, we speculate
that lexical 10one is playing less a generative role and more as a selective bias in the
dynamics of Chinese speech perception: When enough contextual information is
available, it acts as a sccondary source of constraints to climinate candidates that fit
the segments but violate the tonal envelop required by context.

1t should be noted that the suceessive presentation procedure adopted in the
present gating experiments might have produced a conservative estimate of the
recognition point (Walley, Michela, & Wood, 1995). Yet, this will simply reinforce
our proposal that partial information is sufficient for successful recognition. Also, the
conclusions based on error types and candidates generation are independent to the
estimation of recognition point. Therefore, the particular presentation parameters
used here are unlikely to contribute to the effects observed. On the other hand, given
that participants were asked 1o pause and write down their responses after hearing

cach segment. the gating procedure itselt appears lo encourage post-aceess processing
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and response strategies (but see Grosjean, 1996, for counter-arguments). Specifically.
participants may be more sensitive to word onset because it has been presented
repeatedly with increasing segment sizes, Also, the long lag between hearing the
segment and deadline of responding could have allow participants o resolve
ambiguity completely before writing down their responses, thus masking the more
dynamical details of the resolution process. Given these concemns, it is desirable o
replicate Experiment 1 with a more natural, sensitive, and online paradigm. In
Experiments 2 and 3, we studied the same issucs addressed in Experiment 1 with the
recently developed visual-world paradigm (Tanenhaus & Spivey-Knowlton, 1996;

Tanenhaus ¢t al., 1995y,
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Chapter 5
Experiment 2 — Fundameotal units in Chinese speech comprehension
Three experiments employing the visual-world paradigm were conducted o

provide a detailed account about the fundamental processing units in spoken Chinese.
In particular, we tirst tested the psychological significance of various hypothetical
linguistic umts such as onset, rime, tone. and syllable in Chinese speech perception
tExperiment 2A). Next, given the special role of word onset as hypothesized in
different models of speech processing, we focused more specifically on the role of
onsct in Experiment 2B and 2C. Data gathered in these experiments would create the

basis on which formal models of Chinese speech comprehension was constructed.

5.1 Experiment 2A — the role of onset, rime, syllable, and tone

Experiment 24 Ecrvcd as a nigorous test for the relative importance of onset,
rime, syllable, and tone in Chinese speech perception. Although in Experiment 1, we
demonstrated that both onset and syliable were important units, while the role of rime
and tone appeared to -bt: unstable and secondary, the controversies over the validity of
the gating paradigm precluded a strong conclusion on the issue. To gather additional
data Qn the basic processing units in Chinese speech, we presented participants with
the same monosyllabic words used in Experiment 1A and simultaneously tracked
their eye-movements over several pictures. Actually, a previous study by Allopenna
et al. {1998) showed that the visual-world paradigm could detect robust effects due to
nme-sharing, while gating was only sensitive to word onset. Given that the acoustic
dctailé of rime and tone were available at a similar time point, visual-world might
well be more sensitive to tone-sharing than the conventional gating procedure.

Therefore, we might be able to observe candidate generations based not only on onsel
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and svllable, but also on rime and tone 1n Chinese speech perception with the more
sensitive visual-world paradigm.  In other words, as participants heard the target
monosyllubles and deaided whether a concurrent visual display contained the
presented word, we expected to see more fixations on the competitors that shared
onset, rime, sy llable, or tone with the target than distracters that shared nothing, which
indicated that these competitor candidates were activated and considered during the

course of spoken word recognttion.

S 1 Parncipants

T
4

Thirty-two u'ndcrgradualcs (12 males) in The Chinese University of Hong
Kong participated 1n the experiment. Allof them were native Cantonese speakers
with no known hearing-deficits and had normal or correct-to-normal vision. None of
them had participated 1n the previous experiments and pilot tests. They were paid $50
for participation. Informed consent was obtained and full debriefing was dehvered

after the experiment.

512 Mawerials and Design

Materials used in Experiment 2A were identical to those in Experiment 1A
(sce Appendix A). Specifically, each of the 24 target monosyllables (e.g.. ‘boul’)
formed four conditions by pairing with an onset-shared competitor (O condition; e.g..

-

buil ), a rime-shared competitor (R condition; e.g.. ‘doul:), a syllable-shared
competitor (S condition; ¢.g.. ‘boul’), and a tone-shared competitor (T condition; ¢.g..
coid }, creating a total of 96 experimental trals. Fach trial contained a target, one of
its competitors and an unrefated control distracter. which was actually taken from the

competitors of other targets, shown on a visual display. For instance. one valid
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experimental tnial would include the target /bould/, the onset-competitor /buil/, and the
unrelated distracter /dau2/ (which was the onset-shared distracter for the target /dou6/).
Also, there were no orthographic or semantic relationships among the lhr\-:.: items.
Other tniplets of items were created similarly so that each target ﬁarmcd.jriuls with all
competitors in its set. In addition, another set of 24 items was Lrt:_c\l}bd ..with the same

{
composition of conditions. However, the auditory target in these trials could not be
found in the vishal display (e.g.. the syllable /ting4/ was presented for a visual display
containing ‘'min6/, ‘'muk6/, and /'wongd/, noticed that there was onset-sharing between
two of the items). These trials served as fillers which required *“no” responses in the
target detection task.

Objects shown in the visual display were simple line drawings obtained from
the picture database in our laboratory or by searching in the Google Image Database
(2007). Each display contained the three objects in a triplet arranged in either v-shape
or inverted v-shape (see Figure 4). The target object appeared equally often in each of

the three positions.

Figure 4. A sample display used in the present visual-world experiments.

Because the same target was paired with four different conditions, to avoid

target repetition, the 96 experimental trials were divided into four lists. Within a hist,
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cach target and its corresponding competitors/distracters appeared only once. There
were 6 trials for each condition in one list. Across lists, the same target was paired
with all conditions and each competitor/distracter appeared twice. The same set of 24
fillers was added to the expenimental items, resulting in 48 tnals in each list.  Finally,

eight practice trials were prepared to acquaint participants with the procedure.

5! 3 Procedure

Participants were tested individually in a sound-proof room. They were seated
about 50cm from the computer screen. At this distance, each picture on the visual
display was within the size of 9° X 9°, and the inter-center distance between pictures
was about 20°. Participants’ eye-movements were recorded by the Eyelink 1000
Desktop System (SR Research, Canada) with a sampling rate of 1000Hz. Viewing
was binocular but we recorded fixation position of the right eye only. A chin-rest was
used to minimize head movements. The standard nine-point calibration procedure
was conducted to ensure the accuracy of fixation recording to be within 0.5°.

Each participant was assigned randomly to one experimental list (eight
participants for each list). They were told that in each trial, a central fixation point
would appear (for drift correction). After they established stable fixation on that point,

L
they would be presented with a Cantonese monosyllabic word via speaker and a
visual display containing three ot;jccls on the LCD monitor simultaneously. The
visual display would remain on the screen until participants responded or after three
seconds had passed (trial time-out). Participants were asked to decide whether the
target word they heard was depicted by one of the objects on the screen by pressing
corresponding keys on a gamepad connected to the Eyelink system. Their eye-

movements and responses would be recorded as they searched through the display.
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Before the experimental Iisl.‘pzmicipams were given eight practice tnals with
materials not used in the actual experiment. Clarifications and additional practices
were dehivered upon request. Afier that, the 48 experimental trials were presented
randomly. Stmuli presentation and recording were controlled by the Experiment
Builder provided by SR Research. Participants’ fixation accuracy was checked every
trial when the fixaton point was shown. Re-calibration was conducted if needed.

T'he whole experiment took about 20 minutes.

5.1.4 Results and Discussion

Tnals with incorrect responses or without responses within three seconds were
coded as errors and eliminated from further analyses (11.33%). Trnals in which
responses were made without having fixated on the target were also discarded (1.04%)
because it was unclear whether participants had really found the target with peripheral
vision or they had misinterpreted the spoken syllable. Table 4 presents the mean
reaction times (standard deviations) and error rates of target detection as a function of
competitor conditions.

Table 4. Mean reaction times and error rates (standard deviations in parentheses; of
target detection in Experiment 2A.

Condition Reaction time (ms) Error rate (%)
Onset-sharing 1516 (253) 13.2(11.0)
Rime-sharing 1474 (196) 6.3(11.8)

Syllable-sharing 1509 (246) 14.2(13.4)
Tone-sharing . 1389 (200) 12.2 (8.8)

From Table 4 it is obvious that participants could recognize the target much

easier than in Experiment 1A, Identification seems to be particularly effortless in the
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rnme-sharing condition (low crror rate) and tane-sharing condition (fast reaction time).
To verify these observations, one-way Repeated Measure ANOVA was conducted
treating subject (F7) and item (F£2) as random factor. Results indicated that the four
conditions differed sigmficantly in reaction times (F/,; o4, = 4.68, MSE = 23220, p
< 01 F2,; o0, = 3.70, MSE = 36884, p < .05). Further pairwise comparisons with
LSD correction suggested that the difference could mainly be attributed to faster
reaction times in the tone-sharing condition (¢/,3;, = 3.01, 2.71, 2.92 compared with
onsct-sharing, rime-sharing, and syllable sharing conditions, all ps < .05; 12,53, = 3.22,
1.74, 2.30 compared with onset-sharing, rime-sharing, and syllable sharing conditions,
all ps < .1). There was also a significant difference in cfrur rates across the ‘fuur
conditions in subject analysis (F1,; 93, = 3.15, MSE = 0.013, p < .05; F2,; 50,= 1.37,
MSE = 0.021, n.s.). Rime-sharing condition had the lowest error rate compared with
other conditions (¢/,;;, = 2.29 1o 2.55, all ps < .05).

Next, in each condition, we computed the mean fixation proportions towards
the target, competitor, and distracter pictures over 100 ms time windows from Oms 1o
| 500ms after trial start. The results are presented in Figures 5A to 5D. Important
similarities across conditions emerge when inspecting the four figures. First, well
before 1500ms (roughly the grand mean reaction time), participants were looking at
the target exclusively in all conditions. This conformed to the basic underlying
assumption of visual-world paradigm that participants needed to look at the target
before responding. Second, consistent with other visual-world studies, 1t took about
150 ms to 200 ms to plan and execute saccades to any pictures on the display. Third,
there was a period of Sonfusion (looking at all pictures) before being able to fixate on

the target unambiguously.
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Figure SA. Fixation proportion over time for the onset-sharing competitor condition.
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Figure SB. Fixation proportion over time for the rime-sharing competitor condition.
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‘igure SC. Fixati ion over time fe > syllable-sharing competi >ondition.
Figure 5C. Fixation proportion over time for the syllable-sharing competitor condition
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Figure 5D. Fixation proportion over time for the tone-sharing competitor condition.
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A closer inspection in the course of target fixations reveals clear differences

across conditions. For the tone-sharing competitor condition, the period of confusion

-
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was very brief. Fixation proportion towards the actual target started nsing

monotonically at about 300 ms after word onset and reached a plateau at about 700

ms. In contrast, the other conditions had the target fixation increased at 400ms and

the plateau reached at much later (800 ms to 1000 ms). Morcover, the rime-sharing

competitors appeared o be fixated more within a time window of 500 ms to 900 ms.

Similarly, the syllable-sharing competitors were also fixated more from 300 ms to 900

ms. It should also be noted that in the onset-sharing condition, the unrelated control

distracters were receiving more fixations intially.

To verity the above mentioned observation with statistical analyses, we
collapsed the fixation proportions on difterent pictures from 201 ms to 900 ms to
represent the ime window of target syllables (200 ms for succud;‘ planning and
execution: mean target syllable duration roughly equal to 700 ms). We also included
a more fine-grained analysis by separating the whole syllable time window into two
parts (first part: 201 ms — 500 ms: second part: 501 ms — 900 ms). The mean fixation
proportions (standard deviations) of the four conditions in different time windows are
presented in Table 5.

Statistical analyses confirmed the observation. Repeated Measure ANOV As
treating competitor condition and picture of fixation as two independent variables
revealed robust interactions between the two factors in 201 — 900 ms (F /4 150, = 9.79,
MSE = 7796, p < .01, F2,5 115,= 4.14, MSE = 12697, p < .01), in 201 - 500 ms (F/,,
ixor = 1.08, MSE = 164.24, p < .O1; F2. 134,= 1.18, MSE = 124.76, n.5.), and 501 -
900ms (Flw, se= 871, MSE = 151.49, p < .01; F2,5 135 = 4.15, MSE = 269.50, p
< 01). A series of one-way ANOV As was then conducted compare the fixation

proportions on the different pictures in cach condition and cach time window.
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Onset-sharing competitor condition. One-way ANOV As revealed a significant
picture type main etfect withm 201 SO0 ms (F1,> o2, 3.73, MSE = 13545, p < 05,
F2.: 4oo< 1) Contrary 1o our expectation, however, participants fixated on the
unrelated distracter more often than the onset-sharing competitor (¢4, -~ 2.56,p

< .05); other differences were not significant.. Within 501 - 900 ms, there was again a
picture type main effect (F1,> 55, 106,91, MSE = 20042, p < 001; F2> 40,= 17.68,
\ISE - 74754, p < 01). There were more fixations on the target picture than both the
competitor and distracter (all ps < .01). For the whole tme window 201 -~ 900 ms,
again the picture effect was significant (F /> 12, = 72,73, MSE =99.01, p < .001; F2,
= T35, MSE = 570.75, p < .01). Pairwise comparisons indicated that there were
more fixations on target than competitor and distracter (all ps < .01). There were also

more fixations on distracter than competitor in subject analysis (¢/,:4, = 3.10, p < .01).

Rime-sharing competitor condition. Analyses revealed no significant picture type
effect within 201 - 500 ms (F1 > 4= 0.69; F2,5 45, =0.10). In contrast, there was a
robust picture type effect within SO1 - 900 ms (F/ > 3= 14211, MSE = 11775, p

< .001: F2,> 4= 35.67, MSE = 354.07, p < .01). Pairwise comparisons indicated that
the fixation proportion on targets higher than that on competitors (all ps < .01) which
was In turn high.cr than that on distracters (¢/,3,, = 3.50, p < .01; 12,25 = 2.09 p < .05).
Finally, the picture type main effect was also significant for the overall window 201
900 ms (F1,> 32,=74.22, MS&. - 65.86, p < .001: F2,> 4u,= 7.83, MSE = 453.80, p
<.01). Participants fixated more on target pictures than both the competitor and

distracter pictures (all ps < .05).
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Svllable-sharing competitor condition. The fixaton proportion within 201 - 500 ms
showed a significant picture type effect (£1,> o2, = 4.86, MSE = 205.69, p < .05, F2,;
= 1) ‘In this carly time window, both the target and the competitor had already
been fixated significantly more than the unrelated control (175 = 2.54 and 2.36
respectively, both ps < 05). The picture type effegt was further amplified in the later
time window 501 - 900 ms (F/,- ., = 58.76, MSE = 242.3_(’1. p<.001; F2,2 4,= 17.61,
MSE  491.45 p < 01). Target pictures were fixated significantly more than
competitors (all ps < .05), which were in turn fixated more than distracters (17,4, =
4.7, p= 01;12,5;,  2.53, p<.05). Finally, within the whole time window 201 — 900
ms, a significant picture type effect was observed (F1,> 12 = 4?..(15, MSE = 107.35, p
< .001: F2,5 40,= 7.32, MSE — 407 .58, p < .01). Participants fixated more on the
targets than on the competitors (17, = 898, p < .01; 12,55, = 3.98, p < .01). However,
the diftference between competitor and distracter fixations was only significant in the

subject analysis (17, = 4.62, p < .01; 1223, = 1.60, n.s.).

