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The voiced/voiceless distinction for English utterance-initial stop consonants is primarily
realized as differences in the voice onset time (VOT), which is largely signaled by the time
between the stop burst and the onset of voicing. The voicing of stops has also been

shown to affect the vowel’s FO after release, with voiceless stops being associated with higher
FO. When the YOT is ambiguous, these FO “perturbations” have been shown to affect
voicing judgments. This is to be expected of what can be considered a redundant feature, that
is, that it should carry a distinction in cases where the primary feature is neutralized.
However, when the voicing judgments were made as quickly as possible, an inappropriate FO
was found to slow response time even for unambiguous VOTs. This was true both of FO
contours and level FO differences. These results reinforce the plausibility of tonogenesis, and
they add further weight to the claim that listeners make full use of the signal given to

them, even when overt labeling would seem to indicate otherwise.

PACS numbers: 43.71.Es, 43.71.An

INTRODUCTION

The voicing of utterance-initial stop consonants is per-
ceptually determined primarily by the voice onset time
(VOT), which is largely signaled by the time between re-
lease of the stop and the onset of voicing (Lisker and
Abramson, 1964). This has been found to be true not only
of languages such as Spanish that rely primarily on the
presence or absence of voicing during closure, but also of
languages such as English that, in some environments, do
not voice the closure for the voiced stops and overlap the
voicelessness with the release of the stop as aspiration. In
addition, a falling fundamental frequency (F0) usually oc-
curs after a voiceless stop, while a flat or rising FO usually
accompanies voiced stops (House and Fairbanks, 1953;
Lehiste and Peterson, 1961; Ohde, 1984; Silverman, 1987).
This has been called the FO “perturbation” and has been
found in a wide variety of languages (Hombert, 1975). In
perception, perturbation effects have usually appeared only
when the VOT was ambiguous, at least when the pertur-
bation was of the same magnitude as found naturally (Fu-
jimura, 1971; Abramson and Lisker, 1985; Whalen,
Abramson, Lisker and Mody 1990). That is, an ambiguous
VOT is more likely to be heard as voiceless when the FO is
falling after the onset of voicing than if it is flat or rising.

Studies of natural productions of stops have found that
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most measured VOT values fall within ranges that are un- -
ambiguously interpreted (Lisker and Abramson, 1964;
Shimizu, 1989). Thus it may appear that the perceptual
effects of FO on voicing, though demonstrable, are unim-
portant in the actual use of language. Abramson and
Lisker (1985, p. 32), for example, state that voicing judg-
ments for certain VOT values “cannot be affected by F0.”
However, several studies have shown that acoustic differ-
ences that do not affect overt labeling can nonetheless af-
fect speech processing, as shown by reaction times (Martin
and Bunnell, 1981; Whalen, 1984; Whalen and Samuel,
1985; Tomiak, Mullennix and Sawusch, 1987). These stud-
ies focused on subcategorical mismatches created by splic-
ing segments of natural speech from one (appropriate)
environment to another (an inappropriate one). The mis-
matches have involved both vowel-to-vowel and fricative/
vowel coarticulation. While the effects provide clear sup-
port for the idea that subjects are sensitive to all the
linguistic information given to them, it could also be ar-
gued that the mismatch might have included an abrupt -
change in a resonance, which might be seen as a nonlin-
guistic source of the delay. This might hold true even in
those cases where all the stimuli had been cross-spliced, at
least from one token to another (Whalen and Samuel,
1985).

The present study was designed to extend the results
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on mismatched cues to a situation in which there is no
possibility that the coherence of the signal has been vio-
lated. We chose the influence of the FO perturbation on
identifying VOT continua, as demonstrated in previous
work (Fujimura, 1971; Abramson and Lisker, 1985;
Whalen et al., 1990), because in any sequence of voiceless
stop followed by a voiced vowel, there must of course be a

shift from a voiceless to a voiced source. Thus if there is

any auditory “discontinuity” inherent in changing from a
voiceless to voiced source, it is one that is normal for
speech. The only manipulation we had to make was to vary
the onset FO value, a choice that should not, in itself, give
rise to any auditory discontinuities. If responses are slower
when the FO information does not match that of the VOT,
we can be even more confident that all the acoustic conse-
quences of a speech gesture contribute to the perception of
speech, even if the labeling fails to show it.

