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G E N D E R  E F F E C T S  O N  T H E  R E S IS T A N C E  O F  SPE E C H  
T O  S P E C T R A L  S M E A R IN G

B y

C H U N G -I  A N G E L A  LI

A dvisor: P rofessor  A r th u r  B oothrovd

It is genera lly  believed  that m ost o f  the d ifficulties o f  speech percep tion  

accom panying  senso r ineu ra l  hearing  loss are c aused  by  a loss o f  frequency reso lu tion . 

T h is  be lief  is suppo rted  by expe r im en ts  w ith  n o rm a l ly  hearing listeners in w h ich  poor 

frequency  resolution is s im ula ted  by artificial sm ea r in g  o f  the  spectral e n v e lo p e  o f  

speech.

The purpose o f  the  present s tudy  was to test the prediction that w om en 's  speech  is 

m ore  resistant to the  negative effects  o f  spectral sm earing  than is m en's speech. This  

prediction was based  on the hypothesis  that spectral sm ea r ing  degrades speech  

perception  by o b sc u r in g  the rela tionsh ips  am o n g  fo rm ant frequencies.

As predicted, scores  for w om en 's  speech  w ere  s ign ificantly  h igher  than for m en's 

speech. The sm eared  bandw id th  p roducing  5 0 ^  ph o n em e  recognition  averaged 23 0 0  Hz 

for the female ta lkers  and 1800 H z  for the m ale  talkers. The d iffe rence  o f  0.35 oc taves  

(or 2 8 c/c) was c lose  to that p red ic ted  on the basis  o f  gender  d ifferences o f  average  

form ant spacing.

Acoustical m easu res  o f  the unprocessed  speech  con firm ed  that the form ant 

frequencies in the speech  o f  this sam ple  o f  ta lkers  were in keep ing  both w ith  that 

reported  in the l iterature  and w ith  p red ic tions  based  on k n o w n  anatom ical gende r  

differences. T he  f ind ings support the hypothes is  that spectral sm ea r in g  degrades speech
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perception by o bscu ring  fo rm an t patterns. It w a s  found , how ever ,  that the f requency  o f  

the second vocal tract fo rm an t was a so m ew h at  be tte r  p red ic to r  o f  the effec ts  o f  

sm earing  than a n y  m easure  o f  fo rm an t spacing.

T he  sm earing  used in the  present study w as  o f  c ons tan t  bandw id th ,  regardless o f  

frequency. W hen  m easured  in term s o f  oc taves, how ever ,  the a m oun t  o f  sm earing  fell 

with increasing frequency. It is possib le , therefore , that the presen t findings reflect the 

im portance o f  the  second  fo rm an t  in phonem e recogn it ion  and the fact that the average  

f requency  o f  the  second  fo rm an t  in w om en 's  speech  is h igher  than in m e n s  speech . 

Before this w ork  can  be app lied  to speech p rocess ing  in hea ring  aids, further studies will 

require more rea lis tic  s im ula tions  o f  the effec ts  o f  senso r ineu ra l  hearing  loss and the 

contro l o f  gender d ifferences o th e r  than those o f  fo rm an t  frequency.
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C H A P T E R  1 
IN T R O D U C T IO N  A N D  P U R P O S E

1.1. S ta tem en t o f  pu rpose

The pu rpose  o f  this s tu d y  was to tes t  the  p red ic tion  that the sp e ec h  o f  fem ale ta lkers  is 

m ore  resis tant to the negative  effects  o f  spectral s m e a r in g  on p h o n e m e  recognition  than  is 

the speech  o f  male ta lkers .

1.2. Spectra l sm earing

Spectra l sm earing refers to a c o m p u te r iz ed  techn ique  that is used to  p rocess  the acoustic  

speech  signal so as to artificially reduce  spectral reso lu tion  in n o rm a l ly  hearing subjects. 

It has  been  dem onstra ted  in research  studies  that this m ethod c a n  s im ulate  one  o f  the 

k n o w n  consequences  o f  sensorineura l hearing  loss, namely, a  loss o f  f requency  

reso lu tion . By m easu r ing  the recogn it ion  o f  sm e a red  speech  in norm ally  hearing  

lis teners , it is possib le  to test hypo theses  about the  nature  and  c a u se s  o f  p oo r  speech  

percep tion  by hearing-im paired  l is teners . It is a lso  poss ib le  to p e rfo rm  pre-clinical trials 

o f  hea ring  aid p rocessing  schem es tha t  are des igned  to reduce  the n ega tive  effects o f  poor 

spectral resolution.

P rev ious  work on th is  topic has sh o w n  that, in no rm ally  hea ring  listeners, spectral 

sm ea r in g  does not c a u se  a serious reduc t ion  in p h o n e m e  and w o rd  recognition  ability  

until the am ount o f  sm earing  is ro u g h ly  equal to th e  average  spac ing  betw een vocal tract 

fo rm ants . This  f inding strongly su g g es ts  that spec tra l  sm earing  (and . by im plica tion , 

sensorineura l  hearing loss) degrades  speech  p e rcep tio n  m ainly  b e c au se  it reduces  the
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l is tene r 's  ability to p e rc e iv e  the fo rm an t  patterns o f  speech . This c o n c lu s io n  is in keeping  

w ith  m uch  o f  what is know n  about the acoustics o f  speech and  the  con tr ibu tion  o f  

fo rm ant patterns to s p e ec h  percep tion . Vowel iden tif ica tion  is h igh ly  d ep en d en t  on the 

re la tionsh ips  am ong  fo rm an t  f requencies . In add it ion , the p lace  o f  a rticu la tion  o f  

c o n so n an ts  is often c u e d  by  fo rm an t transitions be tw een  voca lic  and  consonanta l 

segm en ts  o f  the acoust ic  signals.

Form ant patterns are  not the only  c u e s  involved in sp e ec h  perception . Per iod ic ity  and 

tem poral  am plitude  e n v e lo p e  are tw o  other im portan t  sou rces  o f  in form ation . 

N everthe less , it is c le a r  that the instan taneous  spectral envelope, and  its varia tion  over  

tim e, p lay  the m ajor role. T he  norm al hum an  hearing m echan ism  has rem arkab le  spectral 

reso lu tion . - that is. the  ears  can de tec t  very small changes  in f re q u e n c y  and  spectral 

enve lope . Any physica l  d istortion o r  physiological d a m a g e  that red u c e s  the ability  to 

detect changes  o f  spectra l envelope  will have negative  effects on the l is ten e r 's  ability  to 

recognize  speech so u n d s  and the w ords  that contain them .

1.3 R ationale  for p resen t study

If it is true that the e ffec ts  o f  reduced  spectral reso lu tion  are m edia ted  by  an inability  to 

resolve form ant pa tte rns  o f  speech, it follows that speech  with m o re  w ide ly  spaced 

fo rm an ts  should  be m o re  resistant to spectra l sm earing  than  speech in w h ich  the form ants 

are c lo se r  together. T h is  a rgum ent leads  to the p red ic tion  that increas ing  the form ant 

spacing  will enhance  the  in telligibility  o f  speech for persons  with senso r ineu ra l  hearing 

loss. Before  testing th is  last p red ic tion  on hearing-im paired  sub jec ts ,  how ever, it is
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appropria te  to test the underly ing theo ry  that the effec ts  o f  reduced spectral reso lu tion  are 

d irectly  related to form ant spacing.

In fact, there is a ready -m ade  oppo r tun ity  to test this theory  by tak ing  advan tage  o f  the 

know n differences be tw een  m ale and  fem ale  talkers. T he  vocal tracts  o f  adu lt  fem ale  

talkers are 15 to 2 0 Fr (2.5 cm  to 3 c m )  shorte r  than those  o f  adult m ale  talkers, lead ing  to 

a co rresponding  e leva tion  o f  the m ean  frequencies o f  all form ants, and therefore , a 

corresponding  increase  in mean fo rm an t  separation. A  finding that the speech o f  fem ale 

talkers is more resistant to the e ffec ts  o f  smearing than  the speech  o f  m ale  ta lkers  will 

support (but by no  m eans to p rove)  the theory that the effects o f  reduced spectral 

resolution are m ed ia ted  by a reduced ab ility  to perceive formant patterns.

1.4. Design o f  the s tudy

In the study to be described , spectral sm earing w as  accom plished  by  m ultip ly ing  the 

speech w aveform  by  low -pass-filte red  noise. Using this technique, each pu re  tone 

com ponen t of the speech  spectrum  is. in effect, replaced by a band o f  noise. T h is  band  o f  

noise is centered on  the frequency o f  the tone it is rep lacing , and its bandw id th  is equal to 

twice that o f  the low -pass-filte red  noise. It should  be noted that this approach  to 

sm earing  results in a fixed am oun t  o f  smearing, in Hz. at all frequencies. W hen 

expressed  as a percen tage , or in oc taves ,  the am oun t  o f  sm earing  decreases  with 

increasing frequency. T he  im plica tions  o f  this fact will be  explored  in the d iscussion.
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Speech  perception p e rfo rm a n c e  w a s  m ea su red  in th is  s tudy  in te rm s  o f  the pe rcen tage  o f  

correc tly  identified phonem es  in lists  o f  c o n so n an t-v o w e l-c o n so n an t  w ords. This  

m easure  is relatively  free o f  the e f fe c ts  o f  l inguis tic  con tex t and  linguistic  kno w led g e  

and. therefore, p ro v id es  a  sensitive in d ic a to r  o f  the consequences  o f  spectral deg rada tion .

T he  talkers in this s tu d y  were th ree  adu lt  m ales  and  th ree  adult fem ales . A l though  the 

sam ple  size is sm all,  it w as felt that the  spectral d iffe rences  b e tw e en  male and  fem ale 

talkers are robust e n o u g h  to p rov ide  an  adequa te ly  pow erfu l  test for the experim en ta l  

prediction.

To shed further light on the re la t ionsh ip  be tw een  the  spectral p roper t ie s  o f  speech and  the 

effects o f  spectral sm earing , s a m p le s  o f  the reco rd ings  o f  the ind iv idual ta lkers  were 

exam ined  in term s o f  form ant f requenc ie s  and  fo rm ant spacing . The re la tionsh ips  

betw een these acoustic  m easures  and  the  phonem e  recognition  data  w e re  then exp lo red .

1.5. S um m ary

In sum m ary , sensorineura l  hearing lo ss  involves reduced  frequency  resolution, w h ich  is 

believed to be the primary' cause  o f  p o o r  speech  perception. S im u la tion  o f  reduced  

frequency  resolution by  spectral s m e a r in g  has been show n  to affect speech  pe rcep tion  in 

norm ally  hearing l is teners . E xper im en ta l  da ta  suggest  that the e ffec ts  o f  reduced spectral 

resolution are m ed ia ted  by a loss o f  ab il i ty  to pe rce ive  the fo rm an t  patterns in speech. 

This  explanation is in keeping w ith  c u rre n t  know ledge o f  acoustic  phonetics . It leads  to 

the prediction that increas ing  the fo rm a n t  spacing  in speech  will increase  its res is tance  to
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the  negative  effects  o f  spectra l sm earing . To test th is  p red ic tion , the e ffec ts  o f  sm earing  

on  ph o n em e  recognition  w ere  m easu red  in eight n o rm a l ly  hearing  lis teners , using speech  

sa m p le s  from  male and fem ale  talkers, w here  d if fe rences  o f  fo rm an t sp ac in g  are k n o w n  

to ex is t .  A coustic  m easu rem en ts  w ere  m ade both  to  verify  that th e  expected  g e n d e r  

e ffec ts  were present,  and  to explore  potential p red ic to rs  o f  the e ffec ts  o f  spectra l 

s m ea r in g .
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C H A P T E R  2 
R E V IE W  O F  T H E  L IT E R A T U R E

2.1 B ackground

2.1.1. H earing  loss and  speech  percep tion

The im pact o f  sensorineura l hearing  d a m a g e  depends m ain ly  on  its effect on  the auditory  

perception o f  speech. In adults , the p roblem s o f  sp e ec h  percep tion  can affect 

socialization, em otiona l s tatus, and e m p loym en t (V ernon  and A ndrew s . 1990). In 

children, the p roblem s o f  speech  percep tion  m ay m ake  it d ifficult to d e v e lo p  spoken 

language skills (Fry. 1978; R oss. I9S2).

2 . 1.2. T h resho ld  e levation

Sensorineura l hearing d am ag e  affects  speech pe rcep tion  because o f  d im in ished  

psychoacoustic  ability. T he  m ost obv ious  psychoacoustic  effect is the  e levation  o f  

threshold. This  e levation  (expressed  as hearing  loss in dec ibe ls )  m akes it im possib le  to 

hear som e, o r  all. o f  the conversa tiona l  speech  signal. Fortunate ly , th is  p rob lem  can 

largely be addressed w ith  hearing  aids (S tudebaker  and  Bess . 19S2; S tu d e b ak e r  and 

H ochberg . 1993).

2.1.3. Loss o f  auditory reso lu tion

An additional p sychoacoustic  effect o f  sensorineural hea r in g  dam age, how ever, is a 

reduction in the ability to perce ive  fine detail in the acoustic  signal (Z w ic k er  and Schom . 

1978). Unfortunately , h ea r in g  aids can do  no th ing  to restore  detail  in the pe rce ived  signal. 

Even if  full audibility  o f  the speech  signal is restored by  h ea ring  aids, the subjec t still has
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difficulty differentia ting a m o n g  the d ifferen t sounds in the speech  signal. A n  additional 

problem  is an increase in the in terfering effec ts  o f  noise. T he  p ro b lem s o f  speech 

perception and  noise in te rfe rence  can range from m ild  to very  severe . T o  a  certa in  extent, 

the m agnitude  o f  these p ro b lem s depends  on the degree o f  hearing  loss - that is. the 

greater the threshold e leva tion , the g rea ter  the loss o f  auditory  reso lu tion  (B ond ing . 1979: 

Dreschler and  Plomp. 1980. 1985: Festen and Plom p. 1983: Patterson. N im m o-Sm ith .  

W eber, and Milrov. 19S2: Tyler. S um m erfie ld . W ood, a n d  F em an d es .  1982). T he  

correlation, however, is no t perfect. It is not uncom m on  to find tw o ind iv iduals  with the 

same hearing loss in dec ibe ls  but very  different speech  percep tion  ability.

2.1.4. F requency  resolution

Sensorineural dam age a ffec ts  the perception  o f  acoustic  s igna ls  in several ways. For 

exam ple, there is an abno rm a l re la tionship  betw een intensity and  loudness  - com m only  

referred to as loudness rec ru itm en t  (S im on. 1963: Villchur. 1974). There  is also  a loss o f  

temporal resolution - revea led  by such things as p oo r  gap detec tion  o r  excess ive  forward 

masking (F itzgibbons and  W igh tm an . 1982: F lorentine and B uus .  19S4). It is generally  

believed, however, that the  m ost serious psvchoacoustic  c o nsequence  o f  sensorineural 

damage is a loss o f  f requency  reso lu tion  - that is. the subject h as  difficulty  d iscrim inating  

sounds with different spectral characteris tics  (M ille r  and N icely . 1955: B ilger  and W ang. 

1976: Hack and Erber. 1982: D ubno . Dirks, and  Schaefer. 1987; D ubno . Dirks, and 

Ellison. I9S9: Turner and  H enn. 1989). Ty ler  (1986) has s ta ted  ” .. .  reduced  frequency 

resolution m ay  be the m ost im portan t consequence  o f  coch lear  hearing  dysfunction ."  The 

conclusion that reduced frequency  resolution is so se r ious  is based  on several
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considerations . First, the norm al hearing  m ec h a n ism  appears  to be specially  a d a p te d  to 

p rovide  ex trem ely  Fine f requency  resolution (E vans .  1978). S econd , speech scien tis ts  

have es tab lished  that m uch ( th o u g h  not all) o f  the in fo rm ation  in the acoustic  speech  

signal is found in the  f requency  dom ain  - that is the sp e c tru m  and the c h a n g e s  o f  

spectrum  ove r  t im e  (Fletcher. 1953: French a n d  S te inberg . 1947). T h ird , there is am ple  

ev idence  o f  reduced  frequency  reso lu tion  in cases  o f  senso r ineu ra l  hearing  loss (B ond ing . 

1979: Florentine. B uus. Scharf. a n d  Zw icker. 1980: C a rn e y  and  N e lson . 1983: G lasberg  

and M oore. 1986: S te lm ach o w icz .  Jesteadt. G o rg a .  and  M ott .  1985: Z w ic k e r  and  S chom . 

1978). Fourth, speech  perception  pe rfo rm ance  has  been  show n  to be correla ted  w ith  m ore 

direct m easures  o f  reduced frequency  reso lu tion  in hea r in g - im p a ired  subjec ts  (Pick. 

Evans, and W ilson . 1977: M oore  and  G lasberg . 1987).

2.1.5. Spectral a spec ts  o f  speech

The  spectral charac te r is t ics  o f  speech  are do m in a te d  by  the resonan t  properties  o f  the 

vocal tract. R esonance  in the voca l  tract results in the co n cen tra t io n  o f  energy in specific  

frequency  bands know n as fo rm an ts  (B orden  and  H arris . 1984). There  are  several 

form ants, each  represen ting  a d ifferen t m ode o f  v ib ra tion  o f  the air in the vocal  tract. 

S tarting with the low est  frequency, the fo rm ants  are num bered  - F I .  F2. F3 etc. T h e  first 

form ant. F I .  m ain ly  reflects the ra is ing  and low ering  o f  the j a w  an d  tongue. T he  second 

form ant. F2. m ain ly  reflects the posit ion ing  o f  the  tongue  tow a rds  the front o r  back  o f  the 

mouth. Because they' convey' in form ation  abou t  j a w  and  tongue  position, these  two 

formants, and the ir  variations o v e r  time, p rov ide  a m a jo r  por tion  o f  the acoustic  

in form ation  in speech . The ir  im portance  has  been es tab l ished  in studies u s ing  both

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

syn the tic  speech  and m o d if ie d  natural sp e ec h  (Cooper. D e la tt re .  L ib e rm an .  Borst. and  

G ers tm an . 1952: L ibe rm an . D elattre . G e rs tm an . and C o o p e r .  1956: D e la tt re .  L iberm an. 

and  C ooper .  1955; K e w le y -P o rt .  1983). T h e  in stan taneous  values o f  these  form ants 

p rov ide  in fo rm ation  on the c u rre n t  position  o f  the tongue, ja w .  and lips. T h e  varia tions 

o v e r  t im e p rov ide  in fo rm ation  on  where the  tongue  has b e e n  and  w here  it is headed (F o x .  

1989: R akerd  and  V erbrugge. 19S5). This in fo rm ation  c o n tr ib u te s  to the identif ica tion  o f  

both  v o w e ls  and  co n so n an ts  (R aphael.  1972. 1980: S trange . 1989: S trange . Verbnjgge. 

S hankw eiie r .  and E dm an . 1976: N'earev. 1989). The ran g e  covered  by  FI and F2 is 

a p p ro x im a te ly  300H z  to 3 0 0 0 H z  (depending  on  age and g e n d e r) .  It is no  co inc idence  that 

in early  resea rch  on  the d e v e lo p m e n t  o f  the  telephone, it w a s  found that transm ission  o f  

the f requency  range b e tw een  3 0 0  and 3000  H z provided a lm o s t  perfect in telligibility  fo r  

co n n ec ted  speech  (French  a n d  Steinberg. 1947).

2.1.6. E s tab lish ing  the c o n n e c t io n  betw een frequency  reso lu tion  and speech  perception 

It was m en tioned  above that corre la tions  e x is t  betw een red u c e d  frequency  resolution and  

reduced  speech  perception  in hea ring -im pa ired  individuals . C orre la tion , how ever, d o e s  

not gu a ran tee  cause  and  e ffec t .  In o ther w ords ,  one can  m ake  a s trong  case  for the 

a rgum en t that it is the p o o r  frequency  reso lu tion  that c a u se s  the poor  s p e ec h  perception 

but o th e r  possib ili ties  ex is t .  W hen  the hearing  m ec h a n ism  is d a m a g e d ,  frequency 

reso lu tion  is not the only  a b i l i ty  to be affected . Dynam ic  ra n g e  (aud ib ili ty - to -d iscom fort) .  

in tens ity /loudness  re la tionsh ips , tem poral reso lu tion , and  f requency  reso lu tion  are all 

co rre la ted  w ith  degree  o f  h e a r in g  loss (M o o re  and G lasberg .  1987: V illchur .  1977). It is 

qu ite  possib le  that som e  o f  these o th e r  p sychoacous t ic  factors in f luence  speech
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perception, e i th e r  a lone , o r  in in terac tion  with reduced  frequency resolution. M oreover, 

spectral cues a re  not the only  significant cues in speech  percep tion . Fundam enta l 

frequency, a m p litude ,  and their varia tions  o f  over  t im e  have all been sh o w n  to con tr ibu te  

(Boothroyd. 1984: T y ler.  Sum m erfie ld .  W ood , and Fernandes. 1982: R osen  and Fourc in . 

