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On the Perceptual Organization of Speech

Robert E. Remez, Philip E. Rubin, Stefanie M. Berns, Jennifer S. Pardo, and Jessica M. Lang

A general account of auditory perceptual organization has developed in the past 2 decades. It relies
on primitive devices akin to the Gestalt principles of organization to assign sensory elements to
probable groupings and invokes secondary schematic processes to confirm or to repair the possible
organization. Although this conceptualization is intended to apply universally, the variety and ar-
rangement of acoustic constituents of speech violate Gestalt principles at numerous junctures, co-
hering perceptually, nonetheless. The authors report 3 experiments on organization in phonetic
perception, using sine wave synthesis to evade the Gestalt rules and the schematic processes alike.
These findings falsify a general auditory account, showing that phonetic perceptual organization is
achieved by specific sensitivity to the acoustic modulations characteristic of speech signals.

How does the listener perceive properties of objects from
sounds that strike the ears? The answer to this fundamental
question about auditory perception is commonly split in two.
One familiar part pertains to auditory perceptual analysis in
which the specific sensory details of an incident waveform pro-
vide information about a particular object that produces sound.
Recent instances of this approach include studies of the percep-
tion of shape and surface texture (through echolocation, e.g.,
Habersetzer & Vogler, 1983; Schmidt, 1988); of the range, ve-
locity, direction, and elevation of sound sources (Butler, Levy,
& Neff, 1980; Riquimaroux, Gaioni, & Suga, 1991); of the dis-
tinctive timbres of musical instruments (Grey & Gordon,
1978); of the perceptual differentiation of individuals by their
hand-clapping sounds (Repp, 1987) or walking sounds (Li, Lo-
gan, & Pastore, 1991); of the auditory discrimination of every-

" day mechanical events (Warren & Verbrugge, 1984); and of the
recognition of the linguistic attributes of utterances (Liberman
& Studdert-Kennedy, 1978; Stevens & Blumstein, 1981). De-
spite the great variety of object properties and sensory elements
that concern these instances of auditory perceptual analysis,
they exploit a common albeit implicit premise. Namely, each
instance presumes that the listener sorts the acoustic elements
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available at the ear into separate streams, each relevant to the
perception of attributes of a particular object or event. With
this presumption, the first part of the answer rests tacitly on
a second, for perceptual analysis requires the achievement of
auditory perceptual organization. By virtue of the function of
perceptual organization, the sensory details of an incident wave-
form are resolved into coherent streams, each specific to its
source in the world.

Current explanations of auditory perceptual organization
customarily allude to the perils of conversation at a cocktail
party (Cherry, 1953). Listening in such hazardous circum-
stances, a perceiver must isolate the speech signal of a conversa-
tional partner from an acoustic background consisting of other
voices and of various nonvocal party sounds. This disentangling
of concurrent acoustic streams, clearly necessary if a listener is
to perceive a talker’s utterance, is the exemplary case of audi-
tory perceptual organization. Recent reports on the details of
perceptual organization include work on auditory models of the
segregation of simultaneous and successive acoustic compo-
nents (Weintraub, 1987), perceptual experiments on the sepa-
ration of speech signals from extraneous sounds (Darwin &
Gardner, 1987) and of the disentangling of simultaneous talkers
(Brokx & Nooteboom, 1982; Summerfield & Assmann, 1989),
studies of the formation of groups of musical sounds (Deutsch,
1982; Jones, 1976; Jones & Boltz, 1989; C. Palmer & Krum-
hansl, 1987), and psychophysical studies of the formation of
perceptual streams from spectrally stationary and transient
acoustic elements (Bregman, 1978b, 1981, 1987, 1990; Mc-
Adams, 1989). Among the themes that emerge from this re-
search is the reliance on principles of organization deriving
from Gestalt psychology (Koffka, 1935; von Ehrenfels, 1890;
Wertheimer, 1923/1938).

There now exists an abundance of reports about the grouping
of displays of simple acoustic elements. A growing collection of
findings seeks to extend some of these principles to less arbi-
trary sound patterns, including speech signals (Bregman, 1990;
Cole & Scott, 1973; Dorman, Cutting, & Raphael, 1975). This
development is both necessary and welcome, for no explanation
of speech perception provides the account of perceptual organi-
zation that it implicitly invokes. Conversely, the definitive test
of any account of auditory organization is-provided by natural
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cases, yet few areas of psychoacoustic research are sufficiently
articulated theoretically and empirically, with the exception of
speech, to permit a test of this kind. However justified this com-
mingling of enterprises is, we doubt that the future is bright for
an account of perceptual organization of speech based on Ge-
stalt principles. Our misgivings derive from a review of the per-
ceptual evidence and an examination of the acoustic character-
istics of speech signals. Thus motivated, we performed percep-
tual tests of the axioms of a general auditory account, the results
of which are reported here. These findings oppose an exclusive
or primary role for the Gestalt principles of form in the percep-
tual organization of speech signals. Moreover, our tests have
shown that the organizational resources supplementary to the
Gestalt principles are unlikely to include schematic representa-
tions of general knowledge, despite the claim of the most prom-
inent general auditory view. Instead, it seems that the percep-
tual organization of speech depends on sensitivity to time-vary-
ing acoustic patterns specific to phonologically governed vocal
sources of sound. In presenting the case here, we consider the
main approach to auditory perceptual organization, the acous-
tic and perceptual concerns that mitigate its potential, and our
new findings that put its Gestalt-based views to a strong test.

