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Abstract

The temporal resolution of the auditory system is the sensitivity to the time-
varying amplitude envelope information of sound, playing an important role in
speech comprehension. Speech perception and the ability to hear sounds in noisy
environments are influenced not only by the frequency selectivity of the auditory
system but also significantly by temporal resolution of the auditory system. Tem-
poral resolution of the auditory system can be primarily considered in terms of
the ability to capture the time changes in the amplitude envelope of the sound
waveform and the ability to capture the time changes in the temporal fine struc-
ture. Information about the time changes in the amplitude envelope represents
variations in the loudness of the sound. Additionally, information about the time
changes in the temporal fine structure represents rapid frequency changes. These
pieces of information play different roles in speech perception, where changes in
the amplitude envelope are crucial for understanding speech, and changes in the
temporal fine structure are important in conditions involving competing sounds.

In cases of hearing impairment, early interventions and support such as the use
of hearing aids, cochlear implants, and providing appropriate auditory environ-
ments are essential. Age-related hearing loss is identified as a contributing factor
to cognitive decline, and countermeasures against this problem have become an
issue. Therefore, early detection of hearing impairment is crucial, and during hear-
ing tests, it is important to prioritize examinations that can identify the decline in
temporal resolution, not just relying on measurements of sensitivity to the loud-
ness and pitch of sounds, as commonly done in traditional audiograms. Despite
symptoms of difficulty in speech clarity, conventional hearing tests often struggle
to diagnose hearing impairment, leading to the concept of ”"hidden hearing loss.”
The decline in temporal resolution, one of the causes of hidden hearing loss, often
goes unnoticed in conventional pure tone hearing threshold measurements.

Temporal resolution of the auditory system measurements are difficult to per-
form on newborn babies and infants because they are based on subjective evalu-
ation. Additionally, the lengthy nature of the measurement makes it difficult to
accurately assess temporal resolution in older individuals and those with hearing
impairments. Therefore, there is a need for an objective assessment of temporal
resolution.

As an objective indicator of the auditory system, there is otoacoustic emissions
(OAEs). Otoacoustic emissions is a phenomenon where faint sounds are emitted
into the ear canal due to the active function of the cochlea. This occurs by inserting
a probe into the ear to record the emissions in response to presented stimuli, com-
monly used during auditory screening for newborns and infants. If the waveform
of otoacoustic emissions is not detected, there is suspicion of hearing impairment.



Otoacoustic emisiions is generated during the latent vibration of outer hair cells
when the basilar membrane vibrates in response to sound stimulation. Therefore,
examining otoacoustic emissions has the potential to capture the vibration of outer
hair cells in response to the presented sound.

The perception of time-varying sounds, including temporal modulation, often
involves the use of modulation filterbanks. It is believed that these filterbanks may
be related to nonlinear effects within the cochlea. Otoacoustic emissions is thought
to be associated with the stretching and contraction of outer hair cells within the
cochlea, which act on the nonlinear effects in the cochlea. Nonlinear effects within
the cochlea involve the amplification of weak vibrations of the basilar membrane
and the sharpening of frequency selectivity. Therefore, it may be possible to
estimate the temporal resolution of the auditory system by examining otoacoustic
emissions.

This study aims to investigate whether or not the temporal resolution of the
auditory system can be estimated by examining otoacoustic emissions. Thus,
this paper studies the relationship between the auditory temporal resolution and
otoacoustic emissions. The gap detection threshold, temporal modulation transfer
function (TMTF) and frequency modulation difference limen are used as the index
of auditory temporal resolution. In the gap detection task, the threshold is mea-
sured to assess the ability to detect gaps (silent intervals) inserted into the stimulus
sound. Therefore, a narrower detectable gap implies higher temporal resolution
in the auditory system. In tasks related to the discrimination of amplitude mod-
ulation depth, the threshold for detecting the temporal changes in the amplitude
envelope of the stimulus sound is measured. The threshold is then expressed as
the temporal modulation transfer function (TMTF), representing the function of
modulation frequency. A higher sensitivity of the threshold in TMTF and a wider
range signify higher temporal resolution. In tasks related to the discrimination
of frequency modulation depth, the threshold is measured to assess the ability
to detect temporal changes in the temporal fine structure (TFS) of the stimulus
sound. Therefore, a broader frequency modulation frequency shift implies higher
temporal resolution.

As a result of investigating the relationship between indicators of temporal reso-
lution obtained through measurement experiments and the characteristics of otoa-
coustic emissions, it was found that there is a significant correlation between the
peak sensitivity of TMTF and the peak level of otoacoustic emissions. While there
are no significant correlations between other combinations of them. Therefore, it
suggests that the peak sensitivity of TMTF can be only estimated by using the

peak level of otoacoustic emissions.
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B1E i

1.1 ILC®IC

BREPRIEEREHEAETHICTA2EICE, BEORZIILEIDTIERWVE
MZLDERPIEENTVS., ZOTIERPVWRHEZLOERIEZ, HFEZiXe
LCHEEIZ - DEBELRFHN2D RS, BOKRZIPLEHZXDTIEPVRFHZE
LERZZENPERT2E, BEPEIZATVW2DOICHELSIMEGEL T
ZOMFEEMBZeNHLLRS (K1.1). TOFDODREZIRE XD TIERLVE
MZLEIZ 5 2 e DTE R E RO RRE 2 WS . BER RO DR, &
DIRIEEEARERORE L ERHET2EETH D [1])2], ZEIXDOFEEIWDICE
WTHBERKEHZH-TWS 3][4]. BFOREEZIWMOCHE FTOFOREZIDIC
EEHE O B BCEIRIEIZ T &, REgMEEICD RESELGINS. RS R
BElX, FICHEOIRECEDORRIZLZHE 2 28677 & RIS DR 2 b
ERZDEENLICHTITEZD LD TE S [5. BERFEOIRIECEDORBZLD
THRE, BOREXIORMEE(LERT. T/, REEMHIFEOREZ(LOERIZ,
B O T IERVWREZELEZRT. ZO5DERIEF OB XD ICBWTER
2HEEHS TV [6]. IRETHEORRIZ(LOERIK, EHOEXEDICBWVT
HEREE R[5 £/, RS ORMZELOFERIE, BaE OFEE
T CTOEEZE D ICEE R &EH 2 Rz [6].

