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ABSTRACT
Speech segments strongly influence the perception of adjacent speech segments. Such context effects provide 
interesting evidence of the interaction of acoustic information in the perceptual system. Studies that have dealt 
with such phenomena have focused on the effect of context on the label assigned to a phoneme, so that little 
is known about the within-class perception of context-conditioned phonemes. In the present study, the effect 
of vowel context on the perception of synthetic /s/- and ///-like frication noises was examined in two experi
ments. A two-alternative forced-choice identification task confirmed that identification of the fricative in a set 
of consonant-vowel syllables was influenced by the vowel context. In a second experiment, the perceptual 
similarity of pairs of fricatives whose identity was influenced by the vowel was estimated in a triadic 
comparison task. INDSCAL analyses provided three dimensions that could account for 80.9% of the observed 
variance. However, individuals differed greatly on the contribution of each dimension to their similarity 
judgments. For some listeners, judgments of perceptual similarity were strongly related to their identification 
judgments. For other listeners, similarity of the fricatives was related to the physical differences between the 
fricatives, regardless of whether the fricatives had been identified as the same consonant or not. These results 
indicate that listeners differ in their abilities to perceive differences between phonemes that have been assigned 
the same label.

SOMMAIRE
Des segments de discours influencent fortement la perception des segments de discours adjacents. De tels 
effects de contexte produisent une intéressante mise en valeur de l’interaction de l’information acoustique dans 
le système perceptif. Les études portant sur un tel phénomène se sont concentrées sur l’effet du contexte sur 
l ’étiquette collée à un phonème, de telle sorte que l’on en sait peu à propos de la perception des phonèmes 
conditionnés par le contexte à l’intérieur de la classe. Dans la présente étude, l’effet du contexte vocalique sur 
la perception des sons fricatifs tels que /s/ et /[/ synthétiques a fait l’objet de deux expériences. Le travail 
d’identification d’un choix binaire a confirmé que l’identification de la fricative dans un éventail de syllabes 
consonne-voyelle était influencé par le contexte vocalique. D’après une seconde expérience, la similarité de 
perception des paires de fricatives dont l’identité était influencée par la voyelle a été estimée dans un projet de 
comparaison ternaire. Les analyses de l’INDSCAL ont mis en évidence trois dimensions qui pouvaient 
comptabiliser 80,9% de la variance observée. Cependant, les individus ont différé énormément pour la 
contribution de chaque dimension à leurs jugements de similarité. Pour certains auditeurs, les jugements de 
similarité de perception étaient fortement liés à leurs jugements d’identification. Pour d’autres auditeurs, la 
similarité des fricatives était liée aux differérences physiques entre les fricatives, qu’elles aient été identifiées 
comme la même consonne ou non. Ces résultats indiquent que les auditeurs diffèrent dans leurs capacités à 
percevoir des différences entre les phonèmes auxquels on a assigné la même étiquette.

The acoustic information that characterizes a phoneme varies initial F2 transition falls. The onset frequency and extent of the
with the context of the other phonemes surrounding it. For transitions can serve as reliable cues to the identity of the
example, the phoneme Id/, when produced at the onset of a consonant (Liberman, et al., 1967). This dependence of the
syllable, contains a brief noise burst and periodic energy. acoustic characteristics of a phoneme on the context in which
When the following vowel has a high-frequency second it occurs is called context-conditioned variability, 
formant (F2), the F2 transition rises at the onset of the syllable
(e.g., in /di/). When the vowel has a low F2 (e.g., in /du/), the As a consequence of the variability in the acoustic content of
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speech segments, it is often im possib le to predict the phonem ic 

identity o f  a p a rt icu la r  aco u stic  p a tte rn  w ithou t a lso  k n ow ing  

the acoustic information (context) that p recedes o r fo llow s the 

segm ent. B ecause  a  g iven phonem ic  d is tinction  m ay be  cued 

by several types o f  acoustic  in form ation  d is tribu ted  in time, 

two acoustic cues m ay com pensa te  fo r one another; a change 

in one cue  may be "cancelled" by a change in the other, 

thereby m aintaining a constan t phonetic  percept.

O ver a limited range o f  values, such cancella tion  effects have 

b een  dem onstrated  w ith a num b er o f  speech contrasts. F o r 

example, the "say" - "stay" distinction m ay be cued both by the 

duration  o f  silence fo llow ing  the fr icative /s / and by the 

freq u ency  o f  the first fo rm an t a t the onset o f  voicing. W hen  

e ither o f  these cues is am biguous, the o ther w ill cue  the 

presence o f  t\I. However, a  lengthening o f  the silent interval in 

a word tha t is perceived as "say," w hich norm ally would 

change w hat a listener hears to "stay," can be com pensated  by 

increasing the onset frequency  o f  the first fo rm ant (F ,) so that 

the perception o f  "say" persists (Best, e t al., 1981). L ikew ise, 

for a  limited range o f  F, values and silent intervals, a  higher F) 

will not p roduce  the "stay" pe rcep t if  the silent duration  is 

shortened.

Phonetic  con tex t effects have  been studied  extensively  in 

identification tasks in which phonem es are labelled in a forced- 

choice task (Repp, 1982, p rov ides a rev iew  o f  these studies). 

W ith  such tasks, listeners m ust select from  a lim ited set o f  

phonem e labels for the ir identif ication  responses, even if  the 

labels are  not particularly  appropria te  to the phonem es. 