Organization of Visual and Auditory Forms

By depicting a few simple, characteristic cases, Wertheimer
(1923/1938) first exposed the principles of perceptual organi-
zation, thereby rationalizing his observation that elements of
stimulation were perceived in unmistakable alignment, combi-
nation, and separation. The visual, rhythmic, and pitch impres-
sions that he described differed in orderly fashion from the pic-
tures and acoustic patterns driving perception, and no explana-
tion by appeal to experience was readily available for many of
the phenomena in his report. By means of elegant drawings now
known to every student of introductory psychology, he identi-
fied the organizing principles of proximity, similarity, common
fate, set, continuity, symmetry, and closure. After including a
single concession to experience in a proof of the action of habit,
he offered the principles as a collection from which to draw in
explaining the fact that perception is organized and is not a
piecemeal summation of sensory elements.

Explicit auditory instances of organizational principles were
again offered by Julesz and Hirsh (1972), who sought a common
rubric for visual and auditory modalities. Although their essay
concluded that the dissimilarities of vision and hearing out-
weighed the shared attributes, their view of auditory perceptual
organization brought an influential information-processing ra-
tionale to subsequent studies. These authors were circumspect
in contending that the Gestalt principles alone might be inade-
quate to explain perceptual integrity of speech signals because
of the acoustic complexity of speech or because of the potential
influence of the listener’s linguistic knowledge. They mentioned
two problems:

The harmonics of the voice are equally separated on a linear
scale of frequency, but certain groups of them get reinforced by
resonant properties of the vocal tract. These “formants” do not
stand out as separate figures but turn out instead to be the bases for
identifying the spoken vowels. (p. 300)

Also, “whether the structural features in spoken sound pat-

terns show this [perceptual coherence] by virtue of properties of
the stimulus configuration or of the language habits of the lis-
teners is not clear” (p. 305).

In the 20 years since the appearance of the article by Julesz
and Hirsh (1972), a large body of evidence has been gathered
about its hypotheses. Although the extension of Gestalt organi-
zational principles to speech has occurred infrequently, many
studies of the organization of elementary auditory forms have
produced evidence of grouping tendencies of the kind described
therein. We draw from this empirically rich base to characterize
the current view of auditory perceptual organization and to
gauge its suitability for speech.

Gestalt Principles in Auditory Organization

Using rapid, repetitive presentation to exaggerate auditory
grouping, Bregman and colleagues have elaborated many of the
speculations of Julesz and Hirsh (1972) empirically. This col-
lection of findings demonstrates the dimensions and parameters
of the perceptual disposition to form groups. For example, a
principle of proximity, here set in the frequency domain, was
offered to explain the formation of groups observed by Breg-
man and Campbell (1971). From a repeating sequence of six
100-ms tones with frequencies of 2.5 kHz, 2 kHz, 550 Hz,
1.6 kHz, 450 Hz, and 350 Hz, listeners perceived a pattern
forming two concurrent groups: one of the three low tones
(550 Hz, 450 Hz, and 350 Hz) and another of the three high
tones (2.5 kHz, 2 kHz, and 1.6 kHz). The independence of the
auditory groups was determined from the relative ease of iden-
tifying the order of elements within a high- or low-pitched
stream, in contrast with the relative difficulty of identifying the
intercalation order of the series of elements (high, high, low,
high, low, low). In other tests, variation in the duration of the
elements and the rate of repetition of the sequence affected the
proximity along the dimension of frequency at which grouping
occurred (Bregman, 1978a; Handel, Weaver, & Lawson, 1983;
Miller & Heise, 1950; Tougas & Bregman, 1985; Van Noorden,
1975), although the formation of groups within narrow fre-
quency ranges persisted. Generally, the faster the rate of pres-
entation, the smaller the frequency difference between sets of
elements heard as separate tone groups. )

The principle of similarity also applies to the formation of
auditory groups. The evidence comes from studies (Bregman
& Doehring, 1984; Steiger & Bregman, 1981) in which simple
harmonic relations or similar frequency excursions among a set
of tones promoted the formation of perceptual groups. In an
extension of these studies, grouping of dichotically presented
tones was observed when harmonic relations occurred among
them (Steiger & Bregman, 1982). Again, rapidly repeating tones
were grouped because they shared a common fundamental fre-
quency, and even small departures from this harmonic relation
blocked dichotic fusion. Last, spectral similarity appears to play
a significant role in perceptual organization, as observed by
Dannenbring and Bregman (1976). The strongest instance of
grouping that they observed across parametric variations of
temporal and spectral factors was the segregation of periodic
from band-limited noise elements, indicating that separate
noise groups and tone groups had formed on several similarity
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criteria (cf. Ciocca & Bregman, 1987; Warren, Obusek, Farmer,
& Warren, 1969).

