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Abstract: This sudy repons rhe deleminarion in real lime offte frcquencies oflhe fj6t luo resonances ot the
human vocal t.acr frob measuemen$ oflhc acolstic ihpedance sp.cirum ofthe racl in paratlel*irh rhc exrer
nal field. The heasurenents w€re made using a broad ban4 frequency independenr a-""i. -."u -r*, "
miqophore znd a-spe(rrum anrlyser which dirphys the acoustic inpedance spearum. The drplay provrded
real-rme, visual feedback trhelrby sublfcB leaded lo imilare rargcl vowel .ounO, *,rtou, t"u,tng,1,.n,
Ine{ncncnkJ 5ubJ(rs who used ftN teedb&k produced sounds rhat wete approximarely as u.e1l recog;sed as
Inos produ.ed by rhe $me subjecrs imirdrrng DrSer vowel soh{s an* lnreniD8 to ften. The recognirion rare
,mpro!*  $Ih r fe rb iecr \ '  expenence in usng rhe rmpedan(e ieedbact  rechrrque r t . ,  " . , - ,n . -  , "  , ._ .q*
could thus have posible aprtications in speechtEinins ud language teachins.

I. INTRODUCTION
Evcryone who speaks has Icarned rhar difTerent vowet sounds
are produc€d by differen! shapes ofmouth and tongue. Mosr
adulh who leam a foreign language know also that it is
difficult to find the exact strape that wil produce an aurncnrrc
vowcl sound from rhat language. This study rcporls rhe use of
a rechnique) shich nrcd:Lrre< rtro ot rhe n)o..r  impof ldnr
acoustic paramercrs of rhe vocat rract in reat time_ One
possiblc application is in speech rraining and languaee
reacnrng.

Phonelicians ,rrange \owels in a spac€ whose rs,o
dimensions are rhc mouth opening (negative y axis) and fte
horizontal posjlion of the tongue (x axis) Ill. Acousricians
arrange vowel souds in a two dimcnsionat space whose
dimensions arc rhe frcquencies oflhc first rwo forrnanrs [2].
Wilh suiiabie choice of direclions of axes, the relrtive
posiiions of the vowels in rhese lwo represcnlalions are thc
sanic [3] .  This simi lar j ty is usual ly cxplaincd rhus: rhe
lormants in the sound arc due to lhe firsi two resonanccs of
the vocal lract, and rhe frequencies of ihcse r€y,ralces are
la-rgely determined by mourh opening and longue posiiion [4].
Thc first rwo fomanls are rradrrionalty catled called Fl and
F2 We shall call thc firsr r\\'o resonances Rl and R2 in ordef
lo disti.guish betseen fornrants (featurcs ofrhe sound) and
rcsonances (fcaturcs oflhe rract thal p.oduccs it).

Dircct mcasurement ofrhe rcsonanccs oflhc vocallracl has
bolh intrjnsic and pracrical rnrerest. The frequcncies of
resonance of the lract are furcrions only ofpropcrties ofthe
tracr 01s gconetry and rhe nrcchanicat prope(ies oflhe !ir il
conrarns and i ts wal l t  and rhc).can be measured and defrred
relatively prccisell The nequcncies of ibnnants jn !orccd
speech are mofe diflicull ro measure precisety because rhc

I To *hom conespondencc should bc ad&essed
! lhis lcchnique is Uc subjed ofa pdcnl appticahon l,CT/All95 ,00 729

outpul sound dcpends on rhc lareform inpu! at $e gtolis as
well as on the rransmission and radiation propenres of jhe
tract. Sundbcrg has measured the resonances by mechanical
excitation at the ihroar and nreasurenrent oflhe radiared souncl
l5l, and Bad;n and colleagues hare used thjs techniquc lo
neasure the lransfer function 16.?l

The principal aim of this paper is ro rnvesligarc wheltrcr
feal - t i rne,  non- invasrve measuremenrs of  lh .  f i rs !  two
resonanccs can bc used ro pro! e a visuat fcedback '! speech
lrall|ng. Such feedback could be usefut llJ rhos. "no nave
rnadcquate auditory feedback One case rs Lhose sid scverc
hearing impaiment. Another is thar ofadutls lcarnin-q forcign
languages: such sludcnts ofren find rr difficulr to d:srrnguish
betwecn the the target sound (e.g the sound o, a ro\er as
produccd by a nalive speaket and lheir arrempr to rl)1rrrrc thar
sound. This problcm is auribuled in peil ro caregorisation: a
I 's tencr  who has learned ro d i \ ide speech sounor rnro rhc
firile crtegories of his/her o$r tanguege has a tendency to
di l ide souDds in a ncw langLrag.  accordi  g to r . ros.  sanrc
di r is ions [8] .

Why is it neccssary to meisure Rl and R2 ro providc
visual feedback? lf the objccr rs ro iniirare I sounc $.hy nor
Just rmrtarc fie lr"letbrm? \\,hrle ir is rrue r}ar ihe sanre
urvcform impl ics the same \o$el .  i r  is  nor  ! ru.  ihr r  l$11
cxamples of  rhe same !o\c l  rnu!r  ha\e s imi t ! r  \ r \c for . rs
This is  espccia l ly  rhc casc j f  rhc sounds ha\c d j l l - . : . t r1  t i lc t l
F igLrre I  sho\ fs  f i !c  osc j l togra 'n\  Four i rc  eranr i ,es of rhc
. . | . | ^ U s . | n r o , | n U J ' . . J $ | l \ c ' J ' C ' ( ' f l | ' | | � � � � � � � � � � �
(a .b.c .d) .  Thc f i t jh  (e)  is  a d j i ler .nr  \o \e l  Of lh. r r  t i \ . .  rhc
I$o which a l tcar  mxt  s inr i ta ,  In  sh! | .  are 13r  drd rc)
Fur ther ,  i t  is  nor  a s inrpte lask ro d is l rngulsh \ . \e ts  f ior : r
rnspecr lon or  the s |ccrrurn a lonc The probtcnr  in  rh is  ca\e rs
rnar  the spcctrunl  of  d \o iccd \o$ct  \ i lh  i ! ; r . r ,  c I r : r
iiequcncy fo hrs freqDcnc) coxlp.lnc s fo. :to t;.Lr cr. l 
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Fjgurc l. OscjUograns of filc vowels wlln a.brtrary

: i e l , r - d c :  
i a  l b  a r t  t c  q n - . n . . , c n  b y , h c  f , A r ' u r h o r  r a( o p . d r o ) .  t i  r .  r r o r  o f . h e  r o r c l  o  r d . r n . . h J . d . ) . r  n o T r l

. ^ r \c ' . J r ron"  r ' (h  rnd  vo turc  to j .  , r  o r  o  a r  h r8her
prrcl admrmat,ktume. lc is that of/o / ai nornatprrch and
r . - s \ o t u n -  L i i 5  r h J r  n f  .  o  . . o ( " n b \  r h c I I I J a u r l o r L r
.  