1986). One w ay  to  es tab lish  and q uan tify  the cause-effec t  rela tionship  betw een frequency  

resolution and speech  perception  is th rough  experim en ts  on spectral smearing. In these 

experim ents , the loss o f  spectral reso lu tion  can be s im ula ted  w ithout in troducing  changes  

o f  tem poral reso lu tion  o r  o f  the  in tens ity /loudness  relationship. By m anipula ting  the 

sim ulated spectral resolution and m easu r ing  its e ffec t  on speech percep tion  in no rm ally  

hearing subjects, the  details  o f  an y  cause-effect re la tionsh ip  can be determ ined . T h is  is 

the rationale b e h ind  the studies o f  spectral sm earing  rev iew ed  below.

2.2. S tudies  o f  spectra l  sm earing

2.2.1. V i l lc h u r t  1977)

Villchur (1977) repo rted  the first s tudy  that used an elec tronic  device  to simulate loss o f  

hearing sensitiv ity , loss o f  f requency  resolution, an d  abnorm al loudness  growth. He 

developed  a s im u la t ion  that b lurred  speech  by a 16-channel am plitude-m odulated  noise- 

carrier system . T h e se  carriers a l low ed  noise bands to overlap  one  another, and cen te r  

frequencies and bandw id th s  were ad justab le . The g re a te r  the overlap  betw een bands the 

less d istinct was the  frequency in fo rm ation  in the co d ed  speech. Data  w ere  obtained from 

three subjects w r i t in g  each  phonem e  in PB -50  word lists being heard, and  the percentage  

of correctly  identif ied  phonem es w as  calculated. P honem e recognition  was found to 

decrease as the b a n d w id th  o f  the no ise  bands  was increased .
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2.2.2. G agne  and E rber  (1987)

G agne  and Erber  (19S7) used  a " tim e/frequency  j i t te r ing"  p rocess ing  d e v ic e  in which a 

m odified  ana log  de lay  line as well as low-pass filtered noise  w ere  u sed  to simulate 

reduced frequency  selectiv ity . C onsonan t ,  vow el, and  w ho le  w ord  recogn it ion  scores 

w ere m easured , us ing  m onosy llab ic  w ord  lists, in 10 norm ally  hea r in g  subjects. Four 

types o f  d istortion w ere  used  to s im ula te  different deg rees  o f  hearing  lo ss  an d  audiogram  

configuration . C ond it ion  B sim ula ted  a high frequency  hearing  loss w ithou t  loss o f  

frequency resolution. C ond it ions  C  and  D sim ulated  a m odera te  hea r in g  loss with flat 

configuration , but C  d iffe red  from  D in the am ount o f  f requency  j i t te r in g  applied  to the 

signal. For cond it ion  E. the dev ice  w as  set to s im ulate  a severe  to p ro fo u n d  hearing loss 

u i t h  poor frequency  resolution. A s w ou ld  be expected , the last co n d it io n , w ith  the m ost 

severe  spectral sm earing  had the greatest effect on ph o n em e  recogn ition  (35^7 and 19*7- 

for vowels and consonan ts ,  respectively). The o ther  three cond it ions  had  som e  effect on 

phonem e recognition  but were not ve ry  different from  each  o th e r  (ap p ro x im a te ly  75 f r  

and 45*~f for vow els  and consonan ts , respectively). Place o f  a r t icu la tion  w as the m ost 

difficult feature for c onsonan t  identification in all cond it ions ,  and m an y  e rro rs  were m ade 

in identifying fricatives. T he  overall results were s im ila r  to those  found in subjects  with 

sensorineural hearing  loss.

2.2.3. C e lm er  and  B ienvenue  ( 19S7)

C e lm er  and B ienvenue  (1987) p rocessed  speech s ignals  by separa ting  th em  into 13 ms 

overlapp ing  H am m in g -w in d o w ed  segm ents and c om pu ting  the sp ec tru m  using  a Fast 

Fourier T ransform . T h e  discrete  frequency  am plitudes  w ere averaged  a n d  set equal to a
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roo t-m ean -squa re  (rm s) value, fo llow ed  by a m od if ica tion  o f  the spec trum , then  

converted  back  to w avefo rm  with inverse  t ran sfo rm ation . It shou ld  be noted that the 

sm earing  ban d w id th  was p roportiona l  to  frequency  (i.e. this was logari thm ic  sm ear in g ) .  

Forty -e igh t no rm ally  hearing  y o ung  adu lts  and s ix ty -e igh t  persons  with  senso r ineu ra l  

hearing lo ss  se rved  as subjects. S u b je c t s ’ w ord  rec o g n i t io n  scores w e re  highly c o rre la ted  

w ith  sm ear in g  bandw id th .  - that is. w o rd  recogn it ion  scores dec reased  as the b a n d w id th  

increased . For the hea ring -im pa ired  g roup , the "knee"  at which the perfo rm ance  s tar ted  

to drop  c o in c id ed  with  their  critical ban d w id th  - as m e a su re d  using a loudness  su m m a tio n  

test. In add it ion , a  sign ificant co rre la t ion  w as found  be tw een  crit ical band  m easu res  and 

speech in te lligibility . T he  au thors  c o n c lu d e d  that th e  integrity o f  the  critical band  is an 

im portan t  fac to r  in speech  in te lligibility , and  that sp e ec h  in telligibility  suffers w h e n  the 

sm earing  ban d w id th  is g rea te r  than the critical b a n d w id th .  The crit ical band is the  range  

o f  f requenc ies  o v e r  w hich  noise energy  con tr ibu tes  to  the m asking o f  a  pure tone loca ted  

at the spectra l  ce n te r  o f  the noise. E n e rg y  within the  band  contr ibu tes  to masking. E ne rgy  

outside  the  band  does  not. T he  critical band  p h e n o m e n o n  has been exp la ined  in te rm s  o f  a 

hypo thetica l  “ aud ito ry  filter". T he  e a r ’s b eh av io r  is s im ilar to that o f  a b a n k  o f  

ove r lap p in g  filters - each  filter respond ing  to tones o v e r  a restricted f requency  range . T h e  

filter w id th  and the critical bandw id th  are  not e x a c t ly  the same but are closely rela ted . 

Both are e x a m p le s  o f  the e a r 's  “ f requency  in teg ra t ion"  -  that is the sum m ing  o f  e n e rg y  

o v e r  a n a r ro w  band  o f  f requencies  ro u g h ly  1/6 to 1/3 o f  an octave  w ide . In a very' real 

sense, th is  beh av io r  represen ts  na tura l “ spectral sm earing" .  It is not su rpris ing  that 

artificial sm ea r in g  w ou ld  need to ex c ee d  the e a r ’s o w n  spectral sm ea r in g  in o rder  fo r  it to 

have a s ign if ican t effect on speech  pe rcep tion .
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2.2 .4 . T e r  K eurs. Festen . and P lom p (1992)

Ter Keurs. F e s te n .  and  P lom p (1992) investiga ted  the e ffec t  o f  spectral e n v e lo p e  

sm ear in g  on s p e ec h  perception in 16 no rm al-hearing  subjects. T h e  spectral enve lope  o f  

the signal was sm e a re d  over  1/8. 1/2. and 2 octaves. W ith  this m ethod , the spectrum  was 

sm eared , resu l t ing  in reduced spectral contrasts, bu t the s igna l 's  phase spec trum  and 

ha rm on ic  s truc tu re  w ere preserved. M any  m easu res  o f  speech  perception  were u sed  in 

several e xpe r im en ts .  Speech-reception  threshold  (SRT) for sen tences  was found  to 

deter iora te  w hen  the degree  o f  sm earing  was b e tw een  1/3 and 1/2 oc taves  - which is c lose  

to the  normal ear 's  critical bandw idth . W h e n  exam in ing  vowel and consonan t  

identification as a  function o f  the am oun t o f  spectra l sm earing , the authors found that a 

large num ber  o f  vow els  were identified as the back  vow els  /o /  and  /u /. Overall, initial 

consonan t  iden tif ica tion  was h igher than final con so n an t  identif ication. The average  

identification sco re  for consonan ts  in noise was m u ch  low er (abou t  30 percentage poin ts)  

w hen  sm earing e x c e e d e d  2 octaves. T he  average score  for c o n so n an ts  was a lm ost tw ice 

the average  vow e l score in the sam e condition (61%  vs. 32% ). suggesting  that vow el 

identification w a s  m ore  susceptib le  to loss o f  spectral con tras ts  than w as consonan t  

identification. C o n fu s io n  matrices for consonants  show ed  that consonan ts  were con fused  

p r im arily  with respec t  to place o f  articulation.

2.2.5. Baer and M o o re  (1993)

T he  effect o f  sm e a r in g  has been studied on sen tence  in te llig ib ility  in quiet and in noise 

has been studied by  B aer and M oore (1993). T he  au thors  app lied  several different types
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o f  sm earing  to simulate d ifferen t deg rees  o f  b roaden ing  and  asym m etry  o f  the aud ito ry  

filter. The co m p lex  spectrum  was separa ted  into p o w e r  and  phase com ponen ts  be fo re  

smearing. T hen  the asym m etrica lly  sm eared  pow er  spec trum  and the unm odified  p h ase  

spectrum w ere  recom bined and  an overlapp ing-add it ion  algorithm  was used to p roduce  

the final w aveform s. Each o f  n ine norm ally  hearing  subjec ts  listened to 18 sentence lists 

that were p rocessed  in three conditions: no noise. 0  dB S/N. and -3 dB S/N. F o r  

symm etrical sm earing, in telligibility  o f  sen tences  in quiet w as hardly affected  by spectral 

smearing, even  w hen s im ulating  aud ito ry  filters that w ere six times b roade r  than norm al. 

However, speech  intelligibility in noise w as significantly  affected by sm earing  o f  la rger  

degrees and at low signal-to-noise  ratio. The results  o f  the asym m etrical b roadening  

simulation show ed  a decreased perfo rm ance  with increasing  degree o f  sm earing  even  in 

the quiet cond it ion  (though the d ifference was seen on ly  in the w idest sm eared  

condition). T h e  effect was g rea ter  for the low er  side b roaden ing  than fo r  the upper s ide  

broadening o f  the filter. T h is  last f inding can be exp la ined  in term s o f  c o c h le a r  

physiology. It has long been  know n that the pattern o f  excitation a long  the bas ila r  

m em brane, by  a pure tone, is not sym m etrica l but sp reads  basally (tow ards h ig h e r  

frequencies) from  the point o f  m ax im u m  stim ulation. This  pattern o f  excita tion  results in 

the phenom enon  o f  "upw ard  spread o f  m asking". In o th e r  words, the nom ial coch lea  

already " sm ears"  frequency in the direction o f  high frequencies -  but not low  

frequencies. It is reasonable to expect,  therefore, that the introduction o f  artificial low - 

frequencv sm earing  will have  m ore effect on speech  perception  that s im ila r  am ounts o f  

h igh-frequency  smearing.
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2.2 .6 . H ow ard -Jones  and S u m m e rs  (1992)

H ow ard-Jones  an d  Sum m ers  (1992) have po in ted  ou t that the sim ulation o f  reduced  

frequency  reso lu tion  by spectra l sm ea r in g  a lso  degrades  the tem poral p roper t ie s  o f  

speech . T hey  set out to d e te rm ine  the re la tive  im portance  o f  the  spectral and  tem poral  

d istortions . M onosy llab ic  w ord  recogn ition  w as m easured  in n o rm a l ly  hearing  sub jec ts  

u n d e r  4 cond it ions . Each c ond it ion  invo lved  spectra l  sm earing but the four p ro ce ss in g  

m ethods  p roduced  different a m o u n ts  o f  tem poral  distortion. W o rd  recogn ition  w as 

severe ly  deg raded  but scores u n d e r  the four  co n d it io n s  were very' similar. T h e  au thors  

conc luded  that the loss o f  in te llig ib ili ty  w as  c a u se d  mainly b y  " . . . lo ss  o f  spectral 

in form ation, w ith  loss o f  tem poral  s truc tu re  be ing  o f  secondary im portance" . T h e  resu lts  

o f  this study suppo rt  the valid ity  o f  spectral sm ea r in g  as a s im ula t ion  o f  the  e ffec ts  o f  

reduced  frequency  resolution in sensorineura l  hea ring  loss.

2 .2 .7 . Sum m ers  (1991). S u m m ers  and  A l-D a b b a g h  (1985). and  S um m ers . A l-D a b b a g h .  

and  G a m h a m  (1986)

S u m m e rs  ( 1991). S um m ers  and  A l-D ab b ag h  (1985).  and  S um m ers . A l-D abbagh . and  

G arnham  ( I9S6) investigated  th ree  sm earing  techn iques  that had d iffe ren t re la tionsh ips  

be tw een  the am o u n t  o f  sm earing  and  frequency . In the "uniform sm earing" co n d it io n ,  the 

sm earing  b andw id th  in Hz did no t vary  w ith  frequency , while in the "constan t-percen tage  

sm earing" , o r  " logarithm ic  sm earing" ,  the sm ear in g  bandw idth  w as  proportional to  

frequency  (e.g.. at 20 0 0  Hz. the  sm eared  ban d w id th  w as  twice that at 1000 Hz). In the 

"m ixed  sm earing" condition , the bandw id th  in H z w as  constant for frequencies be lo w  

6 3 0  Hz and increased  proportiona lly  w ith  frequency  fo r  frequencies above 630  H z.
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S u m m e rs  e x a m in ed  w ord  recognition  in 20  n o rm a l ly  h e a r in g  subjects under  those  three  

sm earing  cond it ions . T h e  resu lts  show ed  the  e x p e c te d  t re n d -  w ord  scores fell as the 

sm eared  bandw id th  ( z l O  increased  for all p ro ce s se d  co n d it io n s .  U nfortunately , it is not 

possib le  to d raw  conc lu s ions  from  these d a ta  a bou t  the re la t ive  m erits o f  the different 

sm ear ing  techn iques  because  there  is no c o n d it io n  under  w h ic h  logarithm ic and  linear 

sm earing  can be cons ide red  equivalen t.

2 .2 .S. S hannon . Z eng. K am ath . W vgonsk i.  a n d  Ekelid  (1995 ).

Shannon . Z eng . K am ath . W vgonsk i.  and E k e l id  (1995) h av e  used spectral sm earing  to 

s im ula te  perception  via m ulti-channel c o c h le a r  im p lan ts .  T h ey  em ploy  a n o ise -band  

techn ique  s im ila r  to that o f  V il lchu r  (1977) in w hich  the am p litude  enve lopes  in a se r ie s  

o f  non-over lapp ing  frequency  bands  o f  sp e ec h  are used to m odu la te  bands o f  noise. T h e y  

show ed  that high levels o f  sen tence  recogn it ion  are po ss ib le  w hen speech is rep resen ted  

by  as few as 4 bands o f  a m p litude -m odu la ted  noise. T h e y  do  not report, how ever ,  on  the 

effec ts  o f  sm earing  on the percep tion  o f  w o rd s  and p h o n e m e s  without benefit  o f  sen tence  

context.

2.2.9. B oothroyd . M u lh eam . O stro ff .  and G o n g  (1996)

T he  m ost recent s tudy o f  the sim ulation  o f  reduced  f requency  resolution by spectral 

sm earing  w as carried  out by  Boothroyd. M u lh e a m . O s tro ff .  and G o n g  (1996) w h o  

investigated  the effects  o f  spectral sm e a r in g  on  p h o n e m e  and word recogn ition  by  

no rm ally  hearing  adults . T h is  s tudy e m p lo y e d  un ifo rm  sm earing , i.e.. the am oun t  o f  

spectral sm earing , in H z. w as independent o f  frequency. S m ear in g  was acco m p lish ed  b y
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m ult ip ly ing  the speech w ave fo rm  by a  random -no ise  w ave fo rm  that had  been low -pass 

filtered. T h e  result was that each  tonal c o m p o n e n t  o f  the  speech spec trum  w as  replaced 

with a b a n d  o f  noise w hose  bandw idth  w as  tw ice  that o f  the  m odula ting  noise  (i.e.. a 500 

Hz lo w -p ass  filtered no ise  would  p roduce  a sm eared  bandw idth  o f  1000 Hz). The 

b andw id th  o f  the low-pass filtered noise ran g e d  from 125 to 4000 Hz in h a lf  oc tave  steps 

- to g ive  sm eared  bandw id ths  o f  250 th rough  8000  H z  in one  octave s teps . A n unfiltered  

noise w as  a lso  used to p roduce  com plete  sm earing . N ote  that this techn ique  degraded  the 

spectral enve lope , the fine tem poral s truc tu re , and the  fine harm onic  structure  o f  the 

speech s ig n a l— but not the  gross tem poral enve lope . S p e e c h  o f  a s ing le  m ale  talker was 

used in th is  study. Phonem e recognition scores  (in con so n an t-v o w e l-co n so n an t  w ords) 

fell from  977? to 12*7- as  the am ount o f  sm earing  increased  from ze ro  (unprocessed )  to 

c om p le te  (speech  signal m odula ted  by the unfiitered  random  n o ise ) . .  T he  sm eared  

bandw id th  required  for 507? phonem e recognition  w as abou t 1400 Hz. W ord  recognition  

scores fell from  917? to near  07? as the sm eared  bandw id th  increased from  zero  to 2000 

Hz. A sm e a red  bandw idth  o f  on ly  720 H z w as  requ ired  to reduce w o rd  recognition  to 

5 0 r?. Vowel recognition was m ore affec ted  by  spectral sm earing than  w as consonan t 

recognition . A smeared bandw id th  o f  1150 H z  was needed  to reduce vow el recognition  

to 507?. w h e re as  a sm eared  bandw idth  o f  1600 Hz w as required  for co n so n an ts  (1350  Hz 

and 200 0  H z  for initial and  final consonan ts , respective ly) .  The effec ts  o f  sm earing  on 

speech pe rcep tion  were also  explored in the  presence o f  noise. The s igna l- to -no ise  ratio 

required  fo r  507? phonem e recognition w a s  increased by  12.9 dB an d  16.4 dB  for 

sm earing  at 707 Hz and 2000  Hz. respectively , when c o m p ared  with u n sm eared  speech. 

The effect o f  spectral sm earing  on the percep tion  o f  th ree  consonant fea tures w as also
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exam ined . T h e  findings sh o w ed  lhat the perception o f  vo icing  was the least a ffec ted  by 

sm earing , w hile  the percep tion  o f  p lace o f  articulation w as the m ost a ffec ted .  The 

percep tion  o f  m an n e r  fell b e tw een  the  o ther  two.

2.3. S um m ary

Prev ious research  confirm s that artificia lly  reduced frequency  reso lu tion  h as  a  negative  

effect both on  speech percep tion  and  on the ability to perce ive  speech  in no ise . The 

findings, therefore , o ffe r  s trong  support for the conclusion  that red u ced  frequency  

reso lu tion  is a  m ajor  cause  o f  the speech  perception difficulties e ncoun te red  by  persons 

with sensorineura l hearing  loss. F u r the r  support  com es from  the data  o f  T e r  K e u rs  e t al.. 

(1992) and C e lm e r  and B ienvenue  (1987). in which speech  percep tion  w as  first a ffected  

w hen the sm eared  bandw id th  ex ceed ed  the critical bandwidth.

T he  study o f  B oo throyd  et al.. (1996) p rov ided  an estim ate o f  sm earing  th re sh o ld  - that is. 

the sm eared  bandw id th  needed  to reduce  phonem e recognition  to 50Fc. T h is  th reshold  

w as in the region o f  1400 Hz (1150  Hz for vowels and  1600 H z for consonan ts ) .  

