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Functional measurement was utilized to study the acoustic cues that contribute to the perception of the 
voicing difference in/zi/and/si/. Rather than simply varying the acoustic signal along a single dimension 
and observing the effect on perception, changes along two acoustic dimensions were covaried in a factorial 
manner. The time between the onset of the syllable and the onset of vocal-cord vibration called voice onset 
time (VOT) was covaried with the fundamental frequency (F0). Observers were asked to indicate where 
each stimulus fell on a scale from/zi/to/si/. The results showed that both VOT and F0 contribute to the 
perception of voicing. Sounds were judged as more/zi/-like with decreases in VOT and with decreases in 
the F0. The frequency contour of F0 during the syllable had very little effect beyond that accounted for by 
the frequency of F0 at the onset of vocal-cord vibration. Another experiment showed that the role of F0 
could not be attributed to the possibility that there was less energy at the first formant with higher 
frequency values of F0. A quantitative model assuming that VOT and F0 are perceived independently 
provided a good description of the observed judgments. 

Subject Classification: [43] 70.30, [43] 70.20, [43] 70.70. 

INTRODUCTION 

One of the most apparent dimensions along which con- 
sonants are divided is voicing. In English, the stops, 
frieatives, and affricates can be grouped into cogna•te 
pairs that have the same place and manner of articula- 
tion but contrast in voicing. A number of acoustic cues 
appear to contribute to the perception of voicing. In 
prestressed syllable-initial stop consonants, the delay 
between the onset of the release burst of the consonant 

and the onset of vibration of the vocal cords, called 
voice onset time (VOT), has been given as the principal 
artieulatory feature to voicing (Lisker and Abramson, 
1964). Abramson and Lisker (1973), for example, 
showed that changes in VOT were sufficient to distin- 
guish voiced and voiceless word-initial stops in Spanish. 
The problem with interpreting the influence of VOT is 
that there are a number of other acoustic correlates of 

VOT besides the direct cue of the temporal relationship 
between the onset of the release burst and the onset of 

periodic pulsing. These include the energy in the first 
formant (Fx) during VOT, the presence or absence of 
aspiration during VOT, the intensity and duration of the 
burst and aspiration period, and the presence vs ab- 
sence of a rapid change in Fx at the onset of voicing. 

In an early study using the pattern playback, Liber- 
man, Delattre, and Cooper (1958) demonstrated that 
cutting back the first formant transition shifted the per- 
ception of voiced stops to their voiceless cognates. 
More recently, Stevens and Klatt (1974) varied VOT 
simultaneously with the presence or absence of signifi- 
cant F• and F•. transitions following-voicing onsetø The 
V¸T for the/da/-/ta/boundary was about 15 msec 
longer when a significant transition followed voicing on- 
set relative to the case when very little or no transition 
followed voicing onset. • Cooper (1974) chose two of the 
Stevens and Klatt (1974) stimuli with a fixed VOT of 25 
msec, but with either 40- or 10-msec formant transi- 
t'ions following voice onset. These two stimuli were 
perceived as good and poor examplars of/da/. Sub- 
jects were adapted by listening to repetitions of one of 

the stimuli before being tested on a series of/ba/- 
/pa/stimuli differing in VOT. Differential adaptation 
effects were found in that adaptation to the good exam- 
plat of/da/ shifted the unadapted/ba/-/pa/boundary 
in the/ha/direction, whereas adaptation to the bad ex- 
amplat of/da/produced slightly more/ha/responses. 
This result shows that adaptation to stimuli differing 
only in the amount of formant transition following voic- 
ing onset differentially affected the identification of 
stimuli differing only in VOT. Adaptation to one cue to 
voicing can influence the interpretation of another in- 
dependent cue relevant to the same voicing distinction. 

Summerfield and Haggard (1974) evaluated the rela- 
tive weights carried by VOT (separation) and the pres- 
ence of a Fx transition when a velar stop consonant was 
followed by the vowels/a/and/i/. Both cues influ- 
enced the perception of voicing in the vowel context/a/, 
although the VOT cue carried much less weight than it 
did in the vowel context/i/where Fx was low and no 
transition was present. Summerfield and Haggard con- 
cluded that transition and separation cues summate to 
produce the voicing distinction, with the transition cue 
inversely weighting the separation cue. The authors 
stress the need for a formal description of this interac- 
tion of cues. 

Liberman et al. (1958) also showed that the presence 
of noise (aspiration) as opposed to harmonies in the F•. 
and Fa transitions during Fx cutback contributes to the 
perception of a voiceless stop consonant in initial posi- 
tion. More recently, Winitz, LaRiviere, and Herriman 
(1975) observed that the VOT interval is filled with the 
burst of frication and aspiration before the onset of 
voicing. The frequency, intensity, and duration of this 
aperiodic information may cue the voicing of the con- 
sonant rather than the VOT interval. To test this idea, 
the authors evaluated the relative contribution of VOT 

versus the burst of frication and aspiration segment in 
the perception of English initial stops. Using real 
speech, consonant-vowel syllables were divided at the 
onset of vocal-cord vibration, seenas periodicity in the 
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FIG. 1. Spectrograms of the syllables/zi/ and/si/ spoken by 
an English talker. 

waveform. The initial aperiodic portion and the remain- 
ing periodic portion were recombined with various time 
intervals between the segments. For example, the 
aperiodic portion from/du/could be separated from the 
periodic portion by an interval that gave the same VOT 
found in/tu/. In this case the syllable would have the 
burst and aspiration appropriate for/du/and VOT ap- 
propriate for/tu/. The results indicated that the burst 
and aspiration portion accounted for the perceptual 
judgments. The syllable with the burst and aspiration 
from/du/was always identified as voiced regardless 
of the VOT. Similarly, a syllable with burst and aspi- 
ration from the voiceless cognate was usually judged as 
voiceless even though the VOT was shortened to imitate 
the voiced cognate. In another study the b•irst without 
aspiration recombined with the steady-state vowel was 
not a reliable cue to voicing. The authors concluded 
that aspiration rather than simply time is the signifi- 
cant acoustic cue in the perception of voicing of initial 
stop consonants. 

For word-final consonants, the duration of the vowel 
preceding the consonant is an important cue. Increases 
in vowel duration increase the likelihood of judging the 
consonant as voiced (Denes, 1955; Raphael, 1972). 
Finally the burst produced by the rele. ase of a post- 
vocalic stop consonant can function as a cue to voicing 
(Wajskop and Sweerts, 1973). Klatt (1975), Wilder 
(1975), and Massaro (1975a) provide a more detailed 
review of the acoustic characteristics of voicing and 
their role in perception. 

