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1. Introdtiet{on

   Hutnans cafi identit'y speakers  oi' speech  gounds  even

thouL.h the aeeustic  properties. ot' speech  souiids  vary  consid-

erabiy  yvithin  a speaker:  that is, our  abilil>, to identify sl]eakers

exhibiis  robustness  against  intraspettktr x,ariatioas.  It' the

perceptual cues  tised  i'ur speaker  adeiitMcation by adapting. to

intraspeakey varkttion  are  c]arified.  these aeoustic  paraineters

wiLi facilitaie Ihe dex,elopment of  advancecl  speech  slgllal

pi'ocessing technigues.  In the pregent stucly,  we  thercto]'e ami

to explore  such  cues  on  the busis ef  {he h],pothesis that

hunums  pereeis,e speaker  charactcristies  by t'ocusing on  iess

arbitntry  and  more  invariant acoustic  pai'ainetei's.

   fntraspeaker i,ariation  cat]  ap:]ear  Ln niany  ucoustic

prope.rttes inclucling the I)itch f'requency, power, spealdng

rate  and  spectra,  and  the variations  oi' these acuitstic

prol,)erties have been studied  froni the vie",peant ef  the edTects

og' the emotion  ancl  speaking  sb,;e oi' the speaker,  ]n general.
it is regarded  lhat the pttch frequcney and  power are inorc

arbih'aii]  and  eontroll:,ihle,  whi]e  thc frequency pvoperties of

thc gloltal souyee  und  spectra  jn hie.hei'-tiequency regiong  ai'e

less arbiLrarv  tu]cl conLrollable,

   1'rex,ioug stLidies  have revealed  the effects of  the acous{]c

modifictttion  of  speculi  sounds  on  the perceptien of  spcaker

charac{evistics  [l-3i ln these-  stndits  [lie authers  mainJ>,

investigated lhe efl'ects  of lhe niodification  of  sei'eval  acoustic

properties on  speaket'  idcntificatiop rate;  however. it'
 
the

pereeptual contributions  of  thc auoListic p]'epei'ties 
wc}'e

mapped  on  a scale,  they u,oLLIcl give a tnere  clear-cu[  inodc]

of  thc perception of  speaker  indix,lduttlity,

    }n the pvesen[ study,  psychoacoustic experiment.s
 
"'ere

thus  ct'tn'ied out to obtLiin  interval sealcs  i'oi' the contributiun

 Lu the perceprlon of  speukee  indii,iclLtu]ity ot' the  t'ollowing

 acoustic  ptiraiTieters/ the tiine pattLrn ol'  ihe ampiitude  ai)d

 pilch frequency, lhe mcan  of  the pitch frequency, the

 freLtuency charactevistics  of  the glottal source. and  the spectpa

 Ln hlgher-fi'equeilc>, T'egions.  Accordipg to the hype'Lhesis

 mentioned  ahok,e,  it is expected  that the  contribtHio"s  og' the

 ]ast two  paraincters va,glL be lnrgLr thafi (he orhers.

    The aeoustic  inodific3tion  of  sthnnli  used  in ps}'cho-

 aeoustic  experiinents  sonietimcs  gives rise  te the degT'ada{ion

 
2CurrLntlv

 wilh  Kenan Univtrsity
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of s"und  quali{y howei'er, thL degradatgen was  not  consid-

ered  sut'ficicntly  in previoRs stuclies.  Thus. rhe sound  quality
nf  the stiinuli  v,'as aaso  ex'aluated  sub.iectiN,ely  to assess

whethcr  the degradallon :tlTects  experisnentaj  resu]ts.