In addition, we wanted to assess the ability of listeners
to detect these FO differences when the VOT is unambig-
uwous. It is the implication of certain language changes that
the FO perturbations are used perceptually: Many cases of
the emergence or diversification of tone systems have been
traced to the loss or realignment of a voicing distinction
with a concomitant use of the perturbation’s effect
(Hombert, 1975; Hombert et al., 1979; Maddieson, 1984).
While the diachronic facts have not been questioned, it has
remained an uneasy assumption that such small FO differ-
ences could in fact be perceived in a natural context. The
present experiments will show, at least, that these differ-
ences in FO do affect perception, making the theory of
tonogenesis that much more plausible.

1. EXPERIMENT 1

The first experiment uses reaction time to determine
whether there is perceptual use of FO for voicing judg-
ments even when the labeling shows no effect. Such a sub-
categorical effect can be seen in the reaction times to stim-
uli with unambiguously labeled VOTs.

A. Method
1. Stimuli

Synthetic approximations to the English syllables /ba/
and /pa/ were created with the serial synthesizer designed
by Ignatius G. Mattingly at Haskins Laboratories (as in
Whalen et al., 1990). The vowel steady-state formants
were centered at 730, 1250, and 2440 Hz with bandwidths
of 100, 100, and 125 Hz. (Since this was a serial synthe-
sizer and the bandwidths were kept constant, there was no
«F1 cutback.”) The formant values at the beginning of the
syllable were 450, 1080, and 2300 Hz for F1, F2, and F3,
respectively, and they changed linearly to reach the steady-
state values after 75 ms. Vowel amplitude was level until
the last 30 ms of the syllable, at which point it decreased
linearly to zero. Total duration of the syllables was-250 ms.

The VOT values were 5, 10, 15, 20, 25, 35, and 50 ms
after the simulated release. These were obtained by turning
off the voicing source (AV) and introducing aperiodic hiss
(AH) for the appropriate number of synthesis frames. The
FO onset values were 98, 108, 114, 120, and 130 Hz. FO
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changed linearly from these values to the steady-state FOof
114 Hz over the first 50 ms of voicing. (Of course, with an
onset of 114 Hz, the FO was constant over the entire syl-
lable.) These differences of onset values are similar in mag-
nitude to those reported in the literature (e.g., Ohde,
1984). Each VOT was paired with each FO onset, giving 35
unique stimuli.

2. Procedure
The stimuli were presented for identification as “b” or

“p,” with responses being made by pressing buttons labeled
“b” (on the left-hand side) and “p” (on the right). All
subjects participated in five conditions, three unspeeded
and two speeded. The first was an unspeeded condition
containing five repetitions of all 35 stimuli, while the other
two, which differed only in the randomization, used a sub-
set of these consisting of the 23 stimuli which appeared in
either of the two speeded conditions. One speeded condi-
tion, the FO condition, used all FO onset values, but only
the 5, 20, and 50 ms VOTs. The other speeded condition,
the VOT condition, used all VOT values but only the ex-
treme FO values (98 and 130 Hz). Twenty repetitions of
the stimuli were randomized for the speeded conditions.

The order of conditions was as follows. First came the
unspeeded condition with all the stimuli. Then came the
first speeded condition, which was the FO condition for
half of the subjects and the VOT condition for the other
half. After the first speeded condition came an unspeeded
condition with the selected stimuli. Next, the other speeded
condition was given, so that all subjects had both condi-
tions. Finally, the unspeeded task for the selected stimuli
was given one more time.

In the unspeeded conditions, subjects were to press the
button when they had made their decision, limited in time
only by the 2.5 s between stimuli. If unsure, they were to
guess. In the speeded conditions, they were to make their
response as quickly as possible, using one finger of their
right (dominant) hand to press the buttons. Between tri-
als, they rested this finger on the keyboard.

3. Subjects

The subjects were 12 young adults from the Yale Uni-
versity community who had volunteered for listening ex-
periments. All passed an audiometric screening for both
ears. They were paid for their participation.