Tone-sharing ('mm:ilm' condition. There was a significant picture type main effect
within 201 - 500 ms in the subject analysis (F1 > 5= 19.49, MSE = 160.98, p < .01).
The target was fixated significantly more than both competitors and distracters (all ps
< .05), which did not differ by themselves. For the later time window 501 — 900 ms,
the picture type effect was robust (F1,> 32, = 187.86, MSE = 169.66, p < .001; F2,> 44,
=58.19, MSE =412.11, p < .01). Again, the target was fixated significantly more
than both cpmpetitors and distracters (all ps < .05). Exactly the same pattern could l;c
observed when the whole 201 — 900 ms time window was considered: Overall picture

type effect was significant (F/ 2 32, = 16388, MSE = 7443, p < .001; F2,: 40,= 22.37,



7

-

e

Ambiguity resolution in Chinese speech 82

MSE ~ 388.73, p < .01), with the difference attributable to higher fixation proportion

on the target pictures than the other two pictures (all ps < .01).

Fable 6 presents a brief summary of the fixation proportions on targets,
”
competitors, and distracters within different time windows for cach €ondition. The
. g% N ; - g
most notable finding is that in the tone-competitor condition, fmrlﬁ'lpzlnls could start
fixating on the actual target in the early time window of 201 - 50 Oms. In contrast, in
all other conditions, there was a relatively long period of uncertainty in which
participants looked at various pictures before making a strong commitment over any
object. Such discrepancy scems to be consistent with the results in Experiment 1A in
suggesting that lexical tone is not involved in candidate generation. In other words,
the tone-competitor was not activated due to its tone-sharing with the target. As s
activation level remained low, it would not be confused with the target and interfere
with target fixations. Furthermore, the fast convergence of eye fixations on the target
in this condition supported the incremental nature of speech perception in Cantonese.
Participants could rapidly integrate the acoustic signals received and came up with
hypothetical candidates. As long as a specific candidate met other response

cunslrai215 (the visual display in the present study), it could create a response bias
wdf

.

(recognition based on partial information) accordingly.

_Table 6. Summary of differences in fixation proportion across conditions.

Condition 201 - 500 ms 501 - 900 ms 201 =900 ms
Onset-sharing D=T>C * - T>C=D T>D>C
Rime-sharing T = =1 T>C>D T>C=D

Syllable-sharing T=C>D T>C>D T>C>D
Tone-sharing T=>C=D ' T>C=D T>C=D

Note: T = target fixation proportion; C = competitor fixation proportion; D =
unrelated distracter fixation proportion: * = only the difference between distracter and
competitor reached significance.
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For the nime-sharmg condition, imtially participants were not sure about which
picture would be the target betore they finally gather enough intormation to recognize
the actual target. a pattern that it guite well with the results in gating. More
importantly. howeyer, i this condition there were more competitor fixations than
distracter tixations in the late time window (301 900 ms). Participants were
sensitiy e (o the later portion of the target words and used 1t o activate rime-matched
candidates. The high activation of competitor words was then translated into a
stronger bias ot eye gaze towards them than towards the corresponding distracters.
Result of this condition not only supported the greater sensitivity to rime in the visual-
world paradigm than in gating (Allopenna et al., 1998), 1t also suggested that, given
appropriate experimental procedure, Cantonese speakers could respond based on
subsyllabic information.

Again, the ability to utihize the subsyllabic rime did not imply that syllable
played no role in Chinese speech pereeption. 1t is clear from Table 6 that unlike the
rime-sharing condition, which showed more competitor tixations only in the later time
window, competitor fixation proportions were in general higher than the unrelated
distracters (201 900 ms) in the syllable-sharing condition, Even in the carly time
window (201 500 ms), the competitors were already hixated significantly more than
the distracters. Actually, they were as active as the real targets. In other words,
contrary to the complete initial confusion in rime-sharing, participants could very
quickly 1solate the correct syllable and separate it from other otally mismatched
words. However, since there was a total segmental overlap between targets and
competitors, participants needed more time to gather subtie acoustic information
(probably mcluding lexical tone) before arriving at the correet nterpretation finally.

The general pattern of high competitor fixations in this condition was thus consistent
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with Experiment 1A in supporting the existence of independent syllabic effects
beyond the subsyllabic ones”.

On the other hand, not all results in the present experiment were equally
interpretable. The most unexpected finding was the observation of high distracter
fixations in the onset-sharing condition. In both the early (201 - 500ms) and the
overall (201 - 900ms) time window, there were significantly more fixations on the
unrelated distracters than on the onset-sharing competitors. We also tested whether
the slight elevation of fixation proportion on onset competitor within 901 - 1200ms
was significant (see Figure 5A). Unfortunately, it was not (both ps > .1). Following
the same linking hypothesis as before, we were forced to conclude that distracters
were more highly activated than the corresponding competitors!” This was odd
because distracters should be total mismatches to the speech signal. Furthermere;
these results seems particularly unusual given the strong onset effect in candidate
generation in Experiment 1A and in previous studies using Indo-European langﬁa’ges
(e.g., Allopenna et al., 1998; Marslen-Wilson & Zwitserlood, 1989). They were also
inconsistent with the rapid convergence on targets over distracters in the syllable-
sharing and tone-sharing conditions in the present experiment.

One possibility for such unexpected finding is that the onset-sharing was too
brief in most of our materials. Its facilitation on competitor activation was therefore
very small and could be easily overridden by quick negative feedback from later
phonemes. Support for this proposal came from the visual-world study by Allopenna

et al. (1998), who actually defined onset-sharing as overlapping of the whole initial

¥ One possibie concern here is that our participants were mistaking the competitor as the actual target.
Two observations arguc against this possibility. First, target fixation was still the highest, indicating
that participants could recognize the target. Second. we would expect much lower miss (error) rate 1f
competitors were mistaken as target. This was not the case, however, as Table 3 shows.

” It should be noted that the high fixation on distracters was irrelevant to uncontrolled picture properties
because the same distracter was the competitor in another trial. Its “attractivengss™ was thus balanced
across conditions. .

. L]
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sviiable (eogl, beaker™ and Ubeette™ share the entire first syllable). In their study,
strong onsct-competitor activation could be observed over a 600ms time wimdow. In
order to provide more information about how anset-sharing affect Chinese speech
perception through candidate generation and selection, we conducted Experiment 2B

with materials that should maximize the chance of observing onset-sharing effects.

8.2 Experiment 2B - a deeper look to the role of word onset

The prmary goal of Fxpeniment 2B was (o investigate more deeply the role of
onset 1 Chinese speech pereeption. To be specitic, we ested whether the absence of
competitor actination over distracter in the onset-sharing condition (Experiment 2A)
could be attributed to the himited phonemic overlapping (a single inital phoneme)
between the target and competitor. To achieve this goal, we explicitly manipulated
the degree of initial phoneme overlapping between the targets and its corresponding,
competitors. [n the present experiment, we compared the activation of three types of
compctilnré. namely the onset-sharing condition, the onset-plus-sharing condition,
and the embedded word condition. While the onset condition again shared only a
single phoneme with the target, the latter two conditions had larger overlapping with
the target. For instance, ‘caaid (4% firewood; onset-plus) and ‘caads ( 17 tea;
embedded word) shared two phonemes with the target /caaud/ (i nest). If the
degree of phoneme overlapping really matters, we would observe more tixations on
competitors than distracters in the onset-plus and embedded word conditions.

Experiment 2B also served the secondary goal in providing empirical data on
how fully embedded words were recognized in Chinese speech. Answer to this
question 1s not quite straight forward ((rosjean, 1985; Salverda. Dahan, & McQueen.

2003). [n principle, the isolation point of an embedded word should locate atter its
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.
word offset because by detinition, there 1s always another word that shares all
phonemic content with at (e.g., /caad’ was totally nested within jcaaud/). With this in
mind. a reasonable expectation s that recognition of embedded words should be
delayed. Yet, some previous studies (e.g.. Davis, Marslen-Wilson, & Gaskell, 2002;
Salverda et al.. 2003) showed the contrary: An embedded word could indeed be [
recognized very quickly. Research on this topic has the important potential of
informing how participants could successfully segment a particular word from the
continuous speech stream.  Virtually nothing about this was done in Chinese despite
the presence of heavy word nesting (e.g., M¥: smoke was embedded in ) ash,

which was in turn embedded in £} )41 ; ashtray). The present experiment intended to

provide preliminary data on this issue.

5.2.1 Participants

Twenty undergraduates (eight males) iMncsc University of Hong
Kong were recruited for this experiment. They were paid $50 for participation. All
of them were native Cantonese speakers, reported n-n hearing deficits and had normal
or corrected-to-normal vision. None of them had participated in the previous
experiments. Informed consent was obtained and full debriefing was delivered after

experiment.

5.2.2 Materials and Design

Eighteen target monosyllables were prepared for Experiment 2B. Although
we tried to pair each target syllable with competitors from all three conditions (onset,
onset-plus, embedded), we failed because of the constraints in visual-world paradigm

that all items should be concrete nouns. Therefore, each target could only be paired
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with two conditions.  For example, the target ‘caaud/ could only be paired with lhc‘
onset-plus competitor ‘caaid’ and the embedded competitor /caad/, while the target
baaul could be paired with the onset competitor ‘boul’/ and embedded competitor
baal . ltems in a set also shared l;mc so any effect could only be attributed to the
degree of segmental sharing. In total, there were 12 1tems for cach condition (see
Appendix C). In addition, we prepared 12 filler trials which had the target sharing
rime or tone with the competitor 1o decrease participants’ awareness to manipulation
of the initial phonemes. Furthermore, there were 30 trials requiring “no” responses in
the target detection task. Procedure for syllable recording and editing was identical to
previous experiments. Appendix C also shows the duration of target syllables for .
experimental items.

The experimental tnals were divided into two lists such that cach target
appeared only once in each list. Within a list, there were six items for cach condition.
And across lists, all target-competitor pairs were presented. The same set of fillers
(12 items) and “no” tnals (30 items) were added to each list, resulting 60 items in

. total. Visual displays were prepared in the same way as Experiment 2A.
7
5.2.3 Procedure

Participants were randomly assigned to t:'xpcrimcmal list until there were 10

persons in each list. Procedure was identical to that in Experiment 2A. The whole

experiment lasted for about 20 minutes.

5.2.4 Results and Discussion
All responses were made after fixating at the target. Trials with incorrect

responses or without responses within three seconds were coded as errors and
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chimimated trom further analyses (16.67%). Table 7 presents the mean reaction times

(standard deviations) and error rates of target detection as a function of competitor

: _ 3
conditions. The overall values were comparable to those in Experiment 2A. Despite
the apparent longer reaction time and higher error rate in the onset-sharing condition,

-»

none of the effect approached statistucal sigmificance (all ps > (1), In this sense,

ditficulty in target detection was closely matched across conditions.

Table 7. Mean reaction imes and error rates (standard deviations in parentheses) of
target detection in Experiment 2B.

Condition Reaction time (ms) Error rate (%)
Onset-sharing 1542 (216) C19.2(14.5)
Onset-plus-sharing 1518 (246) 126(11.9)
Embedded word 1442 (226) 184(14.1)

Again, we plotted the fixation proportion over time curves for each condition
from Oms to 1500 ms. We also collapsed the three competitor conditions to produce
an “onset (all)” curve which resembled the unspecified onset-sharing condition in
Experiment 2A. Figures 6A 10 6D display these curves. The shape of the “average™
curve indeed fits quite well with Figure SA. So we have successfully replicated the
unexpected pallcr'n in the previous experiment with a different set of materials.

Next, we examined the data with reference to our hypotheses. Contrary to our
expectation, sharing more word initial phonemes did not help much in boosting the
activation level of competitors. Actually, in all ime windows, there were no
interactions between competitor condition and picture of fixation (F/4 7, = .32 10
1.14; F2,4 66,= .07 10 .37)'". Yet, a closer inspection on the curves suggests some

potential differences in competitor activation across conditions: In the late time

** In the 1item analyses of Experiment 2B. competitor condition was treated as a between-item factor

because target-competitor painng was incomplete.
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window (501 - 900 ms), participants appeared to fixate more on the embedded word
competitors than on the unrelated distracters. This competitor fixation was much
weaker in the other two conditions. We performed a series of un‘c-way ANOVAs to
further test the fixation proportion as a function of picture type in each condition and
time window. Table 8 presents the mean fixation proportions (standard deviations) in*®

~ &
cach condition. .

w Figure 6A. Fixation proportion over ime for the onset-sharing condition.
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Figure 6C. Fixation proportion over time for the embedded condition.
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st sharing compettior conditon. Wathin the ume window 201 500 ms, one-way

-

TANOV As revealed a stgnificant picture type mam cffect in subject analysis (F/7, - 4y,
VA2 MSE ARV p o 050 F2,5 oo« 1) Parrwase comparisons suggested that
distracters were fixated more than competitors (14,50, 376, p < 01 ) other
differences were not sigmificant. Wathin 501 900 ms, there was agam a picture
effect (F/,- o, 1930 MSE 43034, p- 01 F2,: 0 604 MSE 59243 p< 01).
with more fixations on targets than on distracters (1,59, 4.70.p < OV 22, 3 1d.p

O01) and on competitors (17,5, 462, p~ 0112, 215 p  054). For the whole
ume window 201 900ms, participants fixated on targets (F1,- ., 7.97, MSE

IRG A2 p- O F2,0 =, 222, s ) significantly more than on competitors (14,

3.45, p < .01) and margmally more than on distracters (¢/,,4, = 2.45, p < .05).

Onset-plus-sharing competitor condition. There were no significant differences in
201 = 500 ms (Fl,> ss - 1.62; F2,2 >, 0.26). The superior target fixations emerged
n S01 - 900 ms (F1,> o= 3135, MSE - 358726, p < .01, F2,5 55, 11.79, MSE
470.80, p < .01). Pairwise comparisons showed that targets were fixated more than
both the competitors and distracters (all ps < 05), which did not differ by themselves.
T'he same pattern holds for the whole time window 201 - 900 ms (F /1, ;= 14.04,
MSE = 32801, p < 0l F2: =, 535, MSE - 400.44, p < .05). The higher fixation

proportion on targets over competitors and distracters was also robust (all ps < .05).

Embedded word competitor condition. The overall fixation pattern (201 900 ms)
was stmilar to the other two conditions (F/,> ;= 3001, MSE - 9491, p < 01, F2,; -,
= 1.83. n.x. ) in showing significantly more target fixations (ps < .01). Yel, the

detailed ume course in the embedded condition appeared to be quite umique: Even
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though m the carly tme window participants again had lower fixation proportions
(F1 - o, 1904 MSE 13566, p - 01 F2, 2 074 1.8) on competitors than on
targets or distracters (ps < 01), there was a rapid boost in competitor activation within
SO 900 ms ¢F1,- o, 2849 MSE 25627 . p~ 0L F2,0 55 562, MSE 66893,
~
P 05 In this time window . fixation proportion on targets was higher than that on
competitors (14,0, 367, p~ Oh which in turn was higher than that on unrelated
distracters (10, 30 70pc 02,5, 1920p 081 Inother words, perhaps being
delayed., but the embedded words were really activated and considered in the
candidate set during the course of recognizing the corresponding target monosy Hables.
Fabic 9 presents a brief summary of the fixation proportion on targets,

competitors, and distracters within different tme windows for cach condition. We

‘
rephicated the lack of competitor activation with onset sharing in Experiment 2A. 3

.

