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Listeners can perceive the phonetic value of sinusoidal imitations of speech. These tonal rep-
licas are made by setting time-varying sinusoids equal in frequency and amplitude to the com-
puted peaks of the first three formants of natural utterances. Like formant frequencies, the
three sinusoids composing the tonal signal are not necessarily related harmonically, and there-
fore are unlikely to possess a common fundamental frequency. Moreover, none of the tones falls
within the frequency range typical of the fundamental frequency of phonation of the natural
utterances upon which sinusoidal signals are based. Naive subjects nevertheless report that
intelligible tonal replicas of sentences exhibit unusual “vocal” pitch variation, or intonation.
The present study attempted to determine the acoustic basis for this apparent intonation of
sinusoidal signals by employing several tests of perceived similarity. Listeners judged the tone
corresponding to the first formant to be more like the intonation pattern of a sinusoidal sen-
tence than: (1) a tone corresponding to the second or third formant; (2) a tone presenting the
computed missing fundamental of the three tones; or (3) a tone following a plausible fundamental
frequency contour generated from the amplitude envelope of the signal. Additionally, the tone
reproducing the first formant pattern was responsible for apparent intonation, even when it oc-
curred in conjunction with a lower tone representing the fundamental frequency pattern of the
natural utterance on which the replica was modeled. The effects were not contingent on relative

tone amplitude within the sentence replica. The case of sinusoidal sentence “pitch’’ resembles
the phenomenon of dominance, that is, the general salience of waveform periodicity in the region
of 400-1000 Hz for perception of the pitch of complex signals. ‘

A number of recent studies of speech perception
have examined the effects of sinusoidal replication of
speech signals (Bailey, Summerfield, & Dorman,
1977; Best, Morrongiello, & Robson, 1981; Grunke
& Pisoni, 1982; Schwab, 1981). Typically, tonal ana-
logs of speech are composed of three time-varying
sinusoids, each tone reproducing the frequency and
amplitude variation, sometimes schematically, of a
formant from a natural utterance. In such acoustic
patterns, devoid of the harmonic series and broad-
band formant structure of natural speech, the short-
time acoustic properties are unmistakably not speech-
like. Both acoustically and perceptually, sinusoidal
signals are grossly unnatural, and naive listeners tend
therefore to perceive sinusoidal sentences merely as
several covarying tones unless they expect to hear a
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linguistic message; moreover, phonetic perception
fails to occur unless the tonal stimulus is adequately
structured, indicating that an explanation of this ef-
fect should be sought in terms of the information
provided by these atypical stimuli (Remez, Rubin,
Pisoni, & Carrell, 1981). When sinusoidal patterns
are perceived phonetically, they are judged to be in-
telligible yet unspeechlike, presumably because they
convey segmental information in an abstract pattern
of spectrum variation, with almost none of the typ-
ical acoustic details of natural speech.

One consequence of this finding is methodological.
This technique for transforming the signal can be used
to reveal the perceptual significance of time variation
in the speech stream. This is so precisely because such
unspeechlike signals disentangle the pattern of fre-
quency variation over time in the speech stream from
the sequence of particular momentary acoustic ele-
ments that are produced by vocal articulation. In
view of the acoustic differences between sinusoidal
signals and the natural utterances that they replicate,
it seems fair to suppose that sinusoidal replication
does not merely reduce the amount of information
present in the signal, as minimal-cue speech synthesis
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does (e.g., Delattre, Liberman, & Cooper, 1955;
Abramson & Lisker, 1965). In that technique, a sub-
set of the acoustic ingredients of an utterance is se-
lected for imitating synthetically. Obviously, the in-
formation provided by natural acoustic elements is
lost if those elements fail to appear in the synthetic
replica. In such circumstances, phonetic information
may or may not be adequately conveyed by the re-
maining acoustic structure. Therefore, this min-
imalist method is designed to reveal the effectiveness
of particular acoustic elements—for example, a burst
of noise, a low-frequency murmur, or a proscribed
frequency transition in the second formant—when
others have been neutralized or eliminated.

In contrast, the transformation of a speech signal
into time-varying sinusoids does not preserve partic-
ular constituents of the acoustic signal while discard-
ing others. Rather, it destroys the physical similarity
of acoustic moments in natural speech and those in
the sinusoidal patterns. The residual similarity be-
tween speech and sinusoidal imitations is to be found
only in the variation of the two kinds of signal, and
specifically in the pattern of frequency variation over
time. For this reason, a significant aspect of the sinu-
soidal replication technique would be obscured by
classifying the signals simply as ‘‘impoverished stim-
uli.”” They are, in fact, literal imitations of the time-
varying properties of the supralaryngeal vocal-tract
resonances. Sinusoidal signals of this type present the
pattern of resonance center-frequency variation
through an utterance, although the signals obviously
do not contain formant structure.' Our tests (Remez
et al., 1981) have established the sufficiency of this
acoustic abstraction of the speech signal, in contrast
to research which more customarily demonstrates the
perceptual uses of selected brief pieces of the signal.
When perceivers detect phonetic structure in sinu-
soidal patterns, this reveals the usefulness of the
forms of stimulus change as phonetic information,
and the independence of perception from most of the
specific acoustic details with which the forms are
conveyed.