A lthough  by no m eans conc lus ive , these  num bers  are h ighly  suggestive  o f  the  n o t io n  that 

the principal effect o f  sm earing  is to oblitera te  the details  o f  form ant s truc tu re  in the 

acoustic  speech  signal. In a typical m ale  ta lker  (as used in the B oothroyd  et al. s tudy )  the 

average  form ant spacing  is a round 1000 Hz (Peterson and Barney. 1952). T h e  spacing  

be tw een  FI and  F2 will, therefore , be  expected  to be below  1000 Hz for ro u g h ly  509c o f  

the time. A sm eared  bandw id th  o f  1000 Hz would, therefore, m ake  it im p o ss ib le  fo r  the 

lis tener to differentia te  FI from  F2. o r  to es tim ate  the rela tionship  be tw een  th em , roughly  

509c o f  the time.
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2.4. R ationa le  for present s tudy

T he  data  o f  Boothroyd et al.. (1 9 9 6 )  suggest that spectra l sm earing  deg rad es  speech  

perception  w hen  it in terferes with  th e  listener 's  ab il i ty  to  perceive fo rm a n t  patterns. A  

prediction o f  this hypo thesis  is that the  effects o f  reduced  spectral reso lu tion  can  b e  

reduced by  increasing the fo rm ant s p a c in g  in speech . T h e  ex isting  d if fe re n c es  o f  sp e ec h  

acoustics  be tw een  m en and w o m e n  p rov ides  a  read y -m ad e  o p p o r tu n i ty  to test th is  

prediction (Peterson and Barney. 1952). E v idence  that the  speech o f  w o m en  is m ore  

resistant to the effects o f  spectral s m e a r in g  than is the speech  o f  m en  w ould  p rov ide  

support for the theory that reduced  spectral reso lu tion  affects sp e ec h  percep tion  by  

m aking  it d ifficult to perce ive  the fo rm a n t  patterns.
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3.1. O utline

T w o  g roups  o f  subjec ts  participated  in this study. O ne g ro u p  served to  p roduce  the test 

s tim uli (6 talkers), and the o ther  served to perceive th em  (8 listeners). Test materials 

consis ted  o f  150 consonan t-vow el-consonan t  (C V C ) w o rd s  that were reco rded  on digital 

aud io tape  by each  talker. Spectral sm earing  was in troduced  off-line by  m ultip ly ing  the 

d ig it ized  record ings by  a set o f  low -pass  filtered noises . T he  sm eared  stimuli were 

converted  back to ana log  form and p resen ted  to the S listeners m onaura lly . under  

headphones ,  th rough  the speech circuit o f  a  clinical aud iom eter .  T he  l is teners ' task w as  

to repeat and write  w hat they  heard. T h e  independen t variab les  were ta lk e r  gende r  and  

am o u n t  o f  sm earing . T he  dependen t variable  was the  percen tage  o f  phonem es 

recognized . In addition , a sam ple  o f  unsm eared  record ings w as analyzed 

spectrog raph ica lly  in o rder  to obtain c om para t ive  fo rm an t frequency  da ta  from the 6 

talkers. T hese  da ta  w ere  to be used to e x a m in e  in ter-talker d ifferences in the effects o f  

spectral sm earing  on phonem e recognition.

3.2. Subjects

3.2 .1 . Talkers

T h e re  were 6 talkers. 3 m ale  and 3 fem ale , recruited f rom  the P rog ram  in Speech and 

H earing  Sciences  at the G raduate  C en te r  o f  the C ity U nivers i ty  o f  N e w  York. An 

additional ta lker  w as recorded  so as to p rov ide  practice m ateria ls . T a lk e rs  were unpaid 

vo lunteers  w h o  m et the fo llow ing  criteria:
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1. Native speaker o f  A m erican  E ng lish ,  w ithout regard  for regional accent.

2. No apparent speech , language, o r  voice disorder.

3. No ev idence  o f  curren t resp ira to ry  infection.

4. N o know n hearing disorder.

5. Age 45 years or less.

3.2.2. Listeners

There  were 8 listeners. 4  m ale and  4  fem ale, recruited  from  the graduate  s tuden t  

dorm itory  o f  the City U nivers i ty  o f  N e w  York. Listeners w ere  paid vo lun teers  w ho m et 

the following criteria:

1. Native speaker o f  A m erican  E ng lish ,  w ithout regard  for regional accent.

2. No apparent speech , language, o r  voice disorder.

3. No ev idence o f  cu rren t resp ira to ry  infection.

4. A ges between 20  and  50 years.

5. Naive with respect to  the p rocedures , the d istorted speech, and m ethods.

6. H earing  thresholds  o f  15 d B  o r  less at oc tave  intervals f rom  250 th rough  

8000H z. bilaterally.

All subjects gave  their in fo rm ed  consent. (The consent form s are show n in A ppendix  A). 

Al so. all subjects  read insta ic t ions  p r io r  to the experim ents . (The instructions are sh o w n  

in Appendix B).

3.3. Test M ateria ls

The test m aterial consis ted  o f  15 lists  o f  consonan t-vow el-consonan t (CV C ) w ords  

developed by Boothroyd (1968) an d  later m odified  for North A m erican  usage
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(B oothroyd. 1984). Each list c ons is ts  o f  10 vow els  and  20 consonan ts  tha t  are arranged 

to form 10 w ords .  The p h o n e m e s  are  those  that o c c u r  m ost co m m o n ly  in English  C V C  

w ords. B ecause  each  list c o n ta in s  the  sa m e  30  phonem es . B oothroyd re fe rs  to them as 

iso p h o n e m ic  w o rd  lists. Note that the lists a re  ba lanced  for p honem ic  c o n te n t  only. There  

is no attempt to  ba lance  them  fo r  f requency  o f  w ord  o ccu rrence ,  lexical ne ighbo rhood , o r  

w ord  type. N o r  is consonant pos it ion  (pre- o r  pos t-voca lic)  contro lled . T h e s e  m aterials, 

w hich  have a long  history o f  u se  in bo th  c lin ica l  and  research  app lica tions , are  shown in 

A ppendix  C.

3.4. Preparation o f  recordings

Speech m ateria ls  w ere recorded  on d ig ita l  aud io tape ,  us ing  a Panason ic  Digita l A udio  

T ape  recorder  (m odel S V -2 5 5 )  and  an E lectrovo ice  dy n am ic  om ni-d irec tional 

m icrophone (m ode l  635A). All reco rd ings  w ere m ade  in a c om m erc ia l  sound-trea ted  

room . T a lker- to -m ic rophone  d is tan ce  w as  m ain ta ined  at 6 inches and the  talkers were 

instructed to m ain ta in  constan t e ffort.  E ach  o f  the 6 ’'experim en ta l"  ta lkers  and the 

additional "p ra c t ic e"  talker rec o rd e d  all 150 w ords: p receded  by  " n u m b e r  X "  where X  

was the n u m b er  o f  the word w ith in  its list. D uring  record ing , the e x p e r im e n te r  m onitored 

the VL' meter o f  the recorder to en su re  that no  vow el peaks ex ceed ed  the 0  d B  mark.

3.5. Processing o f  stimuli

3.5.1. D igitization

T he  recorded test w ords were d ig it ized  at 2 2050  sam ples  per  second  with a resolution o f  

16 bits. D igitization was pe rfo rm ed  in W a v e  for W in d o w s  (Turtle  Beach, vers ion  2.01).
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G ain  levels were ad justed  so that  the  in stan taneous  a m p li tu d e  did  no t exceed  8CK7- o f  the 

dynam ic  range o f  the  ana log-to -d ig ita l  converter .  O n ce  ad justed , these  levels rem ained  

constant for all ta lkers  and all to k en s .  A t the t im e  o f  d ig it iza tion , the  carr ie r  ph rases  were 

rem oved  from the test words.

3.5.2. Spectral sm earing

Spectral sm earing  o f  the d igital files was a c c o m p lish e d  in D a D isp  (D S P  C orpora tion , 

version 3.0). F ou r  Finite Im p u lse  R esponse  lo w -p ass  filters w ere  c rea ted , w ith  100 dB 

s top-band a ttenuation . 1 dB p a s s -b a n d  ripple, an d  a s top -band  e d g e  at 300  Hz a b o v e  the 

cu t-o ff  frequency. T he  cu t-o f f  f requenc ies  w ere  354 . 500 . 707. an d  1000 Hz. R andom  

noise w as processed  by each f il te r  to produce  4  low -pass  filtered no ises . Each w o rd  file 

was then m ultip lied  by each o f  th e  4  noises to p ro d u ce  spectral sm earing . N ote  that  the 

sm eared bandw id ths  were tw ice  the noise b a n d w id th s .  T hus , the  p rocess ing  p roduced  

four sets o f  test m ateria ls  for e a c h  talker, w ith sm eared  ban d w id th s  o f  707. 1000. 1414. 

and 2000  Hz. in add it ion  to the o rig ina l  unsm eared  reco rd ings . Pilo t experim en ts  show ed  

that the sm eared bandw id th  o f  7 0 7  Hz had on ly  a  sm all  e ffec t  on p h o n e m e  recogn ition  so 

this condition  was om itted  from  the main ex p e r im e n t .  S p ec tro g ram s  and spectra  o f  a 

sam ple o f  sm eared  w ords are s h o w n  in A ppend ix  D. Details  o f  the  D aD isp  w orksheet 

used for processing  are given in A ppend ix  E.

3.6. Design

3.6.1. D ependent and  independen t variables

Phonem e scores, in percent co rrec t ,  collected f rom  8 lis teners  w ere  u sed  as the dependen t  

variable. S m earing  condition  (at 3 levels) and  G e n d e r  w ere  the principal independent
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variab les. In a m ore  detailed  analysis,  the  effects  o f  R eplica tion  (4 levels)  and  P honem e 

Position  in a w ord (3 levels) were a lso  exam ined . E a c h  o f  the 8 l is teners  l is tened  to all six 

talkers  u n d e r  each o f  3 sm earing  cond it ions .  Four  w o rd  lists w ere  p re se n ted  under  each  

cond it ion  for each ta lker  - giving 4  replications. T h e  m ain  effec ts  o f  ta lk e r  g ender  and 

sm ear ing  cond it ion , and the in teraction  betw een  the tw o. were e x a m in e d  in a repeated- 

m easu res  analysis o f  variance with g e n d e r  as a g ro u p in g  variable an d  sm ear ing  cond ition  

as a repea ted  m easure . As indicated earlie r , rep lica tion  and  p h o n e m e  posit ion  w ere also 

inc luded  as repeated m easures.

3.6.2. C ou n te rb a lan c in g  o f  lists

B ecause  lists 1 to 3 w ere  heard w ith o u t  sm earing  d u r in g  practice, these  lists w ere  not 

used for testing u n d e r  the sm eared cond it ions .  T he  o rd e r  o f  occu rrence  o f  the rem ain ing  

12 test lists ( i.e.. 4  th rough 15) w a s  coun te rb a lan ced  across talker, sm ea r in g  cond it ion , 

rep lica tion , and listener. Th is  coun te rba lanc ing  is s h o w n  in A p p en d ix  F. In addition , the 

o rder o f  p resen ta tion  o f  the 10 w ords  in each list w a s  random ized  du r ing  presentation. 

The p u rpose  was to  m in im ize  the e ffec ts  o f  l is t-d ifferences  and lea rn ing  on  the results o f  

the experim en t.

3.6.3. P resenta tion  o rder  o f  sm earing  cond it ions

The o rd e r  o f  p resen ta tion  o f  the sm earing  co n d it io n s  was held  constan t  for each 

replication. That is. each  talker w a s  presented w ith  the 1000 H z  sm e a red  bandw id th , 

fo llow ed  by the 1414 Hz and the 2 0 0 0  Hz bandw id th s  in that order. T he  lim ited  num ber  

o f  test l ists  (12) and  the large n u m b er  o f  subjects x co n d it io n s  x rep l ica t ions  (72) required 

each w ord  to be hea rd  6 times by  e a ch  listener d u r in g  the e x pe r im en t .  In part, the 4 

rep lica tions  were included  to p rov ide  the opportun ity  to exam ine  the  m agn itude  o f  this
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and o ther  po ten tia l learning effects.

3.7. P rocedure

3.7.1. R eplica tion

Each lis tener w as tes ted  in 2 sess ions separated  b y  at least one w e e k .  At the beg inn ing  o f  

the first session, l isteners read and  signed the  in fo rm ed  c o n sen t  form and  pu re  tone 

thresho lds  were checked  to co n f i rm  that the  l is teners  met the  auditory' c ri te r ion . In 

addition, listeners heard  lists 1 to  3 in the u n s m e a re d  cond it ion  to  establish  fam iliarity  

with the m ateria ls  and procedures. During e a c h  sess ion  lis teners  w ere  p resen ted  with 1 

word list for each  o f  the 6 talkers under  each  o f  3 sm earing  cond it ions .  A fte r  a short 

break, this p rocess  was repeated. Each se ss io n  took ap p ro x im ate ly  3 hours. The 

ou tcom e o f  the tw o sessions was 4  phonem e rec o g n i t io n  scores fo r  e ach  ta lker  u n d e r  each 

o f  the 3 sm earing  conditions. T hese  are the da ta  tha t  will be p re se n ted  in C h ap te r  4.

3.7.2. Test s tim uli presentation

Stimuli w ere p resen ted  m onaurally  v ia  a G ra so n -S ta d le r  A u d io m e te r  (m odel 10). Input 

level was ad justed  to give 0 dB deflection  for the  vow el peak in the  w ord  " w ise "  spoken 

by talker BM . T h is  w ord  was c h o sen  for c a l ib ra t io n  because it had the h ighest  peak 

vowel level in the total corpus. S tim uli were p resen ted  m o n au ra lly  at 65 d B H L  using 

T D H -4 9 P  e a rphones  fitted with N1X41/AR e a r  cush ions .  T h e  cho ice  o f  test e a r  was 

alternated across listeners.

3.7.3. Scoring

At the beg inn ing  o f  each session the lis tener w a s  provided w ith  pencils and answ er  

sheets. Each sheet contained 4 b locks  with 10 c e l ls  in each b lock , as shown in A ppendix
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G. Listeners were in structed  to w r i te  dow n  w hat they  thought th e y  heard  in each  ce ll .  

G uess ing  was en c o u ra g e d  so that no  cell should  be left b lank . L is tene rs  w ere also a s k e d  

to repeat the w ord . T h e  tester m o n ito red  the sp o k en  response  th ro u g h  the ta lk b a c k  

system  and  also rec o rd e d  it on d igital aud io tape  to he lp  w ith  later in te rp re ta tion  o f  w r i t te n  

responses . L isteners  rece ived  no feed b ack  on the a c cu ra cy  o f  their  responses .

3.8. Response  ju d g e m e n ts

For each  listener, the  n u m b er  o f  p h o n e m e s  (out o f  30)  co rrec tly  iden tif ied  for each ta lk e r ,  

each  condition, and  each  rep lication  w as totaled an d  converted  to  a percentage sco re .  

T w o  scorers  served to  ju d g e  the l is tene rs ' response  sheets .  The rec o rd in g s  were u sed  a s  

an aid in interpreting the w ritten  re sponses  w hen a  p hone tic  in te rp re ta tion  was u nc lea r .  

W hen  there was d isa g re em e n t ,  the e x p e r im e n te r 's  a dv iso r  a c te d  as a final ju d g e .  

P honem e responses w ere  c lassif ied  as errors w hen  there  w ere o m is s io n s  (e.g.. " e d "  fo r  

" b e d ” ), additions (e .g .. "b laze"  for " laze") ,  o r  subs ti tu t ions  (e .g ..  " r ise "  for "w ise " ) .  

M isspellings  (e.g.. " c o f f  for " c o u g h " )  and h o m o n y m s  (e.g.. " k n o t"  fo r  "not") w e re  

coun ted  as correct responses .

3.9. Spectrographic  ana lys is

Spectrographic  ana ly s is  o f  180 w o rd s  from  each  s u b je c t 's  u n sm e a red  recordings w a s  

carried  out with an  analysis  sy s tem  from K ay  E lem etr ics  (m o d e l  C S L  4 3 0 0 B ) .  

F requencies  o f  the first 4  form ants  w ere  m easured  at a s ingle 20  m se c  tim e slice in the  

tem poral center o f  the vow el, u s ing  Linear P red ic t ive  C od ing  (L P C )  analysis. T h e  

param eters  o f  the L P C  analysis  are p rov ided  in A p p e n d ix  H. to g e th e r  w ith  an exam ple  o f
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one o f  the  ana lyses .  T he  results  o f  these  analyses and  e x am in a t io n  o f  the relationship  

betw een fo rm an t va lues  and  the effects o f  sm earing  will be  p resen ted  in C h a p te r  5.
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C H A P T E R  4  

R E S U L T S  O F  S M E A R IN G  ST U D Y

4.1 . Raw  data

Individual data for pe rcen t  recognition  o f  initial consonan ts ,  vow els , and final consonan ts  

under  the 3 sm ear ing  cond it ions  are  show n in A p p e n d ix  I. Data  are  show n separa te ly  for 

the  4 replications and  a lso  co llapsed  across replications.

4 .2 . Analysis o f  v ariance

T h e  percent co rrec t  da ta  w ere sub jec ted  to a repea ted-m easures  ana ly s is  o f  variance  with I 

g roup ing  variable  (G e n d e r  at 2 levels)  and 3 repea ted  measures: P honem e position  at 3 

levels (initial co n so n an t ,  vowel, and  final consonant) ,  sm eared  bandw id th  at 3 levels  (1.0.

1.4. and 2.0 kH z), and  replication at 4 levels. T he  result  is show n in Table  4.1. It will be 

seen  that all fou r  m ain  effects  reached  significance at o r  well bey o n d  the 1 level .  The 

interaction betw een G e n d e r  and Phonem e position reached  s ign if icance  at the 5 ^  level 

and  the in teraction betw een P honem e  position and Sm eared  Bandw idth  reached 

significance at well beyond  the I °7c level.
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T a b le  4.1. A na lys is  o f  variance in p h o n e m e  recogn ition  scores. S h a d in g  indicates p robab il i ty  
o f  0.05 or less.

d f
Effect

M S
Effect

d f
E rro r

M S
E rro r F p-level

G ender 1 2220 .2 4 93 .0 23.87 0 .008126

Phonem e p o s it ion 2 4 8 4 4 .4 8 48 .9 99.05 0 .000002

Sm earing 5696 .8 8 55.2 103.18 0 .000002

Replication 2176 .8 12 28.9 75.23 0 .0 0 0 0 0 0

G xP -> 267 .6 8 48 .9 5.47 0 .031802
G xS 2 6.7 S 55.2 0.12 0 .886783
PxS 4 197.4 16 26.2 7.54 0 .001298
G xR ->J) 11.4 12 28.9 0.39 0 .759839
PxR 6 34.8 24 26.3 1.32 0 .286060
SxR 6 33.3 24 26.3 1.27 0.309641

G xPxS 4 71.4 16 26.2 2.73 0.066381
G.xP.xR 6 25.3 24 26.3 0.96 0 .472297
G xS xR 6 38.6 24 26.3 1.47 0 .230783
PxSxR 12 16.1 48 20.4 0.79 0 .659315

GxP.xS.xR 12 27.2 48 20.4 1.33 0 .231359

4.3. Replication

T he effect o f  replication w a s  str ik ing , as i llustrated in F igu re  4.1. C o llap sed  across 

subjects and sm ear ing  cond it ions ,  the  m ean  p h o n e m e  recognition  score  rose from  52.19r 

at the beg inn ing  o f  testing to 67.09c at the end. an  increase o f  a lm o s t  15 pe rcen tage  points. 

M oreover, the im provem en t w a s  s teady  (at a round  5 percentage po in ts)  from rep lica tion  to 

replication, w ith  no ev idence  o f  s low ing . T he  sources  o f  this a p p a re n t  learning effec t  will 

be explored in the  d iscussion . F o r  p resen t  purposes , how ever, the  im portan t o b se rv a t io n  is 

that none o f  the  in teractions in v o lv in g  rep lica tion  reached the 59c  level o f  s ign if icance .  In 

o ther  words, there  is no e v id e n c e  that the re la tionships  a m o n g  the  two m ost  im portan t 

variables - g e n d e r  and sm earing  b an d w id th  - changed
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Figure 4 .1 .  Phonem e recognition  in s m e a re d  speech as a  function o f  rep lica tion . D ata  
are c o l la p sed  across l is tener , talker a n d  sm earing  co n d it io n . Each lis tener heard  one  
word list at each  rep lica tion  for each  ta lk e r  x sm earing  cond it ion  com bina tion .

during the  course o f  the experim ent. F o r  th is  reason it is appropriate  to address the  m ain  

research question  using d a ta  that are c o l la p sed  across rep lica tion .

4.4. M a in  effect o f  g e n d e r

W hen co llap sed  across  replication and  sm eared  bandw id th ,  the average  p h o n e m e  

recognition  scores for the  female and  m ale  talkers w ere  62.99c and 56.495. respec tive ly .  

The d iffe rence  o f  6.5 pe rcen tage  p o in ts ,  though small, is significant at the 195- level. T h is
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f ind ing  is in keep ing  with the p red ic tion  that the  speech  o f  fem ale  ta lkers  would  be more 

resistant to the e ffec ts  o f  spectral sm earing  than the  speech  o f  m ale  talkers.