B. Results
1. Unspeeded conditions

The first unspeeded condition showed the pattern
found in our earlier work (Whalen ef al., 1990): The three
lowest FO values elicited about the same percentage of “b”
responses collapsed over VOT (48.6%, 51.0%, and 52.2%
for 98, 108, and 114 Hz onsets, respectively), while the two
higher values elicited fewer (43.6% for the 120-Hz onset
and 36.4% for the 130). Figure 1 shows the effect on the
judgments by giving the overall percentage of “p” re-
sponses for stimuli beginning with the stated FO collapsed
across all VOT values.
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FIG. 1. Responses for the 12 subjects in the three unspeeded conditions
of experiment 1, expressed as a percentage of “b” responses averaged
across all VOT values.

As in our earlier study, FO did not influence judgments
for unambiguous VOT’s, that is, those extreme values of
VOT that received at least 80% judgments in one category
(Fig. 2). Although the FO functions do not converge ex-
cept in the third panel for the two extreme VOT values,
there is no consistency in the ordering of the FO functions
the way there is in the ambiguous region.

The functions in Fig. 1 are not monotonic, possibly
due to the reduction in the number of stimuli presented.
Recall that in the two unspeeded conditions with the se-
lected stimuli, only three VOT values were used rather
than seven of the FO settings. This gives us somewhat less
resolution in our measures, though it is acceptable for the
replication of our earlier work (Whalen et al., 1990).

There are two ways of looking at the selected condi-
tions. The first is by whether the unspeeded test followed
the FO speeded condition or the VOT; the second is by the
experimental order, i.e., whether the unspeeded test was
the third or fifth in the experiment. The results will be
considered in their experimental order, though in fact, it
does not matter much since the two conditions are quite
similar (Fig. 1). The general result is clear, and consistent
with our earlier finding: After the initial experience with
these stimuli, subjects begin using FO for voicing informa-
tion in a fairly gradient fashion from the lowest FO to the
highest. The functions are not monotonic, but they are
clearly different from the first condition. The only stimuli
that could show a large difference are the 98-Hz stimuli,
and they do show one. An analysis of variance on the
proportion of “b” with the factors FO and Condition shows
a significant main effect of FO [F(4,44)=39.32, p<0.001].
Condition was not a significant main factor [F(2,22) < 1,
n.s.], but the interaction was [F(8,88)=2.63, p<0.05].
Further analyses (separate ANOVAs for the three pairings
of the conditions) showed that the first condition differed
from each of the selected ones, which did not differ from
each other. (A significant interaction of FO and condition
appears with the first condition and each of the selected
ones [F(4,44) =3.32 and 2.60, p <0,05}; the selected con-
ditions did not show an interaction [F(4,44) =1.72, ns.}.)
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FIG. 2. Responses for the 12 subjects in the three unspeeded conditions
of experiment 1, shown separately for each condition. The top panel is the
first unspeeded condition. The middle panel is the first selected condition,
and the bottom panel is the second selected condition.

After their initial exposure to these stimuli, the subjects
make a more gradient use of FO in their voicing judgments,
as had been found in our earlier work (Whalen et al.,
1990).

2. Speeded condition: FO

The results for the FO condition are shown in Fig. 3.
Reaction times for all 12 subjects are averaged together.
The “b” responses to the 50-ms VOT stimulus and “p”
responses to the 5-ms VOT stimulus were excluded as be-
ing mistakes (based on the unspeeded results). These ac-
counted for 1.6% of the responses. At the 20-ms VOT
value, both responses were considered correct.

The most important result to be seen in this figure is
that the extreme FO’s are associated with different reaction
times depending on the category label applied. The ex-
treme FO values are given in the thicker lines. For “b”
judgments, both at the unambiguous and the ambiguous
VOTs, the 98-Hz onset gave faster times than the 130-Hz
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FIG. 3. Reaction times for the complete range of FO onsets, experi-
ment 1.

onset. Conversely, the 130-Hz onset gave the faster times
for the “p” judgments. The other FO values (shown with
thinner lines) tend to range in between, but their arrange-
ment is not monotonic. There is, perhaps, not enough res-
olution within this rather narrow range of reaction times
for a monotonic pattern to emerge with this number of
repetitions.

