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It has been claimed that a rising first-formant (F1) transition is an important cue to the voiced~voiceless
distinction for syllable-initial, prestressed stop consonants in English. Lisker [J. Acoust. Soc. Am. 57,
1547-1551 (L) (1975)] has pointed out that the acoustic manipulations. suggesting a role for F1 have
involved covariation of the onset frequency of F1 withi the duration, and hence the frequency extent, of
“*the F1 transition; he has argued that effects hitherto ascribed to the transition are more ‘properly

attributed to its onset. Two "experiments are reported in which F1 onset frequency and F1 transition

duration/extent were manipulated independently. The results confirm Lisker’s suggestion that the major
effect of F1 in initial voicing contrasts is determined by its perceived frequency at the onset of voicing and

- show that a periodically excited F1 transition is not, per se,
. experiments, the relative levels and the frequencies at the onset
. manipulated. The influences on the perception of stop-consonant
" _specifically by the frequency of F1 and not by its absolute or relati
.. ;energy in the spectrum. The results demonstrate a complemen:

PN

a positive cue to voicing. In further ' ¢’
of voicing of both F1 and F2 were -
voicing that resuited were determined

ve level or by the overall distribution of
tary relationship between perceptual cue

* " sensitivity and production constraints: In production, the VOT characterizing a particular stop consonant -
. varies inversely with the degree of vocal-tract constriction, and hence with the frequency of F1, required
* - by the phoneme following the stop; in perception, the lower the frequency of F 1 at the onset of voicing,

5. only bass o the voicing distnciion.

" PACS numbers: 43.70.Dn "7 < -

' INTRODU .

-~ Lisker and Abramson (1964) suggested that the artic-

* ulatorybasis for the voiced~voiceless distinctionfor stop
consonants resides in the relative timing of laryngeal °
and supralaryngeal articulations. “Prestressed, syl- -
lable-initial voiced stops in English display temporal . -
coincidence of oral release with the onset of laryngeal -
vibration. : When the onset of vocal cord vibration fol- .
lows oral release by more than about 40 ms, the stop is
voiceless, By translating variation on this articulatory

- dimension into variation of the parametric input to an

. acoustic speech synthesizer, Lisker and Abramson
(1967) generated VOT continua which spanned the two’
perceptual categories of voicing for each of the three

_places of stop production used in English. Phoneme
boundaries on these continua occurred close to those
values of VOT which optimally segregate voiced from
voiceless stops in the productions of speakers of English.
Since then, VOT continua have been used extensively as
experimental devices. They permit the determination
of a phoneme boundary, changes in whose position can

" be used as sensitive indices of the perceptual conse-
quences of variation of parameters both intrinsic (e.g.,
Stevens and Klatt, 1974) and extrinsic (e. g., Eimas and
Corbit, 1973; Summerfield, 1975a) to the test syllables.
themselves. However, it has not always been clear
which aspects of the stimulus are held to be perceptual

" cues, given that many of the acoustical parameters so
far asserted to possess cue value have tended to covary.
'Incorporating covariation'in a set of stimuli is general-
ly well justified from an articulatory point of view if the

UCTION

‘objectives of the experiment are linguistic or cognitive. -
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. .the longer the VOT that is required to cue voicelessness. In this way, the inclusion of F1 onset frequericy
i+ in_the cue repértoire for voicing, and the -establishment of the cue trading relationship, reduce the
.. problem of contextual variation that would be met were VOT alone, or some other amalgam of cues, the - .

v

But, if the objectives are psychoacoustical or p'ercept'ual: '
then the use of covarying parameters begs the question -
of what acoustical parameters are registered and con-
tribute to the perception of the contrast. A precise e
specification of the perceptually pertinent parameters ..., .

1s important if valid interpretations are to be made of .
“data obtained using various types

_ 3 of continua whose
members are said to vary in “VOT,” . : .4 5%

Using synthetic stimuli, Summerfield and Haggard -
(1974) artifically varied the temporal separation of the *
fricated burst from the events which normally follow it:
formant transitions and the onset of periodicity. - They -~

_ demonstrated that the temporal interval is indeed a

powerful perceptual cue: whether or not it is filled with
aspiration. - The question remains: Which of the spec-
tral parameters of VOT whose variationis normally cor-
related with that of the separation interval are also per-
ceptual cues? Stevens and Klatt (1974) suggested that
some threshold duration or spectral extent of first- B}
formant (F1) transition may be a psychoacoustically
more basic cue to the voiced value of the feature, and
that VOT (that is, the temporal separation interval) is
grafted onto this through learning in infancy., Summer-
field and Haggard (1974) showed that the detectability of
transitions in both the first and higher formants, whether
or not they were periodically excited, could provide im-

. portant secondary cues for adults. Lisker (1975) has

argued that the simple articulatory basis of VOT (e.g.,

Lisker and Abramson, 1971) renders it the most general
and basic cue, but proposed that if any secondary.aspect
of the acoustical array related to formant transitions is :
important, then it is the onset frequency of F1 rather.:-.
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than its dynamic spectral properties. Lisker’s data
show that when the importance of the spectral cues is
assessed by trading them against VOT, which in turn

. affects the values of the secondary transition cues, then
VOT does emerge as the most potent perceptual cue,

However, his results, based on a nonorthogonally vary- .-

ing stimulus set, implicate the average frequency re~
gion of F2 as a functioning secondary cue in addition to
F1 onset frequency. The experiments reported here
were designed to refine and extend Lisker’s conclusion
-and to reduce the ambiguity by using orthogonally vary-

- ing stimulus arrays. The matter can be simplified by
asking three questions. Does F1 onset cue a voiced -
percept in inverse relation to its frequency? Is.a ris_iné
F1 transition a positive cue to voicing independent of

its onset frequency? Are spectral influences on the per-

ception of voicing a function only of- the frequency of F1 .

or of the distribution of energy in both F1 and the higher
formants? Experiments 1 and 2 were designed to answer
the first two of these questions. Experiment 3 was de-
signed to answer the third question. el

1. EXPERIMENT 1: CONDITIONS 1 AND 2 :

In the first condition of experiment 1 -the frequency of
a fixed-frequency, transitionless ¥l was systematically
lowered across a set of consonant-vowel (CV) VOT con-
tinua. I Lisker’s (1975) conclusion is correct, this.
procedure should increase the probability of a voiced
percept at any given VOT. In the second condition,
- the onset frequency of F1 was held constant independent-
Iy of the realized VOT, while the duration, and conse-
quently the spectral extent 'of F1 transition following
. voicing onset, were systematically ‘increased. If a
periodically excited F1 transition is,’ per se, a cue to
" voicing, then this procedure should increase the prob-
ability of a voiced percept a.t any given VOT. '

A. Stxmull and proeedure ’

Both conditions of experiment 1 were run intera.ctively
with stimuli generated at run-time by a Fonema OVE
1Ib serial resonance speech synthesizer controlled by
the SPEX program (Draper, 1973) running on a D.E.C.
PDP-12 digital computer. Stimull were exemplars
drawn from [ g-k®] VOT continua spanning the VOT range
from 0 to +80 ms in 1-ms steps. - The closed-loop algo-
rithm controlling stimulus presentation was an imple-

. mentation of PEST (Taylor' and Creelman, 1967) with
the following control parameters: deviation limit of the
sequential test (W)=0.5%; starting step size=16 ms; and
terminating step size=1 ms, These parameters result
in an estimate of the p 0.5 point on the psychometric
function underlying the physical test continuum; this
point corresponds to the phoneme boundary. To achieve
a controlled estimate of the position of the boundary, two
PEST runs were randomly interleaved with starting
points randomly drawn from preselected ranges ap-
proximately evenly balanced on either side of the sub-
ject’s expected phoneme boundary region. The two in-
terleaved runs converged independently from starting
points at long and short VOT’s. Subjectswere unaware of
performing in a closed-loop situation. Convergence was
continued until the step-size of each run had diminished
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-articulation.
_quency/time over their duration of 44 ms, ‘ The F2
" transition had its onset at 2400 Hz and reached a steady
. state at 2000 Hz.
. 2600 Hz and rea.ched a stea.dy state at 3000 Hz. .

to less than or equal to 1 ms and the VOT’s correspond-
ing to the p=0.5 estimates from each run were within

5 ms of one another. The phoneme boundary position is
here defined as the average of these two independent
estimates, 'Previously, open-loop and closed-loop pro- .
cedures for estimating phoneme boundaries have been

compared and shown to produce highly similar results
(Summerfield, 1974a),

The stimuli used in.each condition were constructed
from seven five-formant CV “stimulus types.” A
stimulus type is that set of synthesis control parame-.
ters which genera.tes a stimulus with a VOT of 0 ms.