4 .5 . Effect o f  p h o n e m e  position 

4.5.1 Main effect o f  phonem e position

W hen  collapsed ac ross  subjects, sm ea r in g  cond it ions ,  and rep lica tions , the average  scores 

for initial consonan t,  vowels, an d  final co n so n an ts  w ere  64 .8 . 50.2. and 6 4 . 0 ^ .  

respectively. Pos t-hoc  testing, u s ing  the least-s ign if icant-d ifference  test, failed to reveal  a 

s ignificant d ifference  between initial and final consonan ts .  O n average , how ever, the 

consonan t scores were 14.2 pe rcen tage  po in ts  h igher  than the vow el scores. This 

d ifference  was h igh ly  significant (p =  0 .000005). T he  fact that consonants  are  more 

resistant than vow els  to the effects  o f  the type o f  spectral sm earing  used  in this s tudy  has 

been noted p rev ious ly  (B oothroyd  et al. 1996). T h is  issue will be  explored in the 

d iscussion.

4 .5 .2  Interaction with gende r

T here  was ev idence  o f  an in terac tion  betw een ph o n em e  position  and  gender (p=0.03). 

D etails  o f  this in teraction are illustrated  in F igure  4.2. In post hoc testing, using the  least- 

s ign ificant-d ifference  test, the g e n d e r  effect d id  not reach the 59t level o f  s ign ificance for 

the initial consonant.  There were, how ever, s ign if ican t d iffe rences  fo r  vowels (p=0 .0004) 

and  final consonan ts  (p=0.0016). T h u s ,  the c onc lu s ion  that the speech  o f  female ta lkers  is 

m ore  resistant to spectral sm earing  than that o f  m ale  talkers is riot supported for initial
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consonan ts  in these  m onosyllab les. It is. how ever ,  supported  fo r  the vowel nucleus and  the 

final consonant,  and  the average p h o n em e  score.

Female talkers 
Male talkers80  r-

Vowel

Phoneme
Figure 4.2. P h o n e m e  recognition in sm eared  sp e ec h  as a function  o f  phonem e 
position  and ta lke r  gender.

4.5.3. Interaction w ith  smeared bandw id th

The significant in terac tion  betw een phonem e position  and sm e a r in g  indicates that the 

effect o f  sm earing  w as  not the sam e across the th ree  phonem es . D etails  o f  this interaction 

are illustrated in F igure  4.3. It will be seen that scores  for vow els  fell m ore  rapidly  with 

increasing sm eared  bandw idth  (24 percentage  po in ts  per oc ta v e )  than did scores  for 

consonan ts  (14 pe rcen tage  points pe r  octave).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

100

C
0)
o 8 0  
<D 
CL

■O
CD 6 0  
M
' c
CD
O
O
2  4 0
CO
CD
E
CD
§  2 °

Initial consonant 
Vowel nucleus 
Final consonant

. c
CL

1414  Hz;  i 2828 H z |

100 100001000

Frequency in Hz
Figure 4.3 . P honem e  recognition in smeared sp e ec h  as a function  o f  sm earing  
cond it ion  and p h o n e m e  position. D ata  are c o l la p se d  across 6 ta lkers  and 4 
replications. A rrow s  show the es tim a ted  sm e a r in g  thresholds  fo r  vowels and 
consonants .

4 .6 . Effect o f  sm earing

4 . 6 . 1. M ain  effect o f  sm eared  bandw id th

W hen  co llapsed  across  subjects and  replications, the average  p h o n e m e  recogn ition  scores 

were 6S.4, 60.0. and 50.69c for sm eared  bandw id th s  o f  1.0. 1.4. a n d  2.0 kHz. respective ly . 

T hus ,  m ean phonem e recognition fell alm ost l inea rly  at a rate o f  17.8 p e rcen tage  points 

per oc tave  as sm eared  bandw id th  increased. N o te  that there are no  significant in terac tions  

be tw een  sm eared  bandw id th  and gender,  or b e tw een  sm eared  bandw id th  and replication.
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T hus  there  is no ev id e n c e  to suggest  that this slope o f  17.8 percentage  points pe r  oc tave  

changes  w ith  e i th e r  g en d e r  o r  replication.

4.6.2. S m earing  th resho ld  and  gender

The m ain  effect o f  g en d e r  am o u n ted  to a 6.5 percen tage  point difference b e tw e en  the 

fem ale  and m ale  talkers . C o m b in ed  with the 17.8 percen tage  point pe r  octave  s lope  just 

derived , this d if fe rence  gives an es t im a ted  shift o f  6 .5 /1 7 .S. or 0 .37  o f  an oc tave , in the 

functions  re la ting  p h o n e m e  score  to sm eared  bandw idth . Th is  shift is illustrated in F igure

4.4. w h ich  sh o w s  ave rage  p h o n e m e  recogn ition  score, co llapsed  across  rep lica tions , as a 

function o f  sm eared  bandw id th .  D ata  are show n  for the  6 individual talkers to g e th e r  with 

m eans for the m ales  and  the fem ales. T h e  da ta  for the tw o  genders are also e x trap o la ted  

using linear reg ression  functions  for score  versus the logarithm  o f  frequency. It w ill  be 

seen that the sm ear in g  thresho ld  (the sm eared  bandw id th  p rovid ing  50*T p h o n e m e  

recognition)  av e rag ed  2300  Hz for the fem ale  talkers and  1800 Hz for the m ale  ta lkers . 

The d iffe rence  is 0 .35  oc taves  o r  28*7-.

4.7. Summary'

These  find ings support  the  conc lus ion  that the  speech o f  fem ale talkers is m ore res is tan t  to 

spectral sm ea r ing  - a s  im p lem en ted  in this s tudy - than is the speech  o f  male ta lkers . T o  

the ex ten t that the ave rage  form ant spac ing  in the speech  o f  fem ale talkers is g re a te r  than 

in the speech  o f  m ale  talkers, the f ind ings also support the hypothesis  that spectral 

sm earing  in terferes w ith  speech  perception  by  obscuring the formant structure in speech .
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The fo llow ing  chap te r  will explore  the fo rm ant pa tterns  o f  the speech  in this sam ple  o f  

talkers so as better  to de fine  the re la tionship  betw een form ant pa tterns and the effec ts  o f  

spectral sm earing .
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Figure 4.4 . Phonem e recognition  in sm eared  speech as a function o f  ta lker  gender and 
sm eared  bandw id th  in Hertz. Data are co llap sed  across phonem e  position and 
replication. E x trapolations  are linear regressions on log frequency. A rrow s show best 
es tim ates  o f  sm earing  thresholds for the tw o  gender g roups.
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C H A P T E R  5

A C O U S T IC  A N A L Y S IS  O F  T H E  S P E E C H  ST IM U L I

5.1. Purpose

T he  present s tudy  w as based  on  the assu m p tio n  that the fo rm an t spacing in the speech  o f  

fem ale  talkers  w ould  be g rea te r  than in the speech  o f  m ale  talkers - and  the p red ic tion  

that this d ifference  w ould  cause  fem ale  speech  to be m o re  resistant to the  e ffec ts  o f  

spectral sm earing  than m ale  speech. T h e  goa ls  o f  the w ork descr ibed  in this c h a p te r  were:

a) to m easu re  actual form ant va lues  in the  speech  o f  the  talkers  used in this s tudy

b) to co m p are  the results  with  pub lished  data

c) to ex am in e  various m easu res  o f  fo rm an t frequency  and fo rm an t  spac ing  as 

potential predictors  o f  the in te ll ig ib ili ty  o f  spec tra l ly  sm eared  speech  - as 

reported  in chap te r  4.

5.2. M ethod

5.2 .1 . Selection o f  vowels

E ach  AB w ord list conta ins an exam ple  o f  each  o f  10 vow els .  Three o f  these  vow els ,  

how ever ,  are d iph thongs, w hich  are d ifficu lt  to  quantify  in te rm s o f  s teady-sta te  fo rm ant 

frequencies. A nalysis  was. therefore , restric ted  to the rem ain ing  7 m o n o p h th o n g s  w h ich  

were: / i/  as in "cheek". I l l  as in "ship". /£/ as in "well", /a.*/ as in "fan", l a l  as  in "jot", / a /  

as in "rug", and /u / as in "m ove".

5.2.2. P rocedure

R ecord ings  o f  the first three w ord  lists w e re  used to p ro v id e  three e s t im a tes  o f  the 

fo rm ant frequencies in tokens o f  these 7 vow els , spoken by each  o f  the 6 ta lkers . F o r  e ach
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token , es tim ates  o f  the  f requencies  o f  the first 4  fo rm an ts  were ob ta ined  from a 20  m sec  

sam p le  taken f rom  the  tem poral c e n te r  o f  the voca lic  segm ent. T h e  m easu rem en ts  w ere  

m ade  with  the K ay  E lem etr ics  C S L  4300B  s p e ec h  analysis  system . Linear p red ic tive  

cod ing  analysis  w a s  u sed . An e x a m p le  is p rov ided  in A ppend ix  H.

5.3. Results

5.3.1. R aw  data

The  raw  form ant d a ta  will be found  in A ppend ix  J. F o r  each ta lke r  and each v o w e l ,  the 

three es tim ates  o f  the  4 form ant frequenc ies  w e re  averaged . T he  values for the 7 vow els  

w ere then averaged  to prov ide  an es tim a te  o f  the  four  m ean  fo rm an t frequencies for each  

talker. T he  results  are  included  in A ppend ix  J.

5.3 .2 . Individual an d  g ro u p  mean fo rm an t f requenc ies

T he  m ean values o f  fo rm an ts  1 th rough  4 for e a c h  o f  the 6 talkers are  shown in T a b le  5.1. 

A lso  show n are the  m ea n s  for the  tw o  gender g roups.  T he  individual data are i llus tra ted  

in F igure  5.1. to g e th e r  with co rrespond ing  d a ta  for form ants 1 through 3 taken  from  

Peterson  and B arney  (1952). For reference , the P e terson  and B arney  data are a lso  show n  

in Tab le  5.1. It will be seen that the present da ta  agree  quite well with the Peterson  

B arney  data  for fo rm an ts  I th rough 3. in spite o f  m a jo r  d iffe rences  in procedure.
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Figure 5. i. A verage values o f  the f requencies  o f  form ants 1 th rough  4 for 3 fem ale  
and 3 m ale talkers estim ated from record ings o f  7 m o n o ph thongs  in each o f  3 
recorded  w ord  lists. A lso  shown are pub lished  d a ta  from Peterson  and B arney  
( 1952).
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Table  5.1 Mean frequencies, in Hz. o f  form ants  1 th rough  4 for 3 fem ale  and 3 m ale  
talkers. Each m ean is averaged across 7 vowels from  e a ch  o f  3 lists. A lso  show n  are the 
m ean s  for the two g e n d e r  groups to g e th e r  with equ iva len t  data from  Peterson  and B arney  
(1952)  for formants 1 through 3.

F orm an t
T a lker FI F2 F3 F4

T1 676 1905 3006 4063
T2 583 1826 3045 4128
T3 603 1883 3064 418 0

M ean Fem ale 621 1872 3038 4123
P eterson /B am ev  Female 599 1889 2926

T4 507 1679 2713 3289
T5 509 1693 2654 3723
T6 519 1666 2592 352S

M ean M ale 512 1679 2653 3513
P eterson /B am ev  Male 503 1570 2503

5.3 .3 . T he  main effect o f  gender

The  individual va lues o f  average fo rm ant frequency in Table 5.1 w ere log transfo rm ed  

and subjected to a  2-way. repea ted-m easures  ana lys is  o f  variance  with gende r  as a 

g roup ing  variable at 2 levels and fo rm ant num ber  as  a repeated m easu re  at 4  levels. T he  

result is shown in Table 5.2. It will be seen that the  main e ffec t  o f  gende r  is h ighly  

significant (F[ 1.4]= 106.8. p=.0005). in spite o f  the small n u m b er  o f  subjec ts  in each  

g e n d e r  group. The interaction be tw een  gender and  form ant num ber, how ever, fails to 

reach the 5 cc level o f  significance. In o th e r  words, there  is no ev idence  that the effect o f  

gender, when expressed  in octaves, is d ifferent for the different fo rm ants . These  findings 

arc in keeping with the conclusion that the effect o f  gende r  is to sh ift  all f requencies, on 

average , by the sam e proportional am oun t .
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Table 5.2. T w o -w ay  rep e a ted -m easu res  ana lys is  o f  v a r ian ce  in the log -  
t ransform ed m ean  fo rm ant da ta .

d f  M S  d f  MS
Effect Effect E ffec t  E rro r_____ Error________F______ p-le v e l

Gender 1 0 .2 7 7 4 4  4  0 .002599 106.77 0 .0 0 0 5 0
Formant 3 8 .8 1 8 7 6  12 0 .003103 2841 .99  < .0 0 0 0 0 5

G xF  3 0 .0 0 3 9 3  12 0 .003103 1.27 0 .3 3 0 2 4

T ab le  5.3 show s the effect o f  g e n d e r  on the frequencies o f  fo rm ants  1 th ro u g h  4. 

expressed  both  as a percen tage  increase and  an octave inc rease  w hen  s h if t in g  from 

m ale  to female. It will be seen  that, on a v e rag e ,  the fem ale  fo rm ants  w e re  1 6 .2 ^ .  o r

0 .22  octaves, h igher  than those  o f  the  m ale talkers .

Table 5.3. T h e  am ount by  w h ic h  the ave rage  frequenc ies  o f  the fo rm a n ts  o f  the 
female ta lkers  in the p resen t  s tudy  ex c ee d  those o f  the m ale  talkers. T h e  fem ale- 
male d iffe rence  is exp ressed  bo th  in pe rcen t  and in oc taves .

F o rm an t  oc taves %
FI 0.28 21.3
F2 0.16 11.4
F3 0.20 14.5
F4 0.23 17.4

M ean  0.22 16.2

5.3.4. Fom iant spacing

T w o  m ethods w ere used to ob ta in  es tim ates  o f  fomiant spacing . In o n e  m e th o d ,  the 

frequency  d ifference  between a d ja c e n t  form ants w as  ca lcu la ted . In the s e c o n d  m ethod .
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the  d iffe rence  be tw een  each  fo rm an t  frequency  and the f re q u e n c y  o f  the first form ant was 

ca lcu la ted  and then d iv ided  by ( n - l ) where n w a s  the fo rm ant num ber. T h e  resu lts  for the 

6 ta lkers  are  show n in Table  5 .4 . toge the r  w ith  the average  phonem e  reco g n it io n  scores 

taken from  C h ap te r  4. It will be seen  that the estim ates o f  m ea n  form ant s p a c in g  ranged 

from  S60 to 1167 Hz for the m a le  talkers an d  from 1085 to  1251 H z fo r  the  female 

talkers . T he  am ount by  w hich  the  m ean  fem ale  spacing e x c e e d e d  the m ean  m ale  spacing 

a v e rag ed  179? with a range from  7 to 269c. T hese  d a ta  are  all in k e e p in g  with the 

e xpec ta tion  that the form ant spac ing  w ould  be h igher  for fem a le  than for m a le  talkers.

T ab le  5.4. Five es tim ates  o f  m ean fo rm an t spacing, in Hz. for 6 ta lke rs  together 
with m ean phonem e recogn it ion  o f  the various spectra l sm earing  co n d it io n s .  Data 
are also show n for the g ro u p  m eans. W here  available , spacing  is a lso  reported  for 
the Peterson and  B arney  data .

E s tim ate  o f  form ant Spacing  Phonem e
(Hz)

T a lker F2-F1 F3-F2 F4-F3 ( F 3 -F D /2  (F4-F1 )/3 Score
(9?)

T1
T2
T3

1229
1243
12S0

1 101 
1219 
1181

1057 
1083 
1 116

1 165 
1231 
1231

1129 
1182 
1 192

63.7
60.6
64.1

M ean  Fem ale 1251 1166 10S5 1209 1167 62.8
P e te rso n /B a m e v  Fem ale 1290 1037 1164

T4 1172 1034 576 1103 927 57.1
T5 1184 961 1069 1073 1071 57.1
T 6 1 147 926 936 1037 1003 55.0

M ean M ale 1167 974 860 1071 1000 56.4
P e terson /B arnev  M ale 1067 933 1000 --------

5.3.5. Prediction  o f  phonem e recogn ition  in spectra lly  sm eared  speech 

T he  final step  was to test the va r io u s  m easu res  o f  fo rm ant frequency a n d  spacing as 

pred ic to rs  o f  resis tance to spectral sm earing  - regardless o f  gender. T a k in g  formant 

frequenc ies  from Table  5.1 and  form ant spac ing  from T a b le  5.4. P ea rson  product-
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m om en t correla tions were ca lcu la ted  using the  average  sm e a red  phonem e recognition 

scores shown in Table  5.4. T h e  results are s h o w n  in Tab le  5 .5 . It will be seen  that all 

m easures  o f  fo rm ant f requency  an d  form ant sp a c in g  but one  w ere  predictive o f  phonem e 

recognition. T he  exception w as  the spacing o f  F 4  and  F3. O f  the spacing  es tim a tes ,  the 

separation o f  F2 and FI was the best p red ic to r  ( r[4] =  0.93. p =  0.008). T h is  observation  

is in keeping w ith  the experim enta l  prediction, but suggests that  the separation o f  FI and 

F2 is more im portan t than the separation o f  o th e r  form ants. Figure 5.2 illus tra tes  the 

rela tionship  betw een  the F2/F1 spac ing  and p h o n e m e  recognition.

Tab le  5.5. Predictors  o f  p honem e recognition  in sm eared  speech .

Acoustic  M easure C orre la tion
(df=4)

P
value

FI .89 .0164
F2 .98 .0006
F3 .94 .0059
F4 .85 .0329

F2-F1 .93 .0076
F3-F2 .81 .0516
F4-F3 .52 .2S7S

(F 3 -F I  )/2 .86 .0275
(F 4 -F I  )/3 .79 .060S

It is interesting to note that the best single p red ic to r  o f  sm eared  phonem e recogn ition  was 

not a m easure  o f  formant spacing , but the f requency  o f  the second  form ant (r[4]=0.98. 

p=0 .0006i. In s tepw ise  m ultip le  regression, no  o th e r  m easures  added  s ign if ican tly  to the 

predictive value o f  second fo rm an t f requency . F igure  5.3 illustrates the rela tionship  

betw een second formant f requency  and sm eared  phonem e recognition .
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Frequency spacing of F2 and F1 in Hz

Figure 5.2. Phonem e recogn ition  in sm eared  speech  as a function o f  the 
frequency ^pacing o f  the  first and second  fo rm ants , for 3 female and 3 
m ale  talkers. A lso  show n  is the least-squares  fit to a linear rela tionship .

7 0

1500 1600 1700 1800 1900 2000
Second formant frequency in Hz

Figure 5.3. P honem e recogn ition  in sm eared  speech  as a function o f  the 
frequency o f  the second  form ant, for 3 fem ale  and 3 m ale talkers. Also 
show n is the least-squares  fit to a l inear  relationship.
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5.4  D iscussion

T h e  fo rm ant d a ta  are in keeping  with  the basic a s su m p t io n s  on  which th is  study w as 

based  - nam ely ,  that the average  form ant f requencies  and . th e re fo re ,  the a v e ra g e  form ant 

spacing  w ou ld  be h igher  in female than in m ale  talkers. M o re o v e r ,  the m ean  frequencies 

for fo rm ants  1 th rough  3 are s im ilar to those reported in the litera ture .

In the co rre la t ion  analysis ,  the mean fo rm ant spacing  m e a s u re d  betw een fo rm a n ts  1 and 2 

w as  a good  p red ic to r  o f  sm eared ph o n em e  recogn it ion  - supporting  the original 

hvpo thes is  that spectral sm earing  in terferes with  speech  p e rc e p tio n  because  it obscures 

fo rm an t pa tterns . T h e  best single p red ic to r  o f  sm eared  p h o n e m e  recogn ition  was not a 

m easu re  o f  spac ing  but the average f requency  o f  F2. W ith  so  f e w  data p o in ts ,  however, it 

w ould  be a m is take  to a ttach too m uch  im portance  to th is  obse rva t ion  u n le s s  it can be 

rep lica ted  in m ore  deta iled  studies. Note . also, that the range  o f  F2 was g rea te r  than the 

range o f  the F2/F1 spacing , that e rrors  in the m ea su rem e n t  o f  F2 are less  likely than 

e rro rs  in the m easu rem en t  o f  F I .  and that any  errors o f  m e a su re m e n t  affect the  accuracy 

o f  a d iffe rence  m ore  than the accuracy o f  each  m easure.