2. Experimxent E

   Expcrii"ell1 l vv'as carrlcd out  to obtai"  an inte]'val seale  of

the acoustic  properties fbt' the sAnilarity  of speaker  character-

istiLs. A  sustaincd  x･'o"'el  /a! uttered  by ten niule  speakers  wa.s

uged.  tmd  the cxpe]'iment  was  eenc]ucted  i]] accor(lafice  with

the  
'1'hursTane

 paired-comparison methodotogy  14,5'l.
2･.t. Methed

2.],I. Stiniuli
   Stimu]i were  niacLe  froi- a svstained  yowel  ,lal  of  ten male

nalive  .FapanesL spea]cers.  To  avoid  Che effcet el' the pitch

frequLncy tmti  duvation of  tite sti;null  on  the experiment.  the

gpeakeT's  were  asked  to tnne  ilieir piLch l'regueficy to thc same

pitch an[l  kccp the duralion of  their voices  to the sarne  lenLg.ih

as  tha[ ot' a O,7s harmonic  co}i]r)[ex  tone  preseiitect throu.ah

heaLiphones. Prior to rccording.  the speakers  reheai'sed  
by

listening to the harmonic  complcx  tone. and  thereat'ter, vowels

uttered  "'ithout  listening lo the tone  ",ef'e recordcd.  The

i'nnclanienial freqLtency of  r.he harnionic coi-plex  tone  v.'as

123 I'lz or l24 Hz  (the cliff'erence  in the f{mdamental S'regue"-

cies  zz'as  unintentionally  caused  by u  nitstake),

   The sustained  vo"'els  were  recorded  ut it sampling  rate  of

4akKz  ",ith  24-bit reso!ution usin,a, a  TTiicrophonc  (Audie-

Technica AT4041)  and  .a Kolid-state  }'ecorder  <rt,Iai'antz
PMD671). The  ciata was  downsamp]ed  to 16kl'Iz mid

cunverted  to 16-bit resolution  usi]ig  a persena] coi"peter,

'E"hree
 tukens  were  used  in the experiment.  The  follo",ing

eiglil rypes  of sthnuli  weve  used:

 A  spcech  ",aves  with  normalizgd  rnaximlim  ampiitude,

R speech  waxLs  wit'h noi'malized  timc  pattern o'f

     ampHtude:  in aclditien,  the 1)itch t'recTueJiey was  t'ixed

     to the speakers'  rriean  vulue,

 Ces speech  waves  ik'ith a pitc'h freqttcncy O.9-a'old that of

     stiinulus  B.

 Ci,t speech  waves  "'ith  a  pitch frequency l,1-fe]cl tha{ ef

     stimulus  B.

 Di,e s.pecch  waL,es  "ith  gTRAICJ}IT cepstra  beycmc{ the

     35th order  fixed to zero  that oE' stimu[us  B.

 Do.g speech  waves  ",ith  [i first-erder STR,ALIG}IT cepstrum
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Fig. 2Proceclm'e
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['oi' rcsynthesizing  sti]nuli  Di.o, Do,
'

    O,9-i'eld that of  stinniEus  I)i.o,

Di.i speech  waves  vL,jth a  first-order STRAIGHT  cepstrum

    1,l-fo]cl ihut e{' stimulus  Di.o.

I]' speech  waycg  with  logarithmic S'l'RAIGHT specti'a

    beyend  2･ .6kFIz replaced  by the autoregressive  lines

    ot' st2mulus  B.

Stirnull B, Ce.", Cl,i. DH), De.o. Dll, lind  E were  s>,nthesizecl

usins,  the S'l'RAIG.HT 2malysis-synt]iesis  sk'stem  L6]. A

"STRA}GHT
 speetnim"  is a spectruni  c[i}culattd  using  thc

systern  and  a 
"STRAIGHT

 cepslruLn"  is a cepstrum  ealeu-

]ated from a STRAIGH']' spectrum.  I'Iereafrer, sthnuli  Ce.y and

Ci.T are  refen'ed te to,o.e£her as  C,. and  sliniu]i DE.f}, De.g, and

DE.i are  reforred ro toecther  :s  D..

   StiinulLEs B is used  ro investi.e,ate the efl'eets  ot' the {ame

pal'tern ot' the amplitude  and  pttch t'requenc>,. }:irst. a  speech

wave  was  resynthesized  after fixing the pltch frcclLietiey, ot' the

voiced  fraines to each  speaker's  rriean  i,nlue.  