ZD I, BEEROKRM D EEIXIESI D ICB W TEHERKEZR-L T
3. L, IEROBEHHRETIE, A—IF 77 201RFTEINBZIIICTHFOKRE
IXEIDEEDADRNEETOHENEZ L, REELOBREEZHEST 5 Z 21X
Y. 2o, BEHBEOKR TR L VWo/z Z LIZDREZELD 12 X DIE
IKD3HD B2 00b 5T, (EROEENMRE I TIREEL Il Xhinwz e 2d
5. 2L, TBEN-HHE » LTINS [7]. BRAEEEDLE, RS REED
KRZHES 220V, £k, EREISWER, NSRE2EZISREHMK
FLTWAHITHRL, BOHMWKRZELZIRAT % & 5 REFE S EEEN KT
LTWBIZEeNZWVI(E. DX IRHEEROKHIMBIEDK NIZ XL
O IicB 2HEOERFICZD 5 5.

CEHDEEHEBWT, FRIERRERICKRD R BEREIVWIEH LI5S
SHIEESP N TE OEH, MU EREORMZ Y v o RO NIRRT,
Koz [9). £z, EEEOHIIRAEOERK r LTEIF LN, ZOXRD
AL 2o TS [10. 207D, BERIWORIMRERIIEETH D, HOIME

1



DRI, MFHEOREZ T TR, KEDTHREOKTNZ2HERTE 2 X5 LKA
LEHEHIRZITHILEEZALNS.

1.2 s =

R D ERE DK NI, TERDEENMRAE CITHbN 2 MEFE S BEOHIE TIER D
Jons, Bh#EDORKDO—DTH 3 [1).

REE D FRREDHIE TLE, ¥ vy THHERES., IRIFEZHOZHEZICEE T 2 7 5HIER
i, SR OZHE T 2 FRlEREMTONS. ¥ vy THHERETIE, #
WEOHFIHASNZEWESOERZEEL, ZOERICEI>THEDOES %
ZAEIE TV Z e TZOREEZRD 2. ZhUc k> TR LN RINOEEXH
¥ vy THRHBIE E FRIN 5. IRIEZFAOLFEICEE S 2 FHlERE, EREEH
DEFLIWZEE T 2 T HERE D FRICEHOERZ AL S 5. FRlATETVWS L
HWr X NG ERSEHZEB LS L, BT ETniwn e s 581350
ZH LTS, X o THR LN R/DDEFELAHIFEEICRS. N5,
FHFHEIC L 2D TH S0, FAER - AHNRITHLTITS 2 e L. £
7z, WENERRNC KA, Ml R EIIWE I U CIEM IR 7 fERE
ZHAET 2 Z LWV, 22T, FESHREOFEBNLRFHEIRD HN 5.

R[] 0 fARERE D BRI 72 F M 5 1 IC oW T, BEMEANERSS (ABR) SCBEMEE & K
J& (ASSR) ZHWZHEPREF EN T X7z, Werner 513, KD REDIERED
—DTH 53X vy TR EE & BN RICOBREICOWTHE L. 20Ok
B, HEoPIcESXEZHEA L JICHIR UK R)IG E £ vy T
BIMEWCIZERZMEEND 72 [11]. £z, FIlSE, B & L s S 1
BXEPHEA SN FHZRR L 212, BEEEERICISGEVWLENS 2 S
PERFAT L 2] 2R, BEXMEI HEAINTZHEE 28R LGS I3
WEFRIERA LI, BEEXEPHEAIATORWEE 2R L5 aI2EZ
DRIEBH N 0Tz, Tz, WEXMEOE XA U CTHEMER R)ISDIETE
DIRMEBKEL R oTe. TNHDMIED S, Mk Z F W7 BER R DR 77 R RE D
A IBEAARIBET H 5 Z L AVRSI LTV S, BEM IR SO BENE E & G D HIE
T, BEIBRTE3ANY RRUYRA YRy, TEEICEMZESE T 20N
Hb. Fiz, BRPEVWEGS, HEKOEADERNS, MEIRSOHEEDOFKEL
DGEDVD B0, BREDPKEICRSE D5 [12]. 2070, WEEZHWE
HEZEBREENOBAENIKRE L, XVAHEO/NIWHIEEDOBF I RD 5.

FERAREROFB2IEERE U THHEBES (Otoacoustic emission, OAE) 73
H5. HEEBHGNX, WTORERREEEEIC X o THEEMISHME LB H &
NBBRTH 3 [13]. 2, FIFZFORT BEEEBNORE 2175 Tu—-7%
HiHALTHESN, FER - ANROBERRA 7Y —=> OB 5.
HEE BN OEE B SR WGE, RO VWDID 2 L Hkians.



T, BEERHORERX =X LZOWTHAT 3. HHICAhIALE
X, ZROREE L TEHBELIREIXE, NEOWMEANLES. 2 OIREIDHHFMN
DEIEICED 5 Z 2T, EEMELHHES 5. S EEMEOMiEC X 255
FRREIC & o TIREN§ 2 BRI, NEEMRZEBS 5. IS NG E/M
BRI E O, AAEEMEORENT ) > ROtk > TEL S
bDTH 270, ZORBHNIZED, AEEMIRIE—ERBIRET 5. Z O#RE)
W&o THEEBEMRE L, ZANEEICESEERST LT3 [12]. Z0
720, HEERS 2N Z 212X o THEE S 248 BHIldoRE 2 48 2
32 e TEBARENED D % [6].