The aspiration of the present research is to evaluate 
the relative roles of voice onset time (VOT) and funda- 
mental frequency F 0 as cues to voicing of the alveolar 
fricatives in prestressed syllable-initial position. For 
prevocalic fricatives, we define VOT as the time be- 
tween the onset of frication and the onset of vocal-cord 

vibration. Although VOT is well documented as a cue 
to voicing of prevocalic stop consonants, its influence 
on the perception of prevocalic fricatives has not been 
studied. Figure 1 provides spectrograrns of the sylla- 
bles/zi/and/si/. The spectrograrns show that voic- 
ing begins during the frication in the voiced syllable 

/•i/whereas voicing is delayed until the offset of frica- 
tion in the voiceless syllable/si/. The time between 
the onset of frication and the onset of vocal cord vibra- 

tion might, therefore, function as an acoustic cue to the 
voicing of the fricative. •' 

Similarly, there has been no empirical study of the 
role of F0 in the perception of voicing of prevocalic 
fricatives. There is some evidence, however, that F0 
varies with voicing in natural speech (House and Fair- 
banks, 1955; Lea, 1973)o Lehiste and Peterson (1961) 
recorded the F0 during CVC monosyllabic words read in 
the sentence frame "Say the word---again." They found 
that the F0 during the CVC word was an orderly function 
of the voicing of the initial consonant. On the average, 
higher F0's occurred after a voiceless consonant, es- 
pecially a voiceless fricative, than after a voiced con- 
sonant. The F0 was at its highest peak at the onset of 
vocal-cord vibration following voiceless consonants, 
whereas the F0 rose slowly and reached its peak ap- 
proximately in the middle of the word following voiced 
consonants. The peak of the F0 of an alveolar fricative 
followed by/i/was 165 Hz when it was voiced (/z/) and 
186 Hz when it was unvoiced (/s/). These measure- 
ments pose the question of whether F0 is utilized as a 
cue to voicing in speech perception. 

Haggard, Ambler, and Callow (1970) evaluated the 
role of F0 as a cue to the voicing of labial stop conso- 
nants. They synthesized a syllable that was ambiguous 
between/bi/and/pi/with three different F0 contours 
during the 55-msec transition. The F0's started at ei- 
ther 145, 201, and 308 Hz and terminated at 201 Hz. 
Subjects tended to identify the syllable as/hi/with de- 
creases in the starting value of F 0. Similar results 
were found when the speech sounds were bandpass fil- 
tered to reduce the amount of energy in the region of Ft. 
This result argued that the results were not due to the 
relative energy in the region of F t . When the stimuli 
were bandpass filtered around 3000 Hz, however, the 
utilization of F 0 as a voicing cue was disrupted. This 
finding was interpreted to mean that the perceived pitch 
of F 0 is based predominantly on energy in the high fre- 
quencies (cf. Plomp, 1967; Wightman and Green, 1974). 
For example, Klatt (1973a) contrasted pitch sensitivity 
of the F 0 of synthetic speech/e/'s under normal and 
high-pass filtered conditions. Pitch judgments actually 
improved slightly under the filtered conditions support- 
ing the idea that pitch is primarily determined by high- 
frequency harmonics rather than the frequency location 
of the lowest peak of energy in the spectrum. Haggard 
½! al. (1970) concluded that pitch change can cue the 
voiced-voiceless distinction of an initial stop consonant 
in English. 

It is difficult to argue from the result of Haggard e! 
al. that F 0 is an important cue to voicing of stop conso- 
nants in initial prestressed position. Given that all 
other cues in the speech stimuli were held constant at 
neutral values, subjects must have based their judg- 
ments on the varying F 0 cue. However, listeners may 
not utilize this cue when other cues are present in the 
signal. The method of varying just one acoustic dimen- 
sion while neutralizing other dimensions limits the gen- 
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erality of the results. There are a number of reasons 
why covaryir•g two or more acoustic cues in a factorial 
design provides a more informative study of the pho- 
netic or phonological reality of acoustic cues. s First, 
there may be a number of acoustic dimensions that can 
be shown to be relevant to classifying speech sounds in 
the laboratory when variations occur only along this di- 
mension and all other cues are ambiguous. Accordingly, 
showing that an acoustic dimension influences phonetic 
classification does not provide information about the 
weight this cue will carry when other cues are available. 
The factorial design along with functional measurement 
techniques (Anderson, 1970, 1975) allow an assessment 
of the relative weight carried by each of the acoustic di- 
mensions that are varied in the experiment. In this 
case, covarying F 0 with VOT allows an assessment of 
the relative importance of each of these cues. A simi- 
lar point has been made by Lisker (1975) in his evalua- 
tion of the Haggard et al. (1970) and the Stevens and 
Klatt (1974) experiments. 

A second advantage of the factorial experiment is that 
one can discover the combinatorial rule that the listener 

utilizes to incorporate two or more acoustic cues into 
his or her phonetic classification. Taking advantage of 
the development in functional measurement (cf. Ander- 
son, 1970, 1975), it is possible to provide quantitative 

ß tests of different models of the combination process. 

For example, the subjective values of the cues may be 
averaged or combined in an additive or multiplicative 
mannerø Each of the models can be formulated mathe- 

matically and are testable utilizing a factorial design. 
The models also provide estimates of the relative 
weights given each of the acoustic cues in the combina- 
tion process. 

A third advantage of the factorial experiment is that 
it increases the number of stimuli used in the experi- 

ment. With just a few stimuli, listeners are able to 
remember exactly what stimuli they have heard before 
and how they categorized them (Massaro, 1975b). In 
this case a subject might attempt to be consistent in his 
categorizations and categorize a stimulus to agree with 
his memory for his previous categorization of that stim- 
ulus. In addition, if relatively ambiguous stimuli are 
varied along just one dimension, subjects might notice 
this and then selectively attend to the relevant dimen- 
sion rather than to the speech sound as a whole. This 
strategy makes the experimental situation more arti- 
ficial than necessary. By increasing the number of 
acoustic dimensions that are varied and the total num- 

ber of stimuli in the experiment, the experimenter ap- 
proaches the normal everyday speech classification sit- 
uation of many stimuli containing a number of acoustic 
cues. 

The functional measurement approach also allows em- 
ployment of responses other than binary judgments. 4 
Although it is generally assumed (e.g., Chomsky and 
Halle, 1968, p. 5) that the speaker-hearer can distin- 
guish the degree to which a given phonetic feature is 
present in a sound, binary judgments may not be sensi- 
tive to the changes in perception produced by variations 
in the acoustic signal. Consider the case in which in- 

creasing the VOT on a/gi/-/ki/continuum from 10 to 25 
msec makes the perception of the sound more/ki/-like; 
however, both sounds are perceived more like the 
voiced/gi/than voiceless/ki/member of the pair of 
alternatives. It seems likely that the observer would 
respond with/gi/ in both instances although he actually 
perceived a difference in the sounds. If the subject is 
consistent in choosing the most appropriate member, 
then his judgments may show perceptual equivalence of 
two sounds when, in fact, no equivalence existed. By 
making available more response categories, the judg- 
ment would be more likely to reflect the perceptual ex- 
perience. The observer could be asked to place his 
judgment on a continuum between the extremes given by 
the binary alternatives. For example, the subject 
could mark off a line placing the percept somewhere be- 
tween the voiced and voiceless alternatives. 

The present experiments evaluate the relative con- 
tribution of VOT and F 0 as cues to voicing in the alveo- 
lar fricatives/zi/and/si/. The VOT and F 0 were 
varied in factorial designs and subjects were asked to 
judge each sound as Z, ZC, CZ, or C, which repre- 
sented a four-point continuum from Z to C. The first 
experiment establishes that F 0 does contribute to the 
perception of voicing in these sounds. The next five ex- 
periments evaluate the relative cue value of the onset 
frequency of F0 and the F 0 contour. The final two ex- 
periments eliminate the possibility that the F0 cue is 
actually the energy present at F•. The judgments in 
Experiment VIII are tested against quantitative models 
that assume VOT and F 0 are perceived independently 
and combined to arrive at a judgment of voicing. The 
goodness of fit of the models is evaluated as well as the 
relative weights carried by the dimensions VOT and F•. 

