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Abstract of thesis'entitled: \ 
* » 、 \ 

ERR Studies of Tone Lateralization 、、、 
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for the degree of Doctor of Philosophy 

at The Cliiiieso Uiiiycrsily of Hong Kong in .July 2009 

Abstract 

111 this dissertation, 1 discuss the (effects of" tli(、linguistic i(>l(、 

and the physical property on the heiiiispheri(‘ sixx-ialization (lat-

orali/atioii) of the lexical tones. In the previous studios of lat-

eralization, there are two (tontradictory liypotliosos. One oiii-

pluusizcs tlic linguistic rolo and predicts a l(、ft lateralization of 

tone per('e])ti()n, while the other oiii])liasiz(\s the ])hysi(:al pro])-

erty and predicts a right lateralization of tone i)(T(.(、i)t,i(m. Both 

liy])()theses have their supporting evideiicG. .， ” 

111 my Event-Related Potential sttidies, these two factors aT(、 

analyzed collectively. Two dichotic listening exi)eriiiioiits, one 

word phonological i)i;imiiig (、xi)erim(mt, and one soiitoiice seman-

tic violation exp拽liiieiit are conducted. The results indicate that 

the linguistic role (e.g. seiiiaiitics) causes the toiio processing to-

ward the left side, whereas the physical property caus(、s th(、tone 

processing toward the right side. � 

No previous tone latcn'alization. studies liav(̂  aiialyz(、(l the un-

derlying factors. Following the philosophy that language is built 

jipon multiple cognitive functions, I further examine the effects 

of semantic memory and pitch processing on the lateralization 

of tones ill various language tasks. My findings help bridge the 

previous theoretical discrepancies and unify the conflicting ex-



])oriiiieiital results regarding tono latorali/atioii 
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摘要 

本论文的研究主题是：语言因素以及声音的物理性质又 

声调感知的脑功能侧化的影响。在以往脑功能侧化的研究中， 

有两种相互对立的假说。其中一种强调语言因素的作用，并预 

计声调的感知是左侧化的；而另一种假说则强调声音物理性质 

的影响，并预计声调的感知是右侧化的。这两种假说都有其各 

自的实验依据。 

在本论文的脑电波事件相关电位实验中，这两种因素的影响都 

得到了检验。整个实验包括两个双耳分听实验，一个语音启动 

效应实验，以及一个句子中的语义违反实验。实验结果表明： 

语言因素（语义）导致声调处理趋向左侧化；而声音的物理性一 

质导致声调处理趋向右侧化。 

这种分析声调处理脑功能侧化的影响因素的观点是新颖的。它 
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 3 1 7 ' 这种哲学观的引导下，本论文作者在多个语言任务实验 

论了语义及声音的音调处理对声调侧化的作用。这种观点有助 

于弥补以往两种理论的分歧，并统一了以往相互矛盾的声调侧 

化实验结果。 
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(lifieroiiccs betwec îi the i,(uil word tone priming 

condition and tlio real word licMi-priiiiing coiidi-
M 

tioii; 'PToii': the cliffcroiices hetwcHni the psoudo-

word tone priming condition and the i)s(、u(l()"W()i.(l 

iioii-priiiiiiig ooiulitioii 78 

4.20 Tlic average values of the amplitude difteroiices 

hctwcHUi llio priiiiiiig and iioii-priiiiiiig control con-

ditions hot^eoii 152-248ms rtt the P3 and P4 elcc-

trodos ” 79 

‘ 丄 * � . IX 
.-W • * 



4.21, inoaii of^ he amplitude’（liffci(m(,(、s ])otwc(ni 

‘the i)riniiiig (,oii(lit.i()iis at id iioii-priiniiig control 

(•oiiditions bctwooii 4()()-448iiis at the F3 and F4 

( l̂ectroclcs 81 

4.22 The avoragxV rates of accuracy in the t,lir(x、con-

ditions ill the sciitcii(!() sciiiaiitic violation (、xi)(，r-

iiiKUit. 'Coil': the consonant violation (condition; 

'Ton': the tone violation coiKlition; ‘Noii,: tli(’ 

iioii-violatioii coiulitioii 82 

4.23 The average^ roactioii times in t,h(、tliroo condi-

tions ill tlio scnitoiicc soiiiaiitic violation (、xp(、i.i-

inoiit. 'Con': ^tlio c.oiisoiiaiit violation condition; 

'Ton': t,li(，tone violation condition; 'Noir: the 

non-violation condition 83 

4.24 Tlio mean acc ura('ies in the three conditions . . . 84 

4.25 Th(、moan react ion times in the throe coiKlitioiis . 85 

4.2G Th(、av()i.ag(、d ERI) wavofoins of the throe coiidi-

, t ions ill three pairs of el(x:tr()(l(，s . 8G 

4.27 The ainplitiulos of tlie N4()() coiiiponoiit in the 

consonant and tone violation conditions at th(、 

F3 (Id't) and F4 (right) (、k)(:tn)(l(、s 87 

4.28 The avorago amplitudes l)otwcoii the soinaiitic vi-

olation and non-violation condition at the、C3 (l(、ft) 

and C4 (right) electrodes hctwccu 252iiis and 348ins* 88 

4.29 The topographic map of the av(、m贫(、aiiiplitiide 

ill 152-248mis in oacli (,()ii(liti()ii, in the first DL 
\ 

(^xperinunit 92 

4.30 The topographic maps of the avcmgx、amplitude 

ill 152-248iiis ill each condition, in the socoiid DL 

experiiiioiit 93 

4.31 Th(̂  tc)j)()grai)lii(! maps of the averaged amplitude 

ill 152-248iiis in each condition, in the word priiii-

iug oxpcriiiieiit 94 

X 



4.32 The topographic maps of the averaged amplitude 

"in 400-4481118 in each condition, in the word prim-

ing experinieiit 95 

4.33 The topographic maps of the average amplitudes 

"in 252-348nis in each coiKlitioii and the aiiipli-

tiido differences between differe îit conditions, in 
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Chapter 1 

Introduction 

Summary 

This work is about tone lateralization, i.e., which honii-

spliere of the huiiiaii brain activates more when procoss-

iiig the lexical tone. Both the structure and the function 

of the brain are not syniiiiotric in the two heinis])lieros. 

I will first introduce the brain structure and the lat-

eralization structurally and functionally, both of which 

relate with tone perception. In exploring tone lateraliza-

tion, I use ERP (Event-Related Potential) expcriiii(、iit,s 

that consider the aspects of the linguistic role and the 

physical property of tone, since tone has the linguistic 

function to distinguish lexical meanings using the phys-

ical property of pitch changes over several Imiidrods of 

milliseconds. 

1.1 Thesis structure and hypothesis 

The thesis consists of six chapters. Chapter 1 introduces the 

bailie brain structures, and Chapter 2 reviews the former studies 

of tone lateralization. 



CHAPTER I. INTRODUCTION (i 

111 Chapter 3 and 4, 1 (los(tril)o tlie ERP (experiments to (、x-

l)lorc tone lateralization, show the data analysis i)r()(:(、(lui,(’s, and 

discuss the experimental results. \ 

111 Chapter 5, the effec-t of iiotsc ou tone lateralization in 

(licliotic listening is discussed, Ixxtause other researchers in their 

tone (licliotic listening cxperiiiioiits have iiitroduc.od the noisy 

('oiiditioii, ill wliicli the eftectt of noise needs to bo analyzed. 

Ill the final chapter, I give a general discussion on Ui(’ current 

work by showing the relationship between my study and other 

iieuroiiiiagiiig studies on si)oocli processing. In the end, I point 

out some future work. 

My hypothesis in this dissortatioii is that as a whole, there 

is no absolute lateralization of tone pcrco])ti()ii, both the phys-

ical property and the semantics affoct tone lateralization. This 

view comes from previous studies on the lateralization of toiios, 

speech and iinisic, and seiiiantic i)roc,essiiig, as well as related 

brain structures. I will l)egiii with a review of the aiiatoiiiical 

structures of the brain. 

1.2 Brain structural and functional lateral-

ization 

Let us first look at the basic structures of our l)raiiis and how 

they process the spoodi sounds. 

The basic structures of our brains go as follows. The Iminaii 

central nervous systoni consists of the cerebral hernispher es, cero-
bclluni, brain stem, and spinal cord (see Figure 1.1). 
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Ceifbi nl 
hemispheres 

Bi nin stem 

Ceiebelliun 

Spiiinl col d 

Figure 1.1: Major divisions of Ui(、cent ral nervous system 

The ccH'obral licniisphcros form the largest region of the hii-

iiian l)raiii. Tlicy ar() resi)oiisil)lc for the cognitive functions 

sudi as porcci^tioii, motor function, iiioiiiory, and amotion.「Flu、 

(•ercbral hemispheres include the ccrehral cor tex, tlio underlying 

white matter, and other throe doop-lyiiig stni(:t:un、s: tlio basal 

ganglia, the amygdala, and the liippocaiiipus [34 . 

The (cerebral cortex is the thin outer layer of tho (:(Td)nU 

hciiiisphores, wliich is also called the (pay inatter (s()(、Figun、1.2). 

White matter 

Figure 1.2: White matter and gray matte 

White matter is the inyoliiiated axons from neurons in c.ertaiii 

layers of the gray matter projecting to other regions of the ceixv 

bral cortex. Since language functions are most related with the 

cerebral cortex and the underlying white matters, I will discuss 

the structures of these two parts in the rest of the dissertation. 
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The (:(n'o])ral cortex is aiiatoinically (livi(l()(l into four lolx^s: 

Jhmtal, pcnietMl, tetnpoml, and occipital lobes. The cerchral cor-

tex has a liighly coiivolutod si i ape, for huh 1 l)y gr()()v()s {sulci) 
that sqmmto olovated regions {(jyri). Oiio of tlu^ most, proiiiiiioiit 

sulci the lateral sulcus or sylvian jissurc the teiiii)(>-

ral lobe from the frontal and paridal l()l)(’s. Another pi.omimmt 

sulcus—the central sulcus soparatcis tlui frontal and pai.i(、t,al l(>h(、s 

34] Figui,(，1.3). . . 

Figure 1.3: Four lobes of the ccrebral (:()rt(、x 

The primary auditory cortex (PAC) is local,(xl in t,h(、inodiaJ 

two-thirds of Heschl's gyrus [51], which is a convolution of tlio 

teiiii)oral lobe that runs ol)liquoly outward and forward from the 

posterior part of the lateral sulcus. General auditory processing 

includes PAC bilaterally. Frontal and temporal lobes, as wdl as 

uiiderlying white matter coimectioiis, arc the most import,aiit, 

for speech processing, espec'ially the Broca's area [11] and the 

Weiniicke's area [G5]. The Broca's area is in tlie left inferior 

frontal gyrus (IFG) and the Wernicke's area is an area in the 

posterior left superior temporal gyrus (STG) Figure 1.4). 
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Left side view 

Broca's 
Wernicke' 

Dorsal 

Anterior-

Ventral 

Figure 1.4: BrcKta's ai'(、a and \\,(、iiii(.k<、，s area 

Patkmts with tho l(、f.t, ilienor Frontal gyri dainagcHl lmv(、spoocli 

production deficits. One severer ease in which tho i)at,i(mt can 

only uttor one syllable H-an', was firstly n、i)()rt(Hl in 18(il l)y 

Broca [11]. It is starting point, of jt.lio cognitive^ mmr(>s(:i。ii(.() 

studies. Patients with the Weniicko's aroa dainagod an! associ-

at(Hl with spoedi coinprelioiisioii pr()l)l(uns as wdl as t,li() syuip-

toiii of producing fluent but iiioaiiiiigkiss spoecli [65]. It was first 

proposed by Weriiicko [65] and later i,q)()rt,()(l l>y Goschwiiid [22 

that the impairment, of the uiiclorlying white matter that coii-

iiccts these two n^gioiis along the latoml sulcus (also (:all(、(l thv. 

sylvian fissure) is related with a syndrome of spoodi (lisonloi, 

with good coinpn^lieiisioii. Tliis syndrome is called the conduc-

tion apliasia [22, 1]. In early apha^sia and Inaiii lesion studios, 

Broca's aixui, Weniickciaix^a, and the sylvian fissun、l)()t,w()()ii 

tlioiii were thoiigli^t^JTbe the unique r()gi()iis for spooch proccss-"be t 

I K ^ 
lllg. 

However, this view ir()gl()(:t(xl the fact that many other l)miii 

regions also take part in language processing. Rccciit lUMiroimag-

iiig stvulies liave found tliat the superior marginal gyrus, angular 

gyrus, iiikklle frontal gyrus, middle toiriporal gyrus, and inferior 

temporal gyrus, including the Broca's area and Weriiicko's arĉ a 

and their right hoinologvie regions, are also involved in language 

processing. The activation of th(\se regions is l)ilatcral, although 
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ill many right haiided people tlics(^ regions in tlicnr Id.t, iKiini-

s])hcr(̂ s aixi activated iiioro than t'lioso in the right lioinologous 

regions. In addition^ tlu^ right h(niiis])li(n.() is (、sp()dally impor-

taiit for i)ix)s()(ly and praginatic^s. Thcrofon^, language^ is a wliol(; 

])raiii fiiiiction, instead of a fniictioii only involving M singles or 

two regions. 

Tluno m,(、bundles of luniral Hlxu's (x)im(、(:t,iug (liff(’i (、nt regions 

within sail 10 li(nnis])hcro as well as l)()t,w(、(、u the similar lio-

iiiologiio regions in tlio two heiiiisplioros. Tlio Hl)()r lmn(ll()s con-

iioc.tiiig two h( înis])hor(is aro calknl the corpus callosiiin, which 

is involved in the (X)mniuiiic.atioii l)(’tw()()ii the two h(、iiiisi)h(T()s. 
t 

The cytoarchitcctiin^ (collular composition) is asyminotric be-

tween two lioiiiisi)li(^ros in in any regions of tlui (:()id)Ril cor-

tex. Tlic PAC in the loft homispluu,。has groatcn* (.(、lls that arc 

heavily niyolinatod [71]. The Broca's area has groa t̂or gray inat-

ti)v volumes than the lioiiiologue in tho right lioiiiis])lioro [8]. Tho 

fil)or projections tlio Broca's aix^a and the Wornickd's 

cinvci have ventral and dorsal streams, and th(、ventral stnmiii is 

inoro loft latcralized than tho dorsal ones [47]. Tlioso structural 

asyiiiinotrios could l)o the biological l)as(，s for tlui fniictioiial lat-

eralization of sounds with difforciit physical projxntios or seiuaii-

tic processing，such as tho loxical t,()ii(、and tho stop-consonants, 

or syllal)los with or without iiicaiiings. 

1.3 Tone and languages 

Tone is a linguistic term. It is priiiiarily the use of pitch vari-

ations to distinguish lexical iiieaiiiiigs [61]. And pitch is a pcr-
(•q)tual coiicopt which depeiicis on the lu^aror's i)()r(:q)ti(m of the 

fundanieiital froquciicy ft). Here, FO is an acx)usti(:al term which 

refers to the number of pulses per second that a speech signal 

contains [69]. Each pulse is corrosixnident to a single vibration 

of tho vocal folds inside the larynx. When vocal folds aro i)ull(xl 



CHAPTER I. INTRODUCTION (i 

tightly (:l()sc Ur()ax:li othor, by ('oiitrolling t.lio cartilagt^s of t,li() 

larynx, air caiiiiot pass tlirougli the glottis (opoiiiiig of" t,h(、vocal < 
folds) easily. If the air is i)i.(\ss(、(l by the lungs, it will pusli ()i)(、ii 

the. vocal folds for a short jxn'iod of time. Then with the drop-

ping of t,li(，air prossim、，vocal folds will close again [GO]. This 

is one cycle of t.lio vocal folds vibration. The Uglitoi, tli(、vocal 

folds arc pulled, the liiglior the vibration i.miu(ni(:y is. This is 

how spmkci.s chaiigo the 10 of Ui(、ii. spondi sounds. Thv. typical 

iiuml)(n. of cycles is around 100 s(x:(m(l for male spoakcu's. 

Won 1011 and children luwc liighor fi.()qu(m(.i(、s of vocal folds vi-

l)rat,i()ii. So Ui(、y liavo higher fO (e.g. 40011'/) than inoii. In 

sum, the iminbor of vocal folds vibration is oqxuil to 10. Our 

l)(、r(:()l)U()ii of fO is (-allod pitxh, which can 1)(、us()(l linguistically 

as tones, to distinguish word inoaiiings. 

A language is callod a 'tone language' if tlu、pitcli of t ho word 

can (thaiigc the iiieaiiing of the word [G9]. Tone laiigiuiges ar(、 

found all around Ui(、world [Gl]. 13as(、(l on a v(、i.y rough (、sti-

imitioii, al)()ut 70 ixnccnit of tluv world's laiigiiagc^s aro torn、laii-

guag(̂ s [69]. The ai.oas in wliidrtoiio laiigiiagx^s arc oxt'eiisivdy 

distributed iiicludc Africa, East and South-East Asia and t,h(、 

Pacific, and the Americas [69]. And t,h(、tone laiignagx^s include 

“（1) the vast: majority of African languagos, (2) almost all of the 

languages of the SiiK)-Til)otaii family togothor with many iioigli-

boring languages of Southeast Asia, and (3) (:(ntaiii clustors of 

American Indian languages" (p93, [61]). 

An exainple of the tones in Mandarin is shown in Figure 1.5. 

Tlic right coluiiiii shows the fO of four iiioiiosyllabic Mandarin 

words, with the same syllable 'iiia'. When the f() docix^asos, 

syllable ‘iiia' moans s(:()l(L When this syllal)le is pi.oducod with 

the increasing f()，it moans 'lioiii])'. A high lovd pattern of the 

fO with syllal)le ‘ma’ means mother. And this syllal)l(^ means 

horse with a low (lipping pattern of the f(). • 
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Figure 1.5: Four tones of Maii(iariii, Figure from [59 

Tone is suixniiiiposod mainly ()v(’r the v()wd of a syllable in 

Mandarin. The length of the tone is' usually around s(、v(、ml 

hundreds of millisccoiids. The piU.h changes of the toiio can 

also 1)0 (lofiiiod physically as the fuii(laniontal l.i(、qu(、m:y of t,li(、 

glottal tone, or FO [G2 . 

Rc^gardiiig tone lateralization, axrordiiig to the “t,ask-(l(、i)(m(lciit， 

view, tone perception should bo left lateralized, l)(、(:aus(、it l)oars 

language function and the k f̂t lieinisplieie is the language doiiii-

iiaiit side [57]. However, the "(nie-dopeiidoiit" view predicts that 

tone perception should be right lateralized, silicon the right Jieiiii-

sphere has an advantage in processing pitch changes [71], which . 

are the physical properties of tones. There is supporting evi-

dence for both of these views. For cxaiiipk), two behavioral stud-
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lOS 57] [63], using the (li(;h(>tic listoiiiiig paradigiii havo shown a 

right car aclvaiitagx) (REA, loft lioiiiispliorc axlvmitagr) on toiio 

porcoi)ti()ii, wliorofis a rocoiit ERP study [42], using the MMN 

(Misinatcli-Nogativity) paradigm, luus shown a right lioinisi)lioio 

advantage on t(mc i)(u.(,(ii)ti(m around 200 inn after t lu、stiiiiiilus 
J 

oiisot uii(Un' the ])ro-att()ntivo (condition. The inovioiis rosoardi 

on tone latxn'ali/atioii will 1)(、（lis(.uss(、(l in (1(化ail in Cliapt,(、i, 2. 

• End of chapter. 



Chapter 2 

Background 

Summary 

Altlioiigli toiio is ail important feature iii laiigiiagos, t,li(’ 

studios of the tone and the neural incclianisius of toiio 

processing art) rolativoly rare, coiupaml with those of 

the consonants and vowels. The lateralization of tones. 
• • 

is es])0('ially controvorsial and has not l)(x)ii stucliod thor-

oughly. 

Ill this (diapter, 1 will suiiiiiiarize previous hdmvioral 

and iiouroiiiiagiiig studies about tone lateralization. Tlio 

iiec'()ssary background knowledge alxnit these experi-

iiieiits will be given, iiKthuliiig dichotic listening (siiiiul-

taneous presentation ‘ of two (litt'ereiit sounds, one to 

each car), I'M III (fimctiomil iiiagiietk： i.(、s()mm(x) imag-

ing), and ERP (event-related potential), as well as other 

rekwant iieuroiiiiaging techniciues. 

Not all of the behavioral and iieuroiiiiagiug studies' r(、-

snlts al)()ut tone lateralf/ation are consistent Witli each 

other. I will discuss the possible reasons uii(ierlyiiig 

these conflicting results and the iiierits of cach experi-
/ 

mental paradigm. In the cud, I will state the motivation 
N 

of coiuliicting iiiy ERP studios.on tone lateralization. 

10 
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2.1 Behavioral studies 

2.1.1 Dichotic listening 

Dichotic listening (DL) is a behavioral (?xj)eriiiieiit paradigm 

to study hemispheric lateralization in auditory modality. This 

paradigm was first invented by Broadl)ent [10] to investigate the 

iiicniory capacity when subjects hear two pieces of. iiiforiiiatioii 

from two separated channels. During the exi)eriineiits, sul)jects 

hear a series of digits in their two ears simultaneously. For ex-

ample, subjects hear three digits “734” in their k、ft ears, and 

at the same time, another three digits “‘215” in their right ears. 

Then, they are asked to report wliat they liavo heard in both 

ears. 、-''' 

DL was first introduced to test the lateralization in si)(、(、(.li 

perception by Kiinura [35]. Her paradigm is the same as in 

Broadbeiit's experiment.. In calculating lateralization, she coiii-

])ares the correct answers in subject's two ears. If the right ears 

get more con.ert digits tliaii the left ear^ then, there is a right, 

oar advantage^ Tlie results have shown that for subjects having 

left hemisphere cloiiiinaiice for language, a right ear advantage 

(REA) is observed, and the right heiiiisphere language (loiiiiiiaiit 

subjects show a left ear advantage、（LEA) in the dichotic trials. 

Before the DL experinient,- the heiiiispliere (loiiiiiiaiice was 

(letennined by WAD A test [58]. In this test； subjects arc in-

jected with spdiiiin aiiiytal in. their left or right iiitonial carotid 

artery to scxlate one lieiiiisi)here. I f the subject, cannot si)eak 

during the several iiiinvites .before the effect 'of the medication 

dissipates； tli^, lieniisphere wliiclr was injected with the sodiiiiii 

airiytal is assumed, to be the lairgU^xge doiiiiiiaiit lieniisphere. 

After the.language doiiiiiiaiit lieniisi:)liere is decided, the DL is 
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tested. And the results of the DL t(、st’ always show that t\w 

ear contralateral to the language (lomiiiaiit li(niiis])liere has an 

advantage in rec^alliiig the digits, which indicates that DL is a 

robust iiie^ivsureiiieiit of liciiiisphodc advantages 

Based on this fact, Kiiiiura has i)i.oi)()s(、(l a model that when 

the sounds from 'two ears are different, the sound from tli(、（、ar 

contralateral to one hcniispliere will sup])rcss that from the ip-

silateral ear. In her word, "each oar has coiiiiectioiis with the 

auditory r(x:civiiig area in each liemisphei.c、，but the pathways 

coiiiicctiiig the oars to their opposite lieiiiisplieres are appai-

ciitly more effective than the ipsilateral pathways" (1)164，[37]). 

So the left lieinisplicrc i)erc'cives the right ear's sound l)(、t,t(T than 

the left ear's and the right lieiiiisi)liore p(、r(.(、ives tli() loft ()ar，s 

sound better than the right ear's. Because of the left li(、misi)h(、ri(: 

-advantage in perceiving a series of si)()k(、ii digits, tlio riglit (、ai, 

S1K)WS an advantage in the DL test. 

Although the ear advantages of the digits in the DL ar() al-« 
ways (consistent with the language doiiiiiiaiit hciiiispliore t(\st,(、(l 

by the WAD A test, they arc not always coiisisteiit with the 

haiKlediiess. Among subjects with the left lieiiiisphen、advan-

tage for language, aroiiiid 10% are left haiidors (10 out of 103 

subjects, see i)168 in {35]). They have a RE A, as same as the 

other 90% right banders in this group. Around 25% right henii-

si)liere language (loiiiiiiaiit subjects arc riglit handors (3 out of 

12 subjects, see pi68 in [35]. But they show a LEA. which is 

consistent with the other left haiiders in this group. Usually hi 

the behavioral studies, right-handed subjects are chosen. But 

there is a small chance to include right hoiiii8i)lierc language 

doiiiinant subjects (3 out of 96 in [35]). 

. I l l sum, Kimura lias proposed that the ear advantages of DL 

rely on two things. The first is that the contralateral auditory 

pathway will suppress the ipsilateral pathway, when the iiifor-

h Illation from the two ears contradicts each other. The second is 



Figure 2.1: The iiiechaiiisiii of DL, i,(、pi.o(lu((、(l from [37 

These lieiiiisphcric specializations ofpcrcdviiig difibrcnt kinds 
t 

of speech and iion-speedi materials are consistoiit with other 

bmiii lesion and brain imaging results. And Kimura’s model is 

well acce[)tcd as the inechanisiii underlying the DL when it is 

applied to tost the liemisplieric advantages. 

2.1.2 D L on C V C syllables and non-linguistic pitches 

'Studdert-Keiiiiedy and Shaiikweiler are the first scholars tojisc 

the consonant-vowel-coiisonant (CVC) syllables in the DL ex-

periment [56]. They aim to find the ear advantages of language 

materials in a better controlled condition. The materials they in-

vestigated are six stop-consonants /I), (1，g, p, t, k/ and six vow-

els /i, 0, ae, a, o, u/. All the CVC syllables are natural s])cecli 

recorded from a phonetician. After conducting the DL on 12 

subjects, they find "a significant right-ear advantage for initial 
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/ 

that the left hemisphere has an advantage in proctessiiig speech 

materials. Besides, based on the fact, of the LEA in porcciving 

melodies [36], there is evidence supporting a right heiiiispheix、 

advantage on percdviiig the iioii-speoch iiiolodic materials. (See 

Figure 2.1) 

Left hemisphere Right hemisphere 
(Digits) (Melodies) 

ight 

( 
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stop consonants; and a significant, though reduced, right-ear 

advantage for final stop consonants; a iioiisigiiificant right-ear 

advantage for six medial vowels; and significant and iii(lq)(m-

(leiit right-ear advantage for the articulatory features of voicing 

and place.iii initial stop coiisoiiaiits" (p592, [56]). 

The authors interpret the result as the loft lieiiiis])horo ad-

vantage. for si)ecific language materials such as stop-coiisonaiits. 

Their discussion follows the "ta.sk-(le])en(leiit" view that the lan-

guage functions arc lateralized to the left heiiiisi)liere. They con-' 

elude that "while the general auditory system coiiiiiioii to both 

lieiiiisi)lieres is equipped to extract - the auditory parameters of 

a spcccli signal, the (loiiiinaiit lieiiiispliere may be sp(x:ializc(l 

for the extraction of linguistic features from those pammotoi.s” 

(1)579, [56]). However, the significant RE A docs not exist in the 

medial vowel in their experiment, and they cannot explain why 

the medial vowels have no RE A. Therefore, their experiinoiital 

results do not fully support this hypothesis. 

Curiously, their experimental results can l)e explained by the 

"cue-dependent" view. Zatorre et al. (1)38, [71]) proposes that 

“the auditory cortices in the two lieniisphero^s are relatively spo 

cialized, such that temporal resolution is better in left auditory 

cortical areas and spectral resolution is better in right auditory 

cortical areas". PoQppel (p245, [49]) suggests that the lateral-

ization correlates with the time window of the acoustic features: 

"left auditory areas preferentially extract iiiforinatioii from short 

( � 2 0 40 ms) temporal integration windows. The right heiiii-

splicre lioiiiologues preferentially extract inforniatioii from long 

(�150-250 ms) integration windows". 

If we investigate the acoustic features of Studdert-Kennedy 

and Sliaiikweiler's materials, we can find that the lateraliza-

tion patterns which are indicated by the ear advantages corre-

late with the acoustic features in temporal and spectral spans 

70, 71], especially in the time course [49]. If we look into the 
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(licliotic trials composed of two stop-consonants, which show a 

significant RE A, the contrasts of the acoustic features of the two 

stop-coiisoiiaiits are the forinant transitions happening in the 

first 20 40 milliseconds of the consonants. So it slioukl be i)ref-

erentially processed by the loft lieiuisplicn，. The other results 

of the DL are also consistent with this hypothesis. For the (li-

chotic trials contrasting with vowels, there is no contrasts of fast 

fonriant transition in the vowel clidiotk.、trials. The results also 

show no significant RE A, It is consistent with P()q)i)(、rs hypoth-

esis that for the sounds having no acoustic features hapixniiiig 

within 20-40 iiiillis(xx)ii(ls, there is no REA or left liciiiisphero 

advantage in the processing. Although they exixx-ted to explain 

the experimental results according to the ''task-depeiident" hy-

pothesis, their results, in fact, favor the “(m(>(lq)(m(l(、nt,，’ hy-

pothesis more. One thing to notice is that their cxpcriiiiciit is 

a phonological (liscTiiiiinatioii task, which does not include ol)-

vioTis semantic operations. 