For statistical analysis, the unambiguous items (5, 10,
35, and 50 ms VOTs) were analyzed together, and then the
responses to the ambiguous stimulus. The factors were re-
sponse category and FO. Analysis of the means and stan-
dard deviations indicated the presence of an inhomogeneity
of variance, which was minimized by using a speed trans-
form, that is 1/RT.- All reported numbers are retrans-
formed into times to make comparisons to other studies
easier.

Response category was a significant main effect for the
unambiguous VOTs [F(1,11)=7.77, p<0.05], since the
“b” responses were faster by some 50 ms. FO was not a
significant main effect [F(4,44)=2.14, p <0.10], but the
interaction of the two was [F(4,44) =5.97, p <0.001]. The
interaction shows strong evidence of a differential effect of
FO depending on which category is selected as the re-
sponse. Separate analyses for each response category shows
FO to be significant in itself {F(4,44)=3.88, p <0.05 for
the “b” responses, F(4,44) =4.29, p <0.01 for the “p” re-
sponses]. We may therefore conclude that the appropriate-
ness of the FO affected decision time.

The magnitude of the mean reaction time difference to
voiced and voiceless categories happens to be almost that
of the difference in VOTs (50 ms in reaction time versus
45-ms difference in VOT), but this is likely to be due to
factors other than the VOT itself. The 50 ms/VOT, though
consistently heard as “p,” is likely to be further from the
prototypical value for /p/ than the 5 ms/VOT is for /b/
(Miller and Volaitis, 1989). If so, then we would expect
reaction times to be longer (Pisoni and Tash, 1974;
Whalen, 1991), since less prototypical tokens are harder to
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TABLE 1. Reaction times for the two response categories. Each group
consists of nine subjects, six being common to both.

FO (in Hz): 98 108 114 120 130
‘Means for “b” 657 686 712 683 721
Means for “p” 630 581 595 590 545

identify. If our function went further along the scale, the
“b” and “p” times might become equivalent. Additionally,
the synthesis parameters, notably the absence of a burst
and the lack of F1 attenuation in the aspirated portion,
may have been more detrimental to the “p” category than
the “b.”

The mean values for the ambiguous items, shown in
Fig. 3, display the effect that we would expect, with the FO
values affecting the two judgments differently. Unfortu-
nately, half the subjects failed to find this VOT value am-
biguous in this condition, with the consequence that their
minority-category judgments are too few to give a reliable
mean value. As it turns out, of the six subjects who did not
find the stimuli ambiguous, three heard them primarily as
“b” and three heard them mostly as “p.” Therefore, two
separate analyses were done, one for “b” and one for “p.”
The “b” analysis included the six who heard the stimuli
ambiguously plus the three who made at least 80% “b”
judgments. Two of the six had no “b” responses to the
130-Hz stimulus. Those two cells were filled with the value
for the most similar stimulus, namely, the 120-Hz stimu-
lus. The “p” analysis again included the six who heard the
stimuli ambiguously plus the other three subjects, those
who made at least 80% “p” judgments. The means for the
two sets of nine subjects are shown in Table 1. Despite the
64-ms difference, in the predicted direction, between the
98- and 130-Hz stimuli, the “b” analysis showed no effect
of FO [F(4,32) <1, n.s.]. The 85-ms difference, again in the
predicted direction, for the “p” responses was a component
of a significant effect [F(4,32)=5.37,p<0.01]. Thus,
though not conclusive, the evidence shows that the FO also
has an effect on reactions times to ambiguous stimuli, as
well as on the labeling.

3. Speeded condition: VOT

The results for the VOT condition are shown in Fig. 4.
As with Fig. 3, the reaction time values are the means of
the speeds for the 12 subjects reconverted into times. Even
though the full VOT range was used, it was still the case
that “b” responses above 20 ms and “p” responses below
20 ms were too few to analyze, so the two sets of functions
overlap only at 20 ms. Here again, it can be seen that the
130-Hz onset slows decisions for “b” relative to the 98-Hz
onset, while the reverse is true for “p” decisions. The effect
appears larger at the ambiguous value for “b” but is absent
for “p” at the ambiguous value.

