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l.. gnti'odkietion

   Late refieclions  degrade speech  inte]ligibility [l]. whereas

early  reflections  often  help speech  iptelHgi1)ilily. and  this i.g

ca]led  the Haas effect  (e.g., lll). I{ has been rcporte(i that

lhe n]ain  cause  oi' deg.raclation in speech  inLelligibi]ity in
rcx･Lrberanl  eTn'ironments  is overlap-inaskgn.u  13-51, Beettttse

of  oxulap-maskin..o...  reverberant  compencnEs  of  priog' speech

segmenis  musk  sueeessive  segments.  As  u rcsult.  speeeh

segmcnts  feilewillg reverbera{'ing  segments  are  moi'e  dMlcult

te Lindiers{ui]d,  iXs the e]'}erg' y of  the prior segnients  increases.

the efllect ot' overhq]-inaskipg  a[so  increases. This ig partic-
nlarl>,  impor'tant when  the preceding seg.men{  is a vowe],

which  has more  power. and  the subsequen!  segment  is a

consonant,  which  has less power  l6,7j.
   iX ntn-ber  oi' researches  hat,e proposed antt  discussed how

the intelli."ibility of  spcech  in reverberation  catt  be egtimated

from an  impvtse respen$e  ef  :t rooJn  Reverhet'ation time,

such  as 7'bt), is a  sin]plc  objcctA･e  parm]}eter f'nr egtin]ating

reverberation  [gl. Speech inteliigibili[y usual]y  (lecreaseg  as

lt,o becomes  lonb,ei', but dlffereni roums  huvif}g the same  

'l
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mlL,ht  
.vield

 dife.renr ciegrees  oi' spceth  gntelli.gibility. One

cxamplc  is lhe  case  where  Tk[) is the same  in diffct'cnL rooms.

but tl]e cnerg.v  rat!os  of  the di]'ect-to-rLi'crberated seunds  ave

[lit't'ercnt. 
'I'he

 L)eutiichkeit value,  such  
'is

 D..-o [9,101 and

Clm'ity. such  as  C)-o l9,11], !ake this direct-to-reverberntion
ratio  into account.  The  tipeech  transn}ission index (STb is

anethei'  parameter that is widely  used  w  measure  speech

lnte]]igabi]ity olljectively I12,l31. STI is based on  the faet

thal ltie n]oduiarion  transfer ftinelion clepends  on  rei,Lrbcr-

atLon [14],
   The b]tcgligibilit.v o[' speeeh  al.so depends on  tl]e speeeh

signal  itseEL 
rfo

 rcduce  uverlap-Tnasking,  Arai ex [iL l6.7}
propogeci 

'`steady-stale
 suppression"  as  a preprocess foi'

speech  signal.g  in t'ex,erb:t'ant  cnviionmentg.  Sb'an.ge f.1 "t.

[lS] showed  thut the ififoi'matton hi sieady-st'kte p()rlit'ms of  a

spcech  signal  wag  rekttjx,e.ly  insi.g.nii'iean{ c:oii]paved  witli  the

inferniation in transient portions, AddilionalLy. sLcad>･-slate

por[ioiis usua]Iy  bax,e nioi'e  energy  conipared  w'ith  [ransient

pwrLions, ln 1]ie 
".sttad},-state

 suppresslon"  lechnigue.  overLap-

nitLs. king. is reducecl  liy esrinntting  and  suppressing  steady-state

"L-mail/

 ai'ui (ti'sopiiia.?tc,jp

portions of  speech  that hax,e higl'] energy  bLtl are lcss
tinportant for speech  pei'ception. such  as lhe nuLk.i  ef

s}･]lables. Fron] the  results  ot' severa]  experillients  in siinLEIated

and  real  sound  fields, ",e  t'ounti thut -'hen  w'e  app]>'  {his

process between a  mierephone  and  loudspeaker, it signM-

cantly  impreves speech  intelllgibility in reverberant  enviren-

nienls  (lreverberEttion tinies of  ().7-･1.3 s) [e.g,, 6,7,l6,17l.

