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The personal attributes of a talker perceived via acoustic properties of speech are comimonly con-
sidered to be an extralinguisti¢ message of an utterance. Accordingly, accounts of the perception of
talker attributes have emphasized a causal role of aspects of the fundamental frequency and coarse-
grain acoustic spectra distinct from the detailed acoustic correlates of phonemes. In testing this view,
in four experiments, we estimated the ability of listeners to ascertain the sex or the identity of 5 male
and 5 female talkers from sinusoidal replicas of natural utterances, which lack fundamental frequency
and natural vocal spectra. Given such radically reduced signals, listeners appeared to identify a talk-
er's sex according to the central spectral tendencies of the sinusoidal constituents, Under acoustic con-

ditions that prevented
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listeners from determining the sex of a talker, individual identification from sine-
NI g2 XA { 5 p i [ hese re lat the perception of a talker’s sex and id 31
are not, contingent and that fine-grain aspects of a talker's phonetic production can elicit individual
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identification under conditions that block the perception of voice quality.

What can a listener perceive in the speech of an unfa-

miliar talker? Even a brief utterance can convey a lin-
guistic message and something about the talker who pro-
duced it. Although the perception of personal attributes has
commonly been explained by an account separate from
the perception of linguistic properties, a recent study has

shown that phonetic details can also be used to identify
talkers and to distinguish them from one another (Remez, -
Fellowes, & Rubin, 1997). Surprisingly, when acoustic -
test materials forced performance to depend on phonetic.

attributes, listeners occasionally mistook male talkers for size. Although the perception of specific vocal qualities

female talkers, and vice versa. The present report describes

a series of experiments intended to clarify the interpre~

tation of this counterintuitive finding, posing these ques-
tions: (1) Is the sex of a talker identifiable in a sine wave

utterance replica? (2) Are differences across talkers in

the central spectral tendency of the sinusoidal constituents
 responsible for differing impressions of the sex of a sine

wave talker? (3) Are individuals identifiable under acous-

tic conditions that preclude the identification of sex?
Many studies of talker recognition by ear, by auto-
matic classification, or by visual inspection of spectro-
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grams have sought to tie variation across individuals to
distributions of coarse grain characteristics of speech
signals, such as the fundamental frequency of phonation
and its range, or the average long-term spectrum (see
Bricker & Pruzansky, 1976; Carrell, 1981, 1985; Fant, -

- 1966; Hecker, 1971; Hollien & Klepper, 1984; Jassem,

1971; Joos, 1948; Monsen & Engebretson, 1977; Nearey,
1978). In part, these acoustic characteristics have been
understood as functional effects of anatomical differ-
ences among talkers in laryngeal mass and vocal tract

stems from the glottal spectrum and its supralaryngeal
modification, these timbral attributes are only a portion

of the differences available for distinguishing talkers per-; .

ceptually, as studies have recently shown. When a lis-
tener becomes familiar with a new talker, the remem-

* bered characteristics are likely to include aspects of the

talker’s habits of producing speech sounds in addition to
voice quality (Goldinger, 1996; Lieberman, 1963; Nolan,

- 1983; Nygaard, Somers, & Pisoni, 1994; Pickett & Pol-

lack, 1963; Sheffert & Fowler, 1995). The idiolectal _
properties that distinguish talkers were also implicated

- perceptually in a recent study in which listeners identi-
- fied familiar talkers from sine wave signals that lacked the

pitch and timbre of natural speech (Remez et al., 1997).

In this prior study, Remez et al. (1997) aimed to answer
a specific question: Can listeners identify talkers without
relying on voice quality? To compose the relevant test, a
simple problem was set for the listener: to report on each
trial which one of a pair of sentences had been produced
by the familiar man or woman whose printed name was
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Figure 1. Hierarchical cluster analysis of 10 talkers in Remez
et al, (1997). (A) Physical similarities, derived from distances be-
tween talker means in the plane of F1 by ¥2. (B) Perceived simi-
larities, derived from errors of identification by listeners familiar

with the talkers in the test set. Male talkers are represented as .

solid bullets; females are represented as open bullets. Note the
segregation of talkers by seéx in panel A in contrast to mixed-sex
clusters in panel B, c - ’

acoustic signals were sine-wave replicas of natural ut-
terances, in which three time-varying sinusoids mani-
fested the frequency and amplitude changes of the three
lowest formants of a speech sample from each talker.

Such sine-wave sentences exhibit unnatural timbre

(Remez & Rubin, in press) and intonation (Remez &
Rubin, 1984, 1993) despite their intelligibility. A listener
who succeeded in the task therefore perceived the fine
phonetic grain of each sine-wave signal in order to rec-
ognize the phonetic habits of the individuals in the talker
set, This conclusion was bolstered by two converging
kinds of evidence. .

First, acoustic similarity of the sine-wave signals did
not predict perceptual similarity. This is readily dis-
cerned in the two panels of Figure 1, which show hierar-

chical cluster analyses for acoustic and perceptual simi-
larities of the 10 talkers identified by listeners in this test.
Each talker’s acoustic properties were represented by the

. average frequency of the first and second formant (cf.