Onset alone is therefore not a particularly strong determinant for candidate generation
in online Chinese speech perception. Moreover, in general participants performed
quite similarly across the three conditions (201 - 900 ms): They could reach the target
and fixated on it significantly more than other pictures before responding. This might
account for the lack of interaction between condition and picture in the imtial analysis,

indicating that more phoneme overlapping did not necessarily lead to overall stronger

competitor activation,

Table 9. Summary of differences in fixation proportion across conditions.

Condition 201 - 500 ms S01 - 900 ms 201 900 ms
I
Onset-sharing D-T>C * T>C-D T>C-D
Onset-plus-sharing ~F=C=D T>C D -C D
Embedded word D=T>C T-C=>D 1 -C D

Note: T = target fixation proportion; - competitor fixation proportion; D
unrelated distracter fixation proportion; * = only the difference between distracter and
competitor reached significance.
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Howcever, looking more closely into the temporal evolution of competior
fixanons could reveal effects due 1o larger phoneme overlapping. Although usually
competitors had lower, or at best, equal, fixation proportions to the distracters, within
501 900 ms. embedded words were actually more haghly active than the unrelated
control distracters. This finding appeared to be consistent with previous studies
show ing confuston between embedded and carrier words (c.g.. Vroomen & de Gelder,
1997). k1t should be noted that the embedded words did not have the same rime as the
actual target (¢.g.. aa o caad but aau in caaud’), so activation could not be
reduced to the nme-overlapping demonstrated in Experiment 2B, Morceover, the fact
that competitors were not fixated more than distracters in the onset-plus condition
suggested that merely having more phoneme overlapping was insufficient to be
included in the candidate set. Rather, the complete embedding allowed facihtation to
accumulate without inhibition from mismatched phonemes (as in the onset-plus cases).
As a result, perhaps fully embedded words would have a better chance to be included
into the candidate set than the onset or onset-plus competitors. This also suggested
that Chinese speakers might actually be sensitive to phoneme level processing in
speech perception.

Yet. we still have to explain why the activation of embedded word in Chinese
speech recognition was delayed rather than immediate (Salverda et al., 2003). There
are no readily available solutions to this question. After all, given the incremental
nature of human speech perception, existing models usually assume auditory inputs to
exert immediate influence. When searching through thg hiterature, we noticed that
there was a recent interest in studying how fine acoustic details imfluence speech

comprehension. Results generally supported a strong role of subphonemic features:
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partcipants were highly sensitive to subtle acoustic vanatons in vowel length (Davis
et al.. 2002; Salverda et al.. 2003), voice-onset tme (McMurray, Ashin, Tanenhaus,
Spivey. & Subik. 2008), and phoneme identity (Marslen-Wilson & Warren, 1994). It
18 also well-estabhished that co-articulation could alter the acoustic realization of a
specific phoneme (e.g.. d nodu vs di). Therefore, we speculated that the acoustic
forms of the targets and competitors used were actually rather different. In this casce,
perhaps the fow activation level of competitors could be attributable to our
participants” sensitivity o acoustic details.

Fo test whether the acoustic realization of the target was different from that of
the competitor, we obtained typical tokens of the syllables we used from an online

database (hitp: humanum.arts.cubk.edu hk Lexas lexi-can ) and use Praat (Bocersma &

Weenink, 2009) to generate the spectrograms for the initial 300ms of ¢ach syllable.
'hen we presented side-by-side the two spectrograms of cach target-competitor pair
to 23 naive participants, who rated the similarity between the two items on a 6-point
Likert scale (6 = very similar). Two representative sets of spectrograms are shown in

Figures 7A and 78. The similarity ratings differed across the three conditions (F2,- 4y,

13.29, p < .01). The similarity of onset-sharing condition (mean = 1.78, §.D). = 0.59)

was significantly lower than that of onset-plus condition (mean = 3.33.8.D. - 0.92.p

< .01) and that of embedded word condition (mean = 3.50, S.D. = 111, p < .01 yo
More importantly. we divided the target-competitor pairs into acoustically

stmilar and acoustically dissimilar items (cutoff similarity = 4) and plotted the

fixation proportion over ime curves separately. Only seven items were in the similar

group. We expected the competitors would be activated more strongly when they

"1 acknowledged that this procedure was not optimal i comparing acoustic simikarity . A better
procedure would be directly comparing the values of formants and formant trinstions, ete. However,
this was the best | could do under limited resources. And as we will see. meaningtul data emerged
even with this sub-optimal procedure
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r
were sharnng acoustic teatures with the targets. The curves are presented in Figures

A 10 8B.

Figure 7A. An item used in the spectrogram rating task (similarity rating > 4).
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Figure 8A. Fixaton proportion over time for the acoustically similar items.
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As expected. tor the acoustically similar pairs, there was a long period in
which the competitors were indiscriminable from the targets. In contrast. the
activation level for competitors was much fower than the targets throughout the whole
time window. Table 10 presents the mean fixation proportions (standard deviations)
on cach type of picture in different time windows separated by acoustic similarity.

Table 10, Mean fixation proportions (%) and standard deviations (in parentheses)
separated by acoustic similarity.

Acoustically similar . Acoustically dissimilar
T C D T C D
501 — 500 ms 22.18 26.52 21.10 25.74 12.43 28.56
- i ) (19.93) (34.00) (26.49) (30.51) (20.71y (28.96)
501 — 900 ms 49 .80 34.24 12.18 53.11 23.69 17.79
i ) (23.77) {28.35} (10.30) - (22.69) (18.52) (14.18)
)
201 — 900 ms 37.96 30.93 16.00 41.38 18.86 22.40

{19.34) (24.99) (14.51) (22.96) (14.45) {17.58)

Note: T = Target picture: C = Competitor picture; D = Unrelated control distracter
picture.

Despite obvious difference between the two curves, the interactions between
similarity and picture type on fixation proportion were not significant (all ps > .1). To
be consistent with previous analyses. we also looked into the details for each

individual curve. However, interpretations should be cautious because this post-hoc

analysis was done on unbalanced items.

Acoustically similar condition. There was no early difference (201 — 500ms) in
fixation proportions across the three types of pictures (£2,> ;2,< 1), supporting the
early confusion seen from the curve. In the late time window (501 — 900ms), the
picture type effect was only marginally significant (F2, ;= 3.42, MSE = 731.00, p
=.067). The target pictures were fixated significantly more than the unrelated

distracters (12,5, = 3.89, p < .05). However, the 22% different between competitors
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and distracters was just approaching significance (12, - 1.75. p = 0.13). Finally. no

significant results were found in the overall time window (F2,> 2, = 1.49).
Acousticallv dissimilar condition. The apparent differences in the early window
turned out to be non-significant (F2,- ;5= 2.03, p > .1). In the later time window
(501 900ms). the picture type effect was significant (F2,> 55, = 19.82, AISE = 523,78,
p < 01). Targets were having higher fixation proportions than competitors and

distracters (ps ~ .01). The same pattern was true for the overall time window (F2> 13,

=831, MSE = 511.82. p < .01). Targets were again fixated more than competitors

and distracters {(ps < .05).

Table 11 presents the summary of the fixation proportions for each curve.
Generally, there was a considerable period of confusion between targets and the
corresponding competitors when they shared acoustic features. In contrast, the
competitors could be differentiated from targets much more easily when they were
dissimilar acoustically. In other words, consistent with recent demonstrations of
subphonemic sensitivity in the perception of Indo-European speech, Chinese speakers

also appeared to utilize fine acoustic details to constrain spoken word recognition.

Table 11. Summary of differences in fixation proportion across conditions.

Condition 201 — 500 ms 501 — 900 ms 201 - 900 ms
Aco_usl_lcally T=C=D T=C>D * T=C=D
similar :
Acoustically T=C=D T>C=D T>C=D
dissimilar

Note: T = target fixation proportion; C = competitor fixation proportion; D =
unrelated distracter fixation proportion; * = only the difference between targets and
distracters reached significance.
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Specitically, Chinese speakers showed sensitivity to how well the incoming
acoustic features fit with different onset-sharing candidates. In other words, acoustic
inputs could vary in typicality towards a given phonological form in different words.
For better fits. the corresponding phonemic representation could be activated more
quickly, resulung in stronger competitor activations. For instance, perhaps due to co-
articulation, the 'g. 1 -gun2’ was highly similar to the /g/ in ‘gu2/. but not the /g/ in
gengl’. Participants would therefore found that /gu2/ was also supported by the
acouslic'inputs when ‘gunl’ was heard. As both ‘gun2/ and /gu2/ were activated, they
competed for being recognized. The mutual inhibition might temporarily lead to a
readuction of activation level for both candidates, compared with the mismatched
distracters. And the closely matched pair would also require a longer time for
disambiguation, producing the observable confusion in the target detection task. In
contrast, /geng2/ would not be highly activated because of its acoustic mismatch with
the typical /g/ present in /gun2/. Actually, the more highly activated /gun2/ might
exert strong interference on /geng?2/ at both the phonemic level and lexical level via
lateral inhibition (e.g.. McClelland & Elman, 1986). The strong lateral inhibition
might explain why onset-sharing competitors usually were fixated even less than the
unrelated distracters.

Jhe acoustic constraints observed in the present experiments appeared to be
even stronger than previous studies. For example, Salverda et al. (2003) discovered
that syllable length could help disambiguate embedded words from carrier words, yet
the effect “was modest and the disfavored éompetitor remained active for a substantial
amount of time after the disambiguating information was available™ (p.81). They
concluded that acoustic cues operated more like recognition bias favoring a particular

candidate without being actively involved in the elimination of alternative candidates.
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We would defer the discussion of such discrepancy to the General Discussion. At the
moment, it should be noted that in all onset-sharing condition, there was a delayed
clevation in competitor fixations at some points in the curves. In other words, perhaps
the acoustic constraint was just temporary in Chinese speech. Obviously, more works
have to be done to illuminate the importance of subtle acoustic details in Chinese
speech perception.

In any case, the effect of acoustic similarity i the present experiment
suggested that embedded words posed challenges to Chinese spoken word recognition
through sharing acoustic features with the carrier words. Competitors that were not
fully embedded in the targets (1.e.. the onset-plus condition) could still be highly
activated as long as they received acoustic support from the physical inputs. The role
of acoustic inputs echoed with speech perception models assuming phonetic features
as the basic inputs into the system. Before discussing in more details about how the
present findings could be related to these models, we conducted an extra experiment
testing whether the availability of a concurrent visual display durtng spoken word

recognition would be responsible for the patterns observed.

5.3 Experiment 2C - the role of concurrent visual display

As McMurray et al. (2008) noted, there were arguments around whether the
presence of a concurrent visual display in the visual-world paradigm would encourage
participants to adopt specific strategies, such as implicit naming, that were irrelevant
to normal speech processing. Although there were direct evidence against such view
(¢.g., Dahan & Tanenhaus, 2005; Huettig & Altmann, 2005; Magnuson, Dixon,
Tanenhaus, & Aslin, 2007), we conducted Experiment 2C to explore how the visual

display might be related to the pattern observed in Experiment 2B. Specifically, in
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contrast to the simultancous presentation. we introduced a 300ms SOA between
syliables and visual displays. We expected that, the delayed appearance of visual
displays would discourage participants from implicitly naming the objects in the
display and then matching the names with the auditory inputs. 1 such ‘implicil
naming could actualty account for the low competitor fixations observed previously,

we should be able to see higher competitor fixations in the present experiment.

5.2.1 Participanty

Fourteen undergraduates {five males) in The Chinese University of Hong
Kong were recruited for this experiment. They were paid $50 for participation. All
of them wcﬁ: native Cantonese speakers, reported no hearing deficits and had normat
or corrected-to-normal vision. None of them had participated in the previous
experiments.  Informed consent was obtained and full debriefing was delivered after

experiment.

5.2.2 Materials and Design

- . :
The same set of materials in Experiment 2B was used.

5.2.3 Procedure

Procedure was identical to Experiment 2B, except that the visual displays

appeared 300ms after the onset of the spoken syllables.

3.2.4 Results and Discussion
Results were analyzed in the samg way as in previous experiments. In 1.2% of

trials, participants responded before having fixated on the target. These trials were
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exchuded from further analyses. The overall error rate was 13.89%q, which was
comparable to that i Experiment 2B (16.67%). Table 12 préscnls the mean reactions
times (standard deviations) and error rates of target detection as a function of
competitor conditions. The ditferences among conditions turned out to be statistically

non-significant (adl ps - 1),

Table 12, Mean reaction times and error rates (standard deviations in parentheses) of
target detection in Experiment 2C.

Condition Reaction time {ms) Error rate (%)
Onset-sharing 1316 (229) - 10.7 ¢(15.5)
Onset-plus-sharing 1360 (244) 17.9(21.1)
Embedded word 1296 (220) 13.1(14.9)

Figures 9A 10 9C shows the fixation proportion over time for cach condition
from () ms to 1500 ms. It is clear from the figures that we “successfully” replicated the
low competitor fixations for onset-sharing and onset-plus-sharing competitors in
previous experiments. On the other hand, the delayed activation of embedded
competitors was also weaker than that scen in Experiment 2B, probably because when
eye movements started to be influenced by the activation ot embedded competitors'”,
participants had already gathered some acoustic information that unambiguously
pointed towards the real targets. To quantify the observed patiern, we again
calculated the mean fixation proportion on cach picture for different conditions.
However, given the 300 ms delay of the visual displays, our ime windows of interest
also shifted 300 ms accordingly. In other words. the overall time window now
spanned from 501 10 1200 ms, with the carly and late windows from 501 to 800ms

and 801 to 1200 ms respectively.

"> 1t should be noted that competitors started attracting eye lxations at around 500ms in Experiment 28,
which was consistent with the time when competitors were fixated more than distracters in Expeniment
2C (a1 5004300 R00ms).
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Figure 9A. Fixation proportion over time for the onset-sharing condition,
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Figure 9C. Fixation proportion over time for the embedded condition.
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Table 13 displays the mean fixation proportions (standard deviations) on cach
picture in different conditions. The most important finding was the non-significant
three-way interactions in the Experiment (2B vs. 2C) X Condition (onset vs. onsct-
plus vs. embedded word) X Picture type (target vs. competitor vs. distracter) mixed
ANOVA (ps > .1 in all time windows)"". This supported our previous observation
that having a 300ms-delay between speech onset and visual display did not
significantly alter the relationship between degree of phoneme sharing and the pattern
of competitor fixations. On the other hand, there were strong two-way interactions
between Experiment and Picture type (Fli2 64y = 8.29 10 16.57; F22 66) =9.76 t0 22.91,
all ps < .01). This interaction obviously emerged due to the higher target fixation
proportion in Experiment 2C than 2B. To provide more information, and to i'agililatc
comparisons with previous experiments, we agair{ conducted a series of analyses

separately for each condition.