The other kind of DL is to use tho iioii-liiiguistic pitc:hes 

as the materials. In Kimura's experiment, DL with iiiclodios 

shows a LEA, which indicates a right hemisphere advantage in 

melody processing [36]. A better controlled experiment using 

non-linguistic pitches lias been done by Sidtis [54, 55]. The 

experimental procedure follows the "A-B-X" paradigm, which 

is different from the DL using linguistic materials, lxx:ause the 

subjects may not be able to naine the notes they hear. In Sidtis' 

experiment, subjects hear two pairs of dichotic trials as ‘A’ and 

'B', and one diotic (simultaneous presentation of two identical 

sounds, one to each ear) probe as the 'X'. They are asked to clis-

criiiiinate whether the last note has been presented in the pixwi-

ous two dichotic trials. The stimuli are 550 nis pitches with the 

fundamental frequency plus two harnioiiics. The experimental 

results confirm a LEA in pitch processing, which supports the 

"cue-dependent" hypotheses as well. 
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Both Z at or re al.'s and Poopix^l's hyi)()t,li。s(，s of lateraliza-

tion belong to the "cue-(lepcii(leiit" hyi)()tliesos. Those views 

emphasize the correlation of the lateralization and the acoustic： 

properties of the materials. One difference between the two is 

that Zatorre ot al.'s hypothesis includes both the temporal and 

spectral (lomaiiis, while Po()pi)d,s hypothesis only focuscs on 

the temporal (loiiiaiii. In the speodi and non-speech materials, 

the (listiiictivc acoustic, feature is the fast forinant transitions in 

speech and the slow varying pitch diaiigcs in ii()ii-sp(xx:h. Tlu) 

fast foriuaiit transition in the stop-coiisoiiaiits is a l)i,()a(ll)aii(l 

feature which lasts about 20-40 iiiillisocoiids. The pitch dmiig(、s 

ill the non-speech always happen longer than 200 millis(、(:()ii(ls 

and occur in a narrow spectral range. The (、xi)(、riiii(、iital results 

of the lateralization of these two ty|)cs of matoials support, l)()tli 

groups of the “(me-(lq)eii(kmt” hypotliescjs. 

Instead of the acoustic features, the “task-(l()i)(、iKl(、iit，’ hy-

pothesis emphasizes the function of the materials, iiaiiioly wlioth。 

they have language functions or not. From the DL on consonants 

or non-linguistic pitches, the "ta^k-depeiulent" hypothesis can 

also explain the exi)eriiiiental results, but it cannot explain the 

iioii-significaiit RE A for vowels, although vowels ar(、one part of 

the language. Up to this point, the "c.ue-dcpeiicknit" hypothesis 

is more acceptablc to explain the ox])erimoiital results with more 

consistency. However, other than the acoustic foatuiTs, tli(、r() 

arc other factors iiiHviencing the lateralization and supporting 

the "task-cle})eiKleiit" hypothesis. For exaiiii)le, the real-word 

has a greater extent of REA than the i)s(ni(l()"W()r(l, which indi-

cates that a linguistic role, such as semantics, can eiihaiice tlio 

left hemisphere advantage in perception [5(5 



CHAPTER 2. BACKGROUND 17 

4 

2.1.3 D L on lexical tones 

111 the cfusc whore pitch cliaiigos arc used to contrast k^xical 

11 leaning, the factors of the acoustic loaturo and the linguis-

tic role intertwine, and the “(ni(v(lq)(nKl()iit” and the “task-

(lepeiidcnt" hypotheses pmlict^aii opposite result regarding tone 

lateralization. The acoustic feature of tones is the pitch diango, 

which is the same as that in the iioii-liiiguistic pitches. Accord-

ing to the "(:ue-(le])eiKlciit" liyi)()thcsis, tones should 1)0 light, 

lateralized. However, the pitch cliaiiges in loxic.al tone indicate 

different word iiicaiiing. When the sound is within language 

system, the “task-(loi)(m(l(mt” hypothesis predicts a loft, latc r̂al-

izatioii of tones. 

Van Laiickcr and Froiukiii ar。the first scholars to t,()st t,h() 

lateralization of tones using the DL [57]. According to their 

exporiiiieiital results, ''tone-words and coiisoiiant-wonls ax(、hot-

ter heard at the right ear, while the hums show no (̂ ar ()fi.(H:t,”. 

(Hum is the s[)eocli pitch changes without lexical iiioaiiiiig.) 

They also coiiipan! the pcrfoniianco of the ii()u-t()n(、language 

speakers and the tono-laiiguage speakers. “Prdimimiry results 

oil Eiiglisli-si)eakiiig subjects suggest that the consonant-words 

give the usual right oar effect, while the torn、-words and the 

hums do not". Based on these facts, they claim that "pitch clis-

(Tiiiiiiiatioii is lateralized to the left licinisplinre when the pitch 

differences are linguistically processed" (i)l()l,[57]). 

Ill their experiiiieiits, Thai language is used and l)()t,li Thai 

and English speakers are involved. Another similar study was 

(lone ill 2001 by Wang et al. using Mandarin and involving 

Mandarin and English speakers [63]. Tlio rosulLs of those two 

experiiiients arc consistent. However, not all of such studies 

have the same results. Baudoiii-Cliial has also conducted a DL 

on Mandarin recruiting Mandarin and French s])eakers [3]. She 

has not found a significant REA in Mandarin speakers in tone 

perception. Wang, et al. have (Titic-i/cd that Baudoiii-Cliial did 
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not use any method to iii(:i,()as() tlio。m)r mt,(), so that the, high 

accuracy rate and the coiling effect liavn i)i,(iv()iit,()d lun. troiii 

finding a significant RE A. 

Wang et al. [63] use tlic white iiois(’ at a -lOdB S/N ratio 

to iiicrcasc the error mt(，of tho Mandarin speakers to match 

that of the English sp(、ak(n,s. In Van Laiickor and Fr()iiikiii，s 

expcriineiit [57], they also use a iii()t,h()d to in(:r()as(、t lio error 

of tho tone language speakers. In half of the trials, t,li(、y 

('.oiijunct two trials together so that the nioinory load of tlir 

native Thai speakers doublos and tho reaction time for t,li(、trials 

is (lecroasod by half, coiiipai.od with that of the English spoakors. 

H()w()v(’r，l)()th Van Laiic.kor and Froinkiii's and Wang (、t, al.'s 

work has not c.onsidcrod the effect of noise on lateralization. I 

have conductcd an oxporiineiit on the ()H.(x:t of iioiso on ton。 

lateralization [53]. Tho rasults will 1)(、(HSCUSSCHI in CliajM-cr G. 

Tho iiicoiisistoiit results among difibreiit Ix^liavioral DL studies 

on lexical tones have also hcxni shown in iieuroiiiiagiiig studios. 

I will introduce the l)asi(%s of niothods of iKniroiinaging studios 

and the ex])eriiiiciits on toiios and si)(、()di. 

2.2 Neuroimaging techniques 

2.2.1 E E G (electroencephalography) ‘ 

111 Chapter 1, I have iiieiitioiicd that t,li(、au、(、l)nil (:()i t,(、x is coiii-

posed of the gray matter and the white iiiattor. The gray matter 

contains six layers of cells. In these layers, tlioro is a cor tain kind 

of cell called the Pyramidal cell. These colls align parallel to cacli 

other and i)erpoiidi(:ular to tho surfacc^ of the cortex. Tli(，sum-

mation of the clectrical field changes of th(\se colls is rogardcHl 

as the source of EEG signal [66 . 

Tho EEG (lata are collected l)y tho electrodes put outside of 

the seal]). Tho merit of the EEG is that tho Umiporal rcsolu-
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tion is high, on the iiiillisecoiid basis. The rocoixUxl EEC (lat,a 

aro rather noisy and hard to analyze l)as()(l on a single trial. 

The widely used analyzing iiiothod is the ov(̂ iit-rclat(Hl poten-

tial (ERP)，which is calculatccl l)y averaging a set of time locked 

EEG data collcctod uiidor the saiiio typo of stimuli. The ERPs 

in different (conditions may ])c cliffcrcnt. This potential diffcr-

ciico rcfkx比s different cognitive functions involved. However, 

it is hard to loctate the sources of the clc('tri('al field potential 

('haiigos. This is a drawback of the EEG inotliod. 

2.2.2 f M R I (functional magnetic resonance imaging) 

Tlie magnetic rcsoiiaiico iiiiagiiig (MRI) is a t,()dmiqii() used to 

(I'cato strong inagiu^tic fields to capture the imago of t,li() biolog-

ical tissue. There arc two typos of magnetic fields in the MRI 

iiiacliino, the static field and the pulse scqmma). The static mag-

netic field created by a MRI scaniun- is typically within the range 

of 1.5 to 4.0 Tesla. A series of changing iiiagiictic. gradients and 

oscillating electromagnetic fields created by a MRI scaiiiior at 

the same time are ('ailed the piilso s()qu(ni(:(). The energy from 

this field is absorlxKl l)y the atomic nuclei, and will later be eiiiit-

tocl by the nuclei. The aiiiouiit of the omitted energy (lq)(m(ls 

oil the iiuiiil)er and typo of the i)r(\seiit nuclei. Different tis-

sues contain differoiit proportions of various types of inolcc.ulos, 

which have different kinds of atomic nuclei. By adjusting the 

pulse «e(iueii(;e, the MRI scanner can dctoct different typos of 

tissues. For example, the MRI of the brain (遍 detect the (lii: 

fereiicc between tlie gray and white matters. When the MRI is 

used to detect the blood oxygenation changes of the brain ()v()r 

time, the brain activity can be localized to certain braiii regions. 

This method is called functional magnetic resonance iinagiiig or 
V 

fMRI. Although the temporal resolution is on the iniiiute basis, 

the spatial resolution of fMRI is rather good. 
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2.2.3 Other neuroimaging methods 

PET (positron omission tomography) is an iiivasivo luniroiinag-

iiig method that can moasuro tho 丨)1()()(1 How (changes in the 

brain. This i i i e t l K x l roquircs an injection of tlu^ radioactive ma-

terial into the artery. Wlioii tho radioactive material trav( l̂s 

with the 1)1()()(1 and the time does not excccxl lialf of tlui decay 

period, the blood flow clianges and the ghicoso metal)()lisin can 

1)0 (lotec'ted by iiicasuring the radioactive substaiicos. In this 

way, the localization of the cognitive fuiictioii can l)e iiioasurcd. 

DTI (diffusion tensor imaging) is used to (ktoct, tho white 

matter beneath the gray matter. It is a kind of MRI which can 

trace the maximum diffusion (lircctioii of the water iiiolociilo. 

This direction indicates the way of tho neural fil)or biindlo, 1)(、-

(;ause the water molecule diffusion diroctioii is restrict,(、(1 in the 

neural fibers. 

MEG (inagiiet()eiK;ei)hal()graphy) is a method to nioasiin) (li-

r(x:tly the magnetic field changes of the neural activities. It 

lias l)()th the good Unnpoi.al resolution as in EEG and the pro-

(dse spatial rc^solutioii as in fMRI. The nicM.siireinoiit should l)e 

done ill a iiiagiietic-shicklod room to prevent the influence of the 

earth iiiagnctic filed. And it can only iiioasure the activity of 

the surface of the cortex. 

PET experiment detccts the Wood flow cliangcs and fMRI (hv 

toctsjthe blood oxygenation, which have similar origin of sourcos. 

The magnetic field (iliangos that MEG measures liavo the saiiui 

neural sources as that of tho electrical field cliangcs inoasunHl 

by EEG. DTI is used to detect the white matter anatomy of 

the brain, which may predict the functional connectivities ("tho 

iriediariisin for the coordination of activity l)ctween different 

neural a^sseinblies in order to achieve a complex cognitive task or 

perceptual proccss”，p827, [17]). The experimental results using 

tlieso iieuroiiiiagiiig tcdiiiiquos will be ineiitioiuKl together with 

the results of ERP and fMRI experiiiieiits in exploring, speedi 
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and language. 

TMS is a t(X!hni(|uo to (:r(’at,() a local iiiagiiotic. field and to 

iiKlu(x) a temporal suspension or interruption of the c.ognitive 

functions, so that the l)raiii regions relating with certain cogni-

tive fiiiictioiis can bo dotectod. This method is also iTociuoiitly 

utilized to explore tlio l)raiii functions relating to spoodi and 

language. 

In exploring tone latorali/atioii, I use EEG oxi)oriiiioiit, 1)。-

causc its high temporal resolution is suitable for the inoMsiiro-

iiieiit of the neiiral activities during speodi perception. Although 

it is hard to locate the neural sources predsdy, the ekx^tric.al ])()-

tciitial (diaiigos iiioasured in the left and right sidos outside of 

the seal]) infer the licinisplicric advantages. 

2.3 Neuroimaging studies on speech percep-

tion and tone lateralization 

2.3.1 Neuro imag ing studies on speech perception 

The nerve fibers from the as(,(m(liiig auditory system oiitor the, 

PAC (primary auditory cortex). In the Brocliiiaiiii area (BA) 

system, PAC includes BA41 and BA42. The surrounding regions 

ill the superior tonipoml gyrus (STG) and sulcus (STS) in BA22 

are called the belt region or secondary auditory cortex. Posterior 

to the auditory cortex, the core region in the Wernicke's area 

within the lateral sulcus is called the planum teiiiporalo. 

To detect the brain activation, one important principle of the 

iicuroiiiiaging study is the rule of suiniiiation. For example, in 

the fMRI iiieasureiiiont, if one region has a significantly stronger 

blood oxygen lovcl-clepoiidciit (BOLD) signal in one condition 

than the other, it is regarded to be involved in the first condi-

tion more than the other. Usually, the second condition to be 

coiiipared is the control condition, while the first condition is the 
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cxporiinontal condition and inchulos one more cogiiitivo fuiK'tioii 

than that of the control. After the subtraction of the signals of 

the experiiiiontal versus the control conditions, regions showing 

a significant positive cliffcrenco are regarded as processing the 

additional cognitive function. 

By subtracting dificreiit conditions, the brain localization of 

(certain cognitive functions, such as auditory, ])h()iunnic or s(’-

iiiaiitic processing, is cleteriiiiiiod. By (ioiitrastiiig the sound 

l)()r(:dviiig condition with the silent condition, the regions for 

general auditory pi.ocassiiig are locatod，which involve the PAC, 

bolt n^gioii, aiid plaimiii teiii])()ralc. The auditory analysis of 

the complex sounds, such as the plionctic processing, is locatc^d 

in tlie lateral surface of STG and the STS, more veiitrally to tlio 

regions of general auditory processing. These are d()kx:t,(、(l l)y 

contrasting the spcedi i)crcciviiig condition with the ii()n-sp()(、di 

sound perceiving coiKlition. The seinaiitic processing involves a 

vast region veiitrally distributed to the STS, such as the middle 

temporal gyrus (MTG). These arc (leteriiiined '])y contrasting 

word listening condition to the non-word and other complcx 

sound ixnx^eiving conditions. From the above results, a iiiodol of 

the (lorsal-t()-veiitral hierarchical spocdi processing in the tem-

poral lobe emerges [7]. These results also support Hickok and 

P()q)l)ers hypothesis that the ventral part of the temporal cor-

t(3X pr()(;essos semantics, while the dorsal part of the temporal 

cortex processes phonetics [25, 26]. 

With regard to lateralization, the soinaiitic proc-essing is the 

most left lateralizecl. The phonetic processing is more left later-

alizod than the general auditory processing. In [7], the author 

summarized the lateralization patterns as "the degree of later-

alization appears to be strongest for lexical-semantic areas, less 

for phonological and verbal workingnieinory areas, and still less 

for sensory cortex activations (e.g., auditory cortex in STG)” 

(1)237). 



CHAPTER 2. BACKGROUND 〈 23 

These ventral and dorsal regions ar() cx)iiiKx;to(l to the aiit(、-

rior (BA45/47) and posterior (BA44) parts of the inferior frontal 

gyrus (IFG) respectively, which is shown by tracking the white 

matter using DTI [2]. There is also evidence showing that the 

IFG is involved in the perceptual tasks, os])(Kdally the left IFG 

or Broca's aroa [24]. The fiiiictional iieuroiinagiiig study exam-

ining the soiiiaiitic and phonetic processing in the frontal arcja 

shows that the anterior IFG (BA45/47) involves more in the 

inantic tasks, while the posterior IFG (BA44) involves more in 

the phonetic processing [44], Those facts show t’li(，coiiiiectioiis 

l)etweeii the brain structures and functions. The regions that 

arc coiiiiectxxl together arc iiivolv(xl in similar functions. 

ERP ox])eriiiieiits are also us(xl to explore the phonetic and 

seinaiitic processing. According to FYioderic:i's model of the audi-

tory seiiteiK^e processing [18], the phonetic processing is done in 

the first lOOiiis and is roflectcHl in the N1 coiiipoiieiit of the ERP 

waves. The semantic, processing is related with the N4()() (xmipo" 

iiciit which is around 3()0iiis to 5()()iiis after the stimulus onset. 

This model proposes that the (î ogiiitive j^rocessing of different 

aspects of the language functions is linearly conducted. How-

ever, the processing may not necessarily be serial. Early ERP 

coiiiponciits as early as in 120ms and 18()ms niay also reflcx-t 

the semantic processing [48]. In my ERP experiment on tone 

lateralization, both the early and late time windows indudiiig 

P2 ( 200ins after the stimulus onset) and N4()() ('oiii])()iioiits are 

explored. 

2.3.2 Neuro imaging studies on tone lateralization 

Most results of the former neuroiniaging investigations on tone 

lateralization follow the "ta^k-depeiident" hypothesis, especially 

those of the PET and fMRI studios； The coinparis()h of the tone 

processing in tone and uon-tone language speakers shows that 
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the left lieiiiisphoi.o has a more extensive activation in tone lan-

guages speakers [20, 27，38]. The greator activations exist in a 

broad hraiii network iiududiiig the frontal, parietal and tempo-

ral lobes. Even in tone-language, such as Thai and Mandarin, 

speakers, the Thai tone processing is more left latoraliz(xl in 

native Thai s])eak(U's, companxl to that of tlie Mandarin spcak-

ers [21]，and the region that shows the dittbreiico (exists in the 

Brocta's area. 

These results at least show tliat the long-term language train-

ing alters the tuiictioiial activity of the brain when exposed to 

the same kind of stimuli. However, it is unknown in what asp(x.t 

the tone is processed differently in (lifferoiit fangiiage speakers. 

Since the iioii-linguistic pitch processing is lateralized to the 

right heniisphcre in iioii-toiie language speakers [70], it is r(’a-

soiiable to hypothesize that the additional activation in the left 

heiiiispliere in toiKvlanguage speakers is ('aiisecl by Hciiiaiitic's. 

Here we assume that th^Tpitdi processing is in similar bmin re-
、 基 、 

gioiis for both the tone and non-tone language speakers. To the 

knowledge of the author, there is no eviclenc^e in any behavioral 
* 

or iieuroiiiiaging studies showing that the' inosody processing is 

different for tone and non-tone language speakers. 

Acx'ordiiig to the. "cue-dcpeiident" hypotliosis, the prosody 

processing should be right lateralizocl in any language speakers, 

because the physical property of prosody is the slow variation 

of the pitch. Tone also contains the j)itch variations. If the 

semantic role is removed, the tone pattern may l)e procc^ssed 

more rightward, , 、 

There is one ERP experiiiieiit [42] that investigates tone lat-

eralization, ill which the subjects' attention is removed. The re-

suits rcflect a right, lateralization of the t()iie processing, and the 

lateralization pattern is reversed iroiii that of the cousoiiaiit p i o 

cessing. Berlin ct al.'s fMRI experiment [4] also shows a left lat-

eralization of the fast foniiaiit transition of the stoivconsonants. 
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Moreover, when the part of the stop-consonant is prolonged with 

a decrease in the vrato' of the foriiiaiit transition, this left later-

alizatioii also decreases. Jamison et al、31 have found that the 

fast (21ms as the mean duration) and slow (G67nis as the mean 

(hiration) sound changes are left and right lateralized respec-

tively in-the temporal lobe. These? results are good supporting 

evidoiice of the "cue-dependent" hypothesis that, the fast and 

slow' changing acoustic cues are processed j i i the left^and right 

lieiiiisi)lieres respectively [71]. It also indicates that the speech 

perceptioii is left lateralized, l)ecause the speecli contains fast 

changing acoustic ones, whilfe the music percc|)tioii is right later-

alized； bccausc the musk' is maiiily coiiiposod of the slow varying 

• / » ( 
•pitch changes. • 

• * V 

One possible reason for the. opposite results hetwoen Gaii-
« t 

dour et al.'s fMRI expehnient and Luo (、t, al.'s ERP cxperiineiit 

on tone lateralization is that the time resolution of the BOLD 

signal is at the level of second, whidi is the source of the fMRI 

signal. However, the ERP experiiiioiit investigates the electri-

potential cha fes which reflect directly the neural activities, 

冷 1(1 .the time rc^sarilCkyi is at the level of millisecond. In Luo et 

al.ls'cxperiiiieht, they investigate the conii)oiieiit around 2()Qiiis 

affer the stimulus onset, and tdaiiii that the right lateralization 

of toiie processing is just at the early time window. It is obvi-

.ovis that the fMRI experiment, has no advantage at the kmiporal 

cloniaiii and cannot be used to explore the brain activity within 

a second.，“ ’ ’ 》• 

The other possibility to explain the conflicting results is that 

the exi)eriineiital paradigm used in -Luo et al.'s experiment is 

• the inisinatdr negativity (MMN), which is a pre-atteiitive task. 

Ill the auditory MMN experiineiit, subjects' attention is usually 

drawn to' the 'visual modality. For example，su])je(:ts are asked 

to read''books or watch movies silently. When they are doing 

so, the seinaiitic processing may not arouse automatically, and 
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the lateralization pattern of tone is cloiiiinated by its acoustic 

property. However, in Gaiidour et al.'s exporiiiieiit, subject^ are 

risked to do the discriiniiiatioii task on tones. In this active task, 

itfthougli it only requires phonological processing, the semantic 
» 

processing may also be activated to help the (liscriiiiiiiatioii； 

• 4 

2.3.3 Mot ivat ions of my E R P experiments 

As analyzed above，both the linguistic role and the acoustic 

property may affect lateralization. However, there were no pre-, 

viovis systematical studies to e?cJkiiiiie both of these factors on 

tone lateralization. By looking at the definition, tone is the pitx li 

variations to distiiiguisli lexical meaning. It is natural to con-

sider the effects of both the acoustic property of pitch and the 

linguistic role such as seinantics oh tone lateralization. When 

the tone patterns do not contrast with the lexical iiieaiiiiig, the 

abstract tone patterns are still part of the phonological system 

in the language, which arc callcd toiieiiies. It is also meaningful 

to explore the lateralization of toiieines, even if they do not bear 

lexical seinantics. In the exploration of tone lateralization, the 

toiunne is also considered as part of it. In or(l(、r to have a bet-

tor uii(lerstaii(iiiig of the factors that affect tone lateralization, 

I take account of these two factors, l)()th of which impact on 

tone lateralization, though they arc in favor of two competing 

hypotheses. 

Ill Liio et al.'s study [42], the lateralization of tone has been 

compared with that of the consonant, which n)H(、cts the effect 

of acoustic property on tone lateralization. However, no one has 

carefully explored the role of semantics on tone lateralization. 

Although Van Laiicker and Fronikin's DL experiment npv liuiiis 

as the pitdi changes without semantics, this condition is not 

well coiitix)ll̂ id-tQ-trxptof"e spcodi without semantics, becausc the 

acoustic pro])erties of hums are not coiiipaxable to words. Speecli 
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materials such afe CVC* syllables or words visually have foriiiaiit 

^^ansitions, while liuiiis do not. In my ERP experiments, I use 

real words and pseudo-words. The acoustic properties of pseudo-

^ words are comparable to real words, but these pseudo-words do 

not contain semantics'!^ 

‘ 111 iny ERP experiments, I will investigate both the seinaii-

tic and acoustic aspects of tone processing. The fine temporal 

resolution of the ERP paradigm allows me to exi)loro the licnii-

spheric lateralization within a second. 

• End of chapter. 



Chapter 3 

E R P experiments on tone 

lateralization 

Summary 

In this chapter, I will introduce my ERP exi)erimeiits on 

tone lateralization, including the experimental design, 

sample materials, and methods. In the previous stud-

ies of tone lateralization, there is only one ERP study 

oil tone lateralization. In Luo et al.'s work [42], they 

use the MMN paradigm to do the experiinent. Since it 

is a passive listening task and no language tasks are in-

volved, their results of tlie tone lateralization only reflect 

a pitch processing irrelevant of the linguistic function of 

tone. 

My ERP studies include four experiments, all of which 

are language tasks. The first two are DL exixniiiieiits, 

the third one is word priming, and the last one is sciiiaii-

‘tic violation in sentences. Details ahout the experiments 

are introduced below. 

28 
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3.1 A brief introduction to ERP study 

A scliGiiiatic representation of the ERP experiment procedure is 

shown in Figure 3.1. During the experiment, an experimental 

control computer presents the stimulus (auditory in my experi-

inents) to the subjects. They are asked to finish some language 

tasks and their responses will be recorded by the experimental 

control computer. In the same time, the brain waves of the sul)-

jects are collected by a recording computer. And the signal is 

amplified and digitized by the amplifier before recording. The 

continuously recorded brain waves of all clianiicls are EEG sig-

nals, which are tagged with time stamps syii(;hroiiizing with the 

stimulus presentation. This procedure allows the following ERP 

analysis. 

After the experiineiit, EEG ( 1御备 cs through 7 major stops 

(see Chapter 4 for details), especially the segmentation of EEG 

signals and the averaging of multiple EEG segments with the 

same type. The averaging procedure enhanced the signal to 

noise ratio and the ERP wave is obtained. Each coinpoiiciit of 

the ERP wave hais its own time window and topographic distri-

bution. T h e r K ^ two naming systems of the ERP coiiipoiiciits. 

Take ‘PI’ for sample, ‘P’ represents for positive and ‘1，i,q)io 

sents for the first, so that ‘PI，indicates the first positive going 

component. The other type of naming system us(\s the time 

window of the peaks to name the coinpoiieiits. For example, 

'N400' rrieaiis a negative going coinponeiit which peak is around 

.400 ins after the stimulus onset. 
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subject Experimental control 

stimulus presenta t ionx^u l taneous ly 

tasks 
J^ear phone 

tag 
Nl/ 
p i ] pri time stamps 

EEG signal 

collection 
V 

filtering, segmentation, 
artefact detection, 
bad channel replacement, 
averaging, montage operation, 
baseline correction 

ERP 

Figure 3.1: The procedures of ERP cxj)cu iiiioiits 

3.2 ERP experiment on DL 

111 Chapter 2, DL lias boon introduced. In this section, I will 

suiniiiarize the previous ERP studies on DL and narrate my DL 

experiment on tone lateralization. 

3.2.1 Motivations 

Followed by the behavioral DL exixjiiiiieiits that show tho latĉ r-

alizatioii in the auditory modality, the ERP methods ar(，used to 

explore the brain lateralization under the DL paradigm [15, 67 . 

‘Eicliele et al.'s study examines the N1 compoiioiit of the ERP 

^waves (luring"the stop-consonant DL [15]. They cxainiiio the 

electrodes in the left and right temporal regions, and find that 

the latency of the N1 (x)inp()n(mt in the left heiiiisi)liere is 15iiis 

shorter than that of the right lioiiiologuc d()ctr()(l() (p < 0.01). 
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111 behavioral experiments, it is a standard to use the six stop-

consonants /b, (1，g, p, t, k/ with an /a/ to form CV^(c()iis()iiaiit-

vowel) syllables to detcct the ear advantage. And the results 

consistently show a REA in population [30]. Although Eichelo 

et al. have not found a significant amplitude difference l)( t̂wooii 

tlie left and right lioiiiologous regions, the shorter latency of the 

left lieniispliere is consistent, with the REA in l)eliavi()ral ox])(n-

irnents, which reficcts a more quickly response of the left hoiiii-

sphftre in perceiving stop-coiisoiiaiits. In a MEG study, "the yc-
sults suggest that auditory impulses originated from tlio (’ar may 

first arrive at the contralateral temporal cortex and then return 

to the ipsilatcral temporal cortex inediatiiig through the corpus 

callosuin (p483, [45])”. Although the reason for those results 

is unknowii, at least it provides evidence that tlio coiitralatc^ral 

auditory pathways transpose signals quicker than the ipsilatcral 

pathways uiKler the monaural presentation [45]. These results 

confirm Kiinura's modal on DL that the coiitralatoral pat hways 

surpass the ipsilateral ones, and the loft lieiiiisplioro has an ad-

vantage ill processing certain si)ce(:li sounds. 

Wiolaiid ot al. explore DL of pitch ixnceptioii [67]. Since 

it is hard to iiaiiic the pitch, tlioy use the (li(:li()ti(: iiioiiitoriiig 

task, which re(iuires subjects to (liscTiiniiiatc the 'rare' stimuli 

rather than to identity the stimuli in the original DL experiiiioiit. 