5.5. S u m m ary

T h e se  data  con firm  that form ant frequenc ies  and fo rm an t  sp a c in g  w ere  h igher  in this 

sam ple  o f  fem ale  talkers than in this sam ple  o f  m ale  ta lk e rs .  O f  the m ea su res  of m ean  

form ant spacing , the d ifference  betw een F2 and FI w as  the  best  p red ic to r  o f  phonem e 

recognition  in the  sm eared  speech. T he  s tandard  e rro r  o f  fit to  a linear re la tionship  w as
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1.6 percentage  po in ts .  In these da ta ,  the  frequency  o f  F2 w as a  som ew hat  better p red ic to r  

o f  p h o n e m e  recogn it ion  than w as  the spacing  o f  FI  and  F2 but b e c au se  o f  the sm all 

sam p le  size, poss ib le  e rrors  in the m easu rem en t  o f  form ant frequencies, and  range effec ts ,  

genera liza tion  is no t w arran ted  at th is  stage..
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C H A P T E R  6 
D IS C U S S IO N  A N D  C O N C L U S IO N S

6 . 1. Phonem e recognition  data

6.1.1. G eneral effect o f  sm ear in g

The general effects o f  spectra l  sm earing  on phonem e recognition observed  in the  present 

study are in keeping  w ith  those reported  by B oo throvd  et al. (1996). us ing  the same 

smearing m ethod and the  sam e test materials. For  exam ple, ex trapo la tion  o f  the group 

mean phonem e recogn ition  scores, as show n in F igure 4 .4 . suggests  that phonem e 

recognition begins to fall w hen the sm eared  bandw id th  is in the region o f  3 0 0 H z  and 

approaches zero  for a sm e a red  bandw id th  o f  20 .000  Hz. In o ther  w ords, un ifo rm  spectral 

smearing, as used in the present study, begins to have  an effect on phonem e recognition  

when the sm eared  ba n d w id th  approx im ates  the typical fomiant bandw id th  but is not fully 

effective until all spectral in form ation  is rem oved.

6.1.2. Sm earing  th resho lds

The smeared bandw id th  g iv ing  5 0 r r phonem e recognition for the average m ale  ta lker  in 

the present s tudy was 1800 Hz. This  value is som ew hat  higher than the value o f  1400 Hz 

reported for the single m ale  talker in the B oothrovd et al. study. It will be recalled, 

however, that a s trong learn ing  effect was observed  in the p resen t study, a m o u n t in g  to 

around 15 percentage  po in ts  betw een the First and  last session. No such effect was 

observed in the B oo th rovd  et al. s tudy - p resum ably  because subjec ts  l istened to only  one 

talker, with very little repe tit ion  o f  test lists. Subtrac ting  7.5 percen tage  po in ts  from the 

average scores in the p resen t  study provides an es tim ate  o f  perfo rm ance  at the first test
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session. T h e  slope o f  the p e rfo rm ance  versus sm e a r in g  function w a s  17.8 pe rcen tage  

points per  octave. T aken  together, these  tw o  values p red ic t  that th e  sm earing  th resho ld  

should  be 0 .42  oc taves  lo w er  than 1800 Hz in the  absence  o f  a  learn ing  effect. T he  

resulting  value is 1345 H z. w hich  is in m uch  c loser  a g reem en t  w ith  the B oo throvd  et al. 

data.

6.1.3. S lope  o f  the sm e a r in g  function

In the presen t study, m ean  phonem e  recognition  fell by  17.8 pe rcen tage  points  pe r  oc tave  

be tw een  sm eared  b a n d w id th s  o f  1000 and  2000 Hz. T h e  co rre sp o n d in g  value from  the 

B oothrovd  et al. s tudy  is 20  p e rcen tage  points p e r  oc tave . T he  d iffe rence  canno t be 

attr ibu ted  to the lea rn ing  effect invo lved  in the p resen t  study b e c au se  there w as  no 

ev idence  o f  an in teraction  betw een sm ear in g  and rep lica tion . It is. h o w e se r .  a re la tive ly  

small d iffe rence  and m a y  be a ttr ibu tab le  to d ifferences  o f  talkers a n d  listeners in the two 

studies. In general, it can  be c o n c lu d e d  that the p resen t f ind ings relating p h o n em e  

recognition  to the a m o u n t  o f  sm earing  are in k ee p in g  w ith  c o m p a rab le  da ta  from  the 

literature.

6.2. R ep lica tion

6.2.1. C au ses  o f  rep lica tion  effect

The p resence  o f  a s trong  replication effec t in the p resen t  study is o f  concern . B ecause  

subjects listened to 6 talkers , under  3 sm earing  cond it ions ,  o v e r  4  replications, this 

design requ ired  the p resen ta t ion  o f  72 lists. Because on ly  12 lists w e re  used for testing, 

any s ingle  w ord was heard , on average . 6 times d u r in g  the study. E ven  a llow ing  for the
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fact that so m e  o f  the p resen ta tions  w ere  under  co n d it io n s  o f  fairly  severe  distortion, there  

is a s trong  possib ili ty  that part o f  the rep lica tion  effec t  was the result o f  increasing 

fam iliar i ty  with the test words. An add it iona l  fac to r  c o u ld  be the cons ide rab le  experience  

p rov ided  to  these sub jec ts  in l is ten ing  to sm e a re d  speech . As H ow ard-Jones  an d  

S u m m e rs  (1992) po in ted  out w hen  d iscuss ing  the  resu lts  o f  the ir  study. "Subjec ts '  

d iff icu lties  m ay  be part ly  due to dea ling  w ith  an u n fa m il ia r  form  o f  speech . Hence, these 

m ea su rem e n ts  p robab ly  give an unde res t im a te  o f  the  in fo rm ation  con ten t o f  the test 

m ateria l."  T h e  present f ind ings support  this suggestion .

6 .2 .2 . Im plica tions o f  replication effec t

Fortuna te ly , there was no  ev idence in the present s tu d y  that  rep lica tion  had a differential 

e ffec t on the various sm earing  levels ,  the  two g e n d e r  g roups,  o r  on the interaction 

b e tw een  gender  and the am ount o f  sm earing . T he  rep l ica t ion  effect does  not. therefore , 

c o m p ro m ise  the principal purpose o f  this study, w h ic h  w a s  to de te rm ine  the effect o f  

ta lke r  g e n d e r  on res is tance  to spectral sm earing . W h e n  using  spectra l sm earing to 

s im u la te  the psvchoacoustic  e ffec ts  o f  senso r ineu ra l  hearing  loss, however, the 

d iffe rences  betw een no rm a lly  hearing subjec ts  l is ten ing  to deg raded  speech  for the first 

t im e  and hearing -im pa ired  subjects w ith  long-term  e x p e r ien c e  and  acclim atization  m ust 

be taken into consideration .

6 .3. P h o n em e  differences

6 .3 .1 . Vowels versus consonan ts

Vowel recognition  was m ore affected  by  sm earing  than  w as  co n so n an t  recognition. In
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addition, vowel recognition d e c re a sed  m ore  rapidly with increased  sm earing  than did 

consonant recognition . Both find ings are in keep ing  with the d a ta  reported  by B oothrovd 

et al.. using the sam e sm e a r in g  m ethod  and  test m aterials. T w o  exp lana tions  can be 

proposed for the vow el-consonan t  d ifference. First, spectral cu e s  p lay  the m a jo r  role in 

vowel identification, w hereas  bo th  spectral and  tem poral c u e s  are o f  im portance  in 

consonant identification. It fo llow s  that spectral sm earing  sh o u ld  be m ore d a m a g in g  to 

vowel recognition. Second, c u e s  to vowel identity  are con ta ined  m ainly  in the lower 

frequencies w hereas  cues to  co n so n an t  identity  often  spread in to  the  h igher  frequencies. 

The present s tudy  em ployed  un ifo rm  sm earing  - that is. sm ea red  bandw id th  in Hz was 

the same at all frequencies. W h e n  expressed  in term s o f  percent o r  octaves, therefore , the 

am ount o f  sm earing  dec reased  with  increasing frequency. F req u en cy  reso lu tion  o f  the 

normal ear is rela tively  independen t  o f  frequency  when exp ressed  in percent o r  octaves. 

It is probable, therefore, that the  effective sm earing  in the p resen t s tudy  d ecreased  with 

increasing frequency  - in w h ich  case, one  w ou ld  expect consonan t  recognition  to  be less 

affected than vowel recognition . T h is  last exp lana tion , how ever, is not supported  by the 

results o f  ter Keurs et al. (1992)  w ho  also  obse rved  the vow el-consonan t  d ifference  when 

using logarithm ic sm earing  (i.e.. sm eared  bandw id th  was p roportiona l  to frequency). It 

seem s probable , therefore, that the g rea ter  resilience o f  consonan ts  to spectral sm earing  

reflects the g rea ter  role o f  tem pora l  cues  in consonan t  identification.

6.3.2. Initial versus final consonan ts

The present s tudy  did not reveal a d ifference  betw een initial and  final co n so n an ts  in 

terms o f  resis tance to sm earing . In this respect, the findings d iffer  from those o f
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Boothrovd et al. (1996) in w hich  final consonan ts  w ere  found to be m ore resistant to 

sm earing  than were initial consonan ts . It should be noted , however, tha t  the B oothrovd  et 

al. study used only  a  s ingle m ale  talker. It is poss ib le  that there are individual ta lker  

differences in the interaction be tw een  sm earing  an d  consonan t p o s i t io n 1. The present 

findings point out the dange r  o f  genera liz ing  speech  perception  f ind ings  that are based  on 

the speech o f  a single ta lker  and leave open the ques tion  o f  the d ifferential effects  o f  

sm earing  on initial and final consonan ts  in conson an t-v o w e l-co n so n an t  words.

6.4. The gender effect

6.4.1. Existence o f  a g e n d e r  effect

The main purpose o f  the  present s tudy  w as to test the  prediction that the speech o f  fem ale  

talkers w ould  be m ore  resistant to  un ifo rm  spectral sm earing  than the speech o f  m ale  

talkers. T h is  prediction w as  clearly  supported . T he  m ain  effect o f  g e n d e r  was significant 

at the \ <r( level. M oreover, the fact that this effect cou ld  be dem ons tra ted  with on ly  3 

subjects in each gender g roup  im plies  that the effect is very' robust.

6.4.2. M agnitude o f  the gender  e ffect

In term s o f  phonem e recognition, the m ean d ifference  am oun ted  to on ly  6.5 percen tage  

points. Because o f  the slope o f  the function rela ting phonem e recognition  to sm eared  

bandw idth , this d ifference am oun ts  to a change o f  28fT o r  0 .35 oc taves  in sm earing  

threshold (the smeared bandw idth  g iv ing  509f p h o n e m e  recognition). It should be noted , 

however, that the confidence  limits o f  the m ale-fem ale  d ifference are  quite  large. In the

' In laci. a simple 4-way analy sis o f  variance in the raw data, in which talker is treated as a simple factor at 
(i le \e ls  shows a significant interaction between talker and p honem e position (F [5 .6 0 | .  p=().(KH)2).
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analysis  o f  variance  o f  Table 4.1. the e rro r  term  fo r  the g e n d e r  effec t,  reflec ting  the 

variability  w ith in  g e n d e r  groups, is 93 c/c~ (percen tage  po in ts  to the p o w e r  2). T he  m ean  

for each  gende r  g roup  is based  on  108 ob se rv a t io n s  - g iv ing  a  s tandard  e rro r  for the 

d iffe rence  be tw een  tw o  m eans o f  1.3 pe rcen tage  p o in ts .  M u lt ip ly ing  th is  s tandard  e r ro r  

by  the value o f  V for 4  degrees  o f  f reedom  (2.78) p ro v id e s  9 5 f r  con f id en ce  limits o f  + /-

3 .6 percen tage  points . In o ther  w ords, it can  be s ta ted  with con fid en ce  that the average  

m ale -fem ale  d iffe rence  in the popu la tion  rep resen ted  by  this sam p le  o f  talkers lies 

be tw een  2.9 and  10.1 percentage  points . The co rre sp o n d in g  c o n fid en ce  limits for 

sm earing  thresho ld  are 0 .16  to 0.57 o c taves  (or 12 to 49^7 ).

6.4.3. G e n d e r  e ffect and phonem e posit ion

A lthough  the g e n d e r  effect was c lea rly  dem o n s tra ted  in the p resen t study, m ore  de ta iled  

analysis  show ed  an interaction with ph o n em e  posit ion . In post hoc ana lys is ,  the g e n d e r  

effect was only  co n v in c in g ly  dem ons tra ted  for the v o w e l  and  the final consonan t  in C V C  

w ords. The absence  o f  a s ignificant g e n d e r  effect fo r  initial co n so n an ts  is in teresting and  

m ay be related to a d ifference in the ba lance  o f  tem p o ra l  versus  spectral cues to the 

identity  o f  pre- and  post-vocalic  co n so n an ts .  F u r th e r  inves tiga tion  o f  this possib ili ty  is 

w arran ted .

6.5. C ause  o f  the g e n d e r  effect

6.5.1. Initial hypo thes is

T he  prediction o f  a  gende r  d ifference  w as based on the  hypo thes is  that spectral sm earing  

degrades  ph o n em e  recognition  by o b sc u r in g  the fo rm an t  pa tterns  in speech . Because  the
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av e ra g e  form ant spac ing  is som e  2 0 #  h igher  in the speech o f  w om en  than in the  speech  

o f  m en . it w as p red ic ted  that the sm earing  th reshold  w o u ld  be some 2 0 #  h igher  for 

fem ale  talkers than  for male talkers . To the e x te n t  that the  g e n d e r  effect w as  found, and 

that its confidence  limits include  the p red ic ted  m agn itude , the present findings o ffe r  

su p p o rt  for the initial hypothesis.

6 .5 .2 . Support from  absolute fo rm an t data

In fact, the average  form ant d iffe rence  b e tw e en  the female a n d  male talkers  used in the 

presen t study w a s  es tim ated  to be 1 6 #  or 0 .2 2  octaves. T h is  value is som ew hat  low er 

than  the average  fem ale-m ale  d ifference  in sm earing  th resho ld .  It should  be noted, 

how ever, that fo rm an t estim ates w ere  based  o n ly  on the tem pora l  centers  o f  a  lim ited 

se lec tion  o f  vow els .  Note. also, that cues to v o w e l  and c o n so n an t  identity are a lso  present 

in the formant pa tte rn s  within consonan ta l  segm en ts  and in the transitional regions o f  

voca lic  segm ents. It is inappropria te , therefore  to expect an e x ac t  quantitative agreem ent 

b e tw een  the b ehav io ra l  data and the form ant d a ta  as m easured  in the present study.

6 .5 .3 . Support f rom  correlational da ta

T he  fact that the f requency  spac ing  betw een the first and seco n d  formants w as a good 

p red ic to r  o f  p h o n e m e  recognition  in sm eared  speech  offers  support for the underly ing 

hypothes is  that the  effects o f  spectral sm ea r in g  are c a u se d  by  the loss o f  access to 

fo rm ant patterns. It w as found, how ever, that the  average frequency  o f  an individual 's 

second  form ant w a s  at least as good  as. and p o ss ib ly  better th an ,  any estim ate o f  fomiant 

spacing  as a p red ic to r  o f  resis tance to sm earing . T h is  finding m ay  reflect the fact that the
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frequency  o f  the se co n d  fom iant. and  its pattern o f  change  over tim e, is the s ing le  m ost 

in fo rm ative  acoustic  cue  in the speech  signal. T h is  cue provides the l is tener  with 

inform ation  about the  position o f  the tongue in relation to the front and back  o f  the 

m ou th  and. therefore , about place o f  articulation. N um erous  studies have show n that the 

range o f  frequencies m ost im portant in phonem e recognition  corresponds  with the range 

o f  the second form ant. As discussed  in C hap te r  5. however, it w ould  be a m is tak e  to 

attach too m uch sign if icance  to the finding that the absolute f requency  o f  F2 w as a be tter  

p red ic to r  o f  sm eared  phonem e recognition  than the relative values o f  FI and  F2. T he  

subject sample in this study w as very  small and  both  variables were, as ex p e c te d ,  

b im odally  distr ibuted. T here  are a lso  procedural and  statistical factors that could  accoun t 

for the observed  d ifference. Further w ork  on this issue is indicated.

6.5.4. Perceptual spectra l smearing

As show n in append ix  D. one effect o f  spectral sm earing  is to crea te  a single spectral 

peak from two ad jacen t spectral peaks -  i.e.. a to m erge  formants. Exactly  how  a lis tener 

m ight interpret the resu lts  is not clear, but there is evidence  in the literature that such 

m erging already occu rs  at the perceptual level. (See Strange. 1999. for a brief  rev iew  o f  

this w ork .)  W hen asked  to match natural vowels to  synthetic  vow els containing o n ly  one 

or tw o  formants, l is teners  appear to average  form ants 1 and 2 in back  vowels, w h e re  the 

F1/F2 spacing is low. and  to average the second and  th ird  formants in front vow els  w here  

the F2/F3 spacing is low. These findings m ay help  explain w hy  studies o f  spectral 

sm earing  have consis ten tly  found that quite large am ounts o f  sm earing  are needed  to 

have a m ajor effect on phonem e recognition . They  do  not. however, underm ine the initial

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



54

hypothes is  that the  prim ary e ffec t  o f  spectral sm ea r in g  is to  red u ce  access  to the fo rm an t 

pa tterns  o f  speech .

6 .5 .5 . O ther  g e n d e r  d ifferences

T h e  prediction that female sp e ec h  would be  m ore  res is tan t  to  the effects  o f  spectra! 

sm earing  than m ale  speech w a s  based on the  theo ry  that the  nega tive  e ffec ts  o f  the 

sm earing  arise f ro m  the loss o f  access to the  fo rm an t  pa tte rns  in the acoustic  speech  

signal. To the e x te n t  that the p red ic tion  was rea l ized , the  f ind ings  support the theory. To 

put it another  w ay. the data are consis ten t  w ith  the co n c lu s io n  that fem ale  speech  is m ore  

resis tant to spectra l sm earing  than male sp e ec h  b ecause  the fo rm ant f requenc ies  in 

fem ale  speech are  m ore  w ide ly  spaced . At th is  s tage  o f  the research , how ever, it is not 

poss ib le  to accep t this co n c lu s io n  with c o n fid e n ce .  In the p rev ious  parag raph , for 

ex am p le ,  it was suggested  that fem ale  speech  m igh t be m ore  resis tant to the e ffec ts  o f  

sm earing  than m ale  speech b e c au se ,  a) the second  fo rm ant f req u en cy  in fem ale  speech  is 

h igher  than in m ale  speech, a n d  b) the part icu la r  a lg o r i th m  used  in this s tudy  p roduced  

less effective sm e a r in g  at h ig h e r  frequencies. O n e  m ust  a lso  recogn ize  that there  are 

o th e r  d ifferences be tw een  m ale  and  female sp eech  than the ave rage  va lues  and spacing  o f  

the vocal tract form ants. An o b v io u s  d ifference  is that o f  voice fundam enta l  frequency. 

O th e r  known d iffe rences  inc lude  the source sp e c tru m  (M o n se n  and  Engebre tson . 1977: 

Klatt and Klatt. 1990). the long-te rm  a v e rag e  sp ec tru m  (B o o th rovd . E rickson , and 

M edw etsky . 1994: Levitt and W ebster. 1991). and  the spectral con ten t  o f  the consonan t  

/s /  (B oothrovd and  M edw etsky . 1992). C learly , fu rthe r  w o rk  will be required  to 

de te rm ine  exactly  what charac te r is t ic s  o f  the  acoust ic  speech  signal are responsib le  for
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ind iv idual d iffe rences  in resis tance to the e ffec ts  o f  spectral sm earing .

6.6. F u r th e r  research

6.6.1. S m e a r in g  algorithm s

The p resen t  s tudy  should be replicated w ith  logari thm ic  sm ear ing , in w h ic h  the sm eared 

ban d w id th  in Hz is proportional to frequency. T he  find ing  that the g e n d e r  effect is still 

present w ou ld  support the original hy p o th es is  regard ing  the im portance  o f  formant 

spacing. If. how ever, the g e n d e r  effect is e lim ina ted , th is  w ould  lend support  to the 

im portance  o f  second  formant frequency. Independen tly  o f  a n y  gende r  e ffec t,  it would  be 

valuable  to m easu re  frequency resolution as a  function o f  f requency  in hearing -im paired  

subjects  and to replicate those functions art if ic ia lly  so as to de te rm ine  the ir  effects on 

speech p e rcep tion  in norm ally  hearing sub jec ts .  T he  pu rpose  o f  these s tud ie s  w ou ld  be to 

de te rm ine  the role played by the specific sm e a r in g  a lgo r i thm  w hen  m easu r ing  the effects 

o f  sm ear ing

6.6.2. S p e e c h  processing

In the p resen t  study, the gender  effect w a s  exam ined  b ecau se  it p rov ided  a natural 

d iffe rence  o f  average  formant spacing. A s  m entioned  earlier , how ever, several o ther  

acoustic  effec ts  accom pany  the gender d iffe rence . In a c o n tin u e d  search for the acoustic 

co rre la tes  o f  resis tance to spectral sm earing , it will be im portan t  to  in troduce  changes  in 

the speech  o f  individual talkers. W ith m o d e m  digital p rocess ing  techn iques  it is possible 

to m od ify  fundam enta l frequency and fo rm an t frequencies independently . M oreover, one 

can shift form ant frequencies linearly o r  logarithm ically . It is also  poss ib le  to create
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replicas o f  the speech  signal in w h ich  form ant bandw id ths  are dram atica lly  reduced  - 

potentia lly  increasing  resistance to  spectral sm earing . The purpose  o f  these s tu d ie s  would  

be to establish w h ich  aspects o f  the  acoustic  s p e ec h  signal are  m ost re sp o n s ib le  for 

resistance to the effects  o f  spectral sm earing  a n d .  by im plica tion , to the  effec ts  of 

sensorineural hearing  loss.