Nearey, 1978), from which the acoustic differences of
each to each were readily calculated (see Figure 1a). Fr-
rors of identification in a perceptual test were used to
represent perceptual similarity (Figure Ib). The topol-
ogy of the clusters differs, of course; however, the more
telling difference occurs in the clear separation of talk-
ers by sex in the analysis of acoustic differences and the
mingling of the sexes in the analysis of the perceptual er-
rors. The pattern of perceptual errors suggested that the
listeners disregarded the auditory form of sine waves—
the impressions of several whistles varying simultane-
ously in pitch and loudness—and instead compared fine-
grain phonetic properties of each talker’s vowels and
consonants conveyed by the tone patterns,

A second kind of evidence encouraged the hypothesis
that individual identification was based on phonetic
properties in the absence of typical voice quality. In this
procedure (Remez et al., 1997), naive listeners were asked
on each trial to choose which one of a pair of sine-wave
sentences was spoken by a specific taiker. Because a naive
listener began the test without any familiarity with the 10
talkers in the talker set, the sine-wave talker to be iden-
tified was designated by presenting a natural sample of
1 of the 10 at the beginning of each trial, This task allowed
analytic listening to the natural sampie and implicitly in-
vited exact comparisons of the spectra of natural and sine-
wave sentences. In analyzing the performance, the error
distribution was treated as an index of perceptual simi-
larity and was submitted to a muitidimensional scaling

- analysis. This again revealed the listener’s disregard of

auditory qualities of the sine-wave voice in favor of pho-
netic attributes. Apparently, a male talker was misiden-
tified occasionally as a female talker, and vice versa, when
the two talkers had produced phonetically similar real-
izations of the test sentence. Moreover, the scaling analy-

sis of the performance of naive listeners who matched a
‘natura] sample on each trial was highly correlated with the

analysis of the performarice of lsteners who identified

S - sine-wave talkers by long-established familiarity. In nei-
presented at the beginning of the trial. However, the.

ther condition did subjects apparently attend to the sex of
the taiker. , S '

The outcomes reported by Remez et al, (1997} were ex-
plained by supposing that a tonal analog of speech con-
serves the phonetic grain of the natural utterance from -
which it derives. This conservative property of'a sine-wave
sentence can be attributed to its time-varying properties,
which are common to a sample of natural speech and its

“tonal imitation (Remez, Rubin, Pisoni, & Carrell, 198 .

The unnatural timbre of sine-wave sentences is accord-
ingly attributable to the tonal carrier, which lacks the

. broadband resonances, aperiodicities, and harmonic re-

lations of natural speech. Under such circumstances, itis -
reasonable to expect listeners to form distinct impressions
of phonetic properties and only weak impressions of voice
quality. '
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In fact, sine-wave utterance replicas specifically ex-
clude acoustic properties that are thought to underlie the
perception of maleness and femaleness of a voice. For
instance, neither glottal periodicity nor the spectrum at-
tributed to the shape of the glottal pulse nor perturba-
tions in perfect periodicity (see Carrell, 1985; Klatt &
Klatt, 1990; Monsen & Engebretson, 1977) are preserved
in a sine-wave replica. Differences between the sexes are
manifest in distinct ranges of these three attributes, though
none of these acoustic properties, all originating in the
glottal excitation, is available in a sine-wave replica of
speech, which represents a speech signal merely as the
time-varying center frequencies and amplitudes of the
formants. Furthermore, the presence of a noise band, of

spectral zeroes, and of a greater bandwidth in the lowest -

resonance in the vocal spectrum, which are held to char-
acterize the distinctive female voice quality relative to
male voices (Klatt & Klatt, 1990), are likewise eliminated
in sine-wave signals modeled on the formant structure
of speech. Although some studies appear to support a
claim that the vocal spectrum alone can distinguish males
and females perceptually, the use of natural whispered
excitation (e.g., Schwartz & Rine, 1968) makes the in-
terpretation uncertain. Because whispered speech often
can contain acoustic effects of a periodic source compo-
nent and surely contains broadband resonances, it is

likely that sine-wave replicas of utterances alone lack the °

very acoustic attributes held to evoke impressions of
maleness or femaleness. Overall, it is tempting to.con-
clude that listeners in the study by Remez et al. (1997)
.confused males and females due to the drastically limited
acoustic properties of sine-wave signals.

The present series of four experiments addressed this
conjecture with new evidence. In Experiment 1, we found
that a sine-wave replica of a natural utterance-exhibits
sufficient acoustic structure-to allow a listener to deter-
mine the sex of the talker. In Experiment 2, we determined
that frequency transpositions of a sine-wave sentence
that altered the central spectral tendency of the variation
of each tone can be responsible for impressions of the sex
of the talker or for indeterminacy in those impressions.
In Experiments 3 and 4, we studied the relationship be-
tween individual identification of a sine-wave talker and
identification of a talker’s sex, and we found that indi-
vidual identification is not contingent on the identifica-
tion of sex nor on the acoustic conditions that allow the
perceptual determination of the sex of the talker.

EXPERIMENT1
Identifying the Sex of a Sine-Wave Tilker

In Experiment 1, listeners were asked simply to report
the apparent sex, male or female, of the talker producing
a sine-wave sentence on every trial. Some listeners were
tested with sine-wave sentences that replicated the nat-

ural formant frequency vailues—in which case, the 10

sentences preserved the differences in average formant
frequency exhibited by the natural utterances of the _10
talkers. To determine whether fine-grain spectral varia-
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tion conveys segmental or other information sufficient
to identify the talker’s sex (see Byrd, 1994; McDonough,
Ladefoged, & George, 1993; Trudgill, 1974), other lis-
teners were tested with sine-wave sentences that were
transposed to eliminate differences between talkers in
the central spectral tendency of each tone component. .
Frequency transpositions preserving pitch differences.
were imposed in three instances to give every talker’s
sine-wave replica the same average formant frequencies:
(1) the average values of the 5 male talkers were used,
(2) the average values of the 5 female talkers were used,
and (3) the average values of all 10 talkers were used.

Method

The talkers. Ten sine-wave sentences, each a replica of a natural
utterance spoken by a different talker, formed the core of the mate-
rials used in the experiments of this report. They were derived from
the natural utterances of 5 male and 5 female taikers, each of whom
spoke the sentence, “The drowning man let out a yell,” amid a list
of sentences that were read aloud twice. The natural readings were
fluent and neither normative nor vernacular, according to each talk-
er's habit. The talkers were not informed about the purpose of the
experiment. The individuals coatributing speech samples to this
project had been chosen because of their likely familiarity to lis-
teners in one specific test reported by Remez et al. (1997) and with-
out regard to the perceptual differentiability of'their speech.