Sinusoidal Intonation

In an obvious way, however, sinusoidal replicas
of speech are impoverished, despite all. The principal
perceptual correlate of sentence intonation, the fun-
damental frequency of phonation (Lieberman, 1967),
is absent from sinusoidal signals, which imitate only
the frequency variation of the formant peaks. As a
result of this deficiency, listeners have consistently
reported that sinusoidal sentences exhibit noticeably
weird patterns of intonation.? The perception of rel-
ative syllable stress (Fry, 1958; Lehiste & Peterson,
1959; Morton & Jassem, 1965), or of the placement
of clause boundaries (Collier & t’Hart, 1975; Lehiste,
1973; Streeter, 1978), each of which is said to follow
occasionally from normal intonation, must therefore

be supported (if at all) by other means, because the
anomalous intonation of sinusoidal replicas is quite
different from the normal intonation patterns to
which these roles are attributed. To the same extent
that the fundamental frequency of an utterance also
contributes segmental information [about consonant
voicing (Summerfield & Haggard, 1977) or vowel
identity (House & Fairbanks, 1953), for example},
the listener will also be forced to rely on other, al-
ternative sources.

But why do sinusoidal signals create this impres-
sion of peculiar intonation in the first place? Prosodic
perception is an admittedly complex affair, in which
the properties of a single piece of the acoustic stream
may affect the recognition of segmental, syllabic,
and syntactic structural properties together. In the
sinusoidal case, it seems that the pattern of tones
imitating only the formant variation inadvertently
presents an effective stimulus for perceiving intona-
tion. It is far from obvious why three tones in the
frequency range of formants should lead to this im-
pression of vocal pitch, for the acoustic properties
corresponding to intonation typically occur several
octaves below the lowest formant, and, consequently,
below the lowest frequency tone in our three-tone
patterns. We undertook the present study to identify
the acoustic and perceptual basis for this peculiar
concomitant of phonetic perception with sinusoidal
signals. The first experiment described here determ-
mined which of the likely acoustic sources for the
anomalous intonation would, in fact, be identified
as the correlate of sinusoidal intonation. The second
experiment tested the salience of the empirically de-
termined acoustic correlate of sinusoidal intonation,
the tone reproducing the pattern of the first formant
(Tone 1), as a function of its relative amplitude in
the three-tone pattern. The third experiment revealed
that subjects did not hear the intonation of a sinu-
soidal sentence as the correlate of Tone 1 when that
tone was removed from the sinusoidal sentence pat-
tern. Finally, the fourth experiment that we describe
found that the intonation of a four-tone pattern,
composed of three sinusoids imitating formant vari-
ation and a fourth imitating fundamental frequency
variation, was again correlated with the first formant
tone and not with the lowest frequency tone of the
pattern, complementing the results of the prior three
studies.

EXPERIMENT 1

From the outset, there seemed to be at least three
potential causes of the perceptual impression that
sinusoidal replicas of natural utterances possess odd
intonation. First, the apparent speech melody may
be the listener’s invention, given that the structure
of the sinusoidal signal is defective precisely in repre-
senting the fundamental frequency of the original



utterance. Typical synthetic speech, on the other
hand, is generated with a fundamental frequency pat-
tern as well as a sequence of spectrum envelopes ap-
proximating the natural case. In the sinusoidal in-
stance, the listener may fabricate an intonation pat-
tern from the variation in the amplitude envelope of
the signal, which is correlated with variation in fun-
damental frequency in the natural case (Lieberman,
1967), and which also is represented faithfully in
sinusoidal replications of natural utterances.

Second, the listener may induce a pitch contour
based on whatever changing harmonic relationships
exist among the three tones of the sinusoidal pattern.
The three tones are not likely to be related harmon-
ically at any given instant, because they follow the
computed resonance peaks and not the frequencies
of the harmonics of the fundamental closest to the
formant centers. Nonetheless, there may be a kind of
auditory induction occurring, based on the varying
relation of the frequencies of the three simultaneous
tones, that produces a time-varying residue heard
as the intonation contour. This possibility would be
similar to the induction of the missing fundamental
(Licklider, 1956; Schouten, 1940).

Third, the listener may use one of the three tones
both for segmental information and for intonation
information. Although the principal acoustic cor-
relate of sentence intonation is the fundamental fre-
quency, and although the fundamental frequency
is present in the speech spectrum at an average of two
octaves below the first formant, psychophysical and
electrophysiological evidence suggests that listeners
may detect the fundamental frequency of natural ut-
terances by attending to the periodicity of the har-
monics of the fundamental in the vicinity of the first
formant (Greenberg, 1980). If an extrapolation of
those findings is appropriate to the sinusoidal case,
we would suspect the apparent intonation to be based
on the pitch of the tone replicating the first formant
of the natural utterance on which it was modeled.

To determine the basis for the apparent intonation
of sinusoidal sentences, we performed a test of the
apparent similarity of pitch contours, in which sub-
jects judged one member of a pair of tone patterns
as more like the speech melody of a sinusoidal sen-
tence. The set of candidate intonation patterns in-
cluded each of the three tones of the sinusoidal sen-
tence pattern presented individually, a plausible fun-
damental frequency pattern derived from the ampli-
tude envelope of the sinusoidal sentence, and a tone
that reproduced the pattern derived by computing
the greatest common divisor of the three tones at
intervals of 10 msec throughout the sentence. On
each trial, the subject was asked to identify the sen-
tence melody of a three-component sinusoidal sen-
tence presented once, and then to select the single-
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tone pattern from the two alternatives that was more
like the melody of the sentence.

Method

Subjects. Fifteen adults with normal hearing in both ears were
recruited by handbill from the population of Barnard and Columbia
colleges. All were native speakers of English, and none had par-
ticipated in other experiments employing sinusoidal signals. The
subjects were paid for their services.

