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Abstract

In spoken communication, the speaker uses speech to express his intention, and
the listener listens to the speech to understand the speaker’s intention. However,
as it is said that "the speaker is also the listener,” the speaker’s speech is heard
by two routes: the listener and the speaker himself. In this study, we focus on the
speaker’s own listening route. We listen to speech with our own ears, and if there
is an error in the speech, we can adjust speech production based on the error. This
is called auditory feedback, and humans perform this behavior unconsciously. In
addition to verbal information, speech also contains linguistic and paralinguistic
information (such as the speaker’s emotion), and auditory feedback of this infor-
mation enables us to understand speech. In everyday life, when communicating
with others, the speaker can listen to his or her own speech and adjust it to make
sure others can better understand it. Smooth adjustment and communication are
possible when auditory feedback works well. However, there are some people for
whose auditory feedback may not function well. Examples include speech im-
pediments such as stuttering and pronunciation errors that occur when learning
another language. Stuttering is defined as a speech style that disrupts fluency
through repetition of sounds, stuttering, and pauses in speech. The relationship
between stuttering and auditory feedback has been studied extensively, and it is
hoped that methods to improve speech production will be established soon. Re-
garding pronunciation errors that occur when learning other languages, there are
many languages other than Japanese, such as English, German, French, etc., and
humans are not able to speak all of them. Linguistic speech contains phonetic
information in the form of phonemes, syllables, mora, and other phonetic units.
All languages are known to have isochrony of speech units, and the phenomenon
of isochrony speech units is defined as the rhythm of speech production. In this
study, the rhythm of speech production is defined as the rhythm of speech pro-
duction. It is known that the world’s languages can be divided into three speech
rhythms, and Japanese is classified as a mora rhythm. Thus, it is necessary to un-
derstand and perceive vocalization and the speech rhythm of a language in order to
acquire the speech of another language, but it is thought that misperception of the
speech rhythm can lead to pronunciation errors. To solve these problems, speech
improvement methods using delayed auditory feedback (DAF) have been studied.
has been studied. It is known that when normal speakers speak under DAF, the
larger the amount of delay, the more unstable the speech motor control becomes,
such as repetition of sounds similar to stuttering symptoms. Assuming that speech
motor control based on auditory feedback information is not fully functional, this
study aims to realize a speech improvement method using delayed auditory feed-
back by examining the relationship between the delay time of auditory feedback



information and speech motion on a speech unit basis.

There have been several studies on DAF and speech motor. Yamamoto and
Kawabata found that the larger the feedback delay, the longer the average mora
duration and the slower the speech rate in a reading task to adapt the DAF
(adaptation-in-progress task). In particular, the mean mora duration was longest
when the delay was 200 ms. In the post-adaptation task, speech rate increased
with a delay of 200 ms, and the mean mora duration was shorter than in the
adaptation task. This suggests that the speech motor itself adapts to the DAF
and is capable of producing somewhat fluent speech. Ichinose and Noda also
found that speech rate decreased the most (was most affected by DAF) under
DAF with a delay of 200 ms when significant and meaningless sentences were read
aloud. These results indicate that speech produced by reading Japanese sentences
aloud under DAF is affected by the speech rate and the mean mora duration,
which is the speech unit. However, it is not clear whether the mora duration
of the entire utterance or a portion of the utterance is lengthened, and in either
case, the mean mora duration is lengthened. Furthermore, they do not mention
whether the isochrony of mora changes as the average mora unit lengthens. Dellwo
and Wagner used DeltaC, the standard deviation of consonant intervals, and %V,
the ratio of vowels to total utterance time, as rhythm indices to quantify speech
rhythm, a phenomenon in which speech units are isochronous. An inter-linguistic
analysis was conducted to classify rhythms based on differences in speech rate
among English, German, and French. Intra-linguistic analysis was also conducted
to classify rhythms based on differences in speech rate within the same language,
including individual differences. The results showed that DeltaC increased with
increasing speech rate in all languages for intra-linguistic analysis, indicating that
rhythm classification is possible even with the inclusion of individual differences.
On the other hand, no significant change in %V was observed with increasing
speech rate. In the inter-lingual analysis, the data for each speech rate were plotted
on a graph with %V on the horizontal axis and DeltaC on the vertical axis, and
English and German were plotted at positions where %V was small and DeltaC was
large, while French was plotted at positions where %V was large and DeltaC was
small, indicating that rhythm classification is possible. In a similar experiment,
Dellwo analyzed VarcoC, the coefficient of variation of consonant intervals, to
look at the relative variability of speech. The results showed that in the intra-
linguistic analysis, VarcoC values differed from language to language as speech
rate increased, and that some languages could be classified as containing individual
differences while others could not. The inter-linguistic analysis showed that the
plots were in the same position as DeltaC, indicating that rhythm classification
was possible. However, since the speech rhythms of these three languages are



classified into strong and syllabic beats, it has not been mentioned whether the
rhythmic index of mora beat rhythm changes depending on individual differences
such as speech rate.

In this study, we will conduct a speech experiment in a Japanese sentence
reading task under DAF in order to observe how the rhythmic indexes of the
above phonemes and mora beats change with the amount of feedback delay. also,
Phonemes and mora are extracted from the speech data obtained in the experi-
ment, and their respective rhythm index are obtained. In the speech experiment,
10 sentences of approximately 30 mora were read at four delay conditions (0 ms,
100 ms, 200 ms, and 300 ms) and the speech was recorded. The recorded speech
was used for speech rhythm analysis. The first step in the analysis is annotation,
which extracts phonemes and morae. Next, the annotated data is used to ob-
tain a rhythmic index for each participant. Next, a intra-participant analysis is
performed to see how each participant’s rhythmic index varies with the amount
of delay in the DAF. The rhythm index is then averaged for each delay amount
and evaluated using a inter-participant analysis and statistical tests to see if there
is a difference in the mean rhythm index for all delay amounts and if there is a
difference between the mean value for delay amount 0 ms and the mean value
for other delay amounts. The analysis yielded the following findings. First, the
mean durations of consonants, vowels, and moras tended to increase with increas-
ing delay time, and the two experimental participants tended to vary significantly.
However, there were large differences in the mean duration of consonants and
moras across all conditions, but no differences in vowels across conditions. Sec-
ond, DeltaC, DeltaV, and DeltaM tended to increase with increasing latency, and
two experimental participants tended to vary significantly. These three rhythm
indices differed significantly among all conditions. Third, VarcoC, VarcoV, and
VarcoM tended to increase with increasing latency, with the majority of VarcoC
tending to vary significantly. Half of the VarcoV indicators also tended to change
significantly. However, VarcoC and VarcoV differed significantly among all condi-
tions, while VarcoM did not differ significantly among all conditions.

The results of the speech rhythm analysis yielded the following findings. First,
the average duration between consonants and moras was found to increase with
feedback delay. Second, the variability between consonants, vowels, and moras was
found to increase with feedback delay time. Third, feedback delay time was found
to increase the relative variability of consonant and vowel durations in speech
compared to speech without feedback delay.
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1.1 ILC®IC

2B I HEEBICBOWTRABRBHRTER 2R L TWS., I 5 THFE%

HLD, BEXE0RhERER U SICKHFICERHEEZDT 2. L, X
CACDADPHE TZL EFRE2HHAT 25HEMELLDaAI 22— 2> ThH
5. A2 —a VB3 A—NREDLFR—ATRHIRY T30 N
X, RECHGROBEZTOLOWMY T25HbHS. LrL, HEMIELfEbh
TWAHDWEBFATHDAI 2=y —2arThbd. BEIAI2=r—a iy
FLAMIRERY 2 AF v L Vo HENEZELEEN 20, EEIEKRE L5
THBRDIEEEIT-oTWS., BEFAIa=F—Ya yO#HAIIOWT, GELF
PDEREZH-oTHEL, BEFRZENEZHENT 28 ICEDKDTI-oTWS. %
72, BREICIIIFSEEFCEE AR OB ERLND D, TEKL TR TR
ETHIENTESY, BEDRBEFAAI 2=/ —>a Y TEEBEEAN TR
EHRoTWVWS. ZOFEEHICIERCEH, T—J Lok (Brts
XY h) O, £ b Ax—TareT7 Ity Vo RBOHINFEIR Y DF
EEMAEAELTWS., 20O FmR EOFRABEH 2 AICEREST 2 22T
BB mcENRTES. COFHEERZHEMICENR L THERICHIELES Z
Y TCa3za=sr—yarMPTcEsb. LrL, TOSHEBERIISECI->TERD,
HEFEDKRATHS. L MVIGHEEFRZEMETICHEH T I e TE S0, £
NOEFEFT M TEZDITIERV[49]. ZhREOSHERZE W=D, BYH
SRR LUEREEWDTE2 e TERREEREFEL, BB I TE5.
ZD7d, MSFEOEEDOL ML LT TERL, T TEREE 74— F
Ny Z L, FEONMBENLENZEEZONS. ZOXIIIEET I eEL I
FEIAI A= —aYCBOWTEHEHEREIHEZLTWVWS.