- \ '  
l t  , \  ,hdr . f . t  rnwet  a  , " .  In  . .h1d. . , ,pn t  

en  b)  r_e
Itrsr aurhor ar no@at .onvefslrional pil.h and volume.

thc casc whcre fo << Rl (a bass voice in irs low regrner), rhc
s3r ,p In r  

^or  
lh f  s |c ( r ,d l  c i \ J topc  i ,  u \u / l r )  doequJr (  ro

: : l l" l , .  i ,  ""r_ R? rctubj ro, h sh prrchcd rorccs,
r rc tL, l rng tho,e of  chr tdre .  iu  rs . , f ien of  the \ rmc order  Jr
n- l -nr  ev.n h ig\er  \o  rhe,anf t rnB ot  r fe  \pecl r , r t  en\etope r ,
r . t a d  q L ' d l e  t o r  t h r  i d " n l r f r c J , r o n ,  f  i . .  J r C r . m c l  n c .  c v c r
tu cannor bc cs l r inJrcr l  Jccurarc l ! ,

., 
This study rcpons the delerminrtion ot the frequencies of

lre lrst t!\o resotrances of the hunan vocal ract i.oDl
nel .u-crrcnl \  u i  ' le  dcu rcrr .  r - ,pcdanL.  o.  nLmdn \ocJ l
r l i . r .  In  p i r "  et  q i rh rhc ( \ rcr . , r t  r ic tJ  Ihe , . , (a\uremcnrr
werc mf,de from a position ourside bul near fte lower trp,
lsng a broad band acounic curretrr sourcej a mrcroprone and
"\De.  ' .um,an"t )s . '  q  I  ich d.  . t ta \ rJ  rhe f t \u . r {  

.n  
rcaJ r Iuc (

J r . n ' . ' )  ' \ ! 1  D r , r r d . . '  \ r . u r l  r i ( u b J , j ,  l h c
sfarenr was Odr Lrs.d rs a spccch trainer, and its pcnoonance
$ a :  .  n _ f d i c d  $ . r I ,  r / , . , c  o j  r e u  . . r , r . r  t u r  i \  o t  t c e J ^ d ( I' |  r e u - e .  L  l -  u r c  \ . r  . , \ u t  t | -  . .  J  o l o l u f , , f t r  o t  l l r ,  o $ c -

I  Th is  n j rs  r f t  ob \u , \  oh lcc r jo i  rh  .  s j l t c  hu f t

*,iii:::,,:.,i il F::*::fi r'iit'r":ffi ,'ilr,ffi i#tdiililf :in::l*tffi iH:i*fii*r f u \ | 1 ' L t r r I c {  i , , , 1  r t r €  r c t .  \ ! J  h r ! l j  r r J u r , t
L l t \ , l lJ l ] 'cs] lu( ] .d ] t l ' '1rad- , . , * . ' .on ' ' 'n" , ' l l l , .or , } 'u l [ i+ee.ht9] � � � � � � � � � � � � � � � � � �y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
n.'JJ' ' lr. lr!.L,]rr]c'.b!l.,,o"'u..:;.. ' ;"; ' i i ] ] i ::"", j i f:: lT::n:::]"*,.Lns|lsh!vordn,lu-**urr^"'" 'r ' io.u..i j . i .] i i

ldce , . f thc spc te,  pruf louncrng rhe rargcr  vo$e,  wJs rhoweJ
ro s l rDJe(rs $ho were rhen asked lo rmira le drc mout t r

:: i : i? l l lh'1"'k"."nd ro phondrc r Lhi\ p,.,,o(., convc)s
rne In,urmatron abour rhc \ rwet  rhrr  i ,  conreyed in spec.h
re i  g .  at \o cathd l ,p  rc"d ingr .  rn anor ler .  r ier .  rhe ,u i jccr ,
reard i  r (o 'd i ] lg  of  lhe stcatcr  pronouncinB Ine rargel  rowe.
Jnd scrc s ted lo  proJ|cc rhc .amc vowct .  . t  h i \  prorocot  i .  r
model of ihe fcedback usuaily availabtc ro rnosc lcafnrng ()

2. MATERIALS AND METHODS
2.1 Acoustic imp€dance

l^:: : .11.. l l ' f :d")* 
we,c. m,"sureJ u,ir,8 d rccnnrqJc

:::: l l : : . ,  
," ":". , ,  p,cv,o-L\ry tr0.rr i .  Eneny a.ompuicr

l l :ofe. 
.  

Tno,i, .  urveforrn comprting rhe.unr cr nranlsr ie u" !$ Thi .  rs  ourpur  v id a d jg iLal_anatos LUn\cner  ro dn
amf i r r r r  dnd lhen ro a touJ"peaker.  On one , rde ut  rhc
spea{er rs a seared cnclosurc; on the oihe. is an nnpedance
maichrng horn which connecrs il acoustjcaly ro an annural

: : i l t .  
"",: ,T 'rt , :  

re5i 'ror hd\ Jn rcou\r,c ourpurrmpeJ"n.c ol l l  MRayt $hrch rr t irScr rnrn rhe toaJ\
mca.ureJ l r$rcd y I  MRdytr .  so rhe source appro\ im e\  Jn
roear ctfrenr sJJr.{ T\e ,ound source (rJre ourpul ol rh,
acoL's t rc  resrsror) ;  locJted ne\r  ro a rn, ( rofnone In a
measuremenl head. The microphone measures the acoushc
pressuJe produced dnd r rs , ignat  rs  in tur .u a spLcrrum
znaJr .er  

, thc 
. j r8r l i leJ wa\e lornr  ourput  b)  lhe compul{_ L

cnr( ,ut : r rcd dLnnS a cdl .b-a l run proccaurc usrr rg a res. rNc
rodd ihe (uc lT icrenr :  ot  l1e srne rerms In lhe \ ' r rher j reJ
\ ^ d w f o r m  a r c  c J , c u t J r e d  s o  d ,  r o  c o m p e n s a r e , o r  r l , e
r reqJc J)  dcre Jen\  c  .  I  rhe rmtt r f icr .  toud,pedter ,
impedencc marching horn,  output  impedance and
mlcropno.e, so rhc ourput acouslic curreDi xas rne samc
amplriudc for a 