Stimuli. The acoustic materials used in this test consisted of
six sinusoidal patterns, one three-tone sentence pattern, and five
single-tone patterns, produced by the sine-wave synthesizer at
Haskins Laboratories. This software synthesizer generates sinu-
soidal patterns defined by parameters of frequency and amplitude
for each tone, updated at the rate of 10 msec per parameter frame.
The initial synthesis parameters were obtained by analyzing a
natural utterance, the sentence “Where were you a year ago?”’
produced by one of the authors. This utterance was recorded on
audiotape in a sound-attenuating chamber and converted to dig-
ital records by a VAX 11/780-based pulse-code modulation system
using a 5-kHz low-pass filter on input and a sampling rate of
10 kHz. At 10-msec intervals, center-frequency and amplitude
values were determined for each of the three lowest formants in
this utterance by the analysis technique of linear prediction. In
turn, these values were used as sine-wave synthesis parameters
after correcting the errors that linear prediction is prone to com-
mit. Generally, inappropriate values are easy to identify in the
parameter table. They are likeliest to be found when the formant
extraction routines are unable to identify any amplitude peaks in
the spectrum, for example, when amplitude is low due to consonant
closures. Formant patterns are also corrected if the analysis desig-
nates an extraneous ‘‘formant,”” which displaces the proper values
to the next highest or lowest formant, for example, during rapid
spectrum change. A full description of sinusoidal replication of
natural speech is provided by Remez, Rubin, and Carrell (1981).
" The sentence pattern that was matched to the natural utterance
was composed of three time-varying sinusoids. Tone 1 corre-
sponded to the first formant, Tone 2 to the second, and Tone 3
to the third. A Fourier spectrum for a section of the three-tone
pattern is shown in Figure 1a. Note that the relative energy in the
three tones decreases with increasing frequency, imitating the
natural case, but that the broadband formant and harmonic struc-
ture common to voiced speech is not present. The five alternative
single-tone patterns that were used to compose the pairs of alter-
natives were: Tone 1, Tone 2, or Tone 3, each a component of
the sentence pattern that the subject heard at the beginning of each
trial; a plausible fundamental frequency pattern (PFO) computed
from the amplitude envelope; and the pattern comprising the
values of the greatest common divisors (GCD) of the three con-
currently varying tones in the replica of the natural utterance,
computed for each 10-msec frame of the sinusoidal synthesis pa-
rameters. Each of the single-tone alternatives was produced with
equal average power. The plausible fundamental pattern was de-
rived by modulating the frequency of a 100-Hz tone to follow the
changes in amplitude of the waveform of the sinusoidal sentence.
The maximum range of this tone was 20 Hz, and the maximum
rate of frequency change was 1 Hz/10 msec. Finally, the frequency
values for synthesizing the “‘missing fundamental’’ tone were de-
termined by computing the integer, for each synthesis frame, of
greatest value that served as a divisor for each tone frequency,
with no more than a 2% remainder. The average frequency value
of this plausible missing fundamental tone was 92 Hz, well within
the fundamental range of the talker producing the original utter-
ance from which these six tonal patterns were derived. The ampli-
tude values of this tone were matched for each 10-msec frame
to the amplitude values of Tone 1. A graphic representation of
each of the five single-tone patterns is presented in Figure 1b.
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Figure 1. (2) This panel is the Fourier spectrum of a represen-
tative section through the three-tone pattern replicating the sen-
tence ‘“Where were you a year ago?”’ (b) The five tone patterns
used as stimuli in Experiment 1. Top panel: The three-tone pattern
replicating the first three formant center-frequency values of the
sentence ‘“Where were you a year ago?’’ Middle panel: The pattern
composed of the greatest common divisors (GCD) of the three
tones in the sentence replica, computed for each 10-msec synthesis
frame. Bottom panel: A plausible fundamental frequency pattern
(PFO), computed from the amplitude envelope of the sentence
pattern. In all cases, variation in thickness represents amplitude
varistion,

The synthesized test materials were converted from digital re-
cords to analog signals, recorded on audiotape at Haskins Labor-
atories, and were presented to listeners in the Perception Labor-
atory of the Department of Psychology, Barnard College, by play-
back of the audiotape. Average signal levels were set at 72 dB SPL.
Stimuli were delivered binaurally in an acoustically shielded room
over Telephonics TDH-39 headsets.

Procedure. Listeners were told that the experiment was examin-
ing the identifiability of vocal pitch, the tune-like quality, of
synthetic sentences. To illustrate the independence of phonetic
structure and sentence melody, the experimenter sang the phrases
““My Country ’Tis of Thee’ and *‘I Could Have Danced All
Night”* with the original melodies and with the melodies inter-
posed. When subjects acknowledged their ability to determine
the melody of a sentence regardless of the words, they were in-
structed to attend on each test trial to the pitch changes of the

sinusoidal sentence, to identify the pattern, and to select the alter-
native of the two following patterns that more closely resembled
the pitch of the sentence. The subjects recorded their choices in
specially prepared response booklets.

Each trial had the same format. First, the sinusoidal sentence
“Where were you a year ago?”’ was presented once. Then one of
the five single-tone patterns was presented. Finally, a second single-
tone pattern was presented. There were 10 different comparisons
among the five different single-tone alternatives. Counterbalanced
for order, each subject judged each different comparison 10 times.
Each sinusoidal pattern was approximately 1,400 msec in dura-
tion, the interval between items within a trial was 1 sec, and the
silent interval between trials was 3 sec.

