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Perceptual experiments using consonant—-vowel-consonant (CVC) syllables were carried out
to examine the perceptual relevance of the first formant frequency (F 1) trajectory in the
perception of high vowels versus nonhigh vowels. Results show that stimuli characterized by a
higher onset frequency and F 1 maximum at the beginning of the vocalic portion are perceived
as lower vowels than stimuli with a lower F'1 onset frequency and F 1 maximum toward the end
of the vocalic portion. These findings are in agreement with the hypothesis, based on the
acoustic analyses of Di Benedetto (1989), that stimuli with higher F 1 onset frequencies and F'1
maximum at the beginning of the vocalic portion characterize lower vowels. Results are similar
for native speakers of different languages, leading to a suggestion that this phenomenon may
have either an articulatory or an auditory basis. Possible interpretations based on an overshoot

hypothesis or a formant time average theory were investigated through an additional
perceptual experiment. Results of this last experiment agree with a weighted average time

formant theory.

PACS numbers: 43.71.Es, 43.70.Fq

INTRODUCTION

The aim of the perceptual experiments presented in this
paper was to investigate the perceptual relevance of the first
formant frequency (F 1) trajectory in the identification of
high vowels versus nonhigh vowels. In the experiments, syn-
thetic dVd syllables were used in which the vowel represent-
ed the high front vowels [i] and [1] and the nonhigh front
vowels [e] and [¢]. Durational measurements of the vowels
[1] and [e] showed (Di Benedetto, 1987) that these vowels
have similar duration, although [¢] is usually longer than
[1]. Durational measurements in other languages, for exam-
ple Italian (Ferrero et al., 1975), showed that [e] and [¢]
have very similar durations and are slightly longer than [i].
It was hypothesized that these vowels could be synthesized,
using for the stimuli the same total duration of the vocalic
portion with appropriate values of 1 maximum.

In experiment 1, which will be described in Sec. I, stimu-
li characterized by two different F 1 trajectories (higher F 1
onset frequency and F 1 maximum towards the beginning or
lower F | onset frequency and F 1 maximum towards the end
of the vocalic portion) were used. Identification tests were
carried out on subjects of three different languages: Ameri-
can English, Italian, and Japanese. The motivation for the
inclusion of American English, Italian, and Japanese listen-
ers was that the vowel system of American English includes
the four vowels [i,1,e,e], the Italian vowel system only three
of these vowels [i,e,e], and the Japanese vowel system only
two [i,e]; supposedly, the perceptual boundary between [i]
and [e] should change in American English and Italian lis-
teners responses since, as the vowel [1] is not present in the
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Italian vowel system, the vowels [i] and [e] are contiguous
in the F 1 dimension. The same observation can be made for
the boundary between [i] and [¢] in American English and
Italian compared to Japanese, for which these two vowels
are contiguous in the F 1 dimension. Stimuli used in experi-
ment 2, described in Sec. 11, were shorter in duration than
those used in experiment 1. The effect of duration of the
vocalic portion was observed on the identification curves
obtained for the same subjects who participated in experi-
ment 1. Results showed that two different hypotheses could
account for them: perceptual overshoot or a formant time
averaging process. These hypotheses were investigated in ex-
periment 3, which will be described in Sec. III.

The results of the three experiments will be discussed in
Sec. IV. They will be compared with those found in previous
studies that have dealt with the perception of vowels or of
stimuli characterized by time-varying properties (Stevens,
1959; Huang, 1985; Brady et al., 1961; Lindblom and Stud-
dert-Kennedy, 1967). An interpretation of the results of ex-
periments 1 and 2, in the light of the results of experiment 3,
will be given. A weighted formant time average theory will
be proposed for describing the strategy used in processing F' 1
in the case of the distinction between high vowels [i] and [1]
versus nonhigh vowels [e] and [e]. A link will be made
between the acoustic analysis data described in Di Benedetto
(1989) and the perception data. Given the similarity of the
results for subjects of different languages, it will be suggested
that the phenomenon observed may have either articulatory
or auditory bases. A discussion of the agreement of the re-
sults of the present study with previous investigations on
vowel specification in terms of dynamic rather than static
properties (Strange et al., 1976; Strange and Gottfried, 1980;
Gottfried and Strange, 1980; Strange et al., 1983; Rakerd ez
al., 1984; Verbugge and Rakerd, 1986) will follow. The
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aspects of the perceptual data obtained in the present study
that fit in this larger context will be outlined.

1. EXPERIMENT 1: ROLE OF THE F1 TRAJECTORY

The aim of experiment 1 was to investigate the percep-
tual relevance of the F 1 trajectory using dVd synthetic sylla-
bles. The experiment consisted of two parts: a preliminary
experiment and an extended experiment. Both were identifi-
cation tests. The aim of the preliminary experiment was to
identify the set of vowels, belonging to the vowel system of
each subjects’ language, to which the vowels of the stimuli
were matched by the listeners. In the preliminary experi-
ment, no information concerning the inventory of vowel
qualities was given to the subject participating in the experi-
ment. The stimuli were described to the subjects as being
dVd synthetic syllables, and subjects were asked to identify
the vowel in the stimuli as any vowel system of their lan-
guage. On the basis of the results of the preliminary experi-
ment, the subjects participating in the extended experiment
were asked to identify the vowel in the stimuli as one of the
vowels belonging to the set of vowels identified in the pre-
liminary experiment consisting of vowels belonging to the
vowel system of the subject’s language.