 

frequurcy componcnts. The pressur.
spccrn'r. measured by fte m;crophone is therefore
proponronal to thc acousl;c impedance ar fte measufemenl

A i  ) . rL .  Bndl  r .  r r r .e  r_Io J. ,d J  f in i rc  mca.uremcr |  , rm(
together iDrpose a maximun ;nformation contenr ro any
measurcnrenl A compromise musi thcrefore bc made for lhc
dJceprdl . lL  vr l , ,c .  o t  r rcqLCn()  rJnBc.  f re. t , re, ( )  , ( ,oruf i^n.
ampl  t -dc rc \o lu, iun and nrca,urerncrr r  r in  c  Ihc \ r fn i t  L
nuse ra l rc  rn $cse cxpcr imcnts was l iDr i tcd by threc
. o r i r d r n ' . .  I  r j 5 t  r r r e d r g , l - t  d r J l o g . d r d  u i ( , i  $ r \ n n t y  t 2  b r l\ rcond r lc  med{.emc l .  werc mdd( in  a r r ,unr  qr | r  -
o d . r F r N i n J n ^ r . c u i r ) f r c - i t v a 5  5 5 d B A  I t r : . , 1 r h e c \ r r F r r t
r e r \ r  .  u  t o q  \ . r l L (  - . o r . r , -  | r , p f d d r r e  r r  t J , , . l c t  q  h  r h r\ ' . "  r " c r  w e  J c c r J . d  n ^ ,  r o  r r t r o \ e  r h e { .  . u n J  r r u n \  r . ,
rnrs srxdy baausc.a pmdical  specch t ra j r$ oughr be s inplc ,
non ' . \ rsve and able to ! !ork in  a c lassroon envtronnrcnr .

5!  ! .  : t , t  ( i99a)  No 2



Thc.frequcncy rangc was chosen as 200 _ 2500 I{2, wilb a
'c .o L ror  ^ i  25 j t l  f t ,u ,  rhc ourpur  (uncnr  { i , .  a  fcr .odh

h!  Jum,nrng q l  \ure qavr .  wr lh
xcqucn.res 200,  225.  250. . .  2500I I2.  The microphone power
spcctrum was disptayed using a Spectral Innovalions MacDSp
. c r J r  

 

I  M J . j n r s h  l t  . o m l u t c r  r m p l c ,  c  t n g  a  t ^ L n c r
r ,  .  r ,  , rn  \ . rh a :Jn, f t rnB rd.c r r t  I5 .0,  I \H/  dno d Hrm,nrng
$!rdo\: Thc microfhonc and ihc ourput of rhe acousti;
rcssrof were mounlcd t0 mm apart in a btock ofnyton used
a\ .d l reJsurcmcl l  l -c , r , l  lhr5 hcdd l r?s phccd agdrn,r  l le
su0tL,  r \  tourr  t i l  for  \Jcal  r ract  mcJ.u,crnenl \  for
calibrarion, thc mcasurcment head was usc.i ro sear one end of
a l5  n rubc Dur inS a mccsurcrnenr lds l r rg res.  r ldn , , . r /  m. ,
r re rc Ic .  r ron doe,  nol  rerurn i rom lhe drstanl  c . ld  ot  lh  r  tLbc,
so il is effeclively;nfinile and :trer€fore a rcs;srire load [13].
2.2 Prcliminsry subject .rriring
For nost pcopic, rhc relaxed position ofthe vocal tracr at rest
{ r  "  u l rcn nor_J.hondr i  gJ hd:  rhe vctur  { .oh t , r tdr . l  tu*crco
'oudrd,  rhe do, .d l  I ,pecl  ot  rhe rongue.  I l  sa.  r , ,erefore
neassiry ro show subjecrs how ro told rhe vocat lrad in dre
Dh"nd' |ng-po.r r ion snr te nor  thonal ing t { .o  drr fcrcnl
r rcrnods ot  rccdback werc u.cd lo  teach lhrs reLhnjquc.  U.r . rg
r  rn i ' ror ,  subjcc l \  founJ lh , I  lhcy coutd see the patd lc  In rhe
re ia- \ ro pnsr t ron,  and rhdr  shen drey phona,cd rvyrng -ah.) .
r l  l r l lcJ and rhcy cduld sec rhe bacts of rherr  rhroars.  Tnclqde then a\ked ro t rd. r ise t i f r rng rhe t .1rrc  u-rhoul
Inorr Ing.  thc orh. r  mc.hf t l  u \ed the me. .urenen.  o l
acoustic inpcdance: \yith rhe patare raised rwo resonanccs
were usually observed in ihe range of lhc impedancc
'pe, t ru n.  urrh  

 

lJwerrd dnly une rc,undn.c sd.  ob.u, \eJ
M o ,  \ r l u n r . e r \  , e . , . n c d  r h . "  \ t r  

 

. n  r l - . L r  t r )  m  n ,  c . ,
r ' ln  Lgl -  -orne drn nnr  t .Jrn in  l t ,  r , i  .  c .  dn J $cre r  I
Inc ' , rJcd In rhc \ lLrdv Vorc \utunl .cr r  orer  r re Jd(  o i2.
(7570) than undcr rhjs age (t 5%) q,ere unable to texm rhi\ skj 

2.3 "Tsrget,,vowetlonnds 
an d ..rarget,, impeda nce sp€crru

lNo spcakcrs (oie rnlrrc and one i.ernate) qere chosen ro
f r ,  d , r  c  \dc.  . , '1 , ,d .  J1. t  .^ , ,c \prndrns In tcJr lc(  1.c .  r r . .

hc i . r . IJ  ed \ )  lhc r i . . r  . r .o t . . , ,  .1n. .  
. r ) . , .c

\ p J J \ L r  q . r \  l 2  v c r  . , , t  _ F L  d . r r  h d d  l \ < J  r n .  .  o f L r .  l r . J  n
thc North of  Sydncy and h ls  a mi td Aunratran accenr.  thc
iemale spcaker $a\  2 l  ycals  ofaSe nnd had l i \ed rhe tasr  l0
ycars ln ihe Nonb of Sydncy. Itcr accent is lrcoomrnrnllyA r " r . ' l i " n .  b f , l  q r l h . ,  . t r ! , r , r r . c  r h a , , u g g f { . . n e  r .  n u r  1
r a . . c  r ' r ' p l r , h  y r c . r l .  r  I t ^ r h  h r t f  u n r \ c a r r )  p . r . r . J | |  , - .