1.2 s =

FRAI 2= —2alilBWVWT, L FeHEEFENGFET I, GG LFIRFA
RICHEHEFTIH 2] tEOND I CHELTFENIREAEL-EFR B EFLELF
HEWHERENATWS [17]. 2D Z ik NEEDH (Speech chain)) & L THEH
FDAI2=r—2arPEDEIMD Lo TWEhrEET MEIh TS, K
W2 TI3EE L FE SN 2 RESICEAZEL. b3 HELLEAZH D
DEHTHWTED JER7 4 —F v 7)), HOALEHRIRD DR, HERLRY
DT 4 — FNy ZIHERICE DWW THGEEB 262 2 e B TE 5. AIFETE
PEH 7 4 — PNy 2050 HED S EHEFHHIENC AR ZE TS, K11 ICSEDOH
YT 4 — RNy Z20BFRERT. K11 &0, ARIOFVEDIEE L FEEN
BN S 2458 CTH 5. £z, RFEH I FHEBERPIESEER KiEHE OKIE
7E) DEENTED, ZALBHERE 7 4 —NNv 72X B eI ko THGEE
FRBfEssepnTEs. HETIE, &L ORFETHEOREEH ZIEL,
MTNAEERST 2 THFIMGD-12D, B4 THSOHF M &b
LERZHEL, BRCALEDIUIABIEELLZD LTWa. ZhLITHER
T4 — KRNy IPMBAINHERET 2 I Lo TITO N TEEEEZIOLNS.
Lo L, BERE T 4 — PNy ZHNERANTHRRE L COIRWATREMED D 2 N4 HIFIES
%. BlzIE, WZHAER ¥ DFGEED N [42) RS FEEERCAE L 2 HBF DR D 72
EDEITF NG, KEIEZEORE GEFE), IZ2MIXL (), SEIEFE-T
WET 2 (HFE) L VHMERD L RFEORGEZELTFHEL AL LTEEEIA TV S
[24]. FZERECHER 7 4 — RNy 7 OBARIBE ZHE TIIBZ SN TED, &
PR DREED RIS ARF ST 3 [3]. MSFEEERFICEL 2R E DM
DIZOWT, BB WO B DIXHAGELINCEEE, N VEE 77V XGBR kA
HYH, L MIZNOLTRTOEEEFET LA TELDI TRV, FEEAC
WBER - EBHf - -9 REDHFERELI XY MWV EFEBMOSEERIEH
SNTVDE. BTOERBIRZOER LI XY MZERELD 2 ZePHLNTE
D, ZOEHELI A Y PPEBELEOHKD I L 2 HRAERDY L EFEX
T3 [14][29][22]. ARBIFETIIERAERD Y XLDZ L Z2FGHY ALt LTE
ZLTWVS. M12KHFOFEBORGE Y X% d. HHROFFEIX3 OOHEEY
ALRZFTBIEeNTELEHoNTED, HREZE-FHY X268 LTHH
IND [33][34][35]. ZOXICEHBERLERTL2DIRFOHTREEDTHE
U RLRBRERHERL TCHRTIREDND 20, TN Rilo THET 22 TH
HOMD AT 5 [18]. R - REHEBHIEO X H = X LD b DEH
2= —2aliZB5 QLA LICHFETE ML H 5. Z OFFE I L
T, HFEF PO THRE IR FENOHE LN EBEERE 7 4 — F Ny
(Delayed Auditory Feedback:DAF) FiE% Wi B H A ORHEI MG T
W5 [44]. K 13 IWEBEER 7 4 — F Ny 7 OB 2R Y. IEEHaE X DAF |
TORMEDIE, BIEEDPKEVZEEDED IR LR Y ORGEGEI DA LE L 125



HEPHISNT WS [4][15]. RAFETIE, ZOHREREE 7 1 — FNw ZIEHRICHE
D FEEEETFIEHD R RANHEBE L TRV EREL T, BEE T 4 — Ny 71
R ODBAERFH & FEFHEB) OBIRICOVTHET 5.
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1.3 HZEEM

BEIEER 7 4 — R Nw 21 K 2 REEREEOFEBZ BIES. 207D HER 7 4 —
RNy Z1EHROBERREAFRTE ) LW ED LS ICHET 200 EHLNICT S
CrRHME TS, AT, DAF IC X 2HGEFHOEE L H 372912, DAF
T TOHAREXEGA LITHREICBIT) 2 RBEEBEEZITS. EBRITX D DAF FTO
HRT—2%2RE L, BRT—RICEENIERLI A Y PORXBZHNSE Z &
THFEVZALIZEDEIIWCHETL2O0EHLMIT 5. FLOVHGEY XLI12D
WCOHBAIE 3.1 TIT 3.

1.4 R

AFIZ6DDETHEEINS. K 14ICAKRLOEREZRT. H1ETE, &
AR BHEAEOBREICOWTERAL, MEETRECHEEINCOWTHENS.
H2ETIE, BIEER 7 4 — RNy 7 » BEHEENCE T 2 %8 & i) X L4651
WRT 205t 2R L, T o DMERZANS. 5 3ETIE, KFFRDOTEmIC
DWTHAL, AR THWS VY X LFEHOER E HiG V) X 2 OFHi 5 EIZ DWW
TR 3. H4ETIX, DAF FCOHARGEEG A LIFREICE ) 2 HilGEHR D
NEIZOWTIIRNS. FHHFETIX, FLEDHERILEZ LN 2EEEEBR
3. BOEETIE, AIETHLPIILEZ Y, BEINHERRRS.
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F28 FEHERAZE

2.1 BEEREIs— RNy I CREEHICEAT SHIE

Yamamoto and Kawabata IZ DAF N TORGEEH O EICN R ICEE T 205t %
Tolz. EBRSINEIIFE L BENCHEDO R WHAREREESE 1282 0WRe L.
T/, ERYERZERHBAOD NEE o8 E L. EBRIIAFT3EITON, 1
[ H OB TIZEIEE S 0 ms, 30 ms, 75ms, 120 ms D 45&Ex L=, 2[EHD
EETITEER % 0 ms, 100 ms, 200 ms, 300 ms D 45&F2 L7-. 3[EHDEE
TITBIEE % 0 ms, 200 ms D25 Lz, EBRANFICOWT, 3 DAF %
JBEE 2 7-DDFHALTIHRE GEHEHERE) 2 30MEML, BEZEANTICDAF
PHEILX B OME GHEINEHRE) 2 10WBEMBLZ. S 10D S B
A LITDTERDPTHEX, MEZANTICHE ORI FAR & FIRICHEZ 2
T ESIEHET2HE (7R VRE) 2EMLL. #EICREEE 7 X MRE
AT 3 MOMITEITo 7. FEEMR LD, #HICHEFOREE S IE7 1 —F
Ny ZBIEENPRKRZIWEEETE-FXMEPEARD, HiFHEEMETRT 52
Wbhholz. FHOEIER 200 ms DA FEE—SXEBRDEL KRB LD
Motz ¥z, BIMEIRE CIREISHERE X D BIEE 200 ms THREHEEDHEML,
Ve — S XEDEL B2 e bholz. THUC & o THEEES)H A2 DAF 12
HIE LT H BRETRIGRFEFELARETDH 5 Z & 2k L7z [2][5][20].

— /R REHII CENE - FihHE - BRI 2EBIEER 7 4 — F Ny 75
RNTOREICEZ 2HELFANDL =D, DAF FCTOHARECEHA FTHRES
Tolz. EBSINEIIFE L HENCHIED R WHAZEREEE 48 2R L.
T/, RYEIINTT 7F— RN — 20 5 HEBENE WG ER X L HZEE RN
MR 2N 2N 20 SOEE Lz, FEHHEEILEE OHE Chia LT 5 X 5 1ctE
RLZBDFHA LIF3EFICEIEZFL -2 a v OREETHA LT3 X951
FERLZ=DDD 25 Lz, BIEEIX0 ms, 100 ms, 200 ms, 300 ms D 4 5
e L7z, EBARICOWT, BEE 1KFETLI22200ERHAETFT, A
BT d o R RIZHE Lz, 2 OHIE R TR E 20 I U CTERIE & & FE5E
HEDTRTDOEETITo72. £z, EBRBNEZ L IHASDOEEEZ TT-
7. EBERID, BHEOEETHA LT ESIHERLEZL EOREEFICE
W HEHHEDELER 200 ms D DAF N THRBIEFT 2 (b DAF OFEE 2
%) Zehbhrolz[11]125][32]. 7z, DAF & FihEENCE T 2 5iMicd »
% [37][43][45].