. The frequency contours of F2 and F3 did not differ be-

tween _stimulus types and were constructed with initial
formant transitions appropriate for the velar place of
These transitions were linear in fre-

"The F3 transition had its onset at
.F4 and
F5 were set to 3500 and 5000 Hz, respectively. The
total duration: of each stimulus type was 320 ms. The
seven stimulus types used in condition 1 were distin-

- guished by the frequencies of their first formants which
"were set to 200, 225, 250, 275, 300, 350, and 400 Hz.

The seven stimulus types used in condition 2 were dis-

tinguished by the duration of their Fl transitions; these -~ .

transitions always onset at 250 Hz and rose linearly at -

-5 Hz/ms for either 0, 6, 12, 18, 24, 30, or 36 ms after

voicing onset. No other synthesis control parameters
were varied between stimulus types or conditions. Over
the first 80 ms of each stimulus type, the overall ampli-
tude contour ‘was constant and the fundamental frequency
(F0) was fixed at 100 Hz so that differences in FO at -
voicing onset could not accompany differendes in VOT

A stimulus with any VOT in the range 0 to +80 ms could

be constructed from any one of the stimulus types by .-
. algorithm. The a.lgorithm replaced the periodic excita-

tion prior to the specified VOT with noise excitation 5.5
dB lower and also-widened the bandwidth of F1 from 60
to 300 Hz for this portion of the syllable. This proce-.
dure reduces the level of aperiodic energy in F1 and -.-

thereby simulates the acoustic consequences of coupling

to the pharynx and the trachea. . The onset of pitch- ...
pulsing was synchronized to the specified VOT by the’
procedure described by Draper and Haggard (1974).
Figure 1 illustrates the differences between the stimulus -
types used in condition 1 in displays of the formant pa-
rameter specifications F1, F2, and F3 of exemplars
with VOT’s of 0 and +20 ms. Figure 2 displays analo-
gous patterns for the stimuli used in condition 2 and shows
that in order to hold the onset frequency of F1 constant -
as VOT varied, it was necessary to restructure the
spectral relation between F1 and the higher formants in’
a manner that was not representative of any naturally .
occurring variation.

Six a.dult subjects performed in the experiment, three -
in the order condition 1-condition 2, and three in the
reverse order. Each was a native speaker of British
English and had served previously in experiments in- -

~ volving closed-loop phoneme boundary estimation, Stim-
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FIG. 1. Schematic spectrograms showing the patterns of the
first three formants for the seven stimulus types used in ex~
periment 1, condition 1 in exemplars with VOT’s of 0 ms (left)
and +20 ms (right). . Solid lines indicate periodic and dotted _
lines aperiodic formant excitation. The stimuius types are.
distinguished by. f.he frequencies of their transitionless ﬁrst
formants, - .

uli were presented bina.ura.lly through AKG K60 600—9
headphones to subjects who sat in.a sound-damped
cubicle. - The peak intensity of presentation was con-
stant across subjects at approximately 85 dB SPL for
stimuli with 0 ms VOT derived from the two identical
stimulus types (types 3 and 1 in conditions 1 and 2, re-
spectively). - Subjects were instructed to identify the
Initial consonant of each stimulus as either [g] or [k”]
and to indicate their response by pressing one of two
buttons labeled “G” and “K,” A third button, labeled
“?,” could'be pressed to summon a repetition of the cur-
rent stimulus. Each subject-ran through the whole set
of continua twice. In condition 1, three subjects exX-
perienced the continua in ascendmg, followed by de- . -
scending, order of F1 frequencies , and three in descend-
ing, followed by ascending order. The two estimates so
obtained were averaged to provide a single estimate for
each subject.on each continuum. : Analogous order bal-

Fréquéney.lH;i. - ‘ . . i S B
3000 /— E. . o F
‘ . 3 - -3
2000 ) F2 T ' \——- FZ
500 . ) J .
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400 ’ : N
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FIG. 2. As Fig. 1 for the seven stimulus types used in ex~
periment 1, condition 2. The stimulus types are distinguished
by the duration and extent of their first formant trausitlons
which onset, independently of VOT, at 250 Hz.
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TABLE I Experiment 1: Condition 1 Mean phoneme bound-

aries in milliseconds of VOT (PBs], and mean differences be-
tween boundary estimates [Ds}, averaged over estimates by

" six subjects on seven [g~k"] VOT continua differentiated by the

frequency of a constant frequency, transitionless first formant
(200400 Hz).

Number and first-formant &equeuc; {Hz) of stimulus type:~

6] (@ @ . @ (8 - (8) m.

200 225 250 275 300 360 400 .
[PB’s] 33.81 -30.99 29.53 2&.13 26.64 2478 ' 22.'59
{D’s} 1.98 3.87 3.62 3.77 7 s.22 2.30 . 2,78

ancing was employed in condition 2. - The lack of natural-
ness inherent in the stimulus structure posed no dif-
ficulty for listeners, although some subfects reported
hearing stimuli with long VOT’s and extensive F1 transi-
tions in condition 2, as initiated by the cluster [k"l] N
rather tha.n by the single consonant [k"]

o

B. Results -

Each subject provided two phoneme boundary esti- -
mates for each continuum. The average of, and the ab- .
solute difference between, the members of each pair . .
provide (a) a measure of the phoneme boundary posi- . -
tion, and (b) an indication of its variabiiity, for each L
subject on each continuum. Mean values, obtained by
averaging these measures over subjects, are tabulated
in Table I for condition 1 and in Table lI for condition
2. 3

The results of conditio’n 1 support Lisker"s (1975) con-_
clusion that the onset frequency of F1 can function as a
voicing cue: Thedata in Table I show that the position of
the phoneme boundary averaged across subjects de- .
creases monotonically as the frequency of a transition- -

‘ less first formant is raised, .Only one subject failed to .

show a systematic decrement. The seven phoneme

_boundaries from each of the six subjects were examined

together in a nonparametric test for monotonic trend _
(Ferguson, 1966) which gave a value of the normal de-
viate equal to 6.19, indicating that the trend is signifi-
cant ($<0,01; 2 tailed) -The results of condition 2 in-'

- dicate that variation in F1 transition duration/extent

does produce a small effect on the perception of stop
voicing. However, it is not in the direction predicted
from the arguments of Stevens and Klatt (1974) or Sum-
merfield and Haggard (1974) on the basis of transition
detectability. Table II shows that a fall in the value of

TABLE II. Experiment 1: Condition 2. Mean ploneme bound-
aries in milliseconds of VOT [PBs], and mean differences be~
tween boundary estimates [Ds], averaged over estimates by six
subjects on seven [g—k’] VOT continua differentiated by the du~-
rations of their first formant transitions (0--36 ms) which ouset
at 260 Hz independently of VOT.

Numbar and first-f t transition duration (ms) of stimulus type: -

' 2 ® @ - ® @ @

[} 6 12 18 2 30 36
[PB's] 28.25 28,01  27.59 ‘2574 26,04 26.81  26.18:
s 3.3 3.82 2.74 2.73°  1.63 .. 3.46 3.58
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Frequency [Hz]
. 3000
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FIG. 3. Schematic spectrograms showing the pattern of the
first two formants for stimuli used in experiment 2, condition
1 in exemplars with VOT’s of 0 ms (left) and +20 ms'(right) in
which F1 onsets at 208 Hz. Stimuli were derived from nine
VOT continua distinguished by (a) the onset frequencies of their
first formants (208, 811, or 412 Hz) and (b) the extent of their
first formant transitions (0, 100, or 200 Hz).