,  
\ r - J  \ ! . \ c t ,  \ . J r -  C n . . . n  t o r  t h r \  \ r . r J \  r  d .  r n . . .  e . J . . ,,  r .  r - h r d r J  .  o  - ,  -  i r . [ d , .  a )  d \ r n . . h J . . .  . \  "' : , . ,  

. : . , . l l l  1 , ,  )  - " , n . . h u z , c . .  u  r . r , , f 1 u .
u  . . . n .  q t . , , n  t u r . r . . . \ , , $ c t . r t r \ f . . , ( f r  

f r , , . . . n . . ( J J
: : , J  

d  , ^ . . . r  . \ h . . ,  u J .  o . r  r \ e d  J r , . ,  , . .  . r . . . o  o \  . l\ , r r '  n r .  \ h  c ,  . t L r . . r  I r , r , c d r . , r e t )  J r .  

 

, i , . . ,  . . - . .
pronNr in8.  an Imtedrnce stectrunr  was mclsutu-d . th is  

$. ls
rcFared scvcnl  r inrcs and lhe nrcans and yrnrnc.s rn rhc
I 'c !uenc 'cs of the i i rsr  rwo fcsonrnces $,crc norcd.  l r re nrern
\aru.s werc uscd as l t re larger  valucs,  and lhe t r l ler  s . r ] io  \ !s

thelo1vcl soxrd rccorded immediarely before rhe impedanc€
spccrrum whosc resonances most closely approached lhe
rn idn ! " r tu . . . .  A phurog,ath qrs ruken ofrhc lower hdtru,  . ,c
,dce 

inr  
eJcn spezre,  n,onounrrng edrh r \undrncd,  rarSJ

2.4 \'oret imitation tests
Subjects were asked io imrtale rhe ninc &
three ditrcrenr feedback met;;;" 

- "* 'Jrsel vo*e/' usr'a

r)  Phorogr"ph onty.  th  .  sds des,dned u con\e\ .  L ,cel
conf io ed cond juns.  rhe rn iu lndr ion rhal  r \  r \ar , "bte $nen
5prc.  h rcadrng ,  t ip  ,cadrng , .  Dur ing !hc\e rcr t \ .  lhc r  rhJc,  L
$ore hcddthonc.  ptayrng $t l l rc  nuise ro n,a.h
and so to minimise rhe subjecls, use offte sound ol lherr olvn
v.olce as a due ro modify rhe sound rhey were producrn8. .r.he
suoje*s vcre shown lhc phoroSraph ofthc lower hati oflhc
s|eatcr  fo f  rhe, .ame rx I  pronouncing rhe tarSel  !o !c . .  tne)
we e In. t ruc led ro rmi tJ le the mourh po\r r io l l  o t  r ,e  \peJte l
and to phonate. This sound was rccorded on : crssele
rccirder An impedancc spec{rum was measured imm€diately
fo l lo$ Ing rhe ph"ndI |on Tnr .  proceduje was refcdrcd In-ce o l
row lrncs ror each vowel (Frgurc 2d )

ll.,.f.*l* 
specrrum ptus photogrsph. Durins rhesclesr.. lrre subiccrs qo,e headthonc. ptayrng whrre nor,e ro

masx other  sounds dnd \o ro mj I imr,e lhei r  use ot  lhc sornJ

:f 
,l"ll "l: *"" 

:. , .ruc ro modiry fte souno rhey werc
D, 'odLrJng r l - rgure 2b ' .  the mea.uje jnenr  hcJd qa.  

f t .cco r l
rhc .LrbJerrs Insd t t .  and lhc imFd"ncc spc! . ru-1 q. . .
cu ' r r r rJour ly  J i \ t r tdycd on a mon or  rn rhc subl ( . . .s  , ,es I  hc
subJeds wer€ pcrmittcd lo praclise varying rhe fiequencres ofrnr '  r . \o  res 'notu c\  i | l  J .  oL.r , .  i ,nrcdJnL< , / rn Jrd $d,  .u  d| r iL .penrng r re n,oL h rc .  .co R I  rnJ rhar  b! rnding ,h.  ror i  . .
IoBard raised R2. For each rargcr vowet. a rransparcnr grccl

v e r r c 3 t  I  r c .  d r . r r r )  o n  r h . .  r r d n \ f d r c n ( t  i n J r c a r e d  I n .
r r c o L e n . r . . o J  r t . e  f  \ .  r s n  r r . o n , n c f .  o l  t h .  r . r , r c ,  \ o \ c .  . .
anrcula led by l t re lar -qcr  spcaker of  rhc same s. \  lhe
o f o  r " d n t r  u . r l r . J s e r  t , r t r  o f  r J r (  . r c a ^ , . r \  t J \ .  ! . .  , t  u' . ' l  

l l" '  
" ' '  '" ' ' :  ! r ' i  'cd ro u - ,r,. '  r ' ,. o. , ,- ' �  .,. J, : r - r r  1c IGfr  |  .  dnJ r t rc l  ro nr . , r  ro lguc drd .  r^  . r  .  . . t_, h ,  L . , l o . , t  m . \ r i  r , / , t . o r . , c ; n r d . , , "  r , .  , , . "  . . . , . . .

$ h , r  l | e  \ L b r r l  q . r , . , r | ^  c d  t l . . r r  , , r c , o L r o , r ,  p .  y
rm!.o\e lhe dcSrec ofm ch, s,trcphorared and thc sound was
r e .  : , 1 . r  o , ,  L J . . c  c  r J n (  , / , n  { J s . r o r c d  a n J  r h . .  ( . . n -  I,  t . , . r ,  .  r ' , r J .  t - J  r t , . c e , , r  r , , u .  . . r . : 1 . i . .