2.2 FHERUILIEIEZEICEY A3

Dellwo and Wagner 1%, FHXBDOEHERAETD % DeltaC & 2FERHED 5 5
DREFDEIETH 2%V 2 ) ALEEY LTHY, HiE KA ViE - 75 2 AFED
B3R REOEHRTY AL0EZITV, ($EANEZ SR HE CTERE
DY X LTEPTZ 200 % 798 L7z [10]. FEEEE IR DB, BV, HiEoms
X, WV, RHHOD 5 THA LTS X5 I1IHER L7z, $ERCEIX B.Schlink
D/NRPHHFEE R4 VEEDTHF X b3 (76 BHfi) 77V RAFEDTF R4
X (93 B BEE L. £/, EBRSINE IEGEERE 5%, A ViEREE
E T4, 77 VRAENREME AL TG L, MRIE, SENOY X L5
TRFEFEE DM TETDEFED DeltaC B RKEL B Zehbhrh, HAEE
BUIDTHY AL ENFETEZ I ehbholz. £, BV IIOVWTIE, Fih#
oMt RERZIEIEASARNI bl FRFEMEO Y X L5 T
X, AN %V HEENC DeltaC 2 & 27277 7K SiEOBEHERED T — X % 7
Oy b7z A, HEEE FA VEEE%V DV/NE L DeltaC K E W EIC T B v
FE, 77V RAGEIERV DK E L DeltaC /NS WHIEIZ Ty b, VAL
DN TEZ D bd o7, Dellwo iE, [10] & FMEDOEERZITWV, FE DeltaC
ERV 2oL, SREESZHEMINCEIT 2701 FERBOEHRUTDH 5
VarcoC D731 24T o 7z [9][26]. #&7~3F & Bonn Tempo Copus £ W9 7 — XN —
A BRI 80 HHIDO X E R HEE L. EBSIE I RGERGEEE 74, NA ViES
rhan ey 1244, 77 Y ARBRREESE TR NRE Lz, MR, FREADOY X L5
TIEREEHEE DI L TEA 32 555 T VarcoC DIENZEDL S Z b o7z,
HEy A VEEICB L TIE, VarcoC IIFEEHEI M T 2 Z & T/NX L 72 A {H[A]
MR ONT=D, HEETOHFEEDI RS H O & XD VarcoC & FEEHHEE D i DB
£ 2D VarcoC DIEEIBIL 2. X HIZ, FAVEETORKGEHEEIRDIEVE XD
VarcoC & @ DHED & XD VarcoC DIEIEM L. £, 77 AFEICEL
T, FEEHHEE O LT VarcoC K= RBHEANP RSN, ZDZ e
LHEHEREDOMEAELZELD D THENUETH 2 5iEdD HIUIDHTER
WH Db Ho7z. FREMD Y XL TIX, VarcoC D71 v MM DeltaC & [RIEED
MEEZD, VALDENRTESL e bhrotz. 72, Sl X a0 EH
e LTV X LIR854 L7 ic d & % [8][19][27][28][36][38][39][40][41].
£ 2112V X LIEEO—EREZRT.

10



£ 2.1 AT CTHWS N ) X AEED—ER

U X LFEEE | EIR Hi
PVI REE - F 5 OFRifRHDOZE) | Grabe and Low (2002)
DeltaC FE X DR 2 Ramus+ (1999)
DeltaV HXEOEER Ramus+ (1999)
%V EFRERE D 5 b REXRE | Ramus+ (1999)
i 5EE
VarcoC FEXHEDOZEHREL X 100 | Ferragne and Pellegrino (2004)
VarcoV B IXE DOZEERE X 100 | Ferragne and Pellegrino (2004)
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2.3 MER

Yamamoto and Kawabata QgL Y, — ./ il L BEH DI TIIHAGE 2 HiA LT
7o ¥ EITEER 200 ms D DAF R CHMEEDNROIENT 2 Zehbhro7. X
7z, Yamamoto and kawabata DL TIE, EBIEE 200 ms @ DAF FC¥EHE—Z
XEPEROELARE2 I bbholz. LIL, HiGehoe—IXENEL Lo
720h, —HOE—FXKBEREL Bo2OHLNIIINTWERL, 5508
BTHEHE-FXEIERABRA2HME RS, 51, FHE-FRXEPEL R
5221250 T, E—7DFEREICENDED 2 0IEENINTVWEDI T,

Dellwo and Wagner DHff5 ¥, Dellwo DL TIX YV X L3585 D DeltaC & %V %
HWT, BR2REFHRETHA LT TOHEFE NI VEE 77 VY ABEOER %
SaNE BEEETY XL HEEETH 2 0% L7z, #RIX, DeltaC lXE5E

SiaMTHETE D, XV IISENTIEITHETE S, SEMETHEITES Z
EDbhrotz. 7z, Dellwo DIFFETIE, V X LFEIED VarcoC  [ARRIZAHT L 7=
D, SENTIEAHETEZ2EEDDIUITHETERVWEE DI Z b o T,
72, BRI CIRPETEX 2 bholz. TOHD, 3 DODFiBIIFEEE
DEWT DeltaC DZE(LT 2 Z 2300 D, VarcoC X FHFEHEDEWTELT 5
BHELDHDLZe b otz LL, Z03DODFBIEBA»EHICHE
N5 [13][14][15] HiEV AL TH 270, FHaREREDMENEDND 5B DITH L
THARFBEDE—FHY XLLZZENMDD 2D ERENTWIE» o .
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E3F AFHARDGE

3.1 FHZER

AL TIIHER 7 4 — NN ZHHROBIERF DA HGE Y X 228D X 51T
T O EMRIAT A0 31IRLEHIRICH>TiED 2. 3, HiEU X
LDEFRETD, KiGV A2 E8bT2HEERAET 2. RFFETIEIHEY X
LEBFREI A MOEER - 5 - T— I 0EREEFEOBHRL L TERT S -
B, HEELIAY Mo THM) A2 BB T2HEERABEST . FAEICK
D, FiG) X2 ERT 2HEE LTERRBZ AW U X L5161 [7)[47) 2
5%, R, ABELLAEPHABERIIBWTED LS IELT 200% 57
W3 2. 23 2N HAREREORFRNPERXBICKIETEE LS.
ELTH 32 IBEOAMIIBVWTOTFEXEO X 7 F a0fl2R~s. O
BBE 2D EDTEXEOL R N F AT, FORRBELEDRVWE &
DTFEXBOLA N Z L THL. MlIDFEXBORES, Mo HEMEL R L
TWa. (7, BV BHETEHEH N ZOHESTHEICEEN 3 FEXMT,
TROER T D HFRES BN XFORFEFICTEN L2 FEXRBETH 5. X 3.2 K
D, REGHEEHENGEZRZ L, FMEHATH 285 Mo+ EXE X D 50 ms DL
EREWZ e bhrot. T, FHIEHEENEL KDL, BEUNOTFEXBEIZE
kR SNV D, BTN 200 ms IFE R BoTWB Z e bhotz. HH
ORI FGEEE DK R TRIBICEL 25 Z 255, DAF R CHIHEED
KRS 3 [5][11] EIRET 3 &, DAF RTOFE & XEDRRIAIC X > TKIE
A RD ) AL EL RIITREEDRH 2 e EZ 605, Lizd->T, #
Hi Y ORI TN T 20BN H 2 Z e b otz RIZ, HAEEFIX
E—JHMNTREIND =D, T—FHNTHEY X L2 EBILT 2 HEEERT
5. R, ABLEHEEERLUEFER 7 4 — RNy ZBERIZGECTED &
IR T 2D ZHARD 7D, HiFEBRZITV, EBRTHEONEHE T —X
2N 5. IR D SHETIIRE 2 W CEHE S 5.
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REVALDEREFKFIALEEEILT DA EDRE

¥

FAELE-AENBEREEFICEVWTEDLSITEILT N D

¥

E—SHVALZEEEILTIHEDERE

¥

DAFFTHHAXEBXEZRA L (FREICEITHHERXRR

¥

RELI-AEREBELEAERERVTEREERT 201

¥

DITFERA SR EZRA VL TEMEL, #5E X LIS
EDLSIHEERITINEEE

3.1: AWHFEDTTHE

14



4

FA R [[A]]

b

SR ([E]]

50 100 150 200 250 300
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X 3.2: EOEEICBVWTOFEXBOL X 75 4
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3.2 UXLIEEDERE

FATHIZE R D, U X 2SR A 0 BT ke I B < & U [12](23][30], &
FAERDOY X% TEHEFREEI XY FOEH - 5 - T— 702 FOBS) &
LTERT S [6]. £/, AR TIIFEHERDY XL 2HGH ) AL LTERT
%. KL TIRHAEEZH WS 20, T— I 0FREEFEORGEY XL THLE—
FIHV XL %Z20HL, 74— KNy ZRBERICE>TE—FHIZLBED LS
WEEEPZ T E2D00%E—7 OFRMETIHET 5. BEERLOLZDE—-TFX
MZEMEL LT, BIEEOHEMTE—IXME2 0T 5 2 TE— 7 0%FR L
FoTWahZiHiids. AT, E—FXBOEXNLYD LS ICELT 30
PHBHBNTHRZ-DICEZXMEZ WY X AEEZ WS, AR THW
ZERXE DY X LEEICOWT, FEXEOEHERAEZ DeltaC, FEXHEDZ
F{RE % VarcoC, RS XMEDEMERZ % DeltaV, BE XM OZEENRE % VarcoV
3%, DeltaC% Dc & LT3 (3.1) TR [7].

Ne

D¢ = \J Zi=1](\ifccz'_—1f0)2 (3.1)

No 3 FEXBO, 20, 3 i FHOTEXBDME, 20 3 FEXMZRT. X
12 VarcoC % Vo & L TR (3.2) 1IT/R7F [48].

Vo = 22 100 (3.2)
Zc
VarcoC 155 1BIE 8 O 15 X 8 2 MR ENCEEI§ 2 72012983 5. RIZ DeltaV
% Dy & L TR (3.3) 1ZR7[7].