£N
e e P

" VOT at the phoneme boundary occurréd as transition
duration increased. This trend was shown by four sub-
jects and is also significant (z= 2 58; p<0.05; 2 tailed)

C. Dlscuss:on ‘_ -

The results of experiment 1 imply that the cntical
aspect of F1 for the perception of stop voicing is its
perceived frequency at the onset of voicing and suggest
that an F1 transition as such does not specifically pre-
dispose a voiced percept. However, the relative ampli-
tudes in the outputs of a serial resonance synthesizer ' -
_ are'not fixed, but vary according to the formant fre- * -
quency separations (cf. Fant, 1960). 'In natural produc-
‘tions, constricting the supralaryngeal vocal tract lowers
: the frequency of F1 and reduces the amplitudes of the
higher formants and the overall intensity of the output.
Increasing the frequency of Flin an OVE synthesxzer o
raises the overall intensity of the output including the
higher formants, so that the distribution of energy in
the spectrum increasingly favors higher frequencies.
Accordingly, the results of experiment 1 could reflect -
perceptual sensitivity either to changes in the location
of the first spectral peak at the onset of periodicity, or
alternatively, to changes in the amplitude of that peak
relative to peaks at higher frequencies. To determine
which interpretation is more appropriate, a control ex-
periment was run using stimuli-generated-on a parallel
formant synthesizer whose formant amplitudes could be
specified individually and for which, therefore, the fre-
quency of F1 and the relative amplitudes of the first
three formants could be varied independently.

EXPERlMENT 2 CONTROL CONDITIONS 1 AND 2

In the first control condition nine VOT continua were
created by combining each of three values of F1 onset
frequency with each of three extents of F1 transition.
Within each continuum, the onset frequency of F1 was . .
*held constant as in condition 2 of experiment 1. If the
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results of that condition reflect perceptual sensitiyity
to changes in the onset frequency of F1 then phoneme

" . boundaries should vary here with F1 onset frequency but

not with F1 transition extent. ‘In the second control con-
dition, the amplitude of F1 relative to F2 was varied &
over a 12-dB range across three VOT continua while the
spectral specification of the stimuli comprising the con-
tinua was unchanged. If the results of experiment 1 re-
flect perceptual sensitivity to changes in relative for-
mant amplitudes, then phoneme boundaries should shift
to shorter VOT’s as the intensity of F1 is reduced rela-

" tive to F2. Alternatively, if the results reflect sensi-
" tivity to the frequencies of spectra.l peaks at the onset
~ of periodicity rather than to their absolute or relative

amplitudes then the three boundaries should coincide.

A. Control condutlon 1 Stimuli, and procedure

Nine two-formant [g-k"] VOT continua’ were Synthesized
on the parallel resonance synthesizer at the Haskins .
Laboratories (Mattingly, 1968).Each continuum consisted
of eight 300-ms stimuli which varied in VOT from'+ 15 to
+50 ms in 5°ms steps with the onset of pitch-pulsing
synchronized to the intended VOT. - As VOT increased
along each continuum the amplitude of F1 was reduced -
to zero and F2 was excited by noise."Stimuli with the -
same VOT in different continua were differentiated only
by the frequencies of their first formants. : Within’ any
continuum -the actual onset frequency of F1 was fixed -
and did not vary with VOT.. Nine continua were created -
by combining three values of Fy orset frequency "(208,
311, ‘and 412 Hz) with three frequency extents of F1 '*°
transition (200 100, and 0 Hz).: The duration’ of these '
transitions was 20 ms.” (The first-formant frequency
parameter changed over five successive 5-ms interva.ls,
reaching a stea.dy state in the fifth’ interval.)  The transi-

" tion rates were, therefore, 10,5, and 0 Hz/ms.‘“ The *

transition rate of 5 Hz/ms" is the same as that used in
condition 2 of experiment 1. The transition duration of
20 ms is longer than the 15 ms which Stevens and Klatt
(1974) showed to be the 75% threshold duration for de- -
tection of an F1 transition changing at a rate of 8.5 Hz/ -
ms. The acoustic differences among the members of

the continua are exemplified in Fig. 3 where the’ formant

parameter specifications of stimuli in which F1 onsets

‘at 208 Hz with VOT’s of 0 and +20 ms are displayed.

Two groups of subjects listened to a randomization
which included ten occurrences of each of the 72 stimuli.

- Stimuli were presented binaurally through Grason- '
Stadler TDH39-300Z headphones at a level of 85 dB SPL
.{peak deflection). One group of subjects consisted of-

six members of the research staff of Haskins Labora-
tories, any of whose residual phonetic naivety was dis-
pelled by a description of the acoustic structure of the
stimuli. The other group consisted of nine students -
attending a Yale University summer- school who declared
themselves to be phonetically naive. Subjects were in- -
structed to make a forced choice identification of the
initial consonant of each stimulus as either [g] or [k}, -

.but to indicate in addition if the sound which they heard -

was not a satisfactory exemplar of a CV syllable initiated
by either [g] or [K].
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TABLE IIl. Experiment 2: Condition 1. Percentages of “G”
responses made to the members of nine [g-k') VOT continua
averaged over ten subjects. ' Each continuunr consisted of eight
" members ranging in VOT from +15 to + 50 ms. The continua
were distinguished by the onset frequency .of their first formants
(208, 811, or 412Hz)and by their frequency extent of the first
formant transitions (0, 100, or 200 Hz).

First Formant Onset Frequency (Hz)

v _ . 208 311 412
First formant 0 7.8 66.6 33.5
Transition ‘100 T 69,2 - 48.9 °  34.1
Extent (Hz) . $200 60.4" 52.9 41.5

A difference of 12.6% between any pair of means is sufficient
for a postenori significance at the pso 01 level

B. Control condmonl Results

. Four of the experienced subjects and six of the naive
subjects exhibited predictable performance: They re-

- ported few instances of stimuli initiated by phonemes
other than [g] or [k"] and reported increasing numbers
of [k*] percepts as VOT increased along each continuum.

' However, the VOT range +15 to- -+ 50 ms was not suffi-

' cient to permit the computation of a phoneme boundary
for every subject in every condition. Accordingly, the
data from condition 1 are summarized in Table III not
as phoneme boundary positions but as perceéntages of [g]
responses made by these ten subjects to the eight mem-
" bers of each continuum combined. Figure 4 displays -
plots of the percentage of [g] responses made to each -
stimulus in each continuum averaged across these sub-
jects. Each point plots the mean of 100 observations,

Four subjects ¢laimed that ‘more than 25% of the initial
© consonants were neither [g] nor [k!]. They heard some

" stimuli with long VOT’s as initiated by palatal affricates
(e.g., /i/). “Their data were more variable than those
of the other subjects. The data of one experienced sub-
Ject were noise free but will be mentioned no further as
he only heard instances- of {gl.

- The numbers of [g] responses afforded each of the 72.
.stimuli by each of the ten consxstent subjects were ex-
-amined in a three-way univariate analysis of variance
_ with the factors

(a) subjects (10),

(b)\ F1 onset frequency (208, 311, or 412 Hz),

(c) F1 transition extent (0, 100, oor 200 Hz), and . ‘
(d) VOT (15, 20, 25, 30, 35, 40, 45, or 50 ms).

The effects of both the major independent variables
and their interaction were significant (F1 onset fre-
quency: F[2, 18]=28.64; p<0.01, F1 transition extent:
- F[2, 18]=11,38; $<0.01. Interaction: F[4, 36]=1.30;
$<0.01). Post hoc comparisons made according to the
criteria recommended by Scheffe (1959) show that in-
creasing F1 onset frequency both from 208 to 311 Hz,
and from 311 to 412 Hz, produced significant decreases
- * in the percentage of [g] responses (p<0,05). Increas-

ing F1 transition extent from 0 Hz to either 100 or 200
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_ Hz, also produced a significant decrease in the percent-

age of voiced percepts (»<0.05), but no systematic ef-
fect resulted from the increase from 100 to 200 Hz of
F1 transition extent.” The extent to which these results
are manifest in individual compansons may be examined
in Table III where a difference of 12.6% between any

pair of means is required for a posterzon significance '
at the p<0. 01 level.

Overall, the results show that increasing F1 onset fre-

' quency reduces the proportion of voiced percepts in-
- dependently of the characteristics of any following F1

trangition. The extent to which the presence of an F1 -
transition also reduces the proportion of voiced percepts
depends on its onset frequency. The effect is largest
for onsets at 208 Hz, and diminishes to zero as the on-
set is raised to 412 Hz. .

-

- Two stimuli were added to the continuum used in' con-
dition 1 in which F1 had its onset at 311 Hz with 0-Hz F1
transition extent. The extended continuum ranged from
+10 to +55 ms of VOT. It was duplicated twice to create
a total of three continua in which the level of F1 relative
to F2 was +6, 0, and -6 dB.* seven naive subjects lis-
tened to a randomization comprising ten instances of
each of the 30 stimuli and indicated whether they per- .