Likewise, the principle of common fate was translated into
the auditory domain by Bregman and Pinker (1978) in a test of
grouping by relative onsets of tone elements. When brief
(147 ms) tones were synchronously onset and offset, they were
grouped together; when tones were offset by 58 ms or more, they
were grouped into separate perceptual streams. Similar effects
were noted by Dannenbring and Bregman (1978), who tested
group formation with three-tone complexes varying in the onset
or offset lead or lag of the mid-frequency component. Brief tone
pulses (137 ms) were set to the frequencies of 500 Hz, 1 kHz,
and 2 kHz, and asynchronies as brief as 35 ms were effective
in disrupting auditory groups of harmonically related tones, in
cases both of onset lead and offset lag. The fusion of elements
that onset together had been noted by Hirsh (1959), reporting a
_ critical asynchrony of 20 ms required to distinguish periodic
and aperiodic targets temporally (see also Rosen & Howell,
1987). In other observations of the principle of common fate,
Bregman, Abramson, Doehring, and Darwin (i 985), Bregman,
Levitan, and Liao (1990), and McAdams (1989) noted effects
of amplitude modulation or frequency modulation on the
grouping of tones; the modulation frequency and phase shared
by simultaneous components defined the groups (see Hall &
Grose, 1990; Hall, Haggard, & Fernandes, 1984; McFadden,
1986; Yost, Sheft, & Opie, 1989). These examples approximate
common fate: An acoustic transformation imposed on different
elements induced a perceptual group.

Organization by set has also been reported, in cases of musi-
cal experience, by Jones (1976; see also Jones & Boltz, 1989),
although in some instances of this kind, perceptual organization
also shows evidence of a symmetry principle. In one respect,
this principle of form may stand apart from the others we are
considering, for melodic sets occur readily without repetitive
presentation; here, a prior portion of a musical display appears
to induce an implicit expectation about the latter portion of a
musical display, in the dimensions both of melodic pitch and of
the temporal attributes of a melody. Appropriately, such devices
noted by Jones are explained by resort to the allocation of at-
tention, in this case to the hierarchical metrical and harmonic
relations evident among melodic elements, in contrast with the
distinctly sensory and perceptual emphasis found in the expo-
sition of the other Gestalt principles (however, see French-
St. George & Bregman, 1989).

Both principles of continuity and closure apply to the group-
ing of simple tone glides reported by Bregman and Dan-
nenbring (1973, 1977). Group formation here occurred for
tones that were continuous in their frequency contours despite
interruptions by silence (up to 20 ms) or by noise bursts (up to
500 ms; see also Miller & Licklider, 1950; Sasaki, 1980; Vicario,
1960; Warren, 1984). Continuity and closure also operate in the
amplitude domain, in which the more abrupt the amplitude rise
time, the likelier the occurrence of grouping (Dannenbring,
1976).

Overall, the evidence is strong that repetitive presentation of
a variety of ambiguous acoustic displays promotes dissociation
of the elements into segregated perceptual streams, delineating
a tendency for perception to depart from the details of physical
stimulation. The principles demonstrated by Wertheimer

(1923/1938) have proven remarkably useful in guiding the elab-
oration of auditory cases. Moreover, in addition to raising the
technical issues pertinent to characterizing the auditory mod-
ality, research on the primitive principles of auditory organiza-
tion, like the visual studies that served as precedents, also
framed basic questions about the perception of objects and
events. With the proposal that perceptual organization parses
the acoustic field, achieving an “auditory scene analysis” (Breg-
man & Pinker, 1978; cf. Bregman, 1990), these processes were
held to indicate distal sources of sound and not simply to iden-
tify proximal sound streams. In this extended conceptualiza-
tion, the consequences of perceptual organization are not re-
stricted to a sensory domain of auditory patterns. Although ba-
sic processes initiate grouping on extremely fine-grain auditory
criteria, each stream that results is attributed perceptually to a
different source of sound in the domain of objects.

Proving this account is difficult. An empbhasis on exposing
the perceptual phenomena of grouping has produced an ample
collection of individual instances, although no formalization or
unified theory of auditory organization exists (nor of visual or-
ganization: Hochberg, 1974, appraises the prospects). Conse-
quently, a test of the current hypotheses about Gestalt factors
in auditory perceptual organization must follow the empirical
precedents closely, or test the axioms of the theoretical concep-
tualization, given the absence of a computational generalization
of the devices of grouping to explore parametrically. Critically,
there are few studies that examine perceptual organization of
known sources of sound, hence little to establish the plausibility
of the singular claim that perceptual coherence in the domain
of objects rests on auditory forms created according to Wert-
heimer’s (1923/1938) brief list. It must be conceded, too, that
the emphasis placed on Gestalt principles in contemporary au-
ditory accounts hardly forecloses the possibility that collateral
(or alternative) resources no less fundamental than auditory
grouping principles promote organization of some classes of
sound sources. Despite these reservations, the remarkable con-
sistency of the findings of research on auditory grouping per-
mits a test of the approach to organization based on Gestalt
principles. In evaluating the adequacy of this view for speech,
we have used the empirical precedents as an implicit theory of
the coherence of auditory elements; if the technical details of
the test have happened to be subtle ones, the nature of the criti-
cal evidence is utterly obvious: To accommodate the case of
speech, the theory of auditory scene analysis must identify vocal
sources of sound no less readily than it groups the patterns made
by audio-frequency oscillators and noise generators.