(Arbitrary labdii识 of pitches verbally or with syiiihols needs 

additional training for subjects, and it involves language tasks 

other than pitch pcrcc])tioii itself.) It is an oddball (Icsigii. In 

their experiiiieiit, subjects hear diotic pitduxs at 5()()Hz in 85% 

of all trials. The pitdi iii the left or the right car cliaiigos to 

2000Hz (left target or right target). Each type of those chaiigos 

occupies 5% of the trials. The input to the other ()ai. remains 

at 5()0Hz. Those two conditions arc dichotic (tonditions. In 

the rest 5% of the trials, subjects hear cliotic 20()()Hz pitches 

(diotic target). Oiico the sul)jec.ts hoar tho 'rare' pitch, they will 
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give a rosi)oiise by pressing the l)uttoii without c.ariiig about in 

which oar they hear the pitch cliango. The statistical analysis 

reveals that in the two dichotic conditions, the N2 coiiipoiiciit 

has higher amplitiide when the tone c^haiige is in th() loft ear than 

ill the right car. Their "findings l)riiig strong ckx-tropliysiologic'al 

support to Kimura's structviral model for (lidioUc porcoptioiis 

with a right lieiiiisphorc ])rovalcii('o in a pitdi (liscriiniiiatioii 

task”（1)516, [67]). 

E R P expo r i i i i o i i t s on D L l iavc cons is ten t resu l ts as t h e oar 
advantage results in tlie l)eliavi()ral tests, for CV syllables and 

p i t c h ma te r i a l s . However , i t has n o t l)ooi i used t o (explore tone 
l a t e r a l i z a t i o n . P rev i ous b e h a v i o r a l D L cxpo r i i ne i i t s on U)ii(，liavo 
incons is ten t ear advantages resu l ts , w h i l e E R P i i i easuro ino i i t m a y 
provide more direct evidoiice regarding the lioinispheric; special-

ization. Since tone is a part of the language systoin, it is possible 

to label and iiaiiie the tones as in the st()p-(:()iisommt DL task. 

T h e t o n e i ) a t t e rns do d i s t i n g u i s h i i i ea i i i i i g , b u t t l i o y also f o r m 
the phoneme units which are called toncinos in certain tone lan-

guages. Ill this (lissortatioii, the discussion of tone lat,(、mlizaXi()ii 

also considers tonemes. 

3.2.2 Experimental design 

In the (uirreiit DL ERP cxpcriiiK^iit on tone latcnalizatioii, tlir. 

two factors coiisidoml here arc the linguistic role and tlio i)liysi-

cal property. It is a two-by-two design. The linguistic r()l(i rotors 

to the semantic function of the Umc. Tlioro arc two levels in this 

factor: syllables with characters that bear iiioaiiiiig and those 

having no corrospondciit characters. Tlioy aro called real sylla-

bles and pseudo-syllables, respectively. Tlio physical property 

refers to the acoustic features of the tone, coiiiparod with t,li(、 

other phoiioiiies such as the stop-coiisonaiits. The pitch changes 

in tones Mrc around 200-3()()iiis long and the (thaiigos are fine-
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grained in the hxxiuoiicy range, while the fonnaiit-traiisitioiis in 

the CV syllal)l(\s are about 20 4()iiis within a wider freejiuiiicy 

band. Stop-ctoiisoiiaiit and tone an) the two Icvds in tlic factor 

of the physical property. 

3.2.3 Materials 
V 

There ar() four conditions in this t,w()-l)y-tw() dosigii. The sample 

niatorials are listed in Table 3.1. Mandarin syllables iini used in 

the cxperinioiits. 

V 
Tabic 3.1: The four c.oiKlitioiis in the first DL experiiiicnt and t he samph、 

materials in t hose coiKlitioiis 

Conditions R E M . SYI.LAHLE PSEUDO-SYLLABLE 

Consonant clichotic. trial (bao), ((bio) (dua), (i)ua) 
Cliiiicso Chj|iac.ter sample 包’ 刀 t 

Tone (iichotic tr ial (bao), (bao) {l)ua), (HIIA) 

Chinese Cliarac.tor sample s, 包 1 

III the i,(，al syllable (lidmtk, trials, the two syllables both liavn 

('orresi)oiKleiit (characters in Mandarin. Whoii oiio syllabic has 

(:()rresi)()ii(leiit char actors, the soiiiaiitics of those cliaractcirs is 

activated. For example, when the syllable (bao) is hoard, it is 

natural for sul)jects to think of 包,which moans the 'bag'. In 

case there arc multiple correspondent (-haractcrs for a single syl-

labic, eadi of tlieso lioiiioplioiies has its own iiieaiiiiig, and the 

semantics will bo involved as well. In the ])seu(l()-syllal)lo conso-

nant (licliotic trials, both syllables arc made of valid consonants 

and (liphtlioiigs. But when tlioy arc coiiibiiiod together, there 

are no conospoiidoiit char act tors for those syllal)les. In both 

syllable and i)sou(l(>syllable CrUses, thoro ar() (consonant dichotic 
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and tone didiotic trials. In the roal syllal)lo (lidiotk: trials, sul)-

j(x:ts hear two syllables with difforoiit initial consonants/ Other 

coiiipoiieiits ill those syllables fir(，the same. In the tone (lichoUc 

trials, the only (liffereiico between the left and the right oars is 

the tone, and the two syllables have the sam。c-onsoiiaiit and 

(lil)litlioiig. 

Ill this cxi)eriiiioiit, the stop-consoiiaiits used arc phonciiios 

(1)) and (d) in Manclariii (/])/ and / t / in I PA notation), and 

the (liplithoiigs arc (ao) and (iia) (/an/ and /ua/). The tones 

ar() tone one (the high level tone) and tone two (the high rising 

tone). Eight syllables arc (x)nstruct(xl with these i)li()iicincs and 

toiioiiios: (bao), (l)ao), (dao), (dao), (bua), (hua), (dua), and 

(dua), which form eight pairs of didiotic triiils. If the OI,(1(T 

of left and right ()m, prosentatioiis is counted, there sixto(ni 

trials ill total. All materials arc listed in Appendix (Table A.l). 

The sound iiiatorials are locoixkxl from a female Mandarin 

native si)eaker in a sound-proof booth, using Sliure SMIOA iiii-

(Tophonc and Sony PCM-27()0A audio i.(x:or(l(’r. The sampHiig 

rate is 4410()Hz during recording. Twenty samples of each sylla-

ble are rccordcd. The sounds arc edited using the Praat software 

after rc(x)r(liiig. Four real syllables having the same length ax() 

chosen, with the mean duration of 3()()iiis. Four i)s(m(l()"syllal)l()s 

liaviiig the same length arc also chosen, with the iiioaii duration 

of 35O111S. The iiitoiisity of each of these sounds is adjustocl to 

75dB. Ill the end, sixteen pairs of didiotic： trials aro crcated by 

coinbiiiing two syllables in the Idt and right channels. 

To gain a bettor cxperiiiiental control, the pitch of one syl-

lal)le ill a consonant didiotic,trial is aligiuxl to the pitch of the 

other. And one syllal)le in a tone didiotic trial is made by its 

original tone contour and the syllabic structure of" the other syl-

lable ill the (lidioUc trial. The sound wavet()niis and the spcx：-

trograins are shown in Appendix (Figure A.l). Those iimiiipu-

latioiis will remove the acoustical dissimilarity l)ctweeii tlio loft 
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and right cliaiiiicls of the irrelevant phommios in the dichotic 

trials, and distinguish the target ])lioneiiie contrasts. Only stop-

(X)iis()i iai it (contrasts or t h e to i i o con t ras t s r e m a i n i n t h e ( l i d i o t i c 
trials. 

3.2.4 Procedures and experimental settings 

Before the exi)criiueiit, subjects are testĉ cj. with their hearing 

abilities using the pure tone analysis iiiethod (PTA), and with 

tlioir liaiidccliioss using the Edinburgh Haiidccliicss Inventory 

46]. The sample forms of the PTA recording and tlio liaiid-

cdiioss test are shown in Appendix (Figure A.2). 

The PTA test is done in a souiid-proof room using the GSI-

68 diagnostic audiometer. Testing fro(|uoiKdos ar() r25Hz, 250Hz, 

5()0Hz, 75()Hz, lOOOHz, 15()0Hz, 2()()()Hz, 3()()()Hz, 4()()()H/, GOOOHz. 

and 80()()Hz. The of the testing fi.()qu(m(:y l)cgiiis from 

lOOOHz and increascvs step l)y step to 8()()()Hz, and then g()(\s 

down from 75()Hz to 125Hz. The hearing threshold of each siib-

at eac:li frequency is dctcnniiicd by the automatic proj^miii 

iinbedckxl in the audiometer. Sul)jc(:ts should i)ross a button 

once they hear a sound. Usually, if the sul)j(x:ts respond to a 

sound at a certain intensity level for 2 times within 3 i)resoiita-

tions, we say they can lu^ar the sound at that intensity level. If 

the subjects prcfss a but toil, the sound intensity will go down by 

lOdB; otherwise, it will bounce l)ack by 5(1B. The lowest iiitoii-

sity level at wliicli subjects can respond for 2/3 times is called 

the hearing threshold at a certain frequency. 

If the subject's hearing threshold (X)iisisteiitly excccds 30(113 

at 3 adjacent frequency levels, his/her data will be oxdudcd 

from the analysis. Two subjects out of 36 have boon excluded 

duo to their hearing al)ilitios, although none of the subjects lias 

previous hearing ])r()l)loins. This hearing ability control is to 

make sure that subjects (,mi hear stimuli clearly, Ixx-ause during 
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the experiiiieiit the intensity of the sound i)reseiitatioii is fixed 

at 75(IB. It is measured by the sound level meter, because the 

sound intensity irioasunxl in the cxniiputor is not iKx;ossarily to 

be the output sound intensity. 

Other settings of the ERP exi)eriiiioiits ai.o listed below. The 

saiiipling rate of the EEG recording is 25()Hz, and the rofereiicc^ 

node is vertex. The impedance of all electrodcs is adjusted below 

50K Ohm at the bogiiiniiig of the experiiiiciit to insure a good 

contact with the scalp and clear data. 

During the experiiiient, subjects are ask(xl to respond to the 

(X)iis()iiaiit and tlie tone of the heard syllable in one of their two 

ears. At first, they see a fixation. Four hundred iiiillisocoii(ls 

later, they hear a didiotic trial. Subjec-ts are asked to listen 

carefully to the sounds from both oars and try to reiiieinl)cr 

tlioiii. The fixation is on wlien subjects hear sounds. Tlicy are 

asked not to blink or move any body parts while the fixation is on 

the sd'oeii. The fixation (lisap])cars at lOOOiiis aft(u, the onset of 

the stimulus, rcplaml by the Chinese chamcto indicating “左” 

(left) or “右,’ (right). The purpose of the indication is to let 

subjects to know which side of the syllables they slioiild respond 

to. The purpose to let subjects h(w the stimuli before seeing 

the indication is not to bias their attention to eitlier car. The 

indication is on the screen for 12()0iiis. Subjects an、asked to give 

the response after seeing the indication. They are given 20()()iiis 

more after the clisapixuiraiice of the iiidic.atioii to respond. The 

l)r()co(lurc of each didiotic trial is shown in Figure 3.2. 
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fixation — 
auditory stimulus 

400m 

Figure 3.2: The i)i.()(:(、(liii.(、of (、a(:h (i idiotic trial 

Four buttons are us(xl for resj)()iise, two for consonants and 

two tbr tones. The choices are “13”，“D,,，“-”，and “/,’ rep-

resenting the consonants (1)), (d), tone one, and tone two in 

Mandarin. After the training of PiiiYin system for years, the 

symbols represent different phonciiies for sul)jc(!ts for sure. Tlio 

task is regarded as a language task other than a metalinguistic 

one. For example, when subjects hear (dao) and (bao) in their 

left and right ears rospcctivdy, and they see ”右” (right) as an 

indication. Then they should respond “13” and “-” by pressing 

the buttons. Subjects are instructed to respond with the left and 

the right index fingers, one for the consonants and the other for 

the tones. For half of tlie subjects, they use the left index finger 

to res])()n(l to consonants and the right index finger to respond 

to tones. It is revcrs(Hl for the other half of the subjects. The 

left or right hand resixoiise to coiisoiiaiits and tones is dioseii 

randoiiily between subjects. The sequence of the four buttons 

is adjusted acctordiiigly for eadi subject. 

Each trial lasts 5 scctoiids. There are 64 trials in each block, 

lasting 5 minutes and 20 sectouds. In total, there are 4 blocks. 

Between each block, subjects are allowed to. take a rest for 2 
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minutes. The whole experiment lasts about 30 miinites. In each 

block, the 1(3 didiotic pairs appear randomly. E-Priiiio software 

is used for the stimulus presentation. . 

3.2.5 The second D L exper iment 

The basic settings in this DL oxperimeiit an) the same as in 

the first DL oxporinieiit, cxc^ept for the materials and additional 

two (liotic control coiKlitioiis. In the sccoiicl DL experiment， 

tlio coiirtDiiaiits US(H1 axe (d) and (t) (/t/ and /t,"/ in IPA no-

tation), so the contrast in the consonant (iidiotic trials is the 

VOT (voice onset time), instead of the foriiiaiit transition in 

‘the stop-consonant CV syllables as in the first DL experiiiioiit. 

The tone' materials are* tone one and tone four, instead of tone 

one and tone two as in'the first DL cxpeiimeiit. The vowels are 

/a/ and /(x，/, the latter of which (ioes not exist in Mandarin. 

The syllables composed of /ir,/- are called ii()n-syllal)les. The 

sample materials are list(xl in Table 3.2. 

Table 3.2: The four coik lit ions in the second DL exp(niiiieiit and the sample 

inatorials in these conditions 

Conditions REAL SYLLABIZE NON-SYLLABLE 

Consonant (iic.hotic trial (da), (ta) ( t (H (dih) 

Chinese Cliarac'ter sample 搭’ 它 - , 

Tone dichotic trial (TA), (ta) (DDO, ((Id、） 

Cliiiiese Chara(ttor saiiiplt、 踏’ 它 

Diotic trial (da), ((i⑴ (t(-X、), (TRXO 

Chinese Charat tor saiiiplo 大’ 大 

111 composing the stimuli in the second DL experiment，there 

is no iiianipulatioii of the sound waveforms, except for the iii-

tonsity acljustiiiciit. The duration of the syllables is 35()iiis. The 

reason for not adjusting the sound waves is that the two sounds 
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ill the didiotk, trials in the first DL cxp()rim(mt ar(，too similai. to 

each other, which causes difficulty for subjects to identify stiiiiu-

lus ill either ear. The behavioral data also indicate a'diaiice level 

of choice for the average accuracy in the first DL. Although this 

low accuracy does not deteriorate the lateralization analysis in 

the behavioral data in the first DL, a better accuracy rate could 

bfiiig more confideiicc in the result analysis. A better distiiictioii 

of the two sounds in a dichotic trial makes t he task easier for sul)-

jects. The drawback of this consideration is that the differences 

ill the two sounds in a dichotic trial under the two consonant di-

chotic conditions may also include nuance pitdi contrasts. The 

mean pitdi differeiic'cs between the two sounds in the four (.x)ii-

soiiant dichotic pairs are listed in Table 3.3. According to the 

d'Alessandro threshold [13], these pitch (lifferences are iiiiiiotico-

able. For the same reason, the two sounds in each trial in the 

two tone dichotic conditions may also Imvo small (liffereiices in 

the syllable structures. But the onset of these two sounds can 

be inaiiually adjusted quite well in Praat to (limiiiLsli the (liffer-

eiices ill the onset time. The slight intensity differences inside 

the sound waveforms between the left and right channels should 

not affect the result, since eadi c^oinbiiiatioii will he reversed in 

tlie left and right, cliaiiiiels for half of the presentations. Slight 

foriiiaiit (liffereiK:es between the two sovinds in a tone dichotic 

trial should not affect the result, either. The sound waveforms 

and spectrograms are shown in Appendix (Figure A.3). 
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Table 3.3: the mean pitctli (lifforeiices between the two soimds in t he four 

coiisoiiaiit (ii(;h()t,i(•‘ pairs 

Mntorihis TONE 1 TONE 4 

MEAN FHEQUENC'Y FKEQUF.NCY RANGE 

RANGE) MEAN) 

Real (da): iiicaii 376.1Hz (da)： range 369.1 443.0Hz 

syllablr (372.2-385.2) (413.7) 

(ta): mean 376.1Hz (ta)： i,aiig(、371.7 433.3Hz • 

(3G9.9 391.8) (407.2) 

Noii- ((Id;): mean 366.2H// (dcr): range 321.4 442.GH'/ 

syllal)le (359.7-382.1) (410.3) 

(t(r): range 372.2H/ (taO： range 345.0 458.2Hz 

(354.2-385.1) (429.0) 

The iiieasureineiit of the pitch Ls calciilatcxl with Praat. Due 

to lack of pitdi points in the l)egiiiiiiiig and ending parts of (td、） 

(luring the iiieasureiiieiit, the differeiice between ((1(b) and (td、) 

seems to be greater than it actually is. Even if the (liffei.(m(:(、is 

as large as shown in the ineasureiiieiit, it docs not excecd oiio 

seiiiitoiie of mean froqueiicy value of either ((Id、) or (td、). A^d 

the (liffereiK'c is not obvious in perception. 

As in the first DL experiment, each trial lasts 5 sccoiids. But 

ill the scx:()ii(l DL experiment, in oi.(l()r to make subj(x;ts feel 

more comfortable, the nuiiiber of trials in each block is reduced 

to 48, which leads to a change of the duration of (、a(.h l)l()(:k to 4 

minutes. There are 6 blocks in the s(x:oii(l DL experiineiit, and 

the whole session lasts about 30 minutes. 

3.3 Word priming 

DL is ail experimental coiiciitioii that does not occur often in 

daily life, and it adds more loads to the forebraiii to i)n)(:()ss 
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two sounds simultaneously [32]. The underlying assumption to 

use tone or consonant dichotic trials is that the ackiitional pro-

cessing of two tones or two consonants will incrcavSo the load 

of (•orrespoiKloiit braiii regions in tone or consonant processing. 

By comparing different dichotic conditions, the differoiices in 

tone or consonant processing are proiiiiiieiit. However, the (li_ 

otic sound presentation is marc natural, and the pi'iiniiig task is 

one option for the study of tone lateralization. 
if _ 

3.3.1 Mot ivat ions and experimental design 

Priniiiig is a plKnioiiienoii of tlic acceleration of the responses 

after repetitions. It has been widely explored in exi)oriiiieiits 

where subjects are exposed to a type of stimuli for more than 

one tiiiic. Ill this situation, the response time will (l(、(:r()as(、from 

the sec-oiid time subjects encounter the same type of stimuli.'It 

is callod facilitation oftcct if the reaction time deciroases, while 

inhibition also occurs if the reaction time increases. 一 

Previously, in the study of child language acquisition, tlie 

phonological priiiiing ERP experiiwents have hecii used to ex-

])lore the changes of the word onset processing along with lan-

guage exi)erieiiccs [9]. In Boiitx) and Bloiiiort's experiment, there 

is a change of the N1 shape and a different N4()() coinpoiient r(、-

(luction in different language groups when using words or non-

words as testing materials. In their cxperiiiient, the primes slmn、 

the first syllable with the .target words in half of the trials. In 

the other half of the trials, the primes share no coiiiiiioii syllables 

with .the targets. The materials are all disyllabic Dutch words 

or non-words. 

When exploring the factors affecting tone lateralization, I 

adopt, a similar design as in Boiite and Bloiiiert's work, but use 

different syllables in the phonological priming tasks, i.e., coiiso-

iiaiit and tone. The underlying assiiiiiptioii is. that the priming 
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effects of tone or consonant will cause different lateralization 

of the ERP component reduction in the two honiisi)liores. For 

example, if the left hemisphere is the doininant heinis^Sliere for 

the consonant i^roccssing, the priming effect should be stronger 

ill the left lieiiiisi)liero, hence the reduction of the ERP coiii-

poneiit ill the left hemisphere is greater than that of the right 

heniispliore. However, if the right lieiiiisplierc is the dominant 

hemisphere for the tone processing, the reduction of the ERP 

coiiipoiieiit in the right hemisphere should be greater than that 

ill the left homologous sites, which reflects a stronger priiiiiiig ef-

fect ill the right liciiiisplierc. I will use these two typos of i)riiii(、s 
•J ‘ , 

to explore the factor of the physical property in iiiy exi)eriiiieiit. 

Besides, by using real word and pseudo-woixl target}^ I ex-

l)l()i,e the different lateralization patterns of tlie ERP compo" 

iieiit in these two conditions. According to the previous tMRI 

studies [44]，the semantic processing should be left latoralizecl. 

The working hypothesis in the current experiment is that the 

ERP c()iiii)oiieiit correspoiicleiit to scinaiitic i)rocessiiig should 
1)0 more left lateralizod. This effect could bo indicated by higher « 
amplitudes in the left electrodes than in the right. 

In sTiiii, the factor of the physical property is reHocted in the 

different types of priiiiiiig effects, and the factor of the linguistic-

role is exaininecl in the different types of target words. Those two 

factors arc explored in different time windows in the ERP data, 

and the experimental design is a tliree-by-two design including 

two control conditions. In the factor of the physical property, 

there are three levels: consonant primes, tone priincs, and iioii-

priines. In the factor of the linguistic role, there arc two levels: 

real words and pseudo-words. 

3.3.2 Materials and procedure 

The sample materials are listed iii Table 3.4. 
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Tabic 3.4: the sample materials in the second ERP cxjxuiiiiont 

Conditions PRIME TAIUJRT 

Real word Consonant prime 

Chinese Characters 瘸 

((fi die) 

汽车 -

Pseudo-word Consonant prime 

Chinese Characters 静. 

(jiao bcii) 

交本 

Real word Tone prime、 

Chinese Characters 

(hong) 
供 

(xiaiig gang) 

香港 

Pseudo-word Tone prime 

Chinese Characters 

(qdn) 

群 . 

(gvio men) 

国闷 

Real word Non-prime 

Chinese Characters 

(fa) 

发 

(xiio zhe) 

学者 

Ps(Hul()-wor(l Non-prime 

Chinese Characters 

(lull) 

轮 

(yiiig feiig) 

影缝 

There are 6 conditions, and GO trials are foniiccl under each 

condition. In total, there are 3G0 trials. The full list of tlio 

materials is listed in Appendix (Table A.2, A.3, A.4,. A.5, and 

A.6). Ill the consonant priming conditioiiis, the prime syllablo 

shares the same consonant as the first syllable in the target word; 

ill the tone priming conditions, the tone of the prime syllable is 

the same â i the tone in the first syllable of the target word. 
* ) 

Iloal words are the disyllabic words in Mandarin; pseudo-words 

arc creatcd by connecting two valid syllables, but the (:()ml)in()(l 

syllables do not form a iiioaningful word in Mandarin. 

Ill the experiment, subjects first hear the priiiio. The dura-

tion between the onset of the prime and the fixation is fixed at 

GOOnis. The ineaii duration of the primes is 383.()6iiis (49.71) 

(The imiiiber in bracket represents,the standard deviation), and 

the maximum length is 591ms. (The iniiiimum length is 251IILS.) 

The sound intensity of the primes is set to 55(1B and the sub-

jects are asked to ignore the sound played befcire the fixation. 
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Tlie puri)ose of presenting primes at low intensity and the in-

structions to subjects is to uiciki) sure that the priiiiiiig effect 
• 

is strong [40]. Target syllables ai,() adjusted to 75(1B. After the 

prime, the fixation appears on the scmni. Four liuiidrcd inil-

liseconcls later, the target word is presented in ])otli oars. The 

OSA (onset asyrichroiiy) betwo(ui tlio prime and the targc t̂ is 

fixed at lOOOnis. Target length is (319.58ms (52.05) on average," 

and the longest target is 751ms and the shortest ouo is 51()ins. 

After lOOOiiis after the onset of the target word, tlie fixation 

disappears. Subj(x,ts should not l)liiik or inovo any body parts 

(luring the appearance of the fixation, and not to respond until 

the fixation disapiJears. They are given 30()()iiis to lospoiid. One 

trial lasts 5 secxnicls. There arc GO trials in oach block with 10 

randomly chosen stimuli from each condition. Eacli block lasts 

5 iiiinutes. Sul)jcds arc allowed to rest for 2 iiiiiiiitos bctwcnni 

two blocks. The exi)eriiiiont includes G blocks and lasts al)out 40 

minutes in total. The procedure of crach priiiihig trial is shown 

ill Figure 3.3. , 

600ms 

Figure 3.3: The pi.oaxhm) of each prime trial. • 

The task in the oxperiinent is to judge whetlu^r the 'target, 

word is a real word or not. Subjects press the ‘Y’ button if they 
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think the word is a real word, and the 'N' button otherwise. One 

half of the subjects respond to 'Y' with thoir left index fiiigcn* and 

'N' with their right index finger. The other half do the r()v()rs(、. 

The left or right rospoiisr； order is (Ictoriniiicd raiKlonily botwoon 

subjects. 

3.4 Semantic violation in sentences 

3.4.1 Motivat ions 

The first ERP oxpcriiiioiit exploring laiignago processing is the, 

work oil soiiiaiitic violation [39]. They hav(̂  found that the N4()() 

(!onii)()iioiit is more iiogativo wli(m the, iiKiaiiing of tlio targot 

word (Iocs not integrate well with previous context. N4()() (x)iii-

poiiciit and soinaiitic; processing have bocii (’xt(msiv(、ly (、xi)l(n,(、(l 

cv(n' since then. I use tlio seniaiitic violation paradigm to (、xpl(>i,() 

tlio tone lateralization in my ERP exixninunit. 

3.4.2 Experimental design 

111 this exi)eriiiiciit, the physical propm.ty and the linguistic n)l(、 

are s(iueezo(l togetluu'. I cliaiigo the tone or the consonant in 

the final syllable of a sciiteiicc to iiicluco the s(、imuit,i(: violation. 

Although the last syllable is a valid nionosyllahic word in Man-^ 一 « ' 

clariii, it does not fit in with the sontonctc context. Th(、r(、is-a 

strict control of the seiiteiK'c length and the syntactic; structure; 

cadi soiitoiK'C ('X)iitaiiis 11 characters, and the sonteiice structure 

of the last two syllal)los is always a verb followed l)y an ()l)j(x:t. 

Examples of tlie stimuli ai.(、shown in Table 3.5. 
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Table 3.5: the three conditions of thv. third (，xp(、i.im(mt’ and the oxainpk、 

sontenccs in t,h()s(，conditions 

Conditions SAMPLE SENTENCES 

Normal soiitcuico (zao dioii yi (|i lai, 

早晨一起来， 

ta jiu kai ski slifi ton). 

他就幵始梳头。 

Consonant induced (xia wu inoi you ke, 

soiiiant.ic violation 下午没有课， 

nan wlKMig doii qfi TT you (qii'i)). 

•男生都去踢油（球）》 

Tone iiidiiced (iia (iao xiie woi hou, 

soiiiantic violation 拿到学位后， 

ta liifi ina sliaiig liui giio (训('>)). 

他会马上回过（国）。 

3.4.3 Materials and procedure 

There are (50 seiiteiicos in each condition, and Ui(、i,(、aro 180 

seiiteiicos in total. The averages (luiatioii of the soiitoiico from 

the onset of the first syllable to the onset of the last one is 

32()6.1iiis (156.1). During the oxperiiiK^it, the fixation is shown 

on the s(!rooii for 4()()iiis before the auditory iHcsoiitatioii of the 

sentoiK'es. It disappears at lOOOiiis aftor the onset of the last, 

syllable. So the sentence duration is 4206.1ms (156.1) on aver-

age. The blank scrcxni remains for 20()()iiis before th(̂  next trial 

starts. The length of each trial varies according to the length of 

the stimuli botweoii tlio onset of the sentcnice and the end of the 

second last syllable. The average loiigth of each trial is GGOG.liiis 

(156.1). The intensity of the imbedded soiitoiK'c and that of the 

target syllable arc all adjusted to 75(1B. Eadi block contains 40 
* 、 

sentences consisting of 10 raiidoMily ('hosoii sentences from each 
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of the three ('.oiiditioiis, and 10 additional filler sontoiicos. Tli() 

usage o f the filler sentences is to .make the positive and nega-

tive f(xxll)acks have equal diaiu^os. There is no violations in the 

filler sciitonccs. They also contain 11 (iliarac:tcrs each but thv, 

soiitcnco structure is not Coiitrollod. Each block lasts al)()ut, 4 

minutes. There ar() G blocks in total. Sul)jo(:ts can Uiko a 2 iiiiii-

utos broak l)()t,w()(m blocks. The whole cxperiirieiit lasts about 

30 iiiimitos. The materials are listed in Apjxmdix (Table A.7, 

A.8, A.9, and A.10). The pi,(K:(xlui.() of cach soiitoiicc trial is 

shown ill Figure 3.4. 

Figure 3.4: The proc.oduie of eacli ,s(、iit(、ii(:(，trial 

Sul)j(x:ts arc ask(xl to judge whether the hoard soiitxnico is a 

normal seiiteiKtc or not. Snl)jex t̂s should press ‘Y，button if there 

is no violation and press 'N' button otherwise: One half of the 

subjects respond to 'Y' with their Mt index finger and ‘N，with 

their right index finger. The otlior half do the rovorse. The loft 

or right response order is randomly assigned to the subjects. 

Usually the violation appears toward tlio end of the soiitciico. 

Subjects arc instructed not to blink or move their l)()(ly parts 

toward.tlie end of the seiitoiicos. 
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3.5 Subjects and four experimental procedures 

Thirty-four subjects partidpatod in the cx])oriiiiciits, whoso av-

erage ag(! is 27 (4.2). All axe university graduate or uiKlcrgrad-

uato students, with iiiotlior tongue as Mandarin. Eiglitooii sub-

j()(,ts are male and IG ai() female. After their PTA tost, two iiialo 

sul)j(x:ts with tlioir thresholds consistently higher than 30(113 hc-

l()w 4()0()Hz arc cxcliuled froin tlic data analysis. Since en-

ergy bcyoiKl 4()()()Hz is relatively low for spoocli sounds, it is 

not iiocossary to oxcludc subjects with liiglu^r t,hr(、sliol(ls in that 

range. 