Dy = J S (wy; — ay)? (3.3)

Ny —1
Ny ZREXEOR, zv, 13 FHORNEBEXHEOME, 7 3 FREXMEZRT. X
12 VarcoC % Vi, & LT (3.4) 1T/RT [47].
W = @ x 100 (3.4)
Ty
VarcoV b RIS SAE R ORFES X2 A B 2 72 e i T 5. B
% V7 ) X RIS BT, HATERA ORI T T 5 KM% KIRICE
L, BREXEOV X LIEEICHER JIZTAREMEDRH 2 Z e bhroT. £h
LEBERLBVWEIICTELDITE—FHATHRRIMEDDHS. ZDDIZ
E-IXMDOV XLEEEERT 5. AR THW S E— 7 XKHD Y X LIEFIC
DWW, E— 7 X OEAERZE % DeltaM, E— 7 X OZEENHREZ VarcoM & 5
%. DeltaM 3 (3.5) DX ICERT 5.

16



Dy = \l sz\gvf (xMi - x?\/l)Q (35)

Ny —1
Dy & DeltaM, Ny i &E— I XEO, 24, 13 i FEHDE—ZXBEDIE, 2y 13F
Ye—IXM%EmRT. RIZ VarcoM 23X (3.6) D LS ITEERT 5.

D
Vir = —% % 100 (3.6)
T

Vi 1& VarcoM Z/R3. F72, VarcoM 3 [AIFRICERIEE D E — 7 X[ &2 IS
BT 272D 5 5. UEDOKEARILTIEY XA LFEEE LTHWA.

3.3 FEE X LD

AL TIE, 3.2 THALZY XLEEN T 4 — RNy ZBIEREIZIE L TED X
5 R B 2R BT 272912, DAF FTOHAE X E A LITHREICE T
DRGEFEBREITS. RGEBTHEONEREER T — A0 oEH - T— 7 XK%E
HHL, FXBEDY X LIEETHE) XL 00EITS. FiG) XL 00T, £
TEERSINE DFEE ) XL DAF OBIERICE > TEYD X 5 BRE(HH 2 DH
PR T 2720, EBBMENTNZITS. RITHFEBLEETD Y X LI65EDF
Zrh, BEEEOVEEE T 2 7-DICERSMER 21T, OHER
D OFEEE VY R LT FHl S 2 72 DIHEHIIREZ WS, FHiAiEe LT, EU®
WEBRSIMEBOWERICED, 2 TOEBLERIZEWTY X AEEOEEICE
MBI EMETS. K2, BEERLOL ZLMMOBEED L EDV X LAEHE
DB DB 5 0% ZEITHE S 5. EBESIEN IR & ek R
MOV XLFEREN T 4 — RNy ZBIEEIZIG U TED XD ICEL L= % N 5.
AU & D, DAF FTOHARELEHA LIFHREICBIT 25656 X2 %2 7H 6§ 5.
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F48 DAF TFTTCOHAREXES
FIFERREICH T B HEEER

4.1 HERBEM

BRI XEEHWY XLIEEN 7 4 — RNy ZIBIEEIZE L TED L S
B B B BT 272912, DAF RTOHAREH A EITREICEIT %5
EBRTEM T 5. EERSERE LT, KT [ K D EEEDHMTEIE—F
XENEL 2B R TREINSG. £/, E—J W3 TELEEDEII XV N, &5
DA, TEDADIFETHRINS =D, FHE—-IXEPEL RS 2 TEY
TEXME FERERMEbEL B2 Z e TPRINS. SBITHIE[9)[10] &b, &
PG FAVEE- 7T 2 AFEDFEGEE X FRFEEE DA LT DeltaC 23/h&E £ 72
ZEMB RGN EDBHOHNTVS., TALRETRTDOEEICB VT DeltaC
PSRBT 5, HARGETDHHFEEE DI LT DeltaC 23/hX 72 %
ETRREING. ¥, BEEOHEMTHEEERENMENT 2 IREL, BIEEDH
INTC DeltaC 23K EL B3 & FRHEING. XHI1Z, DeltaCBKEL 2B Z 2 TTF
HERHEDEI XV, FEOATHMINS 2BEDE—FXEHIXOLDENK
<7D, DeltaM 3K EL RZ e FHINS. [10] &b, HFEE R4 VEETITH
FEEE DMt LT, VarcoC D/ NEX L KRB ZeBbhroi. ¥, 77V XGE
TIXFHFEHEE DI LT, VarcoCBREL BB Zenbho7z. £oT, H
AREEIFEFEEEICH LT VarcoC 3 H H0DOEF I RE3EZ o5, ZDZ
e, BB EIERD DAF IZX o TE— I OFHER R o 723550 XL D
EORFEEZ IO EESR - E— 7R EHWY X aEETHHRL, VX
LR ZLETHE Y X L DMl 21T 5.

4.2 ERZH

SEATRIFSE [5][11) T, BIEE 200 ms THAANDHEIRD KEX L RLHEAZR
TZEPHIBNTWS., RIFFETIE, [5)[11] & FIMICELER 200 ms DA DR D F
FEANDED BT 2 7-DIEIER 0 ms, 100 ms, 200 ms, 300 ms D 4 555 % 3%
EL T, RXEIZATR BEANT VAL S 1N 30E—T7DYLER 10
OEE L. IBREO—ERER 4.1 1TR7.
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R 4.1 TOREDO—ER

NENE

HEoLIBVWEBRBEZLE-D, 77IV—LVANTIVICASDTT,

SmDHEZ. —HEIUIEDL S THIRD T EN 2,

ZANR—LDGEX, BEFESCOIHITTS,

NRUFREAADOBIL®, ZA—F, V—t—ILHE, a—b—u
SR a7

FRIRE, AR (1ED &) BMEEAN L 7 v 7 THFET %,

MRS AN (A X&) O—HFIZ, HMDIZobTHEATW

VERTETCHHLVWEIDOH 2D H: L,

o3| O | Ot

BOREWT U RTEXZATBVWT, T o< hRE 3,

JENERIC L R b T URFIEHAE R EZE (130V) L. AR — v EI L
i

10

BHABYNIHERHZED WV R R — 2 2 3 720 DWF| 7=,
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4.3 EHERBINEF

FEEIIIFEEE L BB O WHARGERGEEE 1084 (B4, W24,
Y247 £ 1.85, 23-297%) MBI LTz, £, EERANCHEEOFHE 2 W ois
FHHROSEM L, B8R REEATRER 2 & 2 HERR L /=,

4.4 EEREE

FEERIMEEE S < 30 dB 0L KO EENTHEM L. 74 —F v 7 H
FARREE T 272D~y F7R ¥ (Sennheiser HD 280) ¢ Hitim B H 3T 572
HD~<A 2 (Sennheiser MKH 416 P48U3) Z ALz, /2, A—F 4414~
& —7 x—2A (Roland Quad Capture) ZfH L7:. BIEE & LEDOERITOV
T, LaptopPC (Lenovo Windowsll) E®Y 7 v v =7 (Mathworks MATLAB
2022a) B XU DAF > X7 4 (Audapter) [46] ZHWTHERT 5. FahEH D%
FHXPC EofxEY 7 b v =27 (Audacity) 2. £/, <4272y REARYD
BHEIZOWT, ALHEEEHZHEHAL T4 7DATe~Ny RhRy D%
Bl AMETIE, <A 27DAN%Z80dB, "y FARYOH%Z-8 dBE LT
WRELZ. ¥4 7 e RHEEDOHHEICIOWT, B—oO0 5 L5 iERLE. &
FELANUVDREIZDOWT, FERIZT7 4 — Ny JEFZHZ, matlab FTEHEE%
1.3dBICREE L7z, X 4.1 IS EBBRE OB X % 7R T
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-_—_———d

g =

4.1: FERERBL DR X
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4.5 REBRGE

X 4.2 125EM L 7= EBETFIHEOBS 2R3, AEBRTIIHARELE2HA LTS
MEEHERE L7z, FRCE 1 U LT 1 & OBER ZHR L7, AREBARTIC
WEE2MEML, MEKRTII270KEEZ AN, 1HHOHETIEAY R
AU EEHETIC, IRYEIOXE 7 VR LTI O5A LT3 X5 ERL,
2MHOBEIEANY RV EEHL A LTS X5 1R LTz, EKTRICH
BRFEMLUZ, FHEICIE 114021 Trial 2 LTAEFS Trial ), Tk 17
Oy 27 L TELHTEMLE. EBRTIE5 7ay 7E L, 7ay Z7ETI1045
MlDREEZ A7z, 1 Trial 20 WEH D, ZD 20 BWETE=RIZFRREINZ 1 X
oA BT 2 X IHRER U, Trial 87 2 812 10 DO FERR 2 A4, RRieR
HIZE= 2B RT3, EBESIMFIEE 2 M TIHET 2 X 5 1fEn
L7-.
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1 trial 2 trial 3 trial 4 trial
N\ /