1% . - . . - . .
Interaction was also non-significant when time windows were defined with reference to word onset.
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Onset-sharing competitor condition. Within the time window SOT - 800 ms, the
picture type main effect was significant by subject (#7520, 521, MSE 416.40, p
05: F255,  1.60.1.s). Patrwise comparisons with 1S correction revealed lower
fixations on competitor than on targets and distracters (¢/;3, 2.72 and 2.47
respectively, ps - .05) In the Tater ime window (801 1200 ms). however, picture
type effect was robust (F /22, 15244, AMSE 13801, - 001, F20a0  79.09,
MSE 23633 0 .01). Targets were significantly ﬁxalcal morc than both the
competitors and distracters (all ps - .01). Overall (501 1200 ms), participants also
fixated more on targets /oo, 8025, MSE 12788 p- 001 F2:2,  28.05,
MSE 32283 p - .01) than on competitors (ps - .01) or distracters (ps - .01). In
other words, generally the targets could be reached uite casily and there was no
competitor activation over distracter. In contrast o Experiment 213, although
distracters also appeared to be fixated more frequently than competitors, the
difference was only marginal. This could be attributed to the fact that, cven in the
carliest time window concerned, participants had already received some inputs

necessary to recognize the actual targets.

Onset-plus-sharing competitor condition. The small difference in fixation proportions

among different pictures was not statistically significant (F/ 226, - 1.32; F2002)

0.62) in the carly time window. In contrast, the effect was robust in the later time

window (Flia - 42.42. MSE 27116, p < .01 F205, 1618, MSEE 605.66,p

< 01). Again, targets were fixated more than both the competitors and distracters (ali

s .05). In the overall time-window, the picture type effect was signiﬁcaﬁt (F 1206
22,44, MSE 23925, p 01, F200, 870, MSE  527.41,pp - 01). Targets were

fixated more than competitors (ps - .01) and distracters (ps < .05). This pattern is
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consistent with the one observed in Experiment 213 and the onset-sharing condition in

Experiment 20

Embedded word competitor condition. Similar to Experiment 213, in the first time
window parliciﬁpanls fixated less on the embedded word competitors (F/2 0y 12.00,
MSE LSORS p - 01 F200:, 190, ns ) than both the targets and distracters (ps

05). In contrast, the significant picture type effect (F7;0,,  43.94, MSE 269.02,
po OV F20as 0 3V220MSE 38075, p - 01) in the late time window (801 1200
ms) could be fully attributed to the higher fixation proportions for targets than ;
competitors or unrelated distracters (atl ps - .01). Unlike Experiment 28, however,
the higher competitor fixation over distracter did not approach significant. Finally,
similar to the other two conditions, fixation proportions differed among the three
pictures in the overall ime window (F13 5399, MSE 11276, p - 015 F221,
16.51, MSE  374.75. p < 01). Fixation on targets was significantly more than thal
on competitors or\&l/i,slmc{crs {all ps - .01).

Table 14 presents a brief summary of the fixation proportions on difterent
pictures in cach condiiinn and time window. An alternative account to the low
compeltitor fixations in Experiment 28 rested on the arguments that performance in
the visual-world paradigm involved strategic processing. According to this view
participants would implicitly name the objects in the visual display and matched the
object names with incoming acoustic inputs. As a result, participants would be highly
sensitive to even the slightest acoustic mismatches. The competitors were supported

less and received stronger lateral inhibition from the partially supported targets'. If

1t should be noted that an increased sensitivily to acoustic mismateh of competitors due to implicit
naming was not cquivalent 1o an increased seasitivity to acoustic match of target. The latter would
need another mechanism to explain why target fixation could pot emerge immediately. it also fuiled 10
cxplain why the target fixation was indeed higher with a delayed visual display.
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such mechanism could indeed explain the tow onset-related competitor fixation in the
previous experiments, we should be able 1o obtain more fixations on competitor when
implicit naming was prohibited by the delayed visual display. This prediction was not
supported by the results in Experiment 2C. I general, the pattern observed in this
experiment is highly similar to that in Experiment 2B, Interactions involving
Experiment and Condition were not significant. 1 anything, the only difference was
that embedded word competitors were fixated even less than the previous experiment,

which was direetly contradictory to the prediction by strategic processing,

Table 14. Summary of differences in fixation proportion across conditions.

Condition 501 800ms 801 - 1200ms 501 1200ms
Onset-sharing - T-D-C T-C D, T=-C-D
Onset-plus-sharing T-C-D T-C—-D T-C D
Embedded word T-D=C T>C -D T-C-D

Note: T = target fixation proportion; C - competitor fixation proportion; [ ~
unrelated distracter fixation proportion.

On the other hand, the lower fixation proportion on embedded word
competitors in Experiment 2C than in 213 could be explained casily by assuming that
participants had gathered sufficient acoustic information to identify the targets
unambiguously {or at least confidently) at the time they could start searching from the
visual display given the 300ms delay. The target was thus less ambiguous and could
attract eye fixations carlier and more strongly. This account could also accommodate
the overall faster reaction time and higher target fixation rates in Experiment 2C.

Finally. in order to provide a rigorous test to the implicit naming hypothesis,
we divided the experimental malterials into acoustically similar and acoustically

dissimilar items as in the experiment 2B, If implicit naming was responsible for the
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"

acoustic sensitivity in our participants, we should obtain identical response pattern in
L]
acoustically similar or dissimilar items. The corresponding curves of fixation

proportion over time are plotted in Figures 10A and 10B. Table 15 shows the mean

fixation proportions (standard deviations) for each type of items.

Figure 10A. Fixation proportion over time for the acoustically similar items.
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Figure 10B. Fixation proportion over time for the acoustically dissimilar items.
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Table 15. Mean fixation proportions (o) and standard deviations (in parentheses)
_separated by acoustic similarity.

Acousticaltly similar Acoustically dissimilar
T C D T C D
36.67 27.77 23.16 41.16 16.76 28.24

S S
SO 800 ms - 54 44 (23.18) (28.96) (31.49) (19.72) (27.09)
72.56 13.601 11.54 70.40 14.25 13.41

3 .
UL L200ms 395 (17.93) (6299 (2083)  (13.68)  (17.27)

S7.18 19.68 16.52 57.88 15.29 19.76

1 T e
WP I200ms - Ga90)  (12.16) (12500 (1975 (1354)  (1697)

Note: T Target picture; C - Competitor picture; D Unrelated control distracter
piclure.

The three-way interactions among Experiment {213 vs. 2C), Picture type
(target vs. competitor vs, distracter). and Acoustic similarity (similar vs. dissimilar)
were not significant (all F2x: oxy - 1), This suggested that the 300ms delay of visual
display did not significantly change the relationship between acoustic similarity and
picture fixation observed in Experiment 2B, In contrast, as in the previous analysis,
there were more target fixations in Experiment 2C than in 2B, as revealed by the
significant Picture X Acoustic similarity interaction (F2s2 o5y = 5.76 10 16.48, all ps

< .01). Further comparisons were done separately for cach level of acoustic similarity.

Acoustically similar condition. There was no significant difference of picture type
effect (F2,5.15, < 1) in the carly time window (501 - 800 ms). In the late time window
(801 - 1200 ms), there were more target fixations (F2, 2, - 30.39, MSE ~ 276.49, p
<.01) than competitors and distracters (all ps < .01). The difference between
competitor and distracter was not significant. Targets were also fixated more (F22 12
= 11.55, MSE = 310.15, p < .01) than both competitors and distracters (all ps <<.05) in

the overall time window (501 -- 1200 ms).



Ambiguity resolution i Chinese specch 112

Acoustically dissimilar condition. Unlike the similar condition, there was a
significant picture type effect even in the carly time window (F2,2 s, = 4.12, ASE
104787, p ~ .05), which was attributed solely o the higher fixation proportion of
target over competitor (/20x, - 3.03, p < 01). In the late time window, picture type
effect was robust (£2,5 15, = 67.56. AMSE = 458.04. p < .01). Fixation proportion on
target was higher than that on competitors or distracters (all ps < .01). In the overall
time window. again target was fixated more (£2,5. 15, = 37,14, MSE = 427.78, p < .01)

than competitors and distracters (all ps < .01).

Table 16 presents the summary of fixation proportions separated by acoustic
similarity. The two patterns were similar, but there was a crucial difference: For the
acoustically dissimilar items, there were more target fixations than competitor
fixations in the early time window. However, it was not the case in acoustically
similar items, in which participants were completely confused among targets,
competitors and distracters. This result supported the prior analyses that strategic
processing (such as implicit naming) alone could not account for the patterns
observed in previous experiments. On the other hand, the present analysis and that in
Experiment 2B (Table 11) also di.verged in several ways. The primary difference was
the stronger (acoustically similar items) and earlier {acoustically dissimilar items)
target fixations. Another notable difference was the greatly attenuated difference
between competitor and distracter fixations for acoustically similar items in the late
time window (22ms vs. 2ms). The discrepancy across experiments could again be

attributed to the lower ambiguity in target detection when the visua! display was

presented.
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Table 16. Summary of differences in fixation proportion across conditions.

Condition 501 800ms 801 - 1200ms 501 - 1200ms
Aco_usl_lcally T-C D T-C-D T~C=D
similar
Acoustically T-C=D * T>C=D T~C=D
dissimilar .

Note: T = target fixation proportion: C = competitor fixation proportion; D =
unrelated distracter fixation proportion: * = only the difference between targets and
competitors reached significance

5.4 Summary of Experiment 2

Employing the visual-world paradigm. three experiments were conducted to
verify and extend the patterns observed in Experiment 1. Consistent with the results
in gating, participants in Experiment 2A did not show any candidate activation based
on tonal information alone. In contrast, they were highly sensitive to syllables such
that syllable-sharing competitors were readily available and attracted eye fixations
during target detection. On the other hand, syllabic-sensitivity did not preciude the
influence from subsyilabic. units. In the time window when rime was acoustically
available (501 — 900 ms), it could activate the rime-sharing competitor immediately
(see Allopenna et al., 1998 for ideatical results in English), suggesting that rime was
also a valid unit in candidate generation and elimination during Chinese speech
perception.

The most unusual finding in Experiment 2A was the lack of candidate
generation based on onset. Actually, fixation proportion on onset-sharing competitors
was even lower than that on unrelated distracters. Given that speech onset was
physically available first in the spoken word, it should receive zero inhibition from
other phonemes and could fully activate its corresponding candidates. Therefore,
typical models of speech perception (Marslen-Wilson & Welsh, 1978; McClelland &

Elman, 1986) would assume a stronger role of onset than rime (Tyler, 1984). More
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importantly, in Experimgent 1A we actually obtained results confirming such claim.
The absence of unscl—eff>u in Experiment 2A was thus inconsistent with the results in
both previous studies in English and in Experiment 1A,

Experniments 28 and 2C were conducted 101 examine in more details the lack of
onset effect. We speculated that a sinélc phoneme sharing in Experiment 2A was too
brief to allow facilitation to accumuiate. Rather, as information starting from the
second phoneme was inconsistent with the onset-competitor, the inhibition resulted
would outweigh the initial facilitation. 1f this speculation was correct, we should
obtain stronger competitor activation when the degree of phoneme overlapping was
higher. Results in Experiment 2B partially supported this hypothesis. Fixation
proportion an embedded competitors was higher than that on distracters in the late
time window (501 — 900 ms). However, the same pattern was not observed in the

-
early time window or in the onset-plus conditions. The fa&gt that onset-plus-sharing
competitors were not {ixated more despite sharing the same number of phonemes with
the actual targets as the embedded words suggest that fully embedded words were
indeed special candidates in the course of speech perception. Perhaps the extra
phoneme in the onset-plus competitors had created inhibition, which offset the
facilitation by the shared phonemes. In this sense, Chinese speakers might be
sensitive to individual phonemes as well, even though syllables were important and
prominent units in Chinese speech (Chen, 2000: Chen et al., 2002; Cheung ¢t al..
2001; McBride-Chang et al., 2004)

Interestingly, when we split the competitors used in Experiment 2B by their
acoustic similanty to the targets, we observed competitor activation over distracter in
the acoustically similar items (1t should be noted that, however, strictly speaking, the

difference failed to attain statistical significance). Although far from being conclusive,
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this result appeared 1o suggest that Chinese speakers might be sensitive not only to
subsyllabic uniis. but also to the more fine-grained subphonemic acoustic details in

the speech signal. Indeed, such acoustic sensitivity fit well with recent evidence that
specch perception was highly influenced by subphonemic features (e.g.. Davis et al.,
2002: Marslen-Wilson & Warren, 1994; McMurray et al.. 2008; Salverda ct al., 2003),
Morcover. 1t provided a simple explanation for why the activation of embedded
competitors appeared to be delayed: Early acoustic mismatch inhibited competitor
activation. while fater phonemic match reintroduced it back to the candidate set. In
other words. acoustic and phonemic processes were two distinet but interacting
systems. Initally, acoustic process dominated candidate generation and climination
but the abstract phonemic representations slowly took the control. Similar
mechanisms have been proposed to explain results in orthographic processing.
Specifically. it was well-established that words which looked similar (physically)
would inhibit each others, unless they also shared abstract orthographic representation.
For example, Ding, Peng, and Taft (2004) showed that in Chinese, primes whi;h
shared strokes with targets were inhibitory, while primes which shared radicals with
targets were facilitatory.

Indeed, inspecting the fixation proportion over time curves for each onset
related condition more closely, one would discover small (statistically non-significant)
but consistent elevations of competitor fixation in a later time window. Presumably,
this could also be explained by assuming that effects due to phonemic match lagged
behind the acoustic effects. Such lag in phonemic influence also naturally accounted
for the discrepancy between Experiments | and 2: Given the loosened time limit in

responding in a gating paradigm. participants’ responses had a higher chance 1o be
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atfected by the slowly emerging phonemes. They could thus produce responses that
shared onsct with the actual targets in their guesses.

Finally. Experiment 2C was conducted to ensure the effects observed in
Experiment 28 could not be attributed to strategic processing in the visual-world
paradigm. In this experiment, the visual display was presented 300 ms afler speech
onset. This mimimized the chance of implicit namung.  Yet, virtually identical results
were obtamed. except that participants were 1in general faster m amriving at the target.
This pattern argued against the strategic account and validated the conclusions drawn
from the previous experiments.

The results obtained in Experiment 2 had important implications on modeling
Chinese speech pereeption. On the one hand, they provided empirical support to the
modified TRACE model proposed by Ye and Connine (1999), but on the other hand.
they also suggested that the model needed further revision to account for all findings.
In particular, the model emphasized the role of syllables Chinese speech and its
interaction with lexical tone: The constraining power of lexical tone would remain
weak until enough syllabic feedback was received. Such emphasis was justified by
the observation that syllable-sharing competitors in Experiment 2A were activated
more early and more strongly than would be predicted by the addictive effect of
onsets and nmes. Only at a later time point (501 - 900 ms) would tone be employed
to differentiate the otherwise identical syliables.