Results and Discussion

Differences among the means of subjects’ perfor-
mance in the differential similarity test were identi-
fied with the analysis of variance. Irrespective of the
order of alternatives within a trial, there were 10 dif-
ferent types of trial comparing tonal alternatives:
Tone 1 vs. Tone 2, Tone 1 vs. Tone 3, Tone 1 vs. PFO,
Tone 1 vs. GCD, Tone 2 vs. Tone 3, Tone 2 vs. PFO,
Tone 2 vs. GCD, Tone 3 vs. PFO, Tone 3 vs. GCD,
and PFO vs. GCD. For each type of trial, a signed
value indexing the preference for one alternative or
the other was computed by taking the difference of
the number of trials (out of 10) on which the subject
selected the first alternative versus the second. (The
order of alternatives used to determine the sign of the
difference was the order of the alternatives given di-
rectly above.) Note that if the subject had no con-
sistent preference within a trial type, the index value
approached 0; a consistent preference approached
+10. The one-way analysis of variance revealed a
significant difference among the means of the sim-
ilarity scores on different trial types [F(9,126)=11.8,
p < .001]. Scheffé post hoc means tests showed that
Tone 1 was preferred to every alternative with which
it was compared, but that in trials excluding Tone 1
the greatest performance difference was not signif-
icant. Histograms of the group data are shown in
Figure 2. The figure represents the proportion of
trials on which each alternative in each comparison
type was selected. From this figure, it seems clear
that the tone replicating the first formant is chosen
as the sentence pitch in any comparison that includes
it, and that in every other case the choice of tone is
equivocal.

This outcome encourages a few conclusions about
the cause of the odd intonation of sinusoidal sen-
tences. It seems that the tone that replicates the first
formant of the natural utterance is put to two uses,
perceptually, by listeners. Although it seems to pro-
vide segmental information about consonants and
vowels, as we expected, it also is serving as the acous-
tic correlate of sentence pitch, a function usually at-
tributed to the fundamental frequency of phonation.
This outcome seems surprising because Tone 1 in
sinusoidal sentences is typically one and one-half oc-
taves higher than the fundamental, as is the first for-
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Figure 2. Differential similarity data from Experiment 1 () Com-
parisons in which Tone 1 was an alternative. (b) Remaining com-
parisons,

mant in natural utterances. Moreover, Tone 1 would
be quite beyond the comfortable phonatory range of
adults capable of producing the associated formant
frequencies. The perceptual preference for Tone 1 as
the intonation of the sentences is not to be expected,
therefore, if perception is based primarily on the lis-
tener’s knowledge of the normative articulatory abil-
ities of talkers. Although some evidence implies that
the variation in fundamental frequency in natural
speech is correlated with formant pattern (House &
Fairbanks, 1953; Lehiste & Peterson, 1961), no cur-
rent proposal also suggests that the perceiver uses the
first formant frequency variation as information
both for intonation and for segment identification.
This, however, seems to have occurred in the case of
sinusoids.

Research on the phenomenon of the dominance
region (c¢.g., Plomp, 1967; Ritsma, 1967; see also
Greenberg, 1980) may begin to explain this result.
These studies established that the impression of pitch
corresponds to the shared fundamental period of the
third through fifth harmonics, and not to the periodic-
ity of excitation occurring in the lower or higher fre-
quencies. In the nonspeech case (Plomp, 1967), lis-
teners judged the apparent pitch of complex signals
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composed simultaneously of two different harmonic
series. Each series presumably could have led to the
impression of a different pitch, but the series falling
within the ‘‘dominant”’ region in fact determined the
pitch. In the speech case, Greenberg (1980) recorded
evoked potentials to synthetic vowels in human sub-
jects. He found that the auditory representation of
fundamental frequency was strongest when the first
formant occurred within the dominant region. If the
impression of pitch is obtained from analysis of this
band in the auditory representation, then the impli-
cation of this work is clear: A person listening to
speech normally uses the region of the spectrum as-
sociated with the first formant to obtain periodicity
information as well as to detect the frequency of the
first formant itself. Ordinarily, the periodicity of the
stimulus in this region and the frequency of the first
formant will differ, although in the present case they
happen to be identical. '

We cannot be sure, though, that Tone 1 is selected
for its prosodic role for any other reason than that
it is the loudest tone in the three-tone complex. Recall
that the parameters that are specified for each time-
varying sinusoid in the replication of the natural ut-
terance include a formant center-frequency and a
formant amplitude specification, both derived by
linear prediction analysis of the speech waveform.
Because the first formant in natural speech com-
monly has the greatest power and each higher for-

mant less energy, this spectrum envelope rolloff is

preserved in the sinusoidal imitation. To identify the
relation between the selection of Tone 1 as the pitch
contour of the sinusoidal sentence and its relatively
great acoustic power, we performed Experiment 2.
In addition, we attempted to test the generality of our
finding by using a new sentence.

EXPERIMENT 2

In this portion of our study, we varied the relative
amplitudes of the three tones composing the sinu-
soidal sentence and again employed a test of differen-
tial similarity to determine the alternative most sim-
ilar to the intonation of the sinusoidal sentence. If,
in Experiment 1, Tone 1 was judged most similar in
pitch pattern to the intonation of the sinusoidal sen-
tence merely because Tone 1 had the greatest power
of the three components of the sentence pattern, then
this should not recur when the relative amplitude dif-
ferences of the three tones are eliminated, or reversed.
On the other hand, if Tone 1 is the stimulus for in-
tonation because it occurs within the dominance re-
gion, then we should not expect amplitude variation
to change the differential similarity performance, as
long as Tone 1 is detectable (Ritsma, 1967). This ex-
periment, therefore, estimated the effects on apparent
intonation of equating the amplitudes, and of invert-
ing the order of amplitudes, among the tones of a
three-component replica of a natural utterance. In
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addition, we also employed a different sentence in
the study, to identify any effects that may have been
particular to the phonetic properties of the sentence
used in the prior experiment.

Method

Subjects. Fourteen listeners were drawn from the local popu-
lation of audiologically normal undergraduates, again. None had
been tested previously in studies of sinusoidal synthesis. The sub-
jects received pay for participating.