The haiukxliioss scon) of each subject is listed in Appendix 

(Table A.11). The scale is from -100 to 100, -100 repn^soiitiiig 

oxtroiiu) left hancler and 100 extreme right liaiidor. The av()rag(、 

score is 83.1 (26.0). The iii(lopeii(leiit-saiii])l(^ T-tcst shows no 

significant differeiico in the haiKlediicss scones l)()tw()(、ii male and 

fciiialo sul)jo(tts (t(27) = -l.G, p = 0.12). The average haiuUxl-

iicss scores of males and foiiial(\s arc 76.8 (31.7) and 90.1 (15.7). 

TIKU'C is a gmit,ci, variance in male subjects, and their averagê  

score is less than that of foiiiale suhjocts. The gnvdtvY rig]it haiid-

(HIIICSS scon) for tlio foiiialc subjoc^ts may increase the possibility 

of a left lieiiiispliore advantage of language in them, noticing 

that foiiialos may bo iiioro bilateral in the laiiguagx^ functions, 

while males usually have the loft lieinisplu^ro doiiiiiiaiice [12 . 

The four experiinoiits aro finished in two separate (lays for 

subjects taking thoiii all. (A few subjects attend 2 out of 4 ex-

periinoiits within one day.) In oadi testing (lay, there are two 

sessions of exi)eriiiioiits. Subjects take a rest for 10 iniimtost 

between the two sessions. On tlie first day, subjects do the 

first DL experiment. There is a short practic^e block l)()f()i.e the 

cxperiiiieiit wliidi lia.s a half length as the testing blocks. The 

materials are the same as in the exporiiiieiits. Subjcctts can prao 

tice for twice to got familiar with the didiotic exi)eriiiieiit. The 
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first DL exi)eriiiiciit lasts around half an hour. In the scx'oiicl ses-

sion, the word priming experiiiiont is tested. There axe. 12 trials 

ill the practice block, using difforont testing materials from the 

practice block, with two trials in cadi condition. All subjects 

perform wdl in the pmcticc block. The length of the oxpcriiiieiit 

is around half an hour. On the sccoiid day, sul)jects take part, 

ill the s(x:()ik1 DL at first. It also takes about half an hour. The 

practice session iiichKles 32 trials with the same testing materi-

als as in the formal test. After taking a 10 minutes rest, subjects 

continue to do the sentoiico seiiiaiitic- violation oxpcriiiioiit. The 

l)ra(:t,i(.() block of seiiiaiitic violation includes 9 senteiutos, with 

3 soiiteiicos ill each condition. The i)ra(:t,i(:c soiitciicos are dif-

ferent than the testing materials. Sul)je('ts respond with high 

accuracy during the practice. In each day, it takers about one 

and a half to two hours to finish the two exporiiiioiits, iiic.ludiiig 

the preparation time for tlie exi^eriiiieiit, e.g. putting on the net 

and adjusting the iiiipcxlaiico. 

Ill sum, the first three exporiiiioiits use the factorial design, 

with the seinantics and the acoustic i)roi)(、rty as two factors. In 

the factor of the linguistic role, real word and'pscudo-word are 

the two levels. In the factor of the physical property, tone and 

st()])-('.()iis()iiaiit arc used as the two levels. In the last oxperi-

iiieiit, the factor of the physical property is (:oiul)iii(、(l with the 
linguistic role, namely semantics. 

• End of chapter. 



Chapter 4 

Data analysis 

Summary 

111 this ('haptor, the behavioral and ERP data troin four 

exi)criiiients are analyzed. The first two are DL experi-

ments. The oar advantages an) cak ulated l)ase(l on the 

accurac'Y of the two ears. In the word priiiiiiig and son-

tonce seiiiaiitic violation ex])oriiiieiits, the reaction time 

and accuracy rate axe shown. The effects of the linguis-

tic role and the physical property on lateralization of the 

ERP waveforms arc testcnl in all four cxperiiiieiits. 

4.1 Behavioral data 

Among the four experiments, the behavioral data of two DL ex-

periments can be used to analyze the ear advantages. In these 

experiments, it is hard to analyze the, response time, since the 

subjects have to give two responses sequentially within one trial. 

Therefore, only the acc uracy is coiisidereci. In the word prim-

ing and sciiiaiitk; violation exporiineiits, both the accuracy and 

respoiiso time aro analyzed. Since the presentation is cliotic in 

these two oxperiiiieiits, the behavioral data do not reH(X't ear 

50 
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advantages, but tliey can bo used to justify hotli the priming 

effects, by checking the rodiiction of the I'ospoiise tiinc^ and the 

semantic; violation effects, by exainiiiiiig the length of the re-

sponse time. 

* 

4.2 E R P data processing 
> 

The recordcxl brain waves are continuous EEG signals, and the 

electronic signals reflectiiig certain cognitive functions are.oni-

boddod in various kinds of noises. These noises may come from 

the other activations inside the brain, the muscle iiioveiuoiitj or 

the outsicie equipment. There are two assimipUoiis in the ERP 

study. The first one is that the signals of the electrical potential 

of certain cognitive fiiiictioii are time-locked to the onset of the 

stimuli, while noises ai,() not; the second one is that the signals 

and noises are additive to eacli other. Considering these two 

assumptions, if we align multiple diopixxl EEG segments with 

their onset times and average them together, the noises will can-

cel out theinsolves and the useful signals will be i)resorve(l [41 . 

The working principle of the ERP is that the averagcnl tiiiio-

lockod EEG segments of a certain type of stimuli reflect the cog-

nitive function that underlies it. Different types of the stimuli 

may trigger different cognitive functions, hence iiicun iiig differ-

ent shapes of ERP waves. That is why this,tyi)e of exporiiiient 

is called the event-related potential. The statistical analyses of 

the ERP waves can reveal the significant difFereiices between the 

wavofonns in different conditions, and these differeiux^s reH(X't 

different (X)gnitivc processes. 

The processing of the ERP data in my four exi)oriincnts fol-

lows the 7 steps suggested by the iiiaiiual of the EGl NotStatioii 

software, aiui the data analyses all go through the similar pro-

(xxliires. 

1. Filter. It is the first step in the data processing. The 
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default filter is a 4()Hz low-pass filter. There arc three reasons 

to set this value: 1) this filter can exclude the 5()Hz line noise; 

2) the power of the frcxiueuc.y band beyond 4()Hz is small; and 

3) the most important cognitive functions are related with the 

freciueiic.ies below 40Hz. During the recording, the high pass 

filter is set to 0.1 Hz by default. After the low-pass filtering, the 

fr(、quency range of the signal is between 0.1 and 4()Hz. 

2. Segiiieiitatioii. In my exi)eriiiieiits, the fixation usually aj)-

pears 4()0iiis before the stimulus onset and (lisappeaxs lOOOiiis 

after the onset. Subjects are asked not to blink during the fixa-

tion period, because the EOG (eloctroculograi^liy) of blink will 

causĉ  clcctiic^al potential c^hanges 10-20 times greater than the 

ERP waves. In tlic^segineiitatioii setting, I focus on the wav(v 

forms from 2()()iiis l)cf()ro the stimulus onset to OOOiiis after the 

()ns( t̂. It allows sufficient time for the data analysis after the 

stimulus onset and a wider time window before the onset for the 

artcfact, detect ion. During the experiiiieiits, the presentation 

program nx:()r(is what type of stimuli the subjects hear during 

the EEG mtonliiig. This is done by adding time stamps with 

(lifforeiit tags in the waveforms. After the segineiitatioii, differ-

ent types of segiiieiits can be averaged in later steps. 

3. Artefact detection. EEG signal is pi.oiie to be aftocted by 

eye blinks, eye iiiovciiicnts, or body movciiieiits. The artefact 

detection is to exclude these bad segiiieiits.oiit of analysis. In 

my experiments, I set a strict threshold for the artefac:t deteo 

tioii: if the amplitude exceeds -lOOuV or lOOuV in a sogiiieiit, 

it is marked as a bad segment. The other i)araiiieters are kept 

the same aus in the default sotting. This step (:aii also detect bad 

、c'liamiels inside a segiiioiit. If the contact of the electrode and 

the scalp is not good in some duiimel (each c^oiTcspoiuls to one 

electrode), the signal recorded will have al)noniial high ainpli-

tiule. Such channels arc marked âs bad cliaiiiiols by the artifact 

detect ion. 
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4. Bad channel replacement. This step is, to recovcr the data 

with bad channel tags. The working priiidple is tliat the elec'tri-

cal potentials of adjacent electrodes an) very similar. Tlicreforo, 

the average of all adjacent diaiinels should equal or approach 

the real value of the electrical i)otential of a certain oloctrode. 

Each electrode corresponds to one channel liere. 

5. Averaging. This stq) is to average all good segments 

in every channel of each condition of each subject. After this 

operation, the data size decreases a lot. For each subject, the 

iiunibcr of the diiiiensions of the data shrinks to 3 (conditions 

X time points x cliamiels). 

6. Montage adjustment. This inaiiipulation is to make an 

acljustnieiit of the electrical potentials, conceptually similar to 

the averaging operation iii the bad diaimd replacement. It cor-

rects the electrical potential errors when the olec t̂rocles in the 

net are placed with unequal distances to each other. This is 

a necessary step after the averaging to make sure of an ovoii 

spatial distribution of the (lata from all channels. 

7. Baseline correction. Electrical potentials between different 

conditions iiuist be compared under the same criteria. The l)a8o 

liiie cornx^tioii adjusts the average electrical potential to zero in 

a small time window right bef()re the ‘stimulus onset. (If the 

electrical potential before the onset is a flat lino, wc can set the 

electrical potential to zero at the onset time point. However, the 

ERP wave is not a line before the onset.) Usually, the time win-

dow for the baseline correction is from lOOiiis before the onset 

to the onset time point. 

After the above 7 steps, the ERP of leadi subject is ready for 

later analyses. Both of the wave amplitude and the latency can 

be analyzed. Amplitude includes the peak amplitude (height 

of the peak value) and the averaged amplitude within a certain 

time window. Latency is referred as the peak latency of a cer-

tain coinpoiient here. It is a 'ineasureineiit of the time lag of 
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the i)()ak from the stimulus onset. In the statistical analysis, 

one amplitude or latency iiie^isvireiiiciit of all subjects forms n 

vector. Each iiuiiiber within the vector comes from one subject. 

Considering different conditions or ekx-trode locations, data vo('-

tors form a multiple dinieiisioii matrix. For example, if the ex-

perinieiit follows a two-by-two design (four conditions), and the 

electrodes are separated to the left or right lioinologue sites, the 

(linieiisioii of the (lata matrix could be two-l)y-twc)-])y-tw(). If 

the results show a significant interaction l)etweeii the left/right 

factor (lateralization) and (liffereiit conditions as designed in the 

oxi)eriiiieiital iiianipiilatioii, we say the exi)eriiiieiital factor af-

f(K:ts lateralization (Figure 4.1). 

condition condition 2 

ERP 
component 

average 
amplitude 

A 
right right 

A A A 

statistical 
analysis 

condition 
condition 

right 

Figure 4.1: Aii illustration of tlie oxi)ccto(i rosiilt. 

111 tlie following sections, I will present the data of each ex-

poriiiieiit, iiiduding both the behavioral and ERP data. Tlie 

ERP results may not have the exactly the saine lateralization 

pattern as shown in Figure 4.1, but there is also a significant 

/ ‘ 
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interaction effect. 

4.3 Dichotic listening 

4.3.1 Behavioral da ta 

111 every trial of this ex])eriiiioiit, subjects have to respond with 

both the ctoiisoiiaiit and the tone of the heard syllable in their 

left or right ear. They are asked to give the nxspoiise after the 

iii(li(:ati()ii appears on the scnxm. The response before the iiidi-

(•atioii is not rectorclod in the exi)erinioiit. The behavioral data 

of one subject ai.(’ exdu(i(xl，since this sul)j(x;t, always giu^ssos 

the answers beforo scxniig the indication and the total number 

of recorded responses is very low. Two other subjects ar(、ex-

cluded clue to their high hearing thresholds. In total, there tire 

31 subjects' (lata available for the analysis out of 34 participants. 

The percentage of the responses for each sul)j(x;t is listed in 

Appendix (Tal)le A.12), and the average percentage ()f responses 

is 95.7% (9.2); the accuracy rate of each subject is listed in A])-

l)eii(lix (Table A.13), and the average i)er('entage of the accuracy 

is 50% (21.6). Although the overall conxx'tiiess is at a chance 

level, it/slioiikl not hinder the analysis of the ear advantages. In 

the ('oiisoiiaiit coiiditioiis, the rate of correctness of the left ears 

is 48.2% (14.2), aiKi that of the right ears is 51.7% (12.4); in the 

tone conditions, the rate of (x)rre(:tiiess of tlic loft (，ars is 71.1% 

(17.0), and that of the right ears is 72.5% (16.4). The mtes of 

(torroctiioss in the left and right ears hi the four conditions are 

shown in Figure 4.2. Having a longer duration, the tones always 

show a higher correc^tiioss than the (toiisoiiaiits, altkoiigli both 

of tliein arc、phoiieiiics. 
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Rate of Correctness 

• Left ear 

• Right ear 

RCon PCon RTon 

Conditions 

PTon 

Figure 4.2: The rates of c;oriectiicss of the left and right oars in tlie four 
conditions. ‘RCon，： real syllable coiisonaiit DL coiidition; TCoii': pseiido-
syllahle consonant DL condition; 'RToii': real syllable tone DL coiiditiou; 
‘PTon，： psoudo-syllablc torio DL condition. ‘ 

111 Figure 4.2, the rate of correctlu^ss of oadi car in each (:()ii-

clitioii is shown. 'RCon' iiK^ans the real syllable (X)iisoiiaiit DL 

(condition. TCoii’ means the psoudo-syllablc (^oiisoiiaxit DL con-

dition. 'RToii' and TToii' mean the real syllabic tone DL and 

the pseudo-syllable tone DL conditions resi)ectively. Eadi error 

bar reprosoiits one standard error. 

All often vised method to calculate the car advantages is calkxi 

POE (pcrcontage of errors). The foniiiila to calculate POE is 

shown below: 

L error 100% (4.1) 
Lerror *+ f^vrror * 

111 foriiiular 4.1, L err or and Rcrror repn^sciit the numbers of 

errors in the left and right ears rospoctively. If [而”.(equals to 

50% of the total number of errors, there is no car advantage. If a 

POE ex(!oe(ls 50%, it indicates that the right ear gets fewer errors 

than the left ear, i.e., a right ear advantage. A left ear advantage 

c()rresj)()iids to a POE loss than 50%. POE, as a rough measure, 

has been widely used in calculation of ear advantages in previous 

literatures of DL oxperiiiients [63]. In my experiment，tlio values 
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of POE under consonant and tone coiiditions are 51.7% (11.4) 

and 50.8% (15.7) rospcctivdy. 

A statistical test of POE in each condition is shown in Ta-

l)le 4.1. In order to test the right car advantage, wc calculato 

POE using the one-tail (right-tailed) T-tost. 

Table 4.1: The right oar advantage test hâ sed on POE in oaxth condition 

t-value and p- REAL SYIJ .ABLE PSEUNO-SYLJ. .ABLR 

vnhic 
Consonant DL t _ = -1.095, p = 0.859 t(3()) = 2.306, p < 0.014 

Tone DL t(3()) = -0.350, p = 0.630 t(3()) = 0.973, p =0.169 

Only the psedvio-syllable coiisoiiaiit DL condition shows a slg-

iiificaiit difference, and the sign of the t value indicates that the 

left ear gets more errors than the right oar, and th(、n、is a riglit 

oar advantage. The reason for the .real syllal)lo consonant DL 

condition not to have an ear advantage is that the sound (bao) 

and (dao) arc quite similar. Subjoc^ts report that the j)S(ni(l()-

syllables (bua) and (dua) arc slightly easier to distiiigiiisli than 

(bao) and (dao). 

The i)air(xl T-test is also US(HI to (toiifirin the ear advantages. 

It is vised to examine whether the corroctiioss of one oar is sig-

nificantly different from that of the other ear. The reason to use 

this i)pst-hoc test is that the POE may have oxtrciiK^ high or low 

values when the iniiiibor of errors is small. The direct compari-

soii of the left/right correc^tiiess is more stable. The test results 

based on the corroctiioss of the two oars arc listed in Tal)k) 4.2. 
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Table 4.2: Tho paired T-tcst results of tho loft and right v/dv (:()n.(H:tii(，ss in 

the first DL 

t-value HI](I p-
vnliic 

REAL SYLI LAHLE 
/ 

PSKUDO-SYLLAHLE 

Consonant t(3()) = 0.908, p = 0.814 T(3( ) )= -2.319, p < 0.014 
(lichotic trial 

Tone (iichotic t(3()) = -0.380, p = 0.353 1(30)= -0.884, p = 0.192 
trial 

-0.884, p = 0.192 

A 3-way repoat(Kl iiierisuros AN()VA r()v(，a;ls a tlimvway in-

teraction between the physical property, tlio linguistic i,ol(、, and 

the (̂ ar advantage? (F(l,3()) = 5.500, p < 0.026).入 t,w(>"way 

iiiterac'-tion l)()tw(xni the linguistic role and the ear advantages is 

also found (F(l,3()) = 7.782, p < O.OOD), and there is a sigiiiH-

caiit main rffcct of the physical property (F(l,3()) = 53.042, p < 

0.001). Post-hoc, analysis of tho consonant dicliqtic! trials r(;v()als 

a significant interaction l)otweon the linguistic i,()l(! and the (uir 

advantage (F(l,3()) = 8.943, p < O.OOG). This iiitoractioii may 

be (:aus(xi by the similarity l)()tw()(m the two r()al syllaI)los in tho 

consonant (lidiotk: trials, so that the (w advantage of the i,(、al 

syllabic consonant didioUc trials is not significant. This is also 

shown ill the t-t(̂ st of the oar advantages in Tabic 4.1 and 4.2. In 

the toiio (licliotic trials, there is a significant main offcct, of the 

linguistic rolo (F(l，30) = 5.200, p < 0.030). 

The slightly higher perccnitage of correct…)ss of the kift oar 

than that of the right car may bo (:aus()(l l)y the slightly bettor 

hearing ability of the left oars than that of the： right oars of the. 
testing subjects. Although the statistical test of' the and 

right ear hearing threshold diffcu^oiices does not rcadi a signif-

icant level (p = 0.097), tliore arc G subjo(;ts having significant 

loft ear advantage (the hearing threshold (liffcr(m(:cs ()x(.()()(l 5(1B 

betwooii loft and right oars) across the frociuoiu-y in the PTA 
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tost. Olio subjoct lias 边 significant right oar advantages, hut his 

behavioral data m,() oxcdudod in the (w advantage analysis, siiicc 

tho early responses before tlio indication an) not r()c()i,(k、(l. For 

tlio other sul)jc(:ts, there an) no sigiiific.aiit (liffci.(、m:()s botwcxiii 

the hearing al)ilitics of the Mi and right (ws. 

4.3.2 E R P data 
• 偉 

Tlie 129 (tliaiiiiols ill EG I systoin have (:()iT(\sp(m(l()iit da;t r(Kl(、s 

ill the 10-20 system according to tho d()cti,()(l() (:o()r(limit,($ 

Figure 4.3). 
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III Figure 4.3, each node rq)r()s(、iits the location oi" one okx：-

trodc. Tho locations of okx^trodes of the 10-20 system arc iimrk(、(l 

above tho (:biTosi)()ii(lont nodes. ([33] The olectnxk^s an、(lis-
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tril)ut(Hl of. 10% or 20% along the longitudinal aiul the latitudinal 

lino on the head. F for Iroiitalv C for coiitral, T for temporal, 1) 

for ])ariotal, () for occipital. Odd iniiiil)()rs i.doi. to the loft lioiiii-

sphen^, and even mmJ)()I.s rd‘(、R to tlio right hoinisi)horc.) TIk、 

toj) of the Hguro is toward the m)s(，. 'VREF d(x.t,i,()(l(、in tlui 

cciitoi, is set as the n f̂oreiicĉ  during the. nx'-orcliiig. Pairs of ho-

inologiio elcctrodcs ro])r(̂ s(nitiiif> frontal, (xnitral, and t,(nup()nil 

n^gions an) vsliowii in Figure 4.3: — 

The waveforms of tlio C3 and (M-cl(、(:t,i.()(l()s in (、a(.h condition 

aT(、sliown ill Figuni 4,4. 

一0 1mm "loo" 

MV 

*)0 109 IOQO« 0 'JOO 

Figure 4.4: Waveforms of the C3 (IdY) and C4 (right ) elect 1(K1(\S in oach 

(Olid it ion » 

111 Figur(、4.4, the wavofoniis av(、iag(xl (>v(u, all sul)j()(:t,s 

twe(ui 100 ins l>d.()i,(，the stiiiiulus (ms(、t and 900 nis alien- ihv, 

onset ar(i shown in cnvh condition. 'C3' is Wu) okx t̂-nxhi in ihv 
loft ('ontral region, and 'C4' is the one in t,h() right, homologous 

region. 

Ill order to (:()ini)ai.(、tlui nvsnlts with previous ERP oxpcTi-

nioiits on toiio lateralization, I choose tlir P2 coinpoiioiit. In Luo 

ct al.'s work, ilioy oxaiiiine the MMN at around 2()()ms ait,or t,li() 

stimulus onset. The P2 (tonipoiunit in thoir DL oxpcrimoiit luus 
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a peak value around 2()()ms. The average aiiiplitudos l)()t,w(，(、ii 

152ins and 248iiis in cach (toiidition in the C3 and C4 dc(:t,i.()(l()s 

arc shown in Figure 4.5. 

Figun? 4.5: Tho av(、nig(，aiiiplitudos in 152-248 ins at tli(、C3 (left) and C4 

(right) d(，(:ti,(Kl(，s 余 

111 Figure 4.5, tho av()mg(、(l P2 ainplitudo is shown, which 

is. (talculatod from tho amplitude of (默h subject lK、t,w(、(、ii 152-

248 ins. Each error bar in Figure 4.5 i.(、i)i.(、s(、iit,s (m(: standard 

error. 、 

Tho topological iiiaj) at tlie avomgxxl i;(、ak hit,()ii(:y is shown in 

Figure 4.29 at the end of this Chapter. Siiico tlio distrihution of 

the P2 conipoiunit is central frontal, the C3 and C4 h()mologu(、 

(̂ loc.trodos are di()s(、ii to perform the statistical analysis. Tli(、 

peak amplitude instead of tho average amplit ude l)otwooii 152iiis 

and 248ius for oac'li subjcxtt is us(、(l for the statistical analysis at. 

first. , 

Tho 3-way rq)(、at,(xl IN(Visures ANOVA is COIKIUCUHI. Tho 

lateralization, the physic'al property, and tho liiiguistk- rolo are 

the 3 factors in this analysis. Tlun'o are 32 sul)j()(:ts，data in tlic 

analysis. Two sigiiifictant two-way iiitxnactions are foiiiul: one 
is the interaction Ix^tweoii t[ie physical property and the later-

alization (F(l,31) - 7.199, p < 0.012); tho other is the interac-

tion l)otwtH îi the linguistic! rolo and tho lateralization (F(l,31) 

二
 O
A
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=10.219, 1) < ().()()3). Another three main ofibc.ts of the Uir()(、 

factors arc found as well (lateralization: (F(l,31) = 13.549, p 

< O.OOl; the physical property: .(F(l,31) = 23.785, p < O.OOi; 

the linguistic rok- (F(l,31) = 5.228, p < ().()29). TIK^SO results 

indicate that both the linguistic, role and the physical proixnty 

interact with tlio lateralization in the same time i)(n.io(l. 

Ill order to c'oiiiparo with the later oxperiinoiits, I also coiuluct 

the statistical tost on the avorag(Hl amplitude botwooii 152ms 

and 248iiis. The result shows a significant interaction l>(、t,wc(、ii 

the physical property and tlio latomlizatkm (F(l,31) = 5.554, p 

< 0.025) and an iiitoractioii Ix^twooii the linguistic rolo and the 

latcn'alizatioii at a marginal l(，vd (F(l,31) = 3.468, p = 0.072). 

The kteralizatioii (F(l ,31) = 13.957, p < O.OOl) and tho physical 

property (F(l,31) 二 22.708, p < O.OOl) liav(、tho main effects. 

The latoiu'ios of the P2 ])eaks in cdch coiiditioii ai.(、siiown in 

Figure 4.G; The tliro(vway re])eato(l moasums A NOVA is coii-

(hi('.t(Hl, and only a main efibct of the linguistic, rolo is iouiid 

(F(l,31).= 7.889, p < ().()()9). 

Figure 4.G: The 1)2 latinicics in cac.li coiiditioii at tho C3 (l(、ft) and CI (right ) 

d(、(:ti,o(k、s 

In Figure 4.G, the avcmgo i)(、ak latoiicy of P2 coiiipoiioiit is 

cak'ulatocl from the ERP waveform of each sul)j(x,t ])otwooii 152 

and 248 ins. Eadi error l)ar ri^preseiits one standard (、m>i.. 

The main finding of this DL (、xi)erim(、iit is that tho P2 i)(、ak 
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amplitude shows significant iiitoractioiis l)()tli betwcioii the i)liys-

ical property and tlio lateralization, and bc t̂woeii the linguistic 

i.ok) and the latorali/atioii. The result indicates that, hotli the 

physical property and the linguistic; role of tlie stimuli afibct 

lateralization. From the values of the aiii])litu(lc, tlie ('oiiso-

11 ant conditions have a groaUu, extent of left laterali/atioii ( oiii-

])aro(l with the tone conditions, while tlio r(、al syllable conditions 

have greater ()xt(、iit of left latorali/atioii than tliat of the psoudo-

sy 11 able conditions. 

4.4 The second DL experiment 

4.4.1 Behavioral data 

Tliirty-oiio sul)jocts' data iivc (tolloctod lor t,li(、analysis. The 

overall rosixniso rate is 98.3% (4.G), and the rate of correctiioss 

across all sul)j(、ct,s is 74.3% (21.2). The individual response^ nit(、 

and the i)or(teiitag(^ of ctorrectiicss are listed in Appendix (Ta-

ble A.14 and A.15). In tlie (•oiisoiiaiit coiiditioiis. the rat,(、s of 

corrcH'.tiioss of the left, and right cars are 58.9% (23.8) and 74.7% 

(1(5.5) res])ec.tiv(̂ ly; in the tone conditions, the mt(、s of (:om、(,t-

iiess of tho left and the right cars are 78.8% (20.0) and 84.7% 

(14.4) respectively. The rat(\s of (:()m、(.t,ii()jss of the loff and right 

oars ill the four conditions arc shown in Figure 4.7. Coiisistoiit 

with the first DL oxporinioiit, tlio (.oiT(、ctii(、ss in the tone dichotic 

(•onditions is liiglior than that in the coiisoiiant (lic.hotic： condi-

tions, and the right oar advantage^ is greater in the consonant 

coiiditioiLs, which is shown in tlio following amilys(、s. 

C 
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Figm,(、4.7: The rates of conxH-tii(\ss in tli(、four coiKlitioiis in (he scx-.oiul DL 

oxpcriinoiit. 'RGoii': i.(、al syllable consonant DL (omUtioii; ‘NC(m,: iioii-

syliable (•oiisonaiit DL coiulition; ‘RT(m，： r(、al syllahk、torn、DL coiKlition: 

'NToii': noii-syllahlc t(m(、DL condition. 

Ill Figure 4.7, the rate of corrcHttiiess of each (、ai. in oach con-

dition is shown. ‘RCoii’ means the real syllal)l(、miisomuit DL 

condition. ‘NCoii’ iiioaiis tlie m)ii-syllal)l(、consonant DL condi-

tion. ‘RT(m, and ‘NToii’ ropr(\seiit the i\vci\ syllable torn、DL and 

the iK)ii-syllal)le tone DL ctoiiditioiis mspcctivdy. Each error bar 

ropresonts one standard (n.ror. 

The POE ill the (^oiiHoiiant condition is 62.3% (18.2), and 

that in the tone condition is 56.5% (22.5). Tlio T-t(\st. msult, 

n^voals significant differoiutos in the p()iT(mtag(、ol' correctness 

hetwcoii the left and right cars in the r(、al syllal)lo consonant DL 

(condition (t(30) = -4.833, p < O.OOl), the iioii-syllablo coiisoiiant 

DL condition (t(3()) = -3.341, p < ().()()2), and the real syllable 

tone DL condition (t(3()) = -3.010, p < ().()()5). Tliore is no 

significant, (liffcreiice hetweeii the left and right corroctiicss in 

the non-syllable toiuv DL coiiditioii. 

A 3-way repcat(Hl m(、asur(、s ANOVA shows a significant iii-

torcU'tioii hotwooii t,li(、physical property and the ear advantage^ 

(F(l,3()) = 8.351, 1) < 0.()()7). TlK、r(、is a marginal sigiiificanco 

for the iiitorac.tioii l)(、t,w(x，ii the linguistic role and the (、ai. advaii-

tago (F(l,3()) 二 p = 0.09). In addition, there ar(，throe 
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main ettcx-ts for all three factors (the cai. advantage: (F(l,3())= 

20.740, p < O.OOl); the physical i)r()p()rt,y: (F(l,3()) = 43.111, 

1) < O.OOl); the linguistic role: (F(l,3()) = 4.788, p < 0.037)). 