   11'he eDnventionag  nieastires  i'or estiniatlng  the intelli.gi-

bility of  specch  in reverbcration,  xvhieh  are  based ull the

itnpulse response  of  a  room,  tire intlependcnt ol' the speech

signal  irseltl T]ierefore. they  do not  refiect  the efi'ect of  any

preprocesses, jne3adin.o nonlinear  processing lle.g., the steudy-

stttte suppression  [cchnique).  which  ave  de.gigTie[i to be applied

to !hc  oris,inal specch  sigfial.  Tliere are  several  empif'ical  STI

appre:iches  for predieting. the inlellig.ibi]ity of  nonlinearly

processed speech  [I8-21]. These approaehes  could  hand]e

non]inearly  T]roccssecl spcech.  sueh  ats cochiear-in}planl'

processed specch,

   In this study,  we  propose a  ne"'  kitel]igibiiity measure  lhal

can  take into aceount  the et't'ect oi' nenlincar  pvcprocesses,
witb  a vlew  lowardi using  the steady-state suppression

[ec]migue  to reduce  the amount  of overlap-niasking.  (OLtsG}
in rcxerberant  enx･iroilnients, In pavticular, we  show  ho"' this

Tneasure  correlates "'ith speech  inlc]iigibili[y.

Z, I'reposed niensure  for estim2tting  ifiteiEig!bilRpu,' et'

   speeuh

   Firsl. we  I'ocns c)n a  lnrge{ ss,llable  witl]in  Etn Rrbitrurv                       ".  J
senlence.  Figure 1 ghows  a  coneeptualized  speech  waveft}rm,

ln this figure. s(D  denuteg a  target Ryllnble,  whereas  i)(i)
denotcs a sect"ence  oC  p]'Ltar.v.et s>'1[a})les. N･Ve define t =  O at

lhe bovlldar>, betiveen p(t) a]]d .v(t) on  the herizonta] {tifne'j

axis.  Then. a neth'  ]neusvre.  thc signiil-lo-()LM  rfitie S()Ie, is

define･c] as

.YOR.., : O 1o.g s t} 
-

 
-･,L7,su.)

 *- hso(r)[2dtrdB].
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w}iere  hfs) is thc inipv]se rcgponse  uf  u  room  and  JiscCt) is [he
tlrst 50 ins  oi' the inipulse responsc.  Ln this' tahc,  thc direet

sound  gta;ts  at t =  O in thc iinpulse rcspeiise,  
'I'he

 i,aritab}e  7' is
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Fig.l Canceptuall'zec]spLee]i wavcl'or]B/  lar./.et .c.)']]able s'{t) and  pretar.f .ct sv. ]lztbleb pft).

'Yable
 l Ten  inipu]ye responses  "･ilh di[1'ei'ent can}bi-

 natiens  of  Ehe Ttso and  Dsv  vaities used  in Ehis study,
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thc duiation l'or calculatillg'  the  measure.  We  used  T  =.  150 ms
in ihc  I'eHowing expei'imE'nt  bLcause in [his study,  "'e f'oeus

particuLariy on  Lhe signal-to-OL"v･1  ratio withln  tlie inatiaE

consenant  of  a  tars,ef sy}Iable  that is loeate{'l ut l =  O-I50  iiis

of  s(O  }n the expeyimental  setup  uf  this study,

3. Evakiation

   To  evalvate  how  the spcech  inteiligibility eorretaLes  v,ith

lhe uinount  of  eve]'lap-r{iuskiiig,  vx'e cobnpared  the eon'cel  r`'Lte

ohtained  i'rom lhe fol]ewin.v. pcTceptua] experiment  wkh  SC)R.
3.1, Revcrberan{conditions

   We  coixluctcd  ii percepruai experi'inenl  ut)cler atxit'icial

reEierhei'ani  cenditiens  hy eonvolving  speech  samples  with

impulse responscs.  
'l'he

 i]npLtlse rcsponscs  were  artificiall>,

synlhesi7.ed  t'rotn white  noise  by niultipl.ivlng  temporaL

c"nveLopes.  Tabie l shews  ten impu]se responscM  with  ciit'fer-

cnt  combinaLions  nf  7lae and  Dso.