'llie
 maxiinuiu

ampiitude  of  every  I5ms voiced  frame of  thc resynthesized

spLc.ch  wave  was  then normaUz.ed.  Lastly. the ampjitudes  ot

thc  onset  tmd  oE'fg. et  of  the voieed  seclion  ",ere weighted  by a

cos2' funetion, The wm,el'o]n]s  ot' stimii]i  ,fiL and  B of  a spcaker

are  shown  in FiE,. 1,

   Stirnuli C  tu'e used  to ex'aniine  the effccts of  she  niean  of

thc pilch frequency. The pitch frequeficies of  slimu}i  C{}.v '`md

C],] :sre ti/ ed  to O,9-1'olcl and  t,1-t'old tbe mean  valuL  ofeach

spcaker.  regpeetii,cl>,.

   Sti]i]uil D., ure  used  ro clarify  thc eFfccts  of  the fr¢ quency
characteristics  of thc glot[a} sourec.  on  the basis or  the

conccpt  of  honioniorphic filtering [7]. The prc)tLclLire for

resvnthcsizing  stivnula  D.  eensists  of  the ealcuiation  and

M'taring of  
LSTRAIC}H'1'

 cepstra.  and  the inversion of

STRAiGH'l' spectra l'el]owcd by res>'nthcsis.  as shown  in

Flg, 2. A  STRAIG}･IT  cepsti'um  was  ca)culaied  b>, taking

the inverse l:oui'ier ti':uist'ortn ei' iL legarithniic S'I'RAt(';HT

spectrum.  For stimuli  D.  STRAEGI'IT cepstra  beyond  the

3Sth orcier  were  fixecl to 7ei'o to egimlnate  g]ettal senrce

ch[iracteristic;s,  .Adclitiona13y, the  firs.t-ordeg STRAIGI-IT  eepg-

crum  ",･as im}Taipliecl  b}, O.9 {hi.oh-frequcncy emphasis>  ancS

l.1 Chigh-t't'cquency decmpgiasig) for stimu{i  De.g and  D/.i,

respectiveiy,  iu vary  the frecluenc}, propcrtiLs et' the  gLoltal

source,

speech  data

--L -
/ /

l' STRAIGHTanalysis  :-･--T --

 STRAIGHTspecttum
        E

     rd' iogevl

        e

       S<b
        l
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'

l:IiI

-f -
      't"-'

   [pt      Y

   [IIEgEl]
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iifie of S{f) tof f >  2,6 kHz.

        ,
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        },

[ISIf'kAiGHT sytithe./i,s

  
--I

     stlmulus

Fig.3  Proceclure i'oi

11.11

'
 resyntllesizing.. stiianulus  I',

   Stiniulus I], was  resynthesgzed  aftei' replactng  a tos.nrith-
mic  STRAIC}HT  spectram  beyond  2.6kl'{z with  its u{tlore-

g,ressive lille to lni'e.stitgare t[ie el'fccts  of  the spectruni  ior

freqLiencics above  2.6kHz. Iigare 3 II]ustrtttcs tl)e preccdure
Vor resynthes'iiing  the sthnulus.  Frequencics above  2,6kUz

were  detersninc{1 so  that the {'requencies kiclucle rhe third

ft)rmant oti' thc fis･e Japanes.c vesve]s  !a/'. Ief. Ii!. Io/, aiid

,/u ±f of  the speakers.  Because the repiacemetit  c;ui causL  a

discontinuity at 2.6kf'Iz, each  legarithniic STRAiGHT  spec-

trtnn was  low-pasg tikere[l at'rer replaeen]ent.  Figure 4 shosL's
the FI.:' s.pectra  of  s[iniuli  B. I]n). Do,g. DL.j. and  E,

2.1.2. Participani's.

   5ixzeen 1'emale listeiiers participated ig experlments  1 ttndi

2･ . They, had ne.x･'cr inet  the speakers  or  listened to thelr  voieeb.

Nene  ef the pt]rticipnnts hacl hearing impasrments.

2･.1.3, }']rocedurc

   in the expErimcnas,  the participants randomly  lis;ened to

tripgtis oi' stirnuli  (Sj, S2･ , and  S3) et' a  speaker  at iRtervals ef

l'

//I1/11l11'I
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FFT  sf]cetfa  f)f s[imuli  B. Di.u, D[js, D].i･, ancl E.