Perceptual Organization of Speech

In asking whether this general account of auditory perceptual
organization is adequate for speech, we emphasize four points.
First, we specify principles of coherence consistent with the Ge-
stalt-based auditory view. In this step, we raise a crucial consid-
eration that is often overlooked in the general account and des-
ignate the properties definitive of a single perceptual stream ac-
cording to the Gestalt principles. Next, we consider whether this
rendition of perceptual coherence presents a useful acoustic de-
scription of the speech signal, chiefly on theoretical grounds.
Then, we review perceptual evidence suggesting that primitive
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auditory mechanisms impose no more than weak constraints
on the grouping of elements in phonetic perception. Last, we
consider a specific model of organization, auditory scene analy-
sis (Bregman, 1990), which uses a schematic component to rec-
oncile the simplicity of the primitive analysis with the complex-
ity of the speech signal.

Clearly, the standards for success in accounting for speech
differ substantially from those applicable to the treatment of
auditory forms. When an abstract acoustic display owes its
structure solely to an experimenter’s imagination, it is hardly
relevant to ask whether the perceptual grouping of elements
that ensues is true to the properties of objects and events: There
are none to perceive. In contrast, acoustic displays of speech
commonly derive from a particular talker producing a particu-
lar utterance, and we can test whether attributes of the displayed
speech are apparent to the perceiver (see Pisoni, 1987). The per-
ceiver’s experience of speakers and vocal events counts as a test
of the principles derived from ideal objectless acoustic episodes,
and a general auditory account is justified only to the extent that
its principles agree with the actual perceptual organization of
the speech signal.

Auditory Coherence

To express the view of perceptual coherence implicit in the
general auditory account, we need only paraphrase our preced-
ing section on auditory organization, directing attention to the
properties internal to streams rather than the properties that
differentiate them (Remez, 1987). The derivation answers the
question, What makes the perceiver hear a single source of
sound? rather than, What makes the perceiver separate one
source of sound from another? Roughly, acoustic elements that
are proximate in frequency are attributed to the same source;
the rate at which the components succeed each other influences
their cohesiveness: The slower the procession, the greater the
disposition to cohere. Acoustic elements must also be similar in
frequency changes to be grouped together, not only in the extent
of change but also in the temporal properties.

A more subtle form of similarity also promotes grouping of
simultaneous components, namely, when harmonic relations
occur among them. Similarity in spectrum also appears to war-
.rant cohesion of components, such that aperiodic (noisy) acous-
tic elements are grouped together and periodic elements are
grouped together. Acoustic elements that occur concurrently
must exhibit common onsets and offsets and must show com-
mon (frequency or amplitude) modulation to coalesce. Conti-
nuity of changes in frequency or in spectrum is also required
for elements to form a single perceptual group. In general, small
temporal or spectral departures from these various similarities,
continuities, common modulations, and proximities result in
the loss of coherence and the splitting of auditory elements into
separate groups. If the ordinary perceptual cohesion of the ele-
ments in a speech signal is attributable to domain-independent
auditory principles of organization, we should find no viola-
tions of these criteria in the acoustic properties of speech.

The Speech Stream

Acoustic characterizations of speech are plentiful. To abstract
these for the moment, note that the spectrum of a speech signal

exhibits prominent features: multiple broadband resonances
that vary in center frequency over time, harmonic structure,
and frequent interruptions of this structure by silence and ape-
riodic constituents (Fant, 1962; Stevens & Blumstein, 1981;
Zue & Schwartz, 1980). Grossly, the spectrum of a speech signal
is nonstationary, or time varying, as the spectrogram of the sen-
tence “Why lie when you know I'm your lawyer?” shown in
Figure 1 attests. Some typical acoustic attributes to note in Fig-
ure 1a are the continuity of the lowest frequency resonance (the
first formant) despite intermittent energy (with gaps exceeding
75 ms) in resonances of higher frequency (the second, third, and
nasal formants), the marked dissimilarity in frequency trajec-
tory of the first formant and those of higher frequency formants,
and the lack of temporal coincidence of large changes in reso-
nant frequencies. Nonetheless, the resonances are excited in
common by a pulse train produced by the larynx. This imposes
harmonic relations and common amplitude modulation across
the formants (although the formant center frequencies are not
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Figure 1. A spectrogram of the acoustic energy, by time and fre-

quency, of two sentences: (a) “Why lie when you know I'm your law-
yer?” consisting primarily of liquid and nasal consonants and vowels;
three lowest frequency formant patterns are marked in the first half of
the sentence, and nasal formants are circled. (b) “The steady drip is
worse than a drenching rain,” comprising more varied acoustic ele-
ments: silences, friction, broadband pops, and both rapidly and slowly
changing formant configurations. (See text for explanation.)
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harmonically related’). The attributes of harmonicity and com-
mon modulation may offer the only basis for grouping the pho-
nated formants as a single coherent stream because no other
Gestalt criterion (continuity, proximity, symmetry, or sim-
ilarity) is appropriate (Bregman, 1990; Bregman et al., 1985).
In the absence of common pulsation and harmonic structure,
we should find this signal fracturing into multiple perceptually
segregated streams when primitive auditory principles are ap-
plied: the first formant forming a single continuous stream; the
second formant splitting from the first as an intermittent stream
with highly varying frequency; and the nasal and third formants
segregating from the others, each varying rather less in fre-
quency than the second formant.