] ] l  
\ ' r d i ' o r r :  I ,  r .  .  r . . . . , r , . J ' . J ' r  s o r {  , . . .  . . ,  r  .  r . .  .

u l  j 1 1  $ , i ' . . i  s " .  t . . . ^ 1 t r t ( r c , J r  t , r ! . u .  I n c r , . f ( . r  . . . . . . .
pron.ur .cd by ore steaker  of  lhc snnre sex as rh.  luhtc l r(FrSLre 2t .  the subrecl  coutd t is tcn ro cach \oN. l  ! i  n , r r , ,r r . , . .  ' .  . L  , 1 .  t . , r . r  . , . r . C t f . , r  , , . . , . ,  . , . r " , . .  . r , .
3 , r '  .  t ' r \ . . ,  i t  , . ,  | L . , | . L  | | . ,  , , .  r t r f  L . . . .  \ \ , , . . .  . . \ . . .s r .  r . . t ! r l t  r t . . r . . . . . , .  r , f  r , r r .  - , . . J , , L r n J  $ .  L , , d  Jr "  L  r r  1 1 \ , l r J .  r \  d | | , . r $ _ r o . .  1 r .  r , . r c J . t J r . . . .  . r \ .  s

V . , ! r l a o r . , r - ,  . -
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:c6 

on,v 
:  e \_oFrd.h orrhc roser  r rcc o,  rhc r r .8erspa\ . r  tn  r , rc  .cr  ond i  2h,  J  re.ec.  oorh r ,e r \oro8r , !n dnd rhe'mp_cdane spelrF of his,irer own vocal trac! upoa whrch is

: ; l : i , . �h ,a: fd 
, , :  r -co((L o, igc\ond .c \  o,  , jE vo.ar  , ,ocrnr  hc " rcdrc whe1.r rod- , . .  e  rhc turger  .uuid I f  rh.  r t_ [d ( r . ]

,l:":Iil';,T;,T.:,1:":J 
hc" d 'c! r'r'n8 '' ,nc ',.cd\c,

2.5 Subjects
Nrnc subjccts Gix nrales and rhrec ienales) each recofdcd at
: i : ,  

- l . l  , l :  (unrp ierc n,ne \oq.e.  \ r r  u . ,n!  r r re , rueecr f l . renl  l t rdbJcl  merhoJ,  r ,0  s fcc l . , r  and 4-0 \o$( lsounds wcre.ecordcd. 5% ofrhese w;re discarded because ofe , f l r c  T ^ o r  q . . J t . r r  r . c u , ,  : :  , . \ r r c n c . , , i . . , L r n d t c \ i t o r  q i n d

: : ' : l  
-  

l : r  
' 1 ' (  r '  I  o '  c  ' u b ' c ! '  o  n , J , , ' , r  n  ! n n . , d n r

fonlon $ ,h h is  I  r r  rof l r (  a , rL l  t r rs

|  . - i | t  
\ P c r (  ̂  s d e  b ^ r r .  .  . r d e o , A r . . r , J t , J . n t r h c . e , f  

u r( x - r '  d  r d r c , . - g c , l \ c r  r t _ , .  I r r t , , h  - .  r t , e r r  r r r s r  I d n S U J t e .
, l l l . ,  :  

"  d e , r q d J r .  . . e r  
r !  r o  : D J r L , t c  n , { (  l ! n d r , r ( , ,

i l ,  . i ' ,  
,  ! a , r  ̂ r  r ,  n . . 1  \o ru l r cc .  , , r  r  , , r 1 , . '  cu , r  r . r rs - . ' , , r v  i u . . o l r l c . . L . c .  .  - C r t , c c o n ) p t p . c , . r r r . n ,  . , l ^ o ,

:  : ' : ) '  
" *  1 1 ' c , 1 < ' e ' L b . c . r . q " . J r ( , , . , r e , r r 5

\ . c r F  n r . I  q ]  . . .  r r , \ e  L r . ,  . . . . c  r .  t r . ,  , n  , r J  q , r o  t . 1 "  t . \ c J
: ]  ] : : " : . '  

, 2 )  ) c , . . . , , . r  h . .  - n
prcoor l rnanr l r  Aus( f t t i !n .  bul  iv i lh  a l r rcc inorc l |or  th i r r

Englsh rs nor hcr nal ive tansuaec Th

;1ir1 19r1+ +."r.'. r,,, ;i:iii';Jl,l li',li l,i,..T,tl;J
ii,,iIl''_ll:"lllli.i;i";;ini1";;a 1..ar"e;.r,r,"."
improvcmcnb in imiration 0.,*";; r;;:;*;.*"il::1o""
2.6 l,ist€nirg panel

T:^.:::lo" 
','":"f bv ,he rcre,ence sperke.s, an.r rrrer r l r r d r , o n \ _ n . a d c  b y  I n e  r w , , s u b J c c l ,  ! h ^ L o r r p l c r e J  r h c , c r . \l l t lce f l15 .ound.  in  ror : l r  qeic  r rar . .cr rco r r .  raadom o.dcronro a cdssc[c ta l )e.  This la fe was Fta! (

;11;fN[i ;i;,1 ;x'"';r iffi :"i;;,,._li';i
9ll_.1.,..1, 

" 91".T'*"r' dc\c,ihed rs rhe roqer.ound\,,. r.,c:h'J": :;t;; j;1d,;;T1.";, l:L ",'i 
- ", *", .',

and,hc r,\renc^ cou d rep,;;;;;,;;?:i:il:liT,:J l;::a(red 'o  d.c ide whrch ot  the n jne t i . lco \owe, \  udr  r ]o \ lr lo .c ly ,  dptroJchcd b)  the .ound the)  Lau /L. l  ne.rd I l

i#::;:*.: ' f iJ"" 
n' rr 'rcd ro rc"t 'hd'� c,,uv b,d,,,. o,,

3, RESULTS AND DISCUSSION

:1: .  
r"  * :" ,  r t_e pre$u.e.pccr.xm recorded \henmcd(urenenrlaad w/s connected lo the.. in n e,. tube ahEr

l i i . i l . ] '^", Th: ourpur "isnat of rhe drejrat anat^succonverrer has been adjusred ro reducra.p"no.*" or,n" r,,"."u.'" ;il; ft::i;5,t::li:;?
ffii:." :" ;ilffi.:ii,i:j,.H i;;;:l:,::i:::;,t;
o u ' p u t  r e ( i s l a n c c  o f  l \ e  . o u r . c  , r ' t , g n .  , n , .  . u n . . , ,  _ ,
:::T:rj"1 

"f errcJnar rJdd. ",.r, ro-" ,,.r.o"n.. ,,..measured prcssure specrrunr is rherefo&p'oponronal ro tnc acousti. i;il#;;;":tj#i::i:f]:

::i"'iT;lT,ii[,';jil it3l:,i n**^', ","',
:,:fl�iflfi,i".'1$"il"u*'"'-ti in trre nois)', ro\r'
*^ I r8 l i !  