However, the assumption that “tone information is a separate level of
representation” (Ye & Connine, 1999, p. 619) similar to the phoneme level might be
misleading. Candidate generation and ¢limination have been a standard component in
speech perception models. And most existing models considered phonemes as the

primary contributor of these processes. Treating lexical tones like phonemes would
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imply similar tonal mvolvement in candidate generation and ¢hmination. Although
some carhier studies had reported positive evidence (e, L & Yip, 1998}, in
Experiment 2A we tuiled to find any traces of candidate activation based on pure tone
overlapping. Rather, as mentioned n the previous paragraph. iexical tone appeared (o
be more relevant in eliminating tone-mismatch syllable candidates. Therefore, it
might be more appropriate to consider lexical tone as something gualtitatively
different trom other segmental representations. We witl go back to this issue i the
General Discussion.

Consistent with models i Indo-European languages, Ye and Connine (1999)
also assumed that acoustic features were mapped onto phonemes. which in un
activated the corresponding lexical representations. Although the differential
activation patterns between onset-plus competitors and embedded word compelitors
(Experniment 2B) also seemed to support the role of phoneme, given the salience of
syllables, one might need to consider the possibility that features could be directly
mapped onto whole-syllable representations in Chinese speech.

A related issue concerned the bottom-up acoustic inpuls. While no one would
deny acoustic signals as the fundamental components in speech, most rescarchers
implicitly assumed that mental operations worked on phonemes nstead of acoustic
features. Subphonemic acous‘tic variations were simply regarded as noises to the
recognition s-yslcm. Forinstance, in TRACE model (McClelland & Elman, 1986}
acoustic variations due to coarticulation had to be “recovered™ by lexical feedback for
successful word recognition. This tradition of considering acoustic variations as
noises probably rooted in the findings of categorical perception of phoneme, and
gained nutrients from successful demonstration of phoneme effects in various

experiments. However, actually more than 30 years ago there had been reports on
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acoustic eftect in gating paradigm (Ellis, Derbyshire, & Joseph, 1971, see also Warren
& Marsien-Wilson, T987). Yet mterests in conducting empinical (e.g., Davis et al.,
2002: Marslen-Wilson & Warren, 1994; McMurray et al., 2008; Sabverda et al., 2003)
and theoretical (e, Gaskell & Marsien-Wilson, 1997; Norris, McQueen, & Cutler,
2000y works on how subphonemic features affected specech perception did not emerge
until more recently. In these works, acoustic variations were not treated as noises, but
as useful information for activating the appropriate words during recognition. For
example, Salverda et al. (2003) proposed that a longer syllable duration heiped
recognition of embedded words from their carrier words.

The modified TRACE model in Chinese speech perception (Ye & Connine,
1999) also lacked specification about the role of acoustic details. Although far from
being conclusive, results from Expeniments 213 and 2C appeared to suggest that
Chinese speakers may also be sensitive o acoustic match between targets and
competitors. Thercfore, a comprehensive model of Chinese speech perception would
have to include a more detailed description of the roles acoustic information played.

A possible model will be proposed 1n the General Discussion
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Chapter 6
Experiment 3 — Morphemic ambiguity in Chinese homophones

An experiment using the visual-world paradigm was conducted o investigate
meaning retricval of homophones in spoken Chinese. Specifically, we tested the
cflects of two tactors, namely relative meaning frequency and context position, on
un;biguil_y resolution of the homophonic morphemes. This study served as the
replication and extension of a previous study on homonymic morphemes (Tsang,
20061 Results obtained in this experiment would provide important insights on how
fluent comprehension was possible in Chinese speech regardless of the frequent

ambiguities encountered.

6.1 Experiment 3 — the role of meaning frequency and context

In this experiment, we tested the resolution of homophonic morpheme in
Chinese disyllabic words with the visual-world paradigm. Because multiple objects
could be presented in the visual display, it allowed us to monitor the activation levels
of different meanings simultancously. This provides a direct test for the multiple
meaning activation in exhaustive access (Swinney, 1979) and reordered access (Duffy
ct al., 1988). Moreover, having a high temporal resolution, the paradigm is also
useful in tracking the changes in activations level of cach meaning during ambiguity
resolution. Employing the same technique, Tsang (2006) found that both meaning
frequency and the presence of prior context could affect the ambiguity resolution of
homonymic morphemes during target detection. Specifically, when no prior context
was available, both dominant and subordinate meanings were always activated, but
the deminant one could be activated carlier and to a higher level. On the other hand,

when biasing context preceded the ambiguous morpheme, the subordinate meaning
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could be as available as the dominant one. In short, the overall pattern fits well with
the reordered access model, which was originally proposed to explain lexical
ambiguity resolution, The similarity in resolving morphemic and lexical ambiguity
suggested that perhaps a common system governed the correct meaning retricval
under uncertainty. Following this, we expected the resolution of homophonic
morphemes would tollow the same principles. In other words, we predicted that the
dominant meaning would again be more avatlable, and the presence of prior context

could boost the activation level of the subordinate meaning,

6.1 1 Participants

Twenty-four undergraduates (eleven males) in The Chinese University of
Hong Kong were recruited. They were paid $50 for participation. All of them were
native Cantonese speakers, reported no hearing deficits and had normal or corrected-
to-normal vision. None of them had participated in the previous experiments.

Informed consent was obtained and full debriefing was delivered afier experiment.

6.1.2 Materials and Design

Design and materials were identical to those used in Experiment 1B (see also
Appendix B). As described in Experiment 1B, properties of the experimental items
were matched across different conditions (SD: succeeded context-dominant meaning,
SS: succeeded context-subordinate meaning, PD: preceded context-dominant meaning,
PS: prcccdf.:d context-subordinate meaning).  Each trial was composed of a target
(dominant or subordinate), a competitor (the alternative meaning), and a distracter
(items in other sets). For example, a vaiid tnal in the SD condition contained the

dominant meaning target Wi *fi" (‘fung | zaangl/; kite), the subordinate meaning
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competitor " 407 Cung Tcaaud ; honeycomb), and the unrefated distracter =L

I

e buidhok 3 ; shell), which was actually the items in other sets.

The twenty sets of experimental items were arranged into four blocks such that
within a block, cach item and the target syllable only appeared once. and there were
five trials for cach condition. Across blocks, all 1tems appeared three times (as target,
competitor, and distracter) and cach target syllable was paired with contextual
syllables from all conditions. Eighty filler items that required “no™ responsces in target
detection were also prepared. Each object in the filler tnals also appeared three times
to resemble the composition of experimental trials. These filler tnals were split into
tfour and added o cach block. The forty items in a block were presented in random
order. Eight practice trials were prepared. The preparation of spoken disyllabic

words and visual displays followed the same procedure 1n previous experiments.

6.1.3 Procedure

Each participant performed target detection for all four blocks of items. Each
block began with calibration of eye-tracker. Between blocks, there was a short break.
Block order was counterbalanced across participants. Other aspects of the procedure

were identical to those in Experiment 2A. The whole experiment lasted for an hour.

6.1.4 Results and Discussion

In 0.56% of all trials, participants responded without having any fixations on
the targets. These trials were discarded. Trials with incorreet responses or without
responses within three seconds were coded as errors and excluded from further
analyscs (9.74%). Table |7 presents the mean reaction times (standard deviations)

and error rates of target detection for the remaining data in cach condition. Although
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the mean duration ot the disyllabic words (about 1200ms) was longer than the
monosyllabic words in previous experiments, target detection times were comparable.
There were significant interactions between meaning frequency and context position
in both reaction times (£/,1 55, S37.MSE 1492822 p- 05, F2 19,0 ) and
error rates (F /o sy 335 MSE 0002, 0 01 F2, 44, 1.54, ns). Pairwise
comparisons suggested that domimant meaning produced faster responses than
subordinate meaning only when no prior context was available (¢/2, 2.04,p .053).
in contrast, dominant meaning produced less errors than subordinate meaning only
when prior context was available (4705, 4.05.p < 01). Collectively, these results
suggested that the dominant meaning of the homophonic morphemes was more
available in target detection.

Table 17. Mean reaction times and error rates (standard deviations in parentheses) of
target detection tn Experiment 3.

Condition Reaction time (ms) Error rate (%)

Succeeded context-

O(h ¢
Dominant meaning 1463 (1 8()) 12.29(6.91)
Succeeded context-
55
Subordinate meaning 1555 (181) 11.25 (8.37)
Prcce_dcd conlcx.l- 1551 (170) 4.58 (4.87)
Dominant meamng
Preceded context- 1527 (149) 10.83 (7.76)

Subordinate meaning .

Next, following Experiment 2, we plotted the fixation proportion over time for
cach condition from Oms to 1800 ms after spoken word onset (Figures 1A 1o 11D).
Striking differences can be observed when comparing the fixation patterns between
conditions with {PD and PS) and without prior context (S1) and SS). Within ¢ach

context position, the dominant meaning also appeared to be more activated ecarlier
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when it was the target (PD vs. PS) and also remain active for a longer period when it

was the competitor (SD vs. SS).

Figure 1TA. Fixation proportion over time for the SD condition.
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Figure 11B. Fixation proportion over time for the SS condition.
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Figure 11C. I ixation proportion over time for the PD g)ndlll()ﬂ
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Figure 11D. Fixation proportion over time for the PS condition.
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To verify the observation with statistical analyses, we again collapsed the
fixation proportions on different pictures in each condition. Following Tsang (2006),

we extracted the time windows of interest by syllable durations. Given the typical
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200 ms delay for saccade planning and execution, the first and second syllable time
windows were defined as 2001 800 ms and 801 1400 ms respectively. We turther
included a time window of 201 400 ms to look at the carly differences in the PID and
the PS conditions. The mean fixatien proportions (standard deviations) on cach
picture in cach condition are presented in Table 18, The three-way interaction among
Relative Meaning Frequency (dominant vs. subordinate), Context Position (succeeded
vs. preceded), and Picture Type (target vs. competitor vs. distracter) was significant in
the first syllable ime window (F704 490, M8E 3790, p < 05 F25, - 1) and
in the second syllable ime window (F154, 620, MSE - 51.23, p~ 01, F2:0,
2.76; p  .076). We conducted further comparisons in cach condition to study the

origin of interactions.

Succevded context-Dominant meaning. In the first syllable time window, there was a
significant picture type main effect (F/2.46) = 20.26, MSE = 37.75, p < 01, F223) <
1). While the dominant target and the subordinate competitor did not differ in
fixation proportions, both of them were fixated more than the unrelated distratter (ps
< .01). In the sccond syliable time window, the activation of the dominant target
continued to rise (Fl246) = 523.17, MSE = 59.10, p < .001; F233x) =391.36, MSE =
66.17, p < .001) over both competitors and distracters (ps < .01). On the other hand,
activation of the subordinalcl ciompctilor dropped back to the baseline distracter level
(ps > .1). In brict, without a prior context, both dominant and subordinate meanings
were equally available upon encountering the homophonic morphcmc. However,
once context was available, it exerted strong conslrail;ts so that only the context-fit.

dominant meaning remained active.
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Succeeded context-Subordinate meaning. Again, there was a significant picture type
cffect in the first syllable time window (F/ a6, 7 3297 MSE =2974, p < 01; F2,2.x,
1.25, n.5.). Similar to the dominant meaning condition, when no prior context was
available, both dominant and subordinate meanings were equally available, both of
which were fixated more than the unrelated distracters (ps < .01). In the second
syllable time window, targets were robustly fixated more (F/7 340, = 349.57, MSE =
5083, p < 001 F2nss - 7030, MSE = 224.59, p < .01 ) than competitors (ps < .0O1)
and distracters (ps < .01), indicating that context effect was strong and immediate
even when the subordinate meaning was requested. More importantly, however, was
the significantly higher competitor fixation than distracter fixation (17,23, = 3.79, p
<.01:12,9, = 1.61, p > .1). Such prolonged activation of dominant meaning
competitors stood in sharp contrast to the rapid deactivation of subordinate
competitors shown in the previous paragraph. Actually, this was consistent with the
hypothesis that the dominant meaning was more available even when context biased

towards the subordinate reading.
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Preceded context-Dominant meaning. 1n contrast to the previous two “late context™
conditions, participants converged on the target much quicker in this condition. We
first analyzed the fixation proportions in the 201 400 ms time window. Participants
had already fixated more on targets (F7g0 - 1082, MSE = 2446, p < 01 F2pax < 1)
than both the competitors and distracters (¢7,>:, = 4.40 and 3.70 respectively, ps = .01).
Similur]y. m the first syllable time window, participants fixated on the targets (F1>.40,
= 3579, MSE - 37605, p« 01 F20., 251 MSE 507.27, p = .095) significantly
more than both the competitors and distracters (4/,>;, = 7.96 and 6.79 respectively, ps
O1:02,0 = 1.61 and 1.96, ps > .05). The superior target fixation was maintained in
the sccond syllable time window (F /346, — 69238, MSE = 46.78, p <~ .001; F2534, —
168.42, MISE 162.01. p <= .01). More interestingly, while targets were fixated more
the competitors (ps < .01). competitors were also fixated more than the control
distracters {¢7,2;, = 3.38, p < .01; 12,0, = 1.20, p > .1). In other words, even with a
prior context that biased towards the dominant meaning, and even when the dominant
meaning was indeed retrieved very strongly and quickly. the subordinate meaning was
not completely eliminated. This provided the clearest evidence against the
assumption of absolute contextual constraint: Meaning consistent with context would
be facilitated. But the alternative meaning would still be available, at lcast
temporarily. In short, there was multi-meaning activation as proposed in exhaustive

access (Swinney, 1979) and reordered access (Duffy et al., 1988).

Preceded context-Subordinate meaning. When a prior context was biased towards
retrieving the subordinate meaning, there was a brief period (201 — 400 ms) of
complete confusion, in which distracters (F/.4s) — 5.72, MSE - 5518, p < .01,

F22, < 1) were fixated more than the targets and competitors (£/,25, = 2.91 and 2.84
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respectively, ps 01 However, participants could go back to the target very
quickly in the first syllable time window (F/ >4, 1705, MSE 3210, p - 01
F202 0 1 Yet, unlike the previous conditon, participants not only fixated more on
targets than competitors and distracters (17,-;, 593 and 3.31. ps - .01, they actually
also tixated more on distracters than competitors (+/,>;, 2,63, p < .05). This pattern
was unexpected because in the succeeded context conditions, the dominant meaning
wis always more readily avaitable. Perhaps when a prior context requested for the
subordinate reading, 1t worked not only by boosting the subordinate meaning but also
by inhibiting the dominant meanming. Finally. as in other conditions, there was a
robust picture type effect tn the late time window (F /546, = 30232 MSE = 9511, p
~ 0017 F20aw, = 238.85, MSE - 98.04, p - 001). Targets were fixated more than

both the competitors and the distracters (all ps < 01).

Table 19. Summary of differences in fixation proportion across conditions.

Condition 201 -- 400 ms* 201 - 800 ms 801 1200 ms
Succeeded context-

Dormi . T=C=>D T-C-=D
ominant meaning
Succet?ded conle)ft- T=C>D T-C-D
Subordinate meaning :
Precledcd cc_)mc>.u- T>C=D T>C=D T>C-D
Dominant meaning
Preceded context- D>T_C T>D>C T-C-D

Subordinate meaning

Note: T = target fixation proportion; C = competitor fixation proportion; D =
unrelated distracter fixation proportion; * = only the PD and PS conditions included
analyses in this time window because there were obviously no differences in the SP
and SS§ conditions.