Stimuli. A three-tone replica was prepared for the sentence *‘I
read a book today,” according to the procedure described in Ex-
periment 1. From this replica, two versions were subsequently
made. In the first, the tone amplitudes were set to be equal; in
the second, the amplitude order was the inverse of the natural case,
with Tone 3 possessing the greatest power and Tone | the least.
Figure 3a shows the pattern of three tones composing the sentence.
Figures 3b and 3¢ show Fourier spectra of sections of the equal
(flat) amplitude and uptilted amplitude versions of this sentence.

The single-tone alternative patterns to be compared with the
apparent intonation of the sinusoidal sentence on each trial con-
sisted this time simply of each of the three individual tones com-
posing the sentence. The single-tone alternatives were prepared
as in Experiment 1, with equal average power. On each trial, the
subject heard one of the two versions of the sentence, with the flat
or the uptilted spectrum, followed by two of the three alternative
tone patterns.

Procedure. Each trial began with a single presentation of the
sinusoidal sentence *‘I read a book today,” either the flat spectrum
or the uptilted spectrum version. Following the presentation of
the sentence were two single-tone alternatives, from which the sub-
ject selected the better match to the apparent intonation of the
sentence. Collapsing over the counterbalancing of order for each
pair of alternatives, there were three different types of trials; the
comparisons of Tones 1 and 2, Tones 1 and 3, and Tones 2 and 3.
Each of these was presented 20 times, 10 times in each order. In
addition, 12 trials were interspersed in the test order in which a
normal spectrum relationship occurred among the tones of the sen-
tence, although the overall power was greatly reduced. With this
quiet, normal amplitude rolioff sentence, the only alternative tonal
intonation patterns presented were Tones 1 and 2. The data from
this condition served as a converging check on the outcome of the
prior investigation.

One hundred and thirty-two trials were presented in this test.
On each trial, the subject identified the intonation of the sinu-.
soidal sentence presented first and then selected the more similar
of the two lagging alternative tone patterns. The choice was re-
corded in pencil in a specially prepared response booklet. There
were 1 sec between items within a trial, 3 sec between trials, and
8 sec following every 12th trial.

Results and Discussion

The judgments were handled in a manner anal-
ogous to Experiment 1. Signed preference scores
were determined for the three comparisons of the flat
and uptilted sentence conditions. For each compari-
son, the difference was computed between the num-
ber of trials on which the first alternative was chosen
and the number of trials on which the second was
chosen. In the computation of the difference scores,
the alternatives were compared in this order: Tone 1
vs. Tone 2, Tone 1 vs. Tone 3, Tone 2 vs. Tone 3.
A two-way repeated measures analysis of variance,
with the factors of sentence (flat vs. uptilt) and com-
parisons (Tones 1 vs. 2, 1 vs. 3, and 2 vs. 3), was used
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version. Compare with Figure 1a.
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to determine whether there was an effect of tone am-
plitude in the sentence on the perception of intona-
tion. The data from the quiet normal amplitude trials,
in which Tone 1 was the clear preference, were omitted
from this analysis.

The group data are shown in Figure 4. It is obvious
from that figure that Tone 1 retains its preferred
status. This is confirmed by the analysis of variance.
There was a main effect of sentence type, indicating
that the preference scores were more consistent for
the flat than for the uptilted sentences [F(1,13)=
9.5, p <.01]; and, there was a main effect of trial
type [F(2,26) =10.1, p < .001]), with Tone i preferred
in each of the two pairs in which it occurred, and no
consistent preference between Tones 2 and 3. The
interaction term was not significant [F(2,26)=0.6,
p > .1], indicating that the subjects preferred Tone 1
as the best match for sentence intonation regardless
of the spectrum manipulation.

This experiment encourages the conclusion of our
initial study of sinusoidal intonation. It seems that
the functions of Tone 1 include both the segmental
use typically associated with the first formant that it
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replicates and the use typically identified with the
fundamental frequency of phonation in natural speech.
The durability of the listeners’ reliance on Tone 1 for
intonation information is noteworthy, especially con-
sidering the inversion of the order of relative ampli-
tudes among the tonal components of the signal. It
suggests that the dual use of Tone 1 in sinusoidal sen-
tences is brought about by virtue of its occurrence
within the dominance region, and not because it is
the component with greatest power. Periodicity within
this frequency band, including instances of relatively
low power, evidently determines the pitch pattern of
the perceived sentence. It seems, then, that Tone 1
is concurrently represented as an amplitude peak in
the spectrum, which provides information about seg-
mental phonetic properties of the utterance, and also
as a periodic spectrum element that determines the
apparent pitch of the tonal complex. Ordinarily, in
speech, the frequencies occurring within this region
are harmonics of the fundamental frequency of pho-
nation. However, in this anomalous case of formant
center frequencies without harmonic excitation, there
is no stimulation, periodic or otherwise, in the range
of a talker’s fundamental, and therefore no har-
monics in the dominance region. There is, simply, the
time-varying frequency of the tone following the for-
mant, which is treated as the stimulus for pitch by
default, regardless of its amplitude relative to the
other components.

To conclude that the intonation of a sinusoidal
replica is the correlate of Tone 1, and that this is at-
tributable primarily to the occurrence of this time-
varying periodic tone within the dominance region
of the auditory system, we must establish that lis-
teners reject Tone 1 as the best match of sinusoidal
sentence intonation when the sentence does not in-
clude that tone. In other words, if a two-tone pat-
tern, including only Tones 2 and 3, is presented in the
same paradigm as in Experiments 1 and 2, listeners
should not report that Tone 1 matches the intonation
of this pattern. Were they to persist in identifying
Tone 1 as the intonation pattern, we would be forced
to conclude that the phenomenon of sinusoidal in-
tonation was less a matter of the ordinary perception
of extraordinary signals, as we have alleged, and
was actually a matter of special induction of ad hoc
attributes of an unfamiliar stimulus. Experiment 3
was performed to test whether Tone 1 was identified
as the correlate of intonation for patterns that did
not contain it. '

EXPERIMENT 3

At this point, the evidence shows that the tone fol-
lowing the frequency variation of the first formant
is the correlate of the intonation of sinusoidal sen-
tences. In all cases, Tone 1, corresponding to the .
track of the first formant, was judged more like the
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sentence intonation than any other candidate. Our
conclusion has emphasized the listeners’ tendency to
identify the periodicity of the stimulus by attending
to the dominance region, and to perceive pitch from
the representation of stimulus frequency within that
region. Independent evidence from studies of non-
speech tones and vowels supports the general conclu-
sion that frequency in the dominance region causes
apparent pitch, even for natural speech. Hence, the
explanation of sinusoidal intonation that we offer is
that these atypical stimuli are evaluated perceptually
in essentially the same manner as nonspeech tonal
complexes and speech sounds are.