The iiiteracttioii between the physical property and the oar ad-

vantages is (!()iisistoiit with the ERP data sliowii in the Ibllowiiig 

(lata analysis. ‘ 

4.4.2 E R P data 

Since there arc fewer trials in each conditioii in the s(、(.()ii(l DL 

experiment than in the first DL oxporiiiioiit, the ERP waveforms 

arc not ûs smooth as those in the first DL ex])criiiieiit, both 

for the avcragcxl data and individual data. Therefore, the data 

analysis is based on the time-averages 1 values l)(、t,w(x、ii 152iiis 

and 248ms. The avoragcnl ERP wav(、f()i.ms at tlio F3 and F4 

d(x:ti()(les through all suhjocts in the tliiee coiiditioiis ai(、shown 

in Figure 4.8. The topographic maps of the tiiiie-avcuaged value 

between 152 and 248 IIKS in the t,lii,(、(； （oiiditioiis arc shown in 

Figure 4.30 at tlio end of this chaptcr. 
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本 » Condbwi 

Figure 4.8: The av(、mg(Hl ERP wavdmiiis at the F3 (loft) and F4 (right) 

(、l(、(:ti(Kl(、s in tli(、tlir(、(、conditions ‘ 

111 Figure 4.30, the waveforms averagxxl over all sul)jects be-

tween 100 ins l)of()re the stimulus onset and 900 ins aft(n，the 

onset, are shown in (、a(..li condition. ‘F3，is the ela-trode in the 

left frontal region, and 'F4’ is tho one in the right homologous 

region. , . 

After the tiiiio averaging, tlio mean values of the ain])litu(los 

within the time window of 152-248iiis at the F3 and F4 

trodos an、shown in Figure 4,9. The reason to (,h()()s(、the frontal 

sites for tho data analysis is that the frontal lobe is highly in-

volved whon lH)tli the (li(.l拟tic and (Ih)tic stimuli arc pr(、s(、iit.(xl 

" 3 2 1 



P2 average amplitude 

Figure 4.9: The time average values between, 152 and 248nis at the F3 (left) 

and F4 (right) electrodes in all conditions. 'RCoii': real syllabic c;onsoiiant 

DL condition; ‘NCoii，： non-syllable consonant DL condition; 'RTon': real 

syllable tone DL condition; 'NTon': non-syllable tone DL condition; 'Rear： 

real syllable diotic condition; 'Non-syllable': non-syllable diotic condition. 

Ill Figure 4.9，the averaged P2 amplitude is shown, which 

is calculated from the time averaged amplitude of each sub-

ject between 152-248 ms. Error bar in Figure 4.9 represents 

one standard error. 'Real' means the real syllable diotic con-

dition. 'Noii-syllable' means the iion-syllablo diotic condition. 

The other notations have the same meaning as in Figure 4.8. 

A 3-way repeated mca^sures ANOVA is conducted to analyze 

the (lata. The linguistic role, the physical property, aiui the 

lateralization are the three factors. In the linguistic role, the 

real syllable and the non-syllable are the two levels. In the 

physical property，the levels of the consonant DL trials and the 

tone DL trials are. compared with the diotic trials as a third 

level. The F3 and F4 electrodes in the left and right sites are 

the two factors in the lateralization. , 

The interaction between the physical property and the later-

alization is found (F(2,60) = 9.288, p = 0.001), and the linguistic 

role has a main effect at a marginal level (F(l，3()) = 4.252, p 

< 0.048). The post-hoc analysis based on merely the dicliotic 

conditions has a similar result.、The physical property inter-

acts with the lateralization significantly (F(l,30) = 4.933, p < 

CHAPTER 4. DATA ANALYSIS , . 67 

i s
i
 



Non-$yllabl« conditions R參al syllables conditions 

Figure 4.10: The average amplitudes in 152-248ius at the F3 (loft) and F4 

(right) electrodes 

111 Figure 4.10, the average amplitudes of the real syllabic and 

non-syllable conditions are shown. The values equal to those in 

Figure 4.9. 

The interaction between the linguistic role and tlie lateraliza-

tion (loos not readi a significant level, perhaps because the diotic 

conditions arc added or the materials in the clicliotic trial are less 

similar than those in the first DL experiiiieiit. Sul)j(x:ts may pay 

more attention to the physical property differences (luring the 

second experiiiiciit comparcxl to the first DL experiment. Al-

though the statistical analysis docs not rcadi a significant level, 

the average value in the real word conditions shows a great(U' 

degree of lateralization than that of the non-word conditions, as 

shown ill Figure 4.11. 
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0.034) and the linguistic role has a main effcct (F(l,3()) = 4.31G, 

p < 0.040). The avc r̂ago amplitudes in the throe conditions arc 

shown ill Figure 4.10. 
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Average amplitude in Real 翁nd Non-syilable 
conditions 

• Left 

Non-syllabte 

Figure 4.11: The average values in the real and non-syllable ctoiiditioiis at 

the F3 (left) and F4 (right) clet^trodes 

111 Figure 4.11，the average amplitudes of i.cal syllables ai.() 

calculated in tlio throe real syllable conditions, and the aver-

age amplitudes of iioii-syllablos are cakailatod in the throe noii-

syllal)l(、(conditions. Each error bar rei)resoiits one standard er-
ror. 

The main finding of the 默(m(l DL oxperiiiiciit is that the 

physical property affec t̂s lateralization sigiiifictaiitly, which is 

shown by the P2 avcrag(xl amplitude. This result is ĉ onsis-

toiit with the car advantages of the behavioral data. Although 

the intora(^tion botwooii the linguistic role and the lateralization 

is not significant in tho ERP data, it reaches a marginal sig-

iiificaiK^o level in the behavioral data. It is iiitorestiiig that in 

the behavioral data, the two consonant didiotic (toiuiitioiis and 

the real syllable tone dicliotic condition show significant REAs, 

while there is no signifkmit REA in the non-syllable tone di-

cliotic c-oiKlitiou. In the tone dichotic condition, it soeins tliat 

without a strict control of the stimulus the REA iiicre^isos a lot 

when the first and the socoiid DL oxpcriiiients arc compared, al-

though the correctness is comparable in these two oxperiineiits. 

But there is still no significant REA in the non-syllable tone di-

cliotic condition, which indicates that the semantics causes the 

REA in tone perception other than the physical property. 
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4.5 The word priming experiment 

4.5.1 Behavioral data 

Tliirty-oiie subjects' data arc analyzed in this cxperiiilcnt. Tli(! 

overall response rate is very high, 99.9% (0.5), and the accuracy 

rate is also high, 96.0% (8.9). The rcs]K)iise rate and the ac-

curacy rate of oactli subjoct arc listed in Ap])eii(lix (Tabic A.IG 

and A. 17). Only one subj(x:t gets soiiio confusion about the i.(，al 

word conditions. The variance in the nvdl word (xniclitioiis is 

relatively higher than that in tlic pseudo-word conditions. The 

average actcniracics in all conditions ai,(，shown iii Figure 4.12. 

Figure 4.12: Tlie average accuracties in all (conditions. 'RCoii': i(、al word 

c:onsoiiant priming condition; TCoii': i)S(Hi(l()-wor(l consonant priiiiiiig coii-

(lition; 'RToii': real word tone priming coiKlition; TTon': pscuclo-word 

tone priming condition ； ‘RNon，： real word noii-priiniiig condition; ‘PNoii’: 

psouclo-word iioii-priiiiiiig condition. . 

In Figure 4.12, the rate of (̂ orrcc t̂iiess in each condition is 

shown. 'RCon’ iiioaiis the real word c^oiisoiiaiit priming coiuli-

tion. ‘PCoii’ moans the pseudo-word consonant priming con-

dition. 'RTon' and TToii' represent the real word tone prim-

ing and the i)scudoworcl tone priming conditioii resi)cctively. 
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'RNoii’ moans the roal word non-priming condition, and 'PNon' 

rei)rosoiits tlio i)s(nKk)"Wor(l ii()ii-])riiiiiiig (,()ii(lit,i(m. Each error 

l)ar roprescnits one standard (nror. 

A 3-way ro])eat(Hl iiKuisuros ANOVA shows a significant inaiii 

effect of the priming cff(xtt (F(2,6()) = 4.778，p < 0.013), and the 

consonant priming conditions have significantly higher cU'ciirAcy 

rate than the mm-primiiif^ conditions (F(l,3()) = 9.137, p < 

0.005). The marginal moans in Ui(、thrcn̂  conditions an、shown 

ill Figure 4.13. 

3-way repeated measures ANOVA of the accuracy 

'Real word 
Pseudo-word 

F'igurc 4.13: Tho avxuagc accuracies in all coiulitioiis 

111 Figure 4.13, the average values of the accuracy in t,h() real 

word and i)s(m(l()-w()r(l conditions ar(、shown. Tho values (、qmil 

to those in Figure 4.12. 

The av(^rag(xl roaction time over all (.oiiditioiis is 9()2.72iiis 

(159.99). The reacttioii times of cacJi sul)j(、(:t, in all ('oiiditioiis 

ar() listed in Appendix (Table A.18). The n^actioii times in all 

the (X)ii(litioiis are shown in Figure 4.14. 
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Figur(，4.14: Th(、miction tiiiios in all coiiditioiis 

111 Figun^ 4.14, \,hv. av(，mg(、i.(，a(:t,i(m tiiiKi in ()adi condition is 

shown. Each (irror bar r()i)r()s(、iits oii(! standard (uror. 

A 3-way i()i)()aX()(l iiieasun^s ANOVA n)v(、als a significant main 

(，tt.()ct of the roal and pscudo word conditions (F(l,3j)) = 78.350, 

p < O.OOl). The priming conditions liav(i a main (、fi.(x:t {F(2,G()) 

=8.503, p = O.OOl), and there is ti marginal k、v(、l iiitorac-

tioii eflbctt l)otw(Hni the r(ml/i)s(、u(h)"Wm.(l conditions and Ui() 

priiniiig/iioii-priiniiig conditions (F(2, GO) = 2.899, p = 0.074). 

T\\v, means of the nuictioii time in the t,hr(、(）c.oiKlitioiis an) shown 
tj 

ill Figun^ 4.15. 
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ANOVA of the reaction 

950 

900 
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•Real word 
•Pseudo-woid 

Consonant Tone priming Non-priming 
pruning 

Conditions 

'iguiT. 4.15: The nutans of tli(、rrm.ti(⑴ t iiiic in all coiidit ions 

Tli(； av(n ag(̂  i,(饥ct,i(m tiinos in the, i.oaJ word and i>s(、u(l(>-w()i.(l 

conditions ai,() also shown in Figim、1.15. Tli(、valn(\s (Hpial to 

UK)S(、ill Figurci 4.14. 、 

Although t,li(、redaction t.iinos in Ui() nnil word (.()ii(liti(>iis fii.(、 

significantly shorter than tliosc^ in the i)s(m(lo-woi.(l coiiditions, 

it (loos not moan that the accuracy nit.es ar(» liigliri. in i\\v, i.oal 

word conditions. TIK^ statistical t,(̂ st iiiclicaU^s that r()aJ 

and ps(ni(l() word conditions do not, show significant dillonnicos 

ill tlio accuracy nit,(、，cvcni wit hout t’li(、data from t,h() siihjort 

who has the l(>w(，st, (-orratiiK^ss niU) in the word conditions. 

Th() priming ('oiiditions iuci.caso Ihv, accnracy rato, (’si)(x:iaJly 

in the c.oiisoiiaiit priming condition. I1OW(、V(T, t,h() facilitation 

(effect (mluction of the roacttion tiino) only (exists in Ui(，rcuil 

word c-oiisonant priiuiiig condition at a marginal hvol (t(3())= 

-1.993, 1) =().()55, tw()-tail(nl). Tlin tou(、priiiiiug conditions al-

ways have an iiiliilntioii ettbc't (incn^cLsing of Uic rciactioii tiiiu^): 

the i.oal word tone priming condition lias an inhibition elinct at, 

a marginal Icvd (t(3()) = 1.822, p 二 0.()78)，and Uu、psoudo-

word tone priming c(m(liti()ii lias a sigiiiKcaiit iiihil)iti()ii di.(x:t, 

(t(3()) = 2.524, 1) = 0.017). This iiiliil)iti()ii ()ff(、(.t, of ihv toiio 

priming (toiiditioiis is consistcnit with the previous phonological 

priming exporimciits involving t\u) Caiit()ii(\sc Charactxn- vend-
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Fî ûn; 4.16: Thr t iiii(、（l?ff(、i(、n(.(，s l)(，t.w(、(、u t h(、priming and con-
(litioiis. ‘RC(m，： the tiiiio (liff(u.(m(:(，IxU-vvdcn iliv i.(、al word coiisoiiant priin-
ing coiiditioii and the i.(、al word iioii-priiiiiiig condition; ‘PCoii，： thr time 
(lifl(U'(Mic.c between th(、pscMulo-word consonant priiiiiiig coiiditions and the 
psriido word non-priiiiiiig condition; 'HToii': tlu; tiiin、didrioncr l>(、tw(、(、n tli(、 
i,(ml word toiio priiniug condition and tli(、i.(、al word iion-priiiiiiig condil ion; 
'PToii': tho time (litt.(、i.(、ii(:(，t h(、psciulo-vvord hm(、i)riiiiiiî  coiidit ion 
and th(、i)s(m(l()~w(u,(l iioii-priiniiig coiiditioii. 

Ill Figure 4.1(3, the av()mg(, t,im() (liflorrucos l)(、t,w(、(、ii th(’ prim-

ing and n()ii-i)riiiiing comlitkms ai.(’ shown. iK'oii ' n)i)i.(，s(、iit.s 

tlio time (liffcnoiico l)()tw()inii t,hr rcuil word consonant priiuiiig 

condition and tlio nvcil word mm-pi.iii“iig coiKlition. 'PCoii' iq)-

r(^seiits the time (liffci(m( (、l)i，tw(x、ii Ui(、ps()u(l(>-w(>i.(l (•onsonant. 

l)riiiiiiig conditions and the psoudo word ii()n-])riining condition. 

‘IlToii，ropix^seiits the tiiiK^ (liH•⑴.(、ii(.() h()tw(、(m tlio roal word 

tone priniiiig condition and thv i.oal word iion-iH'iiniiig condi-

tion. 'PToii' I.()I)R()s(mt,s the time (liffonuicxi 1>(化W(M、II thv, i)s(、u(l()-
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iiig tasks [G8]. TlK\tiMie (liH.(u.(m(:()s-l)(、t,w5)(m t,li(、piiiiiiiig and 

iioii-priiiiing control conditions dn) showai in Figairn 4.1(). The 
i.(，al and ps(m(l()~w()i.(l‘ priiiiiiig conditions (:(mti.ast,(xl with 

% 

iVci] and psoudo-word iioiVpriiiiiiig c.oiKlitions •(丄ivdy, 

ill calculation of tho t,im() diffrnnicc^ of siihjoct. 
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word tone priiniiig condition ami ps(m(lo-w()i.(l mm-pi.i川iiig 

(tonditioii. Each error bar i.(、i)r(’s(、iit,s (⑴(、standard。(、iT()r. T\n) 

fadlitatioii or iiiliil)iti()ii (^ilbcts w(”.(、illustratcHl in t.lio ])rovi()U{̂  

paragraph. 

4.5.2 E R P data 
• 、 ‘ • 

The ERF waveforms at the I):{ and 1)4 ckx'trodns in (uicli ( omli-

tioii an) shown in Figure 4.17. 

Figm.(! 4.1' 
('onditioiis 

Th(、ERP wavdoi.iii.S at tlir P3 and P I (、l(H t I.(K1(、S in tli(、t LIR 

In Figure 4.17, the wavoforins av(、nig()(l ov(、i. all sul)j(H:ts 

iwccn 100 ins before the stimulus (ms()t, and 900 ins alt,or the 

onset, aro shown in each coiulitioii. ‘1)3，is tho ()l(x.ti.o(l(、in t he 
m> 

left parietal region, and ‘1)4，is the oiio in t,li(、riglit homologous 

region. Based on i\w loft/right (litf(、i.(、iK:(、s iii tli(、wavolbnns, I 

will focus on the P2 coiiipoiioiit iii, analyzing Ui(’ data in the 
later parts tor this paii: of (、kx;tio(l(、s. 
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original ERP wavofonns at t li() and F4 cl(H:t r()(l(\s m.c 

shown in Figuix、4.18. ‘ 
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、igm.(、1.18: Th(、avmig(、ERP vvavoibniis at tli(、F3 and F 1 (、l(H tm(l(、 

The wavoConiis at. tli(、F3 and F4 (、l(、(:tn>(l()s an、also shown 

ill Figure 4.18. The wavol'onns ai.(、aA,(，mg(、(l over all suhj(、(.ts 

l)(、tw(、(m 100 ms l)d()i.(，th(、stiiimlus onset and 900 ins after the 
oiis(、1,. is tho (、l(i(.t,i()(h、in t,h() loft frontal region, and ‘F 1* is 

the one in tho right lioniologoiis region. Bas(、(l on t‘h() l(、l.t/right 

(litt'eroiic.os in tlu^ wavelbniis, I will focus on tho time window 

around 400 ins in analyzing tho (lat a in the hiicv parts lor this 

pair ()!' ekx-trodes. 

The topographic imips l)(、tw(、(、ii 152ms and 248ms and tlioso 

botwooii 4()()nis and 448ins Jii tlio tliroo conditions ar<、shown 

in Figure 4.31 and Figmo 4.32 at t\\v end of this chai)t,(、i.. Tho 
analysis on tho oH'ec.ts of tho physical pi'opoity and the linguistic 

rolo is bcuscd on the two tiiiio windows. Siii(:() in picvkms luni-

roiinagiiig studies, the auditory priining cff(x-ts (:on.(、lat.(、with 
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the liaoiiiodyiiainu' (•liang(\s in tho, sui)(、ri(>r temporal 1(>1)() and in-

ferior frontal lobe [5], and t,h(、hariiiodyiiainic ctliaiiges are causcnl 

by the iiouroiuil cliaiigos in Ui(、saino brain rogioii [29], the data 

analysis is carricd out at ])ariotal and front al d(x.t’r()(l(、sit,(、s. The 

aiulitory ])athway mTiv(、s at, the superior toiiipm.al gyrus at first, 

so tliat ill the (、ai.ly tiiiu^ window th(、P3 and 1)4 (、l(xl,r(Kl(、s at. 

t.lio posterior n^gioii m。aiialy/cxl. And in ihv lat e t iin() window, 

tlio F3 and F4 (^cctrodos at t lû  rroiital region analy/Axl. 

Ill the (uiiiv tiiiu; window l>(、tw(、(m 152 and 218 iiis. a 3-wav vv-• • 

l)cat(Ml iiK、asur()s ANOVA r(、v(!als significant. 2-way int(tactions 

hotwcnni the physical pioporty and tlio latx^rali/ation (F(1.3())= 

4.810, p = ().()3(i) and h(、tw(、(ni the linguistic i.(>l(、and t,h() latxu-

alizatioii (F(l,3()) = 5.()3(), j) < ().()24) has()(l on the wavofonn 

cliffbfeiices bet wool I the ininiiiig conditions and the iion-jH'iiniiig 

control coiiditioiis. The avmigo aiii])lit.ii(l(\s ivdurt.ioiis h(、tAv(、(、ii 

152 and 248ms at t,h(、1)3 and P I (，l(、(:t,i.(>(l(、s in 1.h(、lour ( mnUtioiis 

an、shown in Fi圳.(、4.19. 

A 
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Figiuv 1.11): Tli(» av(、iag(、amplitudes of the pi.iiiiiiiĵ  (、H(H.ts IxMwccn' 152 
and 248ms at the P3 (loft) and 1)4 (light) (、l(Ktr(>(“、s in th(、lour coiulitions. 
‘RC()n，： t he (lifi.(T<、ii(.(、s b(、t\v(、(、ii tlir i.(”il word consoiiaiit pi.iiiiiiig conditioii 
and the ival word ii()ii-i)riniiiig coiidit ion; 'PCoif: thr (lifi.(、i.(、m.(、s h(、t\vr(、ii t li(、 
l)S(Mi(l()-\v()i(l coiisoiiaiil priiiiiii|4 coiKlition and i\\v pstMulo-word mm-pi.iiniiij!> 
coiulit ion; 'HToir: tliî  (liff(、r(、ii(.(、s h(、t\v(H、ii tli(、r(、al word tour priiniii^ con-
dition and thr real word iioii-piiiiiiug coiKlition; 'PTon': th(、（lifi.(、r(、ii((、s h(、-
t\v(、(、ii the i)s(、ml()~、v(M.(l t(m(、priming coiulitioii niid th(、ps(、ii(l()"\vm(l noii-
priniing coiidit ion. 

In Figure 4.19, tlu) average) valu(\s of t li(、（lifi(、n、mrs h(、t\v(、(m 

tlio pi.imiug ('(niditioiis and t li(、iioii-primiiig coiulit ions hotworii 

152 and 248 ins arc shown. i lCo i f m(、mis th(，（lifl.(、r(、m.(、s l)(v 

tw(、(、ii th(、mil word (tonsoiiaiit priming coiKlition and tlu、i(、al 

word non-priming coiKlition. 'PCon' iiioans tlu) (lifi.(n.(、ii(.(，s l)o 

t\v(、(、ii th(\ i)s(、u(l()"W(ml coiisoiiaiit ])niiiing c.oiKlitioii and th() 

l)s(、ii(l(>-w()r(l iK)ii-])riiuiiig coiKlition. 'RToiT moans the, diftor-

(、m，(、s l)(、tw(，(、n the real word torn、priming conditioii and tho r()al 

word mm-primiiig coiidition. 'PT(m, luoaiis tho (lHf(u(、m.(、s 1)(、-

twecni the psoudo-word torn，pi.iniiug coiiditioii and the i)s(、u(l()~ 

word iioii-priiniiig coiulitioii. Each rn.oi, l)ar i.q)r(’s(mt s oiio stan-

dard error. 
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This rosult iii(lk:at(、s that t\w consonant and the tone i)i.im(、s 

afiect the latorali/atiou significantly. From the moan amplitude 

(liffcroiu-os shown in Figure 4.20, w() can s()(、that in l)()tli i.oal 

word and pseudo-word conditions, tli(n.(、is a grc^ator negativity 

ill the loft oloctrodc than in the right (、l(、(.t,i,()(l() in t.li(、coiisoiiaiit 

priiiiiiig conditions. This rosult i,cfl(、ct,s a gnvdicv l(、ft latorali/a-

tioii of tli(、consoiiaiit processing than the toiio processing. 

Figurê  4.20: The av(、i.ag(、values of t h(、miiplit mk、（liH.(、n、ii( (、s b(、tw(、(m th(、 
priming and iioii-priiiiiiig control conditions l)(、t\v(、(、ii 152-248iiis at the P3 
and P4 (、l(、(.trod(、s 

i 

111 Figure 4.20, the average^ values of the aiiiplitudo difforoiices 

hotwooii the i)riiiiiiig and iioii-primiiig coiulitioiis m,(、shown. 

The values (Hjiial tlioso in Figure 4.19. Thciv ai.(、both sigiiiK-

cant iiitorac:ti()iis hotwcoii the real/psoudo word conditions and 

the lateralization, and l)(、t,wc(ni tho (:(ms()mmt/t,(m(、(conditions 

and the lateralization. 

Ill the Well word coiulitioiis, liowovcn*, the amplitudes of the. 

left lieinisphere arc lifted, (.oiupm'cd with t,li()s(’ in the i)s(m(l()-

word conditions (Painxl T-tosts arc (观(lu(.t,(、(l. In tlio l(、ft, lioiiii-

splicro, t(3()) = 1.83(5, p = 0.070 for the real and i)s(、u(lo-w()r(l 

consonant priming conditions, antl t(3()) = 2.174, p < 0.038 for 

the i.oal and i)s(ni(l()~woi.(l tone priming conditions. In the right 

lieiiiisplroro, tliero ai,(、no significant (lifforeiu-es of tho aiiiplitiulo 

betwcHUi the real and i)s(m(l()"W()r(l conditions in both the coiiso-
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limit, and tone priiniiig (•oiulitions). This clic.ci appoai.s iininodi-

ately after the i)r(，s(\jitat,i(m of the s(x:(m(l syllable in the target 
t 

disyllabic! word. Ac-c-ordiug to. the analysis of tlio sound mate-

rials, tlio ()arli(^st appeaniiicc of the soc.oiul syllable is at lOliiis 

after tlio oiisot of the first. syllal)l(\ The inoaii starting time of 

the s(K'()ii(l syllable is at 284.G4iiis (40.28). The starting tiiiio, 

does not. differ significantly .l)otwcHni the r(、al (iiioaii: 283.32ins 

(38.27), miiiimuiii: 191ms) and pseudo-word (mean: 285.9Giiis 

(42.27), minimum: 19Gins) conditions. The ct)iisist,(m(.y of the 

socoiul syllable ill Wiv situations wlun-e the first syllahh、is a wli()l(、 

word or not aff(、(:t,s the lat eralization of the in iiniiig oHbc-t s signif-

icantly. Tlio liighor aiii])lit.\ulo in tlio real word conditions than 

ill the pseudo-word conditionts only (existing iii the l(、ft, (^loctnkles 

indicates a loft lateralization of the soniaiitic processing. It is 

surprising that this offcc.t a])poars at such an early tiiuo window. 

According to Fi.i(、(lcHd ([18]), the offoct of tlio soinaiitic integra-

tion should ai)i)ear around 3()()-5()() ins aft,en- the stiiimlus onset. 

It sooms the top-down linguistic di(x:t,A run parallel to-the omly 

st.ag(̂  acoustic, processing. 

All analysis is also carricHl out at M lator time window 1)()-

tweoii the 400 and 448ins aftor the onset of the Krst syllahh、 

basod on the F3 and F4 oloc-trodos. This tiino window is aluMit 

riOiiis to ITOins, later t|iaii the average starting time of the 

sec'oiul syllable. The result ijhows that tlu^Ko is jilso a signifi-

cant iiitorac.tioii l)otwoeii the linguistic, role aî fcl Ui(、latoralizat.ioii 

(F(l,3()) 10.440, i)=().()()3). This analysis Is \y<\scx\ on iiioroly 

tlio four priming cxniditioiis without subti.acUoii to the ('oiitrol 

conditions. If the iion-priiiiiii|^ control conditions an、sul)tra('to(l, 

thoro is still a significant, interaction bctw^ni the linguistic role 

. a n d the lateralization (F(l,30) = 4.389, p < 0.045).' Tlunc is 

a inargiiiSl level iiitoractipii l)etwe(ni the physical property and 

the latorali/atioii (F(l,3()) = 3.468, p = 0.072). This iiitoractioii 

is the saiiio with and without subtracttiiig the control ('oiKlitions. 



Ps«udo-word conditions R*al word conditions 

LR 

Figure 4.2^: The mean of the aniplitmic diff'eroiutes hetwooii the priming 

coii(litio«§ and iion-priming control conditions between 4()0-448iiis at the F3 

and F4' electrodes 

, In Figure 4.21, the average values of the amplitude differences 

between the priming conditions and iioii-priiniiig conditions are 

shown. The interaction between the lateralization and the con-

sonant/tone conditions is not obvious, especially in the real word 

conditions. The interactibn between the real/pseudo-words aiui 

the lateralization is still apparent. 

The major finding of this experiment is that in the time win-

dow of P2 component, both the linguistic role and the physical 

property affect the lateralization significantly, which is shown 

by examining the priming cffects of the amplitude in the ERP 

• waveforms. ‘ 
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It -reflects the existence of the priiiiing cffectt even in a late time 

window i*fter 400iiis after the stimulus onset. Tho moan .ann)li-

tuckrclifferences at this late tiiiie window with subtraction of the 

control conditions are, shown in Figure 4.21. A relative greater 

：negativity of the tone-priming conditions than coiisoiiaiit prim-
ing cpiiditioiis reflects a stronger priming effect for tones in the 

‘ i • 

；vlate lime whidow. This could be (:aus(xl by the longer duration 

of the tones, compared with that of consonants. 
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4.6 Sentence semantic violation 

4.6.1 Behavioral da ta 
V 

The overall response rate is 99.98% (0.18) and the rate of ac-

curacy is 94.3% (3.2). The average response time is 854.13 nis 

(186.61). The individual response rate, accuracy rate, and -re-

sponse time in each condition are listed in Appendix (Table A.19, 

and A.20). The average rates of accuracy and reaction time in 

the throe coiiditions are shown in Figure 4.22 and Figure 4.23. 

Figure 4.22: The average rates of accuracy in the three conditions in the sen-

tence semantic violation exi)eriment. 'Coii': the consonant violation condi-

tion; ‘Ton，： the tone violation condition; 'Noii': the iioii-violation condition. 

In Figure 4.22, each error bar represents one standard error. 

‘Coil’ means the consonant violation condition. ‘Ton’ means the 

tone violation condition. 'Noii' means the noii-violation coiidi-

tioii. 
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Figure 4.23: The average reaction times in the three coiiclitioiis in the sen-

tence semantic violation exi)eriment. .'Con': the consonaiit violation condi-

tion; 'Ton，： the tone violation condition; 'Non': the iioii-violation couditioii. 