500 iri. The  t'lrgt sl{niulus  {'S]) at' n  trip]et was  stiinuius  ,A, nod
the secenckmLl  lhird ones  {IS2 3nd  S3] were  tza,o of  stimul{  B,

C... D,, and  }l, l)"'i'erenl tokens  ",e]'e  used  for these three

s{imulj,  Thc stimuil  wcrc  also  preseiitecl i;i lhe erdei'  Sl,
S3. S! to countcrbalancc  any  effects due to the order  of

presentation, 

'I'he
 total nuniber  of Irials vx,;ts L120  C== 7S'i  x  10

speakers>. 
'I'he

 stiniu]i it,ere presented throu."Si binaural
earphones  (Sennheizet HD,nL200) at a  comforlab[e  leudness

]evei. The listepers tvere  nol  allo",eci  te  ]isten to e:ch  lrtplet

more  than once,

    The  Iisteners v.,crc  us.kcd  le gLIec[.  which  of  the IaFt i'wo

sthnuii  had bpcaker  ch:tracteris[ies  cgosLy  te IIk firs[ oTTe. xxie
reininded  the  llstLners to judgc thc stiinti}i in tei'ins ei  spealter

churucterlstics,  and  not  by pitch height or  seund  qualit>,, 
'l'o

eollfimn  the eriterion  of' jud.g.ipcnt, thc partieipEtn{s had a

reheafsa]  session  ",ii'h  teii 1'i'ip]Lts prioi' t{) eaeh  actt]aL

experiment.

2.2. Resu']ts

    Au  inlert'a] scaJc  for the similariry  of  gpeaker  character-

istics ot' the sEimuli,  obtained  by adopiing  Thurstone c'ise  V. is

she"'n  in Fig, 5, 
'Vhis

 resull  is consiste.nl  with  the inodcl  of  tht

Thurstone 13aired-eomparisen niethodology  (x2 =o.712  ---t

xL"O5, Cj.05) =  24.99)'), The  va]lle  t'or stiniuiug  il is O.92. [hui'

for stitnu]us  CfF.t, is O. I4. Ihal for sthnnlus  C:.-s C).27. [hmt  fov
stinvalus  bi.o is -O.16, l'hat f'or stimulus  Dtip is -O.]6, thal

fnr slin)ulus D],i. is -e.37. and  rhat for .'tknulLis F. ig -O.4S,
'l'he

 cxperirnc"tal  resulLs  indicate (ha{ the e]escgt spenker

chfiractei'i.stieK  k} s{imulus  A  arc  B. C., D,. ftnd  E. in t]:u

order.

   Intoi'i'al s'cales  l'or each  spcakcr  shov,'  ihftL lhcrc ai'e i'oLi[

    IPoi,'67:･
         i
   EII･
   -O.45 1i  '"'"-"t's'

 '1'+

lb,, rr026'

Dcr.g-O,26.

l-I/I1

tl

-i Je      -e.s o

                  a

lnterval scnle  fc r  shniinrltv

of  tkc  stinmli.

'cilb"O14,l

  I"c'i';'i 
rs'-f
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clfiITcreii[ ordertt  ot' rhe slrnl].'tri{'>, ot' spcakei'  chtLrttcLeristies:

 (j) B >  C >  D.  >  E  t'or fi v'e  spcalcei's,

 (2} B /;- C >  E>  D.  t'or twa speakers.

 C3) B >  C >  U). and  F) i'or two  speakers,

 (4) B >  Ci.i >  I). )-･ Co.y >  E f'or one  .,peal(er.
'g'hcre

 is no  clear  ditllerence in -aiue  bet"reen D. and  E  in the

third casc.  

'l'hese
 results  c'ieinonstrate  tha{' tlie percep!ual

contributions  of  the frequency preperties oi' lhe 
.o.,]oual

 hoLtrce

and  speech  spectru  in thc highcr-frequei]cy regiens  t"

percei,,ied speaker  characterlstics  arL  net  tlx s.nme  for' all {he'

speai<ers.