A. Subjects

Five subjects participated in the preliminary experi-
ment. None of the subjects had any knowledge of the pur-
pose of the experiment. Two of these subjects were native
speakers of Italian, two were native speakers of American
English, and one was a native speaker of Japanese. The Ita-
lian subjects were both naive listeners without a good knowl-
edge of any other language. They both named Italian as their
best language. The American subjects were phonetically
trained listeners and monolingual. They were both members
of the Speech Communication Group of MIT, living in the
Massachusetts area. The Japanese subject was a phonetically
trained listener. At the time of the experiment, he had been
living in Cambridge, MA for a few weeks, and his knowledge
of American English was rather limited. He named Japanese
as his first language.

Seven subjects participated in the extended experiment.
None of the subjects had any knowledge about the purpose
of the experiment. Four subjects were native speakers of
American English, two of Italian, and one of Japanese. The
American subjects were all phonetically trained listeners
and were members of the Speech Communication Group at
MIT. Only one of the American subjects served as a subject
in the preliminary experiment. None of the American sub-
jects had profound knowledge of other languages and they
all lived in Cambridge, MA. The Italian subjects were both
naive listeners. None of the Italian subjects served as a sub-
ject in the preliminary experiment. One of the Italian sub-
jects had good knowledge of French but named Italian as his
first language; the other subject did not have any knowledge
of any other language. The Japanese subject was the one who
served as a subject in the preliminary experiment.

It will be shown in the analysis of the results of this
experiment that the presence of a limited number of subjects
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per language could be justified by the fact that no important
differences across subjects were observed. However, the
presence of only one Japanese subject is somewhat problem-
atic, and the results obtained for this speaker should be con-
sidered to be only preliminary.

B. Stimuli

All the stimuli consisted of synthetic dVd syllables and
were synthesized with the Klatt synthesizer. This cascade/
parallel formant synthesizer has been extensively described
by Klatt (1980, 1984). The time where F 1 reached its maxi-
mum and the F1 onset frequency were the parameters by
which two stimuli having the same F'1 maximum differed.
Figure 1 shows the F'1 trajectories of the stimuli used. As
shown in Fig. 1, this trajectory can have two shapes; depend-
ing on the shape, the stimuli are identified as type I or type IL
The duration of the stimuli was 115 ms and the duration of
the steady-state interval was 15 ms. In type I stimuli, the
duration of the onglide was 30 ms and the duration of the
offglide was 70 ms. In type II stimuli, the durations were
reversed: 70 ms for the onglide and 30 ms for the offglide.
The vocalic portions of all stimuli were preceded by an aperi-
odic portion, whose duration was 15 ms, corresponding to
the [d] release burst.

Ten stimuli of type I and ten stimuli of type II were
synthesized, each stimulus being characterized by a different
F1 maximum value (330, 350, 370, 390, 410, 430, 450, 470,
490, 500 Hz) and different F 1 onset and offset values, which
are listed in Table I. The trajectories of the formants higher
than F 1 and of the fundamental frequency were identical for
both stimulus types and symmetrical around the center of
the vowels. The values of the fundamental frequency and of
the formants above F'1 are indicated in Table 11.

One should note that, in the F' 1 vs F2 space representa-
tion, no distinction could be made between two stimuli hav-
ingthesame F 1 maximum butdifferent F 1 trajectory shapes.
This would oceur either if the sampling time of the trajector-
ies were the time where F1 reaches its maximum or if the
sampling point were at the middle of the vowel, and if the
representation used were more generally in the F1 vs F2 vs
Fx space.

500
(Hz)
450

F1 400

aso

300

13§

TIME {ms)

FIG. 1. Schematic F1 trajectories for type 1 and type 1I stimuli, used in
experiment 1. The £ 1 trajectories start at time = 15 ms, as there was a pre-
vious aperiodic portion corresponding to the [d] release burst.

Maria-Gabriella Di Benedsetto: Vowel perception 68



TABLE L. The F 1 onset, F 1 maximum, and F | offset values (in hertz) for
stimuli of types I and 11, used in experiment 1.

Stimulus Stimulus Flonset F1lmaximum F1 offset
number type value (Hz) value (Hz) value (Hz)
1 1 304 330 315
1 2 315 330 304
2 1 325 350 307
2 2 307 350 325
3 1 335 370 310
3 2 310 370 335
4 1 345 390 313
4 2 313 390 345
5 1 355 410 316
5 2 316 410 355
6 1 365 430 319
6 2 319 430 365
7 1 375 450 322
7 2 322 450 375
8 1 385 470 325
8 2 325 470 385
9 1 395 490 328
9 2 328 490 395
10 1 400 500 330
10 2 330 500 400

C. Procedure

In the preliminary experiment, type I and type Il stimuli
were presented in two phases. In the first phase, the ten type
I stimuli were first randomized and then presented in three
sets of ten stimuli. Each set consisted of one repetition of
each of ten type I stimuli; thus, each type I stimulus was
presented three times. In each set, the stimuli were spaced by
apause of 3 s and the sets of stimuli were spaced by a pause of
7 s. In the second phase, an identical procedure was used,
with type II stimuli.