Ill Figure 4.̂ 23, cadi error bar rci)reseiits one standard error. 

'Coil' means the consonant violation condition. 'Ton' means the 

tone violation condition. 'Non' ineaiis the non-violation condijl 

tion. , 

The accuracy rates in the three conditions differ among each 

other. The 1-way repeated measures ANOVA on the reaction 

time shows a significant main effect of the different conditions 

(F(2,56) = 22.923, p < 0.001). The coiitra.st between the conso-

nant violation and iion-violation control conditions (F( l ,28)= 

7.787, p < 0.009) indicates that these two conditions are signif-

icantly different. The contrast between the tone violation ami 

non-violation conditions is also significant (F(l，28) = 1(5.834, p 

< 0.001). A post-hoc paired T-test reveals a^significaiit differ-

ence in the accuracy rate between the consonant violation and 

tone violation conditions (t(28) = -6.705, p < 0.001). From, the 

results• of the mean accuracy (see Figure 4.24) and the statis-

tical testing, the consonant condition has the lowest accuracy, 

while the tone violation condition has the highest accuracy, even 

greater than that of the non-violation condition. ‘ 
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One-way Repeated-measures ANOVA on the Accuracy Rate 

Conditions 

Figure 4.24: The moan accuracies in the three (.(mditkms 

111 Figure 4.24, the mean values of the accuracy of the three 

conditions are shown. The values equal to those in Figure 4.22. 

The accuracy differences shown above are also reflected in the 

reaction time. The consonant, violation condition has the longest 

reaction time, while the tone violation condition has the short-

est (see Figure 4.25). The 1-way repeated iiieasures ANOVA on 
4* 

the reaction time shows a significant.main effect of the different 

conditions (F(2，56) = 7.155, p < 0.002). The contrast between 

the consonant violation and non-violation control conditions is 

significant (F(l,28) = 7.290, p < 0.012). There is no significant 

difference between the tone violation and non-violation condi-

tions. A post-hoc paired T-test shows a significant difference 

between the consonant and tone violation conditions ( t (28)= 

4.040, p < 0.001). , 
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Ton* VklXicm tloo-V^aUlior 

Condition! 

< Figure 4.25: The iiicaii reaction times in the thrco c onditions 

111 Figure 4.25, the mean values of the reaction time of the 

three conditions are shown. The values equal to those in Fig-

ure 4.23. ‘ 
« 

It seems that the tone violation condition is the easiest to 

judge with the shortest reaction time and highest accuracy, while 

the consonant violation condition is the opposite. It is consistent 

with my previous experiments of word priming' in which the 

consonant and tone processing are different. 
'' . . . i , ' — 

4.6.2 E R P data 

The averaged ERP‘wavefoniks of the F3/F4, C3/C4, and P3/P4 

eleetrocies in the three conditions are shown in Figure 4.26.、 
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One-way Repeated-measures ANOVA on the Reaction Time 
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Figure 4.26: The averaged ERP wavefonis of the tlir(x) conclitioiLs in three 

pairs of electrodes 

111 Figure 4.26, the waveforms averaged over all subjects l)e-

tween 100 ins before the stimulus onset and 900 ins after the 

onset, are shown in each condition. 'F3' is the electrode in the 

left frontal region, and ‘F4, is the one in the right homologous 

V ^ g i o n . 'C3, is the electrode in the left cental region, and 'C4, 

is the one in the right lioiiiologous region. T3' is the electrode 

ill the left parietal region，and T4' is the one in the right ho-

mologous region. Comparing the violation conditions and the 

.non-violation condition, the differences are shown in time win-

dows around 300 ins to 500 nis after the stimulus onset. 

Since it is a semantic violation .task, the N40() component 

contrasting the semantic violation and non-violation conditions 

is the target component to be analyzed. It has been mentioned 

that the inferior frontal cortex haus haeiiioclynamic changes in 

the semantic violation tasks and it should bo the source of the 

N400^:RP component'[23]. Tlie frontal electrodes F3 and F4 are 

chosen to be analyzed at first. In the consonant conditions, the 



Consonant v io lat ion 
Non\riol<)tion 

Tone viol . i t lo i i 
Non-vtoi.it ion 

Figure 4.27: The amplitudes of the N4()0 coinpoiLeiit in the consonant and 

tone violation conditions at the F3 (left) and F4 (right) electrodes 

. ‘ • 
• ““ . 

Ill Figure 4.27, each error bar represents one standard error. 

The cliffereiices b(rt,weeii the left and right homologuo regions 

show a groat (liffercnce between 'the two violation ^conclitioiis, 

which indicates that the lateralization of semantic processing in 

the late time window is also affected by the physical property 

factor. 

At the central-parietal elcctrodcs, there are clear negativi-

ties around 300 ins after the stimulus onset. Since in this time 

range, th^ amplitude differences between the violation and iion-
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‘• “ • 番 ， • 

N4()() coriiiioiieiit is significantly left latcrali/xxl (t(28.) = -2.2, p 

=0.036) in the frontal sites. There is i-io siguific'aiit lateralization 
• , . ‘ • ‘ • • » • . .、： ；. • . • 

for the tone yiolatioii N4()() conii)oii(hit. A 2-way repeated nioa--

surcs AN OVA based on tlio average amplitude 4(}()iû > 

and 448ins at the F3 and F4 6l(x:trocl(\s is also c()mlu(:U)(l. Thcrv. 
is a significant interaction betwcx îi the pliysical propGrty and the 

laterali/ition. (P(l,30). = 4.343, p < 0.046). It roflcx t̂s that the 

physical pix)peity affects the. lateralization of the N4()(产compo-

iieirt sigiiifictaiitly. The averages aiiiplituclo diftbreiicos l)otwooii 

the violation and non-yiolatioii conditions at tllo F3 and F4 

elccrtrocles between 400ms and 448nivS are shown in Eigim、4.27. 

Average amplitude differences 406-448ms 
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violation conclitions match tlio topogmphical (listrihuUoii of pvc-

vioiisly described N4()0 coinpoiioiit [39], the post,-hoc statistical 

analysis is also conducted at the C3 and C4 okx^trodos botwecni 

252insVm(l 348iiis (Figure 4.33 at the cud of this Chapter). In 

Sc'hiriiier et al.'s exploration [50] of Caiitpiioso tone processing 

• using the semantic violation tasks and ERP incthods, tlioy also 

do the analysis in the tiiiio window hoiwcxm 200 ins and 450 ins 

afto tlui stimulus oiisot. 

The upper row in Figure 4.33 shows tlic topographic maps of 

the thvQC conditions and the bottom row shows tlio contrasts of 

(liffonnit conditions. The contrast l)ctwoeii the coiisoiiaiit vio-

lation and non-violation conditions lias a ceiitral-paric^tal distri-

Initioii’ while tlio tone violation versus non-violation conditions 

.'is more frontal distributed with adoax right lateralization of tlio 

^legativity. A direct coiiiparisoii of the consonant and tone viola-

:tk)ii conclitions shows a Mi laltualizatioii at, tlui ctmtral parietal 

• A 3-way rq)eaU)(l measures ANOVA rovcials a significant in-、、 

teractioii l)etwo(ni the physical property and the lateralization 

(F(l,3()) = 5.990, 1) < 0.021). This result matches the analysis 

doii。ill the 4()0iiis-448ins time window. (se(̂  Figure) 4.28)\ 

Average amplitude differences 252-348ms 

Coiisonaiil violation - Tone violation . 
NOD violation NON-violalion 

Figure 4.28: The average ainplitiides botwoeii the soniaiitic violation and 

non-violation condition at the C3 (left；) and C4 (right) dectrodcs b(?tw(̂ oii 
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111 Figure 4.28, each error l)ai, rq)i.()s(mt,s one standard error. 

The opposite lateralization patterns for th(、consonant and toiio 

violation c.oiKlitioiis shows clearly. 

Ill l)()tli the 3()()iiis and 4()()iiis tiiiio windows, t,li() N4()() c.oiiipo-

iieiit is more left lateralized in tho coiisoiiaiit, violation condition 

than ill the tone violation condition. In the 3()()iiis tinio window, 

the av(u,ag(: aiiii)litu(lc of the lu^gativity is ev(ni right latxn'alizcd. 

Ill l)()tli eases, the physical property interacts with lat,()ralizaU()ii 

significantly, ()v(m in the lato N4()() conipoiieiit of the scniiantic 

violation task. By tlieinsolvos, the ERP wavofonii diH.(n,。ii(:()s 

l)()tw(M)n the soinaiitic violation and non-violation control condi-

tions roflcK't tlio soinaiitic processing. My oxpoHmoiital results 

show that this offbct is significantly left latcnalizcnl wli(m the 

soinaiitic violation is iiit,r()(lu(:(xl by tlio consonant ahiioniiality, 

while then) is no significant kift latoralizatioii in the t on。viola-
* 

tioii condition. 

4.7 Summary 

111 the four ERP cxi)oriiiioiits, the factors niidnrlying toiio lat cn al-

izatioii are analyzed. Both the pliysical property and tlio linguis-

tic role affect tone lateralization. In the DL oxporiiiiciit, these 

offects take placc in the same time window at around 2()()iiis 

after the stimulus onset in the ERP data. From the l)duwi()i>il 

(lata; a general trend is that the consonant DL conditions liavci a 

greater REA than that of the tone DL conditions. The real syl-

lable consonant DL condition in the first DL (3xi)criiiieiit has two 

syllables too similar to each other, wliicli (liiiiiiiislios the REA 

ill the behavioral data. However, the LHA (left hcinispliero ad-

vantage)) which is correspondent to the REA in the behavioral 

(lata is obvious in the ERP results. In the ERP data, a clear 

result of the interactions between the linguistic* factor and the 

lateralization, and between the physical property factor and the 
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lateralization exist in the first DL oxporiiiKnit. The physical 

l)r()i)()i.ty factor also interacts .significantly with laUn-ali/atioii in 

the s(x:()ii(l DL exi)oriiiieiit, howovor the linguistic factor docs 

not interact significantly with Iat(n'ali'/ati()ii i)n)l)al)ly bocauso 

of the iiicrOfisiiig of the number of conditions or tlio acousti-

cal similarity of the ii()ii-syllal)lc iiiatxnial to ot lioi. i.oaJ syllahlos 

ill Mandarin or Caiitonoso (Mandarin sul)j()(:t,s may l)()(:(mi() ia-

iiiiliar with the Caiitoiu^so ])li()iioiiio /a、/ aftxu" coiiiiiig to Hong 

Kong). In g(m(n.al, tlu^ results support, that tho torn) i)r()(:(iss-

iiig is more right lateralizod (or k̂ ss l(、ft laU’mliz()(l) than tliat 

of UK) consonant processing, and'the soiiiaiitic procc^ssiiig is Idt, 

lat,()raliz()(l when coiiipaxiiig words with inoaiiiiig and without 

iiioaiiiiig. — 

111 tlio word phonological pi.iniing (^xporiinciit, both factors 

interact with the lateralization of the ERP wavofoniis in the 

priiiiiiig offix'ts at the (wly time window. This msiilt is con-

sistent with the DL oxi)oriiiioiit. Otlior than the interactions 

l)ctwocii the two factors and the latcn'alizatioii, the ps(m(l()-w()i(l 

coiKlitioiis have gix^ator negativity in tlio ERP aini)litu(lo, which 

may have similar undcrlyiiig iiiechaiiisiiis as in the soiitoiicc^ s(v 

iiiaiitk: violation exporiineiit. This negativity is more sigiiiHcmit, 

ill the loft heinisphorc, which indicates that Ui() loft lieniisplion^, 

has ail advantage in soiiiaiitic, proc.ossiiig. And tlio ERP YC-

(luctioii (negativity increasing) of the left heiiiis])hcro is gnvdicv 

tlian that of the right lieniis])hor(^, which support,s tliat the tone 

is more right lateralizod (less loft lateralizod) than the consonant 

ill percei)tioii. 

hTtho sontcncc seiiiaiitic violation cxperiiiiont, tlic physical 

propoi'ty interacts with the lateralization in laU? time windows 

around 3()()iiis to 4()()iiis after the sthnulus onset. Although 

linguistic factor is combined with the physical property factor, in 

tlic sense of semantic, violation, the plioncinc vi()lati()ii of toiu^s 

or consonants should not differ from each other significantly, 
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ospcxnally in tlio late tinio windows. However, my ()xi)()iini(、iit,al 

results iiulictatc that t,li() physical property aff(x:t lateralization 

ill the late time window: (luring the soinaiitic Violation task. 

Coinbiiiiiig the al)ovo results, l)()tli the linguistic factor and 

the physical property aficct latorali/atioii. Tone is toward l)ilat-

erally processed l)C(:ause its slow varying physical pi.opoi'ty，while 

tiic semantics when tone is US(H1 to distinguish lexical iiioaiiiiig 
•t 

makes it more loft latoralizod when coiuparod with toiioiiios (or 

tone patterns) that has no nicaniiig. Those i)i,()(.,()ss()s ai.(’ ])arallcl 

existing both in tlio early and I ate tiirio windows. 



CHAPTER 4. DATA ANALYSIS 92 

Real syllable Consonant dichotic Pseudo-syllable Conosnaht dichotic 
Condition 

Real syllable Tone dichotic 
Condition 

h Condition 

Pseudo-syllable Tone dichotic 
Condition 

Figure 4.29: The t.()i)()graphi(t iiiap of the av(、mg(、aiiiplit lule in 152-248iiis in 

cacli condition, in the. first DL experiment. 

X 
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Real syllable<:onsohant dichotic 
Condition .， 

2 

NorvsyllahJe Consonant dichotic 
Condition * , -

Real syllable Tone dichotic 
Condition 

Real syllable Binaural 
Condition 

_ 

編 0 

Non-syllable Tone dichotic 
Condition 

Non-syllable Binaural 
Condition ‘ 

Figure 4.30: The topographic maps of the averages amplitude in 152-248ins 

ill cac.li condition, in tlio second DL oxi)erinieiit. 
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Real vyord Consonant p?!ming 
Condition- ‘ ‘ 

Real word Non-priming 
Condition 

2mV 

Real word Tone priming 
Condition 

2MV 

2MV 

Pseudo-word Consonant priming 
Condition 

2MV 

Pseudo-word Tone priming 
Condition 

Pseudo-word Non-priming 
Condition 

2MV 

Figure 4.31: The topographic maps of tlie averaged amplitude in 152-248iiis 

ill each condition, in the word priming oxporimoiit. 
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Real word Consonant priming Pseudo-word Consonant priming 
Condition ^ „ Condition 

I2mv ^Hapv 

Real word Tone priming 
Condition 

•2MV 

Pseudo-word Tone priming 
Condition 

•2pV 

Real word Non-priming 
Condition 

|2UV 

Pseudo-word Non-priming 
Condition 

|2mV 

Figure 4.32: The topographic maps of the averaged amplitude in 40()-448nis 

in each condition, in the word priming experiment. 
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Consonant violation 
Condition 

Tone violation 
Condition 

Non-violation 
Condition 

Consonant violation -
Non-violation Condition Non-violation Condition 

Consonant violation -
Tone violation Conj^tion 

Figure 4.33: The topographic maps of the average amplitudes in 252-348ms 

in each condition and the amplitude differences between different conditions, 

ill tlie sentence semantic violation experiment. ‘ 

• E n d of chapter. 



Chapter 5 ^ 

Tone lateralizatioji under noisy 

conditions 

Summary 

This chapter discusses the DL experiment on the per-

ception of Mandarin tones under clean and noisy condi-

tions, and examines the enhaiiciiig role of noise on the 

lateralization patterns of tones. It is shown that the lat-

eralization patterns of different tones are inconsistent: 

the perception of tone 1 exhibits a left ear advantage, 

while that of tone 2 or tone 4 has a right ear advantage. 

These different patterns are ascribed to different tone 

features and the fast or slow change of the tone pitch. 

A gender difference in tone perception is also detected 

from the results. 

5.1 Motivation 
I ’ 

The behavioral DL experiment on tone lateralization was first 

conducted by Van Lancker and Froriikiii on Thai tones [57]. In 

their experiment, the ear advantages of Thai tones in both Thai 

and English speakers are compared and a right ear advantage for 

97 
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Thai tones in Thai speakers has been discovered. This is sup-

portive evidence for the "function" view of tone lateralization. 

However,, the empirical results of later behavioral DL experi-

ments do/iiot show a consistent right ear advantage for tones. 

For example, Baudoiii-Chial has failed to find any ear advan-

tage on Mandarin tones [3]. Wang et al.'s DL experiment has 

revealed a right ear advantage for Mandarin tones in Mandarin 

speakers, but no ear advantage in English speakers [63]. Al-

though, a right car advantage in tone language native speakers 

and no ear advantage in non-tonal language speakers have been 

found ill both Van Lancker and Fromkin's [57] and Wang et 

al.'s experiments [63], the experimental conditions in these DL 

experiments are different between native and non-native speak-

ers. Ill the former experiment, two consecutive didiotic trials 

are used for native Thai speakers in half of their trials; while 

for non-native speakers, only isolated dichotic trials are used. 

In the latter experiment, the white noise with -lOdB S/N ra-

tio is introduced for native Mandarin speakers, but non-native 

speakers only hear clean speech. Without a systematic study of 

the tone lateralization patterns under noisy conditions, directly 

introducing noise may affect the lateralization results, since the 

noise may act as a confounding variable. In addition, both ex-

periments have not reported the hearing ability differences in 

left and right ears of subjects. 

Considering these, I propose a DL experiment on tone lat-

eralization under clean and noisy conditions. It begins with a 

test of the hearing ability of subjects in left and right ears. In 

addition, instead of simply inducing errors as in Wang et al.'s 

experiment, I find that the noisy condition actually enhances 

the RE A slightly from the clean condition to -lOdB S/N ratio, 

though the effect is different for different tones. Moreover, the 

experimental results show that subjects exhibit different later-

alization patterns toward different tones, and two factors can be 
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I 

used to explain these various lateralization patterns. Finally, the 

individual and gender differences aniong subjects arc discussed, 

which is one of the significant factors to study the variety in 

liuiiiaii behaviors [16] and is usually neglected in sonic previous 

studies. 

5.2 Methods 

In order to find the effect of noise on tone lateralization, I embed 

the tone dicliotic trials in white noise under three different S/N 

ratios, and compare the lateralization patterns in noisy dicliotic： 

trials with those in clean dicliotic trials. 

Two groups of subjects are tested. In one group, both the 

balance of the hearing abilities of the "two ears and the eiivi-

roninental noise are controlled. In the other group, these two 

conditions are not strictly controlled as the same as in [63] • The 

purpose of doing this is to investigate whether these control con-

ditions affect RE A in the tone dicliotic listening experiment. 

5.2.1 Part ic ipants 

in the first group, 25 native Mandarin speakers are enrolled 

in the experiment. Eleven of them are qualified to take the 

experiment based on the Edinburgh Handedness Test [46], the 

Hearing Threshold Level (HTL) test and the pretest. These 11 

subjects include 5 males and 6 females, whose average age is 

25.36 (2.25), and all of them are strongly right-handed. 

‘ I n the second group, 11 native Mandarin speakers with no 

history of hearing impairment are enrolled in the experiment. 

All of them are strong right-handed, tested'by the Edinburgh 

Handedness Test. There are 6 males and 5 females in this group, 

whose average age is 25.82 (2.82). 
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Ton« 3 
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Time(s) 
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Figure 5.1: The FO contours of the four Maiidariii tones, each of which is 

carried by the syllable /fan/. 

The recording is done in a souncl-proof room in a digital 

speech processing lab using a SHURE microphone and digitized 

with a MACKIE 12-chaniiel mixer at 44.1 kHz. Each word is 

produced separately. The lengths of the four tones of the same 

syllable are roughly the same, which are chosen from the three 

repeated recordings of each tone of this syllable. 

Each target word lasts about 400ms. The target stimuli in 

each dichotic trial are either clean or embedded in white noise. 
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5.2.2 St imul i 

In this experiment, the testing iiW.erials consist of 16 iiioiio-

syllabic Mandarin words, as sliowi\î ii Appendix (Table A.21), 

which arc formed by four syllables (?an77 (guo), (hiii) and (slii) 

combined with 4 tones (adopted from [G3]). The FO contours of 

the four Mandarin tones are shown in Figure 5.1. The stimuli 

are recorded from a female native Mandarin speaker and the 

tone contours are analyzed by Praat software. 
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The length of the noise is lOOOiiis. The three noisy conditions 

include OdB, -lOdB and -2()(1B S/N ratios, and the S/N ratio is 

measured during the 4()()iiis in which the target word is ])rcsciitod 

(0.3ms 0.7ins in the noise sound file). The intensity profile of 

the noise is shown iii Figure 5.2. After^he target word has l)coii 

embedded in the white noise in i\m three noisy conditions, the 

intensity of the whole sound file isjadjusted at 75clB using Praat 

software. 乂 

Q1.56 

”̂ 。5 Ol 02 03 04 0.5 0.6 0.7 0.8 0.9 
T ime (s) 

Figure 5.2: The intensity profile of the noise. 

The Inter-Stimuli Interval (ISI) is sot to 2 seconds. A total 

of 192 dichotic pairs (12 pairs x 4 syllables x 4 conditions) arc 

generated using MATLAB. Each pair contains two words with 

the same syllable- but different tones. There are 4 blocks in 

the experiirient, each consisting of a raiidoinizatioii of tlujse 192 

pairs of stimuli. 
？ 

r ./ 

5.2.3 Procedure 

For the first group, the experiment is conducted in a sound-proof 

booth. All participants are tested individually with a head-

phone (SENNHEISER HD 280 Pro). Before the experiment， 

participants are given the handedness test. Those strongly right-

handed participants are allowed to take the HTL test (1 of the 

24 participants, not strongly right-handed, is excluded). They 

are tested of their hearing ability under 125, 250, 500, 1000, 

x. 
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2000, 4000 and 8000 Hz. Participants whoso left and right ears' 

HTLs differ more than lOdB or cither of them oxcceds 25(1B at 

any frequency arc excdudod (6 of the 23 i)arti(:ipaiits fail to nieot 

this criterion). Participants who pass the HTL test are given 

the pretest. During the i)retest, participants arc tested using 

48 trials randonily chosen from the 192 dichotic trials in the 

real test. Participants who reach more than 50% conx^ctnoss in 

both left and right ears are allowed to take the real tost (7 of 17 

participants do not pass the pretest). In the real dichotic tost, 

four blocks are presented, (〕adi containing 192 raiidoiiiizod tri-

als. The output volume of the two channels of the liea(li)hones 

« 

is calibrated at 75dB using a sound level meter. Subj(x:ts arc 

instruct,(xl that they will hear two different words (only differ in 

tones) siinultaneously in their two cars. They need to identify 

the tones of both stimuli and write them down on an aiiswcu' 

sheet using the four tone marks. Left ear and right ear response 

rows are counterbalanced across blocks to avoid order bias. Each 

block lasts around 8 minutes. Between the first two and the last 

two blocks, there is a 30-seconcl rest. The two channels l)etwcoii 

these blocks are counterbalanced. Between the second and third 

blocks, there is a 2-iiiiiiute break for the subject to take a rest 

and prepare for the reversed order of ear r(\si)()nso rows in the 

answer sheet. The whole experiment lasts approxiinatdy 35 

minutes. 

For the second group, the experiiiient is conductxxl in the of-

fice environment. Right-handed subjects with no previous hear-

ing deficits are recruited. There is no HTL test in this group. 

In the formal DL test, all procedures are the same as in the first 

group. 
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5;2.4 Da t a analysis 

The Percentage of Errors (POE) is c:alcnlatc(l to indicato the 

lateralization, including the POE of all stimuli and POE of each 

of the four Mandarin toiu^s. 

5.3 Results and Discussion 

The overall ciorrectness of the 384 stimuli (192 pairs) is 75.7%. 

The average POE of the 22 sul)jocts is 52.3%, which is k)w()r than 

the POE (57%) reported in Wang ct al.'s exporiirient. However, 

Wang ct al. have not reported the hearing al)ility (littcrciicos in 

left and right ears as in my experiment, and there is a possibility 

that the uiil)alaii(:e(l hearing ability may affect the oar advan-

tages. Besides the overall correc t̂iiess and POE, the correctness 

and POE under the clean and throe noisy conditions ar() listed 

ill Table 5.1. 

Table 5.1: The Correctii(\ss and POE undor t ho clean ami noisy conditions 

Condition CORRECTNESS ( % ) P O E ( % ) 

Clean 82.6 •52.1 

OdB ‘ 8 0 . 7 52.9 

-lOdB . 7G.4 53.4 

-2()clB G3.1 50.7 

丫 

I As shown ill Table 5/1, POE increases in the noisy coiicli-

tions, compared with the clean condition, though in the -2()dB 

S/N ratio noisy condition, the increase of POE is not as ob-

vious as that ill OdB or -lOdB S/N ratio condition. This is 

bccauso that in the -20(1B condition subjects may not clearly 

identify the tones in'both ears, which is indicated by the aibrupt 

drop of correctness coiiipared with the other three conditions. 
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In order to find the lateralization patterns, Wang (化 al. intro-

duce the white noise at -lOdB S/N ratio to incniase errors and 

to avoid ceiling effcct. However, thoy do not notice that the 

noisy condition may affoct the result of lateralization. My ex-

l)criinciital results suggest, that a ccrtaiii dogreo of white noiso 

call increase the POE value in a certain (logroc in the tone DL 

experiiiieiit. Although the effect does not roach the statistical 

significance level, the white noise may still act as a coiifouiiding 

when oar advantages of tonal and non-tonal speakers in Wang et 

al.'s experiiiieiit are coiiiparocl. There is fuiictioiial iiouroiiiiag-

iiig evideiK'e supporting that the low S/N ratio increases the left 
/ 

hoiiiisphero activation in speech processing [G, 72]. Tlioso fMRI 

results show that Broca's area lias an cnliaiiccd activation when 

the S/N ratio decreases (Binder et al. 2004), and under a very， 

low S/N ratio, only the left BA44 area activates significantly 

compared with other regions that correlate with specdi process-

ing [72]. The possible explanation of tliis plieiioinoiioii is that 

the Broca's area may coiiipensato for the loss of tlie sensory in-

formation by enhancing the internal speedi sound ])rescntati()iis 

and serve to improve performance under low S/N ratio. The 

above evidence that the left hemisphere activates more under 

low S/N ratio is consistent with my finding that the left later-

alization increases when the S/N ratio decreases. 

There are no significant group difference between group 1 and 

group 2. However there are significant noise level and gender 

interactions (F(3,54) = 4.26G, p < 0.012) (Figure 5.3). 
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Figure 5.3: Noise kivcl and gender interact ions of the POE values 

» 

5.4 POE of the four tones ‘ 

Subjects show diffcreiit laterali^^atioii patterns with rospoct to 

the four tones. The one-way ANOVA shows the main effect of 

tone (F(3,54) = 6.202, p < 0.003). Table 5.2 lists the POEs of 

the four tones, in which tone 1 -exhibits a left ear advantage; 

tones 2 and 4 have a strong ri^lit/ ear' advantage. Tone 3 has a 

right ear advantage under -lOdB S/N tatio noisy coiiditioji, a left 

car advantage in the clean condition, but in the OdB and -2()dB 

S/N ratio noisy conditions, the ear advantages are inexplicit. 
r 

Tabic 5.2: The POE of four tones under diffcroiit conditions 

Condition T O N E 1 T O N E 2 T O N E 3 T O N E 4 

Clean 41 .9% 56 .3% 48 .7% 56 .7% 

OdB 41 .7% GL.4% 49 .4% 54 .3% 

-lOdB ‘ 41 .9% 58 .6% 52 .7% 59 .9% 

-20dB ‘ 4 7 . 8 % ' 50 .8% 50 .5% 56 .4% 

I propose two explanations for th'c different tone lateralization 

patterns. The first explanation deals with the feature differences 
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of these 4 tones. According to the 7 features that Wang [G1 

assigned for'Uiffereiit tones (CONTOUR, H IGH, CENTRAL, 

MID, RISING, FALLING and CONVEX), tone 1 (liffcrs from 

the other 3 tones in CONTOUR, and toiios 2 and 4 differ from 
f 

tone 3 in HIGH. The (liffcreiit tone features may cause different, 
lateralization patterns of the four tones. This explanation and 

* 

my cxi)eriiiiental results may further reveal a neural iiiecliaiiisiii 

ill tiie auditory systoiii that works similarly as that in the vi-

sual system. For instance, in the primary visual cortex of cat, 

there are "cx)iiiplox" cells that only respond to specific' orien-

tation of light bars [28], indicating that ccrtaiii neurons in the 

visual cortex can extract different orientation features from the 

visual stimuli. Similarly, my expcriiiieiit shows that differciit 

.pitch contours in tones may correspond to different l)raiii inecli-

aiiisrns. However, whether there are such pitch contour feature 

extraction neurons in the auditory cortex of liuiiiaiis or other 

animals remains unknown. 