Tabie 19 summarizes the fixation patterns in cach condition and time window.
First. there was a clear dominance effect. The dominant competitors remained fixated

more than unrelated distracters.an the SS condition. while fixation proportion of the

subordinate competitors dropped more quickly in the SD condition. Similarly, the
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dominant target could be reached faster thigher target fixaton in 201 400 ms) in the
PD condition than the subordinate target in the PS condition, Both picees of evidence
suggested that the dominant meaning was more avinlable than the subordinate
meaning.

Moreover, a robust context position effect was alse observed: Without prior
context, both meanings were activated inittally unul disambiguating information was
recenved. Incontrast, when context preceded the ambiguous homophonic morpheme,
context-fit meaning would be more avanlable once the homophone was perceived.
Such context sensitivity in ambiguity resolution s mconsistent with modular models
like exhaustive access (Swinney., 1979} or ordered access {Hogaboam & Perfetti,
1975), but fits perfectly with interactive models such as selective aceess (Simpson,
1981) and reordered access (Duffy et al., 1988). Sall, simple selective access 1s
unable to account for the activation of context-inconsistent meamings in the SS and
PD conditions. In both conditions, the alternative reading was activated even when
the context had decided what should be retrieved.  Actually, similar mult-meaning
activation could be observed in all conditions except in the PS condition.

Collectively, the pattern appeared to be most consistent with the reordered
access model proposed by Dufty ct al. (1988): All meanings of an ambiguous unit
would be activated, with the level of activation ranked by relative meaning frequency.
On the other hand. this “default™ activation ranking could be rearranged by contextual
information so that context fit meaning could receive a boost. Yet, the reordered
access model in its onginal form would have difticulty explaining why the dominant
meaning competitor in the PS condition was not more available than the unrelated
distracter. This is particularly odd because the subordinate competitor was acuivated

in the PD condition, indicating that indeed the constraint of prior context was not all-
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or-none but graded.  According to the onginal model, contextual bias worked by
mereasing the activation of context-fit meanings, while the alternative meanings were
unaftected. The conseqguence was slower subordinate meaning retrieval because an
extra selection process was needed 1o choose from the equally active dominant (more
tfrequent) and subordinate (boosted by context) meanings.

In the present experiment. delay in subordinate meaning retrieval was absent
or at best mimimal (in the 201 400ms window). Perhaps the inconsistent meanings
sometimes would receive inhibition ffom the context as well (see, for example, Martin,
Vo, Kellas, & Metealt, 1999 Vu & Kellas. 1999: Vu et al., 1998). In the PD
condition, because the dominant meaning was supported by both dominance and
contextual bias, rapid meaning retrieval and integration could succeed without
inhibition on the subordinate meaning. In contrast, when the subordinate sense was
required in the PS condition, both facilitation on the subordinate meaning and
inhibition on the dominant meaning were necessary so that integration was fast
enough to keep up with the speed of incremental speech processing. In shon,
although ambiguity resolutions in different situations (e.g., at the morphemic level
and at the lexical level; in the auditory modality and in the visual modahty) may
follow identical basic principles, details might difter to catch up with the specific
processing demands in different modalities.

The pattern observed in Exp(:rimcnl 3 with homophonic morphemes 1s 1n
general consistent with that in Tsang (2006) about homonymic morpheme resplution.
First, potential confounding factors such as familiarity were matched for whole words
and contextual morphemes in both experiments. This allowed attribution of any
effects observed to properties of the homophonic or hum(mymﬂic morphemes. The

observed meaning frequency effect thus supported the role of morphemes in Chinese
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disyllabic word recognmition (¢.g.. Zhou, Marslen-Wilson, Taft, & Shu, 1999}, ¢even in
conditions where whole word access might be more etficient because of the
morpheme level ambiguity (Baayen, Dijkstra, & Schreuder, 1997, Bertram ct al.,
2000a). Therefore, although some linguists believed that morpheme level integration
was “unwicldy and costly™ (Packard, 1999, p. 91), morphological-mediation was
nevertheless the routine in word recognition, at least in languages like Chinese, where
words can be casily decomposed into individual and isolated morphemes. Actually,
meaning integration is an essential component for comprehension. After all, online
integration is necessary at the lexical and sentence levels. Logically speaking, it s
unclear why a system that includes an onhine integration of morpheme would be
especially disruptive.

Second. both the results in Experiment 3 and Tsang (2006) could best be
explained by the reordered access model of ambiguity resolution (Dutfy et al., 1988).
Specifically, relative meaning frequency interact with the presence ot a prior biasing
context (o determine the course of meaning retrieval. Recently, Chen and Boland
(2008) also employed the visual-world paradigm to investigate meaning resolution of
homophones. Similar to our conclusion, they also discovered both meaning
frequency and context effects. The primary difference between our study and theirs
lay in materials: We used homophones that mapped onto morphemes while they used
homophonic words. The fact that Chen and Boland arrived at a similar conclusion as
ours using homophonic lexical materials further strengthened our confidence that
ambiguity resolution at different levels follows identical principles.

This experiment also extended the results in Chen etal. (manuscript). In Chen
et al., participants” eyc movements during the processing of written two-character

Chinese words were monitored.  Results also supported the reordered access mode! of
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ambiguity resolution (Dufty et al., 198%). The fact that similar findings could be
tound in processing the simultancously shown written words and the serially available
auditory words is a strong evidence supporting a general mechanism in ambiguity
resolution.

There are subtle ditfferences between the present experiment and Tsang (2006),
however. Specifically, in the previous study. Tsang always obtained higher dommant
than subordinate meaning activation in the first syllable time window when no prior
context was available (1.e.. the SD and SS conditions). In contrast, both dominant and
subordinate meanings were cqually available initially in the present study. The
stronger activation of the dominant meaning was only revealed as a more prolonged
activation in the 88 condition (Figure 11B). There were no readily available answers
for this discrepancy. Given that materials in the two experiments were not matched,
factors such as the strength of dominance bias, distinctiveness between meaning,
whole word familiarity, cte... might all contributed to the difference. For instance,
homophone density'* (the number of characters sharing the same pronunciation) is
higher in the present experiment than in Tsang (mean = 1 .32 and 1.10,5.D. 0.25
and 0.33, respectively; £, = 2.28, p = .05). In other words, upon hearing the first
syllable, activation would sprcz;d across more morphemes in the present experiment,
which might have masked the activation in the dominant meanings. Also, in the
present experiment the average (log) character frequency of the intended target is
Jower than that in Tsang (mean - 3.10 and 3.83 respectively, £y, - 4.76, p < 01).
(iiven rcécm dc;n(mstralions of orthographic effects in spoken word recognition (e,
Slowiaczek, Soltano, Wicting, & Bishop. 2003; Ziegler, Ferrand, & Montant, 2004),

the lower written frequency might also contribute to the slower emergence of meaning

** Log (number of homophones) was used o compute the difference because the distiibution of
homophone density 15 skewed.
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frequency effect because there were other more frequent characters avatlable. Further
rescarch would be needed to test the influence of these factors and to verify whether
homonymic and homophonic morphemes elicited subtly different resolution
mechanisms. In any case, the general principle of interactivity between meaning
trequency and context is valid across different materials.

To summarize. Experiment 2 revealed robust frequency effect and context
cftect in the resolution of homophonic morphemes. The two factors interacted and
constrained the retrieval of correct meaning. Such interaction appeared o be enitical
i catching up with the demand of rapid speech pereeption so that comprehension
could remain fluent. Actually, the high speed of online language processing might
hav ¢ contnbuted to the apparent universality of ambiguity resolution mechanisms in
different linguistic units, across modalities, and various languages. In the General

Discussion, we will see how these mechanisms constrain Chinese speech perception.
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Chapter 7
General Discussion

Despite the fact that Chinese is one of the most widely-used languages in the
waorld, relatively tew empirical works have been done 10 understand the cognitive
mechanisms underlying its production and comprehension. There are virtually no
establishad theories ot Chinese speech processing (except the simple description in
Ye & Connine, 1999). Theretore, rescarchers have o rely on models developed in
Indo-European languages in guiding their rescarch direction. However, given the
many unique characteristics of Chinese speech, such as the existence on lexical tone
(Cuter & Chen, 1997: Schirmer et al., 2005; Ye & Connine, 1999) and the salience of
syllabic units (Chen, 2000; Chen et al., 2002; Cheung et al., 2001; McBride-Chang et
al.. 2004), the validity in directly employing ideas generated from other languages is
left in doubt. In other words, a better understanding about the fundamentals of
Chinese language processing is in urgent need. The purpose of this thesis is to gather
empirical information on Chinese speech pereeption. In three experiments, we have
studied how Chinese speakers deal with the ambiguities intrinsic 1o the speech signals,
Specifically, we first ask what the basic segmental unit is in Chinese speech
perception. s it phoneme, just as in English or Dutch (Protopapas, 1999 for review),
or is it syllable? Sccond, we investigate the role of tone in speech perception. By
definition, a tonal language such as Mandarin Chinese or Cantonese Chinese employs
tonal contrast o differentiate lexical entries. Then, does tone behave similarly as
segmental cues? st alsu‘ involved in the candidate generation and climination
central to speech perception? Finally, we test how Chinese speakers retrieved the

correct meaning in case of homophony.
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Bricfly stated, in the present experiments we found out that while syllables
were highly salient in Chinese speech (Experiments LA and 2A), our participants
were nevertheless sensitive o subsyliabic information during candidate generation
and climination (onset in Experiment 1A, rime in Experiment 2A). Yet, phonemic
eftects appeared to be weak, and lagged behind the influence by whole-syllables
(onset effect in Experiment 1A vs. 2A). More interestingly, subphonemic details also
strongly constrained the initial activation of hypothetical word candidates: Only
words that fit the incoming acoustic features would be included in the candidate set
(Experiment 213). The sensitivity to fine acoustic charuclc:islics in Chinese 1s
consistent with similar findings in other Indo-European languages (¢.g., Davis ct al.,
2002; Marslen-Wilson & Warren, 1994; Salverda et al.. 2003). It highlighted the
needs 1o go beyond the traditional phoneme-based approach in specech perception.

On the other hand, cven though lexical tone is crucial for the recognition of
Chinese spoken words, it does not appear to have a unique role in candidate
generation. In contrast to the pretiminary report in Liand Yip (1998), or Sum (2003),
we did not observe word activation based solely on tone-sharing without segment-
sharing (Experiments 1A and 2A). Rather, lexical tone was used (o eliminate
mismatched candidates when context was avail_ablc (Experiment 1B) or after
sufficient segmental features had been received (Experiment 2A). This pattern was
consistent with the perceptual disadvantage of tone (Cutler & Chen, 1997) and the
tonal constraint on semantic access in tdioms or sentences (Schirmer et al., 2005, Ye
& Connine, 1999). However, our results were inconsistent with Sum (2003), who
proposed that any differences between segmental and suprasegmental cffects were
negligible. The results also did not justify the phoneme-metaphor of fexical tonce

proposed by Ye and Connine (1999). Suprasegmental information like tone and
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scgmental information like phonemes or syllables should better be treated as
something qualitatively ditterent.

Although tone might help meaning retrieval by disambipuating otherwise
identical syllables, as reviewed in the mtroduction, syllabic homophony s still
prevalent in Chinese speech. Yet, most of the time, ambiguities are lett unnoticed in
natural conversation. This unawareness about signal uncertainty cannot be attributed
to a simple delayed meaning access after enough inputs are gathered. Actually,
meaning retricval is immediate and governed by the relative dominance among
various meanings such that dominant meaning was activated more strongly than
subordinate ones as shown in Experiment 3. By detinition the dominant mci;ning is
the more frequently used one. Therefore, a stronger activation of this meaning would
guarantee successful comprehension in most cases. Also, the ambiguity resolution
system is sensitive to the bias of prior context such that context-fit meaning could be
activated more quigkly. Overall, the results are consistent with the reordered access
model of ambiguity resolution (Duffy et al., 1988). Morcover, these mechanisms
could ensure efficient and correct comprehension most of the time.

In this General Discussion, we will first outline a model of Chinese specch
recognition based on the aforementioned findings. For instance, to account for the
unigue characteristics of lexical tone compared with other segmental units like
phon;:mcs and syllables, the model incorporates two independent yet interacting
pathways, one suprasegmental and the other segmental. We will go into details the
mechanisms in each pathway one-by-one. Then, the mechanisms by which outputs
from the two pathways combine to activate the corresponding morphemes and words
will be discussed, with emphasis on resolutiof of ambiguous homophonic morpheme.

Finally, possible directions for future research will be proposed.
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7.1 A possible model of Chincese spoken word recognition

Given the empirical constraints revealed in the present experiments (as well as
findings in previous research), we propose a possible model of Chinese spoken word
recognition here. The general workings of the model are presented in Figure 11,

Figure 11 shows the flow of information among different systems and units.
The most noticeable difference between this proposed model and the one in Ye and
Connine (1999} is the separation of acoustic information into two types from the very
beginning of specch perception. While the acoustic correlates of phonemes or
syllables'® are processed in the segmental pathway, tonal features (i.c., fundamental
frequency FO) are processed in the suprasegmental pathway. This separated :
processing of segmental and suprasegmental actually received neurological support.
Employing a mismatch-negativity (MMN) paradigm, Luo ct al. (2006) found that in a
group of Mandarin Chinese speakers, the acoustic cues of lexical tone elicited
stronger right hemisphere responses than the left hemisphere. In contrast, consonants
produced the reversed pattern such that higher activation was found in the lefi
hemisphere. Luo et al. concluded from this double-dissociation that different aspects
of the speech inputs were processed separately based on their acoustic properties very
carly in the pre-attentive stage. In other words, segmental and suprasegmental
features are processed in the left and right hemispheres respectively. Only at a later
time point will pitch information be transferred to the left hemisphere to fulfill its role
ﬁs lexical tone in differentiating otherwise identical syllables. Such two-stage
processing of tonal information received partial support from an fMRI study by

Gandour et al (2003). In their study, participants were asked to judge whether two

" 1t should be noted that there are still many uncertaintics about the acoustic corrclates underlying a
specific phoneme. However, consensus has been reached on a number of possible important
dimensions, such as voice-onset time (VOT), dircction of formant transition, cte. (Raphaci, 2005).
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successively presented three-syllable phrases were identical. In critical trials, the final
syllables of the two phrases differed in lexical tone. Gandour et al. found that
activation was stronger in the left hemisphere while performing lexical tone
differentiation. Given that fMRI measured brain activity with low temporal resolution,
the results appeared to reflect left hemisphere involvement when the pitch information
was processed lexically (i.e., in the second stage).

The second important difference of the present model compared with the
modified TRACE model (Ye & Connine, 1999) is that we allow the segmental cues 1o
map directly onto syllables. Actually, we also propose that the acoustic-syllabic
linkage is stronger than the acoustic-phonemic one to account for the salience of
syllable in the present Experiments 1 and 2A (as indicated by the larger arrow
pointing towards the syllable box). On the other hand, we retain the phoneme
representation in the model because when given appropriate instruction, native
Chinese speakers could still demonstrate phoneme level awareness (e.g., McBride-
Chang et al.. 2004; Ye & Connine, 1999). Moreover, the existence of a phoneme
layer also helps explaining why our participants sometimes produced candidate words
which shared only the onset phoneme with the actual target. However, to be
consistent with the observation that such onset-sharing activation only occurred when
the time limit of responding was loose (Experiments | A and 1B), or after a relatively
long time delay (Experiménts 2A and 2B), we hypothesize that the acoustic-phoneme
connection is weak. It 'will thus require a longer time before phoneme level
representation accumulates enough activation to influence candidate word generation.