KEHIE, BEEBRH DAY b e RSSO WHEHEE ) OREFR» &, K
AR S DU T DEANZD, COREVPNEIIL2DDTH 2D 2HE
L7z [14]. ZOFER, ReEMHIEE O LERE T DEAZED 5 5 32% ~ 39% HINE
DEINCELZDDTHEZ BT o7z. £z, Wagner 5%, +V—T7IFRK
5 (Medical olivocochlear reflex, MOCR) 23 & DOFEEH & BT D A & 12 AR
TS 200%HE LR [15]. AV — TR &%, G EMIEOIRE) D R
RErEIE 2@z T, BEMHHIER OIS, o HE
AN OBREFHE LR, BEEMH ORI D OEENMERL RoTWnd
JEEEIZ BWTERARD MOCRAALN, BELBHEMERH-7-. 20 L51, BH
2R & BERE R R OBRIEIREE S, ERERMEROE = 253 2 FEoiEEe L
THARBRBHTHWONTE 7.

HEH R DI 77 RRE 72 YR A B S ORI EICIIET 7 4 L2 AV ISR
5. BR7aNEZN I, BEERRIEREPBICICHRT L7 404
HOZET], MIBLES e LTWAZEHMBEEEZFLE LR 7 4 VX —%
HWH L, BENZZFREBOR A —2BREIES I TE 5 [16). iUt
NDIEFIENRICERT 2 e ZE 2 o 5. WHENOIERIER 1, EERDOMY
55 72 REN D R R ECEIRME DS Z v TH 5 [1]. BEEBINE Z DIERR
FERNBICAER 3 2 4N OV E B MiEO B 2 IR LTV s wbiiTwn
% [17)[12]. & »T, BEEBGF 22 2 & CRE D IREE %= #E T & 2 AlEEED
bH5.

1.3 OB/

AR DOEHINE, BEZHE (Otoacoustic emission, OAE) 7 &5 BER 2 DIRFR
DRBERHEE T DN TERDEIDLEMAN T2 THS. ZDRDIT, K
o fRrE DIeiE & B BN OREOBRMEZHE T 2. BEEEIG Y oK n
fREEZHEE T 2 Z e 3T ENUX, FRIDMREZ FHBANCIHMES 2 Z e TE 5 K
TR B.



1.4 ZFERX DS

X 1.2 ARG DR E RS, KigI 7TETHR SN 5.

B 1ETIE, BEERORMMEEDEEN: » RO REDIREOHIEICEBIT S
MIERIZDOWTIARN S, X HI2ZDREFEL LT, BEHFERSZ vz iHiiik
Y, R RAED & OBEM IOV TR S,

HF2ETIE, BEEMG» OWERERORE DAL HETZ 208 5 MRS
% 7DD ONTHNR S, KI5 FREE DIEREIZ DWW T Z D E K & JlETL
WCOWTIR S, RBICHEEBENOWTHIEE L IO W TR 3,

B 3ETIE, RO MEREDIREDORIE R OWTIAN S, KD fREE D eI
LT, ¥Fryy IMHEE, FEZEFGEERR, FRSEHRTEEZ V5.

#4801, BEERNOHEERICOVWTHRNS., AEEBTHE LN
M5, RIBEKIRERE ZDOART P ALEHET 3.

5 ETIE, HE L KM MBEDIEE  BEEERS ORI OBRZHE L
s 5.

%6 ETIE, KETMEEDIEE L BEEHOR Mt oBRZlE Likin L 7z
FERN O RIREREZITS. 2URERTIX, BEHFERGH &R DR fEEE %
HETEZ0E I 0EMETT 5.

WITETIE, AEOERE X CSHOBEICOWTIRRS,
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F28 MMEDOAHEK

2.1 HB

21ICHIEERT. 1B TR K 512, Ko eE L YRR ZE & O HIHE
WIXEHR 7 4 N ZANIZBHAWLNS. ZHUIIRERNOIERERICE RS 2 AT e
WRHdEEZLNTWS. %7z, BEEBRSNIZ OIERIERIRITIER T % 4
NOHEEMIEOMHEOE X IR L TV EEZEZ 6TV [17][12]. ZD7=9,
B2 e R RORH D FREICH RN D 2 e ZE X o b, BEEEREN L
HROR M DR ICBARES DU, BEEEBRS 2N 5 2 & CTREHE 5 fRRE %
ETAHIEMTELIZ2D LGN, 22T, AR TIIEEERS (Otoacoustic
emission, OAE) 2 HHERERDOR D REERHEE T X 208 5 AT 5729, K
Bl RE DT e BEEHN OREOMBRMEZHE T 5. D HREDfEEE L
T, ¥yvy FHRHIEIE, FRRIZRTZEREE, ERSERATBEZ RS 5.

%73, REDBREOIEEORIEERZITS. RICHEE B ORIEERZITV,
HEZEHRS O ED - SLFORSR AR ML =27 LNV RERRHEO T %
1795, ®RIZ, REDMEEDTEE 2 o OB HE BN OFRUCEEEMEDLN D 2 5
ES B ZRAHL T2 5.

2.2 KFE9EEEDIBEICDOWVWT

2.2.1 Fyy IRHEE

Xy IHBIE (18] 1, FE ICHAIh X vy 7 (EEXME) &g
[EHEICHETE 202 ETdDTHD, Fyv FICBT 2 7RIEREIC X > THIE X
N5, ZDH, MAITE 22X vy IOV IR RORE 2 REER S W & %
BT 5.

FliEF cAHEEE W26, Sy 72BALTHIRBARY FLICZERIZ
W, ZD7S, HEICESHVWSR, HEL~ULH 30 dB UL EDGE, BEEE
DAL A3 ms T—ETH 5. —F, FIEHIHFEMEZHOW 2581320
HBIES HRU DA IS & - CTRIMELE 3 ms~40 ms OHEPHTE(L T % [19]. HEE D
HIIESIE R B IFHEIF A= 3. U, BE 74 L ZBF vy THRED
FRLOIENTHZ e EZRLTWS[1]. £/, Fyy TEBATIMNEE T



YR LZLIEGE, HEEOFBIENE D XS B5ETH ¥ vy TRHEEIZ KX
{725, T, BHEDX vy 7OMBEICERZRANT 25 2 21 L TERTER
{72572 TH 5 [19].