Jb .h, ,q,  rh.  r  eJs up, t  t rc . .urc, fecrrur ,  q . r t_ rnc
l i l . l ' " - ' . , ' ,  l " " r  * , , ' , "ned ns \ ,  r , , r fe ro$ ;  r , f  o r "  cuo  . \ r
) , i i , lT " l  : : , "  

11d r , "e  re ,d . r r rLd .ods , .  mper in
;" : "i $i:r::;::i "i;"" :i,,,_ lll: :;l:';, .: .',
: :  1 " 1 . 1 , " 1 " .  j t d -  ! , _ r ,  r n e , , r ( . . J ' < , , r c , , ,  h e J o . ,
l : . . , : :"":1,"" 

I  \  r, .r-,1,e $d\erc,rFh,...n,,ocreu h.re. .J
:,"., i; J:;T:].:r.iil" 1l'.j;;":",".:: ;;r , II l rn  r rc  s , \ 'chrgr t . .  {n  , r : ,  r "cc dcr .  . .  r  bJ, i le  .hu.  I
i ' 1 , " d , . . , ,  

t ' " ' . , 1 , . . , " 0 ' ^ \ , - n . , . e t \  : r , r r j d J . d n . , J r n c , , r " 1
c : .  k '  \ t  , f n r ^ \ i r n - . e t i  d . L b t ( . . h c  r l r p c d d n c e .  I o j  r . ' l r -  l

i::.,]t::''' i:::il,il,;:l;::t il7 ". ,0..,r '
;[i:i:']::: th:.:lfii:Ti :il ;,:T:.i; :,
, , , - ' , . : , ; , . . . , :  

. i . " . , n . . , . e . r , 1 . r , . , . r r  r ( d , ,  , r . c  r . " \ c .  r , f .  I
^ . . , ' l "  : , , "  : r : , ^ .  

q r r n  t r .  I . n . .  r r ( r - r c d  r o 1 1 , { r , r . . . .e  r J , . r ' h o r ' - )  l - r .  r .  a  n L - i r . c r c h . . ,  L r L . . n , f . . J . , n , (

-J;;**l

5b !o 2J t r lqL l  Nn ?
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nojsc was one of lhe rcasons that  tcd us !o cxc ludc rhc vos.c ls' r ' a n d  
_ I  

f r o n r r h r \ r , , d r .  t r  A J . r r J t . , . l  t  h d t . , n .  r n c : c ! , . q c l .
ndve x l  rn lhc rdnlc  200 J5n H/ .  furhct  lh(  lo$ rnJ . , rd.
moutn openrng associared with rhem means that rclarively
ljttle acouslic energy liom lhe measuremcnt nead enlers lhe
mouth.  This low s ignal  and rhe h igh noise In the re lc lanr
f.equency range m€ant rhat we coutd nor rcliably delcnninc
Rl for tlesc lwo vowels wilh tbc current vcrsion of fic
apparal!s,

F 'gxre 4 shows ptors of  rhe rcsonanccs (Rt ,R2),  as
detemrined from rhc inpcdancc measurerncnts, for lhc ninc
vowels studied for tbe femalc subtccts onty. The (Rl,Rt) of
Ine target vowels are indicitcd by lhe heads of the arou,s.
Fig-'ure 5 shows thc analogous dala for mat. rrojecrs onty
Subjecrs a(cmpted ro inritate the vowets ofrhe rarger speat(er
ofthe samc sex. Ftanagan []21 reporrs lhal lhc adulr femate
vocar tracr rs on average 0.87 timcs fic lengrh of $e nrale
vocal tract, and this diffc.eicc afecrs thc rangc of fornant
f reqwncre( .  The !J lues ior  (  R LR, I  r r  I  r8 l re 5 are srn: . " r  ro,
Dur nor  rdcnlcal  ro.  rhc me"n vdt lcr  of rF l . t?r  refo ed o\
Bern"rd l laJ fo '  I00 Au.r r " t rJ l  spcaker,  or  Fngl ish u.  r  g  d
5pe(rrogrdph.  In d l t  ca.es. . t -e. , raded c r t ,c .  rcpre.e l '  rhc
al lcmpls by rhe rubiect .  to  rn i ldrc lhe ldrgct  voqc, .  The
cenbe ofeach ellipse is locared ai rhe mean valucs of RI aDd
R for rhe imitation ofthar voset. The horizontaland vcrtical
semi-axes ofeac} cllipsc are the slandard deviruons rn rhe R1
and Rl of ihe imirations.

Figures 4a and 5a show rhe (Rj,R_2) ofthc innullons mrde
by the subjccls using only rhe phorograf,h ot. rhc tafgcr
speaker As mighl bc expccred ot a merhod tirar grves lrlrre
'nfomralion abour thc posirion of thc longue, re dara are
ratber  scal r red.  Thcfe is  less scaucr  in  Rt .  s ,h ich rs
dctermined predominanrly by mourh openinS and less b)
tongue posrlron, and rnorc scrner in R2, s.hich ,s ocrernlned
l a r p c l )  b v  r h e  f i . ! r - o - r t  f . , .  ^ n  o t , f e r , . n E L c .  a  t J - d n . c lqrr (n \d-rnot  cr . r t \  he dcrcrn. rned f r^L r t r (  thoro!ra l  . ,  . { t .
oftlt subjecls spoke Engtish nucnrtr and ali knew th?r rhe)
* ,cre rnnta l rDg fhoncnr.s  in  Austr . r l ian Engl ish.  Thrs

j]' r, ,,, ,-,",,h*,-l
::l/\^' li" ]

F..c-f4 lrHr)