3. Expei'imeHt2
    There "ere  scni)e  stiniul{  for -,hich  the sound  c[ualit.y v,,'its

dcgra(led h>' lhe resynthesig  procesF,, uncl  the degvadutloB

ceuld  l]ave fitteeted  the resu]ts  of  experirnent  1, A  subjcctiN,e

e's't!lutuivi] ol' the st'nuid  quality ot' the  sritnuli  ",as thus

conducted  in accerdancc  LviLh  tiie 
'l'hLErssone

 paired-coinpar-
ison mcthoclolog},,

3.1. N{elhod

3.l.l. Stlmul.L
    SLin]u]i B, C]., D., ancl  I "･ere  vsecl  in this experiinenc.

3.L2. Procedure

    
'rhc

 par(ieipunLs runclonily  listei]ecl [o  pairs oi' :{tiniu]i oi'

a  speaker  ttl in[erva[s ol' .KOOni. The.ge Ktimuli  ",ere  two  ei'

Ftiinuti  B. C.,. I),, and  E. Diff'trent tolcens were  usecf  tbr the
tkvn stin]uli.  The  to{al nutnber  of  pui]s was  420. 

'I'he.
 ]isretiers

x･L'ere 
'skcd to selcct  "ihich  el' thc  tu.,o stin'}u]i liad better sound

quEl]ity.3.,!.
 Results

    };i.g"re 6 sho"'s  an  inte{'vL'i] scale  for rhe  sound  qualit}
of' tiie stimu[i ohtaiped  by adepting  

'I/hurstone
 case  V. This

resull  is consistent  u,ith  the  moc{el  of  the Thursrone paired-                               t -

co]nparison  tnethodoleg},  (xt =  O.634 <  z`05,  C},05. ) -rm

2･4.995), The  value  foy slimulus  B is C},6g. thaf for stim-

uEus  Cv.g is. O,2. l. that for stimulus  CIL.i is 1,04, thal for

sl.iniuliis Di.p ls --O.50. that fof stiinulus  Dt;.g is -O.Sl. tlint
fur slimulus  Dt,[ is -O..hH>-. ancl  that i'or stimulus  E is --O.37.

Pcarson's. co]rLlafion ceeil'icietit  het",een the intcrval seale  1'or

thc simiiuvit.s, of' kpeake]'  cl]m'actti'isticg (Fig, 5) anLl  thai for

sound  quaLity (Fie.. 6') Ss O.S.",, indica[in." that t]]ere is a strong.

pos.itive cen'elation  betw'cen lhen].

4. !)isctiss{oll

   The rcsults  of  exa)erimcnv  1 Ulg, 5} i±idleate  thuL lhe

perceptual conlrib'ation  of  the  acoustic  propertics te {he

siin{larity  of speaker  characteg'istics' decreases iii the folJowing
order  under  the experiT]ieH[al  conditions/

iP61,7',:,/6-'.ttrli.

I
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 I"T,d,MU.R.･X Emd  

'i'
 SAIT()U,  1)ERCF.PTION  OF  SPEAI",R

 (1) bpeclra  in [he  highcr-freguEnc},  rcgions,

 C2) frequency prepcifties of  the glutlal s.c}urce,

 (3) mt"n  of  thc pitch j"requency.

 c.4) tbne  pattern ot' thc ainpjit'ude  and  pitch 1'requenc)'.
'I'hc

 oi'dcr  ot' this list sugges'ts  Ihat [he his,her the  aLoustic

propLrLy in lhe ]ist, thc more  ciLpende"t  il ls {)ii lhe innatc

cl'i.'tractcristics ef  the speech  orgaiiL  and  ihus.. The {ehs

conti'c)11able  it is i)y the speaker.  The shape  of' thc Iiv. pephuf-

yn.oeal euvity.  i'or e.KaTnple.  is yeltil{vel}' stable  durSng vo"rel

production. and  t]ie interspeakeT' vat'ia[ien  et' vhe cavity  ai']'ects

spectta  in the fvequLncy range.  bLyond  api)reximtttcl},  2,5 kl-Iz

{g]. ThereforE, it i.s prubahle that hu]nans pecceivc spettker

inciividua]ii>, b>' foeusing on  morc  invarinnt aceustie  proper-

[ies. as Iiypothesi7eJ in the int:'oductiun.