Z ZTABIETE, HEEICHBMEZHWS. £, Fry TOHULERTHH
E DHUDER I —ET 2 L 5 WTHIEE 2T 5.

2.2.2 REZIERH

REFZE TR (EBE 2L (Temporal modulation transfer function, TMTF) [20][21] IZ,
RIS OYRIE L&A ORI ZLOMILRE N Z2HE 5 D TH D, BEOZE(LZZH
JAEB OB LTRLAEDDTH 2. 2, IRIBLHFHASTOLHFEICET 5257
AAREIC X o THIEE NS, FHEZRIRERBOBREORKE G, ZOHM
JENE R FIED RV Z L 2 ERT 5.

IR AR E OZ IR S 2 ARl X o THIE XN 2 L E ORMED, K
W BB TR —ETH D, ZREABBIE R3O0 THEMT 5. %
D7, RHETmEREROIRIE e — S ZADORHEZ /RS [16]. R FARZREEL
DIIROFEEF vV 7AEEIC X o TE LS. ZhiE, REZFICI->TED
LHAFIROHZEZ L 2D TH L. ¥V 7RI AH KD JFBEREIK Z= <
7BIIEE, 1DODWEE 7 A NXTIIERAZZED# LIRS [1]. 2% b, HEX
N7 BMED IR R DR 7T ARRE7S I T/ < BB RREIC 2B X N 5.

Z ZOAMETIE, MMEcHEMEEHVS. 7, HBoLHFEED 1z
2558, MEML %57 DEHFED 1 %288 2 VWi TR R ERE R O H
EEBRZITD.

2.2.3 RBREEFAARERE

R B B, R O RFEHIAEE (Temporal fine structure, TFS)
22][23][24] ORFEZILDIRIBEEN 246 T H D TH 5. UL, JARBEME D&
KIETRBIREIEICE T 2 FRAEREIC X > THIEXI NS, EIRBZEH O &R JE R
(RFSIED NN E E R T FRRED BV & 2 EIR T 5.

ZEAA AR 2 He3 Hz & D IRV S, IS OFHR 2z FHErb e L
TREBROERAE AT 2N TES [1]. T/, REBHIIEDRFZLE I
Z BHENNZ, BEMRR K ONAHEERGCEE R 1T 5 [16). FIEEDOEEL L
DRREHCARWIG S, FRBEREFIBRENIRE RS, ZhiZ, BEMERKDOA]
RO BRI T 2 72T % [5][14][25).

Z CCAMZE T, ZFREREE 2 Hz & L THIESERZITS. £/, BELAN
L% 65 dB & L THIE DIERZ1T .



2.3 HBEZWHIcDOWT

BEMGNE, W OB RIS X o THEEMNICHS R EN M XN 5
WRTH 5 [13]. 2, SRR BEEIRNOREZ1TS I un—7%2HIZ
mALTHEEZN, FER - ANRORER R 7)) —= v 7ORICFHENS. B
BEBN OPIEHI SR WGE, HIEORWD D 5 LS [26].

BHEEBEGNE, WANOIERIENRICHRS [12]. 2 DIERERNR & 1%, ME57H]
BDAINTH LT A D EFS, BJERTORIBEBEREDEHID Z e TH
% [1][27][28]. AU, AAEEMIMOE = ITRER T 5. %7, OAE I3/ EHMNE
DIRENDIBIRFIC K o TERIEBEIREN S 2FBCET 2D DTH 2 [12][29]. 2D,
OAE Zf#N % T &1 & o THIFE I 2 A BMEOIREN 24 X 6 Z L 3T
HEEZLNS.

BEEEBGNIAN T 2RAE IS L > TZOENRER 5. BIRINZILSFMHEE N
TW2 DX, AREEERS (Transient evoked otoacoustic emission, TEOAE)
L BB EERET (Distortion product of otoacoustic emissions, DPOAE) T®
% [30]. TEOAEZ, 7V v ZRBUIINE L TEMENS. DPOAE X, FABED
B3 200FZ2RARHCIRRT 22 e TAERENS.

AT, TEOAE ZfWVns. 7V v Z7Z2HWS Z 22k o TH—DHIET,
FLER LD EEEEL OGE#R e KIT 2 Z e N TE L. 207k, KWV
JEREELPIC X 2N E BB X 22 2 2 e TESR[REMDLDH 5.



FERRER
EEE&mat EEH MR
TRIT4ILEBINVD

2.1: WIFEDTTHE.
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£38 FREDHEEDRERER

3.1 F vy TIRHEED R ERE

3.1.1 SRERFIE

200 ms D FAEHEE (0 ~ 24000 Hz) &0 L, 372 ED &3 R DETICZERZ 50
ms @ cosine ramp % b ORI EHF ZIEK L7z, F vy T2 E&LREI, 7ER LM

BHOHLHTE X vy ZOHLD—HT 2 XK vy TEHAT 52 & TERK
L7z, AEMEEHEEEy ST IERKL, 1 EOFETIRRENS 3 D0FIHIC
X, ACHAGHEEZHWE. fBoETELr i, ATH (B&K type 4128) ¥
et (B&K type 2231) ZHIH L T 65 dB I 7.

3.1.2 SEERKL3S

M 3. ICEBREZ RS, FEBRIMEENTITbIL, EBREIE, ava—
ot —T 4 A4 X —=7x2—A (Roland Rubix 24) , A7 LA~y RKV 7
> 7" (Audio-technica AT-HA 5000) Z/1L, ~\» FsR>¥ (Sennheiser HDA 200)
P HIERES L.