6.6.3. Studies w ith  hearing-im paired  subjects

If it can be show n that there are ce rta in  m an ipu la t ions  o f  the acoustic  speech  s ignal that 

can increase resis tance to spectral sm earing , w ith o u t  com prom is ing  overall intelligibility , 

it will be important to test them  on  subjects w ith  sensorineural hearing  loss. A s  pointed 

out in the in troduction, frequency resolution is o n ly  one psychoacoustic  ab il i ty  that is 

affected  by sensorineural hearing loss. O ther  k n o w n  abilities include tem poral  resolution, 

loudness perception, intrastim ulus m asking, and  fo rw ard  m asking . T he  pu rp o se  o f  these 

studies will be to de term ine  the rela tive im portance  o f  loss o f  spectral re so lu tion  and 

o ther  psychoacoustic  consequences  o f  sensorineura l hearing loss.

6.6.4. Intra-talker effects

As a follow-up to the present gender-based  s tu d y  the effect o f  form ant sp a c in g  on 

resistance to sm earing  should be tested  within the  speech o f  individual ta lkers . One 

would  predict, for exam ple, that front vowels, w ith  widely spaced  first a n d  second 

form ants would be m ore resistant to sm earing than  back vowels. Such  a f ind ing  is not. 

however, a foregone conclusion because  o f  the p rev ious ly  m entioned  percep tua l  spectral 

sm earing  that appears  to be a p a n  o f  norm al vow el perception (S trange. 1999).
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6.7. C lin ica l  im plications

6.7.1. Speech  perception testing

T he present findings add  to a grow ing  body  o f  d a ta  that point to the  dangers o f  u s in g  a 

s ing le  ta lker  when m easu r ing  speech perception  ab il i t ies  in hea ring -im pa ired  sub jec ts .  

D iffe rences  in the acoustic  properties o f  the t a lk e r s  speech m ay  w ell interact w ith  the 

psychoacoustic  deficits  o f  the hearing-im paired  listener. In fact, it is a  com m on  co m p la in t  

o f  hearing-im paired  adu lts  that they can  unders tand  certain  types  o f  talkers b e tte r  than 

others.

6.7.2. Psychoacoustic  evaluation

If we can establish c le a r  relationships be tw een  the  acoustic  p roper t ie s  o f  the ta lk e r  and 

the psychoacoustic  ab ilit ies  o f  the listener, there m a y  be ju st i f ica t ion  for e x p a n d in g  the 

scope o f  clinical eva lua tion  to include such th ings  as frequency  resolution. C learly , the 

practice  o f  audio logy  has not suffered by  lim iting i tse lf  m ainly to  m easures  o f  pu re- tone  

threshold , speech recognition , and m idd le  e a r  function , so m e t im es  supp lem en ted  by 

loudness m easures. But. as hearing aids becom e increas ing ly  soph is t ica ted , it is p robab le  

that equa lly  sophisticated  advances will be needed  in clinical p rac tice .

6 .7.3. Teachers o f  hearing-im paired  ch ildren

To the extent that the  smearing a lgorithm  used in this study prov ides  a reasonab le  

s im ula tion  o f  the m ore  important effec ts  o f  senso rineu ra l  hearing  loss, the f ind ing  that 

fem ale  speech is m ore  resistant to spectral degrada tion  than is male sp e e c h  is
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encourag ing  - m ost o f  the teachers  o f  hea r in g - im p a ired  ch ild ren  are w o m e n . It is c lear,  

however, that a lot more w ork  is needed  b e fo re  we can say  exactly  w hat a spec ts  o f  the  

acoustic speech  signal are m ost desirab le  fo r  th e  educationa l env ironm ent.

6.7.4. A m plif ica tion

Taken at face value, the p resen t f indings s u p p o r t  the idea that speech in te ll ig ib ili ty  c o u ld  

be improved for hearing -im paired  listeners b y  artificially m odify ing  the aco u s t ic  speech  

signal in w ay s  that ex tend  beyond  the c u r re n t  options for frequency -dependen t  ga in  

(selective am plif ica tion)  and inpu t-dependen t  ga in  (com press ion  am plif ica tion) .

6 .S. C onclus ions

1. The speech  o f  female ta lkers  is m ore res is tan t  to the effects o f  u n i fo rm  spectral 

smearing than  is the speech  o f  m ale  talkers .

2. It can be conc luded  with 95*7 confidence  that the sm earing  threshold  (h e re  defined  as 

the sm eared  bandw idth  g iv ing  50*7 p h o n e m e  recognition in c o n so n an t-v o w e l-  

consonant w ords)  is be tw een  0 .16  and 0 .5 7  octaves h ig h e r  in female ta lke rs  than in 

male talkers. A more prec ise  es tim ate  will requ ire  data from  a  larger sa m p le  o f  talkers.

3. The data support  the hypo thes is  that fem a le  speech is m ore  resistant to  the  effects o f  

spectral sm ea r in g  than is m ale  speech b e c a u se  the form ants in fem ale s p e e c h  are m o re  

widely spaced .

4. Further research  will be needed: a) to  e s tab l ish  w he ther  the present find ings are  

specific to the uniform  sm ear in g  a lg o r i th m  used in th is  study, and n) to de te rm ine  

exactly w h ich  properties o f  the acoustic  speech  signal are most responsib le  for
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res is tance  to spectral sm earing .
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A P P E N D IX  A 
S U B JE C T  C O N S E N T  F O R M

A U D IT O R Y  S P E E C H  P E R C E P T IO N  M E A S U R E M E N T  
P R IN C IP A L  IN V E S T IG A T O R : A N G E L A  C H U N G -I  LI 

F A C U L T Y  A D V ISO R : A R T H U R  B O O T H R O Y D . PH .D .

T he  present experim en t  is des igned  to  m easure speech  perception  in normally 
hearing ind iv idual using acoustica lly  p ro cessed  words. D uring  the expe rim en t  you will 
he asked to listen to sets o f  recorded m onosy llab ic  w ords, som etim es the w ords are easy 
to hear, and  o ther  tim es the w ords are d iff icu lt  to hear. In each  stim ulus presentation, you 
will be asked  to repeat what you hear and  w rite  down each  word on the response form. 
There  will be two test sessions and  each will  last approx im ate ly  1 1/2 hours.

W h ile  the results o f  this study m ay  be reported at professional m eetings  and/or 
may be published , subject anonym ity  will be  protected.

P lease  note that the G raduate  S choo l  has a com m ittee  that safeguards your 
interests. T h is  com m ittee  requires us to p o in t  out that the research done  here is o f  an 
experim ental nature and is done in a un ivers ity  and not a c linical setting.

If you have any ques tions  regarding your  participation in this project, please feel 
free to ask  m e o r  to contact m y advisor, p ro fessor  A r th u r  Boothrovd. Ph .D . (Tel: (212) 
642-2352).

I agree  to participate in the experim enta l  investigation described  above. I 
understand that my participation is voluntary' and  that I m ay  w ithdraw at any  tim e without 
penalty.

PRIN T N A M E : ________________________________

S I G N A T U R E :__________________________________

D A T E :_________________________
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A P P E N D IX  B 
IN S T R U C T IO N S  T O  S U B JE C T S

1. The expe rim en t  will be d iv id ed  into two sess ions, each  se ss ion  will take a b o u t  one 
and h a lf  hours.

2. The second  sess ion  will take  p lace  at least one  week a f te r  the c o m p le t io n  o f  the 
first session.

3. At the beg inning  o f  the first sess ion , you will be g iven a  hearing  test for b o th  ears. 
You will need to raise your h a n d  w hen you h ea r  a beep (even  it is very' soft) .

4. You will hear a list o f  w o rd s .  Som e w ords  are ea sy  to hear, and o th e rs  are 
difficu lty  to understand . Y ou are  asked  to repeat and w ri te  d o w n  each w o rd  you 
hear. Please do not hesitate to g u ess  if you are not sure o f  the word. N o w o rd  will 
repeat twice.

5. W hen you finish responding  to  each  word, the  next w ord  will be p resen ted  to you.

6. You will be given answ er  shee ts  to  record y ou r  responses.

7. The e x p e r im en te r  will not p ro v id e  you w ith  any  feedback  on  your  pe rfo rm ance .
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A P P E N D E X  C  
AB IS O P H O N E M IC  W O R D  LISTS

LIST I L IST  2 LIST 3

FISH F U N  FILL

D U C K  W IL L  C A T C H

P A T H  V A T  T H U M B

C H E E S E  S H A P E  H E A P

R A C E  W R E A T H  W ISE

H IV E  H rD E  R A V E

B O N E  G U E S S  G O T

W E D G E  C O M B  S H O W N

LO G  C H O O S E  BED

T O M B  JO B  JU IC E

LIST 4 L IST  5 LIST 6

B A D G E  B A T H  H U SH

H U T C H  H U M  GAS

K ILL DIG THLN

T H IG H S  F IV E  FA K E

W A V E  W A Y S  C H IM E

R E A P  R E A C H  W E A V E

F O A M  J O K E  JET

G O O S E  N O O S E  ROB

N O T  P O T  D O PE

S H E D  S H E L L  LOSE
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A P P E N D IX  C  (contd .)

LIST  7

M A T H

HIP

G U N

R ID E

S IE G E

V E IL

C H O S E

S H O O T

W E B

C O U G H

LIST

H U G

D ISH

B A N

R A G E

C H IE F

PIES

W E T

C O V E

L O O S E

M O T H

L IS T  9 

FIB

T H A T C H

S U M

H E E L

W ID E

R A K E

G O E S

S H O P

V E T

J U N E

LIST  10

JU G

L A T C H

W IC K

FA ITH

SIG N

B E E P

HEM

R O D

V O T E

S H O E S

LIST  1 1

KISS

B U Z Z

H A SH

T H IE V E

G A T E

W IF E

PO L E

W R E T C H

D O D G E

M O O N

L IST  12

S H IP

R U G

F A N

C H E E K

H A Z E

D IC E

B O T H

W E L L

J O T

M O V E
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A P P E N D IX  C  (Contd.)

LIST 13

W ISH

D U TC H

JA M

H E A TH

LA ZE

BIKE

R O V E

PET

FOG

SO O N

LIST 14

T H U G

W IT C H

T E A K

W R A P

VICE

JAIL

HEN

S H O W S

FO O D

B O M B

LIST 15

H A V E

W IG

B U F F

M IC E

T E E T H

JA Y S

P O A C H

R U L E

D E N

S H O C K

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



65

A P P E N D IX  D  
S P E C T R O G R A P H I C  E X A M P L E S  O F  S M E A R IN G
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Figure D1. Spectrograms of the word “shed", spoken by 3 female (left) and 3 male (right) talkers, unprocessed 
(top), and processed with smeared bandwidths of 1000,1414, and 2000 Hz. oo\
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Figure D2. E xam ples  o f  the effect o f  sm earing , with  a sm eared  bandw idth  o f  1000Hz. on 
the spectrum  o f  the vowel /£/ taken from reco rd ings  o f  the w o rd  "shed" spoken  by a 
female and a m ale talker.
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A P P E N D IX  E 
D A D IS P  W O R K S H E E T

T he c o m m a n d s  in the Dadisp w orksheet used fo r  sm earing  th e  sound  files are described 
as follows:

N am e o f  w orksheet:  Sm earing

Window 1: ReadB(A:\THIGHS.wav’\3)lsetdeltax( 1/22050)
Rem arks:
R ead  in the unsm eared  sound file from A d r iv e  as a s ig n e d  in teger  file, then  set the 
sam pling  rate to 22 0 5 0  points per  second.

Window 2: Highpass(22050.0.150.0,3.0.30.0,1.0)
Rem arks:
C reate  a h ighpass  filter, with sam pling  rate o f  2 2 0 5 0  poin ts  p e r  second , and given
pass band edge = 150 Hz
>top band edge =  1 Hz
attenuation  in s top  band = 30 dB
ripple in pass  band  =  3 dB
T he purpose  is to rem ove any low frequency n o ise  taken on  th e  orig inal r e c o rd in g s

Window 3: Filler(extract(W1.23,length(Wl )-22).W2)lsetxoffset(0)
Rem arks:
R em ove  22 poin ts  o f  header from  file in W in d o w  1. then f il te r  w ith  W indow  2.
R en u m b er  the points , starting with 0.

Window 4: Ravel(W3.500.1.250)
Rem arks:
D ivide the file in W indow  3 into sections o f  5 0 0  points  lo n g  (23 msec), s ta r ting  with 
point 1. and  each  section overlaps  the p rev ious on e  by 250 po in ts .
The purpose  is to rearrange the single c o lu m n  o f  points. Instead o f  having  a single 
co lum n  o f  num bers , the file now  has  m any c o lu m n s ,  each c o lu m n  is 500  points long. For 
exam ple ,  i f  a w ord  w as  1 second long with 2 2 0 5 0  points , n o w  it has roughly 88 co lum ns, 
each  has 5 0 0  points  long.

Window 5: Extract(interpolate(transpose(sqrt(colmean(W4A2)>),250),- 
250.length(W3))lsetdella.x( 1/22050 )lselxoffset(0)lfmax

Rem arks:
T h is  c o m m an d  w orks inside out o f  each  bracket,  beg inn ing  w ith  
W 4 A2: lake square values in the tab le  o f  W 4.
CO L.M EA N : find the mean o f  each  colum n.
S Q R T : find square  root o f  each m ean. The resu lt  is R .M .S. v a lu e  o f  each co lu m n  which 
has 500  points  per  section. A table with only I row  is ob ta ined , consis ting  o f  88 m eans.
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T R A N S P O S E :  put the 88 values in to  a  s ing le  co lu m n .
IN T E R P O L A T E (— . 250): replace e a c h  o f  the 88 v a lues  w ith  250  o f  the  original po in ts .  
T o  p rov ide  the sam e n u m b er  o f  po in ts  as the  o rig inal w ave .
E X T R A C T  (— ,-250 .L E N G T H (W 3)) :  sh ift  the s ta r ting  po in t  by 2 5 0  po in ts  to line  up 
w ith  the o rig inal w ave  sam e as W 3.
T hen  re-set the tim e interval from  o n e  sam ple  to  the  nex t ( sam p ling  rate o f  22050) .  
ren u m b e r  the po in ts  s tarting  at 0. f ind  the m ax  va lue  (peak) and  put an  invisible cu rso r  at 
it.

Window 6: (Clip(W5,max(W5)/2.max(W5)/2+l)-max(W5)/2)lfmax
R em arks:
C rea te  a R .M .S . enve lope  which is b e tw e en  0 and  1. C h e c k  \V5 for any  value below  5 0 Fr 
( = 6 dB be io w  peak  to peak  R.M.S. v a lue )  o f  m a x im u m  is set to 0. and  any  value ab o v e  is 
set to 1. Put an  inv isib le  cursor  at the beg inn ing  o f  the  square  enve lope .

Window 7: Deriv( W6)lfmin
R em arks:
Identify the start and end  o f  the sq u a re  e nve lope  in W 6 . an d  set inv is ib le  cursor  to  the 
m in im um !i .e . .  the end).

Window 8: Extract!W3,curpos(W6).curpos(W7)-curpos(W6))
R em arks:
Extrac t that portion  o f  the w aveform  from  \V3 for w h ich  the R .M .S . am p litude  is w ith in  6 
dB o f  the peak  value.

Window 9: 
W 3/stdev(W8)*7000loverplot(gline(length(W3).l/22050,0.2A15))loverplot(gline(lengt 
h( W 3),l /22050,0.-(2A15 )lo verplotfW6*5000)

R em arks:
Set the R .M .S . value o f  the section d e f in e d  in W 8  to 7000.
O verp lo t  W 3 be tw een  2 A15 and -2A15 to show  that d ig ital  l im its are no t exceeded. 
O verp lo t  c lipped  am plitude  enve lope  in W 6  for v isual con firm ation  o f  its appropria te  
location.

Window 10: Lpnoise.1.354
Rem arks:
R ead in low -pass  filtered noise o f  3 5 4  H z w hich  w as  p rev ious ly  saved  as a series in a 
d a ta s e t ).

Window 11: Lpnoise.1.500

R em arks:
R ead in low -pass  filtered noise o f  5 0 0  Hz.
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Window 12: Lpnoise.1.707
Rem arks:
R ead  in lo w -p ass  filtered noise o f  707 Hz.

Window 13: Lpnoise. 1.1000
Rem arks:
Read in low -pass  filtered noise o f  1000 Hz.

Window 14: W9*Extract(W10.1.length(W3))*2
Rem arks:
M ultip ly  w a v e fo rm  from  W 9 (w hich  has vowel R .M .S . = 7000) by 354 Hz L P  noise 
(w hich is cu t  to the sam e length o f  the w ord), double  its amplitude.

Window 15: W 9*Extract(W ll,l.length(W 3))*2
Rem arks:
M ultip ly  w a v e fo rm  from \V9 by 50 0  Hz LP noise, d oub le  its am plitude  to ba lance  R .M .S . 
level after sm earing .

Window 16: W9*Extract(W12.1,length(W3))*1.6
Rem arks:
M ultip ly  w a v e fo rm  from  W 9 by 707 H z LP noise, m ultip ly  its am plitude  by 1.6.

Window 17: W9*Extract(W13.1.length(W3))*1.4
Rem arks:
M ultip ly  w a v e fo rm  from  VV9 by 1000 H z LP noise, m ultip ly  its am plitude  by 1.4.

Window 18:
Ravel(concat(gseries(0.max(W9).min(W9).max(W14),niin(WI4).max(W15).min(Wl 
5),max(W 16 >.min(W16),max(W17),min(W17),0),gline( 12.1.0.2 A15),gline( 12.1.0,- 
(2A 15)0.12)

Rem arks:
G enerate  a z ig -zag  line from m ax im a  to m in im a  o f  the smeared and  unsm eared  files to 
confirm  that digital lim its o f  +/- 2 A15 have not been exceeded.

Finally, a M A C R O  called  “ save"  saves the sm eared (W 14 . 15. 16. 17) and un sm eared  (W  
9) files as s igned  integer.
For exam ple:
S35 w ri teb ("w o rd .35“ .3 .W  14) —  w ord  sm eared  at LP noise 354 Hz has been saved  as 
signed in teger  digital file in D adisp  program .
S50  w riteb(” w ord .50" .3 .W 15)  —  w ord  sm eared  at LP  noise 500 Hz has been saved  as 
signed in teger  file.
S 70  w ri teb ("w ord .70" .3 .W 16)  —  w ord  sm eared  at LP  noise 707 Hz has been saved  as 
signed in teger  file.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



71

S1K writebC'word. IK".3.W17) —  word smeared at LP noise IK Hz has been saved as
signed integer file.
S00 writeb("word.OO".3.W9) — unsmeared word has been saved as signed integer file.

All files w ith  extension  o f  sm e a r in g  values w ere renam ed  in DO S. For e x a m p le .  
th ighsX .35 . where th ighs was the w o rd .  X w as  the talker num ber ,  and 35 w a s  the 
sm earing  value for 354  LP noise. Individual d irec tory  was c rea ted  for each ta lk e r  and 
sm earing  value, us ing  talkers ' in itia ls  +  sm earing  value, such  as: m d J 0 3 5  ( to m ak e  a 
directory for JO  w ith  sm earing c o n d it io n  o f  354  L P  noise), m d  JO50 ( to m ake  a 
directory for JO with  sm earing  co n d it io n  o f  500 LP noise), 
md JO 7 0  ( to m ake a d irectory for J O  w ith  sm earing  condition  o f  707 LP noise), 
md J O l  K ( to make a  directory- for J O  with  sm earing  condition o f  1K LP noise), 
md JOOO ( to make a directory- for J O  w ith  non-sm earing  condition).

Repeated the sam e  procedure fo r  the o ther  6  talkers N G 35 . N G 50. N G 70. N G I K .  
X G 00: BM 35. B M 50. BNI70. B M 1K . BM 00: T C 35 . T C 50 . T C 7 0 .  T C 1K . TC00: C 0 3 5 .  
COSO. C O 70 . C O  1 K. COOO: FS35. F S 50 . FS70. FS I K. FS00: D R 35 . DR50. D R 70 .
DR 1 K. DR00.