We also include the conventional bidirectional linkage between phoneme and
syllable, just as Ye and Connine (1999) did. The reason is simple: phonemes a(id

together to form syllables, and syllables can be decomposed into conslituent
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phonemes. Although in the proposed model. this linkage is symmectrical, it should be
noted that the influence of syllables on phonemes may be stronger than phonemes on
syllables because the acoustic-syllable connection is tight. Syllable representations
can reach recognition threshold very quickly {Experiment 2A), allowing less room for
facilitation by phonemes. Syllabic feedback on phonemes is thus relatively strong,
while the reversed link will be useful only under special circumstances such as the
extraction of embedded words, where ambiguities in the correct target word persist
long enough for phonemes to accumulate effects on syllables (Experiment 2B).

On the other hand, the bidirectional connections between syllable and tone,
and between morpheme and tone, are asymmetrical. This proposal is necessary to
account for the effect of contexts in improving tonal constraints (Experiment 1A vs,
1B; also see Brown-Schmidt & Canseco-Gonzalez, 2004; Schirmer et al., 2005; Ye &
Connine, 1999). Contextual information creates feedback on tones, strengthening the
activation of the matching tone, which in turn constrains the activation of “correct™
syllable and the corresponding morpheme. Without a readily‘ available context, tonal
effects are weak and need a long time to accumulate before being able to affect
candidate activation.

A further difference from Ye and Connine’s model (1999) is the lack of a
direct phoneme-tone linkage in the present proposal. This is because, in Chinese
speech, tone can seldom be identified on individual phonemes. Indeed, Gandour
(1983) proposed that the change of fundamental frequency over time (i.e., tone
contour or direction) is an important tonal feature in Chinese speech. A longer steady
state of sound energy is required to realize the pitch movement. Therefore, lexical
tone should better be conceptualized as being connected with the entire syllabies

rather than with phonemes. On the other hand, there are also proposals that rime and
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tone are actually a unified representation because the voiced part (e, the vowel) 1s
the primary constituent of the steady state {see Howie, 1976 and Vance, 1977 for
discussion). However, the independent effects of nme and tone observed in
Experiments 1A and 1B (contrary to the interaction between onset and rime)
suggested that they are indeed separate units in Chinese speech perception.
Specifically, the rates for rime-sharing, tone-sharing, and rime-plus-tone-sharing
errors were identical statistically in gating. Moreover, the activation for rime-sharing
competitors, but not for tone-sharing competitors in Experiment 2A, also supported
that rime alone is independent from tone. As a result, we did not propose a specific
linkage between nme and tone.

Finally, in the present model, we explicitly propose that the direct output of
phonological processing is morpheme. Word level representations are activated via
morphemes. In other words, Chinese speakers recognize spoken words through their
constituent morphemes. This proposal is contradictory to some linguists’ belief that a
morphemic route of word recognition is improbable (Packard, 1999). However, it fits
perfectly with the rapid morpheme activation and integration demonstrated in Tsang
(2006) and the present Experiment 3. It is also consistent with the large body of
evidence supporting the word recognition modeis that assume morpheme-mediation
(e.g., Taft & Forster, 1975; Taft & Zhu, 1995). We also proposed feedback linkage
from morpheme to the syllabie and phoneme representations (o account for the
context morpheme effect observed in Experiments 1B and 3.

Following this overview of the proposed model, we will cover in more details
the processes in the segmental and suprasegmental pathways, and how their outputs

combine to allow correct recognition of target morpheme. Special emphasis will be
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placed on the implications of the proposed mechanisms and how they can be related

to previous studies.

7.2 The segmental pathway

The segmental pathway starts from the extraction of subphonemic features
from the speech stream.  Although there are still uncertainties about the exact nature
of the acoustic correlates of segmental units (Raphacel, 2005), empirically speaking it
has been demonstrated repeatedly that people are sensitive to these signals in spoken
word recognition {Davis ct al., 2002; Marslen-Wilson & Warren, l‘)94; McMurray et
al., 2008; Salverda et al., 2003; Warren & Marslen-Wilson, 1987). Consistent with
this, in the present study, fine acoustic details were captured online by our participants
in their generation of hypothetical word candidates before successful target
recognition { Experiments 2B and 2C): Candidate words are activated only when the
inputs r'nalch well with the typical acoustic realization of these words. For instance,
even though /haaid/ and /haa4/ are having extensive phonological overlapping, the
embedded competitor /haad/ was not activated in Experiment 2B, when participants
heard /haaid/, because the typical acoustic realization of the initial portion of these
iwo syllables differs drastically. Actually, as demonstrated in Experiments 213 and 2,
for competitors sharing initial phoneme(s) but with the typical acoustic realization
being different from that of the presented target, inhibition occurred'’. Moreover, the
inhibition between the differentially realized identical phonemes (e.g., the /h/ in

/haai4/ and /haad/) was so strong that below-baseline fixation proportion was resulted.

'" | acknowledged that calling this effcet as “inhibition™ might not be accurate because the below-
baseline fixation proportion did not occur in all competitor conditions. And there was ne condition in
which the different competitors were directly compared against o common bascline. So the
“inhibition™ could simply be a "Jower activation™. However, in any case, we still need 1o explain what
causes the “lower activation” and the mechanisms proposed here would cqually apply.
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The inhibition on acoustically different phonemes can be incorporated into the
acoustic-phoneme/syllable linkage and/or realized as lateral inhibition among
phonemes or syllables. In the former case, while acoustically-fit phoneme/syllable
receives excitation from the supporting features, acoustically-misfit ones actually
receive interference. In the latter case, identical phonemes/syllables that are having
different acoustic realizations are connected with inhibitory links, such that wl"n:n the
acoustically-fit phoneme/syllable is activated, it will interfere with other misfit items.
In both cases, however, the same phoneme or phoneme-cluster appears to be |
represented more than once. This proposal is consistent with recent suggestions of
episodic or semi-episodic view of phonological representation (Mitterer & McQueen,
2009), which assumes that concrete instances of the spoken words are also stored in
the mental lexicon. A schematic overview of these two hypotheses is illustrated in

-

Figure 13.

Figure 13. Acoustic effects on phonemes and syllables.
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We prefer the lateral inhibition hypothesis of acoustic similanity effect because
it can also explain why the unrelated distracters were not inhibited to the same degree
as the differentially realized identical phonemes despite both of them were ditferent
from the targets in terms of initial acoustic features. According to this hypothesis, the
unbalanced inhibition on competitors and distracters might be attributed (o the lack of
direct inhibitory links among ditferent phonemes (e.g., ‘h/ and ‘p/ are not connected).
As acoustic mputs just activate the matching hhnncmcs {¢.g., the I/ in ‘haatd/ but not

haa4 ), the phonemes of unrelated distracters actually receive neither supportive nor
counteractive acoustic evidence. In contrast, it inhibition is incorporated into the
linkage between acoustic features and higher representations, the phonemes of
unrelated distracters should receive equal inhibition as those of competitors.

A related issue is that the acoustic effects observed in the present experiments
appears o be much stronger than those in previous reports (¢.g., McMurray ctal.,
2008: Salverda et al.. 2003), in which words containing acoustically dissimilar
phonemes were still more highly active than the unrelated bascline. In contrast, we
obtained below-baseline activation for the acousticaily dissimilar competitors. No
explanation for this discrepancy is readily available because many factors (c.g.. task.
language and phonemic structure) may have contributed. Yet, we speculate that the
type of acoustic information studied may be particularly important. In previous
studies cmploying the visual-world paradigm comparable to the present Experiment
2B, usually the temporal aspect of subphonemic feature was manipulated. For
example, McMurray et al. (2008) varied voice-onset time along a continuum and
Salverda et al. (2003) manipulated syllable duration. In contrast, the acoustic
similarity effects in Experiment 2B reflected differences in spectral properties. .[n

most dissimilar pairs, it is the formant frequency and/or shape of formant transition
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that differ. Previous neurological evidence (e.g.. Zatorre & Belin, 2001) has shown
that temporal and spectral properties of acoustic signals are dissociable and processed
separately by different hemispheres. Briefly stated, spectral information is processed
in the right hemisphere while rapid temporal changes are processed in the lefi
hemisphere.

This speculation received partial support from an cye-monitoring study by
Dahan, Magnuson, Tanenhaus, and Hogan (2001). In their study, Dahan et al. created
monosyllabic target words (W) by cross-splicing two tokens of the same word
(WI1W1), two different words {W2W 1), or a nonword and a real word (N3W1). Such
cross-splicing is likely to produce extensive changes in spectral properties of the
target (W 1) for the latter two conditions. Results suggested that for trials with
subphonemic mismatch (W2W1 and N3W 1), target fixation was slowcr than in trials
without mismatch (WIW1). More importantly, target fixation was also slower for
W2W 1 condition than N3W 1, because participants had “wrongly™ activated W2
based on the initial poertion of the items (Experiment 2 in Dahan ct al.). This also
inhibited activation of the actual target W1. Morceover, the initial inhibition by
acoustic mismatch was later overridden by the phonemic match such that target
detection was still successful in W2W1 and N3W 1. In other words, the subtle
subphonemtc Yeatures played a role in temporarily activating the acoustically-matched
words and inhibiting those having a different acoustic realization. This fits perfectly
with the competitor activation in the acoustically similar condition observed in
Experiment 2B. Therefore, the inhibitory linkages among identical phonemes with
differential acoustic realization may be particularly strong when they differ on
spectral properties, leading to higher mutual inhibitions with spectral than temporal

differences. However, one major problem exists in Dahan et al.: 11is unclear whether
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cross-splicing would have increased participants’ sensitivity Lo subphonemic
mismatches. It should alse be noted that the acoustic effect in Dahan et al. (see Figure
3} was not as immediate as in Salverda et al, (2003) or in the present experiments.
Certainly, more works have to be done in studying the role of fine acoustic details in
speech processing, especially in Chinese speech pereeption.

From the acoustic layer there are two parallel route of activation spreading,
namely the phoneme route and the syiflable route. In the present model, we suggest
that the phonemic route is just secondary to Chinese speech recognition because it s
only weakly connected with the features. Rather, Chinese speakers mainly rely on the
syltable route in spoken word recognition. This idea not only provides explanation
for the robust syllable effects observed in Experiments 1A and 2A, it also conforms to
linguistic hypothesis, developmental data (Cheung et al., 2001; McBride-Chang et al
2004), and evidence from Chinese speech production (Chen, 2000; Chen et al., 26025,
This “marginalization™ of phoneme is perhaps the most unique aspect of Chinese
speech processing compared with Indo-European languages. Although phoneme is
just a linguistic construction, its psychological validity has been largely unquestioned
since the demonstration of phoneme fevel categorical perception. Phoneme has been
incorporated in virtually all speech perception and production models as an important
unit that intervenes between the abstract lexical representation and its acoustic
realization. Even in more recent connectionist models of speech perception that
allowed direct feature-lexicon connection {Gaskell & Marslen-Wilson, 1997),
phonemes were still considered to be the basic unit in the phonological system.

Actually, from the perspective of language acquisition, the salience of syllable
in Chinese makes perfect sense because phonetics is not included in the syllabus of

regular language education (at least in Hong Kong). Children grow up without having
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lcarned explicitly how to decompose spoken words into phonemes. The logographic
nature of written Chinese atso precludes Hong Kong children trom developing
grapheme-phoneme conversion spontancously. In contrast, because cach written
Chinese character corresponds to a monosyllable in speech, itis a common practice Lo
learn Chinese through the pronunciation of the whole syllable. This further interferes
with the robustness of phoneme level representation in Chinese. As a result,

indiv idual phonemes cannot develop into routine processing unmits in Chinesce speech
among average undergraduates in Hong Kong. Its etfect will lag behind that of
sylluble and emerge only when sufficient ime is allowed. Therefore, when /haaid/ is
heard, initially the phoneme-sharing 'hod’ or haad/ will not be highly active,
However, after the phoneme nodes have accumuiated enough activation, they can still
be more active compared with the control baseline.

While we assume that syllable is the actual phonological representation that
maps onto morphemes in the semantic system, we do not intend to propose that
Chinese speech perception is delayed until whole syllables are available. Actually, in
Experiment 2, we observed clear target fixations before syllable offset, which strongly
suggested that Chinese speech pereeption is also immediate and active. It involves
the typical candidate generation and elimination found in other languages. The
syllable-based hypothesis simply suggests that these processes operate primarily on
syllables. In other words, when /haaid/ is heard, /haai5/ will be more highly active
than /haa4/ and /haaud/, even though according to the model in Ye and Connine
{1999), 'haaiS/ and /haad/ and ‘haaud/ al} differ from /haaid/ by only one distinctive
feature and thus should be activated 10 a similar degree.

To summarize, we propose that acoustic features are important basic

processing units in Chinese speech perception. Feature-level contrasts are mapped
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directly 10 both phonemes and syllables, but the latter one plays the primary role in
candidate generation and climination before target identification. This pattern may be
inconsistent with the general assumption of phoneme-based recognition in Indo-
European languages, but it fits well with the results in the present study and the

pattern of language acquisition among our Chinese participants.

7.3 The suprasegmental pathway

In contrast 10 a poor understanding of the acoustic correlates of segmental unit,
it is generally agreed that texical tone is primarily realized as the fundamental
frequency in the speech signal, while factors like durations and intensity play less a
role (Gandour, 1983; Khouw & Ciocca, 2007, Vance, 1976). As mentioned
previously, the acoustic processing of fundamental frequency appears to be
dissociable from segmental processing (Luo et al., 2006). This provides justification
for proposing an independent route of tonal processing. Moreover, we assume that
the suprasegmental route is slow when no contextual feedback from is available. In
other words, tonal identity is available late after enough information about
fundamental frequency has been received. This naturaily explains the perceptual
disadvantage of tone (Cutler & Chen, 1997) and the present findings that it is not
particularly useful in generating hypothetical word candidates. After all, by the time
the whole tonal contour is identified, there has already been a great deal of segmental
constraints that inhibit other tone-sharing candidates. Therefore, perhaps lexical tone
participated in Chinese speech perception only by differentiating otherwise identical
syllables such as /haaid/ and /haaiS/ (Experiment 2A).