I. EXPERIMENT I 

A. Method 

1. Sub/ects 

The subjects were five undergraduates from the Uni- 
versity of Wisconsin who served to fulfill an introduc- 
tory psychology course requirement. 

2. Stimuli 

All stimuli were produced during the experiment 
proper by a formant series resonator speech synthe- 
sizer (FONE1VL• OVE-IIId) under the control of a PDP- 
8/L computer (Cohen and Massaro, 1976). The stimuli 
were specified as concatenations of steady state and 
transition control segments. Synthesizer control pa- 
rameters (e.g., F 0) were stored in the computer mem- 
ory to indicate, at each segment boundary, those pa- 
rameter values that were to be changed for a given in- 
tervalo Segment durations were specified as a multiple 
of 5 msec. A suitable program carried out linear in- 
terpolation of these values and output to the synthesizer 
new values of the parameters every 5 msec. 

The speech sounds were fricative-vowel syllables. 
The syllables can be represented by a frication period 
followed by a transition to the steady-state vowel. For 
all of the syllables, the frication was fixed at a neutral 
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FIG. 2. Spectrograms of two of the synthesized syllables used 
in the current experiments. 

value that could be-appropriate for/z/or/s/and the 
vowel was/i/. Figure 2 presents spectrograms of two 
of the synthesized sounds differing in VOT. These 
sounds can be compared to natural sounds given in Fig. 
1. Figure 3 gives a schematic diagram of one of the 
syllables used in the experiment. The values K t and 
K•. refer to the fricative formant frequencies. The val- 
ues Ft, F•., and F 3 refer to the frequency of the first 
three vowel formants. The values F 4 and F 5 were fixed 
at 3.5 and 4.0 KHz, respectively. The value F0 gives 
the frequency of the buzz source simulating vocal-cord 
vibration. The values AC and AV give the amplitude 
values for the noise and buzz sources, respectively. 
Although it is not included in Fig. 3, the amplitude of 
AK controlling the frequency spectrum of the fricative 
antiformant was fixed at 4 dB. All syllables used in the 
experiments had this basic form. Different syllables 
were synthesized by varying the value of F 0 and the on- 
set time of AV, relative to the onset of the syllable. 
Since the buzz source in the OVE-IIId synthesizer is 
freerunning, the onset of pitch pulsing did not occur ex- 
actly at the designated VOT of the stimulus but could be 
delayed up to one period of F 0 (Cohen and Massaro, 
1976). Any change in F 0 during the syllable occurred 
linearly during the 50 msec following the end of the con- 
sonant-vowel transition (cf. Fig. 3). In the first ex- 
periment, 12 different stimuli were synthesized by co- 
varying the values of these two dimensions. The period 
from onset of the fricative to onset of the buzz source 

(VOT) could take on four possible values, 70, 90, 110, 
or 130 msec. The syllables in Fig. 2 have VOT's of 70 
and 110 msec. Orthogonal to the VOT dimension, three 
possible F 0 contours could occur, falling (194-183 Hz),' 
steady state (163 Hz), or rising (133-146 Hz). Figure 3 
has the falling F 0 contour. 

3. Procedure 

All experimental events were controlled by a PDP-8/L 
computer. The output of the speech synthesizer was 
amplified (Mcintosh model MC-50) and presented over 
matched headphones (Grason-Stadler (TDH-49) at a 

level of 73 (lB SPL during the period of frication alone 
and 86 dB SPL during the vowel/i/. The spectrograms 
in Fig. 2 give some measure of the relative intensities 
of the noise and the voicing harmonics in the stimu- 
li. Four subjects could be tested simultaneously in in- 
dividual sound attenuated rooms. 

Each trial began with the presentation of a syllable, 
selected randomly without replacement in a block of 12 
trials. The stimulus was followed by a 1.25-sec re- 
sponse interval. The end of the response interval was 
indicated by displaying three asterisks on a light-emit- 
ting diode display (Monsanto MDA-III) for 250 msec. 
The next trial began after an intertrial interval of 750 
msec. 

The subjects were asked to listen to the stimuli and 
to indicate where on a scale from C to Z each stimulus 

fell by pressing one of four buttons labeled, C, CZ, ZC, 
or Z. The subjects were told that the response CZ was 
appropriate for a sound that was not a really good C but 
was more C-like than Z-like. The subjects were also 
told that about half the stimuli would be to the C side of 

the scale and half would be to the Z side of the scale. 

The subjects were instructed to make a response on 
each trial and to use each of the four buttons about 

equally often. The observers were warned not to try 
to discern any order to the pattern of presentation since 
the order of C's and Z's was strictly random. In the 
computer program controlling the experiment the but- 
tons C, CZ, ZC, and Z were assigned the values 3, 2, 
1, and 0, respectively. At the end of each session, the 
mean response values for each of the 12 stimuli were 
calculated and printed out by the computer. The sub- 
jects participated in two sessions of approximately 15 
rain each on each of two consecutive days. In each ses- 
sion, 27 blocks of 12 trials each were presented. Each 
of the 12 stimuli was randomly presented once in a 
block of 12 trials. Unknown to the subject the first two 
blocks of each session were not recorded. This gives a 

K• 

KI 

70 I10 

TIME CMSEC) 

I I 
2.10 260 310 3•-•) 

FIG, 3. Schematic diagram of the fricative formants, (K1,K 2) 
vowel formants (F1, F•., F3), the fundamental frequency (F 0) and 
the buzz (AV) and noise (AC) sources for one of the syllables 
used in the experiments. 
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FIG. 4. The mean responses of five observers as a function 
of VOT and F 0 in Experiment I. 

total of 100 observations per subject for each of the 12 
stimuli. 

B. Results 

The mean response will fall between 0 and 3 on the 
scale from Z to C. The results shifted from predomi- 
nantly Z responses (0.85) to C responses (2.56) with 
increases in VOT, F(3, 12) = 196.8, p < 0.001. The F 0 
contour also had a significant effect on the response 
judgments, F(2, 8) = 8.62, p < 0.025. The falling F 0 
contour produced the most voiceless responses and the 
rising F 0 contour produced the most voiced responses. 
The significant interaction of the two dimensions, 
F(6, 24) = 8.34, p < 0.001, reveals the fact that F 0 had a 
smaller effect at the extreme values of VOT. 

C. Discussion 

The results support the hypothesis that F 0 can influ- 
ence the perception of voicing in a fricative-vowel syl- 
lable. In this experiment both the F 0 contour and the 
final level of F 0 during the vowel differed across the 
three F 0 contours. Accordingly, either or both of'these 
properties may be responsible for influencing the per- 
ception of voicing. The next experiment varies F 0 con- 
tour while holding the terminal value of F 0 constant. 
The experiment asks whether F 0 contour is sufficient for. 
influencing voicing when the F 0 value during the vowel 
nucleus does not change. 

II. EXPERIMENT II 

A. Method 

1. Sub/ects 

The subjects were six volunteers from an introductory 
psychology course. 

2. Procedure 

The 12 stimuli used in this experiment were identical 
to those in Experiment I except that the VOT values 
were 55, 80, 105, and 130 msec, and the F 0 values were 
falling (194-163 Hz), steady state (163 Hz), and rising 

(133-163 Hz). The F 0 contour followed the same time 
course as shown in Fig. 3. All other procedural de- 
tails were the same as in Experiment I. 