3.1.3 EEEBME

KERSME X, EERENEE ST RERE 124 (B4, ZEsd,
Eiln 24.8 %, EMERZ 2.09) ThH o 7/-.

3.1.4 A&

32 WCHHDIRR A Z — > o—flZeRT. BEORIEICE, EF L TRE31] T
one-up three-down =X =7 HlZFEIR BAFC) ZHW. 1 EOHEETAH Yy
I [E1FE 500 ms CHIFAZ 3EHR L2 GEOFED 55 1EEF vy T2 E8T) .
Xy ITPHBASINLHB RS 2EFE TS VX LIHEL, RUNICIERENS
FI 2 13, 2BH IR RSN AHHZ 2%, SEHIIE RSN HHZ 3FELE L

11



Audio interface
(Roland Rubix 24)

A 4

AMP
(Audio-technical AT-HA 5000)

Headphone
Sound proof room (Sennheiser HAD 200)
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7= EEESINE X, GUI LORZR VL EEXE 2 E0HEB IR N-FS
BEIRL, MET2 E51KkD7=. OB ERLIITOY, 1ERHERINT:.
Fyy 7T, »5 ms oM N, 3EEETERL25E, T, 2 50%#P
X, PIEBOGEZ 5098 Bz, B 5 DHDRIEF vv 7D 30% DI
MERATy TH AR LTT, 2Z{bXE. Zhkiiuis 2B o3 T
Tolz. Bz 12ADIIED S B, wmiED O DRSO EEEEZEH L
7z, ZOEEZ 2017V, 1HEEE 2B EICHE LZEE 1 ms L EOENRDN
X, 2 O0DBMEDZED 1 ms Aiiiic72 2 FTEREEZEDIRL. 2BOHERERD
SEEE X vy THHBIEE Uz, EBEZRFE T 2TV, MEIN L TTo 7.

g" Stimulus 1 Stimulus 2 Stimulus 3
<
500 ] Time [ms]
200 Gap
(= Tg )

3.2: F vy THHBEDRIEICHE T 2 RBIEIR & 3AFC DR 8% — > Dl

3.1.5 R

X 3.3 ICHIERE R 2 /RS, HEEIHE L2 vy TRHEBEZE, #inIEHE %
L, EroHE, FHTOMREZRT. FHOMRTREINTWSAHUEX, MU
SAEEEIFZ A U R SN, ARTE, MUEd S0 EEZ T —4 &
LTHo7z. Fry FHHBEOHPHIZ 1.99 ms ~ 3.17 ms THHEHOVEHEIX 2.51
ms, fRERZIX 031 & Ro7. AHOFEEIZ 2.26 ms, FHERZEZ0.32 &2 -5
72, MEEDOEFERTIE, FIIME 2.55 ms, EHEFZEZ031 kot EAHT
BIMEDEZ0.25 ms &R o 7. t MEDHR, EHEOBEORRICHERRZEITR
Doz (¢(11) = 0.40, p = 0.70) .

3.1.6 E%

EEEE O X vy TRHEEIMR2 ms ~ 3ms TH 2 Z 2 2HI 5TV S [1][19].
AREFRTHFERROMEAD A SN, T2, EABOBEDRRICHERERZEDIZ o
e, Xyy THRHBHEICBVWTEABOEEI NI WL EZ LN,

13



Gap detection threshold (ms)

3.9

2.9

1.5

00

Right ear Left ear

3.3: X vy 7 H RE O HIlE A R
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3.2 KMZAERHORERER
3.2.1 SEERFIE

750 ms D HEHEE (0 Hz ~ 24000 Hz OHE) &8 U CTIRIEZ A% 20F, .k
D ¥R DERIICE AL EAL 50 ms D cosine ramp & b ORTEETER L 7=, IRIBZHH
SRR y(t) 1%, KD LSRN 3.

y(t) = {1+ m sin(2n f,,t) b (t) (3.1)
ZZTC, x(t) ZEOHEE WX, fn EEHREEE, mIERETH L.
FHEEy P CERL, ~EoEATIRENS 3o0FIEICIE, FTHMG
MEERHOE., fBoBEEL X, ATEH (B&K type 4128) ¢ EEEFT (B&K
type 2231) ZF|HL T 65 dB I X T-.

3.2.2 SEERKLIS

BRI EENTITON. EZRHEIE, ava—ahod—T44 4 & —
7 =— A (Roland Rubix 24), X7 LA~y Kk 7 7 (Audio-technica AT-HA
5000) #/TL, ~Nv KK (Sennheiser HDA 200) 7» S8R X7z,

3.2.3 ZEEREME

EERSME X, EERENEEST A2 RERE 11 (B4, K44, 5
il 24.8 %, EEMERZE 2.17) Th o 7=,

3.2.4 A&

B 3.4 IR DIER AKX — > D—flZRT. BEOHIEIE, BT ([32] T one-
up three-down =X =f5RHEIRE (BAFC) ZH Wz, RIELH X N 7-HliE %
PFORT BIEFIE T ¥ X LIHREL, OIS N2 HHE 1 %, 2BH IR
N30 % 2%, SFH IR RSNAHE 3HEL L., EBESMNE I, GUI L
DAREZ D HIRIBEFF X N 7RISR I N B S HEIRL, FET S LH1TK
7z, WMo ZRLIFITOS, —ERLTRRINT.

ZAE m 23 0.96 2 6t E Tz, 3EEBITIER L7256, m Z 0% X 1,
RIEREDGEZT A0%EINE /=, 72720, mBOLUTERZ 1 Bk - 7256
WEHIEZHIE L2, ZhZ2Efias 12fAF o2 FTITo 2. Bohik 12D
S D S5, &% O STHOEHIEOFIIEEZHEL Lz, ZoflEr, 2[1T
W, 1EHE 2[EEICHIE L2RE 0.2 L EoERHIUR, 2 DDMEDZED 0.2
RIZIR 2 EFTEBZHEVIR L. ZoWlEr, ZHRBEBE £, 234, 8, 16, 32, 64,
128, 256, 512 (Hz) @ 8 s T1T - 7=.

