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Abstract. An earlier experiment requlrlng literal imitation of
synthetic isolated vowels from [uJ-[iJ and [iJ-[a=J continua (Repp &
Williams, 1985) was replicated using as stimuli vowels produced by
the subj ects themselves. Even though imi tation accuracy was much
improved, the responses deviated from the stimuli in ways similar to
those observed previously with synthetic stimuli. That is,
categorical tendencies (nonlinear stimulus-response mappings of
formant frequenci es, nonuniform response vari abil i ty across each
continuum, and peaks in formant frequency distributions) were
obtained even with stimuli that matched the subjects' articulatory
capabilities. This rules out one possible explanation of the
observed categorical tendencies, viz., that they arise in the
perceptual translation of synthetic stimuli into a talker's
production space.

Introduction

In a recent study (Repp &Williams, 1985), we investigated the claim that
SUbjects' vocal imitations of isolated, steady-state vowels follow a
categorical pattern (Chistovich, Fant, de Serpa-Leitao, & Tjernlund, 1966;
Kent, 1975). Two subj ects (the authors) imitated synthetic vowel s from
12-member [u J-[i J and [i J -[a= J cont i nua at three different temporal delays,
which had li ttle effect on response patterns. The functions relating stimulus
and (average) response formant frequencies across each vowel continuum
exhibited local changes in slope, response standard deviations varied, and the
distri butions of response formant frequencies showed distinct peaks and
valleys. The response patterns thus showed categorical tendencies, but few
instances of strictly categorical responses (Le., identical responses to
different stimuli representing the same vowel category).

Where do these categorical tendencies in imitation come from? There are
at least four independent (but not mutually exclusive) possibilities, some
perhaps more plausible than others. The tendencies could originate either in
the SUbjects' perception of the stimulus vowels or in their production of the
imitations. On the perceptual side, there are two possibilities: (1)
Perceptual nonlinearities might arise when the stimuli are synthetic and/or
not well matched to the subject's production capabilities. An additional

*Speech Communication, in press
tAlso at Department of Psychology, University of Connecticut

Acknowledgment. This research was supported by NICHD Grant HD-01994 and BRS
Grant RR-05596 to Haskins Laboratories. Portions of the results were
reported at the 109th meeting of the Acoustical Society of America in Austin,
TX, April 1985.

[HASKINS LABORATORIES: Status Report on Speech Research SR-86/87 (1986)J 55



Repp and Williams: Categorical Tendencies

stage of translation may be required between such stimuli and the vocal
response, and certain irregularities could arise at that stage. (2) Phonetic
categorization may intrude upon the internal representations of the stimuli,
as it apparently does in vowel discrimination tasks (Pisoni, 1975; Repp,
Healy, & Crowder, 1979). In other words, the imitation task may simply elicit
the same quasi-categorical response pattern that is typically obtained in
vowel experiments following the "categorical perception" paradigm. On the
production side, there are two additional possibilities: (3) The observed
stimulus-response nonlinearities may reflect articulatory constraints on vowel
production that are either universal or acquired through experience with a
particular language (notwi thstanding the relati ve rari ty of isolated vowels in
everyday communication). This hypothesis was favored by Chistovich et
a1. (1962). (4) Finally, there is the possibility that the constraints are
not articulatory but acoustic in nature, in that certain discontinui ties in
the transform from vocal tract shape to the output lead a speaker to favor
certain formant patterns, as suggested by Stevens' "quantal theory" of vowel
producti on (Stevens, 1972).

The first hypothesis seems perhaps less plausible than the others in view
of the fact that Chistovich et al. (1966), in their original demonstration of
categorical imitation, used synthetic stimuli that were modelled after the
(single) subject's own productions. On the other hand, that hypothesis is the
easiest one to test and deserves to be ruled out before the other
possibilities are investigated more thoroughly. This was the purpose of the
present study.