The acoustic composition of the sentence depicted in Figure
1b, “The steady drip is worse than a drenching rain,” is consid-
erably more varied. Although the spectrum exhibits many of
the characteristics of voiced speech illustrated in Figure 1la—
including asynchronous frequency variation among the for-
mants, which the general auditory account holds to be destruc-
tive of grouping—it also exhibits numerous intermittent epi-
sodes of silence and noise and four brief appearances of a nasal
formant. By criteria of spectral and frequency similarity, the
sentence should split into 10 streams: 3 that correspond to the
three oral formants; a fourth, which is cémposed of the four
intermittent and discontinuous occurrences of nasal resonance
(in thaN, dreNchiNG, and raiN); a fifth, which is composed of
the noise associated with the voiced fricatives (in THe and
THan); a sixth, which is composed of the noise manifest by the
two unvoiced fricatives (in Steady and worSe); a seventh, which
is composed of the noise at the release of the affricate (in
drenCHing); an eighth, which is composed of two consonant
release bursts (in Drip and Drenching); a ninth, which contains
the pulsed noise of the voiced fricative (in the word iS); and a
tenth, which is composed of the consonantal release (in driP).
If the principle of common fate is applied to portions of the
spectrum that are comodulated by the pulsing of the larynx,
then the oral formants, the nasal formants, and perhaps the
voiced fricatives are grouped as 1 stream, leaving 4 remaining
aperiodic streams associated respectively with the acoustic cor-
relates of unvoiced fricatives, affricates, and consonant releases.
Neither continuity, nor closure, nor symmetry, nor any obvious
principle of “goodness” can accomplish the reduction of this
spectrum to the single vocal source that the listener perceives.
These commonplace examples suggest that the principles of the
primitive auditory analysis fall short of explaining the percep-
tual coherence of a single speech stream.

Were spoken communication to consist solely of phonated or
whispered synchronously changing oral resonances, the Gestalt
principles would succeed easily.2 This acoustic dictate is satis-
fied by sequences of vowels or vowellike sounds, and some par-
tial models of auditory organization fare well when applied to
vowels alone (Assmann & Summerfield, 1990; Parsons, 1976;
see McAdams, 1989, for a related example). However, the irre-
ducible acoustic diversity of the two speech samples of Figure
1, to say nothing of the acoustic-phonetic diversity across lan-
guages, is sufficient to nourish our skepticism about the plausi-
bility of the conventional auditory primitives. It is difficult to
imagine that the elements of a speech signal would exhibit their
self-evident coherence if the Gestalt-based auditory principles

were the sole resource promoting organization. The crucial con-
siderations that we have raised hypothetically have occasionally
been expressed in empirical studies, and a review of the evi-
dence offers a few surprises.

Perceptual Phenomena

Some perceptual experiments with speech have hinted at the
inadequacy of an account of organization based solely on prim-
itive auditory analysis deriving from Gestalt principles. (Exper-
iments with visual patterns have also hinted at the inadequacy
of the Gestalt rules for perceptual organization in the visual
modality [e.g., Rock & Brosgole, 1964].) To make the test pre-
cise, these studies have often cataloged the perceptual phenom-
ena that result when a speech signal has been altered acousti-
cally. Given the clear precedents of grouping by temporal, spec-
tral, and comodulatory similarity, this research has found that
listeners report multiple sources of spoken sound when the
acoustic conditions favor the fission of elements into separate
streams, much as the auditory account warrants. QOddly, these
perceptual streams, which should be segregated from each other
according to the account given by primitive auditory analysis,
are combined nonetheless to produce phonetic impressions.
This literature supports a claim that is devastating to the present
accounts of domain-independent auditory analysis: Namely,
whatever mechanism is responsible for Gestalt-based grouping
may be irrelevant to the disposition to integrate acoustic ele-
ments phonetically (Liberman & Mattingly, 1989; Mattingly &
Liberman, 1990). We consider the evidence, with special em-
phasis on a recent remodeling of the auditory account that aims
to protect primitive auditory analysis from falsification by stud-
ies of phonetic perception.

In one of the first studies of the perceptual organization of
speech, Broadbent and Ladefoged (1957) investigated the effect
of common pulsing on the formant bands of a sentence. They
made a two-formant synthetic replica of a sentence but pre-
sented the first formant to one ear and the second formant to the
other. Despite the different location of the two signals, a rather
obvious violation of spatial similarity, listeners heard a single
voice when the formants were excited at the same fundamental
frequency. When two different fundamentals were used, listen-
ers reported hearing two voices, as if fusion was lost; this oc-
curred even when the differently pulsed formants were both
presented to the same ear. Viewed in hindsight as a test of audi-

! The parameters of a vocal resonance are defined by Fant (1956).
The center frequency and amplitude of a formant correspond to the
peak of the function drawn to enclose the harmonics. The formant
bandwidth is the half-power (—3 dB from the peak amplitude) fre-
quency difference between the upper and lower skirts of the function.