B. Results 

The results of Experiment II, averaged over all sub- 
jects, are shown in Fig. 5. The results were similar 
in form to those of Experiment I. The F 0 contour, 
F(2,10)=45.3, p<0.001, VOT, F(3,15)=217.8, 
p < 0.001, and the interaction of these effects, F(6, 30) 
= 19.0, p < 0.001, were statistically significant. 

C. Discussion 

The results of Experiment II show that the F 0 contour 
was sufficient for influencing the perception of voicing 
even though the final steady state F 0 value was fixed at 
the same absolute level. This result shows that the 

terminal value of F 0 during the vowel is not critical for 
the perception of voicing of the preceding consonant. 
Logically, there are two reasons that F 0 contour could 
be important as a feature for voicing. First, the initial 
F 0 value at the onset of vocal-cord vibration may be the 
critical event that influences the perception of voicing. 
Second, the contour itself may be a critical cue regard- 
less of the initial F 0 values at the onset of vocal-cord 
vibration. The next two experiments evaluate the con- 
tribution of each of these possibilities by covarying the 
direction of the F 0 contour with the F0 values at the on- 
set of vocal-cord vibration. 

III. EXPERIMENTIll 

A. Method 

1. $ub/ects 

The subjects were three undergraduates who volun- 
teered to serve for extra credit in an introductory 
psychology course. 

2. Procedure 

Eighteen stimuli were synthesized. They differed 
along three dimensions' VOT, starting F 0 value, and 

C3 

zo I 
55 

© 194-163 Hz 
o 163 Hz 

ß 133-163 Hz 

I i I 
80 105 130 

VOT (MSEC) 

FIG. 5. The mean responses of six observers as a function of 
VOT and F0 in Experiment II. 
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TABLE I, Terminal fundamental frequency 

(F 0) values (in hertz) in Experiment III as a 
function of the starting F0 (in hertz) and the 
direction of F 0 change. 

Starting Direction of F 0 change 

F0 (Hz) Rising Steady state Falling 

133 146 133 119 

163 178 163 150 

194 206 194 183 

F 0 contour. The VOT's were 70 and 110 msec. The 
values of two remaining dimensions are given in Table I. 
The starting F0 value could be 133, 163, or 194 Hz and 
it could have a rising, steady-state, or falling contour. 
It should be pointed out that this manipulation neces- 
sarily confounds these variables with the terminal value 
of F 0. However, Experiment II showed that differences 
in the terminal value of F0 were not necessary for F 0 to 
influence the perception of voicing. The 18 stimuli 
were presented in blocks of 18 trials by sampling ran- 
domly without replacement. The subjects were given 
two blocks of practice trials before the first session of 
the experiment. Two experimental sessions were given 
on each of two consecutive days. Each of the four ex- 
perimental sessions contained 20 blocks of 18 trials 
each. The first two blocks of each session were not 

included in the data analysis. All other procedural de- 
tails were the same as in the previous experiments. 

B. Results 

Performance in this experiment differed only as a 
function of starting F o frequency, F(2, 4) = 63,/) < 0.001. 
For the starting frequencies 133, 163, and 194 Hz, the 

C3 

uJ 

•ZO I 
n-C3 

Z 

e FALLING o STEADY-STATE 
ß RISING 

i i 

133 163 194 

STARTING F o CHz) 

FIG. 6. The mean responses as a function of F 0 frequency at 
the onset of vocal cord vibration and F 0 contour in (a) Experi- 
ment III and (b) Experiment IV. 

mean responses over subjects were 0.74, 1.62, and 
2.07, respectively. The direction of F 0 change had no 
influence on performance, F(2, 4)-2.99, p>0.1; the 
average responses to the rising, steady-state, and fall- 
ing contours were 1.55, 1.48, 1.40, respectively. Fig- 
ure 6(a) shows that any response differences can be ac- 
counted for by the starting value of F0 rather than the 
F 0 contour or the terminal F 0 value. Although the VOT 
effect was not statistically significant, F(1, 2) -6.05, 
p> 0.2, Table II shows that the responses tended to- 
wards C with increases in VOT. 

This experiment showed no significant effect of F 0 
contour when the starting F 0 frequency is held con- 
stant. This means that the results of Experiment I 
must be interpreted in terms of the influence of the 
starting value of F 0 rather than the F0 contour itself. 
For example, contours equal in magnitude to those used 
in Experiment I produced no change in performance 
while the F 0 value at the onset of vocal-cord vibration 
had a large influence on categorization performance. 
Given that the magnitude of the change in F0 contour was 
relatively small, it was of interest if F 0 contour would 
have any influence when the magnitude of the change was 
increased. The next study replicates Experiment III 
while increasing the F0 contour change to correspond to 
the magnitude of the differences in absolute F0 values at 
the onset of vocal-cord vibration. 

IV. EXPERIMENT IV 

A. Method 

I. Sab/ects 

The subjects were three undergraduates recruited from 
an introductory psychology course. 

2. Procedure 

The stimuli used in Experiment IV were the same as 
those used in Experiment III except that larger changes 
in F 0 contour were used. The values of the starting and 
terminal F0 values are summarized in Table III. All 
procedural details were identical to those in Experiment 
III except that only the last three sessions of the experi- 
ment could be analyzed. 

B. Results 

The average judgments in Experiment IV are dis- 
played in Fig. 6(b). Although Z responses tended to 

TABLE II. Mean response values as a function 
of F 0 and VOT in Experiments III and IV. 

VOT(msec) 

F0(Hz) 70 110 

133 0.4 1.1 

Experiment III 163 1.1 2.1 
194 1.6 2.5 

133 O.5 1.4 

Experiment IV 163 1.0 1.9 
194 1.4 2.2 
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TABLE III. Terminal fundamental frequency ' 
(F 0) values (Hz) in Experiments IV-VI as a 
function of starting F 0 and direction of F 0 con- 
tour. 

Starting Direction of F 0 change 

F 0 (Hz) Rising Steady state Falling 

133 163 133 100 

163 194 163 133 

194 224 194 163 

decrease with increases in the F 0 frequency at the onset 
of vocal-cord vibration, F(2, 4) = 19.2, p < 0.01, the di- 
rection of the F 0 change had no significant effect on per- 
formance, F(2, 4) = 1.13, p> 0.3. The mean judgments 
increased from 0.99 to 1.78 with increases in starting 
frequency whereas the judgments were within 0.12 
points across changes in F0 contour. The results show 
that the F0 value at the onset of vocal-cordvibration is 
the critical property of the F 0 cue. Table II shows that 
the judgments also tended towards Z with decreases in 
VOT, F(1, 2) = 146, p < 0.001. 

C. Discussion 

Experiments III and IV have shown that the F 0 contour 
at the beginning of the steady-state vowel does not in- 
fluence the perception of voicing of the preceding alveo- 
lar fricative. We placed the F 0 contours at this point 
on the basis of Lehiste and Petersoh's (1961) descrip- 
tions. They report that the F0 following a voiced con- 
sonant rises slowly and reaches its peak in the middle 
of the test word. Accordingly, some F 0 change occurs 
during the vowel nucleus. We were, at first, reluctant 
to initiate the F 0 contour near the onset of voicing be- 
cause a contour at the onset of voicing might also 
change the effective starting value of F 0. Since the 
perceived pitch of the starting frequency requires, at 
least, the first four or five vibrations, we might expect 
that the perceived pitch will be some average of the 
changing repetition rate during the initial portion of the 
F 0 contour (Nabelek, Nabelek, and Hirsh, 1970). For 
example, the starting value of F 0 with a rising contour 
might be perceived as slightly higher than the actual 
starting value if the perceived pitch is dependent on the 
first four or five vibrations. 