. ceived the initial consonant as [g] or [k*]. The positions

of their phoneme boundaries were estimated by probit
analysis (Finney, 1971) and examined in a two-way anal-
ysis of variance with the factors: :

(a) subjects (7) and ) .
(b) relative formant amplitude (+86, O or -8 dB) .
Mean boundaries were + 36, 1 +36. 3 ‘and +36 i ms

_ for the -6, 0, and+6 dB conditions, respectively, and

do not differ significantly from one another (F[2, 12]
=0.093). Although one subject did show a small in- _
crease in boundary position with increasing lntenslty

of F1, two others displayed the reverse pattern. Over-

* all, variation of the relative intensities of F1 and F2 in .
" these continua produced no systematic effect on the

decision as to whether the initial stop was voiced or .
voiceless. : .
D. Experirnent 2: Discussion

The perceptual effects of varying F1 onset frequency
in experiment 1 could have been mediated by those co-

g.

§ £y Gnset = 208 Hz F, Onset 311 Hz F, Onset =412 Hz
w0

1]

)
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w
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i L]
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& . VOICE ONSET TIME [msec]

. JFIG. 4. Results of.experiment 2, condition 1 pooled aver ten
*  subjects. . . :
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TABLE IV. Obtained phoneme boundaries in milliseconds:

of VOT and boundaries predicted by the equation V=58

- 100[(%) log (F1%/200) + (£ ) log (F2*/1000)] where Vb is the
predicted boundary in milliseconds of VOT, and F1* and F2*

are the frequencies of the first and second formants at the
onset of voicing. .

Continuum  F1* Fo* Obtatned Predicted Difference®
A 540 1232 39 40 +1

B 769 1232 30 29 -1

c 386 1232 43 41 -2

D 286 . 1845 35 . 84 -1

E 412 2000 2 25 +1"
Continuum ~ Fi* F2* Obtained Predicted Difference®
1 200 2098 3¢ 37 +3
5 .. 300 2158 27 - .29 2

7 . 400 - 2134 23 B . .0
Continuwum . F1* F2» Obtained  ‘Predicted  Difference®
F1 T-Dur . . '

20 645 - 1200 21 ) +11

25 575 . 1235 . 22 34 . +12

40 540 . 1320 30 - 1 +3

55 478 ©'1875 - 34 v Y. 34 e

70 452 . 1410 . 40 " -8

85 427 - 1445 44 M. -10

100 -400 1480 ‘45 34 -11

115 875 - 1500- 46 35 C=11
3pata from Lisker (1975) The letters A, B, C, D, and E iden-

tify five [g—k" continua as in the original paper.
*pata from experiment 1: ‘condition 1; Predictions are made
for three of the seven continua with Fl frequencies of 200
300, and 400 Hz.
®pata from Lisker et al. (1975) Predictions are made for
eight [da—t"a] continua diiferentiated by F1 transition durations
(F1 T-Dur.) of 20, 25, 40, 55, 70, 85, 100, and 115 ms.

variations in relative and overall formant amplitudes
which the acoustic theory of speech production predicts,
and which an OVE synthesizer produces.” Had that been
so, no effects should have resulted in experiment 2 from
varying the frequency of Fl while holding its absolute and
" relative amplitude constant but an appreciable effect
should have resulted from varying its amplitude while
holding its frequency constant. This was not the case. .
The opposite pattern was produced and confirms that the
critical aspect of F1 for the perceptual categorization ,
of members of VOT continua is its perceived frequency
at the onset of voicing, rather tha.n its absolute or rela-
tive amphtude.

!

In control condition 1, the- frequency extent of Fl
transition was varied while holding its onset frequency
fixed. The results of this manipulation confirmed the
second finding of experiment 1 that 4 rising F1 transition
following the onset of voicing does not, in itself, in-
crease the probability of a voiced percept. Transitions
onsetting at 250 Hz (in experiment 1) and at 208 and 311

‘Hz (in experiment 2) significantly increased the prob-
ability of voiceless percepts. The physiological rep-
‘resentations. of the separation cue-and the F1 onset
frequency cue could both be influenced by whether voic-
ing onset is accompanied by a rising, as opposed to a
steady, F1. If there were less energy in the critical
band around the putative ¢ ‘onset frequency of an F1 transi-
tion than at the onset of a fixed frequency F1, then the
_separation interval might be perceived as lon_ger and the
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F1 oniset frequency-as higher than their respective phys-
ical values. The data imply that the perceived onset of -

. F1 in these stimuli is determined by spectrotemporal

integration over the duration of the first two or three -
pitch pulses but that the dependency of F1 onset registra-
tion on spectrotemporal integration decreases as phy'si¢
cal onset frequencies increase from 200 to 400 Hz.

Experiments 1 and 2 demonstrate that the perceived
frequency of F1 at the onset of voicing plays an identifi-
able role as a spectral parameter influencing the voiced-
voiceless decision. They do not determine whether it .
is correct to impute to the frequency of the F1 peak the
entire burden of spectral influence or whether that in- -

"~ fluence derives from the distribution of energy | in the

spectrum including both F1 and the higher formants
Lisker (1975) considered this possibility to be unlikely,
although the perceived differences between his stimulus
types can be economically summarized by expressing B
the spectral influence as the weighted sum of an effect :
of F1 and an effect of F2. A dependency of boundary & -
location on the frequencies of both F1 and F2 at the. on~
set of voicing is expressed in the otherwise arbitrary
formula : . . :

Vb=58 - 100{s[log(F1*/zoo)]
+%[log (F2*/1000)]} , -

where Vb is the predicted voicmg boundary in millisec—‘
onds of VOT and F1* and F2* are the frequencies in”’
Hertz of the first and second formants at the onset of
voicing. The values of the constants were derived by
trial and error to fit Lisker’s (1975) data as shown in "’:'
Table IV, footnote a. ‘While the fit to Lisker’ s data is
quite good, suggesting a role for F2, and the expres-.
sion adequately predicts the boundary positions observed
here in experiment 1 (see Table IV, footnote b),-Table -
IV, footnote ¢ shows that the equation fails to account -
for the data of Lisker, Liberma.n, _Erickson, and Decho-
vitz (1975). L e e e

Figure 5 displays a plot of obtained phoneme boundary

U F2 Onset below 100 Fz o
8007 o AP e Mo~/ - Stevens ond Katt {1972}
| e==—=s Ajrai - trai/Darwin ond Brody(1979
7] . s Afg -0/ Lisker ot ol {1975)
A ASCA A-k/  Uskeri978
e § \\ A : abco®  Ma-to/  Lisker ot al(1975)
N e e e o e s e o s 0 e
7 ' Fy Onset above 1500 Hz
- DEA /-k/  Lisker{1975)
] e W/ D, Cortint
B °-"—'°&vk/‘ OHz: sl
™ Omm om0 A/ 100 He : Transition : | Expt2, 1
gzoo- et Ag-ke/200 Ha: Ouration : Condition
2@
[T
o 100-]
[ - -
§ o (msec of VOT] -
) ) L) ] )
c ® B N @ W &

Position of Phoneme Boundary
FIG. 5. Plot of the position of the voicing boundary against the
onset frequency of F1 for the data sets indicated. The dotted .
line falling diagonally from left to right segregates the data
according to the frequency of F2 at the voicing bounda.ry
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Fraquiincy [Hz] : o - . ries. The continua included identical synthesis control
gggg: L 1-. ‘ . barameter specifications for F3, F0, and the overall
2600- ~. e d . o and individual formant amplitudes.l They were distin-
2000 3 4 . 3 guished. only by differences in the frequency contours of
2200- : , . o ' : their first and second formants. Sixteen continua were
fggg: e (4] ] formed by combining each of four Fi steady-state fre-
0] ———o d— quencies (208, 412, 616, and 818 Hz) with each of four
1004 T~ @ F2 4 T F2 F2 steady-state frequencies (1001, 1306, 1611, and 1917
12004 ° TN ) 4 ™. Hz). This range of formant frequencies includes vowels
1000+ ‘l; 1 . not found in the English vowel system. -Transitions in
:gg_’ v }m / A F1, F2, and F3 were linear.in frequency/time over their
wof i 21 Fp ] S ‘duration of 35 ms. F1 transitions rose from 208 Hz at
2ooj (1} j : stimulus onset to the appropriate steady state. " F2 onset °