Given that the acoustic correlates of lexical tone {i.c., fundamental frequency)

are also related to speaker variability (e.g., gender, age), emotion, and speech rate, it
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is still unclear how abstract the representation of lexical tone should be. While some
researchers (Moore & Jongman, 1997; Peng, 1997) believed that a normalization
process would help adjusting cach individual tone 1oken according 1o an abstract
“template™ tone, it is also possible that cach realization of spoken Chinese words is
stored separately in the mental lexicon (i.e., the episodic view, Goldinger, 1998; also
see Connine, 2004, for a semi-episodic view). According Lo the latter hypothesis,
details of cach tone token are stored. Tone perception is therefore sensitive Lo fine
acoustic features, just as segmental units. At present, very limited works have been
done on testing the two possibilities and results have been equivocal. For example,
Yu {2007) showed that subtle acoustic difference in exemplars of the same tone was
meaningful. However, he argued that the acoustic effects were restricted to
modification of the tonal representation and did not reach consciousness. On the
other hand, Francis, Ciocca, and Ng (2003) observed a flat discrimination curve of
tonal contrasts, which indicated that acoustic details could reach conscious awareness
and led to non-categorical discrimination of lexical tone. However, in the same study
Francis et al. also discovered a steep identification slope, which indicated categorical
perception. In the present thesis, we did not include any manipulation of acoustic
details. Therefore, we cannot estimate how sensitive our participants were towards
the subtle difference in tonal features. Also, all materials were recorded by the same
female speakers, normalization should be casy. Given these, we refrain from drawing
strong conclusions about the abstractness of tone representation. More research is
clearly needed. 1t should be noted, however, that our assumption of a relatively slow
tonal effect will still hold regardless of answer to this question.

A related issue concerns how the different tones are connected by themselves.

In Cantonese. there are six tones. Figure 13 shows the typical tonal profiles of the six
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tones on the syllable /fu/. As can be seen from the figure, there are similaritics and
differences among the six tones. For example, the shapes of tones 1, 3 and 6 are
similar, and the starting FO values of tones 2, 4, S and 6 are also similar. Actually,
previous studies showed that Cantonese tones can be summarized by two dimensions
(Gandour, 1983; Khouw & Ciocea, 2007). The first dimension is pitch height, which
refers (o the average fundamental frequency over the whole syllabie and is useful to
differentiate the three level tones (high, mid, and low: i.c., tones 1, 3, and 6 or tones 2
and 4). The second dimension is pitch contour, which is li‘w change in pitch level
over time. Pitch contour (especially the changes over the later part) is important o
separate flat (tones 1, 3, and 6), rising (tones 2 and 4) and fatling tones {tone 5). in
other words, subtle differences in fundamental frequency may really be necessary Lo

differentiate the six tonces.

Figure {4. Tonal profiles of the six tones in Cantonese.
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Note: Solid lines represent level tones; Dotted lines represent rising tones; Dashed
line represent falling one.
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ffrom Figure 14, onc may come up with the hypothesis that tones | and 3
should be differentiable from the other tones at the carliest moment because the pitch
heights of these 1wo tones are distinet. On the other hand, tones 2,4, 5 and 6 are
distinguishable only afier more information about the contour is also received. In
Experiment 2A, we did not manipulate the tonal similarity between competitors and
the target tone. Rather, the tone-sharing competitors we used shared maximum
similarity with the target (i.c., the tones were identical). Given that no candidate
generation had been obtained in such optimal condition, we speculated that candidate
words which shared only pitch height or pitch contour would also remain inactive.
Yet, it is still unclear whether the later constraint in ¢liminating tone-mismatched
candidates would be dependent on tonal similarity. Actually, Cutier and Chen (1997)
demonstrated that while tonal contrasts were in general more difficult to detect than
phonemic contrasts in a matching task, differentiation of similar tones (tones 4 and 5)
were particularly more difficult than dissimilar tones (tones I and 2). Unfortunately,
the matching task in Cutler and Chen did not provide details about the time course of
tonal influence. It would be important to replicate their results with the visual-world
paradigm, which provides more information aboul activation changes over time.

The connection between morpheme and tone explains the stronger tonal
constraints when context is present (Experiment 1B). Pre-existing morphemic context
exerts facilitatory feedback on the lexical tone, increasing its activation level. Asa
result, the tonal representation reaches activation threshold faster and exerts feedback
back to the syllable leve! earlier than when no morphemic context is available.

Finally, while we propose a suprasegmental route of lexical tone processing
and assume that this route lags behind the segmental route (syllable), we are not

suggesting that processing of tonal information only starts afier syllables are available.
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[n contrast, we believe the segmental and suprasegmental routes run in parallel.
Different aspects of the acoustic inputs are extracted by different brain regions (Luo et
al., 2006), which then feed into the corresponding systems for further segment and
tone processing. The two routes continuously interact with one another until they
cooperate to activate the correct morpheme for recognition. Such proposal is indeed
consistent with the results obtained when building specch recognition machine with
statistical modeling in the engineering community. Specifically, Demmechai and
Mikeldinen (2001) proposed the linked detection mechanisms of tonal syllable
recognition. In their model, acoustic inputs are separately analyzed 1o segmental and
tonal features, which then feed into the syllable and tone recognizers respectively.
The two recognizers influence each other at every time step before successful
identification is established. Comparing with other possibie models, linked detection
yielded the best outcomes, suggesting the proposal of independent, yet interacting
pathways of segmentai and suprasegmental processing may also have computational
validity. Yet, it should be noted that in the present modet, the linkage between tone
and syllable is asymmetric (to account for the context effects), contrary to the
assumption of symmetry in Deemchai and Mikelainen.

To summarize, although lexical tone is critical for the ultimate differentiation
of otherwise identical syllables, its effect only emerges siowly. Indeed, it is more
useful for climinating mismatched words than for generating matched candidates. On
the other hand, while our understanding about the nature of tonal representation is stilt
shallow, we are pretty confident that the activation of tonal representations relies on
operations independent to those dealing with segmental information. Yet, continuous
interaction between the two systems seems necessary for efficient Chinese spoken

word recognition.
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7.4 Morpheme-mediation of spoken word recognition

In the proposed model. the outputs of segmental and suprasegmental pathways
are combined as they jointly access the morpheme level representation. However, the
mapping between phonological unit and morphemic unit is not one-to-one. Rather,
extensive homophony exists in spoken Chinese such that the same tonal syllable may
be linked to more than one morpheme. We term this phenomenon “morphemic
ambiguity™ because it resembles the one-to-many mapping between word and
meaning in lexical ambiguity. It turns out that the morphemic ambiguity resolution
also follows mechanism in lexical ambiguity. Both context and meaning frequency
matter. Therefore, in the model we assume that the syllable and tone will first jointly
activate the most frequent meaning before the subordinate ones. Moreover, there will
be feedback from morpheme to syllable and tone to account for the context effect.

Investigation on homophonic morpheme resolution presents a strong test
against the role of morpheme in spoken word recognition because ambiguities in
morpheme may lead to more reliance on whole-word access (Bertram ct al., 2000b).
Contrary to the beliefs that morpheme simply does not exist (Packard, 1999} or it
affects spoken word recognition only post-lexically (Greber & Frauenfelder, 1999),
we hypothesize an obligatory morpheme-decomposition route in Chinese spoken
word recognition. Linguistically, Chinese speech has a tight morphosyliabic structure
such that each individual syllable clearly represents a single morpheme. Given the
salience of syllables in Chinese as reviewed before, the assumption of morpheme-
based meaning access seems reasonable and natural. Furthermore, this hypothesis 1s
also grounded empirically from the results in Tsang (2006) and in the present thesis

(Experiment 3). In both studies, we employed the visual-world paradigm which is
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sensitive enough to reveal the online speech processing (e.g.. Allopenna et al., 1998;
Tanenhaus & Spivey-Knowlton, 1996). Results showed that morpheme frequency
affected fixation proportion well before word offset. Given that word {evel
characteristics were closely matched across conditions, the early morpheme effect
could only be explained by morpheme activation prior to whole-word access. The
observation of morpheme mediation in Chinese spoken word recognition is consistent
with the findings in other languages (e.g.. Taft, Hambly, & Kinoshita, 1986. Wurm,
1997) and in written word recognition (e.g., Zhou et al., 1999).

Besides the morpheme frequency effect, we also observed robust prior context
ceffects in recognizing the correct morpheme. More importantly, previous studies on
the issue typically employed sentential context (e.g., Tsang, 2006; Zwitserlood, et al.,
2005), so it is unclear whether context effects also operate at the minimum
meaningful scale of morpheme. In Experiment 3, we successfully demonstrated that a
single prior morpheme could provide sufficient contextual constraints to resolve the
ambiguities in a homophonic morpheme {(PD vs. SD conditions; PS vs. SS conditions).
Therefore, we incorporate a feedback link from the morpheme layer to syllable and
tone layers to account for the contextual bias created by an identified morpheme.
Overall, this context sensitivity and the effect of morpheme frequency jointly support
the reordered access model (Duffy et al., 1988) of morphemic ambiguity resolution.
This strongly supports the possibility of a general ambiguity resolution system
responsible for handling the one-to-many mapping between form and meaning at
different levels of language processing. This also suggests that we should be cautious
when inspecting previous demonstrations of whole-word access of ambiguous
morphemes (Bertram et al., 2000b). Given that a single morpheme is constraining

enough for retrieving the correct morpheme, the apparent lack of morphemic effects
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may simply be attributed to the low sensitivity of the dependent measures. For
instance. while robust morpheme involvement could be seen in the eye fixation
pattern, we actually failed to obtain significant effects in the reaction times and error
rates of target detection. Presumably, when participants responded, all ambiguities
had been resolved completely. The temporary difference in meaning availability was
thus masked.

Morcover, the existence of morphemic ambiguity resolution revealed in
Experiment 3 was particularly important because it represented a crucial picce of
evidence supporting the presence of a separate morpheme layer beyond whole-word
representation. An alternative explanation of the morphemic effect was 1o reducce it to
form or meaning sharing at the lexical level (see Feldman, 2000, for discussion).
According to this hypothesis, lexicons with similar forms and meanings would cluster
together in the representation space. The apparent morphemic effect was simply an
emergent property of such clustering. [n other words, a scparate morpheme layer
intervening between features and whole words was not necessary. This proposal,
however, could not account for the pattern observed in resolving morphemic
ambiguity. If morphemic effect was purely due to semantic clustering, it was unclear
why the dislinctivlc (i.¢., low clustering) meanings of the homophonic merphemes
would be activated together. On the other hand, attributing morphemic effects solely
1o form sharing would also encounter difficulty because it could not explain why
relative frcqucncly of usage affected meaning availability. In short, the mere existence
of morphemic ambiguity resolution supports Feldman's finding (2000) that
morphological effect “cannot be described simply as the “sum’ of a semantic and an

orthographic effect™ (p. 1441).
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it should be noted, however, that in Chinese compounding is the primary way
of combining morphemes. There are in principle no inflections. So all materials we
used i Experiment 3 are compound words. It is unclear whether morphemes play a
stronger role in processing compound words because the constituent morphemes
contribute to the whole-word meanings. For example, Taft and Kougious (2004)
showed that morpheme-like processing occurted in reading monomorphemic words
such as “virus™ and “viral” because their form and meaning are correlated. On the
other hand. results from studying inflected or derived words are equivocal. While
some studies demonstrated robust morpheme-decomposition (e.g., Taft ¢t al., 1986;
Wurm. 1997, there were also reports of whole-word access (e.g.. Schriefers,
Zwitserlood, & Roclofs, 1991 Tyler, Marslen-Wilson, Rentoul, & Hanncey, 1988).
Therefore. 1t would be important 1o extend the present findings to other types of
morphemes.

To summarize, although the activation of dominant meaning appeared 10 be
weaker and delayed (sce Figure 11B) compared to Tsang (2006), we in general
successfully replicated the interaction between meaning frequency and context
position in homonymic morphemes using homophonic morphemes in Experiment 3.
Moreover, the exact mechanisms for resolution follow closely the pattemn of reordered
access model. Finally, the immediate morpheme frequency effect is interpreted as
supporting a morpheme-decomposition view of word recognition and the existence of

genuine morpheme representations.

7.8 Conclusion and Future directions
The present thesis aims at gathering empirical data about the fundamentals of

Chinese speech. In three experiments, we showed that acoustic features, phonemes,
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and svllables are all valid phonological units in Chinese speech. However, while the
effects of acoustic features and syllables are salient, the role of phoneme scems to be
secondary. We also obtained evidence of morpheme-mediation in recognizing
Chinese disyllabic words. To summarize these findings, a possible model of Chinese
speech perception is proposed in Figure 11, On the other hand, a good model not only
serves o explain empirical findings. it also helps generating new hypothesis. We
conclude the present thesis by suggesting several possible research directions,

First, the role of fine acoustic features in spoken word recognition has to be
specitied. Although we observe a clear difference in activation level between the
acoustically similar and dissimilar competitors, we did not manipulate this as an
experimental factor. Stronger evidence about acoustic effect can be obtained by
directly manipulating the acoustic features and measuring its influences on lexical
activation (c.g., McMurray et al.. 2008; Salverda ct al., 2003). Morcover, further
studies are needed to compare whether the type of acoustic contrasts manipulated
{temporal or spectral) affects the size of acoustic effect.

Second, the weak phonemic effect in Chinese speech perception may be
related to the emphasis of syllable-character linkage during reading acquisition. If
this hypothesis is true, we should obtain stronger phoneme effect when children
receive training in phonetics. Actually, McBride-Chang et al. (2004) showed that
children who have received PinYin (a phonetic system in Mandarin Chinese) trainings
scored higher in phonemic awareness. 1t would be interesting to see if they also
demonstrate stronger phoneme-sharing competitor activation in online spoken word
recognition.

Third. as mentioned previously, the six tones in Cantonese can be organized

by two dimensions. namely pitch height and pitch contour. Some tones are similar 1n
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pitch height but differ in the contour. In the present experniments, we did not
manipulate the degree of similarity betw cen competitor and target tones. Given that
presious studies in Cantonese and Mandarin suggested significant effect of tone
similarity (¢.g.. Cutler & Chen, 1997; Ye & Connine, 1999), one may expect 1o see
similar effects in Cantonese. On the other hand, the weak activation in identical-tone
competitors may argue tor the contrary. Further investigations will be needed wo
verify which of these positions is correct,

Fourth. while 1 speech perception, the relative meaning dominance of the
homophonic morphemes signiticantly affects the pattern of meaning retrieval, 1tis
unclear whether it plays the same role in speech production. For instance, Dohmes,
Zwitserlood, and Bolte (2004) revealed identical priming effects on picture naming by
transparent and opaque primes, suggesting that in specch production, morpheme
might be coded only at the form-level without any linkage to meaning.

Fifth, methodologically speaking, one limitation of the visual-world paradigm
is that only concrete nouns could be used as materials because an casily recognizable
visual display must be constructed along the auditory target. However, recently.
McQuecen and Viebahn (2007) successtully replicated the competitor activations
during spoken word recognition (Allopenna et al., 1998) when the visual display was
constructed by printed words. This greatly reduced the limitation in materials
choosing and allowed further testing of similar issues in Chinese speech.

Finally. the model outlined in this thesis is comprehensive, yet, itis still a
descriptive model that lacks prediction about its detailed temporal characteristics. As
speech perception is highly incremental and dynamic, it is desirable to elaborate the
mode! further with computer simulation such that the outputs of simulations can be

compared with the results in the visual-world experiments directly (see Allopenna et
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al.. 1998). Howeser, a thorough understanding of Chinese speech pereeption is
necessary o implement a suceesstul computer simulation. At the present stage,
perhaps the most important job is o accumulate more empirical knowledge on the

isue. We belicve the present thesis has contributed in achieving a better

—

understanding of Chinese speech.
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Appendix A: Materials in Experiments TA and 2A
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Appendix C: Materials in Experiments 2B and 2C
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Note: Each target was paired with only two competitor conditions (se¢ text)