The extended experiment consisted of three phases. Ina
first phase, only type I stimuli and in a second phase only
type II stimuli were presented to the listeners. In a third
phase, type I and type II stimuli were both presented to the
listeners. In the first phase, each type I stimulus was present-
ed ten times. The ten type I stimuli were ordered in such a
way that all possible combinations of two consecutive stimu-
li appeared; the responses given by the listeners for each
stimulus could then be supposed to be independent of the
stimulus preceding it. The second phase was organized as the
first one, but the stimuli used were of type II. In the third
phase, the ten stimuli of type I and the ten stimuli of type 11
were divided into two sets of ten stimuli each. Each set sam-

TABLE II. Fundamental frequency and higher formats than F'1 values (in
hertz) for stimuli of types I and 11, used in experiment 1.

Time FQvalue F2value F3value F4value FS5value
(ms) (Hz) (Hz) (Hz) (Hz) (Hz)
15 120 2593 3500 4000 4500
70 125 2800 3500 4000 4500
75 125 2800 3500 4000 4500
130 120 2593 3500 4000 4500
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pled the range from near the lowest to near the highest F'1
values. The stimuli of each set were ordered to obtain, as
previously, all possible combinations of two consecutive
stimuli. Each stimulus was then presented 20 times. In each
phase, the stimuli were spaced by a pause of 3s. At the end of
each part, the test was interrupted and the subject could rest
for a few minutes. These pauses did not last more than 2-3
min. The test lasted approximately 40 min. The response
format consisted of an answer sheet, printed with as many
lines as those of the played-back stimuli, on which the sub-
jects had to write consecutively the vowel they perceived (in
phonetic symbols for the phonetically trained listeners and
in standard orthography for the naive listeners).

The results obtained for each subject in the three phases
were averaged since the identification functions obtained
were identical in the first and third phases for stimuli of type
I, and in the second and third phases for type II stimuli. The
results were represented by the identification curves in the
plane identified on the abscissa by the stimulus number (see
Table I) and on the ordinate by the percent of identification
of the vowel (or vowels), each time specified. A logistic
curve fitting the data and the 50% crossover point were com-
puted. The crossover value represents the point at which the
identification changes from the vowel (or vowels) specified
to a different vowel. The logistic curve was found according
to the procedure proposed by Neter and Wassermann
(1974) and it represents the probability of correct response
(psychometric function).

D. Results

In the preliminary experiment, the vowels of the syn-
thetic stimuli were identified as [i], [1], [e] or [¢] by the
American subjects, as [1], [e], or [£] by the Italian subjects,
and as [1] or [&] by the Japanese subject. The vowel [e] was
characterized by the American subjects “as the nondiphth-
ongized [¢”]” or “as the first part of the diphthong [e*].”
Note that the vowel [1] does not belong to the Italian and the
Japanese vowel systems, and that the vowel {e] does not
belong to the Japanese vowel system.

Based on the results of the preliminary experiment, the
American subjects were asked, in the extended experiment,
toidentify the vowel of the synthetic syllables as one vowel of
the set [i,1,e,£]. In any case, none of the subjects reported
hearing a vowel different from these four.

Results of the extended experiment obtained for each
American subject individually are presented in Fig. 2, which
shows that all type II stimuli were identified by the subjects
SSH and JP as [i] or [1] and never as [e] or [¢], while the
two other subjects’ identification curves for type II stimuli
cross the 509% line. For type I stimuli, similar identification
curves were found for all subjects. A possible explanation of
this result was that, for SSH and JP, the shape of the F1
trajectory was more perceptually relevant than the F 1 maxi-
mum value. Thus, even when F 1 was in the high-value range,
these subjects based their judgment of the stimuli on the fact
that the F1 trajectory had that particular shape. Average
results were then obtained for type I stimuli by considering
the four subjects’ responses { Fig. 3(a) ], and for type I stim-
uli using only those of KS and CB [Fig. 3(b)]. Consider
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FIG. 3. Average results of the extended experiment in terms of the percent
identification of the high vowels (i} and [1] versus the nonhigh vowels {¢]
and [¢], for (a) type I stimuli, and (b) type II stimuli, for the American
subjects. The results obtained for type II stimuli, (b), represent an average
of the results of two subjects (KS and CB) while the results obtained for
type I stimuli (a), represent an average of the results of the four subjects
(KS, CB, JP, and SSH).

70 J. Acoust. Sac. Am., Vol. 86, No. 1, July 1989

4 5 6 71 8 8 10
Stimulus #

that, nevertheless, if the results of JP and SSH were taken
into account in computing averaged responses for type II
stimuli, the crossover point would be at a higher value than
that indicated in Fig. 3(b). Figure 3 shows that a lower
crossover value for type I than for type 11 stimuli was found.
The difference was about two stimulus numbers or about 40
Hz.