Acoustic analysis of the responses obtained in our earlier study (Repp &
Williams, 1985) revealed a large variety of formant patterns, which made it
possible to select a number of utterances that formed naturally produced vowel
continua specific to each subject. With this assurance that each subject was
physically able to produce a precise match for each stimulus, we proceeded to
replicate the experiment. Subjects, design, and procedure were identical, and
the reader is referred to our earlier report (Repp & Williams, 1985) for some
methodological details and for resul ts not reproduced here. (Figures 1-8
correspond to earlier figures with the same numbers.)

Even though there were only two subjects in this study (due to our method
of stimulus selection, our desire to make a within-subject comparison with the
earlier results, and our preference for experienced sUbjects), we expected to
have sufficient evidence against the hypothesis under test if (1) each
sUbject's imitation responses along a vowel continuum show significant,
nonuniform deviations from the stimulus parameters, and (2) these deviations
follow a pattern similar to that obtained in our earlier study.

Methods

Stimuli

Two 12-member vowel conti nua, one intended to range from [u] to [i] and
the other from [i] to [ce] , were selected from appropriate two-dimensional
scatter plots of each subject's imitation responses in the first study (Repp &
Williams, 1985). Each formant frequency plot included 36 responses to each of
12 members of a synthetic vowel continuum, either [u]-[i] or [i]-[ce], a total
of 432 data points. From each of these plots we selected twelve tokens that
were as equidistant as possible and followed a pre-determined path in the
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(linearly scaled) formant frequency space. The resulting natural [iJ-[reJ
continuum was selected to fall along a straight line in the F1-F2 plane,
determined by linear regression of F2 on F1 in the scatterplot, whereas the
[uJ-[iJ continuum was made to follow a curve in the F2-F3 plane, derived by
eye from the central tendencies in the data. In addition, since it was not
possible to vary other stimulus parameters systematically, it was attempted to
hold F1 on the [uJ-[iJ continuum, and F3 on the [iJ-[reJ continuum, as
constant as possible by avoiding tokens with deviant values. Extreme values
of fundamental frequency and duration were likewise excluded by listening to
each continuum and by replacing tokens that "stuck out." The average formant
frequencies of the stimuli selected, determined by LPC analysis, are listed in
Table 1. Stimulus durations varied between 150 and 210 ms, average
fundamental frequencies between 104 and 127 Hz (OW) and between 111 and 132 Hz
( BR ) . 1

Table

Average Formant Frequencies of Stimulus Vowels (Hz).

[uJ-[iJ continuum

OW BR

Stirn F1 F2 F3 F1 F2 F3

1 310 1036 2071 310 979 2068
2 301 1164 2102 312 1101 2025
3 308 1296 2122 318 1232 1986
4 305 1431 2135 309 1330 1995
5 308 1538 2154 320 1466 2030
6 308 1620 2210 312 1564 2075
7 307 1694 2308 319 1673 2141
8 313 1778 2378 324 1782 2195
9 312 1858 2453 317 1877 2257

10 307 1917 2523 309 1966 2359
11 302 2022 2617 297 1996 2451
12 276 2089 2666 293 2027 2568

[iJ-[reJ continuum

1 269 2124 2629 297 2069 2592
2 300 2082 2488 313 2038 2533
3 334 2035 2442 341 2014 2512
4 370 2001 2457 366 1985 2460
5 381 1963 2453 383 1934 2378
6 414 1911 2396 412 1895 2443
7 442 1877 2355 424 1860 2362
8 472 1837 2401 462 1807 2381
9 505 1791 2372 476 1783 2355

10 530 1731 2375 495 1760 2391
11 566 1692 2390 513 1732 2347
12 594 1657 2392 539 1681 2253
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SUbjects, Procedure, and Analysis

The two authors served as subjects. DW is a native speaker of American
English, BR of German. Each subject listened to 9 randomized blocks of 48
stimuli (4 repetitions of the 12 stimuli along a continuum) for each of his
two personal stimulus sets. Following the design of our earlier study, each
stimulus was either preceded (-500 ms stimulus onset asynchrony) or followed
(750 or 3000 ms) by a 100-ms, 1000-Hz tone, with three stimulus blocks
assigned to each of these three conditions in a counterbalanced ot'der. The
subjects rapidly imitated the stimulus vowel after hearing the tone if the
tone followed ("delayed" and "deferred" imitation conditions) or after hearing
the stimulus if the tone preceded ("immediate" imitation condition).