Acoustic test materials. This test employed four sets of 10 sine-

" wave sentences: (1) natural frequency values, (2) male-transposed

frequency values, (3) female-transposed frequency values, and
(4) neutral-transposed frequency values. The natural frequency
sine~wave sentences were created first, according to this procedure:
Natural speech was sampled from each subject, who read a list of
sentences aloud twice in a sound-attenuating chamber. These utter-
ances were recorded on audiotape with a high-quatity voice micro-
phone, filtered (4.5 kHz low-pass, —40 ¢B/octave rolloff) and sam-
pled (at 10 kHz), using a PCM system implemented on a VAX-
station IVGPX. To estimate the center frequency and amplitude of
the three lowest frequency formants throughout each utterance,
samples were analyzed in two ways: (1) the peak-picking method of

-linear prediction, and (2) the spectral analysis method of discrete

Fourier transforms. By inspecting both representations of the spec-
trum, a table of sinusoidal synthesis specifications was composed

" intéractively for each utterance consisting of formant frequencies

and amplitudes derived at 5-msec intervals, A sine-wave synthe-
sizer (Rubin, 1980) calculated the waveforms with a 10-kHz tem-

-poral resolution. These waveforms were stored on the VAX as dig-

ital records. ‘ .

. A male, a female, and a neutral set of the 10 sine-wave sentences
were created by editing the sine-wave synthesis parameters for each
sentence. The sine-wave frequency values for each subject were
rescaled such that, in the male set, the tone pattern of all 10 talkers
exhibited the same average formant frequencies. In the female
set, all 10 tone patterns exhibited the female values. In the neutral
set, the tong pattern of every talker exhibited the average values of
the entire talker set. The frequency values employed in each trans-
position condition are shown in Table 1,

Sinusoidal patterns were sequenced and conveited from digital
records to analog signals, recorded on half-track 0.25-in. audiotape,
and presented to the listeners via tape playback. The listeners sat in
carrels in a sound-shielded room, and signals were presented bin-
aurally atan approximate level of 65 dB SPL over matched and cal-
ibrated headsets.

Procedure. Four separate tests employing different acoustic ma-
terials were used in this experiment. Each test comprised 100 trials, -
in which 10 sine-wave sentences, each produced.by a different
talker, were presented 10 times in a random order. There were 3 sec
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Table 1
Average Formant Values (in Hertz) Used to
Transpose Sine-Wave Replicas
Formant Male Female Neutral
First 480.3 548.2 514.2
Second 1555.8 1883.3 1719.6
Third 2466.2 2909.2 2687.7

of silence between trials, with the exception of every 10th trial—-
after which thers were 6 sec of silence.

Listeners. Forty-two students at Barnard College were assigned
randomly to one of four test conditions: (1) natural frequency,
(2) male-transposed frequency, (3) female-transposed frequency,
and (4) neutral-transposed frequency. They were tested in groups of
5 or fewer. All were native speakers of English, and all reported no
history of disorder of speech or hearing. None had participated in
any other experiment that used sinusoidal signals. The listeners
were not familiar with the talkers whose speech samples were used
in the acousti¢ test materials. The listeners were drawn from intro-
ductory psychology classes, and they received course credit for
their participation, They were asked to decide whether, on each
trial, the sex of the sine-wave talker was male or female, Two lis-
teners were eliminated from the data set for failing to follow in-
structions,

Results and Discussion S

Each subject contributed two values (average percent
correct identification of talker sex for male and for fe-
male talkers).to the data set. An analysis of variance
(ANOVA) of the group data was performed to test for the

factor of spectrum between subjects, for the factor of sex -

within subjects, and for their interaction, revealing a sig-
nificant effect of spectrum [F(3,36) = 18.1, p < .001].

This analysis shows that the listeners could determine .

the sex of a talker only when the tone analogs preserved
the natural formant frequency values. The group aver-
ages are plotted in Figure 2, in which the height of each
bar corresponds to the mean performance of 10 listeners
- in identifying the sex of the 10 sine-wave talkers, and the
error bars represent the critical interval for a post hoe
means test according to the method of Tukey. Note that
performance did not differ from guessing in the three

conditions employing frequency-transposed sine-wave

signals.

A significant statistical effect was also observed for the

interaction of the factors of spectrum and sex [F(3,36) =
3.55, p < .025). This outcome reflects the differential ef-
fects across frequency transpositions on the perceived sex,
When each sine-wave sentence was transposed to match
the average male values, the listeners were more likely to
report that the talker was male; when the test items were
transposed to match the average female frequencies, the
listeners were more likely to report that the talker was fe-
miale. All other things being equal, the listeners were more
likely to identify the males correctly and the females in-
correctly when the sine-wave spectrum was shifted down-
ward in frequency. Conversely, the listeners were more
likely to identify the females correctly and the males incot-
rectly when the spectrum was shifted upward in frequency.

Overall, the outcome of this test provides clear evi-
dence that sine-wave replicas of natural utterances can
evoke veridical impressions of the sex of a talker when
the natural frequency values are preserved in the time-
varying tones. The listeners were accurate in teporting
the sex of the talkers when tone complexes replicated the
exact frequency variation of each talker's natural speech
spectrum, This finding supplements perceptual accounts
of the qualitative differences between male and female
speech, which have emphasized precise glottal periodic-
ity and spectrum, In addition to those demonstrations of
the perceptual effectiveness of the acoustic correlates of
vocal pitch and timbre (e.g., Klatt & Klatt, 1990), otr re-
sults show that listeners can be accurate in their assess-
ments of a talker’s sex without the availability of natural .
vocal acoustic products,