07 e\ ey . frequencies were computed so that the extrapolated tra-
0 S 00 imsecl 0 20 35 300Imsecl  jectories of F2 transitions originated at 1800 Hz 50 ms
VOT=0 msec VOT=+ 20 msec :

FIG. 6. Schematic spectrograma showing the patterns of the "
first three formaats for the stimuli used in experiment 3 in 3
exemplars with VOT's of 0 ms (left) and + 20 ms (right). - Six-
teen VOT continua were created by combining each of four F1
contours ({1]—[4]) with each of four F2 contours ([1]—[4]). The
stimuli f{ncluded a 10 ms burst centered on 4000 Hz which is
not shown. - : : Lo

' location as a function of F1 onset frequency for .dafa re-

ported in the present paper and by Stevens and Klatt

- (1974), Lisker (1975), - Lisker et al. (1975), and Darwin
- and Brady (1975). There are two important features of
this display. .First, the inverse Telationship between the
onset frequency of F1 and the position of the voicing
boundary demonstrated in the present experiments are

‘equally apparent in the other sets of data plotted here.- -

Second, despite the failure of the equation to describe
the data of Lisker ef dl. »the remaining data do justify
the search for some description of spectral influences -
that includes the frequency of F2 in addition to that of
F1. The dotted line in Fig. 5 falling diagonally from
left to right segregates the data according to the fre-

: quency of F2 incorporated in the stimuli. Results ob-
tained from stimuli in which F2 was above 1500 Hz fall .
below this line, those in which F2 was below 1500 Hz .

fall above the line. The pattern suggests that lowering
the frequencies of both F1 and F2 can cause the voicing
boundary to shift to longer VOT’s. .In addition, it ap-
pears that the more diffuse the spectrum, the larger is
the effect of varying F1 onset frequency.

While this is one explanation for the pattern of data in
Fig. 5, it is also possible that the pattern reflects the
effects of variations in voicing cues quite different from
those considered here [see Klatt (1975) for a review)
and the effects of different strategies for synthesis and
the use of different groups of listeners. Resolution of
these alternatives requires that the same group of lis-

‘teners categorize the members of a set of VOT continua -

‘whose vocalic contexts are characterized by a range of
F2 frequencies in combination with a range of F1 fre-
quencies. This was done in experiment 3.

lll. EXPERIMENT 3

A. Stimuli and prowdure‘ . ..
Sixteen [d-t!] VOT continua were synthesized on the

parallel formant synthesizer at the Haskins Laboryatos-.

J. Acoust. Soc. Am., Vol. 62, No. 2, August 1977

before syllable onset. The F3 transition had its onset

at 2861 Hz and fell to a steady state at 2527 Hz. All
stimuli included a fricated burst centered on 4000 Hz-
and lasting 10 ms from stimulus onset, Each stimulus |
was 300 ms in duration. Over.the first 100 ms the fun-
damental frequency was constant at 110 Hz. Figure 6. - -
includes schematic displays of the formant parameter
specifications of the stimuli. L

"Each continuum ‘consisted of ter{ mefnbefs with VOT 5

“of +8, +10, +15, +20, +25, +30, +35, +40, +45, and

+30 ms formed by replacing periodic excitation with '
noise excitation in F2 and F3 and eliminating energy in
F1. The onset of pitch-pulsing was synchronized to the .
intended VOT in every stimulus., ... . ..+ - ..

Ten naive subjects listened to a randomization which =

" included ten instances of each of the 160 stimuli over

Grason-Stadler TDH39-300Z headphones at a constant .
peak intensity of 85 dB SPL. They were instructed to
make a forced-choice identification of the initial con-
sonant of each stimulus as either [d] or [t*] and to indi-

 cate their percept by writing “D” or “T,” In addition,

subjects were instructed to mark with a “?” any re-

sponse about which they were not confident. . ... .

B. Results

" Despite being presented with a bizarre array of vowels, ..
most subjects experienced little difficulty in performing
the task. While four subjects did indicate that many of
their responses to the members of the four continua with -
F1 set to 200 Hz were guesses, no subject performed in-
consistently with stimuli drawn from the other 12 con-
tinua.

The data were examined in three ways in different
univariate analyses of variance. The first examined the
sums of the numbers of “D” responses made to each
stimulus by each subject according to the four factors:

(@) subjects (10), , .
(b) F1 steady state (208, 412, 616, or 818 Hz),

(¢) F2 steady state (1001, 1306, ‘1611, or 1917 Hz),
and - : . 7

(@) VOT (+5, +10, +15, +20, +25, +30, +35, + 40,
" +45, or +50 ms), S : '

Both the main effect of F1 (F[3, 27]=26.27; 5<0.01) v.'
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" FIG. 7. Results of experiment 3 for six individual subjects
who performed consistently on all sixteen continua. For each

e %0 wH

subject four empirical functions relate the position of the voice-

. ing boundary (estimated by, probits) to the frequency of the F2
steady state for each of four values of F1 steady state. The
" functions are essentially horizontal showing no dependency of
the position of the voicing boundary on the spectral charactér-
istics of F2. T

L
*

and its interaction with VOT (F[27, 243]=13.27; p
<0.01) were significant. Neither the main effect of F2
(F[3, 27]=0.68; »>0.2), nor its interaction with VOT
were significant. The data provided by the six subjects
- who performed consistently on all 16 continua were ex-'

amined in probit analyses which fitted ogives to the data .

from each subject for each continuum. ‘Two parame-
ters were estimated for each ogive: the physical stim-
- ulus value corresponding to the £=0.5 point on the psy-

chometric 'function_and the slope .of the probit regression..

The first parameter is an estimate of the phoneme bound-
ary. The second varies directly with the standard de-

TABLE.V. f:::périment 3.” Phoneme b.oundary positions in milliseconds of VOT averaged over six subjects whose L

data were internally consistent on all sixteen continua.

. tion functions at the boundary, become steeper.- ::

The continua were distinguished by the frequency of their
F2 steady states (1001, 1306, 1611, or 1917)Hz and the frequency of their F1 steady states (208, 412, 616, or" =

. -

viation of the psychometric function underlying the test
continuum and hence reflects the slope of the identifica-
tion function at the boundary, The two parameters were
examined in separate analyses with the factors:

(a) subjects-(6),
(b) F1 steady state (208, 412, 616, or 818 Hz), and
() F2 steady state (1001, 1306, 1611, or 1917 Hz).

Analysis of the 50% intercepts which correspond to the
phoneme boundary, showed a significant effect of F1 . _
(F[3, 15]=35.95; p<0.001), nonsignificant effects of F2
(F[3, 15]=0.84; $>0.2), and no F1x F2 interaction
(F19, 45]=0.48; »>0.2), Analysis of the boundary slopes -
also showed a significant effect of F1 (F[3, 15]=5.00; -
$<0.025), nonsignificant effects of F2 (F[3, 15]=0,05;
#>0.2), and no F1x F2 interaction (F[9, 45]=1.93 3 b

>.0.1). L

These results may be assessed in relation to the plots
in Fig. 7 where boundary position is plotted against the
steady-state frequency of F2 for each value of F1 steady-
state frequency. Only data provided by the six subjects .
who performed. consistently on all 16 continua are repre~
sented. .The plots corresponding to eackh value of F1 on- -

" set frequency are horizontal, illustrating the lack of any -
‘dependency of boundary position on F2 onset frequency. - -

Means obtained by averaging over these subjects are ]
tabulated in Table V which shows that as the F1 steady .-
state increases in frequency, two things do happen: .- ;.-

- phoneme boundaries shift to shorter VOT’s and the s'lope.sv '

of the probit regressions, .and hence of the identifica-

-

- 818 Hz). ¥our values are indicated for each continuum. . The first 1s the position of the average phoneme bound- t"" o B

ary in milliseconds of VOT [PB). - The second is the average slope of the probit regression line [SL]. 1Its units "
are (probit of [ +voiced) responses)/ms. The third and fourth values are the frequencies of the first and second
formants at the mean phoneme ‘boundary locations (F1* and ¥2%), R . R