B ecause  o f  the lim ited set o f  responses perm itted  in the 

identification task, listeners may adopt response strategies that 

assign  the sam e labels to p honem es that are  perceptually  

noticeably d issim ilar. L ittle  is know n regard ing  the degree o f 

percep tual sim ilarity (o r dissim ilarity) am ong phonem es that 

have been assigned the sam e (or different) labels. T he question 

arises w hether the effec t o f  system atically  changing  the 

phonem ic  contex t a long an acoustic  con tinuum  is to  crea te  a 

perceptual continuum , w hich is then artificially partitioned 

because o f  the nature o f  the fo rced-cho ice  task  used to study 

it. A lternatively, the underly ing  percep t m ay indeed be 

ca tegorica l and phonem es labelled  as belonging  to one 

phonem ic  category m ay indeed be  percep tually  m ore  sim ilar 

than stimuli that lie in o p posite  sides o f  a category  boundary. 

If  this is indeed so, it w ould  have interesting  ram ifications for 

theories o f speech perception because stim uli on either side o f  

a phonem ic boundary  could  c learly  be acoustically  m ore 

sim ilar than w ith in-category  stimuli.

Support for the latter hypothesis, that contex t-conditioned  

phonem es within a category are perceptually m ore similar than 

across ca tegory  phonem es, com es from  studies o f  the 

discriminability o f context-dependent phonem es (Bailey, et al., 

1977; O iler, e t al., 1991; R epp , 1981). In these studies, 

d iscrim inability  o f p honem es is usually  better for phonem e 

pairs that cross ca tegory  boundaries  than for those that lie

within a category. Such results  lend su p p o r t to the no tion  that 

w ith in-category  stim uli are  m ore  s im ilar than  betw een- 

ca tegory  stim uli. H ow ever, R epp  (1981) iden tif ied  two 

subgroups o f  listeners tha t perfo rm ed  d ifferen tly  in a fricative 

d iscrim ina tion  task. O ne g roup  dem o n stra ted  the goo d  c ross 

boundary and poor w ithin-category d isc rim ina tion  repo rted  in 

earlier studies. T he other, sm aller, g ro u p  o f  listeners d em on 

stra ted  good  d iscrim ina tion  o f  w ith in-ca tegory  stim uli. R epp 

postu la ted  tha t this g roup  o f  listeners w ho d id  not respond  to 

the  fr icatives in a ca tegorical m an n er w ere  able to listen to 

these stim uli as auditory, ra ther than p h one tic  objects.

In the p resen t paper, the con tex t-cond ition ing  o f  phonem es 

w as stud ied  using  bo th  a  trad itional fo rced -ch o ice  identifi

cation  task  and a tr iadic  com parison  p ro ced u re  tha t y ie lded a 

d irec t m easure  o f  percep tual sim ilarity . T h e  effec t o f  vow el 

co n tex t on the  percep tion  o f  /s /  and / / / - l ik e  frica tion  noises 

was studied.

1. PERCEPTION OF /S/ AND /J7
T he perception  o f  context-conditioned /s/  and /J7 segm ents has 

b een  studied  by a  num ber o f  investigators (A bbs &  M inifie, 

1969; K unisaki &  Fujisaki, 1977; M ann  &  R epp, 1980; M ann, 

e ta l . ,  1985; N ittrouer &  Studdert-K ennedy, 1987; R epp, 1981; 

W h a len , 1981; Y en i-K om sh ian  & Soli, 1981). K unisak i and 

Fujisaki (1977) used synthetic sy llab les p rod u ced  by 

com bin ing  a  frica tion-noise  co n tin u um  (rep resen ta tive  o f  /s/- 

and / / / - l ik e  frication) w ith /a, e, o, u / vow els. Japanese  

listeners labelled  the consonan ts  as e ither / s/ o r  / / / .  T he 

boundary betw een /s/- and // /- la b e l le d  stim uli was a t d ifferent 

f r ica tive  frequencies  fo r d ifferen t vow el contexts. T he 

boundary  shifted to low er fricative frequencies before  rounded 

vowels, w hich contain low er second and third form ants than do 

unro u n ded  vow els. T h ese  results  h av e  been  rep lica ted  with 

E ng lish -speak ing  adults  (M ann  & R epp , 1980; R epp , 1981; 

W h a len , 1981), w ith ch ild ren  as young  as th ree  years o f  age 

(N ittrouer &  S tuddert-K ennedy , 1987), and  w ith vowel 

co n tex ts  tha t do  not occur in the listeners ' na tive  language 

(W halen , 1981).

T h e  con tex t-d ep end en t percep tion  o f  /s /  and /J7 segm ents 

p rov ides an ideal stim ulus set to investiga te  the re lationship  

betw een identification and similarity judgm ents . N o t only have 

the  acoustic  variab les tha t in fluence  the  percep tio n  been 

ex tensively  studied, bu t also  ind iv idual d ifferences in the 

ability to d iscrim ina te  frica tives em b ed d ed  in d ifferen t vowel 

con tex ts  have  been  described  (R epp , 1981). S tim uli can  be 

created  tha t vary  along  the tw o in dependen t acoustic 

dim ensions o f  frication frequency  and  vow el quality ; within a 

range  o f  each  o f  these  acoustic  d im ensions, iden tif ication  o f 

the  frica tive  will be  d ep en d en t on  b o th  o f  these  acoustic 

d im ensions. T h e  pho n em e ca tegories  will therefore  be 

b o u n d ed  by stim uli tha t con ta in  acoustica lly -iden tica l fr ica 

tives on one or the o ther d im ension . A  com parison  o f  the 

p ercep tua l sim ilarity  o f  stim uli tha t span  the boundary , yet 

contain identical frication noises, versus stim uli tha t lie to one
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side of the boundary therefore can be made.