Tt is also useful to note that the segmental phonetic
constituents in the speech samples that we employed
were not sufficient to permit the listeners to gauge the.
sex of the talkers in the frequency-transposed test condi-
tions. In the three conditions that eliminated intertalker
differences in central spectral tendency, identification
performance did not differ from chance; however, in the
male-transposed conditions, the listeners reported hear-
ing males more often, and, in the female-transposed con-
ditions, the listeners reported hearing females more
often. Although some research has characterized differ-
ential phonetic habits of male and female talkers (see
Byrd, 1994), the listeners in our tests heard samples that
were evidently too spare or too unusual to evoke reliable
impressions of the sex of talkers. N '

If differences between talkers in the spectral band
within which tone analogs vary are effective in eliciting
impressions of different sexes, a stricter test is required,
nonetheless, to determine whether changes in central

i0Q

N Pércent Correct
- .
(=]

Natural Male Neutral

Female

Frequency Transposition

Figure 2, Results of Experiment 1, in which the listeners were
asked to report the apparent sex of 10 talkers in four conditions
of acoustic variation. Error bars represent the critical interval for
a Tukey post hoc means test (o= ,0%),
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spectral tendency of each of the tone components alone
can evoke different impressions of the sex of a talker.
This conclusion follows from the fact that, in Experi-
ment 1, we blocked conditions by the spectrum factor,
and the listeners in the natural condition were the only
ones to hear intertalker variation in the spectrum during
the test. Accordingly, in Experiment 2, we used a single
talker—a highly identifiable female—in three frequency
transpositions: male, female, and neutral. Because the
natural values were not employed in this test, and be-
cause the same formant pattern was used in every test
item, the test provided a clear measure of the effect on
impressions of sex of central spectral tendency while
controlling phonetic variation.

EXPERIMENT 2
The Effects of Central Spectral Tendency of
Tone Analogs of Formants

In Experiment 2, the sine-wave synthesis parameters
of a single talker were transposed to exhibit male, fe-
male, or neutral average spectra. By composing the test
materials solely of frequency transpositions of a single
sinusoidal pattern, we attempted to provide a more con-
trolled assessment of the effect of central spectral ten-
dency of a tonal analog of speech in evokmg an impres-
sion of a talker’s sex.

Method

Acoustic test materials. This test employed three sine-wave
sentences, each deriving from the highly identifiable sine-wave
replica of a female talker employed in the test set of Experiment 1.
Three frequency-transposed versions—a male, a female, and aneu-
tral variant—were prepared, with average values noted in Table 1.

The test items were prepared by digital synthesis and were pre-
sented over matched and calibrated headsets by audiotape playback
to the listeners seated in a sound-shielded room. Signals were pre-~
sented binaurally at an approximate level of 65 dB SPL.

Procedure. A single test of 30 trials was used in which three
sine-wave sentences, each with a different central spectra! tendency
achieved by frequency transposition of the tonal components, were
presented 10 times in a random order. There were 3 sec of silence
between trials, with the exception of every 10th trial—afier which
there were 6 sec of silence. The listeners were asked to decide on
each trial whether the sex of the sine-wave talker was male or fe-
male.

Listeners. Eight students at Barnard College, all native speakers
of English, participated in this test. None reported a history of dis-
order of speech or hearing, nor had any participated in an experi-
ment that used sinusoidal signals. No listener was familiar with the
talker whose speech had been modeled to produce the test items.

Results and Discussion

Each subject contributed three values to the data set,
the percent of all trials on which the male, female, and
neutral sentences were identified as “male”. A one-way
repeated measures ANOVA of the group data was per-
formed to test for an effect of the factor of frequency
transposition, revealing a significant difference among
the three conditions [F(2,14) = 128.0, p < .001]. The
group averages are plotted in Figure 3, in which the

843
109 -
Trials identifled
90+ N as "Male”
80 Trials identified
: D as "Female”

Percent of Responses
W
[=]
1

Male
Frequency Transposition

Female Neutral

Figure 3, Results of Experiment 2, in which the listeners were
asked to report the sex of a sine-wave pattern presented in three
frequency-transposed variants.

height of each bar corresponds to the mean percent of
trials on which the listeners reported that the talker was
male or female for the three spectral variants of the sine-
wave pattern; the error bars represent the critical interval
for a Tukey post hoc means test. The results of this test
show clearly that a sine-wave sentence exhibiting the av-
erage formant values of the male talkers in Experiment 1
was so identified in Experiment 2. Similarly, transposing
the pattern to exhibit the average female tone frequency
vaiues led the listeners to identify the talker as female,

When each tonal constituent manifested the central spec-
tral tendency averaged over the entire talker set—incor-
porating 5 males and 5 females—no consistent impression
of the sex of the talker was elicited.

" The outcome of this test indicates that changes in the
central spectral téndéncy. of the tonal analogs of for-
mants in a sinusoidal sentence reliably influence listen-
ers’ reports of maleness or femaleness. When the spec-
trum was characteristic of neither males nor females, the
listeners’ reports also ceincided. Overall, this pattern of
results indicates that variation in this acoustic property
can readily be analyzed as the personal attribute of talker
sex even when concurrent variation in phonetic proper-
ties is conirolled. The results of Experiment 2 corrobo-
rate the conjecture, based on the outcome of Experi-
ment |, that the perception of the sex of a talker can be
evoked in the absence of a signal component attributable
to the differential glottal pulse raté of males and females.
Also, acoustic correlates of differential glottal spectra
are not specifically required for listeners to report a def-
inite impression of the sex of the talker of the sentence.