LSurc l. The measured prcssurc sr,ecrruh usrng rhe
ocasu.cmenl head wilh tree differenl loads. 3a shows rhc
nreasu.cd spcclrun when the head is connected ro an'!nfinire" rubc for catibrarjon 3b shows hc specrrub
nrasur€d at thc lowcr lip ofa slbjecr in ttre labonrory fiet4
which his mouth closcd. 3c shows lhe spccrrum hedsurcd al
thc lo*q lip of the mate lfuAer speaker w,lh his vo.al lrad
prepared b pronouce $e \b",el/o/ (as nr..hof,)

lrs vocar rracl rn parallet sirh thar of rhe fictd of the
laborerory. The larler js a low imp€dance shunl which
oomln?tes the measLrremcnt except ar resonances ofthc vocal
tracl. Resonances are sec, at 0 6 and 1.0 kHz. Nole lhal lhc
impedance ris€s and fa s beto$, and abole the resonance
I 'cqJ i r .y .  The lao f rc td .n peo,nce.  tnLlLdrng rhc bam. r .
r r ( ru(r  \e  the rmpe. tancc o i  rhc t rdcr  r .  cdpd,  rve hc lo! \ .
resonance and inductive aboye rcsonance, so lhe paralel
rmpeoancc 's respectrvcty hrgherand lo"€r rhan thar ofthe lab
field. Therc is sone noise presenr al around 200,J00 llz. This

t r ! " j j 1 T h e v o c a r h c r r $ r i o r l r . q u c n c j e \ ( R l , R 2 ) r ' d r h c r r r g d \ o s t r s s r o r r b \ r 2 r t c r s p c a k e . r ( , n ! a ( & , r r \ r h . r r r d s o i r h c a ' \ , \ l

: i ' ; :". : : . j l . . i : ] .5'"|1*'"]) lorlhimndnns(tai lsof 'r ' .*.""1ou.r '"-q. ' , , . i .g' t*. l i i i . ] i i i t .*. . � � � � � � � � � � � � � � � � � � � � � � � � � � � � �ph.,os.arhonr!.bshoqspno.".-nphp'*imrcd,nccsp.;;.",;*;il1:;;::i';ilil;::li,:i."*:::li,l;;,:l]:rii:il:,iiill::
rs  equer  ro  the  s ra 'd 'd  de \  i r .o , ,  . r  R  I  r .  oc  in , i ra t , .ns ,  a .d  i t , c  v* r ,car  scn j .a \ i r  N  r l , , '  i , ,  R j ' ;p . ; ; ;  " , ,  , . , , , i re  and r j , c  da ,a  a rc  r i jo . .o, irlc Jc ale subic.t5 r!!rdin! her ffrer lo\rcls
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informarion may have resulred in smalte. scaner than would
hJ!(  hecn rhc ca.e i f  rhe fhorotrdph\  $cre r1"  on,)
In lornrat ion Ior  insrrncc.  rhc !nqet  c  nJ.  dn L l rn,orguou"
'nourh shzpe In Ausr-dt rd.  I  nBr: \h Jro rhe .Lojech n d)  nJve
xno$n rnr t  ont j  onc nnsue Nsi t , rn ic  a.soctdteo {  th  lna l

.F isures 
4b rnd 5b st row rhe (Rl ,R2) of lhe mrnl |ons made

usrng l rc  rml 'edJ1.e, fcc l rLrr  r . !c lhcr  q. r r \  lhc pror .Erdpl
oI  rne tJrgel  .pe" tcr  In  lhr .  pro, . ,cot .  r ro r r  rhrr  u. rn!  rhe
p h o ' o g ' J p h o n t y . r ' , e r b j e c r . $ u r c h e " o p h o l e s ( m  r . . r g u n r ( .
no ( r '  $  hr(h na. t .d  Jry  or .c  rhr)  n,Je I ' r .m.cr \e. .  " ro \o
rlrey wcrc unable ro usc thcij.os,n voice as iiedback. Thc
scaltcf in borh Rt and R2 is nuch tess than in figures,ta and
5a In costrasr Nrlh Figufcs :ta and 5a, lhc scrler !r X2 w.s
less than tfiar in Rl. Subjecrs commented thal it was ersier lo
nrr lch R2 rhan Rl .  Thjs  may bc because R2 var ies over  a
! r c d  c r  r J n p c .  d 1 d  i j  d , s J . : - r c d  $  h :  t d g . r  L f . r c c  r r  Z ( t )
I  nu\  l r ,c  r l  Jr ron in  R) $- \  I rorc norredbtc r r  r , .c  . tcc l . l jn
and $is nray have encouragcd lhe subjec\ ,o concenrraie
more on malchrng i t  than on n i tch jng RL This fcedback
protocol shoNs lhc leasl sca(er of the rhrce used. Nore
h o s e r . r  t l r t r |  , h c  " . :  r " r  r :  r h r d \ .  r . r r e ,  g . c . . e r  r .  1 . , .  r , / .
r r c  r r . o l r t . o n  , , f  r h e  I n r c a - r c L  . p c . , r L  .  J r . l . . . .  \ ,
suspccr  lha h is  was due ro rhc t in i tc  skr l  and pat ien. .  o i . rhe
subJects nr  marching t t )c  f rcqucncrcs (d iscusscd turrhcr

FiCU.cs 4c and 5c sho$ rhe (Rl ,Rt)  of ihc rnrauons nr idc
usrrg audi tory inr i tar ion:  lhc subtcc ls  t isrcnco ro !  rccordrng
of thc spcaker pronoLrncing thc largcr  vo$cl  and th.n nadc as
many a l lcmprs as lhcy wishrd to p(x lucc rhe sdm. nruno.  rn
r l ls  f rotocol  thcfe was no nrasl rn- ! r  o l  rhc souni t  . t . rh .
nDtcc l  s  o*n vojcc

.  
rn order  to sunrnlar lse these d!ra.  $e del ine a t i : r r . r€rcf  rc

Indlc i tc  rh.  dr l lcr rncc bct$ecn l i ,c  i In  at ion and rh.  hr8cr
r rsonances I ) rsp laccmenr jn  rhc (R1.Rt)  f jane is  r .  obvrcus
hcrs l r rc ,  bur  rhrs g j !cs cr l r r  scrght ing lo  lhe i l j junon o,  tne

1 " . . , " 1  " : , ' , , .  I , c L J U . . , ' r . , . " , , .  .  . , , . - , r _ , ,  r . . o j . r .
L r ' 1 .  t ^ r  t  r \  . \ ' , . o r  $ c  { .  , , I r  r t  . .  t )  |  . r n J  R t  c . . r n .  .  ( 1  .  I
l l r .  d isp lacemcnr wi lh  thc rec i f rocat .  o f  rhc srrndi rd
oev ' i rurs(Jr  and or  ofRl  a |d R:  in  a 

 

n inc lowrts  u( .d. . l  he
scaled d jspla.cmenr d in  rhc (Rl ,R:)  ptanc rs  rh. feJ.orc