2 One may imagine an easy success of primitive auditory analysis in
identifying a vocal source were speech to consist solely of fricative trains
or of nasal murmurs. However, such a language would have little to ex-
ploit phonologically save reduplication of a few basic acoustic ingredi-
ents. Not surprisingly, this is the only device that an account based on
the perceptual segregation of repetitive acoustic elements permits. Even
so, the acoustic elements of an imaginary language consisting solely of
labial, alveolar, and velar release bursts might lack sufficient similarity
to be grouped as a single stream when produced in series (cf. Dorman,
Studdert-Kennedy, & Raphael, 1977; Stevens & Blumstein, 1981).
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tory organization, the findings seem wholly consistent with the
Gestalt-based approach elaborated in subsequent research, ex-
cept for a single curious fact. When each formant had a different
fundamental, this created an impression of two voices saying
the same utterance, rather than two unspeechlike buzzes vary-
ing in pitch. Listeners evidently combined the information from
each resonance to form phonetic impressions despite the con-
current perception that each resonance issued from a different
vocal source. In other words, the differently excited resonances
were phonetically coherent, although they also were split into
two separate perceptual streams in the listener’s impression of
the auditory scene.

Other experiments on the perception of consonant properties
in brief utterances have likewise found that a common funda-
mental is not a prerequisite for the phonetic coherence of for-
mant bands (Cutting, 1976; Darwin, 1981; Gardner, Gaskill, &
Darwin, 1989; Repp, Milburn, & Ashkenas, 1983). Whalen and
Liberman (1987) reported that even a tone with an average fre-
quency no less than four octaves above the fundamental fre-
quency of phonation was integrated with a formant complex
corresponding to a syllable, despite the spectral dissimilarity of
tone and resonant components. In these cases, subjects reported
both the segregation of sound sources and the fusion of the
acoustic components sufficient for the perception of subtle pho-
netic properties caused by their combination.

If the primitive auditory principles make the right prediction
about the fusion of formants only when they share pulsed exci-
tation, it is reasonable to ask whether harmonic properties of
the fine acoustic grain ever promote auditory coherence. In this
regard, Darwin and Gardner (1986) investigated the effect of
mistuning a single harmonic coinciding with the peak of the
first formant in a steady-state synthetic vowel. When a har-
monic of the fundamental frequency in the region of 500 Hz
was mistuned by 8%, this had the perceptual effect of segregat-
ing it from the rest of the vowel spectrum. Although the short-
term spectrum envelope retained a formant center-frequency

example, Liberman, Isenberg, and Rakerd (1981) performed a

. study using synthetic speech in which most of the acoustic com-

ponents of a syllable were presented to one ear, and the remain-
der, consisting of brief second and third formant frequency tran-
sitions, were presented to the other. The listener, who heard the
syllable as /sa/, /spa/, or /sta/, integrated several temporally
offset components to perceive the phonetic properties. First, the
fricative noise, which led the periodic components by 90 ms in
one instance and by 190 ms in another, was integrated with the
formants. Second, three steady-state formants were integrated
with each other. The first formant onset led the second and third
by 40 ms, although all were excited at the same frequency. Last,
two brief formant frequency transitions were presented to the
ear opposite the noise and steady-state formants, timed to offset
Just as the steady-state formants in the opposite ear onset. Lib-
erman et al. reported that subjects experienced the phonetic fu-
sion of these components, evidenced by the perception of the
three-way consonantal contrast that depended on the combina-
tion of the dichotic signals. Nevertheless, the effects of the
multiple temporal and spatial disjunctions were also observed:
The formant transitions that affected the place of articulation

31In a test that opposed common amplitude modulation with a har-
monic relationship between two tones, Bregman et al. 1990) found that
comodulation was a stronger determinant of coherence. Nonetheless, in
estimating the relevance of their finding to the coherence of a speech
signal, they wrote, “When a human voice is registered in the auditory
system, it is probable that the system can detect both a pulsing within
each basilar membrane filter and a regular harmonic series. There is
reason to believe, given the present experiments, that the auditory sys-
tem makes use of both kinds of information. It is not appropriate, how-
ever, to conclude from these experiments that the pulsation-based
mechanism is more important in the grouping of spectral regions than
is one based on harmonicity. Although this may have been true in our
experiments, in which there were very few partials to establish the har-
monic series, it may not be true in the human voice, which is rich in
harmonics” (p. 73; cf. Summerfield & Culling, 1992).

characteristic of /¢/, the consequence of stream- segregation-was

to alter the identity of the vowel, which became more /1/-like.
This acoustic display was heard as two sources: (a) The mis-
tuned harmonic was heard as a single tone, and (b) the formant
complex was heard as a vowel. In contrast with observations by
Broadbent and Ladefoged (1957), Cutting (1976), Repp et al.
(1983), and Whalen and Liberman (1987), a listener in the
study by Darwin and Gardner did not combine segregated
streams to produce phonetic impressions. The streams that
formed along similarity criteria remained segregated, as the
general auditory account warrants. In this instance, the har-
monic coherence of the components was definitive of the per-
ceptual streams, with the coherence of the vowel formants over-
laid on it; it remains to be seen whether such principles operate
in conditions more nearly approximate to ordinary speech
sounds, in which formant frequency and fundamental fre-
quency are time varying. Related findings also implicate har-
monic phase coherence in establishing and maintaining a per-
ceptual stream (A. R. Palmer, Winter, Gardner, & Darwin,
1987; see Bregman et al., 1990, for a nonphonetic parallel®).