Continua with F1 =208 and F1=412 Hz: F1 steady state (Hz), F2 steady state (Hz) - 7 . T
[F1] 208 208" ° 208 208 42 412 412 412 '
{F2) " 1001 . 1306 1611 1917 1001 1306 1611 - 1917
Means o ) : ' o
- [PB] 30.09 . 30.47 32.13 31.94 . 28.83 28.34 28.86 28.92
[SL] -0.142 . . -0.158 ~0.167 -0.138 -0.187°  -0.182 -0.17¢  -0.167 -
[F1#] 208 . 208 ... 208 208 381 . 381 - 381 381 -
(F2+] 1000 1306 1611 1917 1077 1382 . 1611 1917
_Continua with F1=616 aud F1=818 Hz: F1 steady state (Hz), F2 steady state.(Hz)
(F1] 616 © .. 616 616 616 818 - 818 818 818 S
[F2] 1001 1306 1611 - 1917 1001 1306 1611 917 - .
Means L .
(PB] 25.59 25.36 25,73 26,34 22,84 22.24 2233 . . 22,99
{sL -0.188 - -0.172 -0.158  —0.169  ~0.195 -0.185 . -0.195 -0.227
[F14]" 535 . 535 535 . 535 611 611 . 611 - 811
[F2¥ 1077 . 1382 1611 1917 1077 1382 . 1611 1917 -

e—————— — —re—

e

—— e tm——e — Pe—
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C. Discussion

It is clear that, overall, the perceived frequency of F2
at the onset of voicing plays an insignificant role in de--
termining how listeners categorize the members of
[d~t"] VOT continua as voiced or voiceless.® It is un-
likely that the absence of an F2 effect here, as con-

" trasted with Lisker’s (1975) data, results from our use
of the alveolar rather than the velar place of production.
Comparison of the data from experiment 3 with that
plotted in Fig. 5 shows our velar and alveolar data to

correspond quite precisely. While Lisker’s (1975) data

remain anomalous, the present result is congruent with
two earlier observations. Summerfield (1974a) varied
the durations of syllable-initial F1, F2, and F3 transi- -
tions in the members of [ga-k"a] and [gi-Kk] VOT con-
tinua. This produced a systematic change in the posi-

tion of the phoneme boundary in /a/ context, where there

was an extreme F1 transition whose onset frequency at
any given VOT varied with transition duration. - How-
ever, there was no effect in /i/-context, where, de-
spite a negligible F1 transition, there were appréciable
transitions in F2 and F3 whose onset frequencies did =
vary. Lisker et al. (1975) varied the durations of the
.F2 and F3 transitions independently of that in F1 in the -
members-of a [da~t"a] continuum, " Systematic changes
in the position of the voicing boundary resulted from
manipulations of F1 but not from those of F2 and F3.
The results of experiment 3 augment these earlier find-
ings. - They demonstrate that the major spectral in-
fluence on the perception of stop-voicing resides in F1

- and is not'distributed throughout the entire spectrum.
Perceptual behavior is explained in terms of the direct
acoustic effects of particular vocalic environments on the

" voicing cues without the invocation of feedback from the
phonetic- identification of the vowel. - Cee s

For each steady-state frequency of F2 used in ex-
.periment 3, the empirical function relating the position
of the phoneme boundary to the onset frequency of F1, -
if plotted in Fig. 5, would cross the dotted line which

purports to segregate results according to the frequency

of F2 incorporated in the stimuli. Clearly, a different
rationale for the pattern of data in Fig. 5 is required.

Its basis may be found in the observation that the dif-
ferent data sets displayed derived from stimuli with dif-
ferent overall durations. The stimuli of Lisker et al.
(19'75) and Darwin and Brady (1975) had durations of

600 ms while those of Lisker (1975) were 450 ms and
those used in the present experiments were 300 ms in
duration. Summerfield and Haggard (1972) observed

that increasing the duration of the steady-state portion
~of a CV syllable with a fixed VOT increased the prob-
ability that the initial consonant would be perceived as
voiced. They argued thatthis finding demonstrated per-
ceptual sensitivity to acoustic covariants of speech rate.
We have replicated this finding and fourid that anincrease
from 90 to 310 ms in the duration of the vowel in the
members of a [biz-p"iz] continuum shifts the position

of the voicing boundary by about seven milliseconds. A
simple mechanism which could simulate this effect would
- scale the duration of the separation interval in a stimulus
in relation to the total duration of the syllable, combine
the scaled duration with measures of other pertinent

Q. Summerfield and M. Haggard: Spectral and temporal cues to voicing
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cues, and compare the combined cue value with a crite-
rion value to determine the value of the voicing feature.
If the effect of manipulating the physical value of an-
other cue, e.g., F1 onset frequency, were assessed by
measuring changes in the position of the voicing bound-
ary expressed in.terms of the physical value of the sepa-
ration interval, then the measured effect would increase
as the total duration of the stimulus increased. The

- relation between the present data and that of Lisker et

al. (1975) and Darwin and Brady (1975) is congruent with
this rationale; larger effects of F1 onset frequency vari-
ation were produced by these authors’ 600 ms stimuli

- than by our 300 ms stimuli. This explanation remains

to be tested and doesnot account for the patterns of

_Stevens and Klatt’s (1974) and Lisker’s (1975) data; those

data remain anomalous, '

IV. GENERAL DISCUSSION o

A, Tra&i_rig relationships in production and perception
These results identify the perceived frequency of the -

" first formant at the onset of voicing as the critical’ spec-
tral parameter influencing the perceptual categorization -

of members of VOT continua. They have shown that a  *
larger value of the'separation interval, the purely tem- - -
poral component of VOT, is required for the perception
of a voiceless stop when F1 has a low onset frequency ..
(indicating greater vocal tract constriction) and vice
versa. This trading relationship corresponds elegantly -
with one in production. : = . L

In production, oral release gestures of differing ex. - . -
tents made by the same articulators nevertheless tend
to require the same length of time (e.g., Kent and
Moll, 1969; Perkell, 1969). It is observed that VOT o
varies inversely with both the rate at which the oral re-
lease gesture is made and with the degree of vocal tract .
constriction required by the phoneme following the stop." -
Thus, ‘longer VOT’s characterize velar stops, compared
to alveolars, compared to bilabials (Lisker and Abram-
son, 1964); VOT’s tend to be longer before the vowel A/

* than before /a/ (Klatt, 1975; Summerfield, 1975a);. -

VOT’s are longer in stop + /r/+vowel and stop+/1/ -~
+vowel environments than in stop+vowel environments
(Lisker, 1961; Klatt, 1975).% It is not entirely clear why
this relationship occurs in production. A relatively
constricted vocal tract both increases the acoustic load
on the glottal source (Flanagan and Landgraf, 1968), and
may also retard the attainment of the transglottal pres-

' sure drop necessary for vocal cord vibration (Van den

Berg, 1968). Klatt (1975) claims, however, that passive
aerodynamics can only contribute to variations in VOT
observed in productions of voiced stops since in voice-
less productions the supraglottal pressure established
during the occlusive phase is entirely dissipated during
the fricative portion of the stop-release and is at atmo-" "

. spheric level at the time when vocal cord adduction is

initiated. He suggests that, to offset the inherently low
frequency of F1 when stops are produced before a close -
vowel or a lateral, the timing of glottal adduction rela- -
tive to oral release could be actively delayed.” It is -
fairly parsimonious to postulate such learned compensa-
tion in production. Perceptual sensitivity to the summed
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FIG. 8, Schematic descriptions of four syllable-initial first
formant contours ({a], [b], [c], (d]) which could be incorporated
in the members of different VOT coutinua. Were voicing to
ouset at time T first formant onset frequencies of Fay Fy, F,
and Fy Hz would result. ’ . :

A

cue values of separation interval and F1 onset frequency
" is already required, whatever the habits of production
may be. By pooling measures of these two cues at a -
low level, or registering the relationship between them
directly (cf. Lappin, Bell, Harm, and Kottas, 1975),
the noninvariance problem for perception is reduced.