2. TRIADIC COMPARISONS
Triadic comparison procedures have been used to estimate the 
perceptual similarity of musical intervals (Levelt, et al., 1966), 
of timbres (Plomp, 1970), and of vowels (Beck, et al., 1988; 
Pols, 1970; Pols, et al., 1969; Rakerd & Verbrugge, 1985). In 
this procedure, sets of three stimuli (triads) are compared by 
the subject, who must decide which two stimuli are most 
similar and which two are most dissimilar. This comparison 
is made for all possible triads of the stimulus set. The number 
of times that each pair of stimuli is selected as more similar 
than other pairs yields an index of the perceptual similarity of 
stimulus pairs.

An advantage o f the triadic comparison task is that, unlike 
verbal scaling procedures, triadic comparisons do not force 
subjects to use verbal categories in order to obtain a similarity 
metric. Rather, the task permits the use of a simple instruction 
set that allows subjects to set their own criteria for similarity 
(Levelt, et al., 1966).

A disadvantage o f the procedure is the rapid increase in the 
number of trials that is needed as the number of stimuli is 
increased. In order that every possible pair of stimuli is 
compared with all other pairs of stimuli, all possible stimulus 
triads must be included in the design. The total number of 
triads that can be created from N stimuli is N(N-l)(N-2)/6. 
Thus, for 45 stimuli, 14,190 triads can be formed; for 12 
stimuli, there are 220 triads.

3. PURPOSE
In the present study, a set of synthetic fricative-vowel stimuli 
was constructed to demonstrate the effect of vowel context on 
fricative perception. A two-dimensional continuum was 
constructed, with frication-noise frequency comprising one 
dimension and vowel context the second dimension. These two 
dimensions were combined factorially to construct the stimulus 
set. In Experiment 1, identification data were obtained with 
this stimulus set to confirm that the vowel F2 and F3 
frequencies did systematically affect the identification of the 
fricatives. In the second experiment, the perceptual similarity 
among the fricatives in a subset of 12 of the synthetic 
fricative-vowel syllables was estimated from the results of a 
triadic comparison task. This second stage of data collection 
provided perceptual similarity judgments and allowed a 
comparison to be made among: (a) the perceptual space 
occupied by the synthetic stimuli, (b) the labels assigned to 
these syllables in Experiment 1, and (c) their acoustic 
characteristics.

4. EXPERIMENT 1: IDENTIFICATION 
4.1 Method
Stimuli. A synthetic, frication-noise continuum was paired with 
a synthetic /i/ - Ai/ continuum to form a set of 45 consonant-

vowel (CV) syllables (9 noises x 5 vowels). The fricative and 
vowel sounds were created separately and concatenated. All 
synthesis was performed with 12-bit resolution at a 14-kHz 
sample rate.

The synthetic fricatives were 150-ms noises; this duration is 
slightly longer than fricative durations in natural sentence 
production (Klatt, 1974), and is slightly shorter than the 175- 
ms durations for these fricatives produced in isolated CV 
syllables (Behrens & Blumstein, 1988).

The fricatives were synthesized with ILS (Interactive 
Laboratory System, Version 4.0) software. A wideband, 
flat-spectrum noise was created digitally. The noise waveform 
had a linear rise time of 75 ms from silence to full amplitude 
and a 30-ms linear fall from full to half-amplitude. This frozen 
noise was digitally filtered to form a continuum of nine noises 
(Q  - Q )  in which the low-frequency cut-off increased from 
1800 to 4000 Hz and the high-frequency cut-off increased 
from 3950 to 4950 Hz in equally-spaced steps. The filters were 
elliptical, third-order filters, which provided 40-dB attenuation 
in the stopbands.

The five vowels (Vr V 5) were synthesized with an 
implementation of the Klatt cascade formant synthesizer 
(Jamieson, et al., 1989; Klatt, 1980). The vowels were 300 ms 
long. Fj was fixed at 250 Hz. F2 and F3 contained transitions 
that increased in both duration and frequency from V t (/u/) to 
V5 (/if). Further details of the formant transitions are provided 
in Table 1.

Instrumentation. Stimulus generation and data collection were 
controlled with an IBM/AT computer and a DT2801A I/O 
board, followed by a Hewlett-Packard passive attenuator, a 
Kemo VB/25 programmable filter, and a Charybdis program
mable attenuator (Model D). Stimuli were output at a digital- 
to-analog conversion rate of 14 kHz and low-pass filtered at 6 
kHz with a rejection rate of 96 dB/octave.

Table 1
Fj and F2 Synthesis Parameters for the Stimuli Used in 
_________  Experiment I _____________ _

F2 transition f 3

Vowel Start Finish Duration Freq
(Hz) (Hz) (ms) (Hz)

v, 1450 850 300 2200
v2 1650 1200 240 2400
v3 1850 1550 180 2600
V4 2050 1900 60 2800
V5 2250 2250 0

3000

Note: Entries are the centre frequency and the duration of the F2 
transitions, and the F3 (stationary) centre frequency. Transition 
durations were selected to maintain perceptual continuity of the 
fricative with the vowel. For more /u/-like vowels, longer transitions 
were required.
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T he  synthetic  stimuli w ere  p re sen ted  m o n au ra l ly  via  a  T D H -4 9  

ea rp h o n e  in an  M X 4 1 /A R  cu sh io n  w hile  the  su b je c t  w as  seated  

in a  d o u b le -w a l led  IA C  so u n d -a t te n u a t in g  te s t  b o o th .  S tim uli  

w ere  p resen ted  at a  level at w hich  the  c o n t in u o u s ,  s tead y -s ta te  

p o r t io n  o f  o n e  o f  the  syn th e tic  v o w e ls ,  V 5. m e a su re d  65 dB 