In addition to studies of harmonic effects on coherence, re-
searchers have implicitly examined temporal and spatial as-
pects of common fate in the components of a speech signal.* For

*Tn Tact, much perceptual research on phonetic contrasts has used
acoustic techniques that count on coherence despite the principles of
similarity and common fate. For one example, consider the original
study on the acoustic cues to consonant voicing, which manipulated the
lead or lag of the first formant relative to the second and third (Liber-
man, Delattre, & Cooper, 1958). On the one hand, extremely voiced
consonants were produced by starting the first formant 100 ms in ad-
vance of the second and third. To produce impressions of voicelessness,
on the other hand, these investigators “cut back,” or delayed, the onset
of the first formant 50 ms relative to the second and third. For another
example, recall the classic observation on the perception of the distinc-
tive place features of fricative consonants (Harris, 1958). This study
used a technique that presupposed the cohesion of dissimilar and tem-
porally offset components. The method of this study contrasted the per-
ceptual effect of the center frequencies of the noise bands of natural
fricatives with the frequency transitions of the voiced oral formants that
followed. The findings revealed many instances in which the fricative
place feature was determined perceptually by the periodic oral formant
transitions or perceived place relied on the successive albeit discontinu-
ous occurrence of both fricative and oral formant transitions. These
perceptual contingencies likewise presuppose coherence of the acoustic
signal elements despite their dissimilarity of spectrum and onset char-
acteristics. More extensive surveys of the acoustic correlates of phonetic
contrasts can be found in Fant (1962), Pisoni (1978), and Zue and
Schwartz (1980).
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of the stop consonant, /p/ or /t/, were also heard simultaneously
as sources of sound separate from the syllable with which they
were self-evidently integrated. These other sources of sound had
the auditory quality of chirps (see also Nygaard, 1993; Nygaard
& Eimas, 1990).

A comparison of the report by Liberman et al. (1981) with
the study of fundamental frequency by Broadbent and Lade-
foged (1957) is illuminating. In each case, an acoustic manipu-
lation that should have disrupted coherence did so: The listener
heard the display as if it was issued from multiple distal sources
of sound. Paradoxically, this organization did not disrupt the
combination of perceptual streams to yield phonetic informa-
tion. This divergence of phonetic and auditory organization
seems neither a specific effect of differences in fundamental fre-
quency nor of a particular temporal or spatial dissimilarity. In
the views of Mattingly and Liberman (1990) and Bregman
(1990), this topic of duplex perception is singularly instructive
in accounting for phonetic perceptual organization, and we re-
turn to it later.

In contrast with the findings that undermine the principle of
temporal coincidence in the formation of phonetic streams are
several studies on the coherence of individual harmonics in a
vowel (Darwin, 1981; Darwin, Pattison, & Gardner, 1989; Dar-
win & Sutherland, 1984; cf. Gardner & Darwin, 1986). These
studies featured an analogous approach to the harmonic mis-
tuning cases and assessed the effect of a leading or lagging'single
harmonic among the otherwise stationary components of a
vowel. Recall that in the case of the mistuned harmonic, this
tone was split into a perceptual stream of its own, separate from
the vowel impression. Consequently, the center frequency of the
first formant changed, thereby altering the perception of a vowel
by making an /¢/ spectrum effectively more /1/-like. In the case
of temporal misalignment of a single harmonic component, the
leading or lagging harmonic was segregated from the other har-
monics with misalignment as brief as 32 ms, again, changing
the impression of the vowel. This is a second case in which a
Gestalt-based auditory principle anticipates an outcome of an
experiment using speech. Two sources of sound were perceived
and remained segregated for phonetic identification. Again, it is
uncertain whether grouping by temporal coincidence requires
a stationary spectrum. If it does, the role of this principle in the
organization of natural speech may truly be marginal.

Overall, except for the case of the harmonic coherence in an
isolated synthetic steady-state vowel, it appears that a lack of
temporal coincidence of the components of a speech signal does
not cause their segregation. Conversely, is simple temporal co-
incidence sufficient cause to group harmonic components to-
gether? Evidence about this complementary case, of comodula-
tion of spectral components without fusion, is mentioned by
Liberman and Studdert-Kennedy (1978). They reported a phe-
nomenon in which a synthetic sentence was accompanied by
arbitrary, surplus resonance bands that coincided temporally
and often in center frequency with the formants of the sentence;
all components were pulsed at the same fundamental frequency.
To the listener, the synthetic pattern seemed to consist of a sen-
tence against a background of chirps and bleats; neither coinci-
dence in onset and offset, nor similarity of frequency excur-
sions, nor comodulation at a common fundamental were ade-
quate to cause the listener to fuse the pattern into a single

stream. In this case, the criteria for fusion established by prece-
dents of primitive auditory analysis were satisfied by the pattern
of false and true formants, although the extraneous resonances
neither contributed to the perceptual analysis of the phonetic
properties of the sentence nor were they perceptually coherent
with the vocal source.

A Matter of Method

The perceptual studies that we have reviewed here have
shared a sensible assumption: that valid grouping principles
must describe the organization of ordinary speech. Some of
these tests have examined the perceptual organization of a spo-
ken syllable, others a word or sentence. However, the procedures
used in tests of auditory form perception have differed greatly
from those in tests of speech. In studies of auditory form, a train -
of brief repeating tones and noises has typically been used to
force or to exaggerate the expression of particular grouping
tendencies. In studies of speech, a single utterance, whether nat-
ural or synthetic, is commonly used without rapid repetition.
This is not surprising because rapid repetition of acoustically
identical syllables actually destroys perceptual stability. Pho-
netic impressions of speech sounds are transformed by repeti-
tion, sometimes in ways that are unquestionably weird (Warren
& Warren, 1970). The obvious contrast between the deteriora-
tion of phonetic identity accompanying the rapid repetitious
presentation of speech and the stable organization of auditory
forms brought about by rapid repetition again betrays the pro-
found difference between phonetic attributes and auditory
forms.