   Expcrii'nenrj also  rcvea]ed  that thc arriount  t}f the

perceptuaE eo])(ribution  of  each  of  the acoustic  properties
ehanges  {'roin spEt'}kef  to "I]euker.  These resu{tb' support  those

of  i.avticr et  ai. t3i, ",ho  dcnlons(rttled that int'onnation

regarding  speaker  individuality is not  cvdecl  for all spcal<eT's

in the same  way  by conducting  T)sych[)acoustlc txperLments

usi]]g  the x'osu･el Jtai' ei' "venl},  speukcrs.

   
'rhe

 conttibetion  oi' che t'reguenc}, eharacterlsties oi' the

g.ieltal source  was  relatix,cly  lar.g.e i'orjudging Lhe si;nilarit>, of

speaker  charaeterisEies  in expefinient  ], whereas  pre'x,'ious
studies  [].3] gevealeci  that its cuntrihution  is rdaiivel.v  small.

This contrasl  migl'i{  be due to lhe dift'ei'encc ef  the taslc in the

experiments:  theL'iistenevs in the  prLc,ent study  "sere  askeci  to

assegg  rhe siniilarity  oF  speaker  ch"ractei'istics,  "'hile  a nainln..o..

tttsk' and  an  .ALBX tcst were  cmplo>,ed  in the t",o pi'evious
stuc{ics.

   
'1'he

 resuits of  experin]ent2  imply Lhat the results  ot'

expcriment  1 ai'e pessibly afi'ectad  hy the dcgitidation ol' Ihc

soufid  qLialil>, of  the stiniuti,  Thtre w'as  a  slron.g  pesitii･e
corre]atluii  bel",een the iiitervaE seales  of  the slii]ilarity oi'

speaker  characteristies  (Fig,. S) und  suuncl  quaiit}, (Fig'.. 6). ""e

tkus cannot  den>' thc possiht]lt}, tha:  solittd  c"ntiity  n}a.v, hax,e

1)een a cue  in experimcnl  1, Howevc]'. because thc order  of

sti nu]li  B ancl Ci.E ancl I'h:n et' stit"uli  D, anLi  t'; are  reversed  on

the t"'o inlerLil scales CFi.gs, 5 :uid  6'). it is prabable that
sounc{  quality ",as  no[  the enly  cue  l'u}' tlie jvdgnienl in

expLri:nent  l.

   
'I'hc

 coiistanl  xalues  (}.9 ancl  I.l, which  vN,tre  used  in

resynthasi/ing  slimuai  C,. tmd  D.,, were  selected  fer expe-

tlienee,  and  thc order  of  the stiniLill un  Lhe  inttrs':" seaEc  eoLEkd

cha]iffe  it' other  values  were  used, ln acltiitian.  the perccptual
sensil'"'ity  to the acoustic  properties ]'nay' also  chanyL,

Thercl'oTe, {he a;nount  of ttse perceptuul contribtitiofi  ot' each

r',xDIViDUALI'"'FROM  A.COLJiSTIC  PRCiPER''{'IES

of  the ucoustie  prol)erties
determined only  f'rom theto

 speaker  individuftlity cannot  be

rcsults ol' the presenl grucl},.

S. (Jonelustefis

   
'ro

 ini,ets'iiga[e the pei'cepl'ual eon{ributions  of v:irious

aconstic  propertSes to spcak'er  inclix,idt]ality, an  interval scale

w;ts  ohtained  to  exaniinc  the bypothesis thtit hui"ans I)ercen,e
speakei' charactei'istics  b>, ft)eus. ins, on  niorc  invariant aeoustic

properLies. , The intervai scale  ol)lained Lender  thc  experiniental

conditiens  rcvealeci  lhat Iess arbLtrary  acoustic  propcrLies were

more  imperlanl t'or .iuclging the simila;'ity  ot' speakcr  charac-

leristics, anci  llie httpethesis was  verifiecl. I'Ioweyer, there "ds

a s['rong  posilix･e cc)rre[iLtgon be{xveei] tlie k)terva] scaies  ef  thc

similavit}, of  spcukey  charactcristgcs  and  sound  quaTit.y imply-

ing that sounLE  gualit'y fi]a}., have been a cue  in the experinient.
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