X2 X5 X3 1 fnns

1
~ E IE 0 ms [ ]
7 10 s
—
l:\l 20 s
4 . . _ .
7 5 trial 6 trial 7 trial 8 trial

X8

X4

300 ms

300 ms

>

137 2N YRR :
ﬁ’é"(/\d)l;l'./ &L)} ﬁ’é"(’\d)'";‘/&’ ))} 17!1‘/7} 27097 ... 57099

min 2 min 10 min

Xl 4.2: SZERTFED BRG]
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4.6 HERIER

X 43 IBIEER LD X LBIEEH DD ZOE—FXEOHlZRT. K&
D, 1{EHDZZ 7 T FEEER T, M2 IREZ RS, 2/BHD I Z 7Tk
REHH S FEGERE R, Mt E e R T, 3BHOKTIZ1EH, 2&/HD 77
R RO E— S X2 RT. M44ICBEERLOL S LBIEEDHD L XD
FREXBOFERST. K&, 1BHDZ 7 7 I3 RG], R IRIE %
RY. 2H/ED YT 7 TN FEGERRE, W EEE R RS, 3HFHOKTIX
1%&H, 2&HDZ 7 7 e FEICKHEEOERXEZ Y. £/, KEOR XD
PHENCHI AL T K T 54012, EiFfm»r oM 2O 2ATYIDE- 72
TERERT.
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amplitude

frequency (Hz)

amplitude

frequency (Hz)

time (s)

ko

hi

to] 1 i me | nyu

1036137

Visible part 2.0U5181 seconds

9.011321

mora interval

EIEE BHN

time (s)

time (s)

TR

ko

i

to

u

me

nyu

8707582

Visibile parl 2.009435 seconds

10717017

mora interval

4.3 BREEZLDOLZLELEEDD DL ZDE— T XHEODH

25



amplitude

frequency (Hz)

amplitude

frequency (Hz)

EIEETIL

wmwwmmwmww

time (s)

Lo

time (s)
]
ke b ]i Mol i | w Jmfe Juyju i
7.040003 Visible part 2.000935 seconds s.omem{

phoneme interval

EIEE HN

time (s)

time (s)

m

ny

8.700576 Visible part 2.001044 s2conds

10.70162%

phoneme interval

X 4.4: BIEER LD XL BEED D DL XDOFRXHEDOH
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4.7 DWAEE

HaEmroER - E—70XMEoNT 57012, &F - £— 7 B TKH
TWHRDOT /) 7= aryzi15. AAFRICB I 2KEEHRO T /) 77— a2 YORiE
BELROEY THS.

4.71 F7/)r—>3ar

77T —=aVIEERSHY 7 O Praat & A ek Y — /LD Julius & AWz,
9, Julius 2o TIRY 72 HEINCNE L. BEIZRY ¥ 73S X
BT LTHEN I RNY > 7 EN 578, Praat L TFEFHEES 2 [31]. 4.5
WHEIZXY Y 7OFIHOBMIERZRL, NE%Z FLIIRT.

1 BEEERBTHRELLER T — X2 1 X ZEIZYIDID, wav 7 7 4 MITRIF
T5. RZZD1IXDXENEER text 7 7 A MITVBMBRTANL, RiF
5.

2. Julius ZH W Tway 7 7 A L& text 77 A DB lab 7 7 AL log 7 7 4
NN 5.

3. Python Tlab 7 7 £ L2 & TextGrid 7 7 A MICEHL, wav 774 L ¥
TextGrid 7 7 4 V% Praat TRIFNRRIE L Z L THEIINRY ¥ 72175,

K, FEITOE—FHMAD TN ¥ T OFEFTFIZOWTHIHAT 3. KIS
T, IFIXFEE—FLLTHYY PLTWE 0, HAEREORHRA (&
B, By, UE, BEY) B1E—723%. ¥, EELINEFDLIE—T
Y53, E—IMORXNIER 2 E R SEAREREYE 7 1~ > FEBEROD
NMETITo 7. RCFHTOEREMND TN ¥ 7 OFHEFEICOWTHIAT 5.
HEISRY VI TIEE—SHENTIRY VNG, SEZHNTONT 315
BRFEHTE—I 2 TELEBT T2 ENDS. TEEBEOXINE, &F
FEERPSEARBBER Y 7 30~ NEABEBOMBZHEZRL TITo /2. KA
DL - #BE L EFELINEFHE L Praat L TFHF L RFORFDBTERN=D,
ETTFEL LTS b EX2XME WY X LIS E R NIETARENE DL D 5
Zebhol. AETEEALEZBEVWTONMEZITS. £, BHRHAOME I
FEELTHRY, REEEEE LTRS.
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Julius

® wavJ7AI
® text77AIL

——

® 1abT77A)L
® log771)L

® labT7 AL

e Pyvthon S

B TextGrid77 1)L

4.5: HENZ RV ¥ 7 OFINEDOHEEE X
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4.7.2 FEE) ALDH

RV X L5532 O FGE Y X L0 ORI DWW TEHAT 5. 13U, &
EERBNNE DFGE ) X 503 DAF OEBLERICE > TED X 5 BREMD D % Do % i
BT BT DIZERBINENTNZIT . ERSIMBASHOTERZ, &FEBRSM
FORMBEHZLICHER - E— 7D VFEXHE L V X 11E8E 2 KD, ZDE%ZER
SIMEZ T L. 20V EZZELER Ty L. KT, HELEE
TYRXLEEO 2 e D, 2 TOBERIIBWTY X LEEO VI ELND 5
POFER L, BIEE 0 ms & MDBIERE DN EDIH 5 D 2R T 5 7= DITFHER
SINE BT & HETHIREIC X DFHiS 2. EBRSMEB O OHIEL, EHES
EZ e DEEZEEEZ L TEIL, 20V EZKEEET ey L.
RAGHIE 77 EU T (Repeated Measures Analysis of Variance:RM-ANOVA) T#%
PRIE B DRI EDSFET 202 RE L. £72, Dunnett BEIC X DIEBILER 0
ms TN RAFE Lc & 2O DEZME L [21].

4.8 DIER

4.8.1 HEBREBIMEBEBARDRER

X 4.6 12 B FEESNNE OBLER Z 2 1281 3 TS XBoRE L2 RS, Bl
LR, HhISEEED 2 TCOVEIFEXMZ I LIERZRT. £, &7
0y MIZEBRSMED T —REET. £ 4.2 ICEFEBRSINE O 15 XE DOfE
2T, K46 KD, BEEOMINTFIFEXEEZELS R Zrbhr o7z, ¥k
7z, Subject H, TIEIEE DM T FHERXMENRKE S ZLL, BIEE 300 ms
TEHTFEXEDPRDEL RBMEAND - 72, MOEBRSMNEIZELER 100 ms T
P TFEXED RO EL R BEMD D - 7203, EER 200 ms T35 XD
IR BEEB R SNz, T2, BIERE 300 ms THEITFEXEAEL 2 2EAD H
b, WL RBMERD Ao,

X 4.7 12 B EESINE OBER Z 2 1281 3 FEHEXBOEZ RS, Ml
FRAE R, MEISBIEREDO R TOFIRERXMEZ I L EEZRT. £, &7
0y MIBEBRSNED T — R EET. £ 4.3 ICKFEBRSNNE OFEIREE X OE
T, BEEOEINTEIREXEIERELS RE Zebr o7z, £z, Subject
H, NIEBTEEDOHEINTEIREXMENAE S B3 2EmpB R LNz, D5EE
SINEILBIEEDOHEINTRERZEIRONZ 720 DD, £ 43 % /A2 LB
IEE 100 ms CHEIHEXENI R RA2HEAN A Sh, EBIEE 200 ms THEIREE
XEE L 2 2SR SNz, Tz, BIER 300 ms THIREXEIEL &S
b Eoh, 8L haEd Ao,

X 48 ICBEBRSMEDBIER Z L IZB T3 e — 7 XEOMRERT. M
IR R, WIS EEED R TCOEE— XM B2 EL-EEZRT. %
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72, 78y MIBEBRSINED T —XEET. £ 4.4 1 CEEBRSINE DWE € —
SXBOEEZRT. K48 kb, BEEDOHENNTHEEE—IXBEPELS RE L
Whholz. £/, Subject H, TIXEBLEEDHIMNTFEEE— 7 XENKEZZE
L, B 300 ms TIDEL BRAMEMDN D o /2. MOEERSINE \TEILEE DM
TRERZIA SR VD, £ 44 7% 72 LBIEE 100 ms TFEHE—Z XED
ROEL R3EANR SN, EBAER 200 ms TEHRF XM 72 2 @A RS
N7z, F7z, BIEE 300 ms THEHE— I XEREL Z2MEAD Roh, Eikb
fHmd 7o,

X 4.9 TR EERSINE OEIEE Z ¥ 1281 % DeltaC OFERZ /RS, Ml ZE
MEE, MEIEIEE D2 TD DeltaC ZFEH L7EERZRT. /2, &7y M
BEBRSINED T — XS, £ 4.5 1CFEHRSIE D DeltaC D% RS, X 4.9
X0, BEEDHENIT DeltaC B3R EL KRB Z 3o/, F72. Subject H, 1
VBIE B DIEANT DeltaC K= < b L, EIEE 300 ms THH KX L RS HRA
BHEROLNT., MOEBRSMEFIRERE(IRA SN Rr 7DD, K452 H
% & 3EMEE 100 ms T DeltaC 235 d KX { 2 A D A o0, BIEE 200 ms TH
RORELRZEAD Aoz, F7z, EIEE 300 ms T DeltaC 23K < 72 5 1H
[d R oizn, B RN R EABR BN,