- This perceptual summation should apply equally in the
. speaker’s perception of his own productions, As a quid
. bro quo, production could be expected to develop vowel .
+ “contingent modifications to delay adduction in order to
permit a general criterion value of the summed measure
to characterize phoneme boundaries in most circum-
stances. Possibly, small passive aerodynamic effects
of the adjacent vowel upon voicing onset occur in un-
stressed syllables, while larger delays result from con-
trolled adduction delay in stressed syllables. = ’

The identification of the role of F1 onset frequency
permits the rationalization of a group of previously re-
ported results. In Fig. 8, four F1 transition contours .
which might be incorporated in the members of synthetic
VOT continua are schematized. - Transitions [a] and [b)

differ in duration, while transitions [b] and [c]-differ in -

spectral extent. .Contour [d] evinces no transition, Were
voicing,to onset at time T; ms, F1 onset frequencies of
F., Fy, F., and F,Hz would result. .The diagram ex-
‘emplifies; as Lisker ef al. (1975) have emphasized, that
variation in either the temporal duration or the fre-
quency extent of an F1 transition results in covariation
of F1 onset frequency at any given VOT. Thus, effects
previously attributed to F1 transitions following expert-
mental manipulation of either transition duration (Stevens
and Klatt, 1974; Summerfield, 1974a), or frequency ex-
-tent (Summerfield and Haggard, 1974), where the F1

_ steady state was fixed, are more appropriately ascribed
to variation in F1 onset frequency. Similarly, phoneme

. boundaries on VOT continua involving the vowel /i/ (with

a low frequency F1 in the vowel and hence little or no F1
trangition) fall at longer VOT’s than do those on continua
with the vowel /a/ (with a high frequency F1 in the vowel
and a potentially extensive F1 transition) (Cooper, 1974;
Summerfield, 1974a; 1975b); that finding is rationally
explained by the necessarily lower F1 onset frequency

in /1/ context. - (Compare contours [b] and [d] in Fig. 8.)
These results would be paradoxical if the transition
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were considered to be a cue to voicedness; the paradox
led Summerfield and Haggard (1974) to consider a pos-
sibility which they otherwise acknowledged to be yn-~
parsimonious, namely, that the perceptual weightings -
of measures of the temporal and spectral aspects of
VOT might be conditioned by vocalic context. With F1
onset frequency identified as the critical spectral pa- . -
rameter, there is no need for such feedback, and the
voicing decision may be reached without reference to
the category of phoneme following the stop. (See also
Darwin and Brady, 1975.) Further methodological im-
plications are reviewed below in Sec. IVC,

.. The results obtained here may reflect the effects of
another, less influential,- spectral parameter in addition
to:F1 onset frequency. The schematic displays in Figs,
1,2, 5, and 8 show that the constraints which were ap-.
plied to the acoustic structure of the stimuli necessarily
resulted in covariation of the frequency of the F1 steady
state with, in different conditions, either the onset fre.
quency of F1, or the extent of the F1 transition. In-:
creases in both these latter variables raised the prob-
ability that a stop-consonant characterized by a particu-
lar VOT would be perceived as voiceless. Thus, ‘the
results exhibit a correlation between the frequency of =
the F1 steady state and the probability of a voiceless : -

"~ percept. 'Experiment 1 showed that there is not a strong
. causative relationship between the two. -However, the

results do not eliminate the possibility that there may -
be some influence. Stevens and House (1963) noted that -
the contour.of F1 in the vocalic portions of natural CV
syllables is lower.in frequency following voiced, as op- -
posed to voiceless, stops reflecting the increase in -
vocal tract length that results from the lower position

of the larynx in voiced productions, (e.g., Ewan and
Krones, 1974). This aspect of articulatory behavior -
increases the spectral difference in F1'at voicing onset

- between voiced and voiceless productions. It remains o

to be determined whether an additional perceptual effect .
derives from the coarticulated variation in the F1 steady
state. - I o

B. First formant transitions and first formant onsets

The failure of an F1 transition to cue voicing in adults
raises doubts about Stevens and Klatt’s (1974) suggestion
as to its perceptual primacy for the perception of voic-
ing contrasts in infants. Such wariness is reinforced by
two recent findings. First, demonstrations of the cate-
gorical perception of the members of continua formed by
varying the relative onset times of noise and buzz seg-
ments(Miller, Pastore, Wier, Kelley, and Dooling,
1976) and pairs of sine waves (Pisoni, 1977) have con-
firmed Hirsh’s claim (Hirsh, 1959; Hirsh and Sherrick,
1961) that a natural psychoacoustic boundary between the .
perception of successive and simultaneous coterminous
acoustic events occurs at a temporal offset of about 17
ms. Although, as the results of the present experiments
show, the perception of voicing contrasts involves the .
registration of the spectral concomitants of the inter-
val between release and voicing onset, psychoacoustic

nsiderations may well dictate why a temporal interval
is the basis of the voicing distinction in general (whether
positive or negative values of VOT are .involved) and“why “
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in particular many of the world’s languages place a
category boundary between VOT’s of 0 and +40 ms. The
second difficulty for the supposed primacy of transitions
comes from a developmental study by Simon (1974). He
showed that children older than eight years do not cate-
gorize any members of a “Goat—Coat” VOT continuum
as initiated by [g],unless they contain a low F1 onset
frequency. Children younger than five years, on the '
other band, indicate that they have perceived [g] in the
absence of the spectral cue.and appear to be primarily
sensitive to variation in the temporal cue.. These re-
sults support Lisker’s assertion of the primacy of the .
temporal aspect of VOT and suggest that it is the ability

‘to detect the spectral cue that is learned.

At present, it is not clear whether infants’ behavior
in discriminating members of VOT continua (¢f. Eimas
et al., 1971; Streeter, 1976) represents a psychoacous-
tic ability to distinguish successive from simultaneous
acoustic events, or a phonetic.ability to distinguish

voiced from voiceless stops ‘(Pisoni, 1977). The alter-

- mnatives could be dissociated by experimenting with VOT
continua (e.g., [gri-k"ri]) on which the phoneme bound-
ary, by virtue of a low F1 onset frequency, occurred at
a considerably longer VOT than the simultaneity-suc-
cessivity 'threshold. _ Would infants display enhanced dis-
crimination near the psychoacoustic boundary, the pho-
netic boundary, or both?®

C. lmpli&ations for studies using stimuli drawn from
VOT continua S Do .

The demonstration that the temporal and spectral com-
- ponents of VOT-may be traded for one another and that,
by implication, each possesses perceptual potency in
cueing the voicing distinction, has methodological im-
port for studies whose stimuli are drawn from VOT con-
tinua. ’ ' T

Where F1 transition duration is held unnaturally con-
stant across continua which represent articulations in
which it would normally vary, the positions of phoneme
boundaries should not vary. ‘Darwin and Brady (1975)
synthesized [de-t"] and [dri—t®ri] continua with identical
parametric specifications of F1. The perceptual identi- -
fication functions for the two continua differed slightly,
but in the reverse direction from that to be expected if
the boundary locations were determined by phonetic
class: Boundaries on the [dri-t"ri] continuum occurred
at shorter VOT’s than those on the [de-t%] continuum.
Lisker et al. (1975) synthesized [ba-pha), [da-t"a], and
[ga~Kk"a] continua with identical transition specifications
for F1. Boundaries on these three continua coincided,
in contrast to those obtained in Lisker and Abramson’s
original (1967) study where the.duration of the F1 transi-
tion covaried naturally with place of production, ®

If VOT continua involve cutback of the duration/fre-
-quency extent of an F1 transition, then variation in VOT
over the duration of this transition (e.g., between times
4 and ¢, in Fig. 8) will alter the physical values of both
. cues. Equivalent variation beyond the end of the transi-
tion (e.g., between times ¢y and #,), or on continua not
involving an F1 transition (e.g., between either ¢, and
t, or between ¢; and ¢, on contour [d]), will only vary the
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value of the separation cue.. If, as the results of the
present experiments suggest, the deciston as to the val-