My second explanation coii(;crns the fast or slow changes 

of the tone contours. As shown in Figure 5.1, tlie tone con-

tour of tone' 1 is fiat and its froqucincy throughout the whole 

word changes slowly, however tones 2 and 4 have fast frequency 

changes throughout tTi(?])itcli contours. ()iiv results indicate that 

the fast or slow changes of the fundaiiiental frequencies of differ-

ent tones may cause different lateralization patterns，such that 

tone 1 has a left ear (right heiiiisphere) advantage while tone 2 

or tone 4 have a right oar (left hemisphere) advantage during the 

perception. This finding partially matdies Poeppel's hypothesis 

on the lateralization [49], which states that the left hemisphere 

is more sensitive to the fast physical property changes and the • 

right hemisphere is iiiore sensitive to the slow physical property 

changes, though the time window in this hypothesis does not 
t：^、 

exactly match tfiat of niirie. As for tone 3, its pitch contour 

undergoes a falling rising change, but this diangc is not fast 
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‘ 、 

eiibugli compared with that of t()ii(’ 2 or tone 4. Therefore, the 

lateralization pattern of t()ne 3 in the dean condition is similar 

to that of tone 1 (left ear advantage). ‘ However, in the -lOdB 

S/N ratio noisy coiiclition, .the lateralization ])atteriis of tone 3 

arc reversed, which is (consistent with iny argument that a ccn-
• « 

tain degree .of white noise can increase the right ear advantage. 

It is also consistent with the finding in Waiig et al.'s experiment 

that tone 3 has a strong right ear advantage in noisy (:()ii(iitions. 
< > I 

5.5 Individual difference and gender differ-

ence 
« 

* 

The iiiclividiial and gender diftercncos aiiiong subjects ar() indi-. 

catcd by the individual POE. Table 5.3 lists the correctness and 

POE of each subject, in which indicates male subjects and 

‘F’ indicates female subjects. As shown in Table 5.3, different 

subjects show different degrees of lateralization, one male and 

four female subjects even have reversed lateralization patterns 

(^nipared with others. In addition, the average POE of all male 
» 

subjects is 54.76% (3.52) and the average POE of all female 

subjects is 51.0% (6.0). In the. first group that is strictly con: 

trolled, the average POE of male subjects is 56.84% (3.41) and 

the average POE of female subjects is 48.93% (5.43). Based on 

a T-test in the first group, a significant gender difference of the 

POE is detected (t(9) = 2.937, p < 0.018). In the sum of group 

1 and group 2, gender difference reaches a marginal significance 

level (t(20) = 1.788, p = 0.093). This gender (liirerence indicates 

that tones are more bilaterally processed by females than males. 

A similar gender difference \vas also been found in some other 
f 

studies [52，64 
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Table 5.3: The c-,orro(;tiicss and POE (porceiitago of errors) of each ‘suhj(、(:t 

Subjects CORRECTNESS ( % ) P O E ( % ) 

Group'1 > 

ML 80.G 56.0 

M2 69.1 54.9 “ 

M3 54.4 58.8 

M4 (35.4 52.9 • 

' M 5 7(3.1 G1.6 

F1 71.0 - 51.5 , 

F2 ’ G 8 . G 、 38.G . 

F3 80.7 52.9 

F4 64.3 47.3 

F5 85.4 . . • 52.4 

FG 88.5 50.9 

Group 2 

ML 93.3 .49.1 • 

M2 52.1 ‘ 
\ 

55.4 

M3 74.2 52.7 

M4 87.1 56.8 

M5 ‘ 50 . 9 • 51.4 ‘ 

M6 ‘ 72.8 ^ • 52.8 

F1 * . ‘ 60.0 47.6 

F2 . * ‘ 78:7 62.6 

F3 ‘ 
/ 

, ‘ ‘ G 8 . 3 52.9 

F4 
1 

‘ 69.1 47.8 

F5 , 87.4 5(5.5 
‘ 1 

1 ‘ ‘ 
/ 

K 

V 
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5.6 The ear advantages of tones change with 

noise 

In this chapter, I report a Manclariii tone DL experiiiient to 

study tone lateralization under clean and noisy conditions. Based 

on a hearing test, the subjects of the experiment are well don-' 

trolled of their left and right ears' HTLs. Apart from the clean 

condition, three noisy conditions are introduced, and the later-

alizatioii patterns of the four Mandarin tones iincler these con-

ditions are compared. The results show that certain noisy con-

ditions such as those uiicler the OdB and -lOdB S/N ratios may 

limitedly increase the average POE. In addition, subjects show 

^ different ear advantages for different tones: the perception of 

tones 2 and 4 shows a right ear advantage, while that of tone 1 
* 

shows a left ear advantage. Two physical properties, the tone 

features such as CONTOUR and HIGH, and the fkst or slow 

changes of the fundamental frequencies of different tones, may 

cause these different tone lateralization .patterns. Moreover, a 

goiider difference of POE is revealed, whicli suggests that there 

'coul、d l3e differences in the underlying inechanisnis of tone per-

ception between male and fTniiale speaker^. In this ex])eriiiient, 

the lateralizatibn pattern c)f tone 3 is different in clean and noisy 

conditions, which cannot be explained, by the above two phys-
» r I • * 

ical properties. In addition td^ these physical properties, other 

factors may play a role in affecting the lateralization pattern of » 
tone 3, and the exploration of these linguistic or nonlinguistic 

factors remains as the future work. 

• E n d of chapter. 



Chapter 6 
* 

Discussion 

Summary 

111 this chapter, I will discuss the results of iiiy ERP 

and behavioral experiments, and link tlieni with previ-

ous work regarding tone lateralization. My main find-

iiig is that the linguistic role and the physical property 

both affect tone lateralization. I will also discuss a gen-

eral pattern of tone lateralization and link iny results of 

ERP studies with previous brain structure studies. In 

the end, a general view about the neural bases of lan-

guage is discussed^ the major contribution of my ERP 

studies to tone lateralization is sumniarizedv, and some 

future work is mentioned. 

6.1 Discussion of the results 

The purpose of my E R P experiments is to test the vinderlying 

factors that affect tone lateralization. By nature, the physical 

property and the linguistic role of tones should be analyzed, be-

cause the tone is the use of pitch to distinguish lexical meanings. 

In addition, the lateralization, of tonenies should also be^coiisid-

110 
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ered, because when tones are used in certain language, their 

patterns become the phonctic units in the language, even they 

are not used to distinguish lexical lueanings. Fiirtlieniiore, it is 

not necessary to be restricted to real words with specific inoaii-

iiigs. The use of pseudo-syllables and pseudo-words is a novel 

character of my ERP studies, which has iiovor been (USCUSSOHI in 

previous literature. 

Ill Van Laiicker and Froinkiii's experiment [57], tlioy have 

found that there are no ear advantages of hums. Tlicy use 

the hums as a control, without considering the lateralization 

of toncines. However, tone patterns should be (tonsiclerecl since 

they are part of the phonological system in certain language. 

Although the result of lacking RE A for hums compared with 

tone words is consistent with my ERP results, tliey do not con-

sider the imderlying factors. The REA for tone words compared 

with hunis may be caused by both the semantics and the pliys-

ical properties. There is no strict control to separate these two 

factors in their experiment. 

Ill the previous studies of tone lateralization, two views on 

lateralization, the "task-dependent" and the "cue-dependent" 

hypotheses, are proposed, each focusing only on one side of the 

two basic properties of the tone. With the biases and i)resuinp-

.tions about tone lateralization, some specific experinieiits can 
s 

certainly find evidence to support each of these two cx)nfiictiiig 

hypotheses. — 

• In the behavioral experiments and PET or fMRI neuroiinag-

iiig studies [20, 21, 27, 38], the materials are all real words and 

contain physical properties such as the fast formant transitions 

within 20-40ms. Tone patterns presented in the hums with-

out fast changing acoustical cues are not considered as part of 

the facts of tone lateralization. The results of behavioral or 

neuroiinagiiig studies reflect the tone lateralization as the final 

outcomes of the whole tone processing without caring about the 

I 
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• 7 
precise temporal resolution of the neural activities. However, in 

I 

the experiments of speech perception, the temporal doinaiii is 

import ant and the perception process is online. 

^ 111 the previous ERP experiiiieiit on tone lateralization [42], 

no specific language tasks are involved, and the right lateral-

ization of tone reflects the lateralization pattern oii its physical 

、 

property. The merit of that and my ERP exi)erinieiits is that 

the temporal resolutioii is high arid it is crucial to look inside the 

time course of tone processing. In Luo et al.'s experinieiit, they-

only examine the ERP coinponeiit around 200iii8, bocause of 

the MMN paradigm. In my ERP exi)eriiiieiits, the coiiii)()iieiits 

within 1000ms after the onset can all be analyzed. 

The results of my four ERP experiments show that in early 

aii'cl late time windows, the physical property and the linguistic 
t 

role -both affect tone lateralization. The early and late time win-

dows are defined around P2 and N400 components. In previous 

ERP studies, the functions of the P2 and N400 coiiipoiieiits have 

been extensively explored. Based on the serial model of audi-

tory sentence processing [18], P2 is assumed to be related with 

word category processing which is after the phoiK)lQgical p ro 

cessing at the N1 component . N400 coiiiponeiit has long been 

associated with semantic processing and it will increase when 

the material does nojb integrate with the context. Although it 

has been assumed that different functions are represented in 

different ERP components and the processing is mainly serial 

other than parallel, the results of my experiments indicate that 

different functions are presented in both early and late ERP 

components. In the two DL experiments, the two factors af-

fect the lateralization of the P2 components, and in the word 

priming experiment, both factors interact with P2 coiiipoiierit 

as well. The linguistic role also affects the lateralization around 

the 400ms time windows after the onset of the first syllable in 

the disyllabic pseudo-words. In the sentence seniantic violation 



CHAPTER 0. DISCUSSION ‘ 113 

experiment, the deviation of tone or consonant interacts with 

the N400 lateralization around 300 nis-4()0 iiis after the onset of.、 

the target syllable. In sum, it is hard to dissociate the effects of 

these two factors in the time course. They may l)e dissociated in 

the spatial distribution in later studies, which indicates different 

neural sources of these two factors. 

The result of the behavioral experiment shows an increas-

ing trend of the RE A in the OdB and -lOdB S/N coiiditioiis, com-

pared with that ill the clean condition. In the -20(1B S/N condi-

tion, the RE A decreases coirijmred with that in the -lOdB S/N 

condition, shown by an abrupt decrease of the correctness (See 

Table 5.1). The error rate in the -2()dB S/N coiiditioii matches 

that ill Walig et al.'s study at -lOclB S/N ratio [63]. However, 

the effect of the REA is much weaker than their results when 

the POE values are coiiipared. 

I reproduce the same set of stimuli used in Wang et al.'s 

study and use the similar -procedures as them [63]. I have a 

strict control of the hearing ability difference of the recruited 

subjects ill group 1 and the environmental noise, which lias not 

been reported in detail in their study. In my experiment, the 

hearing ability difference between the left and right ear of each 

subject is not greater than lOdB，at 7 frequency levels from 

125 to 8000Hz. My test is done in a sound proof booth with 

the environmental noise around 40 45dB. The different expcii-

mental results between those two studies may be caused by the 

different experimental controls. The differences of the hearing 

abilities between the left and right ears may cause different ear 

advantages in the DL experiment, even in the iioniial hearing 

subjects. 

At least, my data show that the -lOdB S/N ratio increases 

the POE compared with that in the clean condition. This re-

sult infers that the white noise increases the REA in the tone 

DL experiment. Therefore, the comparison between the testing 
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results of Mandarin subjects in noisy condition and those of En-

glish subjects ill clean conclitioii is unfair, not to iiieiitioii when 

the hearing ability is not strictly controlled. And the claim of 

the REA of the lexical tone in Mandarin native speakers inay 

not be true in tlic previous tone DL cx])eriiiieiit. 
» 

6.2 Is tone bilaterally processed? 

Although I do not argue for an absolute lateralization of tone 

processing, the general treiid of the lateralization could l)o dis-

cussed. Sh^ce the two underlying factors of tone processing aixi 

toward the opposite directions, tone perception must include 

the interheiiiisi)lieric coiriinuiiicatioii^> and the two heiiiis])liores 

should both carry out parts of the processing. In this sense, tone 

is processed bilaterally. 

In my ERP data, bccaiise the testing materials always have 

fast changing acoustic cues, the general patteni of lateralization 

of ERP components is always toward the left side. It is impossi-

ble to dissociate the base syllables from tones in tone language 
# 

when distinguishing lexical meanings. The relative lateraliza-

tion pattern of tones in different conditions is exaiiiined by ma-

nipulating various factors, and it is hard to dissociate a pure 

contribution of the tone processing in iiiy ERP exi)eriiiieiits. In 

my opinion, there is no way to determine the tone lateralization 

alone without considering the underlying factors. The linguistic; 

processes in the brain are broadly distributed among all four 

lobes, and there is no 'language' center in the brain. It is rea-

sonable to assume joint operations in different parts of the brain 

for tone processing. The relative contribution of each iiiidcrlyiiig 

factor could be explored in future studies. 
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6.3 Structural differences in the two hemi-

spheres 

111 Z at or re ct al's review on language and pitch lateralization, 

they have ineiitioiicd a cytoarcliitoctural differciic.o between the 

left and the right superior temporal gyri. The c.ollular coiii-

position differences may predict different functions in th() two 

heinispheres. Left lieiiiispliere has large and heavily iiiyoliiiatcd 

colls, which suggests a fast coii(luctioii of the olectrical signals. 

This iiiedianisin may allow a better toiipoi'al resolution of the 

auditory signals, since the cells could dotoct the signal changes 

that happen in a short time window. Howevc r̂, the colls in tlu) 

right licinispliere are relatively small in size and liavo loss inyoliii 

sheath. The function of the myelin sheath is to make the signal 

transform quickly inside axons. The lack of this structun^ could 

result in a slow conducting rate of the signals in the right lioiiii-

sphere. But this slow response may raise another advantage in 

the signal detection. Since the signal is traiisfonnccl slowly, it 

will be preserved much longer, and the signal changes that hap-

pen after a long time can be clotoctcxl easily. However, for a 

continuously changing signal which varies slightly along a r(、l-

atively longer time window, the fast conductivc cells may not 

detect these small differences. • 

A good analogue of this temporal and spodral trade-off offcct 

is the Fourier traiisforin. In the ciigiiicoriiig signal processing 

methods, a better temporal resolution in a shorter time win-

dow always causes a sacrificc of the spcctial resolution, and the 

precision in the narrower frequency band needs a longer time 

window to be analyzed. The neural system may have similar 

general patterns, although the details of the iieiiral processing 

of information are not yet clear. The advantages of temporal 

and spectral resolutions in the left and right heinispheres may 

be caused by cither the different properties of single cells or 
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the cniergiiig property that siiiii ii]) all f(、c(lhax:ks tVoiii iiouroiial 

function groups. 

The above structural (liffenmcos l)()t,w(K)n the two lioiiiisi)lioros 

may predict, the fuiK^ipiial dificreiicos when (liHerciit stimuli 

with fast or slow ciianging acoustical properties are i)ci,(:dv(xl. 

There is another kind of structural (lifforoiic:o hotwcxni t\u) 

two heiiiisplieres which may predic't functional lateralization of 

soiiiaiitics. Ill Parker ot al.'s DTI (diffusion tensor iinagiiiiig) 

studies, dorsal and ventral language ])athways arc cxaiiiiiKHl. 

They find a greater lateralization in the ventral pathway coii-

iiec^tiiig the superior temporal gyrus, middle toiiipoial gyrus to 

the inferior tompoml gyrus. In previous iicuroiniagiiig studios, 

the middle temporal gynis is associated witli the soiiiaiitic pny 

ccssing [7, 14], and it is left lateralizocl. The results of t’li()s(、 

functional neuroiniagiiig studies arc direct proofs of tlie loft lat-

eralization caused by the linguistic' role of tones. And the struc-

tural (lifferoiiccs between the loft and right white mattc^r voliiines 

are consistent with the trends of those functional iiouroiniaging 

studies. 

Further discussion alxHit how iny study of t,()ii() lateralization 

links with a broader view of the neural l)as(，s of language and 

brain functional localization will l)c (lis(:uss()(l in the following 

section. 

6.4 “Language as an interface’ 

In the study of the functional organization of huiiian brains, 

a basic assumption is, that each of the cognitive functions is 

segregated in certain brain regions. It is a recent trend to study 

the functional integration of the cognition [19, 43]. However, in 

the theory of the cognitive bases for language, it has been a long 

history since the integrated view was proposed. 

The basic assumption in my ERP studies of tone lateral-
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izatioii is that the language functions involve various inoro ])a-

si(: (X)giiitive functions. As in tlio 'mosaic theory’ proposed by 

William S-Y. WANG in 19G7, ^Hamjuafjc is rcgmdcd as a hhid 
of “interface，ainong a varudij of' more basic ahilities. Thdsc 
abilities underHe no'filinguistic processes as wed I, and involve ilia 
percepticm of patterns in the. frequency and ternporal do.rnains, 
the coding and stoimje of events and objects at diffcmird levels of 
incmory, the 7ri(mi'i)ulati()n of various liicrarchiail m(mt,al hItuc-
tuvesr (1)116，[60]) 一 

III my ERP studios, the results support that the pitch pcrcq)-

tioii and the semantic processing both (contribute to the tone pen-, 

ceptiori and affect the functional lateralization of it. Although 

the ERP exi)eriiiiciits can not localize precisely tho region of th(、 

fuiictioiis of tlio underlying cognitive processes, latcu'alization is 

a rough iriOMSureiiicnt of the localization, and the infiiioiicos of 

the scriiaiitics and tlic acoustic cues arc consist,(mt with ()t,li()r 

behavioral and noiiroiiiiaging studies. 

By looking at the language functions as integrated neural 

proc.esses, other than the historical view that the Broca's arcui 

is the site for speech production, the Woriiicko's area is the site 

for speodi perception, and the loft hcniisplicre is language doin-

i 11 ant hemisphere for all language functions, the puzzles of t,()ii(， 

lateralization could be resolved. 

6.5 Tone lateralization puzzle 

The (nirreiit ERP studies on tone lateralization propose a fiosh 

view different from previous studies. It has l)ooii discnissecl rc-

ceiitly that the tone lateralization should bo dissected into differ-

ent conditions, knowing that both the lask-depcndoiit’ and the 

，cue-dependent’ hypotheses only tell parts of the truth. How-

ever, there were no specific solutions to this intriguing question. 

Although previous studios have already ciiiiivilatcd coiisistoiit rc-
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suits regarding lateralization of soiiiaiitics and pitdi ])ercc])ti()ii, 

no previous work lias aiialyzod thciii in the frame work of tone 

lateralization. Since the nature of the tones covers those two 

basic factors, it is r()as(mabl() to oxplon，th() offcct of i)itch and 

semantic procossiiig on tone lateralization. 

6.6 Brain is a dynamic system 

The ERP results reflcict that certain brain hiiiction may Imvo 

multiple liierardiies, and the functional lateralization is not fixed. 

Different brain regions work togotlior to proccss the coiiiplox 

cognitive function such as language. Tone study is a good cx-
ani])le of it. “ The cliaiigos of the acoustical properties or the. 

seiiiaiitics of the materials alone may affect brain lateralization, 

(luring the same type of tasks using similar sounds. 

To further explore the functional localization of Ui(、basic 

cognitive functions, other exi)eriiiieiital iiK^tliods such as fMRl 

should be used in future studios, which will provkk、fui.tlicr evi-

dence of the (current ERP studios. 

6.7 Future work 

All interesting question raised in Chapter 5 is that whether dif-

ferent tones have different lateralization. According to P()q)pd 

49], the fast cliangin acoustic cues arc left latorali/xxl, while 

the slow changing acoustic cnies arc right latcralizocl. If the 

pitch changes of the contour tones are (letectal)lc within sev-

eral dozens of niillisecoiids, it might be ('ategorized to the 'fast 

changing' sounds and be left latoralized. This is supported l)y 

the (lata in Chapter 5. It may also predict that the low rising 

tone in Cantonese has a loss left lateralization than the high 

rising tone. Further neuroiiiiagiiig evidence ikhxIs to be found. 
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Other oxpcriiiieiital iiiothods such as fMRI study iiood to 1)(、 

used to confirm th(\se findings in iny studies, although the tem-

poral resolution of fMRI is not as good civS ERP. In previous 

fMRI studies the coiiiparisoii l)ctwo(ni pscudo- and real-words 

has not been cxaininecl on tone ])erco])ti()n. The precise si)a-

tial localization of this contrast is an interesting quest,ioii, and 

could be compared with the same comparison when the vowels 

or coiisonarits arc diaiigod. If the regions arc the same, it will 

indicate that the soinaiitic processing is in cortaiii brain regions 

irrelevant of the acoustic cucs. Otherwise, it will coiifiriii that 

clifforeiit typos of acoustic cues have different brain iiiccliaiiisiiis 

and each has a sp(x:ific phonetic and soinaiitic interface. 

Moreover, the Mandarin phoneme and toiioino auditory pro-

cessing has not l)eeii studied thoroughly in the previous work. 

The relation l)otweeii non-linguistic (驚s and spodfic linguistic 

phonological contrasts should l)c exaniiiiod more carefully. This 

will help lis uiiderstaiui l)etter the neural l)as(\s of languages 

• End of chapter, 



Appendix A 

Supplementary materials 

Table A. l : Stimuli of the first DL ox])(uiiiieiit 

Dichotic 
trials 

R E A L SYLLABLES PSEUDO-SYLLABLRS 

Consonant 

dichotic 

trials 

and 

Chinese 

Characters 

(bao), (dao) (dao), (hao) 

包，刀 刀，包 

(hao), (dao) (dao), (bao) 

(hua), (dua) 

(bua), {(hia) 

0
 

t
 

到，雹 

(dua), (bua) 

(dua), (biia 

Tone 

dichotic 

trial 

and 

Chinose 

Characters 

(bao), (bao) 

包，霜 

(dao), (dao) 

刀， t 到 

(hdo), (hao] 

a,包 

(dao), (dao] 

到，刀 

(l)\ia), (bua) 

(diia), (dim) 

(l)ua), (bua) 

(dua), (dua 
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(a) (l)ao) (1)) (baol 

I B P ^ I 晒丨. 

(c) (dao) (d) (clao) 

(e) (biia) (f) (bud) 

(g) (clua) (h) (dua) 

Figure A.l : Sound waveforms and the spectrograms (0 5()00Hz) of the first 

DL experiment. The pitch contours arc also shown in the spectrograms (75-

500Hz). 

i l i i i i l i i H B 
‘ ‘今s '̂.!",. I W illl 
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A I ) n i 0 1 X ) G Y , N T E C 

Krciiuency (lU) 

(a) PTA form 

Hl«PBJi l_ 

t r r ® w * t t 中 . 与 » 嫩 * 秒 幼 作 � t « » 用 - f i . 

有一fetij作在î tttt作中.•中MttJtt/ttn；的用;习w 
««««1丨£奮> • 有 « 示 

« $右》^ « *上. < s t i - e « - 到 « 外 一 i 養 供 上 • 从 • 

析WMflB. ârwoiiitt幼作IT才ttWffir;农格WTSfi. 

ft* 1 

.tL 6 

_从汝— 

I 

2 

3 « w 
• — 
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(b) Handedness test 

Figure A.2: The PTA form aiui the liaftcicdness test form used in the ERP 

experiments. 
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.y (c) (ta) (d) (ta) 

(g) (t«) (h) (tCP) 

Figure A.3: Sound waveforms and th& spectrograms (0 5()00Hz) of the scc-oiid 

DL experiment'. The pitdi contours are also shown in the spectrograms (75-

5Q()Hz). • 

A. 
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Table A.2: Materials of the word priming cx]3eriiiiciit, real words, j^art rl 

G<)nsonaiit Real Word Tone Real Word Non- Real Word 

Primes Targets Primes Targets Primes Targets 

古 功能 花 风格 肯 官员 

假 精神 分 公园 身尚 居民 
IK 
m 科学 匹 家庭 落 心情 

旭 新闻 期 牛活 
‘ 执 

t \ \\ 
tfi华 

祖 资源 荒 需求 尺 青年 

笨 〜 标准 灯 \ 基 础 父 尚品 

故 工厂 温 家长 停 说法 

哈 身体 妈 思想 现 歌曲 

徐 心理 烘 香港 情 隹占 

敌 单位 风 观 点 . 皿 经理 

、 福 方式 低 方向 鼻 观众 

M 规划 乌 工作 惭 经验 

局 阶段 瞻 经费 轮 商业 • 

N 科技 蛙 牛命 宗教 

纸 专、Ik 需 压力 渠 资料 

彻 . 长期 阳 国家 比 劳工 

马 民间 图‘ 人家 客 时期、 

执 人牛 徐 时间 饭 投资-

！ 特 台湾 局 文章 汉 学生 

宇 员工 国 河 密 研究 

赤 成本 红 成 果 ， 八 媒体 

豁 环保 文 结果 发(m) 学 者 . 

润 人口 
XJL 

民中 • »>N 词典 

逼 博士 拔 . 男 子 ’ 度 成长 

喝 环境 夹 读者 车 情感 

努 能力 样 程度 凯 情绪 

赏 食物 爬 结构 边 时代 

挖 一 程 情况 呼 条件 

须 协会 .仆 学术 秋 习惯 

新 学院 . 玩 行政 关 责任 

(cx)iitiiiiied on 

next page) 

W" 



APPENDIX A. SUPPLEMENTARY MATERIALS 12(3 

Table A3： 

• (Following 

Materials of tho word priming oxperiiiieiit, real words, part 2 

Table A.2) 

Consonant Real Word 
‘ 1 

Tone Real Word Noii- Real Word 

Primes Targets rimes Targets P limes Targets 

. 拔 、北京 •缓 本身 群 厂商 

• 锯 • 警方 坎 老师 算 母亲 

隹 
1 

眼睛 渴 、小说 和 早期 

过 感觉 .产 . 女 牛 佩 演出 

‘• 眯 美国 写 景观 屯 法规 

问 我国• - 感 情 批 老人 

西 小时 粉 美元 劝 小孩 

勒 、理由 底 委员 潘 主题 

奋 , •法国 鼠 以前 又 丰席 

、 班 比例 宝 旅游 闷 警察 

吃 产'、丨k 懒 比赛 渣 十地 

接 角度 渴 . 法律 隔 网络 

拿 女性 ‘ 谱 理念 m . .牛任 

他 , 体 育 十 品质 、 
心’ 

考试• 

吴 晚卜 瓦 
以后 丨 福 • 统计 

此 措施 万 地方 我 画家 

德 地区 乐 父亲’ 否 细胞 

局 竞争 罪 目标 fKpn) "P.生 

傻 社区 里 
'半、 

“ 亚 洲 团 作家 

瘸 汽车 客 教师 特征 

逼 部门 特 病人 拨 范围 

底 大学‘ 万 课程 餐 少年 

哥 过程 裤 去年 女 校园 

举 价值 去 问题 喊 论文 

哪 内容 故 自然 扑 太阳. 

博 办法 落 记者. 电脑 

读 电影 裤 历史 拨 、市场 

分 妇女 抱 下午 图 校长 

须 系统 辣 韋点 洋 政府 

租 自己 布 作品 掐 自我 
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The real words are chosen from the Sinica Corpus of the 

Acadeiiiia Sinica (http://elearningJiiig.sinica.edu.tw/eng_jindai.litnil) 

The average rank of the real words is 827.4. The highest rank of 

these words is 45 and the lowest rank is 1,956. All real Words are 

within the top 2,000 most frequently used words in the corpus. 

The average frequency of occurrences of the words is 1,194.5 

with the highest frequency of 9,059 and lowest frequency of 302. 

All words are disyllabic noun words. 

Table A.4: Materials of the word priming experiment, pseudo-words^ part 1 

Consonant Pseudo-Word Tone PseucloWorci Noii- Pscudo-Worcl 

Primes Targets Primes Targets Priiiies Targets 

杜 当文 汪 今除 竟 工拔 

锅 将佛 充 机岩 h 经挪 

PI 英谭 温 公题 某 邀轮 

涨 中痕 晕 期达 赫 规无 

发 分罗 君 危同 谱 医恋 
嘎’ 

高鲁 胚 今暖 国 牛鲁 

静 • " ^ 本 . 昆 发喜 乐 幵本 

客 C 空十 堪 公北 麻. 妻葛 

哈 双者 弯 公裸 轮 机瓦 

IF. ^ 专伟 里 基损 驻 、方傻 ‘ 

扯 差兔 喷 公密 把 都扩 

.葛 官弱 多 八混 人 规卖 

木 机 袜 - 拉 区塑 土 机赖 

霞 需切_ 金 声罪 娃 因妹 

资怒 芳 中个 渴 砖拓 

染 • 如拉 强 人昆 苦 昨奔 

马 民突 才 文租 瓦 民桌 

(continued on 

next page) 

http://elearningJiiig.sinica.edu.tw/eng_jindai.litnil
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Table A.5: Materials of the word priming experiment, pseudo-words, part, 2 

(Following Table A.4) 

Consonant Pseudo-Word Tone Pseu(l()-Worcl Non- Pseudo-Word 

Primes -Targets Primes Targets 、 Primes Targets 

曲 全纠 凡 原插 显 男哥 

弱， 人杯 婆 族蛙 笨 情拉 

躺 同风 痕 来夫 挂 人花 

银组 华 明十 散(sAii) 同有 

飞 房马 寻 国扯 晕(yfiii) 行反 
里 
/1 \ \ •孩鲁 蛮 德卡 定 传解 

拍 朋卡 人 集伟 混 农砍 

她 团田 哲几 拉 成喜 

染 人破 全 j 艮 挂 苦 成驾 

洗 学恰 群 ‘ 国 闷 懒 国凑 

- 楚 城铺 墙 人汉 剪 活客 

哥 国入 壳 行铺 慌 节兔 

家 决度 存 同价 . 哭 模漏 

泽 组八 扯‘ 
管突 耀 扭摸 

肯 选憨 恒 软分 

触 .ym 马 主喷 凡 小缺 

寻 外 龛 铆 孔纠 万 整米 

亚 影多 府 演温 吐 水餐 

那 女迟 虎 老门 奋 选仪 

锅 • 改 罚 场仆(pii) 客 小活 

鸭 语鼻 猛 •保卢 遮 女爷 
‘ ’ ‘ 阅 ， 以盆 ‘ 瓦 

女迟 里 
/ » t \ 以徐 

使陆 痞 表无 
• 平 

、此罗 

栾 理热 某 辅忿 夫 表馈 

公 广怒 舍(sh6) 好棍 陈 反顿 

勒 ‘ 两 成 惹 挑括 包 -领在 

牙 以诺‘ . . 渴 古叛 霞 企岁 

宅 中破 雪 法或 轮 影缝 

比 抱饥 是 • 变 推 和 战昆 

读 电发 赫 大熏 - 瓦 对潘 

, 底 
J � •• 

动威 破 地湾 ‘ 笨 
讯山 

U i i mmu. 