X 4.10 IZBHEBESINE DELEERE T 2 12BF 3 DeltaV DFERZ /RS, IS
EE:, MEMIBIEED 2T DeltaV 2 - LEEZRT. ¥z, 72y MIK
ERBZNMEBEDOT — X 24T, £ 4.6 ITKEBRSINE D DeltaV DfEZRT. X 4.10
b, BEEDHENT DeltaVIIKEL RB Z e bhoiz. Fiz, FROERS
I FBIEE DHEINT DeltaV 23K EF K 2 L L, BIERE 200 ms T KX KD
AR o, MOERSINEFILBELEREDEMTRERZ(MIA SR o7
HOD, T 4.67%H 2 LEBERE 100 ms T DeltaV 23K & 2 EHAIB R Sz, X
SR D EBRSINE IXEER 300 ms T DeltaV 2V/NE < 72 2 {#E[FDI R &7,

X 4.11 ICHEBRSINE DBER Z 2 I12B1T 5 DeltaM OFERZRS. Bl &
IR, MEEIRBEER D2 TO DeltaM 2P L2 fHE RS, £ 4.7 1R EHRS
& @D DeltaM OfEZ RS, K 4.11 & D, EIEEDHEIT DeltaM 13K = < 72 51
MAdH o7z, £7z, Subject H, 1, GIXELERDIENIT DeltaM 25K & Z{L L,
EIEE 300 ms ThD K E L RBEADD - 7. MOEBRSINE X, EEEDHEM
TRERZIRAONE D7 DD, £ 4.7%H 2% LEILEE 100 ms THRdD KX
SR BMEAD Aoh, EBER 300 ms T AKE L RIMEAS Ao,

X 4.12 IR ERSINEDRIER Z L 12BIF % VarcoC DFERZ/RT. WIS
B g, HEISBEEE D2 TO VarcoC 2 L -EX /RS, £ 4.21 128556
SN D VarcoC DEZERT. K 4.12 & D, BIEEDENT VarcoC IR EL &3
Zebhol. ki, WYHOEBRSINEILELEEDHNNT VarcoC R ELE
fbL7z. 2O CREIER 300 ms RPELER 100 ms Tid KE L R AMEHAD Roh
7273, LR 200 ms T KX K RBMEADBZ D - 7.

413 WK EBRSBINEDOBIEE Z 2 1B % VarcoV DFERZ /R, A4
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IR, MEENIAEER DR TO VarcoV 2P LEZRT. £ 4.9 I8 ERS
& D VarcoV DfEZ RS, K 4.13 XD, BIEEDHEMT VarcoV I REL RSB Z
Lhbhrolz. 72, FHOEBSINE XEERDEINT VarcoV Sk & 2k L,
LR 200 ms Thikd K E L R A HEAD RSN, MOERSINE L, EBIEEnhy
mTcRERZEIR SN o700, £49%H2 Y, BIEE 100 ms T
KEL A EAD RSN, BIER 100 ms THRH/PNE 2D, EIEE 300 ms TH
bRELRBMEAD SN

X 4.14 \ZBEBRSINE OFIER Z L 1I2B1F % VarcoM OFER 2R3, #EEI&
I Mt ZEIEE DR TD VarcoM 2 L7-EE /RS, £ 4.10 1IT8E
ZHN#E D VarcoM DEZ /RS . 414 &9, EEEDHEIT VarcoM PR E L 72
5Zebhrol. £z, —EOFEBRSINE ITEBLEE DT VarcoM 3K & &
b, EILE 300 ms TR KRELS Koz, T2, FROERSINE ILELE 100
ms T VarcoM 23/NE < 2 D), Bk 200 ms TREL RBMHAN R S 7.
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Mean consonant duration (ms)

140

130

120

—_
—_
o

100

(=]
o

80

70

60

(4]
o

—— Subject A
——f£- - Subject B
Subject C

{» Subject D

— % Subject E
~ Subject F
—-—-+—-- Subject G
[ERL AN 57 Subject H

v R v A —#r— Subject |

/ Subject J

~_,__+‘ _____ o
...... -~
" oy i)
100 290 "

Delay time (ms)

4.6: BEBRSIHE OEBLERE Z L1281 5 FEF5XH
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K 4.2: FERSINEOBLERE Z LIBT3 FETEXEOE

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 62185 | 67531 | 63.153 | 65.848
B 52.388 | 66.230 | 64.389 | 59.000
C 5.624 | 67297 | 66243 | 62.851
D 52.051 | 63.646 | 58.799 | 60.516
E 66.538 | 67.429 | 63467 | 61567
F 67.334 | 75795 | 69.242 | 72.637
G 72198 | 90.281 | 83024 | 79.571
H 70487 | 113185 | 113595 | 118.129
I 62286 | 99.609 | 101259 | 108.227
J 63.459 | 79444 | 70391 | 70972
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K 4.3: FERSINEOBLERE Z 2128 2 FEEXEOE

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 84972 [ 95132 | 82916 | 83.367
B 85.879 | 89.619 | 83.607 | 89.263
C 92.300 | 103.603 | 106.888 | 97.144
D 79.459 | 80.824 | 73493 | 72500
E 76.964 | 82550 | 70162 | 67.892
F 04020 | 91374 | 83968 | 81.824
G 102.367 | 112.601 | 109.641 | 96.692
H 122.230 | 164.414 | 164.348 | 176.012
I 107.203 | 159.339 | 177.833 | 148.848
J 04158 | 114.303 | 101.104 | 101.328
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F 4.4 BEBRSINEOBIERZ L I2BT 3 FEE— 7 XBEOE

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 125.047 | 136.769 | 126.704 | 135.796
B 123.001 | 131.395 | 120.746 | 135.852
C 126.409 | 143.903 | 146.683 | 146.094
D 113.409 | 123.192 | 114440 | 118.261
E 121.757 | 131.342 | 119172 | 116.181
F 147.121 | 143849 | 137.864 | 140.306
G 150.987 | 173.308 | 182.019 | 173.359
H 164.730 | 234071 | 243.384 | 263.330
I 147.885 | 218173 | 243128 | 261.030
J 140.287 | 165.733 | 148.995 | 159.068
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F 4.5: FEBRSINEOELEREZ L 12B1F 5 DeltaC DIE

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 21.606 | 38.028 | 33856 | 35.816
B 21.323 | 33099 | 34775 | 30.238
C 23.619 | 35820 | 40747 | 34.651
D 31.650 | 34.330 | 33.300 | 34.925
E 27.733 | 37531 | 34491 | 26.993
F 32984 | 45661 | 55443 | 37.351
G 32168 | 47421 | 43859 | 43.340
H 34884 | 79219 | 83349 | 86.466
I 25478 | 56587 | 76263 | 99.269
J 37.128 | 44397 | 43456 | 36.564
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# 4.6: BEBRSINEDOREIER Z 2 1B} % DeltaV Off

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 30.355 | 41.065 | 41.034 | 33.751
B 27211 | 34401 | 28790 | 33.096
C 38274 | 47.648 | 63.068 | 49.230
D 31970 | 26436 | 27.831 | 32.267
E 31428 | 37166 | 32229 | 31915
F 20935 | 38712 | 31.854 | 26.180
G 37272 | 43377 | 69.240 | 46.850
H 19169 | 66.621 | 88257 | 83.256
I 46419 | 64004 | 77368 | 67.612
J 40507 | 53819 | 52945 | 52.803

41




DeltaM

180

160 -

140 -

120 -

100

80

60

40 -

20

—— Subject A
—— £ - Subject B

Subject C

{» Subject D

— % Subject E
~ Subject F

-——+—-- Subject G
—%r— Subject [
Subject J

0 100 200
Delay time (ms)

300

4.11: BEEBESIMNEDEILE Z 2 1281) % DeltaM

42




K AT BFEBRBINE DEILERE Z 2 12B1F % DeltaM DA

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 51409 [ 61.928 | 56200 | 51067
B 41738 | 48852 | 51291 | 47.374
C BLT27 | 63629 | 72303 | 77.985
D 48.581 | 45.802 | 47.639 | 49472
E 19340 | 61128 | 54610 | 46.546
F 70.680 | 52746 | 58568 | 47.902
G 50813 | 62.246 | 93.632 | 112.074
H 70351 | 86.037 | 120.794 | 118.526
I 61455 | 87.777 | 108.167 | 146.500
J 56.714 | 66468 | 61140 | 70.290
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# 4.8 BEBRSINEDOREIERE Z 21281 % VarcoC OfE

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 34827 | 56.673 | 53.224 | 54.342
B 10313 | 50.655 | 53.237 | 51090
C 42123 | 53234 | 60.647 | 54.204
D 60.182 | 54.002 | 56.358 | 57.860
E 41710 | 55802 | 53.935 | 43.745
F 48771 | 60230 | 77.055 | 51422
G 43852 | 53.066 | 52851 | 54.605
H 19.049 | 69.604 | 73489 | 73.065
I 10.168 | 56.827 | 75322 | 86.680
J 54531 | 56.080 | 61431 | 51.511
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# 4.9: BEBRSINE OEIER Z 2 1B % VarcoV Ol