For the statistical analysis of the unambiguous stimuli,
only “b” responses to the short VOT stimuli and “p” re-
sponses to the long VOT stimuli were used. The 15, 20, and
25 ms YOTs were excluded from the analysis since they
did not receive the 80% majority judgments needed to be
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FIG. 4. Reaction times for the complete range of VOT values, experi-
ment 1.

-called unambiguous. The factors were Response Category,
FO, and YOT. The VOT factor represented 5 and 10 for the
“b” responses and 35 and 50 for the “p” responses.

The interaction of FO and category, the most impor-
tant result for the present study, was significant [F(1,11)
=6.75, p <0.05], indicating that the effect of the same FO
differed depending on which category was being assessed.
Inappropriate FO caused an average delay of 17 ms in the
identification. Response category was also significant
[F(1,11)=5.44, p<0.05], with “b” judgments being 52 ms
faster. Neither FO nor VOT was significant as a main effect
[F(1,11) <1, ns., and F(1,11)=1.52, n.s., respectively].
The interaction of response category and VOT was signif-
icant [F(1,11)=6.77, p<0.05]). Times were somewhat

“ slower the less extreme the VOT, as we would expect given
previous results with stimuli that approach the ambiguous
region (Pisoni and Tash, 1974; Whalen, 1991). The three-
way interaction was not significant [F(1,11)=2.34, n.s.].

C. Discussion

The unspeeded tests confirmed our previous results,
showing some increase in the use of the FO information as
the subjects became more familiar with the stimuli. The
speeded conditions showed that even when the VOT was
unambiguous, the FO information is taken into account.

Il. EXPERIMENT 2

The first experiment examined the dynamic perturba-
tions at vowel onset. However, there may be differences
throughout the vowel due to the stop voicing (e.g., Ohde,
1984; Whalen, 1990), though such differences are not
found in every study (e.g., Lofqvist ef al, 1989). These
level differences seem more relevant to tonogenesis than
the initial perturbation since tonogenesis usually results in
level tones, not contour tones. While the initial, dynamic
portion of the FO perturbation has been found in many
studies, it seems that only Repp (1975) has examined level
FO differences. That study used dichotic presentation,
where different syllables were presented to the two ears
simultaneously and so is rather far removed from normal
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FIG. 5. Responses for the 11 subjects in the two unspeeded conditions of
experiment 2.

perception. The next experiment provides a simpler dem-
onstration of the perceptual effectiveness of level FO differ-
ences on voicing judgments.

A. Method
1. Stimuli

The stimuli were much like those in the first experi-
ment, except that the FO value at the onset was carried
throughout the vowel. Thus the stimuli with an FO of 98
Hz had 98 Hz throughout the vocalic segment, not just at
the onset. As before, there were five FO values (98, 108,
114, 120, and 130) and seven VOT values (5, 10, 15, 20,
25, 35, and 50).

2. Procedure

Two unspeeded conditions were run. In the first, five
repetitions of all 35 stimuli were randomized together. In
the second, only two values of FO were used, namely, 108
and 120. These were the two values of a “b” FO and a “p”
FO0 that differed by an amount closest to the 9 Hz difference
found by Ohde (1984) in the midpoint of spoken vowels.

The final condition was a speeded one that used two
values of FO (108 and 120) and all seven VOT values. The
instructions and equipment were the same as used in ex-
periment 1. '

3. Subjects

Twelve subjects from the same pool used for experi-
ment 1 were run. Three had participated in experiment 1.
A technical problem resulted in the loss of the data for one
subject, so the results of the remaining 11 will be reported.

B. Results
1. Unspeeded conditions

Level FOs affected voicing judgments, just as FO con-
tours had. As can be seen in Fig. 5, the percentage of “b”
responses declines as the FO increases, as predicted. For
the statistical analysis, the total number of “b” responses
across all the VOTSs for each FO was subjected to an anal-
ysis of variance with the single factor of FO level. The effect
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FIG. 6. Reaction times for experiment 2.

of FO on the number of “b” judgments is highly significant
[F(4,40)=17.65, p<0.001]. A Newman-Keuls post-hoc
test reveals that responses to the highest FO value are dis-
tinct from all the other FO values, which do not differ
among themselves. Still, it is clear that the FO value of the
syllables as a whole, not just the FO perturbation, can affect
the voicing judgment.