In order to conclude that F0 contour has no perceptual 
significance, it is necessary to initiate the contour near 
the beginning of vocal cord vibration. Lehiste and Pe- 
terson (1961) report that voiceless fricatives have a 
falling F 0 contour whereas voiced fricatives have a ris- 
ing F 0 contour. If the direction of F 0 is used in the per- 
ception of voicing, it must override any opposing effect 
that the contour will have on the perceived starting fre- 
quency of F 0. That is to say, a rising contour at the on- 
set of voicing will tend to make the sound more voice- 
less because of the higher effective starting F 0 value but 
will simultaneously make the sound more voiced if a 
rising F 0 contour is an acoustic cue to a voiced sound. 
Experiment V evaluates the relative contribution of 
starting F 0 frequency and contour when the contour be- 
gins as soon as frication intensity decreases. In Ex- 

periment VI, the F 0 contour begins at the onset of vocal 
cord vibration. 

V. EXPERIMENT V 

A. Method 

1. $ub/ects 

The subjects were five students who participated for 
extra credit in an introductory psychology course. 

2. Procedure 

The stimuli were the same as in Experiment IV ex- 
cept that the F0 contour began just as the intensity of 
frication began to drop (VOT = 110 msec) and lasted 70 
msec. The starting and terminal values of F0 were 
equal to those in Experiment IV (cf. Table III). All 
procedural details were the same as those in Experi- 
ment III. 

B. Results 

Figure 7(a) gives the average results for the five sub- 
jects in Experiment V. Replicating the previous ex- 
periments, the starting frequency of F 0 influenced the 
judgments in the expected direction, F(2, 8) = 12.08, 
p < 0.005. Judgments went from predominantly Z with 
a starting F 0 of 133 Hz to predominantly C with a start- 
ing F 0 of 194 Hz. The direction of F 0 contour was not 
significant, F(2,8) < 1. The VOT had a significant effect 
on performance, F(1, 4) = 8.1, p < 0.05. The 70- and 
110-msec VOT's gave average responses of 1.0 and 
1.9, respectively. 

c3 
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o STEADY-STATE 
ß RISING 

2- 

I 

z 

o (a) 
'.n ZO • I 
inC3 

Z 

ZO, 
(b) 

i i 
133 163 194 

STARTING F o (Hz) 

FIG. 7. The mean responses as a function of F 0 frequency at 
the onset of vocal cord vibration and F 0 contour in (a) Experi- 
ment V and (b) Experiment VI. 
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Although the main effect of F 0 contour was not signif- 
icant, the significant interactions of VaT x F 0 contour, 
F(2.8) = 5.61, p < 0.05 and VaT x F0 contour x F 0 starting 
frequency, F(4,16)=5.15, p<0.001, reveal that F 0 
contour did influence the judgments at one of the experi- 
mental conditions. There was an effect of contour with 

the stimuli of a 110-msec VaT and a starting F 0 fre- 
quency of 133 Hz. The mean judgments for the rising, 
steady-state, and falling contours, were 1.20, 1.70, 
and 1.61, respectively. This shows that the rising con- 
tour pushed the judgments in the Z direction at this ex- 
perimental condition. 

Vl. EXPERIMENT Vl 

A. Method 

1. Subjects 

Six students in an introductory psychology course 
participated for extra credit. 

2. Procedure 

The speech sounds were identical to those used in Ex- 
periment V except that the F 0 contour began at the onset 
of voicing and lasted 50 msec. The starting and termi- 
nal F 0 values are given in Table III. The procedure 
also replicated Experiment III. 

B. Results 

The average results for the six subjects are shown 
in Fig. 7(b). The starting frequency of F 0 had a large 
effect on the judgments, F(2, 10) = 22.2, p < 0.001, 
whereas the effect of F 0 contour was not significant, 
F(2, 10) = 2.78, p > 0.1. The sounds with short VaT's 
were judged to be/zi/ more often than those with the 
long VOT's, F(1,5) = 146, p < 0. 001. The average re- 
sponses were 0.72 and 2.10 for the short and long 
VaT's, respectively. 

Although the overall effect of F0 contour was not sig- 
nificant, there was a significant F 0 contour x VaT in- 
teraction, F(2,10) = 10.05, p < 0.005. The rising, 
steady-state, and falling contours gave average judg- 
ments of 0.74, 0.76, and 0.65 at the short VaT and 
1.94, 2.15, and 2.22 at the long VaT. This result 
shows that the rising contour pushed the judgments in 
the Z direction at the long but not the short VaT. In 
contrast, the falling contour pushed the judgment in the 
Z direction at the short VaT and in the C direction at 

the long VaT. 

C. Discussion 

The results of Experiments V and VI show that the 
starting frequency carries significantly more weight in 
the perception of voicing than does an F0 contour begin- 
ning at. the decrease of frication intensity or at the on- 
set of vocal cord vibration. There was a small but sig- 
nificant F0 contour effect when both vocal cord vibration 
and F 0 contour began at the first decrease in frication 
intensity. A rising contour made the sound more Z-like 
and the falling contour made the sound more C-like rel- 

ative to the no contour condition. This result supports 
Klatt's (personal communication) description of this 
acoustic cue to voicing of prestressed syllable initial 
fricatives. The fact that F• contour has its effect at 
only the VaT of 110 msec indicates that the contour cue 
is contingent on a value of VaT that is more appropriate 
for C than for Z. Even in this condition, however, the 
absolute F 0 value carried more weight than the F0 con- 
tour. Pooling the results of Experiments V and VI at a 
VaT of 110 msec shows that starting F 0 value has about 
three times the effect of F 0 contour at the onset of vocal- 
cord vibration. 

Experiments V and VI argue that the starting value of 
F 0 at the onset of voicing contributes to the perception 
of voicing whereas F 0 contour has very little effect. 
This is true even when the F 0 contour begins at the ini- 
tial decrease in intensity of the frication or even as 
early as the onset of vocal cord vibration. These re- 
sults might clarify the interpretation of the Haggard et 
at. (1970) study. It is not apparent from their results 
whether the F0 starting value or the contour of F0 influ- 
enced the perception of voicing. The rising contour al- 
ways began at 145 Hz, the steady-state contour at 201 
Hz, and the falling contour at 308 Hz. It could be the 
case that values of F0 at the onset of voicing cued voic- 
ing regardless of the following contour. If F 0 cues the 
voicing of the labial stops in the same manner as it 
does for alveolar fricatives, then Haggard et at. 's find- 
ing is mainly due to the starting frequency of F0 rather 
than its contour. • 

VII. EXPERIMENT VII 

The conclusion we would like to reach from this se- 

ries of experiments is that the F0 frequency at the onset 
of vocal vibration influences the perception of voicing 
through the perception of its pitch. An alternative in- 
terpretation is that changes in F0 affected the amount of 
energy in the first formant (F•) at the onset of vocal- 
cord vibration. To the extent that energy at F• at the 
onset of vocal-cord vibration cues voicing, then the 
more energy at F• the stronger should be the voicing 
cue (Haggard et at., 1970). In the present experiments, 
the center frequency of F• was held constant at 252 Hz 
with a bandwidth of 63 Hz for all F 0 values. According- 
ly, it is possible that significantly less energy was 
present at this F• frequency band for higher than for 
lower values of F0o The second h•rmonic of an F0 of 
133 Hz would coincide almost exactly with the resonance 
frequencies of F•. In contrast, the second harmonic of 
an F 0 at 194 Hz would miss most of the resonance fre- 
quencies of F•. Therefore, less energy would be pres- 
ent at F• with the higher frequency of F0o In order to 
eliminate this interpretation of the present results F 0 
values were chosen so that some higher Fo values would 
actually have more energy passing into the F• resonance 
frequencies than some lower values of F 0. If the re- 
sults show that perception of the voiced cognate still de- 
creases with increases in F 0 frequency, the amount 
of energy at F• cannot be responsible for the re- 
sults. 
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FIG. 8. The mean responses of 7 observers as a function of 
F 0 frequency and VOT in Experiment VII. 