15



3.2.5 ¥R

ZHEm=1%0dB e LT, BonkMEZRDL. FERRIINL, &RPh
REZAMALT, XX TERSINLRE@EE 7 4 VXET VT 40T 4 7
5% Z & CHRFZRIRZERE (TMTF) %157 33][34].

¢(fim; Ps, fe) = Ps — 101ogy, % (3.2)
[7)

ZZT, PIREREDKE, f3hy VA TEBRTHZ. R4212F0FH
DEF TR ONTEFEDOMMEE RS, 4 Hz~ 64 Hz T TIEHIE L 7-BHAE
WIE e AL e h o7z, ZHFEEE & OZHE m OREOLEHFEDIX 5D
ZXNFE AR CIZR o7z, 3.5 ICERSINE OFG ORI Z RS, R
5, HE®D Py D%, —20.0 dB, f. D¥F3913230.1 Hz £ o7=. KED Py
DIFENZ, —20.3dB, f. DF¥ENTI 1824 Hz £ o7z, HH  EHOMRZ s
2%, fLICBWTEEEDIEI N AT THeEm L o2, LA L, t REDKR, &£
HEOD P, f. 2 DICHERERZEIT R o7z (#(10) = 0.39, p = 0.70, t(10) = 1.78,
p=0.09) .

# 3.1: FFHZ A ERROHERR
R E R (Hz) 4 8 16 32 64 128 256 512
Y (HE) 0.10 0.11 0.099 0.11 0.11 0.12 0.16 0.26
R ((5H) 0.03 003 0.04 0.04 0.02 0.03 0.03 0.07
Vg (EE) 0.11 0.10 0.091 0.11 0.10 0.13 0.18 0.30
EHEEZ (fFE)  0.02 003 0.02 0.03 0.02 0.04 0.05 0.05

3.2.6 E

R 5, TMTE O Ps, f. & DICEGHBOHEICHEERED RPN D,
TMTF IZBWTEGBOHEIINZIVWEEZIONS. T2, ZRHEREBZDZE
FAEm OBRMEOELEEDIXSLOXIFIEILALRUCICKR T, ZOoZehs, EH
FIRBDE L D R H L K o THEBRSIMEHDIZSLOZIREL AL
HBLizweEZLNS.

16



Stimulus 1 Stimulus 2 Stimulus 3

] ;

1500 Time [ms]

Amp

750

3.4: FFRZFRTERRBOBEIE BT 2 FIFIR & 3AFC DIg/R S X — > D

-25

|
N
o

|
(42}

Relative level (dB)

|
o
T

L1 1 I I
4816 32 64 128 256 512

Modulation frequency (Hz)

3.5: IR AR{RE R R DU EURER
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3.3 FRHBZEIAF B EEDRERER
3.3.1 SEERFIE

WO B DS 2 kHz, FERTRAY 750 ms OME 1N U CRIRBE R % 2, 7
ED eSO ERICENZIL 50 ms D cosine ramp & b ORI EVER L 7=, K
BEFEINTR B y(t) 1%, RO KXS 2RI,

y(t) = sin (27rfct + ?f sin(27rfmt)> (3.3)
22T, x(t) FWoRFE, AfIEKEERERZIE, f. 3ZREREKTH 5.
g" Stimulus 1 Stimulus 2 Stimulus 3
<
1500 Time [ms]
750

3.6: FBPEAFAFARIBIEDRIE 2B 1T 2 KB & BAFC Of&R & — > Dffl

3.3.2 SEERKL3S

KERIFEENTITON . EFRIE, avCa—2hot—T 444 02—
7 z—A (Roland Rubix 24), A7 LA~y FHR > 77 (Audio-technica AT-HA
5000) 2/ L, ~v KR (Sennheiser HDA 200) 7 HigRS .

3.3.3 ZEEREME

EERSME X, EERIENEE T2 RERE 124 (B4, K54, ¥
Tl 24.8 %, FEEMERZE 2.09) THh o 7=,

3.3.4 A&

3.6 WK DIRTRAZ — > O—fil %273, BIEOEIEICE, 2/ REET one-
up three-down =X =FRHIERE (BAFC) ZHW=. HIEX, ZFHERE 1.,
P32 Hz, HARSEREIREIE Af 2540 Hz OB SHBEI . Af O 40%% A

18



T TP A X LTAf 2L XE7. ifam s DAL, AfD30%% AT v
THA X LTS E. ZNZiims 125 o2 £ TTo 7. Boik
R2EDEIED S B, &k S SHDIEISEOEIEE Af OEY L.

3.3.5 R

3TICHIER R 2R, MEIHE U-RE Af 2, MllZilEE2RL, £
HohH, EHTOMRZRT. BEDOHMIL3.78 Hz ~ 20.8 Hz THE DA
139.72 Hz, FEHERZ1Z4.06 72 o7=. EEOFEHEIX9.15 Hz, FEHERZIX 4.06
Yot FAEHCTHRMEDZAIZ057THz oz, %72, EHOBEN LD B
EWEBRSINFIIGEOBIMED I X D BEEN S R2EANA SN, tBED
fR, EHAHOBEOHRICERREZ R o7z (1(11) =0.33, p=0.74) .

3.3.6 E&

R 6, EHOBMED XD EWERSNE IGHORED VXD E
EhE < R 2 HADBA SN, £, AAHOREDORRICHERRAE L1 o7
Zeh o, FABEBZERANBECBWTEGHOFEI NI VWEEZLNS.
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Af (Hz)

23 l l

20 | 0 0

15 - 7

10 — .
S - B
0 Righ’lc ear Leftl ear

3.7: JRIBZRRAS R F7 9] R fiEL oD I s SR
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F48 HEEBHORAERR

4.1 HERRE

FEE 1T ms D27V vy 278 GZED &L R DERITIZ 0.1 ms D cosine ramp % b
D) & 100 ms DWEX TR S N7z, FEOBEE L Ui 2 8 & [ U2 F]
FALT65dBIZR 2 X2 I E T, FoEEL UL, ANTH (B&K type
4128) rEEERT (B&K type 2231) ZFIH L T 65 dB ICHARE X 7.