Based on the results of the preliminary experiment, the
Italian subjects were asked to identify the vowels of the syn-
thetic syllables as [i], [e], or [¢]. In any case, none of the
subjects reported hearing a different vowel from these three.
Figure 4 shows the identification curves of [i] and the logis-
tic curves for type I [Fig. 4(a)] and type II stimuli [Fig.
4(b)], obtained by averaging the results of the two Italian
subjects who participated in this experiment. As observed
for the American subjects, there was a difference in the
crossover values for type I and type II stimuli. The difference
was about 1.3 stimulus numbers. This difference was slightly
lower than the one found for the American subjects, but in
the same direction. Results of this experiment for each lis-
tener individually, reported in Di Benedetto (1987), were
similar to the average results (for subject MA the crossover
values were 4.8 for type I and 6.3 for type 11 stimuli, and for
subject ZB the crossover values were 4.5 for type I and 5.6
for type II stimuli).

The vowel system of Japanese does not include the vow-
els [1] and {e]. Consequently, the Japanese subject who par-
ticipated in this experiment was asked to identify the vowel
of the synthetic syllables presented as [i] or [¢]. Note that,
in any case, the subject who participated in this experiment
reported that he did not perceive vowels other than {i] and
[£]. The results of the experiment in the case of the Japanese
subject, presented in Fig. 5, show that, similarly to what was
found for American and Italian subjects, there was a differ-
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FIG. 4. Average results of the extended experiment in terms of the percent
identification of the high vowel [i] versus the nonhigh vowels [e] and [¢],
for (a) type I stimuli and (b) type II stimuli, for the Italian subjects.
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FIG. 5. Results of the extended experiment in terms of the percent identifi-
cation of the high vowel [i] versus the nonhigh vowel [¢] for (a) type I
stimuli and (b) type II stimuli, for the Japanese subject.
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ence in the crossover values for type I and type II stimuli.
This difference was less than in the previous cases (about 0.8
stimulus number) and in the same direction.

One should again consider that the number of subjects
was small and that there was variation among the results
obtained by American subjects. However, all subjects,
American, Italian, and Japanese, showed a tendency to asso-
ciate synthetic vowels characterized by higher F 1 onset fre-
quency and F1 maximum at the beginning of the vocalic
portion (type I stimuli) with lower vowels than synthetic
vowels characterized by alower F 1 onset value and F 1 maxi-
mum towards the end of the vocalic portion (type II stimu-
li). All the subjects participating in experiment 1 (prelimi-
nary and extended) declared that they were not disturbed by
the perception of the consonants and that they always per-
ceived the consonants of the synthetic utterances as [d].

Il. EXPERIMENT 2: ROLE OF DURATION

The aim of experiment 2 was to investigate whether
shortening the duration of the stimuli used in experiment 1
would lead to different listeners’ responses. In fact, by shor-
tening the duration of the stimuli, the 71 onset frequencies
could be kept the same in the two experiments, but the time
where F | reached its maximum relative to the total vowel
duration was changed. Experiment 2 was carried out to gain
insight on how the relative F 1 onglide duration with respect
to total duration influenced vowel perception.

A. Subjects

The subjects were the same as those of the extended
experiment |.

B. Stimuli

The stimuli used in experiment 2 differed from those of
experiment 1 in terms of duration. The duration of the stim-
uli was 95 ms (20 ms shorter in duration than the stimuli of
experiment 1), and the duration of the steady-state interval
of the vowel was 15 ms for all stimuli. The F' 1 onset and offset
frequencies were kept the same as in experiment 1. In type I
stimuli, the duration of the onglide was 30 ms and the dura-
tion of the offglide 50 ms. In type II stimuli, the durations
were reversed: 50 ms for the onglide duration and 30 for the
offglide. Consequently, for type I stimuli, the shape of the F'1
onglide was the same in experiments 1 and 2 and the F'1
offglide was shorter in experiment 2, while for stimuli of type
II the F 1 onglide was shorter in experiment 2 and the shape
of the F'1 offglide was the same in the two experiments.

C. Procedure

The organization and the method of representing the
results of experiment 2 were the same as those of the ex-
tended experiment 1. The subjects were asked to identify the
vowels of the synthetic syllables as vowels belonging to the
same sets of experiment 1, i.e., [i,1,e,e] for American sub-
jects, [i,e,e] for Italian subjects, and [i,e] for the Japanese
subject.
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D. Results

Figure 6 shows on the same plot the results of experi-
ments 1 and 2 for type I and type II stimuli in the case of
American subjects. The results for type I stimuli represent
an average of the responses of the four subjects, and the ones
for type II stimuli only of KS and CB, because JP and SSH
never identified those stimuli as [e] or [e]. Figure 6 shows
that, in experiment 2, the crossover values are higher by
about 0.5 stimulus number for type I stimuli and by about 1
stimulus number for type II stimuli than in experiment 1.
Note that durational measurements on the vowels {i] and
[€] have shown that [i] is, in general, shorter in duration
than [e] (Di Benedetto, 1987).