However, the fact that the subjects chose Tone 1
consistently as the best match to apparent pitch
does not mean that Tone 1 was causing the pitch

percept. To support this characterization of the per-

ception of sinusoidal intonation, we would have to
determine that subjects do not select Tone 1 when it
is absent from the tonal sentence. If subjects selected
Tone 1 as the match to intonation only when it was
present in the sentence, then we would have reason-
able grounds to support our stimulus-based hypothesis
of the phenomenon. Otherwise, if subjects continued
to prefer Tone 1 to other candidate tones when that
tone was omitted from the sinusoidal sentence, we
would necessarily conclude that intonation occurred
through a form of auditory induction, however sim-
ilar this induced pattern was to the pitch contour of
Tone 1. Experiment 3 evaluated this possibility by
presenting a test of differential similarity in which
the sentences to be matched contained either the three
tones corresponding to the first three formants or
merely the tones corresponding to the second and
third formants, omitting the first.

Method

Subjects. Twenty-one listeners were selected from the student
population of Barnard and Columbia colleges, again. None had
participated previously in experiments of this nature. They were
paid for their participation.

Stimuli. The three-tone sinusoidal replicas of the sentence “I
read a book today’’ prepared for Experiment 2 provided the basis
for all stimuli in this test. Three versions of the sentence were used.
The first was the uptilted amplitude replica, in which the tone am-
plitudes were the inverse of the natural case of formants. Tone 1
had the least power, and Tone 3 the most. The second sentence
was the pattern consisting only of Tones 2 and 3 of this replica.
This two-tone pattern was equated informally, by the authors, for
loudness equal to the three-tone pattern. Note that Tone 1 is
omitted from this pattern. The third sentence was the three-tone
replica, preserving the natural amplitude relations among the tones
but presented at low power, again to serve as a check on the out-
come. The three single-tone patterns from Experiment 2 were used
as alternative pitch contours in this test of differential similarity.

Procedure. Listeners were instructed to identify the sentence
melody of the sinusoidal sentence presented first on each trial,
and then to select the better match to that sentence melody from
the two lagging single-tone alternatives. The subjects were urged
not to omit judgments. The choices were scored in pencil in spe-
cially prepared response booklets.

There were three different combinations of alternatives, coun-
terbalanced for order of presentation: Tone 1 vs. Tone 2, Tone 1

vs. Tone 3, and Tone 2 vs. Tone 3. Each trial type was presented
20 times in random order with each of the two sentence versions,
the three-tone one and Tones 2 and 3. A third sentence, normal-
quiet, occurred 12 times in this test paired only with Tone 1 vs.
Tone 2 alternatives. The test, then, consisted of 132 trials. Within
a trial, the three patterns were separated by intervals of 1 sec.
gn;kak were separated by 3 sec, with 8 sec between blocks of 12

Results and Discussion

The results of the similarity judgments are shown
in Figure 5. It is clear that subjects once again selected
Tone 1 when it occurred as a component of the sen-
tence. In the case of the sentence containing only
Tones 2 and 3, though, subjects instead preferred
Tone 2 to Tone 1 as the best match for the sentence
intonation. This outcome corresponds to a highly
significant interaction term in the analysis of vari-
ance [F(2,40)=52.4, p < .001]. The subjects also
preferred Tone 2 when it was pitted against Tone 3
in the context of the two-tone sentences. Overall,
subjects reported that sentence pitch was matched
best by Tone 1 only when that tone was a compo-
nent of the sentence.
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Figure 5. Results of Experiment 3. (a) Differential similarity
data for the three-tone sentence with fiat rolloff. (b) Differential
similarity data for the two-tone and quiet-normal conditions.



This third experiment is encouraging with respect
to the hypothesis we offered about sinusoidal intona-
tion. The subjects’ treatment of these anomalous sig-
nals appears to be similar to their treatment of speech
signals. It is as if the segmental information was ob-
tained from the formant-like frequency variation of
the tones and intonational information was provided
by the periodicity within the dominance region. This
occurred despite the congruence of these two kinds of
information in the pattern of frequency variation of
Tone 1.

However, to establish the appropriateness of this
application of the dominance region notion, we must
perform one final test. This is necessitated by the
kind of evidence we have obtained so far on the pre-
dominance of Tone 1 in producing the apparent in-
tonation. Although our experiments have shown that
listeners consistently judge this tonal component to
be most like the sentence melody of a sinusoidal ut-
terance, we have not separated two aspects of this
tone within the three-tone pattern that composes a
sentence. In the three tests that we report, the tone
corresponding to the first formant has been both the
tone within the dominance region and the tone with
the lowest frequency, overall, in the three-tone com-
plex. Because of this fact, we cannot distinguish em-
pirically between the dominance region hypothesis
and a lowest frequency component hypothesis. To do
SO requires a test in which the subjects evaluate a sen-
tence that contains tonal components falling.in the
dominance region, below the dominance region (with
frequencies < 400 Hz), and above the dominance re-
gion (with frequencies > 1000 Hz). We can predict
the outcome based on Experiments 1-3: When sub-
jects listen to such a sentence, they should either at-
tend to the tone within the critical frequency range
for perceiving intonation, which would encourage
the dominance region explanation that we have pro-
posed, or they should prefer the lowest frequency
tone, which would falsify the dominance region
hypothesis, although in a manner consistent with
the findings we have noted throughout this investi-
gation. This test is the topic of Experiment 4.