In a separate test conducted
identified the stimuli in his
/i,I,e,£,ffi /. This test consisted
(without accompanying tones).

The only design change from the earlier study was that, foregoing an
absolute identification (numerical labeling) task (Repp, & Williams, 1985),
each subject produced a series of isolated vowels by reading from a list
containing the symbols /u,i,I,e,£,ffi / 36 times in random order. These
productions were to serve as "prototypical" reference points in interpreting
the imitation data.

The recorded imitation responses were digitized at 10 kHz, low-pass
filtered at 4.9 kHz, and subjected to LPC analysis. 2 The formant frequency
estimates were edited to eliminate spurious and missing values, and were
averaged across the whole duration of each response vowel. Mean formant
frequencies and standard deviations across repeated imitations of the same
stimulus were determined, as well as the distributions of formant frequencies
across all responses to a given continuum. The prototypical productions were
analyzed similarly. Imitation response latencies were also measured and will
be discussed first.

Results and Discussion

Latencies

Chistovich et al. (1966) observed that imitation latencies, unlike the
latencies of phonetic labeling responses, did not vary systematically across
an acoustic vowel continuum, regardless of response delay. Relative
uncertainty about phonemic category membership thus did not seem to influence
the speed of imitation. This finding, which suggests that imitation is not
mediated by phonemic classification, was essentially replicated in our earlier
study (Repp & Williams, 1985). The average response latencies from the
present experiment are shown in Figure 1 as a function of subject (top
vs. bottom panels), continuum (left vs. right panels), stimulus number
(abscissa), and delay condition (three functions). Two findings are apparent.
First, although reaction times varied somewhat across each continuum, there
was no consistent pattern to this variation. In other words, there were no
peaks in the latency functions associated with phonetic category boundaries.
Second, subject DW showed markedly slower reaction times in the immediate
imitation condition than in the delayed or deferred imitation conditions,
whereas subject BR showed slower latencies in the immediate and deferred
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conditions than in the delayed condition. While slower reaction times in the
immediate imitation condition are expected because of the sUbjects' incomplete
articulatory preparation, only BR was affected by a 3-second response delay.
This pattern of results is remarkably similar to that obtained in our earlier
study with synthetic stimuli. 3

400
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a: 300 -

250r BR

I 2

[uJ

Figure 1. Average response latencies as a function of stimulus number and
delay condition for two subjects (OW, BR) and two continua
([u]-[iJ, [i]-[ce]). Each data point represents 12 responses.

Separate repeated-measures analyses of variance with the factors Stimulus
Number and Delay Condition were conducted on the average latencies for the
three stimulus blocks of each continuum and each subject. The only
significant effect involving Stimulus Number was a small main effect for OW on
the [u]-[i] continuum, F(11,72) = 2.11, P .0304, which was not readily
interpretable; the other three main effects and the four interactions were
nonsignificant, which suggests the absence of reliable peaks in the latency
functions. The main effect of Delay Condition, however, was highly
significant (£ < .0001) in each of the four analyses.