3,2, Specch stimples

   [['he erigintal spLeeh  gamples  consisted  o'f 14 nensense

consofiaTit-vo"'el (CV,) syllab]es  "arget s},l]ables) e]nbcddcd

in a Japanese carricr  phi'as.e. 
"Daitnoku

 t- shite  sa,a.  te

iiinasu'' (Tt is called  as  a tit]c'}. 
'S'he

 vo",el  N-'as .i'lt,i and

thc e{msc･nnnts  ",ere  .7S, L. Ec, b, d, g. s, ,l'. h, dz, d3, iJ, m-  ny'･

'l'he

 spceeh  s[tmpies  wcrc  obtained  t'rom the  ,KTR  -Speech

Datubttse of' Jal)anese, The  sanie can'ier  sentetice.  "ds  Ltsed  for

all targels, 
'I'he

 begiiinl[ig positiun ul' lhe tar."et vowcl  xvas

ad.'lustecJ tu 150]"s fi'om the  offsct  of  the pretarg.et carrier

phfase. 
'I/he

 ratiu  o'i' the  roer-tncall  s.qLLare (RTv,IS) i: the

can'iet  phrase to that in lhe  CVs  ",a"  l/O,7. FinalL>,. we

preparecl original  s.peech  s'unples  antl  processed speech

sainples  b>, .gteEid>,,-staie supl,)ressioi]  i'ullevvintg the  ]nerhoc{

of Arai et tif. [671 atid  further, adde{l  a  step  to avoid

supl.iressin.u. relative]>,  loiigcr continuants  wherc  Lht speetral

nioinenS  is higher than  3,750}'iz [20-･ l, such  as  sibilant

cop.{.onants.

3,]. Perecp(ua] expcrinient

   
'llie

 stiiiLili weT'e  the hpeech  saniplcs  coni.elv,ec'l  with  cach

c)I' the tcii inipulye responses  used  in Ihis  study.

3,3,l, ljarticipafits

   Txventy-twu yt)ung people wilh  nonna]  hcaring "  .K male.s

and  7 femalcs, a.fied 2() to 26 ycars} participnied in Ihc

experimenr.  A]L ",cre  native speakers  of  Jayanese.
3,3.2.. I]rocedurL

   1'he experlnient  xvas  eonducted  in a soLinclproef roc)tn,

Stimuli were  presentetl diotically threue.h heatlphoncs (S'rAX
SR-303) connecte(l  to a con]puter  viu  thc dis,ital-Io-analeg

(D,/A) converter  of  a cligltal auclio anipHl'ier  {'fty{A-500U'.

enkyo)  thai w'a$  cf.mnected  to Lhe coinputcr  s,ia a {,SB

intert'ace. The  sound  ]evel ",as  ucl.iustecl to each  partieipant'g
comi'ort  level duf'ing a training scssion  prier to Ihe exper{-

ment.  A stknulus  ",as  presented ii] each  trial and  the lis.tena'g

were  instructed to se}cet  one  of  16 options.  inclucSing. !4 CVs,

vowel  1:t/', find 
'othct's,'

 disp]3},ed on  thc compnter  scrLcn,

The expcrin]ent  was  cari'ied  ou[ at each  lislener's pac;e.

Foi' ench  ]istener, 2- 8C} stiniuli  s-i'ere prcsenled i'andonSy

(IO rex,erbcratien  eonditions  x  14 CVs  x  2 processtng. con-

(iitions).3,4.