S P L  at the earphone  in an N B S -9 A  c o u p le r .  In s t ru c tio n s  w ere  

presen ted  to the sub ject using  a c o lo u r  m o n ito r ,  and  the  sub ject 

r e s p o n d e d  by  p re ss in g  "keys"  on  a t e m p la te  p la c e d  o v e r  a 

K o a la  d ig it iz ing  pad in te r faced  to  th e  c o m p u te r .

S u b je c t s . T w e lv e  adu lts ,  ag ed  2 0  to  41 y ears ,  se rved  as 

su b je c ts  (S I  - S 12). All h a d  so m e  p h o n e t ic  tra in ing . All 

l is te n e rs  h ad  pu re - to n e  th re s h o ld s  b e t te r  than  2 0  dB  H L  

(A N S I,  1989) at 250 , 5 0 0 .  1000 , 2 0 0 0 ,  4 0 0 0 .  a n d  6 0 0 0  H z  in 

the  tes t  ear.

P r o c e d u r e . Id en tif ica t io n  d a ta  w e re  c o l le c te d  in a tw o- 

a lte rn a t iv e  fo rc ed -c h o ic e  task . S u b je c ts  w-ere in s t ru c ted  to

in d ica te ,  a f te r  e a c h  s t im u lu s  p re se n ta t io n ,  w h e th e r  t h e  c o n 

so n a n t  s o u n d e d  m o re  l ike  an  / s /  o r7 J7  by p re ss in g  o n e  o f  tw o  

bu ttons lab e l led  "ss" o r  "sh". T w e n ty  id e n t i f ic a t io n  ju d g m e n t s  

w e re  m ad e  for eac h  sy n th e tic  stim ulus . S tim uli  w e re  p r e s e n te d  

in 2 0  b lo ck s  o f  45  s tim uli  each ;  w ith in  each  b lo ck , the  o rd e r  o f  

s t im u lu s  p re se n ta t io n  w a s  r a n d o m iz e d  w ith o u t  r e p la c e m e n t .

4.2 Results
In d iv id u a l  su b je c ts '  r e s p o n s e s  a re  d isp la y e d  in  F ig u r e  1. T h e  

p e rc e n ta g e  /J7  r e s p o n s e s  m a d e  fo r  e a c h  s t im u lu s  is p lo t te d  as 

a  fu n c tio n  o f  the  f r ic a t io n -n o is e  p o r t io n  ( C , - C 9) o f  the  

stim ulus. T h e  p a ra m e te r  is the  v o w e l ( V , - V 5) w ith  w h ic h  eac h  

fr ica t iv e  w a s  p a ire d .  E a c h  p o in t  in th e se  id e n t i f ic a t io n  

fu n c tio n s  is b a se d  o n  2 0  id en t i f ic a t io n  r e sp o n se s .

F o r  all sub jec ts  and  in e a c h  vow el con tex t ,  su b je c ts  r e s p o n d e d  

/ / /  for low 'er-frequency  f r ic a t iv e s  and  /s /  fo r  h ig h e r - f r e q u e n c y  

fr ica tives.  T h e  e f fe c t  o f  th e  v o w e l  on  the  id en t i f ic a t io n  o f  the

\  4  V  \ \  \ \  \Vy.\ \  '
1 2 3 4 5 6 7 8  91 2 3 4 5 6 7 8  91 2 3 4 5 6 7 8  91 2 3 4 5 6 7 8 9

frication noise

Figure 1. Identification responses for each o f  the 12 listeners as a function of frication noise and vowel quality obtained in 

Experiment 1 Each point represents the responses Ion 20 stimulus presentations 1. Solid line (V r /u/), dash-dot line (V 2), dotted 

line ( \ \ ) .  dashed line f \ \  >. dash-dol-dot line (V,-/i f ) .
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fricative is shown by the shift of the identification functions to 
the right as the F2 and F3 frequencies increased from V, (/uf) to 
V5 {I'll). The category boundary, as defined by the point at 
which there were 50% Is/ and / / /  responses, shifted to higher- 
frequency noises as the vowel context changed from Vj to V5. 
Over the range of fricatives where this shift occurred, the same 
frication noise was labelled differently before different vowels. 
For example, Subject 1 labelled C3 as /J7 only 10% of the time 
when it was followed by Vj, yet identified the same frication 
noise as / / /  100% of the time when it was followed by V5.

There were large individual differences in the fricative 
identification functions both in the location of the l \ l  - Is/ 
identification boundary and in the magnitude of the vowel 
context effect. For some subjects, the effect of increasing the 
formant frequencies did not extend across all vowels. Four 
subjects (SI, S3, S6 and S10) had shifts in the fricative 
identification boundaries for V r V4 only. Four others (S4, S5, 
SI 1 and SI 2) showed an effect of the vowel context that was 
non-monotonic; the increase in second and third formant 
frequencies from V4 to V 5 shifted the /J7 - Is/ identification 
boundary back to lower-frequency fricatives. Such non
monotonic changes in identification functions for these 
context-conditioned phonemes have been observed by Mann 
and Liberman (1983) and may be influenced by perceptual 
“magnet” effects (Kuhl, 1991).