Formant Frequencies

As in our earlier study, we found that the patterns of average response
formant frequencies were extremely similar across the three delay conditions,
so the data were collapsed across delays.4 The mean values were thus based on
36 responses per stimulus. These means are plotted as a function of stimulus
number in Figure 2 (solid lines); the dashed lines connect the stimulus
formant frequencies. s 59
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Figure 2. Average formant frequencies of the responses as
stimulus number (filled circles, solid lines).
represents 36 responses. The stimulus formant
connected by the dashed lines.
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frequencies are

Compared to our earlier results with synthetic stimuli, the response
formant frequencies are much closer to those of the stimuli, as should be
expected when subjects imitate their own vowels. Nevertheless, there appear
to be systematic deviations that echo some of the response nonlinearities
observed with synthetic stimuli. Many of these deviations are significant
individually, since standard errors are small (one-sixth of the standard
deviations displayed in Figure 5 below). They are also significant overall,
as is clear from the results of analyses of variance on the deviations of the
responses from the stimulus parameters. Four such analyses were conducted
(two continua for each of two subjects) on three parameters (Fl, F2, F3)
considered jointly (using a multivariate statistic) and separately. Of the
grand mean effects, which test the average stimulus-response difference on
each continuum, all 4 multivariate and 11 of the 12 univariate F values were
highly significant (p < .0001; exception: F2 for DW on the [u]-[i] continuum,
which was nonsignificant). More importantly, all 16 stimulus number main
effects, which test whether responses deviated nonuniformly from the stimuli
across each continuum, were highly significant (£ < .0001). Thus there is
ample statistical support for stimulus-response nonlinearities in the data.
These nonlinearities are examined more closely in the next two figures.

Figure 3 shows stimulus-response relations in F2-F3 space for the [u]-[i]
continuum. DW's responses to stimuli 4-10 on this series tend to cluster
together, though he was able to imitate their distinctive characteristics to
some extent. A similar, but weaker tendency is exhibited by BR for stimuli
5-9; in addition, BR tended to respond categorically to the endpoint stimuli
(1, 2, and 10,11,12, respectively). These tendencies are similar to those
observed in our earlier study.
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Figure 3. Average formant frequencies of responses to the [uJ-[iJ continuum
in F2-F3 space (open circles, dashed line). Filled diamonds
connected by a solid line represent the stimuli. Each stimulus is
connected to its corresponding average response.
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Figure 4. Average formant frequencies of responses to the [iJ-[~J continuum
in F1-F2 space (open circles, dashed line). Filled diamonds
connected by a solid line represent the stimuli. Each stimulus is
connected to its corresponding average response; the curving
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Figure 4 shows the stimulus-response mapping in F1-F2 space for the
[iJ-[~J continuum. DW shows very dramatic deviations here. There is a huge
gap between the responses to stimuli 2 and 3, and responses to stimuli 3-9 are
transposed down along the F1-F2 regression line. (Note that the responses,
like the stimuli, continue to observe this linear relationship despite the
large discrepancies.) There is also evidence for some endpoint clustering
(stimuli 1, 2, and 11, 12, respectively.) Subject BR, by contrast, shows
relatively continuous responses to this continuum, although there is some
contraction of the response space for stimuli 3-12. Once again, these
patterns show similarities to those we have observed with synthetic stimuli.
The similarities are difficult to quantify, however, because the stimuli in
the two studies are not in one-to-one correspondence.

Standard Deviations

Another way to look for categorical tendencies is to examine the patterns
of response variability. Response variability is expected to increase at
category boundaries, if there are any. Standard deviations of formant
frequencies, computed within but averaged across delay conditions, are shown
in Figure 5. These patterns are remarkably similar to those observed with
synthetic stimuli.
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Figure 5. Average standard deviations of response formant frequencies.

Both subjects showed higher F2 variability along the [uJ-[iJ than along the
[iJ-[~J continuum, except at the [iJ end. For BR, F2 variability was
elevated across most of the [uJ-[iJ continuum (stimuli 1-9), whereas DW showed
elevated variability over a narrower region (stimuli 1-4), with a pronounced
peak for stimulus 3. This peak corresponds to the gap in the formant
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frequency plot (Figure 3). Apart from this feature, there are no clear
indications of a categorical structure in the standard deviations along the
[u]-[i] continuum. Along the [i]-[~] continuum, however, subject DW shows
two peaks in both the Fl and F2 functions, which suggest a three-category
structure. As in the earlier study, Fl and F2 standard deviations were
correlated for DW (r = 0.55, p < .05) but not for BR (r 0.03). For BR,
therefore, the standard deviations do not reveal any obvious categorical
tendencies. Individual differences aside, however, the point to be stressed
is that the standard deviations follow the same pattern as in the earlier
study, suggesting that the sUbjects responded similarly to synthetic and
natural stimuli.