The second unspeeded condition was intended to as-
certain whether subjects were able to treat the two FO
values as, in fact, separate. Since each syllable was pre-
sented as an isolated utterance, there was no immediate
context, other than the experiment itself, by which to judge
the relative height of the FO. So it was conceivable that the
subjects would lose track of the “baseline” FO and fail to
show an effect.

As it turned out, there was a quite robust effect of the
two FO values on voicing identification, as seen in the dot-
ted function of Fig. 5. Taking the “b” responses to all of
the VOT values, we find that the lower FO elicited 53.7%
“p”s, while the higher FO elicited 43.4%. This difference
was highly significant by a ¢ test [#(10) =5.82, p <0.001},
showing that subjects were able to hear and make use of a
12-Hz difference in FO across tokens. Arguably, subjects
may have taken the 120-Hz value as being at the top of the
range, since it had an effect similar to the 130-Hz value in
the previous condition (see Fig. 5).

2. Speeded condition

Before examining the response times, we need to check
whether the identification were consistent with those in the
unspeeded task. If, for example, the time pressure reduced
the effect of FO on identification, we would not be able to
interpret any reaction time difference. In fact, the percent-
ages were almost the same as before, with 53.2% “b”’s for
the 108 Hz FO, and 44.5% for the 120 Hz. This difference
was also significant by a ¢ test [#(10)=4.13, p<0.01].
Clearly, FO retains its cue value in the speeded test.

The reaction time results are presented in Fig. 6. As
before, these are the means of the speeds of the responses
retranslated into times. The individual boundaries for each
subject varied much more than before, so that some sub-
jects did not find the 20-ms stimulus ambiguous: Indeed,
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no matter where the ambiguous region was defined, there
were subjects who did not, in fact, find that region ambig-
uous. So only the two least ambiguous VOT values of each
category could be analyzed. The means of the “b” re-
sponses to the 5 and 10 ms VOTs were analyzed in one
ANOVA with the factors VOT and FO, and the means of
the “p” responses to the 35 and 50 ms VOTs were analyzed
in another with the same factors. The “b” responses were
significantly faster when the lower FO was present
[F(1,10)=7.21, p<0.05]. Subjects were also significantly
faster on the 5 ms VOT than on the 10 [F(1,10)=8.48,
p <0.05], as could be expected from previous work (Pisoni
and Tash, 1974; Whalen, 1991). The interaction was not
significant [F(1,10) =1.15]. For the longer VOTs, the FO
effect did not reach significance [F(1,10) =1.00], although
the means are in the expected direction. Two subjects had
large numbers of “b” responses throughout the continuum,
which would contribute to making that end of the contin-
uum less reliable than the short end. Neither the VOT
effect [F(1,10) <1, n.s.] nor the interaction [F(1,10) <1,
n.s.] was significant.

The differences in the boundary between voiced and
voiceless varied so much that it was impossible to pick a
single value of VOT at which all subjects had responses in
both categories. In fact, the majority of the subjects (6 of
the 11) did not have ambiguous cells for both keys at any
one VOT. The statistical analysis of the ambiguous stimuli
was therefore not attempted. Graphically, Fig. 6 shows us
the expected pattern of longer times for responses to stim-
uli with inappropriate FO values. ’

So, despite the lack of significance in the longer VOTS,
the shorter ones clearly show that inappropriate FO values
slow the identification of unambiguous syllables.

C. Discussion

The unspeeded tests showed that different FO levels,
even when they are only anchored by the experimental
context, can be interpreted as voicing information. The
speeded conditions showed that these level FOs could also
be interpreted when the VOT was unambiguous, and the
inappropriate values delayed identification time.