The effect of the vowel context and frication noise on the 
identification of the fricatives was examined using a repeated- 
measures analysis of variance. A significant effect of vowel 
(F=39.0, df=4,44, £<.001) and frication noise (F=271.6, 
df=8,88, £<.001) was obtained, as well as a significant 
interaction between these two factors (F=22.1, df=35,352, 
g c .0 0 1 ) .

In summary, the effect of vowel context on the perception of 
fricatives, as reported by Mann and Repp (1980), Repp (1981), 
and Whalen (1981), was replicated with a set of synthetic 
fricative-vowel syllables. For all subjects, some fricatives were 
labelled as /J7 when followed by vowels that had high F2 and 
F 3 values and as Isl when followed by vowels with lower 
formant frequencies, although there were substantial individual 
differences in the extent of the vowel influence.

5. EXPERIMENT 2: PERCEPTUAL 
SIMILARITY JUDGMENTS 
5.1 Method
Stimuli. The stimulus set was selected from the set of synthetic 
syllables used in Experiment 1. Syllables that contained the 
five fricatives (Q .j and Ç_9 ) whose identi-fication was not 
strongly influenced by the vowel context were not included. 
Two of the vowels were eliminated from the stimulus set in 
order to reduce the number of stimuli to be used in the triadic 
comparison task. Post-hoc analyses of the data from 
Experiment 1 indicated that V4 and V5 did not differ with 
respect to the number of Isl and ///responses that each elicited

and, for some subjects, V5 created a non-monotonic shift in the 
identification boundaries (cf. Figure 1). V5 was therefore 
eliminated in favour of V4 and V2 was eliminated arbitrarily, 
to reduce further the stimulus set. The 3 vowels (Vj 3 4)that had 
transition durations of 300, 180, and 60 ms and a systematic 
effect on the perception of the frication noise were included. 
After eliminating these stimuli, a set of twelve syllables 
remained for the triadic comparison task (Roskam, 1979); 
those stimuli produced by combining C4.7 and \[  3> 4 . The 
stimulus set was sufficiently small that a completely-balanced 
triadic comparison procedure could be completed in a single 
experimental session of reasonable duration.

The twelve syllables were combined to form all possible sets 
of three different syllables, or 220 triads. For the purpose of 
analysis, each triad can be treated as three pairs of stimuli, 
from which the subjects selected the most similar pair and the 
most dissimilar pair. Within the set of 220 triads, each stimulus 
occurred 110 times, and each pair of stimuli occurred 10 times.

Procedure. Instrumentation and subjects were as described for 
Experiment 1. Subjects participated in Experiment 2 during a 
second test session.

Each trial of the triadic comparison task consisted of an initial 
stimulus presentation sequence in which each of the three 
stimuli to be compared (Stimuli A, B and C) was presented 
once. A section of a video monitor corresponding to each 
stimulus and labelled "A", "B" or "C" was flashed in reverse 
video as each stimulus was presented. A 500-ms interval 
followed each stimulus presentation.

After the initial presentation sequence, subjects could listen 
repeatedly to any of the stimuli by pressing the labelled buttons 
on a touch-sensitive digitizing pad. Subjects were instructed to 
indicate which pair of consonants was most similar and which 
pair was most dissimilar by pressing the button on the 
digitizing pad that was labelled with the chosen stimulus pair. 
Stimuli could be repeated as many times as required in order 
to make a decision.

Ten practice trials were completed prior to starting the 220 
trials. The order of the triads and the order of the stimuli 
within the triads were random.

5.2 Results
In order to generate a similarity matrix that included the entire 
stimulus set, the three possible pairwise combinations of 
stimuli within each triad were first rank-ordered with respect 
to similarity. Within each triad, a score of 2 points was 
assigned to the pair selected as the most similar (it was judged 
to be more similar than the two other pairs). Zero points were 
assigned to the pair selected as most dissimilar. One point was 
assigned to the pair that was not selected (it was judged to be 
more similar than one of the other pairs and less similar than 
the other). The points assigned to a pair were then summed
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over the 10 occurrences of that pair within the 220 triads, to 
yield a composite score indicating the number of comparison 
pairs that were judged to be less similar than that pair —  that 
is, the similarity value of the pair.1 The maximum similarity 
value that can be obtained with this procedure is 20 (i.e., when 
a pair was selected as the most similar every time that it was 
presented, regardless of the other stimulus in the triad) and the 
minimum is 0 (when a pair was selected as most dissimilar on 
every trial). Completely random responding yields an expected 
similarity value of 10 for each pair.

The obtained similarity values indicated that subjects were not 
responding randomly: the full range of possible similarity 
values (0-20 across different stimulus pairs) was obtained for 
several subjects and the smallest range of similarity values was 
from 1-18 (for subject 9). The summed similarity matrix for all 
12 subjects is presented in Table 2. Each entry in the matrix is 
the similarity value for a pair of stimuli —  that is, the total 
number of times that a stimulus pair was chosen as more 
similar than other pairs —  summed across all 12 subjects.

Table 2
Summed similarity matrix for 12 subjects in the triadic comparison 
task. Each entry indicates the total number o f times that each pair of 
stimuli was selected as more similar than other pairs. The maximum 
attainable value was 240; the minimum was 0.