All files w ere m oved into an  appropriate  directory  by separa te ly  m oving 3-le tter  
words. 4-le tter  w ords. 5-letter w ords, and  6-letter w ords o f  one  ta lke r  and one sm earing  
value. Each directory should  con ta in  150 word files. In each directory . 150 files were 
renam ed from *.35 to *. (to rem ove ex tens ion  o f  sm earing  value).

These  renam ed  files were then  converted  to sound files using a p rog ram  
"A ddhead .exe"  w ritten  by Eddy Y eung . H eaders were added  to  150 files in each  
directory  by running "A ddhead  *. 2 2 0 5 0  I “ . R epeated  the sam e procedure for individual 
directorv.
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A P P E N D IX  F 
C O U N T E R B A L A N C IN G  T E S T  S E Q U E N C E

S M E A R IN G  L EV ELS i +/-) IN HZ

LISTENER TA LK E R 5(K) 707 1000 500 707 1000 500 707 1000 500 707 11X10

LI T1 15 s 7 l» 4 15 9 12 5 11 14 6

T2 11 6 5 S 14 15 7 10 15 9 12 4

T5 8 15 14 5 1 1 10 4 7 12 6 9 15

T-J l-J 9 8 11 5 ■i 10 15 6 12 15 7

T5 5 12 1 1 l-J 8 7 15 4 9 15 6 10

To 15 n» 9 12 6 5 1 1 14 7 15 4 8

L2 t : 12 7 6 9 15 14 8 1 1 4 Hi 15 5

T5 u 4 15 6 ; 7 1 1 •N S 15 7 10 14

T-! 7 14 15 - 10 9 15 0 11 5 8 12

T5 6 15 12 15 9 8 14 10 4 7 11

T6 10 N - 7 15 12 6 9 14 8 1 1 15

Tl 4 I 1 1" 15 7 6 12 15 s 14 5 9

!_• T4 10 1 I 7 9 14 8 12 15 0 15 4 5

T5 7 s 4 6 1 1 s 9 Id 15 12 15 14

TO t> 7 15 5 10 4 8 9 14 11 12 15

Tl 8 9 5 7 12 6 10 1 1 4 15 14 15

T2 15 - 12 14 7 15 s 0 11 8 9 10

T5 1 i 12 8 III 15 9 15 14 7 4 5 6

L4 T5 9 10 0 8 15 7 1 1 12 5 14 15 4

T2 15 14 Id 12 s 1 1 15 4 9 6 7 8

Tl 12 15 9 1 1 4 10 14 15 8 5 6 7

TO 4 5 15 15 S 14 o 7 12 9 10 1 1

T5 5 l-J 5 9 15 7 8 15 10 1 1 12

T-J 14 15 1 I 15 0 12 4 5 10 7 8 9
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A P P E N D IX  F  (C on tinued )

L5 Tl 1 1 7 10 4 15 12 6 9 8 15 14 5

T5 15 1 1 14 S 5 4 10 15 12 7 6 9

T5 15 9 12 6 15 14 8 1 1 10 5 4 7

t : 14 10 15 7 4 15 9 12 11 6 5 8

T4 5 15 4 10 7 6 12 15 14 9 X 1 1

To 9 > 8 14 1 1 10 4 7 6 15 12 15

Lo TO 6 14 5 1 1 X 7 15 4 15 10 9 12

T4 - 12 15 u 6 5 11 14 15 8 7 10

T2 S 4 7 15 lo 9 15 6 5 12 1 1 14

T5 7 15 6 12 9 8 14 5 4 1 1 lo 15

T5 Id 0 9 15 12 1 1 5 8 7 14 15 4

Tl i : X 1 1 s 14 15 7 IO 9 4 15 6

L" T2 - 15 12 14 7 15 u 6 s X 1 1 10

T4 12 9 8 10 15 11 5 14 15 4 b

To o 15 14 4 9 5 1 1 8 7 10 15 12

Tl K 5 4 6 1 1 7 15 10 9 12 15 14

T5 14 11 10 12 5 15 7 4 15 o 9 X

T5 1 I S 7 9 14 10 4 15 12 15 o >

LX T5 9 6 5 7 12 8 14 11 10 15 4 15

T5 15 10 9 1 1 4 12 6 15 14 8 7

Tl 7 5 15 5 10 6 12 9 8 I 1 14 15

TO 5 14 15 15 8 4 10 7 0 12 1 1

T4 |8 12 I 1 15 0 14 8 5 4 IO

t : 1" 6 S 15 9 15 12 I 1 14 5 4
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A P P E N D IX  G  
S U B JE C T  A N S W E R  S H E E T

Subject:
Ace:
Date:
C o n d itio n : C ond ition :

Word Response Stimulus n Word Response Stimulus n

i 1

3 3

4 4

5 5

h 0

7 7

K S

4 4

10 10

Total Total

Percent Percent

C o n d i t i o n : C o n d i t i o n :

Word Response Stimulus n Word Response Stimulus n

1 1

4

> 5

6

x S

9 4

10 10

Total Total

Percent Percent
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APPENDIX H
LINEAR PREDICTIVE CODING ANALYSIS

T he fo llow ing  ana lys is  param eters  w ere  used for spectrogram  d isp lay  
Spec trog ram  fram e length  (bandw id th )  —  323 Hz 
Pre-em phasis  —  N o
'.vindow weig h t i n g  Blackman
D arkness  scale —  18.0 
G ain  ad justm ent —  0 .0  
D isp lay  range —  Percen t 
Log o r  L inear d isp lay  —  linear 
Size  o f  cell reduction —  ( x grid : 8 )

For L PC  display:
F ram e length —  20  m s 
Filter o rder  —  16 
R esponse  p re-em phasis  —  yes 
W in d o w  w eighting  —  yes 
A nalysis  m ethod —  autocorre la tion  
D isp lay  frequency —  frequency
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Linear Predictive Coding Analysis for Talker KContd.)

RESULTS: LPC FREQUENCY RESPONSE SOURCE: A:\SHED.WAV FRAME SIZE: 20.0 msec 
PRE-EMPHASIS: 0.900 WINDOW WEIGHTING: ON

ANALYSIS TYPE: AUTOCORRELATION ANALYSIS START: 0.3 95 sec COMMENTS:
FORMANT(Hz) 725.49 
2029.22 3045.69 4185.21 5710.87 6610.37 
8506.50 9850.91

B/WIDTH(Hz) 
272.39 149.88 341.47 
416.35 
579.08 1310.04 
194.83 
666.61
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APPENDIX I
RAW D ATA OF SPECTRAL SMEARING RESULTS (II-PHONEM E SCORES)

KE.MALE LISTHNfcR MAL LISTHNhR

TKR SMR REP LI L2 L3 L4 L5 L6 L7 LS AV TKR SMR REP LI L2 L5 L4 L5 L6 L7 LS AV

Tl H.xkj 1 63 47 77 45 87 63 53 83 64.5 T4 I00O 1 60 43 63 5o 60 60 60 70 58 5
*> TO 70 63 70 67 47 60 87 66.8 57 SO 67 57 77 50 60 60 63 5
.« S3 70 73 65 73 S3 57 77 72.4 3 73 77 63 so S7 67 60 SO 73.4
— so S~ 70 85 77 S7 60 93 79.6 4 70 60 73 63 87 67 73 77 715

AV 74 60 71 65 76 70 58 85 70 8 AV 65 65 6" 65 78 61 65 72 66 6
1 - 1 -1 1 so 5<i 40 67 73 43 70 70 61.6 1414 1 57 43 57 53 > 1 53 50 So 55 S

•> 60 53 45 75 S3 37 73 63 60 6 65 47 40 60 so 43 53 63 56 1
67 60 60 65 77 77 67 67 67.3 3 6(1 63 55 71 73 50 53 47 56 5

- - ; S3 67 60 90 63 70 90 74 ^ 4 77 47 60 S3 77 55 57 71 65 9
A\ 7(i 62 53 66 SI 55 70 75 66.0 AV 64 50 48 67 71 50 53 66 5S 6
I 63 30 60 30 43 3.’ 41) 45 42.S 2000 I 40  ̂1 ■> 1 55 50 17 5o 47 5o 1

53 40 ^7 53 60 50 63 65 54.9 47 47 37 50 40 17 37 67 4> 1

63 47 6 ' 60 65 53 60 57 58 3 5 67 43 40 50 60 5< > T? 60 4" I

- >7 70 40 65 77 63 30 70 61.3 4 70 43 43 50 65 60 50 55 3
A\ 59 47 55 5> 61 50 53 58 54.3 AV 56 36 51 48 41 36 55 46.2

T2 | ik»i 1 o 3 57 70 70 73 57 SO 73 67 9 T3 looo 63 47 63 55 73 57 40 55 56 1
■* 73 S7 67 65 75 47 70 90 67.5 *» 60 60 53 63 77 47 5 1 71 60 S

70 73 63 63 so 63 67 77 69.5 3 77 70 70 63 67 67 53 7o 67 1
- 60 so 87 67 77 S3 70 90 76.8 4 53 60 67 70 87 70 63 SO 68 S

AV 67 67 7 ■> 66 76 63 7"' S3 70.4 AV 65 59 63 62 76 60 52 69 65 2
iJ IJ i 60 40 17 67 57 , 57 67 52 8 1414 1 63 40 50 6ft 57 60 45 65 54 5

■» 47 60 4** So 57 47 57 75 58 5 67 43 50 67 75 4( 1 6“!* 60 58 4
73 70 53 >7 6< i 45 50 60 58.3 A 70 67 5o >7 63 45 57 6(1 55 9

- 6 0 6? 67 71 S3 5o 57 71 66.5 - 67 43 45 57 Sf» 65 50 SO 60 4
A\ 60 5U 51 60 04 — 55 6S 58 9 AV 67 48 4S 60 6S 52 49 66 ^7 1

2< t<»; i I 5o 40 5< • 11 5 ' 47 50 44 5 2ooo 1 53 40 47 43 45 53 4o 41) s
2 43 5 7 40 47 57 47 511 57 49 3 2 50 33 55 53 50 40 33 50 45 '
- 60 50 40 57 57 47 55 67 53 9 l 7 3 71 57 53 73 37 33 57 57 0
- So 60 60 5o 65 55 71 60 62 4 4 57 57 5o 67 77 50 57 67 60 5

AV 5^ 51 4S 47 58 48 56 a U *2 5 AV 5S 4S 5(> s s 6! -5 39 54 50 ^

T- 1...... 1 To r*< i 63 57 73 53 71 so ti(> 1 T6 IUK) 1 40 47 60 63 55 •s7 57 6 0 54 6
7o 73 so S7 S7 7u 77 So Tjs 11 *» 63 60 67 45 87 5 > 63 60 62 0

2 73 S3 SO 73 So 6() 71 o<» 76 5 3 so 63 57 60 77 90 57 71 69 6

- so 77 7 ' 7o -7 S3 63 S3 76 3 4 87 63 65 77 77 SO 57 77 -a
 

l j >

A\ 7 7 7 7 75 -  *> 79 67 72 S3 74 2 AV 68 58 62 61 - ” ( 1 59 68 64 7
l- I J 1 47 47 57 45 67 47 47 60 310 1414 I 50 47 40 53 17 - 50 60 45.5

T 60 67 63 43 7*; 63 57 7o 62 0 *> 57 63 50 » 7( 1 47 57 5o 53.0
3 63 77 77 67 SO 57 60 77 69 S 3 53 43 53 70 60 53 47 71 56 5
4 67 SO 63 70 SO 70 67 77 71 S ■* 63 63 67 67 71 67 63 73 67 0

A\ 30 6S 65 56 75 59 5S 71 63 S AV 56 54 55 60 60 49 49 64 55 5
2l»BI 1 43 47 47 50 43 27 47 67 46 4 2000 1 43 33 5o 47 2*i 27 37 30 53.4

*» 43 53 57 65 67 5.A 60 47 32.9 47 4(1 40 43 53 40 40 57 42 5
3 57 47 3o 50 6 0 43 63 77 33 4 3 5o 50 5o 60 47 40 50 55 5o 0
4 7 i 63 57 53 70 67 63 70 64 3 4 47 60 53 43 60 50 40 75 53 3

A\ 55 4S 54 60 43 58 65 34 3 AV 46 43 48 45 '9 42 48 44.8
< T K R = T a l k e r .  S M R = S r i k r a r c i l  h a n dv v n l ih  in H / .  R h P = R c p l i c a l » o n .  A \ ' = A v c r a i : c )
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APPENDIX I
R A W  DATA OF SPECTRAL SMEARING RESULTS( 12-INITIAL C O N SO N A N T SCORES)

LISTENER LISTENER

TKR SMR REP LI L2 L3 L4 L5 L6 L7 LS AV TKR SMR REP LI L2 L3 L4 L5 L6 L7 LS AV

T l I'M H 1 1 40 40 80 50 90 70 60 9( 65 .0 T4 1000 1 70 70 70 70 6 0 70 60 81 6S.S
T 70 80 60 80 80 40 60 90 70.0 2 50 90 70 90 90 70 50 70 72.5

3 SO 70 60 80 90 50 SO 76.3 3 SO 90 50 80 90 70 60 S( 75 0

4 90 90 SO 70 80 90 50 90 80.0 4 9 0 90 80 70 *' 70 80 7< SI 3

AV 75 73 73 65 83 73 55 SS 72 .S AV 75 85 68 7S S5 70 63 75 74 4

1414 1 80 50 40 70 70 50 80 80 65.0 1414 I 50 50 80 50 50 70 50 90 6 1 3

60 SO 40 70 90 70 SO 70 70.0 *> 90 60 60 70 70 70 70 80 7 1 3

4 70 50 60 60 70 80 80 60 66.3 3 SO 50 50 70 70 70 80 50 65 0
4 70 70 70 50 90 70 60 SO 70.0 4 SO 50 70 SO 6 0 SO 70 80 71.3

AV 70 63 53 63 80 68 75 73 67.8 AV 75 53 65 68 63 73 68 75 67.2

« K 1 1 70 50 So 30 50 60 30 60 5 3 .S 2ooo 60 60 20 60 30 50 50 40 41.3
70 50 50 60 60 70 so SO 65.0 40 60 40 60 50 50 50 SO 53.8

.4 6/) "o 70 50 50 70 70 50 61 3 3 70 60 3o 50 50 5o 20 70 50 ()

4 70 So 40 70 SO 60 60 70 66 3 4 SO 60 60 60 70 70 60 70 66 5

A \ 6S 03 60 60 65 60 65 6 6 AV 65 60 38 5s 50 50 40 65 52 S

t :  i i m m < 1 50 60 80 70 90 30 80 70 66 3 T5 i(KM) 70 60 60 60 SO 70 50 60 63 S

50 60 60 50 60 40 80 90 61.3 *» 60 SO 60 70 SO 50 60 SO 67 5

3 70 70 70 70 70 so 60 80 71.3 3 SO 40 SO 80 SO 80 70 70 78 8
4 80 70 90 70 5o SO 60 SO 72.5 4 60 70 60 70 SO 70 70 70 6S S

AV 63 65 75 65 6S 58 70 SO 67.8 AV 68 75 65 70 s o 68 63 70 69.7

14 14 1 60 50 40 80 70 50 60 80 61.3 1414 1 60 60 60 60 60 60 50 SO 61.3

2 60 70 50 90 5o 50 60 SO 63 8 2 70 70 70 60 SO 60 80 70 70.0

3 SO St 1 60 40 5o 70 40 60 60  0 3 70 SO 50 60 60 50 50 70 61 3

-1 70 60 60 80 80 50 70 SO 68.8 4 70 70 70 70 70 70 60 9 0 "1.3

AV 6S 65 53 73 63 55 58 75 63 4 AV 6S 70 65 65 68 60 60 78 65 9

2 n » i I 5o 50 50 20 5o 40 60 50 46.3 2(XH) 1 70 40 70 40 50 50 40 4(1 50 o

: 40 50 50 5o 5‘ i 5<) 70 70 53 8 T 4 0 50 50 70 50 60 40 6 0 52 5
70 8o 50 70 60 so 5o 70 66 3 3 SO 60 60 60 SO 40 40 5o 5S S

■S 7 ti so 70 50 6o 6< i so 50 65 0 4 50 60 60 60 70 60 50 60 5S 8

AV 58 65 55 48 55 58 65 60 57.8 AV 60 •> ' 60 58 65 S3 43 53 55 0

T  • I o o o 1 70 50 60 40 «•>() 5o 7o SO 63.8 T6 1000 1 50 70 70 SO 50 So 60 so 67.5
70 SO 60 so s< > 70 70 90 75 0 ■> 60 60 80 30 " 70 6o so 67 5

4 SO 80 90 8* > 60 7o 90 Si 3 3 SO SO 60 80 70 90 50 SO 73.8
4 90 90 80 70 90 90 70 90 83.8 4 90 50 60 70 s o 9 0 70 70 72.5

AV 78 80 70 70 85 68 70 SS 75 9 AY 70 65 68 65 75 S3 60 7S 70 3

1414 1 40 50 70 60 5o 70 60 6 0 57 5 1414 1 70 50 5o SO 5o 5o 60 70 57.5
** 5o 90 90 40 70 60 60 50 63 8 6 0 80 5o 60 70 40 60 60 60.0
3 50 91) . . 60 So so 40 70 68.8 3 6 0 40 80 70 70 70 50 70 63 S
4 60 SO 70 70 70 So 70 90 73 S 4 SO 80 60 70 SO 70 70 70 72.5

AV 45 78 83 58 68 73 58 68 65 .9 AV 6S 63 60 70 63 58 60 68 63 4

2' c x i I 60 50 60 60 40 10 SO 60 52.5 2000 1 40 30 40 60 30 50 30 40 4 0 0
■> 30 60 50 70 70 50 60 60 56 3 -> 70 60 60 60 6 0 60 50 40 57 5

3 60 60 40 40 50 40 60 90 55 o 3 50 60 70 80 50 50 60 40 57.5
4 90 70 70 60 80 80 6o 70 72.5 4 50 80 70 50 SO 60 50 70 63.8

AV 60 60 55 58 60 45 65 70 59 1 AV 55 5S 60 63 5 5 55 4S 48 54 7

iT K R =T .i lkcr .  SMR=Snh.-arci l b a n d w id th  in H / .  R E P = R e p l ic a o o n .  A \  = A \c ra g c .  '  = lt>oi
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APPENDIX I
RAW  DATA O F SPECTRAL SMEARING RESULTS (13-VO W EL SCORES)

LISTENER LISTENER

TKR SMR RHP LI L2 L3 L4 L5 L6 L7 LS AV TKR SMR REP LI L2 L3 L4 L5 L6 L? LS AV

Tl 11*00 1 <•><) 30 80 30 80 6l,» 50 SO 62.5 T4 I(H K ) t 40 10 4 0 4 0 60 50 6 0 5o 45 8
2 70 60 50 60 60 20 50 80 56.3 ** 40 70 50 30 SO 40 50 5f 51.3

T SO 50 70 60 60 SO 50 60 63 .8 60 60 4 0 60 90 70 60 s o 65.0

4 s o SO 70 90 80 SO 60 90 7S.S - 50 30 5 0 50 90 60 70 90 61.3

A \ so 55 68 60 70 60 53 78 6 5 .3 A X 48 4 > 45 45 So 55 6*» 68 55.5

U I 4 1 70 30 20 60 60 20 70 60 4S.S 1414 1 50 30 4 0 30 40 50 40 70 4 |  3
•> 60 30 40 60 To 10 60 50 47.5 50 20 IO 40 SO 20 30 40 56 3

70 50 40 5 <7 70 SO 50 70 6 0  O 3 40 50 20 60 60 50 50 50 40  O

4 70 90 5 o 60 90 50 SO 90 72 5 - 70 30 40 SO SO 5o 50 60 55 0

AV 6S 50 38 58 73 40 65 68 57 2 AV 53 53 28 53 65 28 38 50 45 1
H N I 1 70 30 50 20 3o 10 30 30 33 S 2000 1 2o 40 lo 40 10 10 lo 30 21 3

2 ;o 20 50 5o 5o SO 50 40 4 0 .0 2 40 5o 3i > 40 2o 2o 2o 5o 51 5

6 0 10 50 60 So 50 30 50 46  3 60 20 20 50 60 10 30 40 55 S

4 4( > 60 20 51> 7o 50 3o 70 48  S 4 60 5o 2o 40 5i ‘ 30 30 40 37 5

AV SO 30 43 45 58 50 '> 48 42 .2 AV -15 5i > 2o 5* 35 IS *> ; 40 51) 9

T; kh ki 1 50 50 70 70 60 50 so So 6 3 .S T5 1000 1 60 20 5o 40 70 30 20 40 41.3
2 so 50 6 0 70 So 40 70 o s  s 2 70 60 60 60 SO 30 4 0 60 57.5

so so 5»» 50 50 SO 7o 7(11) > 70 50 60 50 50 60 4 0 70 56.3
4 60 So 9 0 70 90 80 80 SI 3 - 30 60 So 60 SO 6 0 6 0 70 62.5