Figure 7 shows on the same plot the results obtained in
experiments 1 and 2 for type I and type II stimuli for the
Italian subjects. Similar to the results of the American sub-
jects, the crossover values were higher in experiment 2 by
about 0.8 stimulus number for type I stimuli and by about 1
stimulus number for type II stimuli than they were in experi-
ment 1. Note that, in Italian, the vowel [i] is, in general,
shorter than [e] and [¢] (Ferrero et al., 1975).

Figure 8 shows on the same plot the results of experi-
ments 1 and 2 for the Japanese subject. As for the American
and Italian subjects, the Japanese subject tended to assaciate
stimuli of experiment 2 with a higher vowel than stimuli of
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[£]. for (a) type I stimuli and (b) type II stimuli, for the American subjects.

The results obtained for type II stimuli, (b), represent an average of the

results of two subjects (KS and CB), while the results obtained for type I

stimuli, represent an average of the results of the four subjects (KS, CB, JP,
and SSH).
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experiment 1 (shift of the crossover towards higher values
by about 1 stimulus number for type I and 0.9 stimulus num-
ber for type II stimuli). Note that, in Japanese, [i] is usually
shorter than [¢] (Klatt, 1985).

Note that, for the American English and the Italian sub-
jects, the differences in the crossover values in experiments 1
and 2 were larger for type II than for type I stimuli. The shift
found in the crossover values for type I stimuli in experi-
ments 1 and 2 was expected since, for these stimuli, the on-
glide duration was unchanged while the offglide duration
was shortened. The onglide duration relative to the total
vowel duration was then larger for type I stimuli in experi-
ment 2 than in experiment 1, making these stimuli resemble
more, in terms of relative onglide duration, type II stimuli;
this could justify the results that type I stimuli in experiment
2 were perceived as higher vowels than in experiment 1. The
shifts found in the crossover values for type II stimuli in
experiments 1 and 2 were expected to be in the opposite di-
rection. Since for these stimuli the onglide duration was
shortened and the offglide duration was unchanged, the rela-
tive onglide duration with respect to the total vowel duration
was smaller in experiment 2 than in experiment 1, making
these stimuli resemble more, in terms of relative onglide du-
ration, type I stimuli. These stimuli should have then been
perceived as lower vowels in experiment 2 than in experi-
ment 1. It thus appears that, for type II stimuli in experiment
2, the overall stimulus duration overrode the expected effect
of shorter onglide, which would have presumably produced
more [e]-[&] responses, since the onglide duration of these
stimuli (50 ms) was intermediate between the onglide dura-
tion of type I and type II stimuli of experiment 1 (30 and 70
ms, respectively ). Note that, as already pointed out, the high
vowels are shorter than the nonhigh vowels under considera-
tion in the three languages considered.

lll. EXPERIMENT 3: FORMANT TIME AVERAGE VERSUS
OVERSHOOT

The aim of experiment 3 was to investigate whether ei-
ther a formant time average theory or an overshoot hypothe-
sis based on perceptual extrapolation of the F1 trajectory
was appropriate for interpreting the results obtained in ex-
periments 1 and 2. On the basis of a formant time average
hypothesis, the perceived F 1 frequency should correspond to
afrequency that is included in the set of frequencies swept by
the F 1 trajectory, while on the basis of an overshoot hypothe-
sis, the perceived F 1 could correspond to higher frequency
values with respect to those of the F'1 trajectory.

A. Subjects

Three subjects participated in this experiment. Two of
these subjects (CH and RS) were native speakers of Ameri-
can English. They were phonetically trained listeners and
named American English as their best language. They were
both members of the Speech Communication Group at
MIT. One of the subjects (SM) was a native speaker of Ita-
lian with some knowledge of American English, but he
named Italian as his first language. This subject was a naive
listener. None of the subjects had participated in experi-
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ments 1 and 2. American English and Italian subjects were
considered in order to compare the results obtained in ex-
periments 1 and 2 with native speakers of the same lan-
guages.

B. Stimuli

Seven stimuli were considered. They all consisted of
dVd synthetic syllables of the kind used in experiment 1. The
F 1 trajectories of these stimuli are shown in Fig. 9. The tra-
jectories for formants above F'1 and the fundamental fre-
quency contour were identical to those of the stimuli of ex-
periment 1. A more detailed description of the stimuli is
given in Table III. Stimuli A-D were chosen in order to gain
insight on how stimuli characterized by a very rapid onset
and various offglide durations were perceived. The re-
sponses to those stimuli could be compared to the ones corre-
sponding to stimuli E and F, which were characterized, on
the contrary, by a long onglide duration {note that E and F
have the same onglide slope).

C. Procedure

Experiment 3 consisted of two phases. In a first phase,
identification tests were carried out. The stimuli were rando-
mized and presented to the listeners. Each stimulus occurred
eight times. The subjects were asked to identify the vowel of
each stimulus as any vowel in the vowel system of their lan-
guage. In a second phase, matching tests were carried out.
The subjects were asked to listen to pairs of stimuli (one of
the stimuli in each pair was stimulus A and the other stimu-
lus in the pair was stimulus B, C, D, E, or F) and to grade
their similarity in three steps: very similar (VS), similar (S),
nonsimilar (NS). Each stimulus pair was presented ten
times.