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 35.564 | 43.293 | 49.929 [ 40.322
B 31679 | 38351 | 34360 | 37.016
C 41509 | 46194 | 59.017 | 49.527
D 40173 | 32763 | 37.872 | 44.494
E 40447 | 45.022 | 45991 | 46.902
F 31.836 | 42263 | 37.808 | 32.061
G 36.062 | 39.011 | 63.131 | 48.494
H 40.225 | 40.505 | 54181 | 47.559
I 43.301 | 40.309 | 43.741 | 45.130
J 43232 | 47180 | 52414 | 52.203
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£ 4.10: BEEBRSINE OBERE Z 2 12BI1F % VarcoM Ol

A B
FEBMHE |0 (ns) [ 100 (ms) [ 200 (ms) [ 300 (ms)
A 41.079 | 45.679 | 44447 | 37.499
B 33.954 | 37.275 | 39401 | 34.848
C 10932 | 44.091 | 49239 | 52.737
D 42.887 | 37.273 | 41.681 | 41.833
E 40.556 | 46586 | 45.838 | 40.017
F 47649 | 36541 | 41477 | 34.368
G 33.381 | 36.087 | 51161 | 62.862
H 12,686 | 36.781 | 49521 | 45.056
I 41581 | 40.254 | 44417 | 54477
J 10510 | 40.149 | 41.057 | 44510
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4.8.2 HEBREBIMEMITER

415 IZEBSINE R O FE X O R Z~3. RM-ANOVA THE L&
25, BIEE T FEXRMICERENRD b (F (1,8) = 7.2920, p < 0.05).
F 7z, BIEE 0 ms DT FE X & o EIE & D 5 XE D7 % Dunnett T
MELE 25, EBIEE 0 ms & 100 ms M CEETFEXBICEEAZNRD 57z
(t (0,100) = 4.358, p < 0.001) . FEILE 0 ms & 200 ms I CHFEFEXMEICEE
2= sz (t(0,200) =3.365, p<0.01). EIEE 0 ms & 300 ms B TFH
FEXEICEREENED sz (¢ (0,300) = 3.520, p < 0.01) .

X 4.16 ICEBEZIMEB O RFEXBEOfER 2R3, RM-ANOVA THRE L
e 2 A, BEETHEHREXMICEEEZNRD R o7 (F (1.28,10.21
) =2.7077) . 7z, BIEE 0 ms OGRS X & oA & O IR X O
72% Dunnett THME L7z 25, EIEE 0 ms & 100 ms B CHEEIREXEICEE
ZNRD sz (¢ (0,100) =2.843, p < 0.05) . T/, MOEBLEETHEERZFX
MICEEENRD SN o 7.

X 417 ICEBRSMEM OV E— 7 XEOM R Z/RS. RM-ANOVA THE
L7223, BIEETEEE—SXBICEREENED N (F (1,8) = 4.51,
p<0.1). £/, BIER 0 ms OFEE— 7 X & MDEIERE D E— XD
72% Dunnett THME L7282 25, EBEE O ms & 100 ms BT — I XBICTHEE
ZNRD Tz (¢ (0,100) = 2.872, p < 0.05) . FEIEE 0 ms & 200 ms B TFH
E— I XENICHEBEENRD R (t(0,200) =2.757, p < 0.05) . FEEE O ms &
300 ms CHHE— 7 XENCHEEZENZED Sz (¢ (0,300) = 3.437, p < 0.01) .

H 418 WIZEBRZME B D DeltaC DR ZRT. RM-ANOVA THRELE Z

PEILE T DeltaC ICHEEDRD b7z (F (1.15,9.19) = 5.5696, p < 0.05) .
iﬁ_, LR 0 ms D DeltaC & DEIEE D DeltaC DFIFED 72 % Dunnett TH
FELE A, BIEE 0 ms ¥ 100 ms [T DeltaC ICERENRD S 7=t (0, 100
) =3.309, p<0.01). EILE O ms & 200 ms T DeltaC ICHEAD RO 517
(t (0, 200) = 3.865, p < 0.01) . FIEE 0 ms & 300 ms T DeltaC ICH EADFRD
7z (¢ (0,300) =3.583, p<0.01).

X 4.19 1IZEBRSME M D DeltaV OfiRZRS. RM-ANOVA THRIELE Z 5

AL T DeltaV ICHEZD RO Sz (F (1.53,12.24) = 5.8903, p < 0.05) .
7z, EIEE 0 ms @ DeltaV & DEEIEE D DeltaV D7 % Dunnett THIE L 72 Z Z
A, FEIERE 0 ms £ 100 ms [ET DeltaV ICHEZMRD 517z (¢ (0, 100) = 2.671,
p < 0.05) . EIEE 0 ms & 200 ms T DeltaV ICHEZDGRD Sz (¢ (0,200
) =4.421, p < 0.001) . FELEE 0 ms & 300 ms T DeltaV ICHEEENRD S
7= (¢ (0,300) =2.78, p < 0.05).

4.20 \ZEEESINERB D DeltaM OFER%ZRT. RM-ANOVA THRE L& Z
2, EIEET DeltaM ICHEE RO SNz (F(1.12,8.95) =4.1174, p<0.1) .
F 7z, BIEE 0 ms @ DeltaM & fiDEIEE D DeltaM D72 % Dunnett THE L
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722 24, BIER 0 ms ¥ 200 ms BT DeltaM ICHEZERD b7z (¢ (0, 200
) =2.493, p < 0.05) . EIEE 0 ms ¥ 300 ms AT DeltaM ICHEADRD SN 7z
(¢t (0, 300) =3.122, p < 0.05) . FIEE 0 ms & 100 ms T DeltaM IZHEZAFE®D
Lo T,

X 4.21 IZEEBESME R D VarcoC DFERZRT. RM-ANOVA THELE Z
%, PBEIER T VarcoC IZHEZEDFRD bz (F(1.99, 15.95) = 6.5127, p < 0.01) .
F 72, BIEE 0 ms D VarcoC & DIEIEE D VarcoC D72 % Dunnett THME L7z &
25, EIERE 0 ms & 100 ms T VarcoC IZHEAEDFRD 67z (¢(0,100) = 3.231,
p < 0.01). EIEE 0 ms & 200 ms 8T VarcoC ICHEEDRD 7z (4(0,200) =
4.732, p < 0.001) . FEIEE 0 ms & 300 ms T VarcoC ICEEAEDVRD b7z
(¢(0,300) = 3.595, p < 0.01) .

X 4.22 12 EBESINEE D VarcoC DFER 2R3 . RM-ANOVA THRIE L& Z 6
PEAE T VarcoV ICHEZD RS 57z (F (1.9,15.19) = 5.5247, p < 0.05) .
7z, EBILE 0 ms D VarcoV & fDEIEE D VarcoV D7 % Dunnett THIE L 7z Z e
%, JEIEE 0 ms ¥ 200 ms T VarcoV ICHEZD RO Sz (¢ (0,200) = 4.371,
p < 0.001) . EIEE 0 ms & 300 ms BT VarcoV ITHEEZED RS 617z (¢ (0, 300
) =2.760, p < 0.05) . FEIEE 0 ms & 100 ms BT VarcoV ICHREENRD 57
YRR WA

4.23 \IZEBRSINE R D VarcoM DFER%Z/RS. RM-ANOVA THIELZ L Z
A, EIEE T VarcoM ICHEEDRBD N o7z (F (1.5,12) = 2.6327) . %
7z, EIEE 0 ms D VarcoM & fiDEILE D VarcoM D7 % Dunnett THE L7z &
A, ITRTOEMLE T VarcoM IZH BEZD R b no 7=,

o1
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4.9 E8R

FERTTREINLAHRL LT, BT B][11] X D BREEDEINTFE—F
XEPELSREZeZTHELE. £, FHE-SXHEPEL RS I THEIF
HEXMEEFHOREREb RS R 22 TFHLE. ZoTFHIIHLT, AADE
3D o e PHATHFE  FIRRIGEEZE DN TEEE - XMEP R R E Z b
Mole. £, FHFEXMEEFERFEXE D BEEDOMIN TR RAHEHAN A
LB eRbhrol. EERBIMEBTODIERE RS, BLEETHEITFE
X & e — 7 XENIBEEEDRBD o203, FEHREXEIIEEENED S
Nhprolz. ZOZenrs, FHFEXMEE FHE— 7 XEIIEBRSNE 2K
EIEREIEIMIN L TR R, RS XEIE—E O EBESINE »HEIEEHE I
WNLTELS RoEZIDNS.