The question prompting these two experiments origi-
nated in a puzzling finding by Remez et al. (1997)—
namely, that listeners in a test of talker identification using
sine-wave signals appeared to confuse males and females
for each other, as if the listeners were often indifferent to



844 FELLOWES, REMEZ, AND RUBIN

the sex of a sine-wave talker, As a consequence of Exper- -

iments [ and 2, we can conclude that, in fact, listeners are
quite able to identify the sex of a sine-wave talker when
asked to do so, even under test conditions that are thor-
oughly constraining. These findings are difficult to rec-
oncile with the confusion of males and females that was
observed in a test of talker identification. Listeners would
greatly simplify the task of identifying a sine-wave talker
from a set of known size by taking a preliminary step of
identifying the sex of the talker, Furthermore, at first ap-
proximation, it is reasonable to suppose that the listeners
would exploit every shred of information available from
an apparently impoverished signal. Why then did listen-
ers fail to simplify the task that was set for thern by Remez
et al. (1997) by identifying the sex of the sine-wave talk-
ers? In Experiments 3 and 4, we pursued this question by
attempting to calibrate the contribution of sex identifica-
tion to individual identification,

EXPERIMENT 3
Individual Recognition Without Sex Identification

The problem motivating Experiment 3 was the appar-
ent indifference of listeners to acoustic information about
the sex of the talker, which would otherwise seem to pro-
mote the task of individual identification. An appeal to
common sense suggests that the radically simplified sig-
nal presented by a sine-wave replica would chailenge the
perceiver to use all the information that can be extracted
from the tone pattern (see Reynolds, 1961; Wilkie & Mas-
son, 1976). The outcome reported by Remiez et al. (1997)
implies, on the contrary, that the listeners may not have
used a source of information that was readily available,
as Experiments 1 and 2 of this report demonstrate, A likely
reason for the listeners’ indifference to information about
sex in an individual recognition test was evaluated in Ex-
periment 3. Here, we tested whether individuals can be
recognized adequately on the basis of phonetic attributes
alone, relieving the necessity of resorting to supplemen-
tary information about the talker’s sex. The empirical
setting of Experiment 3 was a replication of the test of in-
dividual identification of Remez et al. (1997), although
the sine-wave replicas of the 10 talkers were transposed
in Experiment 3 to the neutral frequency values in order
to block veridical impressions of talker sex.

Method

Acoustic test materials, Natural and sinc-wave sentences were
used in this test-—natural items as samples to be matched on each
trial, and sine-wave items as candidates to be matched to the natural
versions. This set of sine-wave sentences had been created for the
neutral frequency transposition condition of Experiment 1, in
which the listeners were unable to identify the sex of the talkers (see
Figure 2). Recall that each sine-wave sentence was derived from the
natural speech of a different talker and was transposed in frequency
to exhibit the sex-neutral average formant values given in Table 1.
Because a sine-wave sentence preserved the abstract pattern of for-
mant frequency variation of a specific talker and, therefore, pre-
served the acoustic correlates of fine-grain phonetic attributes, this
set of acoustic materials was used here to test individual identifi-

cation from phonetic attributes when the sex of 2 ralker was per-
ceptually indeterminate.

A set of 10 samples of natura) speech was used in this test to rep-
resent the 10 talkers to be identified. On each trial, the listener was
asked to choose the sine-wave sentence spoken by the natural talker,
Here, the procedure used the specific natural utterances on which
the sine-wave replicas were based. A prior test had shown that lis~
teners succeed in matching sine-wave and natural sentences well
(for 8 of the 10 talkers) when the sine-wave items exhibit natural
(untransposed) formant frequency values (Remez et al., 1997).

The natural sentences were storedas digital records, sequenced
with the synthetic sentences and presented on line by a VAXstation
4000 Model 90 and a Gradient DeskLab audio output system over
matched and calibrated headsets to the listeners seated in a sound-
shielded room. Signals were presented at an approximate level of
65 dB SPL. :

Procedure. Each trial of this test was composed of three events:
a natural sentence followed by two sine-wave sentences. One of the
pair of sine-wave patterns always had been derived from the natural
utterance presented on that trial, whereas the other sine-wave pat-
tern had been derived from a natural utterance produced by 1 of the
other 9 talkers. A listener was asked on each trial to report which of
the two sine-wave sentences was produced by the talker who spoke
the natural utterance. '

With 10 different talkers, there were nine comparisens of each
sine-wave sentence with each other, making a minimum of 90 trials;
counterbalancing for order of presentation of the alternatives re-
suited in a test of 180 trials. The natural sentence and the first sine-
wave sentence were separated by 750 msec of silence on each trial,
and the first and second sine-wave sentences were also separated by
750 msec of silence. Between each trial, there were 3 sec of silence,
with 6 sec of silence after every 10th trial.

Listeners. Eleven students at Barnard College, all native speak- .
ers of English, participated in this test. None had participated in an
experiment that used sinusoidal signals, nior did any report a history
of disorder of speech or hearing. The listeners were not familiar
with the individuals whose speech samples and sine-wave analogs
composed the acoustic test materials. In exchange for their partici-
pation, the listeners received credit in introductory psychology.

Results and Discussion :

A subject contributed 10 values to the data sct, the
percent of possible trials on which each of the 10 natural
samples had been matched to its sine-wave replica. A
one-way repeated measures ANOVA of the group data
was performed to test for an effect of the factor of talker,
revealing a significant difference [F(9,90) = 11.4, p<
-001]. This reflected the different hit rates observed
across the set of 10 talkers. The group averages are plot-
ted in Figure 4, in which the height of each bar corre-
sponds to the mean percent of trials on which the listen-
ers chose the correct alternative to match the natural talker.
The gray horizontal region flanking 50% shows the con-
fidence interval for significant difference from chance
as established by a post hoc means test (Tukey). The re-
sults of this test show clearly that the listeners recognized
8 of the 10 talkers under acoustic conditions that pre-
cluded identification of the sex of the talker,