 ResLiits and  disc/ussion

   
'I'ahle

 [ s.ho"･'s thc iT]ean  percentng,e of  eoiTect  respenses

in Che perceptual experi]'nent CIhc seLe]]d  colunin)  and  [he

.YOK value.  (the third  Lolutnn.}  g'or {he  te- reverbert'mt

conditiens.  Thc f}rs[ and  seeond  rows  of  caeh  cell show  Ihe

speech  intelligibil{ty ol' nonprocessed  spcech  sarnpleg  ancl

speech  samplcs  processccl by steady-state  suppression.  rc-

speetivel},.  XVe ean  see  that slcady-s.  Iate suppressien  Hriproves

speech  intellis, ibility as  -,e]1 as increases thc SOR  value  under

tnost  of  the experinicntal  coiiditiens  us'cd im lhis study.

   }iiy,ure 
'-)･
 shows  the scatter  plot of  the spLLeh  intelaigib"it>,

versus  the ,S'OR value  l'ur each  ptiir oi' u nonprocessed

cond{tion  (unf]jied eircte) and  a  precessed eomlition  (tilled
circle):  a iine connecEs  tlie t-'o cenclitions,  The corre]ation

coetlicient  amop.w. nl] ol' thc poin[s in this figvre is O,702･5,

"'hich  sho'ws  a hi.gh eorrelation  belxv een  speech  ii"el[i.o.ibHiry
ancl  the  SOR  x,alue,

4. (/lofie]usiog}s
   In cliis stucly,  ,,ve  i}ivestigated the correLation  beiv,'een t[]e

tntelligibilit},･ of  spcccb  in reverberat{on  anci  the Lunount  ef

ex,eFlap-maskiiig  {'OLN･l') due to rex,erberation,  There uvus  a

hjgh corrclatio]]  bet"･'ecll the resuLts  fif ,'i pe'rctrg]luag exp)cri-

ment  and  thc values  of  the  ne"'ly  pr-poscd intelllgihilit.y
iTieasure,  SOR, dLllnecl as  the signal-lo-OI.M  rutio.  In othu'

iI･[･I'
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'Cable
 2 pa{ean percentagets o{' correet  rcsponses  ot' the

  pe]'ceptual experl]nent  (the seeofid  c'";man)  and  rbe

  .90R i,alLEe (phe Ehird colLmiEv  for thc tcn rcvcrberEmt

  co]k]iLiuns,  Thc  [1]'s.t tmd  see{.md  rows  ef  eacii cel]  show

  spcech  inLe.I"yTibllity ol' nunprucessed  speeeh  sarnplos

  an(i specch  saniplcs  pvocesKed by sLeady-slate  suppres-

  sgon.  vespeetis'ely,

Condition Intel]i.gibi]ily [VLI
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}verds.  the inleMgibility of  speech  in reverberation  was

inversely correLated  with  the  amennt  of  nverlap-ina.sk'ing.

    
'l'wo

 advuntu.cres  oC  usin.g  oiir  proposed meagure  nve  that/

1) it refiecls  the  rcN,erbcration  char:,tcteristies  oi' ti room.

as  contained  in the inipLil$e response  of  the rootn.  ancl  2) it

a]sn  refiects  [he chtu'tieterlstics  of  tl]e .speeel': sasuial itselii
as  "Jell  as  the effEcl  of  any  prepa'ocesses. Inelucling nei]linear

precessing Ce.g.. steudy-state  suppression),  applied  te the

ori.o.inal speech  signal,

    This Iime. we  [iid net  c[ivide  the sptech  si."m{1  inLo

frequeRcy bimds but treated the sienal  as  one  band. Howcvcr,

we  can  also  delei'inine SOIe by fi]Ier banlc analvsis  1)ased on

thc auctiLory  i']ltcr, l'n this cRse,  a  niere  realistic  ainount  of

ovcrlap-mas}cin.o  i's estimated  anci  {he eorrelalieTJ  between the

intellagibility ef  speec'h  and  the amoL[nf  of  overlap-n'iasking

mi.oht  be impi'ox,ed, The  con'elation  can  tdso  bc ealculutcd  fer
euch  consonan{.  In the  future. -'e  ",ill use  

':n]odel
 speccli."

such  as Evnplitucle-rriodulated wr,hite noise,  instead of  actu[･il

speech  slgnals,
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