Formant Frequency Distributions

The best way to assess categorical response tendencies is to plot overall
formant frequency distributions. Frequency histogram envelopes of the first
three formants of the responses in all three delay conditions combined (n
432 in each graph) are shown in Figures 6 and 7 (solid lines). For
comparison, the histogram envelopes from our earlier study with synthetic
stimuli are plotted alongside on the same scale (dashed lines). Significant
similarities are evident.
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Figure 6. Histogram envelopes of respolwe formant frequencies for the [u]-[i]
continuum in the present study (solid lines) and in our earlier
study using synthetic stimuli (dashed lines). Note that the plots
for the three formants are not aligned with each other, and that
the scale factor is altered for some individual functions to make
the functions similar in height.
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Figure 7. Histogram envelopes of response formant frequencies for the
[iJ-[ce] continuum in the present study (solid lines) and in our
earlier study using synthetic stimuli (dashed lines). Note that
the plots for the three formants are not aligned with each other,
that the continuum is reversed for F2 and F3 with respect to Fl,
and that the scale factor is altered for the solid function in the
upper left-hand panel. Arrows with numbers represent the stimuli
whose average responses fell closest to histogram peaks. Arrows
with phonetic symbols represent prototypical vowel productions.

On the [u]-[i] continuum (Figure 6), the only major discrepancy between the
two sets of results is the presence of a second peak in OW's Fl distribution
for natural speech stimuli. The cause for these unusually high Fl frequencies
in many of OW's responses is unknown. (Stimulus Fl frequencies ranged from
276 to 313 Hz; see Table 1). BR has a single-peaked Fl function whose
displacement with respect to the earlier study brings it in good agreement
with the stimulus range and corrects a consistent Fl "overshoot" observed with
synthetic stimuli. The F2 frequency distributions of both subjects are rather
similar to those obtained with synthetic stimuli and show three major peaks,
two probably representing the endpoint categories and the third a broad
category of "unfamil iar" vowel sounds. The F3 di stri buti ons are essent i ally
unimodal and shifted to the right with respect to the previous study,
resulting in a better match of stimulus and response F3 ranges (cf. Table 1).

For the [iJ-[~] continuum (Figure 7), both Fl and F2 show highly irregular
distributions indicative of categorical tendencies, whereas the F3
distribution is unimodal. For OW, both the Fl and F2 distributions are
trimodal; moreover, the peaks (taking into account the reversal of the
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continuum along the F2 scale) are in fact aligned with each other. OW thus
shows evidence for three categories along this continuum. For SR, the pattern
is less clear. The F1 histogram shows four peaks, adding a new one to the
three-peaked function for synthetic stimuli. The F2 function has multiple
peaks--too many for any clear categorical structure to be inferred.

The main result of these
preferences are maintained to a
self-produced vowels. Clearly,
should be if formant frequencies

Phonemic Identification

comparisons is that individual response
considerable extent even when sUbjects imitate
few of the distributions are uniform, as they
were reproduced faithfully.

The sUbjects labeled the stimuli along their own [iJ-[~J continua to
provide a reference for the interpretation of categorical tendencies along
that continuum. These classifications are plotted in Figure 8. It can be
seen that OW used only three categories (/i,e,E/) consistently; he used I~ I
interchangeably with lEI, and III not at all. That is, for him the stimulus
continuum represented only three categories. SR, on the other hand, applied
all five response categories to his vowels, although stimulus 12 still was
only a weak I~ I to him.
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Figure 8. Labeling responses to the [iJ-[~J continuum.