EXPERIMENT 4

The original rationale for the dominance region
was that the auditory system gets the stimulus for
pitch where the harmonics are resolved the best. At
this juncture, we have shown the superiority of Tone 1
(corresponding to the first formant) compared with
simultaneously occurring tones with higher frequencies.
Additionally, the dominance-region hypothesis pre-
dicts that listeners should also reject tones falling be-
low the dominance region. To perform this test of the
claim, we returned to the natural utterance of our
familiar test sentence, and analyzed its fundamental
frequency pattern. From this analysis, a new set of
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sine-wave synthesis parameters was created to form
a tone with a pattern of frequency variation matching
the natural fundamental frequency contour. These
values were used in combination with the three-tone
replica to generate a four-tone sentence, comprising
a “fundamental frequency’’ tone and the three ““for-
mant” tones, as well as the additional single-tone
alternative to use in the similarity test format.

In the four-tone sentence that subjects evaluated,
the tone matching the fundamental frequency con-
tour falls below the dominance region. If the likeness
of the first formant tone to the apparent sinusoidal
intonation is based on its occurrence within the crit-
ical frequency range, then we may expect listeners
to reject the fundamental frequency tone no less con-
sistently than they have rejected the second and third
formant tones in Experiments 1, 2, and 3. In other
words, a tone representing a fundamental frequency
pattern from a natural utterance should ironically
not provide information for sentence melody in this
case, despite the naturalness of its pattern of varia-
tion and the appropriateness of its occurrence in the
normal frequency range of the fundamental frequency.

Method

Subjects. Twenty-four listeners participated in this study. They
cach reported a normal history of speech and hearing function,
and had not previously been introduced to synthetic speech or
sine-wave materials. Our subjects were student volunteers who
received course credit in exchange for taking this brief test.

Stimuli. The sentence presented to subjects in this test was com-
posed of four tones: Tone 0, corresponding to the fundamental
frequency (commonly termed F0) and overall amplitude of the
original natural utterance of *‘I read a book today,”’ on which we
patterned the sinc-wave sentences reported in the prior two ex-
periments; and Tone 1, Tone 2, and Tone 3, each corresponding
to the pattern of center-frequency and amplitude variation of the
first three formants. The values of the fundamenta! of the natural
utterance were obtained by employing the cepstral method of pitch
extraction on the sampled data, and were converted to sine-wave
synthesis parameters by including amplitude values varying in
imitation of the overall energy of the natural utterance. The pat-
tern of frequency variation of Tone 0 is shown in Figure 6a. The
four-tone pattern formed by combining Tone 0 with the three
tones that replicate formant variation preserved the natural spec-
tral amplitude rolloff, as shown in Figure 6b,

The test stimuli also included the four sinusoidal components
realized as single-tone patterns, to be used as alternative pitch
stimuli in the similarity test. Each of the tones was resynthesized
in isolation, and the four were equated for loudness.

As before, the test sequence was recorded on audiotape and
presented to listeners via playback and calibrated headsets. An
average listening level of 72 dB SPL was used.

Procedure. A test of apparent similarity was used again in this
experiment. Each trial consisted of three sinusoidal patterns: first,
the four-tone sentence pattern, followed by two single-tone pat-
terns. There were six different trial types, exhausting the possible
comparisons among the four single-tone candidates: Tone ¢ vs.
Tone 1, Tone 0 vs. Tone 2, Tone 0 vs. Tone 3, Tone 1 vs. Tone 2,
Tone 1 vs. Tone 3, and Tone 2 vs. Tone 3. Each was presented
in two orders to counterbalance the occurrence of alternatives.
Altogether, the test consisted of the six trial types presented 14
times each, including counterbalancing, composing a sequence of
84 trials,

On each trial, the subjects were instructed to identify the sen-
tence melody of the first sinusoidal pattern, and then to select the
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Figure 6. (a) The frequency pattern of Tone 0, which reproduced
the fundamental frequency pattern of the natural utterance ‘I
read a book today’’ in sinusoidal form. (b) A representative sec-
tion through the four-tone sentence pattern.

better match of the two lagging alternative patterns. Omissions
were discouraged. The judgments were reported with pencil and
paper using specially prepared booklets.

Results and Discussion

The histograms in Figure 7 describe the results of
the similarity test. Tone 1, corresponding to the first
formant, was once again preferred to every other
candidate tone. Tone 2 was judged more similar to
the intonation pattern than was Tone 3, an unanti-
cipated effect. And, most critically, the subjects re-
jected Tone 0 consistently when it was an alternative
paired with Tone 1, indicating that the impression of
sentence melody was stable. These results were con-
firmed in the analysis of variance of similarity scores
[F(5,115)=40.1, p < .001] and by Scheffé post hoc
means tests. )

The pattern of results of Experiment 4 clearly con-
firms the appropriateness of the dominance region
hypothesis for the phenomenon of sinusoidal sen-
tence intonation. In fact, the congruence of segmental
and intonational information in the sinusoidal case
of Tone 1 permits us to support a proposal about
auditory analysis of natural speech: Fundamental

periodicity is represented in the auditory system based
on harmonics detected within the dominance region
and not on attention to the fundamental itself. Be-
cause Tone 1 occurs within the range of this nor-
mal region for detecting periodicity in the waveform,
it seems to be treated as the principal stimulus for
pitch perception.