The same talkers who were difficuit for the listeners to
identify in this condition were also difficult for the lis-

teners to identify when the tonal analogs reproduced the

natural formant frequencies (in Remez et al., 1997, Ex-
periment 1). Indeed, this pattern of results shows that lis-
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Figure 4. Results of Experiment 3, in which the listeners were
asked to match the talker of a natural utterance to candidate
sine-wave sentences. The height of each bar corresponds to the
group mean percent correct; the gray region around 50% Indi-
cates the confidence interval for statistical difference from guess-
ing, as established by a post hoc means test (Tukey, o= .05). Eight
of 10 talkers were dentified by the listeners under acoustic con-
ditions precluding identification of the talker’s sex,

teners in a test of individual identification from tonal
analogs of speech wouid be able to disregard the acoustic
information about a taiker’s sex without impairing per-
formance. How then do listeners tell which sine-wave
sentence was produced by the talker who spoke the nat-
ural sample? The present finding is consistent with the
claim that the phonetic attributes evoked by the coherent
modulation of sinusoidal carriers provide a basis for per-
‘ceiving individuals (Remez et al., 1997) and that acous-
tic properties indicating the sex of a talker must con-
tribute very little information to this perceptual effect.
Despite the appeal of this argument, it is conceivable
that performance in this test did not reflect a phonetic
comparison of natural and sine-wave sentences at all but
was a-consequence of a far more superficial perceptual
analysis. Specifically, our listeners may have ignored
phonetic attributes and simply attempted to analyze the
duration of the sentences, thereby treating the procedure
as-a test of duration matching. Because one of the pair of
sine-wave sentences was derived from the natural model
presented on each trial, the listeners who evaluated the
acoustic materials in this alternative fashion would pre-
sumably have achieved good performance without ever
attending to phonetic attributes. Moreover, a comparison
of duration is the most likely superficial way to solve this
matching task, since the auditory form of a sine-wave
sentence—the changing pitch and loudness impressions
evoked by each of the tonal analogs of the formants—
does not readily correspond to impressions of natural
speech and is unique to sine-wave vehicles. In contrast,
the frequency and amplitude variation of the three or

845

four perceptually important formants in a speech signal
cannot be separately resolved (see Julesz & Hirsh, 1972).

To evaluate a duration-based alternative to the pho-
netic comparison hypothesis, we sought to predict the
outcome of the matching test if the listeners had com-
pared the relative duration of natural and sine-wave items.
To accomplish this, we reasoned that listeners” ability to
choose between sine-wave alternatives in matching the
natural sample presented on each trial ought to vary in
consistency as a function of the duration difference of the
sine-wave candidates. Where the difference in duration
of the pair of sine-wave alternatives was large, the listen-
ers should have readily distinguished between them and
should have chosen the better match to the natural sen-
tence. Where the duration difference was small, the lis-
teners should not have chosen a match for the natural
sentence as well. In the limiting case, if two sine-wave
sentences had the identical duration; the listeners should
not have been able to select between them consistently to
match the natural sample. The sample of 10 sine-wave
items had an average duration of 2,055 msec, with a stan-
dard deviation of 361 msec and high and low values of
2,904 and 1,458 msec, respectively,

This alternative hypothesis was tested statistically by
deriving a hierarchical cluster analysis for the 10 sine-
wave sentences based solely on the duration of each
item, thereby ranking the 10 items by similarity in dura-
tion. This predicted similarity ranking was then com-
pared with a similarity ranking based on the actual re-
sponses of the listeners—-specifically, on the pattern of
errors. A test for correlation of the predicted and ob-
served similarity rankings was definitive, revealing that
the prediction based on duration eontrast did not match
the observations (Spearman’s r, = .07, p > .05; cor-
rected for tied ranks by the method of Siegel & Castel-
lan, 1988). In short, the performance of the subjects in

_ Experiment 3 does not offer evidence that the listening
task is solved by means of a perceptual analysis of dura-

tion contrast. _ i
One additional control is warranted to justify this con-
clusion. In Experiment 3, the listeners were asked to
compare sine-wave sentences with natural samples from
which they were derived. The fine spectrotemporal struc-
ture of the sentences was therefore identical in cognate
natural-sine-wave pairs. Although the preponderance of
evidence shows that listeners are unable to attend to the
auditory form of the acoustic constituents of natural
speech nor to identify the precise auditory form of tone
patterns corresponding to the phonetic properties of
sine-wave replicas (Remez, Rubin, Berns, Pardo, & Lang,
1994), the acoustic materials used in this test allow a slim
possibility that the listeners made exact matches on the
basis of auditory similarity of portions of natural and
sine-wave patterns independent of phonetic variety. In
Experiment 4, we imposed a control for this prospect by
using different natural samples spoken by the same talk-
ers as those who spoke the 10 sine-wave sentences. In
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this test, listeners could not detect a correspondence of

natural and sine-wave sentences by listening for an exact
match, :

EXPERIMENT 4
A More Stringent Test of Individual Recognition
Without Sex Identification

The findings of Experiment 3 have shown that indi-

vidual identification can occur even when acoustic con-
ditions do not foster veridical impressions of a talker’s
sex. While this result encouraged the conclusion that
phonetic properties conveyed by sine-wave sentences are
sufficient to evoke an impression of a particular talker,
there was one alternative interpretation to consider im-
mediately. In Experiment 4, we employed test items de-
signed to prevent the listeners from identifying the sine-
wave taikers by listening for an exact spectrotemporal
match between natural and sine-wave items. This was
achieved by using an alternate utterance of the test sen-
tence as the natural sample of the talker to be matched to
sinusoidal candidates that exhibited the sex-neutral cen-
iral spectral tendency. ‘

Method :

Acoustic test materials. As in Experiment 3, both natural and
sine-wave sentences were used in this test; natural sentences Tepre-
senting talkers to be matched on each trial, and sine-wave sentences
as candidates to be matched to natural versions. Ten samples of nat-
ural speech were used in this test to represent the 10 talkers to be
identified. These utterances were alternate readings of the sentence,
“The drowning man let out a yell,” collected.at the same session as
were the utterances that had served as models for sine-wave repli-
cation, The average difference in duration between the natural mod-
¢ls for the sine-wave items and the natural samples used in Exper-
iment 4 was approximately 200 msec. The 10 different sine-wave
sentences used in this test were the neutral frequency transposition
items used in Experiment 3. Accordingly, listeners in this test were
niot able to exploit a strategy of listening analytically for exact spec-
trotemporal matches between the auditory form of riatural and sine-
wave items. ‘ ]