D. Results

Results of the identification test obtained from the three
subjects showed that the vowels of the synthetic utterances
were identified as [1] or [e] by the American subjects and
[i] or [e] by the Italian subject. The American subjects de-
fined the vowel [e] as the nondiphtongized [e?]. The two
American subjects declared, in addition, that in some cases
they perceived a vowel which would be in between [e] and
[£] in terms of height. If forced, they would classify these
vowels as [e], but they would attribute to it an [¢]-like col-
or. We will call the identification of these particular cases as
[e]-[¢] identifications.

The results for subjects RS, CH, and SM are shown in
Fig. 10(a)-(c), respectively. This figure shows for each
speaker individually the percentage of identification of [i],
[1], [e], or [e]-[&] for each stimulus identified by the same
letter as in Fig. 9. Figure 10 shows that the three subjects
identified stimuli A-D as [e] or [e]-[¢] sounds. In particu-
lar, subject CH identified stimulus A as [e]-[¢] in all cases.
Stimuli E and F were, on the contrary, generally identified as
[1] by the American subjects and as [i] 90% of the time by
the Italian subject ( 100% for stimulus E and 80% for stimu-
lus F).

Results of the matching test are shown in Fig. 11. Re-
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sults of each subject were identical (there was no variability
across subjects) to the average results. Figure 11 shows, on
the abscissa, the stimulus pairs (the reference stimulus is
always stimulus A in all pairs), represented by the same
letters as in Fig. 9, and, on the ordinate, the judgment given
by the subjects. Figure 11 shows that, for the three subjects,
the results of the matching test were in agreement with the
results of the identification test. The subjects perceived stim-
uli A-D as similar vowels, while stimuli E and F were per-
ceived as different vowels from stimulus A. Subject CH de-
clared, as in the identification test, to perceive stimulus A as
a vowel somewhat more open than the vowels of stimuli B-
D. None of the subjects reported to be disturbed by the per-

TABLE 111 Descriptive characteristic values for the stimuli used in experi-
ment 3. F | onset, F 1 maximum, and F 1 offset values (in hertz) and onglide,
steady-state, and offglide durations (in ms) are listed.

Steady-
Flonset Flmax F1offset Onglide state Offglide
Stimulus  value value value dur. dur. dur.
name (Hz) (Hz) (Hz) (ms) (ms) (ms)
A 383 450 375 10 65 40
B 383 450 375 10 60 45
C 383 450 375 10 35 70
D 383 450 375 10 20 85
E 283 450 358 85 15 15
F 358 450 358 50 15 50
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FIG. 10. Results of the identification test of experiment 3 for subjects (a)
RS, (b) CH, and (c) SM.

Maria-Gabriella Di Benedetto: Vowsl perception 74



Judgment

A-B B-A A-C C-A A.D D-A AE E-A A-F F.A
Stimuli pair

FIG. 11. Results of the matching test of experiment 3.

ception of the consonants of the stimuli. They all reported to
perceive the consonants as [d].

Results of experiment 3 show that stimuli characterized
by a higher F1 onset frequency and a shorter F1 onglide
duration (stimuli A-D) were perceived as lower vowels
than stimuli with a lower F' 1 onset frequency and a longer F'1
onglide duration (stimuli E and F). Among stimuli A-D,
stimulus A was perceived as the more open one, showing
that a shorter offglide duration and a longer steady-state
results in the perception of a lower vowel. Stimuli E and F
were perceived as similar, although F was perceived as more
open than E by subject SM. The results obtained for the
Italian subject (F perceived as [e] part of the time) could be
justified by the fact that stimuli F had a longer F'1 offglide
and a shorter F'1 onglide. Note, in addition, that E had a
lower 1 onset value than F.

IV.INTERPRETATION AND CONCLUSION

Perceptual experiments 1 and 2, which were carried out
on American, Italian, and Japanese subjects, showed that
stimuli that were characterized by a higher F 1 onset frequen-
cy and F 1 maximum at the beginning of the vocalic portion
were perceived as lower vowels than stimuli in which the F'1
maximum was reached towards the end of the vocalic por-
tion and the F 1 onset value was lower. This result is in agree-
ment with the observation based on the analysis of the F'1
trajectories (Di Benedetto, 1989) that, when two different
vowels such as [1] and [ ¢] have the same F 1 maximum, then
F 1 starts higher and reaches its maximum earlier in the low-
er vowel. The results of experiments 1 and 2 show evidence
that supports the hypothesis that the F 1 onset frequency and
the temporal location of the F 1 maximum are relevant to the
perceptual identification of the high vowels [i] or [1] versus
the nonhigh vowels [e] or [¢]. The acoustic analysis data
presented in Di Benedetto (1989) showed that the varia-
tions of the F 1 onset frequency and of the relative F 1 onglide
duration with respect to total vowel duration did not con-
tribute to the variation of a single parameter, represented by
the onglide slope of the F'1 trajectory (this parameter was
called “F 1 speed”). The results of the present study were in
agreement with this observation; their interpretation in
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terms of an association between steeper onglides and the per-
ception of lower vowels could be misleading. In fact, since
stimuli of types I and II with the same F'1 maximum and
identified as [e]—[¢] vs [i]-[1] differed both in the F 1 onset
frequency values and in the F'1 onglide duration, the F1
speed values for these stimuli could be similar. Consider, for
example, stimulus #6 of experiment 1, which was most of-
ten identified as a high vowel if of type II and as a low vowel
if of type I by the American English listeners; the difference
of the F'1 speed values between stimulus #6 of type I and
stimulus #6 of type 11, expressed in degrees, was very small
(about 6 deg).