(to he 

continued) 
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Table A.6: Materials of the word pi iiiiing exporinioiit, ])S(MI(1()-words, part 3 

(Following Table A.5) 

Consonant Pseudo-Word Tone PsevidoWord Non- Pseiiclo-Word 

Primes Targets Primes Targets Prinies Targets 

法 费粗 厦 智驹 奴 照乌 

夹 技拉 物 会班 胡 内扎 

书 社博 旭 个爬 喊 掉娃 

s 这瘸 看 塑隔 乌 大魁 

熟 社肌 路 是霞 波 目德 

舍 是搭 盾、 建读 选 道键 

塔 特马 爸 iJ丨盆 鲁 现毛 

施 上予 赫 代裹 颗 父捧 

席 项肯 赴 斯 看扭 

龟 意葛 度 现哪 金 效胆 

严 印古 次 叫卡 求 道满 

遮 制哪 怕 事腿 爬 色毁 

In the following tables, materials used in the seiiteiico scinaii-

tic violation experiment are listed. All sentences are coiiiposecl 

of 11 characters, which are coiistnictod to two plira^ics with the 

maximum length of 7 diaractos and the iiiiiiiriiuiii length of 4 

characters. The target word in each sentence is the last charac-

ter, which is a monosyllabic word. The syntax of the sentence 

is controlled such that the second last diarac.tor is the verb and 

the last character is tlK^)ject. 
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Tabic A.7: The stimuli of the seinantic. violation in soiitciic.cs, part 

Consonant Tone Non-

violation violation violation 

小明在杀鸡， 古时候的婚礼上， 瓦耀导热均匀， 

杀完以后拔曹（毛）。 都要拜汤（堂）。 最适合熬汤。 

小周头了新房， 在出国旅行时， 想参加考试， 

很快会搬瞎（家）。‘ 她被人绑家（架）。 就赶快去报名。 

吴会计这次来， 他也有难处， 四J I有一项杂技， 

是为了査让（帐）。 别怪他不帮莽（忙）。 叫做变脸。 

小明说他饿了， 我要接办事处， 他不出席审判， 

吵着要吃干 ( gkn )(饭）。 请帮忙拨豪（号）。 是为了避嫌。 

夏天到丫， 秋天到了， 小陈一边看电视， 

小刚要每天冲祥（凉）》 可以去树上捕颤（蝉）。 边剥橘。 

八达通没钱了， 经济萧条期， 这串秩序井然， 

我得去充池（值）。 公頁大量裁愿（员）。 没有人插队。 

小林刚洗完燥， 小程十八岁了， 他n^拿着铁锨， 

现在在穿七（衣）。 .今年就参俊（军）。 奋力地伊雪。 

聘聘很爱面子， 上班高峰期， 警察给丫他罚单， 

特别怕出抖（丑）。 总是很难乘扯（车）。 因为超速。 

这次体能测试， 外面在下雨’ 他们会月初领证， 

全体都达教（标）。 出去必须撑散（伞）。 月底成亲。 

最近几天很冷， 今天的任务， 明天单位搞活动， 

出门要戴榜（帽）。 是给庄稼除宠（虫）。 ’ 还有抽奖。 

你想当秘书， 他这人不实在， 査理来中国， 

必须先学打次（字）。 就知道吹扭（牛）。 只是为丫传道。 

古时候没有电， 银行涨利息了， 天气太冷丫， 

晚上得点耕（灯）。 我想去存欠（钱）。 冻得她直搓手。 

每天早卜起床， 家里来客人T， 没赶h火车， 

我都要叠类（被）。 你快去倒插（茶）。 
• 

他急得直躲脚。 

就这一点小事， 编辑告诉小冯， 小静在暑假串， 

小需要动兔（怒）。 要注意断举（句）。 帮家里放羊。 

他脾气不好， ， 他一句话都不说， 台湾的男青年， 

经常当众发果（火)。 光是翻鼠（书）。 多数要服役。 

(to ho 

coiitiiiiied) 
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Table A.8: The stimuli of tlio soiiiaritic： violation in sent,(nic.es, part 2 

(Following Tabic A.7) 

Consonant Tone Non-

violation violation violation 

他被保安打伤， 受到不公待遇， 刚才的事故， 

去医院缝喷（针）。 他只能告装（状）。 你要全权负责。 

噪音很大， 今晚八点， 小虎家养猪，、-' 

因为对面在盖揉（楼）。 整栋楼停止供点（电）。 他得每天割草。 

心态非常重要， 拿到学位后， 王庄离这一里， 

得学会感真（恩‘ ； 他会马上回讨（国）。 中间要过桥。 

生产力先迸了， 市长接受邀请， 你不会游泳， 

用机器耕钱（田）。 明天来剪猜（彩）。 最好别去划船。 

今晚有雷暴雨， 因剧情需要， 要上坡了， 

要记得关筐（窗）。 女三角在减飞（肥）。 司机会提前换把。 

他刚刚运动完， 在提审BIJ, 股市风险很大， 

急着要喝腿（水）。 不允许同他见免（面）。 — 定 获 利 。 

明尾队首场失利， 每次我生病， ,下周幵始， 

面1®降河（格）。 总是妈妈煎摇（药）。 我们用英语讲课。 

他不好好打球， 他告诉孩子们， 每天傍晚， 

倒像是搅渠（局）。 要谨慎交又（友）。 老李都要来淺花。 

兵兵球比赛上， 他工作绩效很高， 阿姨特地叮嘱， 

我负责计奔（分）。 明年加信（薪）。 要我去接机。 

为了生存， 小孙有对象了， 为了健康着想， 

他必须上山砍白（柴）。 想明年结混（婚）。 你必须戒烟。 

为了选拔人才， 班长爱动脑筋， 小柯住在乡下， 

月底会考志（试）。 最喜欢解替（题）。 不经常进城。 

他勤劳能干， 想强身健体， 颁奖的时候， 

积极种树垦庄（荒」。 可以练练举?"（重）。 他向观众鞠躬。 

以前&产面粉， 李老师身体不好， 小吴下周不在， 

用妒子拉阔（磨）。 经 常 看 柄 （ 病 ） 、 去北京幵会。 

银行提供服务， 战争结束后， 名将刘翔， 

帮客户理埋（财）。 他一直在疗上（伤）。 从十岁幵始跨栏。 

因为受贿问题， 天暗下来， 他遇见领导， 

市长被免十（职）。 恐'、白下午要落佳（雨）。 •总是主动拎包。 

、 

(to he 

continued) 
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Tabic A.9: The stiimili of the seinaiitic. violation in sentencos, part 3 

(Following Table A.8) 

Consonant Tone Non-

violation violation violation 

他坚持锻炼身体， 从春天幵始， 想有所作为， 

每天跑裤（步）。 我们就在火稳（岐）。 必须从小立志。 

小鹏做完作业， 词养公奶牛， 今天你请客， 

便幵始拼足（图）。 只是为了配钟（种）。 记得最后买单。. 

大现决堤， 为欢迎客人， 村里有规定， 

解放军赶来抢脸（险）。 村民幵始敲顾（鼓）。 小许自行酿酒。 

我们做个分工， 军营纪律严明， 小徐常常锻炼， 

小夏来切太（菜）。 得按时起窗（床）。 他喜欢爬山。 

这是个紧急任务， 假期到了， 游完泳之后， 

不准请恰（假）D 小陆约我去骑妈（马）。 小冯总是揉眼。 

在发目之别， 

小程习惯清条
5
 (嗓）。 

为保平安， 

他到寺庙里求浅（签）。 

工头吩咐， 

今天让大家晒盐。 

投票已经结束， 他谦虚好学， 为了民众， 

'有纳人弃原（权）。 常向别人取敬（经）。 烈士们选择受难。 

一群小孩打假， 和尚还俗以后， 按当地风俗， 

,在街上扔端（砖）。 就口r以娶棋（妻）。 出殖前要守夜。 

‘ 今天是劳动日， 养鸡的目的， 农村条件差， 

我负责扫气（地）。 就是为丫生朋（蛋）。 不能每天刷牙。 

小峰六岁丫， 小黄的电脑旧了， 连夜抢修之后， 

今年就能上绝（学）。 需要升技（级）。 她只想睡觉。 

清明节到了， 漂流在外的游子， 早 晨 起 来 ， 

路边有人烧尺（纸）。 都很思翔（乡）。 他就幵始梳头。 

小殷把球带起来， 小干转身就走， 人要相信自己， 

准备射陈（门）。 小喜欢抬港（杠）。 小能靠算命。 

卜,课要认真,• 从小幵始， 他很浮躁， 

不能随便说挂（话）。 父亲就教他弹亲（琴）》 总是小停的跳槽。 

拜年的时候， 司令在幵会， 小东戴上耳机， 

大家相互送痞（礼）。 商量怎样退堤（敌）。 正准备听歌。 

煮饭时间到了， 对面要盖楼， 培养好习惯， 

你快去淘比（米）。 j文几天在挖g (土）。 小要随地吐痰。 

(to he 

continued) 
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Tablo A. 10: The stiiimli of tho sciiiaiitic. violation in sciitoiiccs, part 4 

(Following Table A.9) 

Consonant Toiio Non-

violation violation violation 

他开丫信贷公司， 小赵唯一的嗜好， 陈师傅就在村口， 

总在讨赖（债）。 就是喂愚 ( y i i )(鱼）。 帮人修鞋。 

他经常去酒吧， 校长经过时， 他已经决定， 

跟别人调明（情）。 我们向他问豪（好）。 去少林寺习武。 

银行排长队， ‘ 今天任务多， 小花猫脏了， 

许多人在提选（款）。 我得很晚下版（班 r 。 晨晨帮它洗操。 

下午没有课， 远洋货轮到了， 这次的篮球赛， 

男生都去踢油（球）。 在港口卸豁 (hu6)(货）。 是为了选秀。 

最近经济不错， 这次能得奖， 他刚刚出道， 

适合于投思（资）。 你该好好谢十（师）。 还小太会演戏。 

暗宰串的照片， 十年别， 明早十点， 

还没有显饼（影）。 人们还经常写心（信）。 大家到村口迎宾。 

医牛.幵了药方， 他承受不了打击， 他应该明白， 

帮助他消直（食）。 幵始信脚（教）。 工作必须用心。 

水果喷了农药， 村串.在搞培ijl， 谁都知道， 

吃前要削题（皮）。 教怎样养灿（蚕）。 这种做法是愚民。 

他热爱文学， 泰森拳击失利， 小冯家装修， 

平时喜欢吟只（诗）。 急得想咬任（人）。 这几天在碰墙。 

刚到新城市， 我们决定， 果子熟丫， 

小胡到处找抗（房）。 卜午去河里游拥（泳）。 小张约我去摘桃。 

丈夫去种地， 为了国家的绿化， 毕业典礼后， 

妻子在家织醋（布）。 要多种书（树）。 大家都在照相。 

玲玲不想回答， 为了公平， 他出车祸之后， 

于是就装喇（傻）。 兄弟俩决’定抓九（阄）。 便幵始拄拐。 

每天早上六点， 他去找风水先生， 年轻人爱赶潮流， 

寺里会；童松（钟）。 祈求转云（运）。 喜欢追星。 

爷爷过牛日， 我打电话给他时， 仪式幵始了， 

儿孙都来祝漏（寿）。 他在走卢（路）。 第一项是奏乐。 

为尊軍i•实， 用拼装式家具， 小红毕仆丫， 

他决定去作缝（证）。 就小用钻空（孔）。 在银行里做事。 
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Table A.11: The haiidodiicss sc.oro of the siihiccts 

Male • Handedness 

subjects score 

-5 

50 

60 
64 

70 

80 
90 

90 

90 

90 

90 

90 

100 

100 

100 

100 

Female Haric 

subj(x:ts s( 

less 
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Table A.12: Tlie response rate of eacli subject in tlic first DL experiment 

Consonant dicliotic trial Tone d idiotic trial 

Real syllable Psoviclo- syllable Real syllable Pseudo- syllable 

Left Right Left Right Left Right Left Right 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

78% 69% 84% 81% 72% 72% 91% 88% 

91% 94% 97% 97% 59% 63% 72% 47% 

94% 94% 94% 100% 100% 100% 97% 97% 

94% 100% 100% 94% 88% 91% 81% 88% 

100% 100% 100% 100% 100% 94% 100% 100% 

88% 100% 97% 84% 100% 100% 100% 97% 

78% 84% 91% 94% 97% 100% 91% 97% 

100% 100% l()(j% 100% 100% 100% 100% 100% 

91% 81% 97% 91% 100% 100% 100% 100% 

78% 84% 100% 97% 100% 100% 97% 100% 

100% 100% 94% 97% 97% 100% 100% 97% 

100% 100% 100% 100% 100% 100% 100% 100% 

97% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

97% 100% 100% 100% 100% 100% 100% 100% 

94% 88% 94% 91% 100% 100% 100% 100% 

' 100% 97% 100% 100% 100% 97% 97% 100% 

100% 97% 100% 100% 100% 100% 100% 100% 

94% 91% 100% 97% 97% 97% 100% 100% 

50% 44% 56% 59% 100% 100% 97% 100% 

100% 94% 100% 100% 97% 100% 100% .97% 

97% 97% 97% 100% 100% 100% 100% 100% 

100% 97% 100% 94% 88% 88% 84% 81% 

97% 100% 94% 97% 100% 100% 100% 100% 

97% 100% 100% 100% 100% 100% 100% 100% 

97% 97% 97% 94% 100% 100% 94% 100% 

97% 100% 100% 97% 94% 100% m 94% 

100% 100% 100% 100% 97% 100% 100% 100% 
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Table A.13: The accuracy rate of oac.h subject in the first DL ex])crimeiit 

Consonant dichotic trial Tone d idiotic trial 

Real syllable Pseudo- syllable Real syllable Pseudo- syllable 

Left Right Left Right Left Right Left Right 

72% 56% 44% 47% 97% 97% 97% 91% 

38% 53% 28% 78% 88% 97% 91% 91% 

69% 38% '81% 28% 88% 88% 81% 91% 

24% 55% 44% 62% 61% 39% 48% 46% 

55% 53% 48% 65% 42% 60% 43% 67% 

57% 50% 30% 66% 88% 78% 74% 74% 

67% 28% 53% G3% 39% 52% 35% 39% 

66% 47% 41% 47% 84% 83% 75% 69% 

71% 47% 39% 56% G3% 81% 63% 81% • 

44% 52% 28% 47% 58% 53% 48% 55% 

44% 53% 34% 53% 72% 88% 72% 72% 

45% 42% 23% 66% 91% 78% 94% 60% 

52% 48% 25% 61% 100% 97% 87% 100% 

56% 59% 40% 48% 61% . 6 6 % 63% 55% 

50% 50% 50% 50% 6G% 66% 69% 66% 

61% 63% 56% 81% 53% 53% 63% 50% 

41% 44% 50% 50% 53% 47% 50% 47% 

19% 38% 13% 75% 75% 78% 81% 69% 

50% 61% 40% 52% 41% 88% 38% 56% 

“ 6 3 % 55% 53% 47% 59% 58% 61% 56% 

47% 61% 53% 31% 81% 91% 75% 84% 

50% 52% 44% 48% 90% 90% 72% 78% 

44% 71% 33% 47% 94% 81% 74% 88% 

47% 53% 41% 66% 77% 75% 78% 90% 

65% 26% 65% 28% 78% 72% 72% 81% 

44% 32% 53% 80% 54% 43% 63% 65% 

45% 47% 63% 45% 97% 97% 88% 94% 

Gl% 53% 63% 56% 78% 75% 63% . 8 4 % 

• 55% 45% 42% 53% 81% 59% 83% 72% 

74% 28% 50% 52% ‘ 90% 78% 87% 80% 

34% 53% • 56% 44% 55% 75% 69% 53% 
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Table A.14: The response rate of each subject in the second DL experiment 

Consonant dicliotic trial Tone dicliotic. trial • 

Real syllable Non- syllabic Real syllable Non- syllable 

Left Right Left Right Left Right Left Right 

100% ‘ 100% 100% 100% 96% 100% 96% 100% 

100% 100% 100% 100% 100% 100% '96% 100% 

100% 100% ,100% 100% 100% 100% 100% 100% 

100% • 100% 96% 96% 92% 100% 92% 96% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 96% 100% 100% 100% 100% 100% 

100% ‘ 100% 100% 100% 100% 100% 100% -100% 

96% 100% ‘ ! ( ) ( ) % 100% 100% 100% '100% 100% 

100% 92% 96% 96% 100% 100% 100% 100% 

100% 100% 100% 100% .100% 92% 96% 96% 

100% 100% 100% 100% 79% 79% 83% 79% 

100% 100% 96% 96% 83% 96% 100% 96% 

100% ‘ 9 6 % 100% 100% 100% 96% 96% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

96% 100% 100% 92% 100% 100% 100% 100% 

100% 100% 96% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 96% 100% 92% 100% 100% 96% 96% 

100% 100% 100% 100% 100% 100% 100% 100% 

92% 100% 96% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 100% 100% 

100% 100% 92% 100% 96% 100% 100% 100% 

92% 100% 92% 96% 100% 100% 100% 100% 

100% 100% 96% 100% 100% 100% 100% 100% 

100% 100% 100% • 100% 100% 100% 100% 100% 

100% 100% 9G% 100% ‘ 100% 100% 100% 100% 

100%' 100% 92%、 96% 100% 100% 100% 100% 

100% 100% 100% 100%、 71% 67% 79% 79% 

-100% ‘ 100% 、100% 100% 100% .100% 100% 96% 
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Table A.15: The accuracy rate of each sul)ject in tlio second DL experiment 

Consonant' dicliotic trial Tone (1 idiotic trial 

Real syllable ‘ N o n - syllable Real syllable Non- syllable 

Left Right Loft Right Left Right Left Right 

^54% . -71% 79% 88% 78% 92%" 91% 100% 

'21% 58% 46% 63% 79% 79% 78% 83% 

88% 100% 100% 100% 100% 100% 100% 100% 

17% ^ 96% 4% 83% 73% 92% 64% 96% 

29% 50% 38% 63% 88% 88% 67% 83% 

92% 96% '92% 96% 92% 100% 100% 100% 

54% 71% . 70% 67% 83% 92% 83% 96% 

58% 71% ‘ 7 1 % 71% 88% 88% 96% 92% 

61% 75% 71% 92% 88% ‘ 100% 96% 92% 

38% 77% ‘ 3 5 % 57% 50% 54% 54% 50% 

88% 92% 88% 92% 92% 95% 83% 91% 

38% 67% 8% 67% 37% 79% 70% 84% 

38% 63% 57% 48% 30% 70% 50% 57% 

100% 96% 92% 100% 100% 100% 96% 100% 

54% 63% 63% 54% 96% 88% 100% 67% 

71% 75% 75% 83% 83% 96% 100% 9G% 

87% 96% 79% 82% 92% 96% 100% 96% 

38% 79% 65% 50% 58% 46% 67% 58% 

83% 54% 92% 63% 96% 79% 88% 88% 

46% 57% 21% 59% 33% 67% 30% 70% 

63% 96% 75% 92% 92% 96% 96% 92% 

55% 46% 87% 75% 79% 92% 75% 88% 

42% 42% 38% 67% 67% 75% 54% 71% 

83% • 88% 82% 83% 83% 92% 83% 96% 

36% 83% 59% •87% 79% 88% 96% 88% 

. 5 0 % 67% 61% 88% 88% 92% 92% 71% 

71% 71% 75% 92% 75% 58% 75% 88% 

67% 92% 74% 100% 88% 92% 96% 92% 

50% 71% . 50% 48% • 88% 92% 96% 96% 

42% 58% • 50% 54% 41% 63% 26% 58% 

29% 88% ‘ 21% 71% 83% 88% 88% 91% 
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Table A.16: The response rate of cacli subject in tlic word priniiiig expcn imeiit 

Real word conditions Pseiido- word conditions 

Consonant Tone Non- Coiisoiiaiit Tone Non-

priming priming priiiiiiig priming priming priming 

100% 100% 100% 100% • 100% 100% 

100% 98% 100% 98% 100% 100% 

98% 100% 98% 100% 98% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 98% 100% 100% 100% 100% 

100% 100% 100% 100% 100% ‘100% 

100% 100% 100% 100% 1()()% “100% 

100% .100% 100% 100% 100% 100% 

100% 98% 100% 100% 100% 97% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 
z 

100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% a n o % 
100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 98% 100% 98% 

100% 100% 100% 100% 100% 98% 

100% 100% 100% m% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 

100% 100% ‘ 98% 100% 100% 100% 

100% 98% 100% 100% 100% 100% 

100% 100% 100% 100% 100% 100% 
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Table A.17: The accuracy rate of eacli subject in the word priiiiiiig expei i-

iiieiit 

Real word conditions Pseiulo- word conditions 

Consonant Tone N o i l - , Consonaiit Tone Noii-

priming priming priming' priming ])riiiiing priiiiiiig 

100% 100% 93% 98% 90% 100% 

98% 97% 100% 93% 97% 93% 

97% 100% 100% 98% 97% 97% 

98% 100% 97% 100% 98% 95% 

98% 97% 87% 98% 97% 93% 

97% 98% 97% 100% aoo% 98% 

98% 97% 100% 97% 100% 93% 

95% 98% 90% 100% 95% 100% 

100% 98% 100% 98% 98% • 100% 

98% 97% 87% 100% 97% 100% 

95% 95% 98% 97% 98% 95% ‘ 
95% 100% 98% 100% 97% 100% 

100% 98% 100% 97% 98% 95% 

98% 100% 100% ， 9 5 % 98% 100% 

97% 97% 95% 100% 97% 97% 

100% 97% . 100% 95% 95% 97%、、 

97% 100% 97% 100% 100% 97%、 

95% 100% 98% 100% 98% 93% 

98% 100% 95% . 100% 97% 100% 

98% 100% 97% 100% 100% 100% 

97% 97% 98% 95% 98% 90% 

98% 95% 92% 95% 93% 95% 

98% 98% 95% 97% 95% 95% 

100% 98% 93% 100% 98% 92% 

33% 95% 33% 92% 25% 97% 

93% ‘ 100% 93% 100% 92% 98% 

95% 92% 98% 95% 98% 97%. 

98% 100% 100% 98% 98% 95% 

.97% 98% 95% 98% 98% 97% 

,95% 100% 95% 85% 97% 92% 

98% 97% 100% 97% 98% 98% 
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Table A. 18: The reaction time and the priming cffec t̂s of eacli subject in the 

word priming experiment (riis) / 

Real word conditions Pseudo- word conditions 

Consonant Tone Non- Consonant Tone Non-

priming priming l)ririiing priming priming priming 

951.23 986.20 975.10 979.78 949.52 1017.60 

896.18 888.80 906.52 983.80 1066.15 979.83 

1186.49 1226.56 1160.49 1494.30 1524.08 1434.03 

703.55 732.02 725.98 881.70 885.38 884.30 

763.45 793.25 777.42 833.73 859.40 837.68 

936.80 951.18 954.80 1032.68 1057.45 1020.13 

1116.98 1076.08 1095.78 1144.4G 1140.13 1140.15 

725.93 745.42 739.05 779.72 803.47 803.03 

816.50 834.73 832.22 906.77 905.08 878.33 

860.50 953.13 878.42 942.77 944.38 935.57 

850.67 899.90 87G.97 1042.14 1075.23 1040.80 

933.17 948.57 918.05 955.12 970.90 958.02 

787.93 814.83 799.62 930.95 931.22 966.50 

914.28 929.03 959.88 1145.48 1130.18 1041.58 

759.82 763.90 755.92 827.52 831.90 835.05 

8G9.52 889.42 879.23 1098.70 1090.72 1077.37 

1223.03 1236.67 1140.37 1275.60 1255.87 1245.25 

883.20 927.37 880.37 1045.13 1032.62 1070.10 

933.65 917.55 917.15 1023.43 1013.38 1017.82 

790.07 800.15 796.58 935.77 942.63 917.50 

732.25 754.33 762.93 889.97 902.32 912.15 

863.68 855.53 861.13' 959.38 977.81 961.92 

892.47 1004.33 1023.72 1193.80 1249.48 1171.19 

828.82 876.90 847.32 978.85 1008.97 991.62 

1339.37 1335.65 1392.58 1338.72 1346.20 1318.88 

753.22 746.27 743.93 757.00 770.73 755.90 

1010.57 988.42 1040.50 1157.35 1103.73 1103.20 

907.97 950.42 923.23 1061.27 1040.30 1047.35 

795.50 820.19 819.87 907.18 905.80 865.47 

876.00 956.07 913.97 1061.34 1208.22 1037.22 

866.37 876.50 845.93 959.47 969.70 990.38 
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Table A.19: The response rate and accuracy rate of each subject in the 

sentence semantic violation experiment 

Response rate Accuracy rate 

Consonant Tone Non- Consonant Tone Non-

violation violation violation violation violation - violation 

100% 100% 100% 87%. 100% 92% 

100%, 100% 100% 93% 98% 92% 

100% 100% 100% 95% 98% 98% 

100% 100% 100% 90% 98% 92% 

100% 100% 100% 95% •.. 97% 97% 

100% 100% 100% 93% 95% 97% 

100% 100% 100% 97% 98% 93% 

100% 100% 100% ‘ 93% 97% 98% 

100% 100% 100% ‘ 92% 100% 93% 

100% 100% 100% 87% ‘ 9 7 % 95% 

100% 100% 100% 95% 97% 95% 

100% 100% 100% 、 9 2 % 93% 95% 

100% 100% 100% 90% 93% 95% 

100% 100% 100% 87% 93% '92% 

100% 100% . 100% 97% 100% 97% 

100% 100% 100% 92% 98% 95% 

100% 100% 100% 92% 97% 92% “ 

100% 100% 100% ‘ >90% 100% 95% 

100% ， 100% 100% 95% 98% 92% 

100% 100% ‘100% 92% 95% 95% 

100% 100% 100% • 88% 93% 93% 

100% 100% 100% 88% 93% 95% 

100% 100% 100% 97% . 93% 90% 

100% 100% 100% 93% 95% 95%* 

100% 100% 100% : 8 8 % 95% • 92% 

100% 100% 100% 93% 95% .97% ： 

100% 100% 100% 93% . 98% 97% 

100% 100% 100% 95% ‘ 9 5 % •88% 

98% 100% 100% 97%. • 98% 95% 
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Table A.20: The reaction tiirio of each siibjcct in th(、sciitoiic.c seiiiantic. 

violation experiment 

Reaction time (m‘s) 

Consonant Tone Non-

violation violation violation 

926.45 896.28 992.7 

695.88 680.93 711.02 

1338.13 1304.73 1318.8' 

687.08 GG3.02 G52.5 

897.28 874.42 - 849.55 

964.82 881.7 • 978.83 

750.13 740 803.88 

957.05 872.47 872.18 

823.18 778.97 707 

1028.17 983.72 1023.88 

863.55 829.63 803.93 

616.9 - 607.G 536.18 

851.47 899.7 - 852.'73 

1234,73- 1136.52 - 1251.67 

873.65 744.3 752.78 , 

887.95 836.8 902.33 ‘ 
• <f 

782.95' 、760.1 .>756.87 

785.55 "7G6.()2 687.02 

^ 863.4 870.55 937.13 

656.75 634.23 、664.92 

829.68, 873.48 : ；842..L7 

801.42 818.97 803.33 

1()()9.05 919.13 971.3 

706.3 666.62^ ,657.57 

735.78 '721.87 、 
n 

735.77 

"891.08 894.57 752.33 ‘ 

959.82 872.87 827.48 

589.92 • * •553.32 593.88 ‘ 

1423.98 1213.45 '1341.25 
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Table A.21: The 16 inonosyllahic words us( 

noisy conditions (a(iopt(，d from [63 

I ill the DL cxpcriiiiciit iinde 

Character Piiiyiii Tone English 

帆 fan 1 sail 

烦 fan annoy 

反 fan 3 r(，v(u.s(、 

饭 fan meal 

锅 gur) 1 pan 

国 gu(') ('.ovintry 

果 gu6 3 fruit 

过 ftu(、 pass 

灰 huT 1 g-my 

回 liiu' rot urn 

毁 lull 3 destroy 

会 hui iiiccting 

师 sliT 1 • toaclK^r 

十 sin' ton 

史 sill 3 history 

是 shi 4 right 

• End of chapter. 
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