A. Method 

I. Subjects 

The subjects were seven undergraduates who served 
to fulfill a course requirement. 

2. Procedure 

Ten stimuli differing along VOT and F 0 were em- 
ployed in Experiment VII. Two possible VOT's were 
used, 70 and 110 msec. The F 0 values used were 100, 
126, 150, 178, and 252 Hz, and were played at a steady- 
state value throughout the syllable. The passband of F t 
lies between roughly 220 and 283 Hz. The second and 
third harmonics of the F 0 of 100 Hz will fall outside this 
bandwidth, and, therefore, there should be very little 
energy at F t with this F0. In contrast, the second har- 
monic of the 126-Hz F0 occurs at the center of Ft so 
that substantial energy should be at Fl. Accordingly, if 
the amount of energy at Ft is the critical cue to voicing, 
the sounds with an F 0 of 126 Hz should be judged more 
Z-like than the sounds with an F 0 of 100 Hz. On the 
other hand, if perceived pitch is the critical cue, more 
C judgments should occur with the F 0 at 126 Hz than with 
the F 0 of 100 Hz. The amplitude of the buzz source was 
adjusted to give a steady-state amplitude of the vowel 
equal to 86 dB for all F 0 values. In each session the 
subjects listened to 27 blocks of 10 trials, the last 25 
of which were recorded. All other procedural details 
were the same as in Experiment III. 

B. Results 

The results of Experiment VII averaged over subjects 
are shown in Fig. 8. As can be seen there were signifi- 
cant effects for both F 0 frequency, F(4, 24)= 22.3, p 
<0.001, andVOT, F(1,6)=10.7, p<0.025. TheF 0 
xVOT interaction was also significant, F(4, 24)= 5.19, 
p < 0.005. The fact that responses tended toward C 
with increases in F 0 frequency throughout the range of 
F 0 values argues against the hypothesis that energy at 
F• is the important factor influencing performance in 
these experiments. For example, although the amount 
of energy at Ft is less for the F 0 of 100 Hz than the F 0 
of 126 Hz, there were significantly more Z judgments 

for the lower than for the higher F 0 value. The results 
support the idea that the acoustic cue of F 0 is mediated 
through pitch quality rather than relative energy at Fl. 
The next experiment samples a wide range of both VOT 
values and F 0 frequencies to determine how these com- 
ponents are combined in the perception of voicing. 

VIII. EXPERIMENT VIII 

A. Method 

I. Subjects 

The subjects in this experiment were six undergradu- 
ates who served to fulfill a course requirement. 

2. Procedure 

Twenty stimuli were constructed by combining four 
values of VOT with five values of F 0. The VOT values 
were 55, 80, 105, and 130 msec. The F 0 values were 
75, 112, 141, 183, and 252 Hz. Each session contained 
18 blocks of 20 trials each; the last 16 blocks were re- 
corded. All other procedural details were the same as 
in the preceding experiment. 

B. Results 

The judgments were transformed into C-ness values 
by dividing the average responses by 3. In this case the 
scale from Z to C goes from 0 to 1. This value, there- 
fore, measures the degree of C-ness of a particular 
judgment. Values of 0, 0.5, and I would represent 
completely Z, neutral, and completely C judgments, re- 
spectively. 

The observed results in terms of C-ness values are 

presented in Fig. 9. The lines correspond to the pre- 
dictions of a model presented in the discussion section. 
The judgments tended towards C with increases in F0, 
F(4, 20)= 6.65, p < 0.005, and with increases in VOT, 
F(3, 15) = 22.8, p < 0.001. The significant interaction of 
F 0 and VOT, F(12, 60)= 3.67, p < 0. 001, reveals the fact 
that changes in F 0 had the largest effect at a VOT of 105 

io 
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FIG. 9. The mean predicted lines and observed (points)values 
of L(C) for six observers as a function of F 0 frequency and 
VOT in Experiment VIII. 
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FIG. 10. Flow diagram of successive 
stages of auditory information processing. 

msec. This was the VOT value that gave the most neu- 
tral judgments. The influence of F 0 is greatest when 
VOT is ambiguous. 

C. Discussion 

The results of Experiment VIII were tested against a 
version of a judgmental model developed by Oden (1974, 
personal communicantion). The model was originally 
used to describe the interpretation of ambiguous sen- 
tences and later extended to describe the combination of 

place and voicing features in the perception of stop con- 
sonants. In order to apply the model to the present task, 
it is necessary to incorporate the model into a more 
general stage model of speech perception (cf. Fig. 10). 
This model has been utilized to describe the successive 

processing stages and memory structures in speech 
perception (Massaro, 1975c; Massaro and Cohen, 1975). 

The sound wave pattern is transduced by the auditory 
receptor system and the feature detection process trans- 
forms this information into acoustic features in preper- 
ceptual auditow storage (PAS). The primary recogni- 
tion process involves the transformation of the features 
in PAS into a percept in synthesized auditory memory. 
The outcome of primary recognition corresponds to the 
phenomenological experience of hearing a particular 
sound. Secondary recognition is the transformation of 
this perceptual information into conceptual abstract in- 
formation in generated abstract memory. 

For the present task, we assume that the acoustic 
correlates of F0 and VOT are detected as acoustic fea- 
tures and stored in PAS. Given that these features do 

not conform to the traditional idea of presence or ab- 
sence, it is best to think of these features as having a 
particular value on the appropriate dimension. In this 
case, the detection of F0 gives some value on the di- 
mension of voice pitch. Similarly, the detection of VOT 
gives some value on the dimension of VOT. The pri- 
mary recognition process compares the observed value 
of each feature to the ideal value of that feature for each 

of the possible alternatives in long-term memory. In 
the present experiment, for example, the subjects were 
limited to the two alternatives /z i/ and /s i/. There- 
fore, the observed values of F 0 and VOT would be com- 
pared to their corresponding ideal (prototypical) values 
of both/zi/and/si/. The outcome of a given compari- 
son can be considered to be a value between 0 and ! 

which indexes the degree to which the observed feature 

matches the prototypical feature. We define V• and Fj 

as the respective outcomes of the VOT and F0 compari- 
sons. 

Given the two opposing response alternatives in the 
present task, it is reasonable to assume that the out- 
come of a feature comparison on one alternative will be 
the complement of that same feature comparison on the 
other alternative. Accordingly, if the VOT comparison 
gives a perfect match (V• = 1) with/si/, it will give a 
perfect mismatch (V• =0) with/zi/. Similarly, a neu- 
tral value (Vi =0.5) for one alternative will also give 
0.5 for the other. Similarly, the outcomes of the F 0 
feature comparisons with/si/and/zi/give the values 
of Fj and 1-F•, respectively. The values Vi and F• 
index the degree of C-ness whereas the values (1- V•) 
and (1- F•) index the degree of Z-ness. 