In addition, experiment 2, in which all the stimuli con-
sidered were 20 ms shorter than those of experiment 1,
showed that the duration of the synthetic vowel was a factor
that influenced vowel perception. When shorter stimuli were
considered, the difference in the perception of type I and
type 11 was maintained, but shorter stimuli were identified
by all subjects as higher vowels. It was noticed that stimuli of
type I, which had in experiment 2 a shorter offglide than in
experiment 2, were perceived as higher vowels, in agreement
with the results of experiment 1. On the contrary, stimuli of
type II, which would have been expected to produce more
[e]-[e] responses, due to the shorter onglide, were per-
ceived as higher vowels. The interpretation was that, for type
II stimuli in experiment 2, the overall duration overrode the
expected effects of shorter onglide. The results suggest, in
addition, that the listener waits for the end of the vocalic
portion before identifying it. In fact, it was observed that two
stimuli having the same F 1 maximum and being character-
ized by the same initial transition of F' 1 could be perceived as
two different vowels due to the different offglides. A similar
effect, leading to the same suggestion, could be observed in
Huang’s data (1985).

The possibility of interpreting the data of experiments 1
and 2 on the basis of a formant average theory or of percep-
tual extrapolation of the trajectories was investigated. Ste-
vens (1959) suggested that the perception of a nonhigh vow-
el is determined by some time-average values of formant
frequencies, including the transitions. Huang (1985,1986)
investigated the role of duration and the effect of the formant
trajectory shape on the perception of the tense/lax distinc-
tion in General American English. Huang’s findings were
that a formant time average process for F' 1 could account for
the results obtained in the case of nonhigh vowels. Results of
other perceptual studies suggested perceptual overshoot in
vowel perception. Brady et al. (1961) found a consistent
tendency of the subjects to place the resonant frequency of a
time-constant resonance stimulus near the terminal value of
a time-varying resonance stimulus. This tendency was
stronger when the resonant frequency increased than when
it decreased, and was greater when the change in the reso-
nant frequency was more abrupt. Lindblom and Studdert-
Kennedy (1967) showed that duration of the vowel stimuli
and the direction and rate of the second formant transitions
influenced the determination of vowel identity; they hypoth-
esized that articulatory activities (in the production of vow-
els) are characterized by undershoot and that vowel percep-
tion is characterized by overshoot. However, the hypothesis
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of F 2 perceptual overshoot was made without ruling out the
possibility that the effect observed could be based on some
top—down processing phenomenon (Lindblom ez al., 1967).
The results of experiments 1 and 2 suggest that a simple
average value of the F 1 trajectory is not appropriate. In fact,
two stimuli characterized by two different values of F | maxi-
mum, one of type I and the other of type II, have also the
same average value of F 1, but they could be perceived, for
certain values of F 1 maximum, as different vowels. The for-
mant time average should be a weighted formant time aver-
age value. To take into account the results of experiments 1
and 2, the weighting function should attribute more impor-
tance (more weight) to the first part of the F | trajectory.
An overshoot hypothesis could also take into account
the results of experiments 1 and 2. It was found that four
different stimuli characterized by different trajectories and
different durations, as shown in Fig. 12(a), were perceived
as similar sounds. The listener could extrapolate a new value
of a new parameter, as shown in Fig. 12(b) obtained by
taking into account the whole F 1 trajectory on the basis of an
extrapolation curve and by sampling this curve at the end of
the vocalic portion. Figure 12(b) shows the F1 trajectory
extrapolation curves for each of the four stimuli specified
and the sampling instants located at the end of the vocalic
portion. The four synthetic vowels characterized by the four
different F' | trajectories of Fig. 12(a) could then be charac-
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FIG. 12. (a) Schematic F 1 trajectories of four different stimuli that have
been perceived to be similar. Specifically, stimulus #6 and #8 of experi-
ment 1, and stimuli #7 and #9 of experiment 2. (b) Interpretation of the
results of experiments 1 and 2 on the basis of an overshoot hypothesis.
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terized by similar values of this new auditory parameter. One
should note that it was not possible to assert whether this
hypothesis was in agreement or not with the results of Brady
et al. (1961) and Lindblom and Studdert-Kennedy (1967),
since in these studies observations were made on frequencies