- ue of the voicing feature may be represented as being

based on a combination of analogue measures of these'
two cues and others (Summerfield, 1974b; 1975c; cf.
Hoffman, 1958; Haggard, 1974), then the perceptual
effect of a particular change in VOT will depend upon the
magnitude of the change in the combined value of the
cues that it produces. A VOT shift that changes the
physical values, and hence the perceptual measures,

of both cues should produce a larger perceptual effect
than should one which only varies the value of the sepa-
ration cue. It is likely, in addition, that the perceptual
scaling of the temporal separation component of VOT -
for values greater than the simultaneity—-successivity .
threshold approximates Weber’s law (Abel, 1972; -Miller
et al., 1976). As a result of both these factors, the .
perceptual effect of a change in VOT of fixed size should
diminish as the absolute VOT on which that change is
centered increases. The perceptual consequences of the
two factors have not been dissociated, although effects
have been observed which reflect their joint operation.
Pisoni and Lazarus (1974) carried out 41AX discrimina-
tion tests of members of a [ba-p"a] continuum involving
syllable-initial formant transitions of 50-ms duration.
They noted that discrimination of stimuli differing in " .
VOT by 20 ms was more accurate in.the voiced range of
VOT’s from 0 to 40 ms, where the physical values of
both cues were changing, than in the voiceless range
above 40 ms. Similarly, Summerfield (1975¢c) mea-
sured phoneme boundary widths, defined as the difference
between the VOT’s corresponding to 25% and 75% voiced
responses for each of eight subjects on'a [ga—k®a] con-
tinuum which was synthesized with an extensive rising
F1 transition of 60-ms duration and on a [gi-k%] con- -
tinuum which was synthesized with no F1 transition. - °
Boundary width, in this definition, relates inversely to -
discrimination in the boundary region and should reflect -
the rate of change of the combined value of the two cues
at the boundary. Mean phoneme boundaries occurred at
+29.0 ms in /a/ context and at +41.6 ms in /i/ context.
Mean boundary widths were 6.6 ms in /a/ context and
10.5 ms in /i/ context. Each of the eight subjects dis-
played larger boundary widths on the [gi-k*i] continuum
than on the [ga—k"a] continuum. Similarly, estimates of
the slope of the psychometric functions underlying the
continua in experiment 3 decreased significantly as mean

~ phoneme boundary location increased. In all these

studies therefore, discrimination of VOT differences was
best (a) at shorter as opposed to longer VOT’s, and (b)
when the change in VOT to be discriminated varied both
the separation interval and the onset frequency of the
first formant. :

An implication of these observations is that the size of
the change in the position of the phoneme boundary on a
VOT continuum tnduced by a given difference in some
contextual variable will be greatest when the induced
change occurs at a large mean VOT and only varies the

‘duration of the separation cue. It will be smallest when

the change occurs at short VOT’s and variés both the -
onset frequency of F1 and the duration of the separation
cue. Summerfield (1975b) measured the size of shifts
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in the phoneme boundary on VOT continua caused by
variation in the syllabic rate of phrases which introduced
test syllables drawn from the continua.” On continua
synthesized with the vowel /i/ (where F1 was low in fre-
quency and there was only a small F1 transition)phoneme
boundaries fell at longer VOT’s and larger phoneme
boundary shifts were measured than on continua with the
vowel /a/ (where there was an extensive F1 transition).
These observations confirm the deductions outlined above
concerning discriminability and lend force to recent -
warnings by Abramson (1978) that the VOT dimension,
" though a simple temporal continuum when viewed in
articulatory terms, involves variation in a’‘complex set
* of acoustic parameters whose relative availability is a
function of both absolute VOT and phénetic context, - The
interpretation of data obtained with stimuli drawn from

such continua is only valid if it takes this complexity in~-

. to account

V. SUMMARY AND CONCLUSIONS
The experiments reported here permit two conclusions:
(1) The perceived onset frequency of F1 is the critical
: spectral parameter included in the repertoire of cues
to the voicing decision for syllable-initial prestressed .
. stop consona.nts in English.. The spectral influence de-

'rives only from F1, not from the spectrum comprising
F1 and ‘the higher formants.

(2) A periodically excited, rising first formant transi- .

tion is not, per se, a positive cue to voicing when its
onset frequency is controlled. 10

In perception, the temporal separa.tion component of
VOT and the F1 onset frequency component may be
traded one for the other: the lower the frequency of F1
at the onset of voicing, the longer the separation inter-

- val required to produce a voiceless percept.
- ing relationship parallels one in production where VOT

" varies inversely with the degree of vocal tract constric-
tion, and hence with the frequency of F1, required by
the phoneme following the stop consonant. '

. The greater role of Fl onset frequency than of F1
transition here does not imply that transition charac-
teristics are never important in speech perception A
‘rising first formant at the onset of a pattern of formant
frequencies signals an obstruent articulation and is more
likely to predispose a consonantal percept than is a
fixed-frequency transitionless first formant onsetting at
the same frequency. Sucha rapid spectral change need
not be confined to the spectrum above 1 KHz as Stevens
(1975) suggests. It is something to which an F1 transi-

tion, relieved of the burden of characterizing (+voiced), ,

contributes.
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lwith reference to the acoustics of production, the term “VOT”
will refer to the time interval between the onset of the occlu-

reference to continua of synthetic stimuli, the term “vOT" -
will refer to the interval between the onset of the stimulus’ :

N L R L e o T

odic excitation. During this interval the presence of noise -
excitation in F2, ¥3, and the higher formants and the absence
of energy in F1 is implied. The term “sepa.ration interval”
will refer only to the temporal aspect ‘of VOT." ' :
With W=0.5 the PEST algorithm is simplified. *The Wald se- "
quential decision test is obviated and 4 change in stimulus '
value occurs after every response: . . -
3pata for individual subjects are reproduced in full 1 “First
- formant onset frequency as a cue to the voicing distinction in
pre-stressed, syllable-initial stop-consonants,” Speech
" Perception No. 5, pp. 25—33, 1976. (Progress Report, De- '
partment of Psychology, The Queen’s University of Belfast.) -
4This range is less than that which occurred across the stimuli
used in experiment 1, condition 1 which was about 26dB. It -
is representative of the range which oceurs in natural speech,
however, Peterson and Barney (1952) report a range of 16 dB
-across the.English vowels produced by adult male talkers. . .
‘However, see Draper and Haggard (1974), Sawusch and Pisoni -
(1974), and Repp (1976) for discussions of effects on the per-
ception of place and voicing deriving from the microstructure
of F2 and F3 trausitions as opposed to the macroscopic ef.fect
sought here. :
1isker (1961) réports VOT’s measured in syllable-initle.l

voiceless stops preceding a vowel and preceding /x/+vowel

‘Ip": +61ms, [pPr]: +89ms; .
{t%: +64ms, [t*r]: +110 ms; and
XY: +77 ms, [Kbr): +107 ms.

Klatt (1975) reports similar data for voiceless plosives and
the following data for voiced plosives:

fbl: +7 ms, [br]: +12 ms;

[d}: +14 ms, [dr]: +29 ms; and

[gl: 23 ms, [grl: +32ms.
It is noteworthy that a putatively voiced, synable-initial [gr]

~ canbe characterized by a VOT almost twice as large as the

simultaneity threshold (Hirsh, 1959) which has been invoked
as a psychoacoustic basis for the voicing distinction in Eag-
lish (e.g. Miller ¢t al., 1976; Pisoni, 1977).

."We and our colleague Peter Bailey have recently measured
periods of devoicing and VOT’s in productions of to%, (£,
and [k"] before [i], (a], [ri], and [ra] in bisyllables such as
{be pPri}. Total periods of devoicing (i.e. the time from the
disappearence of periodicity in the waveform at approximately
the moment of stop closure to its re-emergence at voicing on-

- get) tend to be more invarlant than either the period of de~ -
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voicing preceding oral release or the VOT itself. Possibly
observed covariations of VOT with the degree of vocal tract
coustriction required by the following phoneme reflect an ac-
tive process in which it is the moment of oral release that is

varied within a fixed time frame of adduction—~abduction. = -

SThe value of this test woild be nullified if the psychoacoustic
simultaneity threshold varied as a function of the frequency

of the lower spectral component of the stimulus. This possi-~

bility is currently under investigation.

%A small place~voicing correlation, equivalent to a shift in the
VOT houndary of about x2 ms, remains even when all acous-
tic differences between stimuli are neutralized (see Draper

" and Haggard, 1974; Sawusch and Pisoni 1974; Repp, 1976;
Miller, in press). . :

050t all aspects of the present results are entirely novel. Li-
berman, Delattre, and Cooper (1958) noted that cutting~back
F1 changed the values of two correlated variables: the onset
time of F1 relative to F2 and ¥3; and the onset frequency of -

' -F1. They demonstrated that relative onset time has perceptual
significance independent of onset frequency. Whether F1 on~
set frequency had independent perceptual significance was not

-reported at the time. The intervening years have enabled us

to bring more sophisticated synthesis, psychophysical meth-
ods, and both psychological and articulatory interpretations
to the classical,problem of specifying the cues.
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