$hr ' re rhc rubscnp.  I   rdrcare,  rhe l r rpel  \d luc Unng lh. .
c tet rnr ion,  a pe- fecr  mdlch hJs d 0,  Jnd d poor TarLh nra)
h a \ e d a r h i g h a .  J .  t n  r h e d r r a o f  p e t e r s o r  r n d  B d r n c )  l . 2 j , L ' .|ange of d for a typjcat vowel in the poputation studi;c
aboul t, so a d ofthis order might be considered an acccptable

Tablr  |  .h .$,  r t -c .c" lcd Jr . f td \eme-r  rd)  for  a 

 

\owc. .
uJng at t  nc ' t .oJ\  fur  borh r \c5 I t  is  nor  ,J ,pr .Lng rh: I
Imrtdt ron u. rng r l .c  InpeJdncc "pe.r run cr \1,  th(  "n i  e . l
d r . p k . c 1 l e n r ,  i n  h e I R I . R ? I  p l J n c :  d t c r d  

 

I  r s t r e r r , e t y , n L
d'sphcemerl.of Rt and R2 rhal rhe sub.lecrs arc scekng to
T ' n r - n r \ c . a n J r t  e s . a  c r  h e r c r \ p r c , u I r 3 b t y j d n "  n c ! .  r , ( o I
lhc l rmrt r  of  r |e . '  .kr t '  3rJ fd | |erh.  I t  r .  pc,hdf ,  nr .  rc
surpnsrng that rhe scatre. is so large for auditory imilatio..
grvcn thar atl ofthc snbjecrs have considerabte cxperiencc in
' l ' -s  fc .CbJ. l  J Id $cre Jt j  n ,c"unrbty J i th . )  \kr  co 1r  rh. .
w l e n  r n e )  l c J r n . J  l o  \ p e a k ' 1 h r s  m d ) .  I n  p J r r .  b c l n e  r c s u t r .
rne 0 oces ot  cJrcgo \ r l ion in  thc marur(  JLor ,u,  )  J  - ( I r  en
, j ] " ^ : " h .  f , .  t c d r n c J  o n f  J d n s L r f , . . e r J .  r u  d r , : d (  r h e
, . N r  ' ( r r f r _ n c  L r t o  l r e  \ w s e t \  o [ l h d  t J r g L r J f e .   d  , d r . . .
o . . . , . m r J ' e  ! r a  

 

d i r c r e n . c s  l n "  f \ i r n t r t e .  r , <  , u _ , . . .
t  noL.  cd c\ r l ] \  r t ru \  r .ne aR l ,R) ,  $r ,cr  In I r . r ,  nL-  r \c  ra.
souds /u / ud /a /. The /u / was a Sood maich, bu! lre /L
a poor ore. Thjs can bc explained ilhc pcrccptualty calegoriscd
ture vowet as /u/ in bolh cases. and then produced hrs version
oi that vowcl. rarhcr rhan a good imrlarron oflhc largcr. (Thcre
rrc r rcu l  orher  mdr qa.rp lcs in  rhe dara.)  I r  rs  l ross ibte r t r3r
rrrucn ot rhe scatcr is due 1o carcSorisalion once a subjen
categor l \cs thc loset  s /hc hcars,  s , lc  thcD p.onouncer hrs/hc:
unralversron of  r r  rarher lhan a fa i rh i r t jmir r r ion of rhc lary. r
voscl  Al (hough severat  of  thc subjec ls  in  rh is  s ludy spck.
l \ 1 '  l . r .  , , . .  s  t .  I . d . v r d b t ,  t t L c . . . ! .  n , . . (  L d . . r . . . . .
' " . , . , : , ' " :  "  T ' r ' , . , . t , 1 )  s o o J  r ,  l . , r , t u . . * . r ,  r . , c . .
specrarrled vcncc traintng

Two of  rhe subjects repealcd thc imj tat ron lns ls  lab lc  l
. h .  $ .  r r c i  - \  r . c  J  t , , .  r i . L  l  r n  d . ( t  \ . \ u , d s c . . , . r  - . . .
c . , . f  I  j r ' - . r " r  rLfdbdrk ! \  r r \  r t  c  o. ,uropr"nt_ . . r ._ .  , rus.  .
a r . . r . r .  r \  l e . l l  L L .  I , ( r (  s i .  n o  \  l n r , . . .  

 

.  , .  , t  r  { L  r .

delincd asi f -.

o - , f  " '  
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\ ' "  
, .pf lo), imdlcly a, 5ucLc\stul  rs auditory i"eedbarl ,fuahcr.  thor sLbjccl ,  who r€lurned for a sccond se\sion

borh in rhr speed ofproducrion of a
and in rhc recognjzrbi l i ty of  lhr soundsprcoucc(. .  rrom lhe f In ro second scssion the ratc of

l"]:- l:.*l 
,":::,",r. f,"n, rn L r0eo (18) ro 4r r eoo {rs)

-'] l-. l l :: l l , i , :u,") r".."nrra-r. rhc sccond 5ession usrns rhc
t ro ograth onj)  ur ludrrory fecdbr. l ,  strowed no ( ignir icJnr
,nprlrcntenr in : ,calcd drrplaccnr(nt or rccognrt lon rate. lhe5cre.utr< arc rorsrsrenr $irh ,rro\(  or",he .cated disptaccmenl
4. CONCLUSIONS

3: : : :_1": : ' ] - : .  
,e,hn,quc dcmon.,rure. rhe poss,b,r ,ry ofi resunng rhe rmJ'edJn(c stecl fLm or l le ,ocar rdcr rr

i i r : rr : l - :  
"h rhc errcrnat f ,etd rn rcdt r imc. w,rh rhe ercepr,on

:1.." :*  
' .  borh or rhe f i r5r r$o rcsonanr r*q,"nc," i  ro.vosct,  mr) bc reen .uffrc ienl ty cterrt)  lo aIoq. rhe

wrrn,mrn nJl  Lrdini .rg olcubiecrs. Inexpericncrd 5ubjecrs who!\c r)r \  lccdbJck ro jmj lJre urger !o*ei \  proJucc rounds thara'c apnrox'malet)  as we 

 

recoSnised . ,  rho.e produ. cd b) he
:: ,ne 

s: i :Jecrs i r : ren'  s ro rnd rmrrdr.n8 \o$ct sound: . thc

:: : :11' l ' *  
' ' :  i ,npro!cs wid rhe subjecrs.c\pcr ience inu5rng lhc rmpedrnLc fccdbacl technrque.
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