To see whether these data are helpful in interpreting the histogram peaks,
the ordinal numbers of the stimuli whose associated mean response formant
frequencies were close to histogram peaks have been entered below arrows in
Figure 7. For subject OW, the three major peaks in F1 and F2 are associated
with responses to stimuli identified as Iii, lei, and lEI (or I~ I),
respectively. This correspondence is in agreement with that observed in our
earlier study, except that we then interpreted the lei category as III. OW's
categorical tendencies in imitation thus correspond well to his phonemic
categories. For SR, the F1 and F2 peaks line up with stimuli labeled as Iii,
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III, lEI, and lael, respectively, although there seem to be two Iii peaks in
the F2 distribution. These alignments differ somewhat from those obtained in
our earlier study and therefore must be regarded with caution. That BR, as a
native speaker of German, should not have a well-defined lei category in
imitation seems counterintuitive. For this subject, then, the imitation data
are not clearly related to his (English) phonemic categories, perhaps because
of his bilingualism. 6

Prototypical Vowels

A new feature of the present study was the inclusion of "prototypical"
productions representing the five English vowel categories along the [iJ-[~J

continuum. The average frequencies of these productions have been entered
above arrows in the Fl and F2 panels of Figure 7. Somewhat surprisingly,
these values are not very helpful in interpreting the histogram peaks. The
prototypical values for I~ I generally fall outside the response ranges.
Those for the other categories generally do not coincide with major peaks,
although some tentative alignments can be made if small shifts in formant
frequencies are allowed for. Clearly, the subjects did not simply produce
their prototype vowels in the imitation task. Their responses definitely were
more a function of the stimuli than of pre-established phonetic categories,
although the categories may have exerted a certain "pull" on the responses.

To get a better idea of the locations of the prototype vowels in the
formant frequency plane relative to the stimulus and response vowels, the
subjects' responses to their [iJ-[~J continua have been replotted in Figure 9
together with the prototypes, with standard deviations represented as well.
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Average formant frequencies of responses along the [iJ-[~J

continuum pluslminus one standard deviation (thin lines) and of
prototypical vowel productions pluslminus one standard deviation
(heavy lines) in Fl-F2 space. The circles represent the stimuli.
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The stimuli appear as filled circles. One interesting feature emerging from
these plots is that, for both talkers, the five prototype vowels do not lie on
a straight line in F1-F2 space, in contrast to the response (and stimulus)
vowels. It seems that the subjects, being rather accurate imitators, fit
their responses to the linear trajectory imposed by the stimuli, rather than
gravitating toward their prototypical vowels. Prototypical III, in
particular, lies outside the stimulus-response trajectory, and I~ I, as well
as BR's Iii, is beyond the stimulus-response range. Most responses fall
between prototypical lei and lEI; only OW also produced some Iii-like vowels.
The main difference between the two subjects is in the location of the lei
prototype, which is closer to Iii for BR and presumably reflects his native
language. The absence of a prototype for OW in the same region may explain
the large shifts in his responses to stimuli 3-5. Curiously, BR labeled
stimuli as Iii (Figure 8) that in fact were much closer to his prototypical
lei, and the stimuli he labeled as lei were closer to his prototypical III.
OW's labeling responses are in much better agreement with the pattern of
stimulus-prototype proximities shown in Figure 9. 7

Fundamental Frequencies

We examined two additional stimulus-response relationships that we could
not explore in our earlier study because of the constant fundamental frequency
(Fa) and duration of the synthetic stimuli. First, we compared the average
fundamental frequencies (Fa) of the stimuli and of the responses. For OW,
there were no major trends in response Fa across either continuum; occasional
deviations seemed to be related to stimulus Fa. Stimulus-response
correlations in the three delay conditions for each continuum ranged from 0.39
to 0.88 (4 out of 6 significant at p < .01), which indicated that OW
unintentionally imitated stimulus Fa. For SR, the correlations were lower but
still positive, ranging from 0.25 to 0.62 (1 out of 6 significant at p < .05),
and his response Fa tended to fall across both continua (from [uJ to [iJ, and
from [iJ to [~J), an effect that was apparently not induced by the stimuli.
Stimulus-response correlations for both subjects tended to be lower in the
immediate imitation condition. Delay conditions affected absolute Fa, but
these patterns varied between subjects and continua and were difficult to
interpret.