4.2 RERMEES

EEHFEE, 58D S USB Audio Interface (Fireface UCX) %H#EH LT, B
EHZEWNTA YA (etymotic research ER-10C) TEBRSMNMHZ ICHERE 7z, OAE
X, AVYKRYEe—RKIZRoTA VF =AY =~ A4 7k 2EBESINEOIHNEE
PIZHA L CTHIE XN .

4.3 HEBSNZE

KESINE X, EEREDEE T2 RERE 128 (B4, TEsd, B9
i 24.8 %, TRMERZE 2.09) THh o 7=,

4.4 HE

X 4.112 OAE ORIEIZB T 2RI DIRTRANX — v Z2RT. ERSNEDOREIC
AV F =AY —~<A427akRre AV RyEEEL. OAE OHIEIX 3 EfTOIL.
—E DT TR % 350 BHER L7z, EBRSME L, BATEEHITS L5
WZRD. —FTOBADRHNEbo=HY, b5 —TOHOFHEZTo7. H
ExRBWMT2HIX, &L L.
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o | Stimulus

< [\ -

101 Time [ms]

X 4.1: OAE OHEIEIWZBITF 2R OIRTAAEZ — >

4.5 LR

KERSME OB IS MENE TN XE 2D BRE, FIECHIE L=k
xR nEEE Lz, BHREEZRD 27012, 3EOHIETERENINE S L7
BEDARZ " VOMBEMEZEH ULERMLLZ. ZOED 05 28R 57 —4
% OAE Bl 7 —& ¥ L7z [35]. %7z, ZV v ZEDMLLEDDS 10 ms ~ 70
ms DXfZ 7 —& & U THfio7. MEFETHE L NP OYRIE &R Z /i L
[36], FRUEORAMEDFRICHZ LI IKKE L. 2, ZORBEERERD
JAREI AR b KDz, K42 1ZHEMRO—Hl 2R

ARTIE, OAE OFE 7 IRIE CASHE R & B AR v b8 8H L.
IRIBCASHREROF N2 S 1 DHOY =27 L)L Lp b ¥—JKM T,, ©—2 0
Frgilefe] T, OAE OBHGAIRME T,, L EDKR T,, S RO T, ZRHE e L
72, A RY M TRERIID 3OO — 2 Ly, Ly, Ly £ZFDEFEK F,
Fy, F3 ZREe Lz, R41ITRETEIER> 5B ONLMRZ RS, £4.2
IR B D B IR A R T M HG 5N FERE2RT. RKFETIE, OAE
DR DA D RAE L BRI 2 e E X, ThoDRHERHEB L. BR
5, EERSHIHE T OIRIEISROBIRICTIE S D XA LN,

# 4.1: OAE ORIETASKRIEH > 515 5 N7
Rt FEE RE R
E—Z L~ Lp (AB) 754 2.13
Y — 7R T, (ms) 21 7.8
¥ — 27 OFiliE Tr, (ms) 28 9.3
FAGAIRRE] Ty (ms) 9.5 7.5
(ms)
(ms)

AL E DR T, (ms 15 5.7
AN DR T, (ms 14 9.5

22



# 4.2: OAE ORIPEART P 515 5 R
RgE FEE R
BIY—2ZL~L Ly (dB) —204 2.66
81 ¥ — 27 R F (Hz) 23.8 3.57
Ho2V¥—2Z1L N Ly, (dB)  —25.5 3.55
52 ¥ — 7 R F, (Hz) 42.0 7.13

(dB)

(Hz)

I —2Z 1L~ Ly (dB)  —29.5 2.90
3V — 7 Fy (Hz 60.5 11.1

4.6 EE

HRD 5, KRS TORIEUEROIZINII S D EHH LNz, OAE I,
AEEMIROAHRAMEIC X DAET 2 [37]. Z OARKAMEDEAFED OAE OIRIEE
EROBROE SO ZICH B EZ NS,
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Amplitude (dB)

Relative level (dB)

75k ‘|' Lp 1

6 T 1

77+ h - i

78} NRC 1

__Ilfg .-r.-----.s-----.{*h‘--'li -y

- . iTq Tp . § . .
001 0.02 003 o004} 0.05 0.06 0.07

o T Timel
0 T T i T T T : T T T T
_-IU |_—-\\ =4
L,

—20f o 4

30 - | / i
| ' '\

~or J i / 1 / \ / \\ / /O\ /e\\ N S \ 1

-50 |- !

-60 L = Fl IF% I F3 1 | ||| ||J‘] \Il]/l k\llf

0 20 120 140 160 180 200

Fr’equencn,.r (Hz)

4.2: BEEIS OIRIECEIRIFR & Z DRI ARZ b
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B8 BHRETHEECHFENHO

IR

5.1 FHfi5E
FERSMARAE ¥ OAE OBMREFHIT 5 72012, 3 Hi T &I/ RAE DaHE

L 4HITE SN OAE OFEEELEMXITRL, MHEEZKRD . pEHOGEKE
%0052 L7, pfEAY0.05 %2 FEIZ5E, EREZMEED D & L7-.

5.2 F vy TRHEEEFERNORR

5.1~ X 512 1I2F vy FTHHEE L OAE ORHE Y O%RZ RS, MFD r
B E RS, KD pld PEZ/RT. Mtin 3 HicaEH LzX vy 7R
B, Ml OAE ORHERZRT. ¥rv 7HREBEYE OAE ODREEORICEE
ZAHBENX 2 e o 7.