The judged value of C, or the subjective likelihood of 
a C judgment, called L(C) is assumed to be equal to the 
degree to which a feature is more like C than it is like 
Z. This gives the following ratio rule for L(C) 

z;(c) = a a+ (1- a) =a , (1) 
where a is the degree of C-ness and 1- a is the degree 
of Z-ness. The denominator is equal to 1 anytime the 
degree of one percept is one minus the degree of the 
other. 

The description of the perception of voicing must also 
describe how the primary recognition process combines 

the values Vi and F• before the ratio rule given by Eq. 
(1) is applied. We will consider additive and multiplica- 
tive combinations. 

The additive model assumes that the degree of C-ness 

is equal to V• +F• whereas [(1- V•)+ (1-F•)] is the de- 
gree of Z-ness. The ratio rule for L(C), therefore, 
gives 

[V, +F•] V• -•F• (2) L(C) = [ V• + F•] + [(1 - V• ) + (1 - F•)] = 2 ' 
where [V• + F•] is the degree of C-ness and [(1- V• ) 
+ (1- V•)] is the degree of Z-ness. 

Equation (2) shows that the additive combination of 
cues reduces to a simple averaging of V, and F• when 
the ratio rule is applied. The model predicts that the 
perceived voicing of the fricative consonant is an un- 
weighted average of the perceived voicing along the F 0 
and the VOT dimensions. In this model, a given value 
of F0 contributes the same amount to L(C) regardless 
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FIG. 11. The predicted (lines) and observed (points) values of L(C) for each of six observers as a function of F 0 frequency and 
VOT in Experiment VIII. 

of the contribution of VOT. Accordingly, this model 
cannot predict the significant interaction of VOT and 
F0, which shows that the contribution of F 0 to the per- 
ception of voicing was greater at a more ambiguous 
value of VOT. 

The multiplicative model, on the other hand, as- 
sumes that the degree of C-ness is equal to ¾•F i where- 
as (1- ¾•)(1- Fi) gives the degree of Z-ness. The ratio 
rule for œ(C) gives 

= (3) 
+ - )(1 _ ß 

This equation has the same basic form of Eq. (1). Like 
Eq. (2), the model is inherently symmetrical with re- 
spect to the values of V• and F• and the value of L(C) is 
equal to 0.5 anytime V• = 1- F•. 

In contrast to the additive model, the model given by 
Eq. (3) gives more weight to the more extreme value of 
the component features. For example, whereas values 
of 0.6 and 0.9 for V• and F• would give a L(C) of 0.75 
in the additive model, L(C) would be 0.93 when the cues 
are combined in Eq. (3). The model given by Eq. (3) 
appears to be more reasonable since the contribution of 
a given feature will be an inverse function of the am- 
biguity of that feature. When an extreme value of one 
feature is observed, the other dimension will not pro- 
vide much influence on the judgment. 

Table IV gives values of L(C) as a function of some 
values of Viand F• in terms of Eq. (3). The table 
shows first of all that 0.5 is a neutral value in the 

sense that L(C) is always equal to V• whenever Fi =0.5 
[or L(C) is equal to Fi when V• = 0.5]. Second, the val- 

ue of L(C) is always nearer to the more extrem• value 
of V• and F•. As an example, given V• = 0.4, and F• 
=0.9, L(C)=0.86. In the extreme case, L(C) is al- 
ways equal to 0 whenever V• or F• =0, or equal to 1 
whenever V• or F• = 1. (The value of L(C) is undefined 

and o. ) 

The model was applied to the observed results for 
each of the six subjects, For each observer, the pa- 
rameter values for V• and Fi were estimated by mini- 
mizing the squared deviations between the predicted and 
observed values, Figure 11 shows that the model given 
by Eq. (3) provides a good quantitative description of the 
observed results of each of the subjects. In order to 
evaluate the goodness of fit of the model, the descrip- 
tion given by Eq. (3) was contrasted to the additive de- 
scription given by Eq. (2). Both descriptions require 
nine parameter estimates so that a direct comparison 
between the models is possible. Table V shows that the 

TABLE IV. Values of L(C) predicted by Eqo (2) as a function 
of some values of V{ and F•. 

F• 0 0.1 0.3 0.5 0.7 0.9 1 
o. o o o o o o o o/o 
0.2 0 0.03 0.1 0.2 0.37 0.69 1 

0.3 0 0.05 0.17 0.3 0.5 0.79 1 
0.5 0 0.1 0.3 0.5 0.7 0.9 1 

0.6 0 0.14 0.39 0.6 0.78 0.93 1 

0.8 0 0.31 0.63 0.8 0.9 0.97 1 

1 0/0 i i i I 1 1 
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TABLE V. Sum of squared deviations 
between observed and predicted values 
given by Eqs. (2) and (3). 

, 

Subject Eq. (2) Eq. (3) 

1 0.118 0.032 

2 0.243 0,049 

3 0.094 0,016 

4 0,034 0,032 

5 0,406 0,004 

6 0.156 0.088 

Average 0.175 0. 038 

sum of squared deviations between observed values and 
the predicted values given by Eq. (2) ranged between 
0. 034 and 0. 406. In contrast, these values ranged be- 
tween 0.004 and o. 088 for the predictions given by Eq. 
(3). The average squared deviation for the additive 
model was 4.6 times larger than the average squared 
deviation given by multiplicative combination of Eq. (3), 
showing that the latter model provides a significantly bet- 
ter description of the observed results. This analysis 
supports the present description of the task and the 
judgmental model given by Eq. (3). 

Table VI presents the estimated parameter values for 
the predictions of Eq. (3). The parameter values index 
the relative influence of VOT and F 0. High and low val- 
ues signify that the dimension carries a large weight 
whereas values near 0.5 represent ambiguous values of 
the dimension. Five of the six subjects gave more 
weight to VOT than F 0. In contrast, subject 5 gave al- 
most seven times as much weight to F 0 than VOT. Over- 
all subjects gave about 1.4 times as much weight to 
VOT than F 0. 

IX. GENERAL DISCUSSION 

The results of the present experiments show that both 
VOT and F0 frequency at the onset of vocal cord vi- 
bration contribute to the perception of the voicing dis- 

tinction between/zi/and/si/. An F0 frequency con- 
tour that began at the onset of the steady-state vowel 
had no influence on the perception of voicing. There 
appeared to be a small influence of the F 0 frequency 
contour when both the onset of vocal cord vibration and 

the contour began at the first decrease in frication. 
Finally, an F 0 contour at the onset of voicing during the 
frication period did not influence the voicing judgments. 
In Experiment VII, the F 0 frequency values at the onset 
of vocal cord vibration were varied over a wide range 
in order to eliminate the possibility that the influence of 
F 0 frequency was dependent on the amount of energy in 
F• at the onset of vocal cord vibration. The critical 
variable affecting voicing judgments proved to be F 0 
frequency rather than the energy at F•. The dimensions 
of VOT and F o frequency appear to be perceived inde- 
pendently and combined as in Eq. (2) in order to arrive 
at a judgment of voicing. 