C4
VI V3 V4

C5
VI V3 V4

C6
VI V3 V4

Cl
VI V3 V4

VI
C4 V3 

V4

155 144 
213

164 159 138 
93 209 169 
83 173 210

92 96 102 
45 109 123 
49 72 135

73 49 57
36 60 65
37 38 77

VI
C5 V3 

V4

119 111 
189

194 127 105
65 160 157
66 103 196

141 115 102 
51 71 79 
51 48 104

VI
C6 V3 

V4

149 105 
167 
79

213 190 149 
132185 151 
79 97 172

VI
C7 V3 

V4

201 157 
190

1 An alternative, ordinal-level interpretation of the similarity value is 
that the value comprises the sum of the ranks assigned to each pair in 
all occurrences in different triads. The most similar pair was given a 
rank of 2, the pair that was not selected was given a rank of 1 and the 
least similar pair was given a rank of 0.

Some general observations can be made concerning the pat
terns of similarity values observed. First, similarity values 
were generally smallest when the physical differences between 
two fricatives were the greatest (C4 vs. C7). This is indicated by 
the relatively small values contained in the upper right corner 
of the summed similarity matrix. Second, similarity values 
were generally largest when the fricatives were either identical 
or differed by just one step. This result is revealed in the large 
entries occurring near the main diagonal of Table 2. Thus, the 
physical distance between the fricative portions of two stimuli 
was inversely related to the subject's similarity judgments, 
regardless of other stimulus parameters, including vowel 
spectrum and consonant identity.

Fricative labels and perceptual similarity. To examine the 
relation between the labelling and similarity judgments, each 
stimulus was first classified as /s/ or / / /  on the basis of the 
label given to it more than 50% of the time in Experiment 1. 
Table 3 presents mean similarity values for two groups of 
stimuli: (1) pairs of syllables that were labelled as the same 
fricative (either both identified as Is/ or both as / / / )  and (2) 
pairs of syllables that were labelled as different fricatives (one 
Is/ and the other /J7).

Table 3
Comparison of the perceptual similarity values for pairs of syllables 
that had been assigned the same vs. different fricative labels in 
Experiment 1. Entries are: (1) the number o f stimulus pairs included 
in each calculation, (2) the mean similarity value and (3) the standard 

deviation of the similarity values.

Subject
Same Label D ifferent Label

N M ean SD N M ean SD

SI 31 12.55 5.2 35 7.74 4.4
S2 30 14.73 3.0 36 6.06 3.4
S3 31 13.26 4.4 35 7.11 4.3
S4 31 12.88 4.9 35 7.46 4.4

S5 31 11.77 5.5 35 8.42 5.2

S6 39 11.08 5.1 27 8.44 5.8
S7 39 11.36 4.6 27 8.04 4.0
S8 34 11.76 5.1 32 8.13 4.3

S9 31 12.10 4.4 35 8.14 3.8
S10 34 12.71 4.3 32 7.13 4.2

S l l 31 13.48 3.9 35 6.91 4.6

S12 31 12.71 5.1 35 7.60 4.5

Mean
SD

32.8
3.17

12.53*
1.01

33.3
3.17

7.60*
0.71

A matched-pairs t-test between the overall means indicated a 
significant difference (t(l 1)=10.047, jK-001).
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Although the intersubject variability of these values was 
relatively large, in general judgments of perceptual similarity 
were related to the perceptual identity of the consonants, in 
that consonants that were labelled the same were judged to be 
perceptually more similar than consonants that were labelled 
differently.

The comparison made in Table 3 included two types of 
stimulus pairs: (1) stimuli in which the fricatives were physi
cally different, and (2) stimuli in which the fricative portion 
was fixed, but the vowel portion differed. Because the interest 
in this study was to examine the perceptual context effect and 
because perceptual similarity judgments were related, in part, 
to the physical similarity of the consonants, it was important to 
isolate the relationship between the fricative label and the 
perceptual similarity, particularly in those cases where the 
fricatives were identical (so that it was the vowels that 
influenced the label). To achieve this isolation, the perceptual 
similarity analysis described above was repeated, restricting 
the data set to the cases where both stimuli in a pair contained 
the same frication noise.

Table 4 presents the results of this analysis, based on the 12 
pairs that contained the same fricative noises in both stimuli of 
the pair (i.e., the 12 stimulus pairs that lie nearest the main 
diagonal in Table 2). It can be seen that mean similarity values 
for these stimuli are higher than those in the inclusive analysis 
in Table 3, indicating that, as expected, stimuli were judged to 
be more similar when the fricative portions of the stimuli 
within the pair were more similar, physically. Again, it can be 
seen that, on average, fricatives that were given the same label 
had higher similarity values than those that were given 
different labels, reflecting the fact that, for some subjects, 
similarity was judged on the basis of whether the fricatives 
belonged to the same phoneme class.

Although the pattern described above holds for the 
summarized results, there were large individual differences in 
response patterns. Tables 5 and 6 compare the similarity 
matrices for two subjects (S2 and S6) who responded quite 
differently. S6 obtained high similarity values for all stimulus 
pairs that were included in this analysis. For this subject, 
similarity judgments apparently were based on the physical 
differences among the fricatives, rather than on how the signals 
were labelled. A similar but less extreme dependence on 
physical differences was shown by subject 11, who also had 
very high similarity values for all stimulus pairs included in 
this analysis.2

2Subjects 6, 7 and 11 reported that they were making similarity 

judgm ents  b a sed  on  the "pitch" o f  the  fricatives. This is consistent 

with com m ents o f  Repp's (1981) non-categorical subjects. The data 

from  subjects 6 and 11 suggest that they were making the judgm ent 

independently o f  the  vowel context.