The natural sentences were sequenced with the synthetic sen-
tences, and all were converted with temporal resolution of 10 kHz
to analog voltages. The test was presented binaurally at an approx-
imate level of 65 dB SPL over matched and calibrated headsets by
& VAXstation 4000 Model 90 and a Gradient DeskLab audio out-
put system,

Procedure. Three acoustic events occurred on each trial of this
test: a natural sentence followed by two sine-wave sentences, One
of the pair of sine-wave patterns always had been derived from a
sample spoken by the talker whose natural utterance was presented
on that trial, whereas the other sine-wave pattern had been derived
from a sample produced by one of the other 9 talkers. As in Exper-
iment 3, listeners were asked on each triai to report which of the two
sine-wave sentences was produced by the talker who spoke the nat-
vral utterance. :

With 10 different talkers, there were nine comparisons of each
sine-wave sentence with each other, making a minimum of 90 trials;
counterbalancing for order of presentation of the alternatives re-
sufted in a test of 180 trials. The natural sentence and the first sine-
wave sentence were separated by 750 msec of silence on each trial,
and the first and second sine-wave sentences were also separated by
750 msec of silence, Between each trial, there were 3 sec of silence,
with 6 sec of silence after every 10th trial,
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Figure 5. Results of Experiment 4, in which the listeners were
asked to match the talker of a natural ntterance to candidate ‘
sine-wave sentences. The height of each bar corresponds to the .
group mean percent correct; the gray region around 50% indi-
cates the confidence interval for statistical difference from guess-
ing, as established by a post ho¢ means test (Tukey, o = ,05). Six
of 10 talkers were identified by the listeners under acoustic con~
ditions precluding an exact spectrotemporal match between nat-

ural and sine-wave items, as well as preventing Identification of
the talker’s sex.

Listeners. Eighteen students at Barnard College participated in
this test in exchange for credit in introductory psychology classes.
All were native speakers of English. None had participated in an
experiment that used sinusoidal signals, nor did any report a history
of disorder of speech or hearing. The listeners were not acquainted
with the talkers whoge speech sampies were used in this test.

Results and Discussion

Each subject contributed 10 values to the data set, the
percent of possible trials on which the sine-wave mate to
each of the 10 natural samples had been identified cor-
rectly. A one-way repeated measures ANOVA of the group
data was performed to test for an effect of the factor of
taiker, revealing a significant difference [F(9,153) =
21.4, p < .001]. Again, this finding reflected the differ-
ent hit rates observed across the set of 10 talkers. The .
group means are plotted in Figure 5, in which the height
of each bar corresponds to the percent of trials on which
the listeners chose the correct alternative to match the
natural talker. A gray horizontal region flanking 50% is
used to mark the confidence interval for significant dif-
ference from chance as established by a post hoc means
test (Tukey). The results show clearly that the listeners
recognized 6 of the 10 talkers under acoustic conditions’
that (1) precluded an exact spectro-temporal match and
(2) precluded the identification of the sex of the talker.

The outcome of Experiment 4 again indicated that lis-
teners can employ remarkably abstract perceptual crite-
ria for identifying talkers. For 6 of the 10 talkers in the
target set, the data reveal the sufficiency of perceptual
criteria based on phonetic attributes, as the results of Ex-
periment 3 and our prior work had also indicated (Remez
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etal,, 1997). The listeners here could not have performed
the task by listening for exact matches, neither in central
spectral tendency of tone variation nor in the precise
spectrotemporal form of natural and sine-wave items.
Moreover, no simplification in the choice on each trial
could be gained by identifying the sex of the sine-wave
talkers, because the results of Experiments 1 and 2
showed that the frequency transpositions employed here
abolish veridical impressions of a talker’s sex.

By employing natural samples in Experiment 4 that
differed from the models for the sine-wave items, we had
aimed to render useless a strategy of exact comparison of
natural and sine-wave sentences. Nonetheless, the listen-
ers may have persisted in treating this test of talker iden-
tification as a test of duration matching, inasmuch as this
superficial attribute of the test items was readily -avail-
able, and variation in the duration of sine-wave and nat-
ural sentences was well within the listeners’ resolving
power. The test of this alternative hypothesis in Experi-
ment 3 showed that the listeners had not matched dura-
tion in circumstances that permitted exact matches. We
had found that the perceptual similarity of the 10 talkers
estimated from erroneous identification performance
was not correlated with an index of similarity in duration.
In Experiment 4, we also found evidence against an ex-
pianation of the pattern of results by appealing to the lis-
teners” hypothetical facility in matching duration.

Adopting the method of Experiment 3, we predicted
the outcome of the test according to similarity in duration
of the sine-wave items, using a hierarchical ¢luster analy-
sis. We then ranked the predicted similarity of items and
calculated the correlation of this ranking with the simi-
larity ranking calculated from the actual identification
performance. Again, we found that the observations were
not correlated with the prediction based on duration con-
trast {Spearman’s r; = —.23, p > .05). This finding cor-
roborates the claim that the listeners in Experiment 4
identified individuals by detecting similarities in fine-
grain phonetic realization of the items, such as the precise
advancement, height and diphthongization of vowels,
and the reduction of consonants. But, how good is a per-
formance in which 6 of the 10 talkers were identified?