5.3 HREZIMmERRICE > TEHMEI N9 REEE
HEEmS 0%

5.3.1 EREORECBESERS

5.13~ X 5.24 12 TMTF DliE TH 5N EFEDIKE Py & OAE D= ©
DEFRERT. KF D r ZMHBEREE RS, ’FD pld pfExRs. Mo TMTF
DHETHE LN EHEDKE Py, W2 OAE DFHELZRT. Ps & Lp DM
TWRERERMEEL D -7 (r=—0.55 (p =0.008)) .

5.3.2 Hhvw bFITEKEBBEEERS

5.25~ ¥ 5.36 12 TMTF OHIE TR oA v M A T EEE f. £ OAE OFf
#Er OMFRE Y. NP rIIHBEREE RS, KPD pld pEZ/RT. Hithss
TMTF OHIETHE NI A v b4 7 K f., ¥EilD OAE OFEZRT. v
N 7 L f. ¥ OAE OFRHBE ORICH BRI 2 - 7.
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Gap detection threshold (ms)

3.5

. r=0.151
3 . ° p =0.481 |
e ¢
° ‘ o
2.5 o ¢ ‘. ° °
°
2 ©
1.5 : : : :
-78 —-76 —74 —72 =70 —68

Peak level (dB)

51: OAEO P —2Z 1L X)Ly Fyy 7RHHBMELE O%
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Gap detection threshold (ms)

3.5

. r =0.078
° p =0.719
3 ° .
o ® ¢
° .' o °
257 o © e .
[ )
2 ® o
1.5 U T
10 15 20 25 30 35 40 45
Time (ms)

5.2: OAE O ¥ — 7l & ¥ v M EIE & D%

27



Gap detection threshold (ms)

3.5

2.9

1.5

K =0.041
° p =0.851
o ]
° ® °
o : e ¢ o
° . . " o4
o
[ X J ° °
10 20 30 40 50 60
Time (ms)

5.3: OAE @ ¥ — 7 OFhiE & F v v T HEBIEE 0 BEf%
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Gap detection threshold (ms)

3.5

2.9

1.5

r =0.266
¢ p =0.209
°
° ¢ ¢
o0 °
o o © °
° . 4 ° ¢ °
°
o, °°

5 10 15 20 25
Time (ms)

5.4: OAE DBAtaRE & ¥ vy I HEE L OBf%R
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Gap detection threshold (ms)

3.5

s r=0.15
3 o p =0.485
. ]
o ° [ )
o o
o o . o
25 B ° 2 ® @
o
2 o ° o °
15 ' ' ' '
0 5 10 15 20 25 30
Time (ms)

5.5: OAE D37 E YR & F vy M EIE & DR

30



Gap detection threshold (ms)

3.5

2.9

1.5

. r=—0.049

° p =0.82

°
( Y °
o° ®e
o ® °
° 0 .
10 20 30 40 o0
Time (ms)

X 5.6: OAE OIL RO YRR & F v T BIE & DREfR
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Gap detection threshold (ms)

3.5

2.9

1.5

. r =0.096
o p =0.657
° i
° “
® ‘ [ N
° ;. ¢ o .
°
° °. °

26

-24 -22 -20 -18 -16 -14 -12
Frequency (Hz)

57: OAEDHE 1 ¥ — 27 L UL E ¥ vy THRHEHE » OBA
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Gap detection threshold (ms)

3.5

. r=0.162
3 p.=0.45
- o
o ¢
o o ® ° °
25 o ° . : .
o
9 le .°°
1.5 | ' '
-35 -30 -25 -20

Peak level (dB)

58 OAEDHE 2V — 27 L UL Y ¥ vy THHEHE  OBA
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Gap detection threshold (ms)

3.5

o r =0.378
3 ° . p =0.068 |
®e
® o ° e % o
290 ¢
N - .
°

9 ° o ° .
1.5 ' ' ' : '

—36 —-34 -32 =30 —28 —26 24

Peak level (dB)

59: OAEDHE IV — 27 L UL E ¥ vy THRHEHE  OBA
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Gap detection threshold (ms)

3.5

. r=0.021
i e . p=0.923
: o
‘ °
29[ e : o ° o !
°
2 e & °
1.5

20 22 24 26 28 30 32
Frequency (Hz)

X 5.10: OAE O% 1 ¥ — 7 FEE E ¥ vv FHHEE ORE%R
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Gap detection threshold (ms)

3.5

. r =0.032
3 ° . p =0.881
: o
° °
o ) o
2.9 . o W Pt
'Y
2 o $§
1.5 ' ' ' '
35 40 45 o0 55 60

Frequency (Hz)

5.11: OAE O 2 ¥'— 7 BikE L ¥ v T EE: OBEf%
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Gap detection threshold (ms)

3.5

o r=0.109
° p =0.613
3 ° .
% o
% °
2.5 ‘: .' ¢ ° ’ °
°
9 lee
1.5 : : : :
50 60 70 80 90 100

Frequency (Hz)

5.12: OAE O 3 ¥ — 7 BikE L ¥ v T EE L OBEf%
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Peak sensitivity (dB)

L
o

. r=—0.553
17 14 p =0.008
_1 8 I ...
o
-19 °
o
o
_20 L
( '] PY
21+ o
PY o
-22 °
o. . °
_23 I | | |
-78 -76 -74 —72 -70

Peak level (dB)

5.13: OAE D ¥ — 27 L ~)L ¥ ZEREE O REE ¥ 0 B%
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Peak sensitivity (dB)

L
o

. r=—0.072
-177¢ o p =0.75
_18 ¢ o o
o

-19 + °

®

o
_20 L
° e ©
-21 o °
¢ o
-22 + °
. o ¢

_23 I I I | | |

10 15 20 25 30 35 40 45

Time (ms)

5.14: OAE @ ¥ — 7 [Rifl] & Z5AE O IKEE ¥ D Bf%k
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