Table 4
Comparison o f  the perceptual similarity values for pairs o f  syllables 
that had been assigned the same vs. different fricative labels in 
Experim ent 1. Only pairs o f  syllables in which the frication 

components were physically identical (and the vowels differed) have 

been included. Entries are (1) the number o f  stimulus pairs included 

in each calculation, (2) the mean similarity value, and (3) the 
standard deviation o f the similarity values.

Subject
Same Label Different Label

N Mean SD N M ean SD

SI 6 15.33 1.5 6 12.33 3.7
S2 4 14.75 3.6 8 7.13 2.2
S3 6 13.66 2.4 6 8.33 1.4
S4 6 17.00 2.5 6 12.17 3.9
S5 4 17.25 1.3 8 12.25 4.2
S6 8 17.50 1.4 4 18.75 1.9
S7 8 12.88 4.8 4 9.75 3.9
S8 6 11.33 4.8 6 8.00 3.8
S9 4 14.75 2.2 8 9.88 3.4

S10 10 15.70 3.3 2 11.50 2.1

S l l 10 17.50 1.3 2 16.00 1.4

S12 4 17.00 1.4 8 10.00 5.1

Mean

SD
6.3

2.23
15.39*

2.01
5.67
2.23

11.34*
3.35

A m atched-pairs t-test between the overall means indicated a 

significant difference (t(l 1)=5.888, jic.OOl).

For the remainder of the subjects, judgments of perceptual 
similarity were related, at least partially, to how the fricatives 
were labelled, in the identification task of Experiment 1. 
Subject 2 was the most extreme of these subjects, showing a 
mean similarity rating of just 7.13 when the fricatives of the 
pair were labelled differently, vs. 14.75 when the fricatives 
were labelled the same. Other subjects fell between S2 and S6 
in terms of the relative dependence of their similarity 
judgments on the physical differences between the signals and 
on the labels assigned to stimuli.

Multidimensional scaling of similarity data. In order to study 
further the dimensional structure of these perceptual similarity 
judgments, the data were subjected to nonmetric 
multidimensional scaling. SPSS-X ALSCAL (v.3.1) routines 
produced a three-dimensional solution which accounted for 
80.9% of the variance. Adding a fourth dimension contributed 
little to the goodness of fit, accounting for just 1.0% more of 
the variance.

The three-dimensional solution is illustrated in Figure 2. 
Dimension 1 corresponds to the physical (acoustical) differ
ences among fricatives and accounts for 49.5% of the variance. 
Dimension 2 accounts for 24.7% of the explained variance and 
appears to correspond to the perceptual identity of the 
fricative.
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Figure 2. Three-dimensional scaling solution for similarity judgments obtained in Experiment 2. Each point represents the location of an 
individual stimulus in space. The solution accounted for 80.9% of the observed variance in the similarity judgments

T a b le  5
Perceptual similarity matrix for S2. Each entry' indicates the total 
number of times each pair of stimuli was selected as more similar 
than other pairs. The maximum attainable value was 20; the minimum
was 0.

C4

VI V3 V4

C5

VI V3 V4

C6
VI V3 V4

Cl
VI V3 V4

VI

C4 V3 

V4

6 8 

18

16 9 8 

5 19 16 

3 15 17

11 12 9 

1 10 15 

1 4 16

11 10 7 

3 5 13 

1 3 14

VI

C5 V3 

V4

6 5 

14

19 9 3 

3 15 13 

5 11 19

19 14 7 

4 6 13 

4 3 17

VI

C6 V3 

V4

10 6 

12

18 16 6 

11 15 14 

6 5 15

VI

Cl V3 
V4

17 6 

8

T a b le  6
Perceptual similarity matrix for S6. Each entry indicates the total 
number of times each pair of stimuli was selected as more similar 
than other pairs. The maximum attainable value was 20; the minimum 
was 0.

C4

VI V3 V4
C5

VI V3 V4
C6

VI V3 V4

Cl
VI V3 V4

VI

C4 V3 

V4

17 19 

18

12 11 9 

11 15 10 

10 13 15

7 4 5 

5 7 6 

4 6 4

3 0 3 

3 1 2 

1 5 2

VI

C5 V3 
V4

19 15 

16

14 14 12 

9 12 15 

12 9 13

8 5 6 

6 5 5 

3 6 6

VI

C6 V3 

V4

20 16 

18

15 15 14 

11 12 12

10 9 13

VI

C7 V3 

V4

18 19

20

Stim uli which were prim arily  labelled as "sh" were weighted 

negatively, and stimuli that were perceived as "ss" were 

w eighted positively in this analysis. T he  third dim ension, 

which distinguishes am ong the three vow els that were paired  

w ith the consonants, identifies the rem aining 6.7%  o f  the 

explained variance.

The differences between subjects are m ost visible in F igure 3, 

w here the weights given by each subject for each dim ension 

are displayed. This solution is consistent with the observation  

that the relative contribution o f  vowel and fricative information 

to perceptual similarity ju dgm ents  varied  from  listener to 

listener. For several listeners (6, 10[shown by the sym bol A  in 

Figure 3] and 11 [shown by B in Figure 3]), the first d im ension

(re la ted  to the physical properties o f  the frication noise) is 

w eigh ted  very highly, and d im ension  2 (re la ted  to the mean 

g roup identification  o f  the fricative) rece ived  little or no 

weight. F or m ost other subjects, d im ension  2 was w eighted 

substantially, as w as d im ension  1.