Delta (2B L Tl&, FEATHF%E [9][10] & D EIER DIEINT DeltaC & DeltaM 23K &
{723 TRLE. ZOTRICH LT, BIEESHEMNT 2 & DeltaC AN DI
HoleWREL BAEMNPR SN DD o7z. £z, BIEEDHENT % ¥ DeltaM
HMTANDEIZDHZ2PRKELBRZZ DD, PEUTEIEER 300 ms THRH K=
AR NI, BIEEDPHEIMNT % ¥ DeltaV SMEADZEIZD 553, KEL
72 AEADE SN, EIEE 200 ms THRORKZ K RBMEABI A LN Z 23bdo
7o EEBRSBIMEMO SRR E A2 ¢, EIEE T DeltaC, DeltaV, DeltaM H3E
BEANRD NIz 7-0, EESIE 2RI EILEREDEININ LT DeltaC, DeltaV,
DeltaM K E KRB ZENEZ NS,

Varco IZBI LTI, FefThH9E [10] & D BERDHNNT VarcoC 23K & £ 72 % /)
L BRZ2DELELPDRROND e TRLE. ZOTRICH LT, BIEENENI 5
& VarcoClIRZLS R 2 Zebrh, BwFEIHELREDIEINT VarcoC 23K = <
ZA S 2MHEADN D o 7z, BIEEDEMT 5 & VarcoV D RELRDEZehNbhrD,
FEUTELER DHNNT VarcoV VR E K 2T 2D D o 7. BIEEDIEINT 2
& VarcoM b KE LR 2 Zehbh b, FEITEBIER 100 ms T VarcoM 23/ & <
72D, EBIEE 200 ms TREZ K RABMHEADD -7z, FEESIMNE B DO THkER%Z K2
¢, BIEE T VarcoC & VarcoV DWHEZED D HL/z03, VarcoM 3B EED T
DN o7z, FDI=®D, VarcoC & VarcoV IXFEERSINE A CEILEDEM
WHRLTRELRD, VarcoM IZ—EOEBRSINE TEBLEZIIN L TREL LB L
EZZoh 5.

INHDEENS, BREMED VY XLERETIE, 74— F ANy ZEBEEIZX - T
XEDFH X HDEFNRELARD, BEERLORFXL D ERXHDIXSDOWT
WREIENZVWEIHiich D, £, T—IXMBOEETIE, 74— KAy 7k
B K> TXHEDFEH e X D0ZXNKREIL AR50, BIEERZLOK NS &
E—IXKEDIESDVWTWAEIGRZED SRV ERHliE N 5.
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F5E 2AFEER

AIFFETIE, FAELZY ZLEEN T 4 — PNy ZIBIERIZIG L TED X 5 7%
ZACIH 2 2 8l 272912, DAF N CTOHARGEXEG A LITHEICBIY 2%
FEEER ATV, HEEEBRTHEONREEFR T — X2 ER - E— XD 1) X 4
h@f%ﬁUXA\ﬁ%ﬁot.%ﬁﬁ%kibu?®;8#%x6ﬂé.

o BIHXFNIOWT, BEEDINTHEIE— 7 XEPEL R3MEAND -
T2Zehs, FERXBE LD HKHIECKEZ HDTWEREXM O HE—
FIHIF L TREL R2MEADLH 2 L THLTWE. LaL, EESINEES
HrofERz2 /2 L P TFEXBEO NI RIEOLUBTEREND D, B&MF
HTHOEREEND B LiHiix iz, £/, FEHBEXEOFIEE2IKDSMEM
THEENRDOLNT, FRMETIHETEERZ LD L X LEBIER 100 ms D &
XDEMHEDOAEREDNRD LN, 2D ens, RIFFETIIEIREX
il & D FEXE D5 DAF OFENKE L Botz. FEHRFXHED I
EROEHBTERENRVHBE LT, 1 0DO&FETIREREELD -7
PEDOEEETIXERENRED bR o =720, RIETHEANRD b
ol =nlgEEDH 5. Tz, BEEER LD L X &EBIEE 200
ms & 300 ms OFEEFRIEXBEICEREN RO b ahro /-8B e LT, Bt
&= 100 ms THD DAF OFHENREL REIERSIMENZ P> EZD
ns.

o XX DIFHERAZ KT Delta IZDOWT, %%ﬁm%ﬁ\m;bIMmcz
DeltaV I 2K DEMER THEEEDRD 6N, FFHHTHEEEDIRED
ﬂt._®pt#%tﬂmMT%ﬂ%®ﬁﬁﬁﬁﬁﬁét%ﬁbt.L#L,
EIROEHBTHREZZRED SND, SEHMTRETEERLOE &
FEIER 100 ms D & X T DeltaM OFEEDIRBD LNL o7z, ZHIZTDOWN
T, BEMEETO DeltaM ICHEZEDRBD SNEENRZ N s, 2K
DEHFETOEEEDRD LN THET S, £/, BEERLOE X LE
L& 100 ms DEHETHEREZEDRD bk -HE e LT, &HEFMTo
DeltaM OZEDVNIWZ & &, FHFRAIC X 28R EZ LN 5.

o ZXRDEEN R %R T Varco IZOWT, EESBIMEM I LD VarcoC &
VarcoV I3 2R DEHHTHEEZEDRD b, LM TITHEZER LDY
= L EER 100 ms D & Z D VarcoV AN THEEZNED Nz, 2D eh
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5 VarcoM b [FIRRICERDEHFMTHEEDRD b, BIEER L LBIEE
200 ms ¥ 7213 300 ms DFEHFHTHEEENEDONI e FRALZ. L,
VarcoM X 2RDEMHFHTHEEENRD SN, LM THOHEEENR
HoNBPoT. ITNHIEFE—T7DOEHMGICHERLTVWSEEZ S, HF
DGE, FTEEREIHEDOEE LN TIHiiZN 223, E—J7D58IXFEE
RSO O TFHEEREDL I A Y FCiMiiaNS. 72, HAE
XEEFITFEEREDE I XY NOEIGHZ WD, BIEEIC X 2HENER
LB AA[REED D 5.

HHEETOMAZIZOWT, EBRSIENTH TEBRSIE 2 A0t FER
SINE & LN TIBEOENI R EL RAHEADP D -2, Fiz, BR - E—TFKX
LB EDOMEINTH T Hh ELAR SR v, HEEXBEOEENL L Ko
T2 EERBIMNE b\ =72, DAF OFEERZIFIC S WAEEMED B 2 EERSN
HH VUL, EFXEEHER L TDAF OFE2Z1F712L {§5 &5 RHH
HEHZIT> TCWAAREEDN D 2 EBRSIMED VL EZ LN S.
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F6E

6.1 AHARTHSMILIEZL

AT, BEIEE 7 4 — F Ny 212 X 2 HaEREFEOERZHIEL, M
74— FXNy ZIEROBIER 2 H ARGESG LA LIFICBWTHGE ) XLI28D &5
WHETZOPEMIAT 2 2HNE L. 207291, DAF N TOHARGE
BarA LTI BIT 2 REEEB L ) X LEEE A WG Y X L0 21T o 7-.
) X LFEEZ W HRE Y XL 0TI D Z e DL ITR - Tz,

o 74— KNy ZEERIC LD HEEFOTHL T— 2 OTHRKEHE 5
Zehbihrol.

o 74— KNy VEBEEICIDHEFEEFADTE - HE - T— I XKHDESs 0%
DRELLBBZ LD,

o 74— PNy ZBERIZLDHEFEEROTE - BEXHEDIE S DV TV 2
BNBLERLR LOROHFEEF LD BV tdibrol. ¥, T—J7XMH
DIXHDOVTWVWBEIFITEBERR L OROFREET A L LN 2 & HF h AL
BN ehbholz.

6.2 HRTENI-FRE

BAERER 7 4 — NNy 712 K B HEHWE RO FEB 2 HIE T E TR D & 5 725%
SNTREDFET B

o RIRAHD T TR DT

HAGEICIIRRE (e, @5, RS, ¥5) CEA LW BENFEE SRV
BREBDHL. BRERXMEOV X LHEEZ2 W0 T, BARERE ORI (&

BE) CEALEINEEFRTFEEECXANTERL, £ETFHLELT
TS EAMAERICHD BAEC B AREMEDH 2 Z e BB A NS, £DRD, Kt
FET, ERXEOOIMIBWTRE e #E, ERLSNLEFR BV TONEZ
fTo7. Thonrs, HRXKEZ BV TRABSCESLEINERZED
XXM 22T 20 ENDH 5.
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o SEEREO N IEO Bt

HEXMEOZIICTBWT, AR TIEIXEDOHAMEIZELZ - E—78LTH
vy b, EEXEE LTz, 51, HaRBRTEERER LOKR X )
FXELEML2EZBSMENR N, Lk T, ESXERFIEY X LI
RIFTHELHEL, BEXB OO HIEORE 21T 5 BEND 5.

e PVIZZ Y DD Y X L$6KE % F W=7 %7

ARG TIE, FihEV XA 22 ERIT 2720108 R E— 7 XED VY X 13682 (DeltaC-
DeltaV * DeltaM * VarcoC * VarcoV * VarcoM) % W= H81%17\W, DAF R TOD
E—TDOFRMEETANDS Z e THE Y X 2iHiliL/z. Zh s Oz XEE Auv
72V ZLIEREE LT PVIRRV REBBEIT NS, ZDIENIC, BENE— KT
f# (empirical mode decomposition:EMD) 72 ¥ DHIDERH» 5 ) XA L% EFHZL T
U AL "0 2 HEDMEIEN TV [50]. ZoZHWEHTIIED X
DAERICHR DD EHEL, FiG) X LD OWICHRE R GIEZ LT 208D
H5.
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