GENERAL DISCUSSION

Prosody is a perceptual dimension of utterances
that is not caused by variation in any single physical
dimension of the acoustic signal. The listener is likely
to treat the duration, amplitude, and fundamental
period of portions of the speech signal as changes
in the rhythm, meter, and organization of the lin-
guistic utterances that perception defines. One aspect
of prosody is intonation, or sentence melody. The
problem for the theorist is to identify the relations
among the quite dissimilar physical ingredients that
produce impressions of intonation in some cases, but
create impressions of duration, or loudness, or lex-
ical stress, or perhaps syntactic constituent boundaries,
in others. In addition to the effects of these physical
variables, perception of intonation has been viewed
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Figure 7. Results of Experiment 4. (a) Differential similarity
data for comparisons involving Tone 0. (b) Differential similarity
data for remaining comparisons.



as a process that refers to linguistic knowledge, be-
cause judgments of intonation often reflect lexical
properties (Lieberman, 1965; but see Lea, 1979).
Given the intricate interplay of physical and per-
ceptual components in prosodic perception, it seems
anticlimactic to assert that the perception of intona-

tion is based principally on fundamental frequency,

in some instances necessarily so (Abramson, 1972),
However, intonation is potentially determined from
integrated energy or from frequency variation in the
third and fifth formants in whispered sentences (Meyer-
Eppler, 1957), which lack contours of fundamental
frequency. As such, the whispered utterance is the
most reasonable precedent for sinusoidal sentence
perception. A sinusoidal replica also lacks a funda-
mental frequency of excitation common to its tonal
components, and therefore we might have expected it
to be treated in a manner similar to that of a whis-
pered sentence. Instead, we found consistent percep-
tual reliance on the portion of the signal within the
dominance region as the primary ingredient to into-
nation, much as occurs for normal utterances.

We cannot yet define a principle by which intona-
tion is variously derived from the fundamental, or
the amplitude envelope, or the higher formant fre-
quency changes. Because our exploratory studies
probed this phenomenon at the sentence level, neither
have we determined the extents of the likely influence
of duration, amplitude, and relative frequency change,
on the one hand, or of lexical access, constituent struc-
ture, and the encoding of intonation in memory, on
the other. Each of these factors may be suspected of
moderating the effect of fundamental frequency.
Even if these other influences are slight, we may never-
theless expect intonation to differ from the funda-
mental frequency pattern (Hadding-Koch & Studdert-
Kennedy, 1964). With these cautions in mind, we
propose that our investigation describes the percep-
tual registration of the strongest influence on intona-
tion, the fundamental frequency.

The studies reported here lead us to conclude that
speech signals are analyzed for fundamental fre-
quency in the dominance region, coincidentally, the
region of the first formant, as Greenberg (1980) hy-
pothesized on the basis of studies of the strength of
periodicity in auditory evoked potentials with syn-
thetic vowels, It is somewhat ironic that sinusoidal
signals, clearly unnatural in vocal timbre, provide
evidence on this question. But, if the auditory system
ordinarily detects periodicity from the harmonics in
the dominance region, then when it fails to find har-
monics it seems nevertheless to represent the pitch
of a complex signal by its period in this region. A
sinusoidal sentence is a kind of exceptional stimulus
that tests the rule, and confirms it.

Is the intonation of sinusoidal sentences the result
of periodic acoustic structure subsequently trans-
formed by duration and loudness (or by segmental
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and morphological structure)? If sinusoidal signals
and natural speech are analyzed in a common man-
ner, as we claim, then we may certainly expect sinu-
soidal intonation to be affected by acoustic and lin-
guistic properties besides frequency of the tone in the
critical range. For the present, though, the evidence
suggests that the primary correlate of sinusoidal in-
tonation is the tone that reproduces the frequency
variation of the first formant. And, while this out-
come is revealing about the perception of natural
speech, it also supports the contention that sinusoidal
replicas of utterances are perceived like ordinary
phonetic signals.
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NOTES

1. A pure tone is not a formant. A sinusoid is defined by the
function y=a - sin x, and may occur at any frequency within the
audible range. A formant is a natural resonance of the vocal tract,
and its frequency is defined as the peak of the spectrum envelope
drawn to enclose the harmonics produced by the excitation of the
vocal tract (Fant, 1956). Although we have constructed sinusoids
that imitate the pattern of formant center-frequency variation,
they do not also imitate the acoustic structure of formants, by
this definition. For a basic discussion of the physical acoustics
of speech, see Joos (1948).

2, The intonation of a sentence is its pitch contour (Catford,
1977), although this definition is perceptually troublesome. This
is so because the term pitch is traditionally used to refer to that
perceptual impression correlated with fundamental frequency. In-
tonation is also correlated mainly with fundamental frequency,
although pitch applies to speech and nonspeech and intonation
more narrowly applies to speech exclusively. In view of this, is
sentence intonation the product or the equivalent of sentence pitch
contour? The fact that aspects of signal duration and power in-
trude on the perception of both intonation and pitch argues that
both terms name the same attribute. The influence of lexical struc-
ture in judging sentence melody argues against any simple equiv-
alence, although it by no means warrants that a separate auditory
impression of pitch contributes to the impression of intonation.
[Linguists have occasionally combined the analysis of intonation
and word stress (reviewed by Lieberman, 1967), although to do so
does not dismiss the phenomenon of sentence pitch—it simply
adds another problem to consider.] Our present use of the term,
then, refers to the fact that sentence ‘‘pitch contour,” sentence
“melody,” and sentence ‘‘intonation’’ seem to indicate the same
aspect of spoken sentences, although its perceptual derivation is
difficult to resolve,
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