A further reduction o f the data for the two subjects (S2 and S6) 

who differed dram atically  in the th ree-dim ensional solution is 

p resented  in F igure  4. Figure 4a  and 4b  show  the ob ta ined 

perceptual sim ilarity  score for every pair o f  stim uli p lo tted  as 

a function o f the probability that the pair had been assigned the 

same fricative labels (p ["ss"]STIM1 * p ["ss" ]STIM2 + p ["sh"]STIM1 

* p["sh"]STIM2), for Subjec ts 2 and 6 respec  lively. F igure 4c 

and 4d presen t the ob ta ined  perceptual perceptual similarity
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Figure 3. Three-dimensional scaling solution for similarity judgments. Individual listener's values for each dimension are indicated by subject 
numbers (S1-S9) and by A, B, and C for S10, Sl l ,  and S12 respectively.

c:
o
*
c
V
e
6

dimension 2

-L—  * I ■ 4

O 7 
« 
c 
«
E
6

dimension 3
4......

■V T  - w 1 ■ 1 —v........ "f ■ 1 T-

<N
C

E S ’

dimension 3 

■t. *, i___-, <

score for every pair of stimuli plotted as a function of the 
difference in the centre frequency of the frication noise, again 
for Subjects 2 and 6, respectively. For S2, similarity judgments 
were related to the labelling judgments (r = 0.88; cf. Figure 
4a) and not to the physical differences between the frication 
noises (r = -0.17; cf. Figure 4c). On the other hand, for S6, 
similarity judgments were strongly related to the physical 
differences between the consonants (r = -0.94; cf. Figure 4d), 
rather than to the labels that were assigned to stimuli (r = 0.30; 
cf. Figure 4b). The other subjects were distributed between 
these two extremes —  making more or less use of both 
physical differences between the fricative portions of the 
signals and the labels given to the signals.3

6. GENERAL DISCUSSION
In these experiments the effect of vowel context on the 
perception of a preceding fricative consonant was studied 
using two experimental paradigms: a labelling task, in which 
listeners were forced to make a binary labelling decision, and 
a comparison task, in which listeners rated the perceptual 
similarity of pairs of fricatives. The results of the labelling task 
(Experiment 1) confirm the reliable occurrence of context- 
conditioning, where the label assigned to each stimulus 
reflected both the acoustic properties of the fricative sound 
and the acoustic vowel context in which the fricative 
information was presented. Listeners differed in the extent of 
the influence of vowel context on the perception of the 
fricatives, but all listeners showed the systematic influence of 
the vowels on the consonant identification over a range of 
frication frequencies. The results confirm those of Mann and 
Repp (1980) and Whalen (1981), with a new set of entirely 
synthetic syllables.

3These factors are, of course, not completely independent, because 
identification itself was dependent on the frication frequency as 
shown in the results of Experiment 1.

The results of the triadic comparison task (Experiment 2) 
showed that reliable patterns of similarity judgments could be 
obtained with context-conditioned signals. These similarity 
judgments were compared to: (a) the physical (acoustical) 
similarity of the fricative stimuli, and (b) the predicted 
similarity —  derived from the identification (labelling) data 
obtained in Experiment 1. There was a continuum formed by 
the way in which individual listeners combined the two types 
of available information in making their similarity judgments. 
For some listeners, similarity judgments were made almost 
independently of the labels that were assigned to the fricatives; 
for other listeners, judged similarity was substantially a 
function of the fricative labels. Two subjects — S2 and S6 — 
bounded the extremes of this continuum, with S2's similarity 
responses being strongly linked to the labels assigned and S6's 
responses to the acoustical differences between the fricative 
portions of the signals.

Listeners who made greater use of the pitch of the fricative in 
making similarity judgments may be less strongly influenced 
by the vowel context in their identification judgments (for 
example S6 showed relatively small shifts in the phonemic 
boundary as a function of vowel context); alternatively, such 
subjects may be more "analytical" listeners than others and 
better able to "tune" their listening to one portion of the 
syllable while ignoring the rest. The former hypothesis is not 
supported by the data of Repp (1981) who did not observe a 
relation between the magnitude of the context effect and the 
ability of listeners to discriminate between within phone class 
fricatives.

The present findings seem to extend the traditional notion of 
"categorical perception” of phonemes (e.g., Liberman, et al., 
1967), to view the perception of speech as being a continuum 
of abilities. Certainly, an extreme categorical view is not
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consis ten t with these data: m any o f the listeners were m ore 

sensitive to differences betw een stim uli than a  sim ple, binary- 

labelling view would admit. Indeed, som e subjects clearly  

were able to make sim ilarity judgm ents  on the basis o f 

physical similarities betw een the fricative noises, with little 

reference to the labels assigned to the stimuli. Im plicit in this 

ability is the capacity  to discrim inate betw een  phonem es that 

belong to the same identification  category. M oreover, the 

con tinuous nature o f  the difference am ong subjects in the 

ex ten t to w hich they relied  on stim ulus labels seem s 

inconsistent with a view that subjects w ere responding in either 

a "speech" or an "auditory" m ode (L iberm an & M attingly, 

1985).

O f  considerable  interest is the orig in  o f  the individual 

d ifferences in perform ance on the tw o tasks. O ne clear 

possibility  is that, with fu rther p rac tice  on the triadic

com parison task, o r w ith re-instruction  to focus the listener's 

attention on the auditory  as opposed  to phonem ic (linguistic) 

cues, the patterns o f  sim ilarity  ju d g m en ts  show n by a few  

listeners in the p resen t study m ight be  show n by all listeners.
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