Hl. GENERAL DISCUSSION AND CONCLUSION

The voicing feature in English is realized as an aspira-
tion difference (positive VOT) in utterance-initial position.
Another aspect of initial voicing is that after voiceless
stops, fundamental frequency (FO) falls somewhat when
the voicing of the vocalic segment begins, and remains
somewhat higher throughout the vowel, in contrast with
voiced stops. This FO difference has been shown to affect
labeling only when the VOT was ambiguous (e.g., Abram-
son and Lisker, 1985). In the present experiments, listeners
identifying stimuli that varied in VOT and FO made use of
the FO information for ambiguous VOTs. This is an ex-
pected response to redundant features. The listeners also
took the FO into account with unambiguous VOTs, how-
ever, indicating that the redundant features are always
taken into account.
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Since the present experiments used synthetic stimuli to
explore the listener’s behavior, there is, as always, the pos-
sibility that these results will not generalize to more natu-
ral stimuli and situations. The most clear case in the liter-
ature is the effect of lexical influence on voicing judgments
(Ganong, 1980), which was found to disappear when the
synthesis was improved (Burton et al., 1989; McQueen,
1991). These concerns are greatly mitigated by the evi-
dence of tonogenesis (see below) and by the small learning
effect in the first experiment. Subjects were better able to
use the FO information within the “b” category after the
initial exposure to the stimuli. It seems unlikely that an
effect that depended on the strangeness of the stimuli
would increase as familiarity with those stimuli increased.
It would seem, rather, that subjects became more familiar
with this “voice” and were able to accord it its full range of
expression after the initial strangeness. This is also likely
given that the two cues being dealt with in the present
study are clearly phonetic, while the lexical effect mixes the
phonetic with the extra-phonetic.

The mismatches inherent in these stimuli cannot be
accounted for in psychophysical terms. If the stimuli in-
cluded a mismatch that the ear could not resolve, we
would expect there to be processing delays. However, for
the vast majority of English utterance-initial stops, there
must be a point at which the noise source gives way to a
voiced source, whether this positive VOT is long or short
and whether the category is voiced or voiceless (Lisker and
Abramson, 1964). So the fact that such a change occurs in
a stimulus can be neither more nor less psychophysically
inappropriate for the matched FOs than for the mis-
matched ones. Similarly, even if a high or low FO might be
expected after a voiceless interval on purely physical terms,
we need something additional to explain the FO effect
found here: high FOs slowed responses to short VOTs, but
Jlow FOs slowed responses to long VOTs. Along with the
results of Whalen and Samuel (1985), we have solid evi-
dence that the processing delays caused by these phonetic
mismatches cannot be psychophysical in origin.

The results also make the theory of tonogenesis more
plausible. In those cases in which the loss of a voicing
distinction gives rise to new tonal categories, (e.g.,
Hombert et al, 1979; Maddieson, 1984; Abramson and
Erickson, 1992), we must make two assumptions. The first
is that perturbations of FO of the size found in natural
productions must be perceptible. The present results, along
with others, make this seem likely. Also, the learning that
occurred in the present study indicates that even speakers
who might not themselves depend on the FO differences to
make linguistic distinctions would be able to learn to ap-
preciate those differences in other speakers. A second as-
sumption is that the FO effect of voicing must be enhanced
before it can begin to be used distinctively. Otherwise, the
Joss of the voicing distinction would, of necessity, mean the
loss of the FO difference. This, of course, assumes that the
configuration for the presence versus absence of voicing are
directly responsible for the FO perturbations. While such a
view seems to hold true at present (Lofqvist et al,, 1989),
the number of languages that has been examined to date is
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too small to reach any firm conclusions about whether the
relationship is a necessary one and/or how widespread en-
hancement of the perturbations might be.

The present reaction time results clearly .show that
even when a phonologically primary feature is unambigu-
ously specified, the perceptual system nonetheless takes a
phonologically redundant feature (or purely phonetic ef-
fect) into account. This is perhaps to be expected for a
system that can make use of those redundant features, but
it has more often been proposed that these features are
largely ignored unless the primary feature is impaired in
some way. Instead, the perceptlial‘ system seems to be mak-
ing use of all the information it has, even if it is phonolog-
ically redundant. :
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