This outcome was expected, on the basis of the out-
come in the precedent study (Remez et al., 1997), How-
ever, that prior test had not eliminated intertalker differ-
ences in central spectral tendency of the individual tone
components of the sine-wave replicas—in which case,
the listeners had matched 8 of the 10 natural samples to
the sine-wave mates. This finding, in which sine-wave
replicas retained the natural frequency values, serves as
a benchmark for evaluating performance here. Indeed,
the procedure of Experiment 4 shows that something is
lost in the transposition to sex-neutral values and in the
elimination of naturally occurring intertalker differences
in central spectral tendency. Nevertheless, the decrement
in performance was not large, and 6 of the 8 talkers who
were identifiable when acoustic variation was more
ample were still identified here. To assess the results in
absoiute terms will require more extensive and varied
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test conditions; especially useful in this regard would be
a training study in which both talkers and listeners are
selected for their phonetic attributes, inasmuch as these
covary and have been known to influence phonetic and

lexical perception (cf. Peterson & Bamey, 1952). For now,

it i3 defensible to conclude that the recognition of indi-
viduals in this small talker set often was not contingent
on acoustic properties that otherwise allow identification
of a talker’s sex. It is likely that this effect was due to the
relatively greater relevance and salience of phonetic attri-
butes in recognizing individuals rather than to subtle as-

pects of the anomalous voice quality of tone analogs of
speech.

GENERAL DISCUSSION

Overall, this series of experiments has elaborated the
perceptual criteria that listeners use for identifying indi-
vidual talkers from sine-wave replicas of their utter-
ances, At first, it seemed counterintuitive for the listeners

‘to have identified talkers without exploiting a simplifi-

cation that the task allowed: categorization of the sex of
a talker. These subjects apparently disregarded acoustic
attributes that would have facilitated performance. By
discovering the acoustic conditions in which listeners can
and cannot determine the sex of a sine-wave talker, we
now understand that intertalker differences in central
spectral tendency between males and females can evoke
veridical impressions of a talker’s sex (Experiment 1) and
that, under artificial conditions, a tone pattern transposed

“to male, female, and neutral values elicits the correspond-

ing identification of the talker’s sex (Experiment 2).
Although the results of Experiments 1 and 2 showed
that listeners in the study by Remez et al, {1997) had dis-

_ regarded the acoustic attributes promoting the percep-

tion of a talker’s sex when identifying individuals in the
test set, the results of Experiments 3 and 4 revealed that
there was little reason for listeners to pay particular at-
tention to this acoustic difference among talkers. The
basis for identifying talkers was the phonetic form of the -
utterances, which is apparently perceived without an ex-
plicit match to more superficial details of the acoustic
vehicle. In other words, when a sine-wave signal is reg-
istered, individual identification and sex identification are
not contingent. This is surely counterintuitive, weighed
against the experience of everyday conversations, in which
the pitch and quality of a voice seem to be the personal at-
tributes by which we recognize each other. However, it is
unlikely that the listeners here would have succeeded so
readily in identifying talkers without a natural sensitivity
to events at the fine phonetic grain. Evidently, perceivers
can differentiate talkers as well as words from the pho-
netic properties of speech. Perhaps the ordinary qualita-
tive impressions of talker differences that drive intuition
are based, in actuality, on such phonetic properties.
Furthermore, it is surprising to note that the listeners
in our test were not opportunistic, using every shred of
acoustic structure that can provide information. We
would have expected otherwise, on the assumption that
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a radically reduced signal presses a perceiver to make
maximal use of the remaining acoustic structure. In stark
contrast to this characterization of perception, it appears
as though our listeners gravitated toward reliance on the
sinusoidal correlates of phonetic properties when the au-
ditory form of vocal pitch and timbre was unavailable,
due to the sine-wave transform. In fact, the listeners suc..
ceeded by relying on phonetic variety across the talkers,
ignoring other information that was nevertheless avail-
able; when listening for a talker’s identity, the listeners
would have gained very little by attending specifically to
determine the talker’s sex. This indifference has no term
in perceptual accounts, and we note it here for its role in
the informational dynamics of the perception of speech.

While the experiments of this report have accounted
specifically for a curious aspect of the identification of
talkers from tone analogs of speech, the results also con-
tribute to characterizing the perception of talkers more
generally. Chiefly, these experiments warrant broaden-
ing the conventional description. In the preponderance
of cases, the personal information in an utterance has
been described as an extralinguistic component of the
message (Bricker & Pruzansky, 1976). This description
fits, because a linguistic message is rarely specific to the

talker who uttered it, However, our experiments focused

on two kinds of personal information that are found in
the relationship of acoustics to phonetics. One is anatom-
ical, and it pertains to the acoustic consequences of dif-
ferences in scale of the laryngeal and supralaryngeal ar-
ticulators. Anatomical differences in scale among talkers
are responsible for differences in the spectra of their
speech signals and, accordingly, in the perceived quality
of their voices. Though a precise account has proven to
be elusive (see Kreiman, 1997), the relationship of ana-
tomical scale to signal properties to perceived qualities
has defined the problem of intertalker differences (Pisoni,
1997). Nonetheless, our experiments on talker identifica-
tion from sine-wave analogs of speech show that personal
information is not exhausted by considering the pitch and
compass of the speaking voice, nor the shape of the spec-
trum envelope, nor the central tendencies of formant fre-
quency. From the perspective of the perceiver, the differ-
ences that remain in a signal after eliminating the acoustic
effects of the laryngeal source and the scale differences
of the supralaryngeal resonators are sufficient to allow
the identification of individual talkers. Personal infor-
mation is available in an aspect of the signal that does
not arise through anatomical variation alone.

The results of our experiments suggest that the seg-
mental phonetic form of an utterance that is rudimentary
to lexical identification also furnishes personal informa-
tion about the talker, This research therefore coincides with
a defining assumption of the literature on talker identifi-
cation—that personal information in an utterance is an
extra message—while it reveals the perceptual effect of
subphonemic variation in the identification of individu-
als. In this regard, the results of these experiments cor-

roborate a recent provocative finding that the establish-
ment of familiarity with a talker includes a substantial
phonetic component (Nygaard et al.,, 1994), Last, our find-
ings can inform and constrain speculation about functional
and neural architecture for encoding (see Church & Schag-
ter, 1994) and remembering (Van Lancker, Cummings,
Kreiman, & Dobkin, 1988) the speech of individuals,
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