that characterized F2, and there is no evidence that, in the
perception of vowels, F'1 and F2 are processed in the same
way. The hypothesis that ' 1 and F 2 could be perceived dif-
ferently is not unreasonable, as F1 is within the lower fre-
quency range of the auditory system in which temporal
(synchronous firing rate) coding of stimulus frequency oc-
curs, while at higher frequencies (e.g., F2 range), temporal
coding breaks down and the coding of frequency is primarily
spatial. In addition, one should note that the stimuli consid-
ered in the Brady et a!. study were particularly short and
characterized by either a rising or a falling variation of the
resonant frequency. The case studied in this paper in which
the F1 trajectories were characterized by both transitions,
the initial rising and the final falling, is different. This may
lead to different perceptual judgments. However, even if F'1
and F2 were perceived on the basis of the same auditory
mechanism, the results of Brady et al. could not explain the
results of experiments 1 and 2 that listeners perceived type [
stimuli as lower vowels. Note, in fact, that, as observed pre-
viously, the initial transition was not significantly more
abrupt in type I than in type II stimuli (for stimuli perceived
as similar vowels), as the F 1 onset and F 1 onglide duration
both varied.

The results of experiment 3 showed that stimuli which
were characterized by a very short F 1 onglide and a higher
F1 onset frequency (stimuli A~D) were perceived as lower
vowels than stimuli with a longer F 1 onglide and a lower F 1
onset frequency (stimuli E and F). If the fast transition of
stimuli A-D was considered as part of the vowel, this result
would agree with an overshoot hypothesis. If the fast transi-
tion were considered as part of the consonant, they would
agree with an average time formant theory. We suggest that
this second hypothesis is more reasonable, as such a rapid
change in F 1 (10 ms) implies a rapid spectrum change, and
that this property characterizes segments of speech having
the feature [ 4+ consonantal] (Stevens, 1980, 1989). As far
asthe F 1 transition of the vowel is concerned, we believe that
one can consider that there is no change in frequency of F 1 in
stimuli A~D. In addition, the results of experiment 3 give
additional support for the hypothesis that the entire F 1 tra-
jectory is taken into account by the perceptual mechanism
that processes it. In fact, stimulus A was perceived as a some-
what more open vowel than stimulus B. The finding that the
entire F 1 trajectory affects vowel judgment would be a good
additional argument against the overshoot hypothesis if one
assumes that an overshoot mechanism considers the onglide
shape (onglide duration and F 1 onset frequency) to build an
extrapolation curve and then uses total duration to deter-
mine the sampling point, ignoring the effects of the offglide
shape. However, one could imagine that, on the contrary,
the overshoot mechanism uses also the offglide trajectory to
correct “the direction” pointed by the extrapolation curve.

That shorter stimuli were perceived as higher vowels
may reflect a process learned by the subjects. In fact, it was
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observed that, in the three languages studied, high vowels
are characterized by shorter durations than nonhigh vowels.
However, if this phenomenon were language universal, it
could be argued that there is some evidence for innate articu-
latory or auditory bases. In the same way, the similar results
observed for listeners of different languages concerning the
F'1 temporal and spectral properties effects could lead to a
suggestion that this phenomenon may have either an articu-
latory or an auditory basis; a possible biomechanical expla-
nation was suggested in Di Benedetto ( 1989) by relating it to
anticipatory coarticulation effects on vowels dependent on
postvocalic place of articulation.

The perceptual data presented in this study and in the
acoustic analysis described in Di Benedetto (1989) support
an hypothesis advanced by Strange et al. (1976) that vowels
as well as consonants might not be fully characterized by
target frequencies alone. Strange et al. (1976) and Strange
and Gottfried (1980) found that vowels in isolation were
more poorly identified than in [p-p] environments. This
effect was also observed when the consonant frame varied
unpredictably (in this case, the vowels were considered in
the context of stop consonants). Strange’s conclusions were
that, from a perceptual point of view, the formant contours
(formant frequency variations and total vowel duration)
were much more relevant than the formant patterns sampled
in a single temporal cross section. In another study, Gott-
fried and Strange (1980) confirmed that vowels in the con-
text of stop consonants were better perceived than in isola-
tion. They ruled out the hypothesis that phonological
explanations could account for the results, confirming that
the effect was due to the richer acoustic information con-
tained in vowels in consonantal contexts. The only excep-
tions were the syllables with [g] initial or final. No explana-
tion based on the results of the present study could be found
to justify this finding. Strange et al. (1983), Rakerd et al.
(1984), and Verbrugge and Rakerd (1986) confirmed the
general results. Strange et al. and Rakerd et al. found that the
advantage of having the vowel in consonantal context was
greater for open vowels (except for [2]) than for closed
vowels. The experiments of the present study dealt with the
perception of high vowels versus nonhigh vowels, but no low
vowels were considered; thus, they only confirm that, for
vowels characterized by the features [ + high] or
[ + high, — low], spectral and temporal changes of F1
might provide information to the listener about vowel identi-
ty.

We identified two properties, one associated with the £ 1
onset frequency and the other with the relative F1 onglide
duration with respect to total vowel duration, which ap-
peared to be écoustically (Di Benedetto, 1989) and percep-
tually relevant. This research should be considered as a first
attempt of specifying acoustic invariants of vowels, which
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would account for spectral and temporal variations of F 1. In
future studies, in which temporal and spectral properties
will not be confounded, we might be able to determine
whether the temporal or the spectral characteristics might
account alone for the effects observed.
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