The present results are consistent with some recent 
findings by Repp (1976). He asked observers to identify 
a stop-consonant syllable presented to one ear followed 

by a vowel to the other ear. The likelihood of a voiced 
response was influenced by the stimulus onset asyn- 
chrony (SOA) between the consonant-vowel syllable and 
vowel sounds. Short SOA's increased the likelihod of a 

voiced identification, and voiceless responses increased 
with increases in SOA. In addition, decreasing the start- 
ing frequence of F0 of the following ¾owel increased the 
likelihood of voiced responses. Given that the SOA 
functioned as a pseudo VOT, it is only natural then to 
expect that the frequency of F0 at the onset of the voweI 
sound would function similar to F0 at the onset of voic- 
ing in a consonant-vowel syllable. 

Do the present results also allow an assessment of 
the relative importance of the VOT and F 0 cues ? The 
average parameter values estimated in Experiment VIII 
ranged between 0.28 and 0.83 for VOT and between 0.27 
and 0.66 for F 0 frequency. The range of parameter val- 
ues provides a direct index of the weight of each of the 
dimensions in the judgment of voicing. Given that range 
of values for F 0 was 71% of the range of values for VOT, 
one might conclude that VOT was the more important 
cue. The fact that F 0 frequency did have such a large 
effect, however, would also support the idea that it is 
an important cue in the perception of voicing. The prob- 
lem with this interpretation of the parameter values is 
that no consideration has been given to the range of VOT 
and F 0 values actually employed in the experiment. If 
one of the cues was varied along a wide range relative 
to the variance in the other cue, the range of parame- 
ter values would probably reflect this fact. The prob- 
lem for the investigator evaluating the importance of 
the cues is to compare the range of cue values in real 
speech to those employed in the experiment. 

Before an assessment of the perceptual reality of 
VOT and F 0 in processing real speech can be made, it 
is necessary to measure the range of these acoustic 
cues in real speech. Lehiste and Peterson (1961) re- 
port that the average F 0 frequency during the peak of 
its contour was 186 Hz in /si/and 165 in/zi/. Given 
that they also reported that the F 0 frequency after a 
voiced consonant rises slowly and reaches its peak in 
the middle of the vowel, the F 0 frequency at the onset 
of vowel cord vibration would have been somewhat low- 

er. The parameter values in Experiment VIII show that 
varying the F 0 frequency between 141 and 183 Hz had 
little influence on the perception of voicing. The failure 
to find a significant effect appears to be due to the wide 

TABLE VI. The parameter vslues for the four values of VOT 
and the five values of F 0 for the predictions given by Eq. (3). 

Subject 1 2 3 4 5 6 Average 

VOT(msec) 

Fo(Hz) 

45 0.27 0.16 0.24 0.31 0.46 0.24 0.28 
70 0 . 33 0 . 27 0.32 0.43 0.47 0.31 0. 36 
95 0.46 0.63 0.47 0.53 0.48 0.61 0.53 

120 0.94 0.94 0.91 0.73 0.58 0.89 0.83 

75 0.30 0.27 0.15 0.43 0.14 0.31 0.27 
112 0.44 0.39 0.26 0.44 0.31 0.34 0.3/; 
141 0.54 0.46 0.40 0.55 0, 51 0.53 0.50 
183 0.52 0.51 •0.46 0.52 0.63 0.52 0.53 
252 0.58 0.69 0.55 0.52 0.96 0.63 0.66 

J. Acoust. Soc. Am., Vol. 60, No. 3, September 1976 

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  128.114.34.22 On: Sun, 14 Jun 2015 05:10:03



716 D.W. Massaro and M. M. Cohen' Two cues to the/zi/-/si/distinction 716 

range of F 0 frequency values used in the experiment. 
Experiment I--VI showed a significant effect on F 0 fre- 
quency changes between 133 and 194 Hz when these 
were the extreme values of F 0 frequency used in the ex- 
periment. Since we have been unable to find measures 
of VOT values for the fricatives /z/and/s/, it is not 
possible to compare the range of the values employed 
here to those found in real speech. One future goal is 
to measure both VOT and F 0 frequency in natural ut- 
terances of these fricative-vowel syllables. The as- 
sessment of the importance of VOT and F 0 frequency in 
real speech cannot be made until these measurements 
are available. 

Finally, to what extent VOT or some other related 
c6e dimension, such as frication duration, accounts for 
the perception of voicing remains to be determined. 
Denes (1955) and Cole and Copper (1975) varied the 
duration of frication presented without vocal cord vibra- 
tion in initial and final fricatives. Subjects tended to 
judge the stimuli as voiced with decreases in frication 
duration. In those studies, the duration of frication of 
an initial fricative was equal to our measure of VOT 
(measured from the onset of frication to the onset of 
vocal-cord vibration). This equivalence holds because 
the frication portion was shortened prior to the onset of 
vocal-cord vibration. Accordingly, VOT rather than 
frication duration may be the critical cue in those stud- 
ies. From an informal observation, however, Denes 
(1955) argued that presence or absence of vocal cord 
vibration during frication is irrelevant to perception of 
voicing of a final fricative. To measure the extent to 
which total frication duration or duration of frication 

without vocal cord vibration (VOT) is the perceptual cue, 
it is necessary to covary the duration of frication with- 
out vocal-cord vibration (VOT) with the duration of frica- 
tion with vocal-cord vibration. Using this factorial de- 
sign, the relative weights given VOT and total frication 
duration in the perception of voicing can then be evalu- 
ated. 
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tThe Stevens and Klatt result that a rising Ft at the onset of 
vocal-cord vibration acts as a cue to the voiced member has 

been reinterpreted by Lisker (1975). His experiment showed 
that a low F1 frequency at the onset of vocal-cord experiment can 
shift the judgments to the voiced member even though F1 is 
presented without a rising transition. 

•'Defining VOT from the onset of frication will be an accurate 
description of this voicing cue only if the voiced and voiceless 
members have the same frication durations. A more realis- 

tic definition might measure VOT from the offset of frication 
or measure VOT in terms of the proportion of the frication 
period that is voiced. In our synthesis of these syllables, 
however, /zi/ and/si/had equal durations of frication so that 
these three measures are equivalent. We chose the first be- 
cause it is more comparable to the use of VOT for stop con- 
sonants and also for ease of stimulus description. 

3Harris, Hoffman, Liberman, Delattre, and Cooper (1958)em- 
ployed a factorial design to evaluate the contribution of F•. and 

F 3 transitions on the perception of the voiced stop consonants. 
Both formants contributed to the perception of place although 
the authors did not attempt to evaluate how the cues were com- 
bined or the relative weights carried by each of the cues. 
Hoffman (1958) extended this study by also covarying the burst 
frequency with variations in the second and third formant 
transitions. He concluded that the contribution of one cue was 

largely independent of the nature and number of other cues 
present in the sound. However, the author had no method 
available to provide a quantitative test of this hypothesis. 
These two studies 'remained for the next 15 years as the best 
examples of factorial designs in experiments on the acoustic 
cues in speech perception. The reason that these early stud- 
ies did not generate further interest in factorial designs may 
have been due to the limited quantitative analyses that were 
available. Given no techniques to evaluate how the cues are 
combined or weighted by the listener, the factor•ial design did 
not offer any apparent advantage over single-cue experiments. 

4Strange and Halwes (1971.)use of category rating scales proved 
to be much more efficient than the traditional binary response 
measure in the study of the discrimination of speech sounds. 

5Fujimura (1961) showed that subjects gave more voiced identi- 
fications of stop consonants with a rising than a steady-state 
F 0. It is not clear, however,• whether the rising and steady- 
state stimuli also differed with respect to the onset frequency 
of F0. 
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