Durations

Similarly, we examined stimulus and response durations along each continuum
and found some very consistent patterns. The stimulus-response correlations
were positive and surprisingly high in some instances. For OW, they ranged
from 0.30 to 0.96 (5 out of 6 significant at p < .01); for BR, from 0.35 to
0.70 (4 out of 6 significant at p < .05, one of those at p < .01). Although
it might be argued that a common articulatory or phonetic factor influenced
stimulus and response durations alike, the pattern of durations across each
continuum was sufficiently irregular (due to the method of stimulus selection)
to suggest, rather, that both SUbjects unintentionally mimicked vowel
durations. The stimulus-response correlations tended to be lower in the
deferred imitation condition. In addition, there was a very pronounced effect
of delay condition on the average duration of the responses: Response vowels
were generally shorter in the immediate imitation condition.
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Conclusions

On the whole, the present results replicate the findings of our first study
(Repp & Williams, 1985). That is, categorical tendencies in vowel imitation
are obtained even when the subjects are capable of producing the precise vowel
they are to imitate. This rules out one possible explanation of the obtained
stimulus-response nonlinearities, namely, that they arise in the translation
of nonproducible stimuli into the subject's own production space. As pointed
out in the Introduction, this hypothesis had limited plausibility to begin
with; thus, a sample of two subjects seems sufficient for its dismissal. At
the same time, the demonstration of similar nonlinearities with synthetic and
natural stimuli confirms the robustness of these effects, as well as the
presence of considerable individual differences in their pattern and magnitude
(cf. also Kent, 1973).

One possible reason for the absence of very strong categorical effects in
this study and its predecessors (Kent, 1973; Repp & Williams, 1985) is
suggested by the relation of the subjects' prototypical vowels to the [i]-[ae]
stimulus continuum. Our continuum derived from responses to a synthetic
continuum (Repp & Williams, 1985), which we had copied from Kent (1973), who
in turn had designed it to span the average male vowel formant frequencies for
Iii and lae I reported by Peterson and Barney (1952). These latter data
derived from vowels in Ih dl context and may not be representative of isolated
vowel productions (especially 11/ and I€/), for which normative English data
are hard to come by in the literature. It is also possible that the present
subjects were not representative of the average American male talker. In any
case, it seems that the [i]-[ae] continua used by Kent and by us did not span
the full space between/il and lae I, and that they bypassed /1/. Chistovich
et ale (1966) used a continuum that seems to have been more closely matched to
their single subject's prototypes, and it remains to be seen whether their
highly categorical results can be replicated with similarly constructed
stimulus continua.

The question of the origin of categorical tendencies in vowel imitation
needs to be addressed in further research. Perhaps the most interesting
result to emerge from our studies and that of Chistovich et ale (1966) is that
categorical tendencies in imitation appear regardless of response delay (up to
2 seconds) and with essentially constant reaction times. Imitation responses
thus do not seem to be mediated by explicit phonemic decisions (which are
slowed by stimulus ambiguity), nor do they depend on a rapidly decaying
auditory memory (which plays a role in vowel discrimination, see Crowder,
1982a, 1982b; Pisoni, 1975). This suggests that the internal representation
of perceived vowels is phonetic (or articulatory) but, at the same time,
either noncategorical or only weakly categorical. If it is noncategorical,
then the categorical tendencies must arise during the motor implementation of
the imitations. Research is now in progress to examine this possibility.
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Footnotes

ITo simplify the analysis of stimulus-response relationships, acoustic
parameter values were averaged across the whole duration of both stimulus and
response vowels. The stimuli were not perfectly steady-state, however,
although they represented imitations of truly stationary synthetic vowels.
Formant measurements obtained at two specific points in each vowel--at onset
and two-thirds into its duration--provided an indication of changes over time.
These changes were relatively small and showed no orderly trends across the
continua. In general, the frequencies of all formants and of the fundamental
frequency declined through each vowel, except for Fl on the [i]-[re] continua,
which tended to rise. Most of the changes in Fl were less than 20 Hz; in F2
and F3, less than 100 Hz; in FO, less than 10 Hz. Only a few tokens exceeded
these limits. Clearly, none of the stimulus vowels resembled diphthongs.