AV 6S 65 6S 6 5 S3 55 78 8S 70.9 AV 58 48 63 53 70 45 4< l 60 54 4

I-SI4 1 60 30 20 70 50 30 60 60 47.5 1414 1 60 30 40 60 40 50 50 40 4 1 3
40 50 40 SO 50 30 30 70 4S S -> 60 30 30 60 so 20 50 30 45.0

3 SO 70 4 0 40 60 2o 5o 60 52.5 70 60 50 50 6 0 40 50 40 47.5

- 50 50 60 60 SO 20 60 70 56 3 4 50 20 20 40 To 6 0 3o 60 45 S

A \ 5 s 50 40 63 60 25 50 65 51.5 AV 60 35 5‘ * 55 65 5S 55 43 44 4

I so 2o 50 2o 60 10 40 40 33 S 2ooo I 2o 10 5*1 4< < 40 2o 2o 20 27 5
2 So So 20 30 60 30 40 2o 32.5 ■> 50 20 411 2< > 50 10 20 40 31 3

3 40 2 i! lo 41 > 5< 1 30 40 50 32 5 3 60 90 4 ' t 40 To 2o 3o 6 0 51.3
4 SO 5<» 41 > 50 50 50 70 60 5 o 3 4 70 60 5 0 60 SO 20 6 0 70 5 8 .S

AV 45 so 30 35 5o 30 4S 43 5S.S AV 50 4 5 4  S 40 60 IS ;  > 4 8 _!■» *>

T i i i » i 1 70 70 6 0 5o 50 40 60 70 5 8 .S To looo 1 40 40 50 50 y  1 40 6 0 50 47.5
70 70 80 90 70 60 70 76  3 *> SO 50 40 5< > To 40 60 50 55 0

3 60 70 80 7o SO 60 70 90 72.5 3 70 40 5l.) 5< * 70 50 70 62.5
4 70 60 70 70 7o SO 70 70 7 0 .0 4 SO 60 70 s o To SO 4 0 70 6S S

AV 6S 6 is 73 70 75 63 65 75 69 .4 AV 6 8 48 55 5S 65 65 53 60 5 s 4

|4 U 1 40 So 5< 1 30 7o 20 50 40 4 1 3 1414 1 50 40 lo 40 50 IO 60 4( > 55 0
*> 50 50 5o 50 SO 60 60 70 5 s  s ■> 60 60 5o 3o 9 0 'O 2o 3o 46  3
3 SO 60 50 50 90 40 70 70 65 S 3 40 40 50 6 0 60 50 50 so 4X.X

- so 90 60 7o SO 60 70 60 71.3 4 70 50 60 60 70 40 60 60 58 S

AV 63 58 53 50 s o 45 63 60 5S.8 AV 55 4S 38 4S 63 2S 4S 53 47 ^

2 l  X H 1 1 30 30 20 20 40 20 2o 70 3 1.3 2(XH) 1 40 20 10 5o 20 20 IO 20 2 1 3
2 40 40 40 70 60 20 40 30 42.5 2 30 20 30 30 50 5o 50 5o 5 1 3

3 60 30 0 40 50 10 60 6 0 3S.S 3 60 5o 40 40 5o 2o 50 5o 42.5
4 50 40 40 50 50 60 60 50 50 .0 4 40 50 30 30 40 5o 2o 60 57 5

AV 45 35 25 45 50 28 45 5 3 40 .6 AV 35 28 53 35 25 2S 40 55 1

♦ T K K s l a l k c r .  SM R=Sn»curcd  b a n d w i d t h  in  H / .  R E P = R e p I i c a t io n ;  A V =A \cra t : t : ;  “ * =  I<Hi»
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APPENDIX I
RAW DATA OF SPECTRAL SM EARING RESULTS (14-FINAL C O N SO N ANT SCORES)

LISTENER LISTENER

TKR SMR REP LI L2 L3 L4 L5 L6 L7 LS AV TKR SMR REP LI L2 L3 L4 L5 L6 L7 LS AV

T l Hnhj 1 60 70 70 50 90 60 50 80 66.3 T4 1000 1 70 50 so 40 60 60 60 80 62.5
2 70 70 SO 70 60 80 70 90 73.8 SO 80 80 50 60 40 80 6< 66 3
3 To SO SO 70 SO so 70 90 77 5 3 so 80 SO 60 60 SO s o o

4 70 90 60 90 70 90 70 •* SO 0 4 70 60 90 70 70 70 70 70 7 1 3

AV 68 7S 7 3 70 75 7S 65 90 74.4 AV 75 68 SS 65 68 58 68 73 To 0

U U 1 VO 70 60 70 90 60 N  > 70 71.3 14 14 1 70 50 50 80 70 60 60 SO 65 11
60 5o 50 90 VO 30 SO 70 65.0 t 50 60 50 70 90 40 60 70 6 1 3

3 60 si > S» ( SO VO 70 70 70 75 0 3 60 90 30 vo VO 5< * 50 60 65 < 1

4 5*» 90 s o 7o 90 70 70 S I .3 1 so 60 To wo 90 5o 50 so 71.3

AV 7 ■; 6S 78 90 5S 70 7S 73 1 AV 65 65 5o S3 85 50 55 73 65 6

2lK Id I 50 In 5* > 40 5o 30 6 0 40 4 1 3 2000 1 4( > 60 4< > 60 50 70 50 70 55 0
*» 60 5‘ > 70 5* * 70 50 6 0 70 6 0  0 •y 60 5o 40 5o 50 40 40 7< > 50.0
> 70 60 70 To 60 6o SO 70 67 5 3 *“o 50 "O 7o 7o 30 30 70 57 5

4 60 To 60 70 SO SO 6 0 70 6S S 4 "O 40 50 5o 70 so 60 30 56 3

AV f><» 4 > 63 5S 65 55 65 63 5V 4 AV 61 * 5( 1 50 58 60 55 45 60 54 7

T2 l'MN> 1 So 6 0 60 7« i 70 Vti SO 70 72.5 T5 1000 1 60 60 50 60 7u 70 50 60 603)
VO 60 SO 70 SO 60 6 0 90 73 8 2 50 40 7o 60 70 60 60 80 61 3

3 60 "0 70 7o 70 60 6 0 so 67.5 3 SO 70 7o 60 70 60 5o To 66 3
4 40 VO S<» 60 90 VO 7o 90 76 3 4 70 50 60 SO - SO 70 To.3

AV 6S 7< i — ; 6S 7s 75 6S 83 TT > AV 65 55 67 65 78 6S 58 78 65 V

1-iU 1 60 40 50 50 50 30 50 60 48 S 1414 1 70 30 50 60 70 90 50 70 6 1 3
■** 40 60 5o 7( * 70 60 SO 70 62 5 •) 70 30 5o So 60 40 70 so 60 0

3 60 6 0 60 90 7o 40 70 6 0 63 S 3 70 60 7o 60 70 40 30 70 58 8
4 60 VO S« • SO wo SO 4 0 70 73 S 4 SO 40 40 60 -- 60 60 90 66.3

AV 55 63 60 7 ' "*(» 5 > 6 0 65 62.2 AV ? ; 40 5 » 65 75 58 53 78 6 1 6

;< H m i I ~i i 5o 60 60 5<1 5o 90 60 55 ‘> 2‘ KMi I 7 0 3< 1 40 60 40 60 40 60 50 0
■> 60 SO 50 6 0 60 6 0 40 So 6 1 3 2 6 0 30 30 7(> 50 50 40 50 47.5
3 "(i 5<» 60 60 SO 30 7< 1 Sit 62 5 3 SO To To 60 70 50 40 60 62.5
4 WJ i 5*» 70 So so 5< ‘ 70 70 60.3 4 50 50 40 SO SO 70 60 To 62.5

AV 7 ; 5S 6(1 SN 6  s 4S 55 7* 61 3 AV 65 4  s 45 6S 60 58 45 60 55 6

T.’ 11 K II l 1 To 60 70 SO so 70 90 90 76 3 T6 1000 1 3< 1 311 60 60 60 50 50 50 48 8
•y To 70 VO SO 70 SO S2.5 -> 5( i 70 So 50 90 50 To 5 0 6 3  S

3 so SO SO 6 0 so 60 SO 90 76 3 3 90 70 60 50 90 SO 70 70 72 5
4 so so SO 70 7o so 50 90 75 1 > 4 VO so 60 SO So To 60 90 76 3

AV 75 73 S3 75 7S To So SS 77 5 AV 65 63 65 60 SO 63 63 65 65 3

l - i l - 1 60 60 5o 90 so 5o 5o so 56 3 1414 I 30 50 60 40 50 20 30 70 43.8
SO 60 5o 40 To 70 50 90 63 S ■> 5o 50 50 60 50 To 3o 60 52.5

3 so SO so 90 70 50 70 90 76 3 .> 60 50 50 so 50 60 40 70 57.5
4 60 7( > 6o 70 90 70 6 0 SO 7 0 0 a 40 60 SO 70 70 90 60 90 7 0 0

AV 70 6S 60 60 7S 60 53 85 66 6 AV 45 53 60 63 55 60 40 73 55 9

RK' I 40 60 60 70 50 50 4 0 70 55 0 2f*>o 1 50 50 40 50 to 10 70 30 38 S
*) 70 60 so 50 70 30 SO 50 61.3 40 40 3o 4< 1 50 30 40 40 38 S

3 50 5o 60 70 SO s o 70 SO 67.5 3 40 40 5o 60 60 50 40 70 5 1.3
4 so so 60 50 SO 60 70 90 71 3 4 50 50 6 0 50 60 60 50 90 58.S

AV 60 63 65 60 7u 55 65 73 63 S AV 45 45 4  ̂ 50 45 3s 5o 58 40 9
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APPENDIX J
RAW DATA OF FORMANT RESULTS (J1)

Formant frequency F1, F2, F3, F4 for Talker 1 in 7 monophthongs 
of AB word listl .2,3

P h o n e tic  sy m b o ls

i i c ae a u A M ean

List 1 327 586 708 9 7 4 7 4 9 510 7 9 6 6 6 4

List 2 380 5 4 4 809 8 8 0 500 765 800 6 6 8

List 3 358 574 757 1 207 7 7 7 409 791 6 9 6

F l M ean 355 568 758 1 020 675 561 7 9 6 6 7 6

List 1 2902 2 1 1 2 2252 1 796 1301 1100 1604 1867

List 2 2818 20 5 0 2061 1852 1592 1445 1500 1903

List 3 3048 2071 2217 185 9 1295 1635 1501 1947

F2 M ean 2923 2 0 7 8 217 7 1836 1396 1393 1535 1905

List 1 3386 2 7 3 8 3163 2 9 3 7 2911 300 0 2 9 2 2 30 0 8

List 2 3279 310 4 3089 2 7 2 8 3 0 0 0 2731 2 0 0 0 2 8 4 7

List 3 3480 2961 3111 3 0 4 3 2 8 1 0 375 2 2991 31 6 4

F3 M ean 3382 29 3 4 3121 2 9 0 3 2 9 0 7 3161 2 6 3 8 3 006

List 1 4471 4 1 1 9 4101 4 0 7 3 3 7 1 3 4000 4 1 3 0 4 0 8 7

List 2 4256 4 1 3 0 4059 4 0 0 0 4 2 0 0 3569 4 0 0 0 4031

List 3 4352 3 9 7 3 4154 4 2 7 9 3 6 7 0 4 566 3 5 0 0 4071

F4 M ean 4360 40 7 4 4105 4 1 1 7 3861 4045 3 8 7 7 4 0 6 3
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APPENDIX J
RAW DATA OF FORMANT RESULTS (J2)

Formant frequency F1, F2, F3, F4 for Talker 2 in 7 monophthongs 
of AB word listl ,2,3

P h o n e tic  sym bo ls

i i e ae a u A
M ean

List 1 446 52 9 583 650 654 480 7 3 4 582

List 2 400 505 620 707 900 370 5 9 0 585

List 3 336 5 0 0 650 815 6 2 4 389 7 6 0 582

F1 M ean 394 511 618 724 726 413 6 9 5 583

List 1 2855 2 2 7 3 22 0 0 1150 1113 1300 15 1 8 1773

List 2 2700 1950 2130 1993 1200 1368 1 4 1 5 1822

List 3 2928 2 0 5 7 22 0 0 1890 1244 1507 1 3 5 0 1882

F2 M ean 28 2 8 2 0 9 3 2 1 7 7 1678 1186 1392 1 4 2 8 1826

List 1 3271 3 1 6 9 3012 1700 3 1 9 6 2900 2 9 5 8 2 8 8 7

List 2 3300 3 1 8 4 3233 3054 3 0 0 0 2700 3 4 0 0 3 1 2 4

List 3 3600 3 1 0 7 3 2 0 0 3017 2991 2758 3 1 9 0 31 2 3

F3 M ean 3390 3 1 5 3 3148 2590 30 6 2 2786 3 1 8 3 3 0 4 5

List 1 43 3 8 4421 4315 3200 4 1 0 0 4000 4 3 0 0 4 0 9 6

List 2 40 0 0 3 8 0 0 45 0 0 4300 36 0 0 3900 4 3 6 9 4 0 6 7

List 3 47 6 0 4 3 5 0 4400 4230 3 9 0 0 3800 4 1 0 0 4 2 2 0

F4 M ean 4366 4 1 9 0 4405 3910 38 6 7 3900 4 2 5 6 4 1 2 8
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APPENDIX J
RAW  DATA OF FORMANT RESULTS (J3)

Form ant frequency F I .  F2 . F3. F4 for T a lk e r  3 in 7 m o n o p h th o n g s  
o f  AB w ord list 1.2.3

Phonetic sym bols

i I U X A u A M ean

Lisi 1 277 504 729 962 704 408 788 625

List : 362 420 734 938 810 340 640 606

List 3 304 590 6 0 3 800 893 303 550 578

FI M ean 314 505 6 8 9 900 802 350 659 603

List 1 2910 2405 2 4 7 0 1575 1216 1547 1480 1943

List 2 2663 2219 1722 1722 1366 1627 1318 1 S05

List 3 3 KH) 1866 1696 2266 1410 1700 1275 1902

F2 M ean 2.X 9 1 2163 1963 1854 1331 1625 1358 1883

List 1 3845 3097 2 82 2 2733 3261 3307 3116 3169

List 2 33(H) 2974 2681 2748 26 0 0 3132 3369 2972

List 3 3600 3154 2 5 0 0 3000 2861 2800 3447 3052

F3 M ean 3582 3075 2668 2827 2907 3080 331 1 3064

List 1 4233 4222 4 3 0 2 4292 4 0 5  .x 4047 4027 4169

List 2 4 300 4250 4 1 7 0 4455 4068 4362 4357 4 280

List 3 46< IO 4332 3 3 0 0 4302 4028 3800 4270 4 090

F4 .Mean 4378 4268 392 4 4350 405 1 4070 4218 4 180
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APPENDIX J
RAW DATA OF FORMANT RESULTS (J4)

Formant frequency F1, F2, F3, F4 for Talker 4 in 7 m onophthongs 
of AB word listl .2,3

P h o n e tic  sy m b o ls

i i E ae a u A
M e a n

List 1 2 4 8 477 4 9 2 618 8 0 0 397 657 5 2 7

List 2 2 8 9 568 5 6 2 656 6 3 8 369 529 5 1 6

List 3 315 568 5 4 3 533 4 9 8 393 495 4 7 8

F1 M ean 2 8 4 538 5 3 2 602 6 4 5 386 560 5 0 7

List 1 2 2 0 0 1937 1 8 9 4 1690 1150 1210 1410 1 6 4 2

List 2 2271 1681 1 8 0 2 1769 1456 1537 1268 1 6 8 3

List 3 2 5 9 8 1472 1 7 5 9 1792 1371 1755 1247 1 7 1 3

F2 M ean 2 3 5 6 1697 1 8 1 8 1750 1326 1501 1308 1 6 7 9

List 1 2 8 0 0 2800 2 5 0 0 2702 2 8 0 0 2 1 0 0 2750 2 6 3 6

List 2 3 3 2 6 2700 2 6 0 0 2793 2 6 9 6 2 4 6 2 2796 2 7 6 8

List 3 3 0 0 0 2700 2 8 0 0 2788 2 6 0 0 2 4 6 3 2804 2 7 3 6

F3 M ean 3 0 4 2 2733 2 6 3 3 2761 26 9 9 2 3 4 2 2783 2 7 1 3

List 1 3 4 6 9 3622 3 6 2 9 3176 3 0 0 0 3 1 0 6 3244 3321

List 2 3 5 1 8 3300 3 0 0 0 3085 3 2 8 8 3 205 3144 3 2 2 0

List 3 3 6 0 0 3200 3 6 0 0 3 350 3 1 0 0 31 3 3 3300 3 3 2 6

F4 M ean 3 5 2 9 3374 3 4 1 0 3204 312 9 31 4 8 3229 3 2 8 9
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APPENDIX J
RAW DATA OF FORMANT RESULTS (J5)

Formant frequency F1, F2, F3, F4 for Talker 5 in 7 m onophthongs of AB word 
listl ,2,3

Phonetic sym bo ls

i i e ae a u A M ean

List 1 2 0 0 3 3 7 4 5 8 679 785 251 729 491

List 2 2 1 8 409 3 2 8 767 800 231 590 4 7 8

List 3 2 4 8 316 4 1 4 850 964 200 922 5 5 9

F1 M ean 2 2 2 354 4 0 0 765 850 2 2 7 7 4 7 5 0 9

List 1 2351 2 0 3 6 2 0 9 8 1657 1100 1303 1555 17 2 9

List 2 2 2 0 9 1858 1896 1721 1000 1200 1327 1602

List 3 2 2 9 0 1858 1982 1703 1400 1600 1400 1 7 4 8

F2 M ean 2 2 8 3 1917 1992 1694 1167 1368 1427 1693

List 1 3 0 0 0 3 5 3 7 2 6 0 0 2601 2800 2200 22 5 0 2 7 1 3

List 2 3 3 7 9 2 5 0 0 2 6 5 2 2722 2500 2 3 4 6 28 3 0 2 7 0 4

List 3 3 0 0 0 2 2 0 0 2 5 7 4 2563 2311 24 0 0 2 7 7 9 2 5 4 7

F3 M ean 3 1 2 6 27 4 6 2 6 0 9 2629 2537 2315 26 2 0 2 6 5 4

List 1 3 8 1 3 39 5 6 3 8 0 0 3833 40 0 0 3500 3565 3781

List 2 37 7 5 38 0 0 3 8 8 0 3700 3783 3521 37 0 0 3 7 3 7

List 3 3 8 2 0 35 6 3 3 7 7 9 3628 3533 3500 3736 3651

F4 M ean 3 8 0 3 37 7 3 3 8 2 0 3720 3772 3 5 0 7 3 6 6 7 3 7 2 3
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APPENDIX J
RAW DATA OF FORMANT RESULTS (J6)

Formant frequency F1, F2, F3, F4 for Talker 6 in 7 m onophthongs of AB word 
listl ,2,3

P h o n e tic  sy m bo ls

i i e ae a u A M ean

List 1 220 4 4 0 517 705 701 3 1 5 6 5 2 507

List 2 264 502 543 7 4 5 841 3 3 8 5 0 0 533

List 3 247 406 555 598 858 3 4 8 6 0 0 516

F1 M ean 244 4 4 9 538 6 8 3 800 3 3 4 5 8 4 519

List 1 2220 1831 1924 1806 1000 1 3 2 7 1 4 6 2 1653

List 2 2093 1635 1749 1788 1200 1804 1300 1653

List 3 2258 1828 1850 1805 1300 18 0 5 10 1 0 1694

F2 M ean 2190 1765 1841 1800 1167 1645 12 5 7 1666

List 1 3168 2 6 7 8 2672 2 6 0 0 1935 2771 2 1 3 6 2566

List 2 3229 2 7 7 5 2626 2551 20 0 0 2 2 4 6 2 4 7 3 25 5 7

List 3 3284 2 6 9 4 2635 2 6 4 8 2182 2 3 9 0 2 7 4 2 2654

F3 M ean 3227 2 7 1 6 2644 2 6 0 0 2039 2 4 6 9 2 4 5 0 2592

List 1 3791 3 2 6 5 3406 3 5 1 5 3124 3 3 6 9 3 6 9 8 3453

List 2 3713 3 6 9 5 3696 37 6 2 3274 3251 3 2 9 6 3527

List 3 3989 3 6 0 9 4092 36 1 3 3465 3 2 4 6 3221 3605

F4 M ean 3831 3 5 2 3 3731 36 3 0 3288 3 2 8 9 3 4 0 5 3528
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