2The peak-picking algorithm used to estimate formant frequencies (part of
the ILS package, Version 4.0, distributed by Signal Technology, Inc.) may
produce artificial discontinuities when tracking formants in time-varying
signals, due to certain limitations in the FFT routine. To make sure that the
present, relatively steady-state vowels had been correctly analyzed, the data
from OW's [u]-[i] condition were re-analyzed using the root-solving method
included in ILS, which is more accurate but time-consuming. The results were
practically identical to those obtained with the peak-picking method, except
that Fl estimates were uniformly higher by about 10 Hz. The reason for this
absolute difference is not known. The peak-picking algorithm thus seems to
provide accurate results for relatively steady-state speech sounds.

30nl y the absolute reaction times differed: Relative to the reaction times
to synthetic stimuli, OW speeded up on the [i]-[re] continuum, while BR slowed
down on the [u]-[i] continuum. These changes are difficult to interpret and
are of little theoretical interest.

~To justify this decision, analyses of variance were conducted on stimulus
block mean values of Fl, F2, and F3 for each sUbject and continuum, with the
factors Stimulus Number and Delay. A significant interaction between these
factors would indicate a change of formant pattern as a function of delay
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condition. Of the twelve interactions tested, only one was significant, for
F1 along the [u]-[i] continuum of subject BR, F(22,72) = 1.99, p = .0157,
which is of little interest because responses to that continuum were- analyzed
primarily in F2-F3 space. The main effect of Delay was significant in several
instances, indicating changes in absolute formant frequencies across delays
without a concomitant change in stimulus-response relationships. The more
striking of these included lower F1 frequencies (subject DW) and lower F2
frequencies (subject BR) in the immediate imitation of stimuli from the
[i]-[re] continuum.

SThe responses, like the stimuli, were examined for changes in formant
frequencies and Fa over time by comparing measurements taken at vowel onset
and after two-thirds of its duration. This analysis revealed that the
response vowels were monophthongal and, in fact, rather stationary. The mean
response parameters exhibited a variety of systematic trends in within-vowel
changes across each continuum, but the magnitudes of these changes were rather
small (generally less than 25 Hz for F1, 65 Hz for F2, 40 Hz for F3, 16 Hz for
Fa). Of the 16 stimulus-response correlations of frequency changes (4
parameters, 2 continua, 2 subjects) 15 were positive, but only one was
significant. Thus there was no strong evidence that the subjects imitated
time-varying characteristics of the stimuli.

6Because of these puzzling results, we later repeated the identification
task, also with the two subjects listening to each other's [i]-[re] series.
This replication revealed considerable inconsistency in the sUbjects' use of
the III category, and both subjects agreed that no very good instances of this
vowel were present in either stimulus series. BR's data make more sense if
stimulus 5, and the associated peaks in the F1 and F2 histograms, are taken to
represent his lei category.

7S ee , however, footnote 6. BR's labeling data from the replication were in
somewhat better agreement with his prototypes. Also, both subjects'
productions of III may have been anomalous; after all, this English vowel does
not occur in isolation. As a matter of fact, both subjects' productions of
all vowels deviate considerably from the Peterson-Barney norms (1952), which
are based on vowels produced in Ih_dl context (not including lei). It should
also be mentioned that DW's prototypical productions, but not BR's, tended to
be diphthongized. Both subjects' ability to identify their own and each
other's prototypes was tested later. Scores ranged from 93 to 100 percent
correct, with most confusions involving intended III or lEI.
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