Setting that difference aside for the moment, we must con-
sider whether the fact that speech studies have eschewed the
technique of repetitive display is itself responsible for the short-
age of convincing evidence of primitive auditory analysis in the
perception of speech. Fortunately, a few tests with speech
sounds have used the typical method of studies of auditory
form, using acoustic displays of rapidly repeating syllables (Cole
& Scott, 1973; Dorman et al., 1975; Lackner & Goldstein,
1974). These studies focused on perceptual organization rather
than on the deterioration of phonetic properties (however, see
Goldstein & Lackner, 1973). Not surprisingly, the adoption of
this method with speech signals produced perceptual phenom-
ena that paralleled the instances of abstract auditory form. In
such conditions, perceptually segregated streams of auditory el-
ements formed from the acoustic-constituents of the speech sig-
nal, much as they had with tones and noise, according to prim-
itive criteria of similarity, proximity, common fate, and conti-
nuity. In essence, rapid repetition proved to be effective in
forcing perceptual segregation of acoustic elements to occur
with speech sounds.

A study by Lackner and Goldstein (1974) illustrates this
point. Following the stream segregation method of Bregman
and Campbell (1971), Lackner and Goldstein asked listeners
to transcribe the order of relative succession of four syllables,
together lasting 200 ms, repeated continuously for 32 s. One
test sequence comprising consonant-vowel and isolated-vowel
syllables in alternation ([bi a gi u]) was especially difficult for
listeners to identify. Because the isolated-vowel syllables formed
one perceptual stream and the consonant-vowel syllables
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formed another, their relative temporal properties were percep-
tually inaccessible and were inaccurately transcribed. Although
the result parallels that obtained with intercalated tones of
different frequency (Bregman & Campbell, 1971), the theoreti-
cal problem triggered by this finding was noted clearly by Lack-
ner and Goldstein, who remarked that the disrupted perception
of temporal order in the four-syllable series, brought about by
the perceptual segregation of the two concurrent streams, was
uncharacteristic of the perception of ordinary utterances. In or-
dinary listening, the utterance as a whole composes the percep-
tual stream and does not disintegrate into separate trains of
similarly structured syllables (e.g., one of Vs, another of CVs,
yet another of CCVs, and so on) whatever rapid repetition
evokes.

The finding is useful in two ways. First, it shows that the
method in question, of repetitious presentation of a few brief
sounds, is effective in producing segregated perceptual streams
of acoustic elements whether they otherwise compose a speech
signal or an arbitrary auditory form. It therefore becomes an
empirical question whether the characterization of grouping de-
rived from studies of tones and noise is descriptively adequate
for the formation of streams of vocal acoustic products. This
question may not be particularly urgent to answer because the
second useful aspect of the finding was that it indicated that
the primitive principles of organization opposed the perceptual
coherence of a speech signal, creating fractures of continuity
that do not occur in ordinary listening. Consequently, the prob-
lem of the organization of speech can be recast this way: If prim-
itive auditory processes would split a speech signal into separate
streams of acoustically similar elements, then the absence of
such fractures under ordinary listening requires explanation.
Lackner and Goldstein (1974) suspected that integration at a
coarse acoustic grain prevents perceptual segregation of signal
elements due to primitive auditory mechanisms.

Primitive Auditory Grouping in Auditory Scene Analysis

One prominent account of auditory perceptual organization
has aimed to accommodate the special organizational problems
of speech. In exposing an account of auditory scene analysis,
Bregman (1990) plainly acknowledged that speech signals are
more cohesive than are tone patterns and discussed the acoustic
and perceptual considerations relevant to utterances. Obvi-
ously, an account of speech invoking domain-independent
grouping principles would-hold great appeal in its simplicity
and autonomy but only if it works. Although it fails on its own,
Bregman preserved the Gestalt-derived component as the first
stage of auditory scene analysis, claiming that it succeeds some
of the time, although its action is not error free. To explain the
organization of speech when grouping principles alone cannot
be responsible, Bregman hypothesized a supplementary re-
source, cast in the form of integrative schemas. In auditory
scene analysts, a combination of segregation by grouping and
integration by schemas allows the primitive principles to err
without harm and undoes their mistakes by resort to knowledge
of familiar aspects of speech. This dual-process model keeps
speech perception within a general auditory perspective, al-
though it stands apart from classic conceptualizations of audi-
tory perceptual organization. In Bregman’s account of 1990,

the primitive auditory analysis biases the formation of one or
another sound stream, although the schemas actually build the
streams and impose segregation. In contrast with a classic ac-
count exploiting the Gestalt principles alone, the dual-process
explanation places the burden on the schematic component to
confirm the suggestions of the primitive analysis, or to correct
its erroneous groupings, as presumably occurs often in the case
of speech. In authorizing this role of knowledge, auditory scene
analysis relinquished the claim that the primitive auditory com-
ponent is adequate to motivate perceptual organization on its
own.’

In simply ascribing a portion of perceptual organization to
Gestalt grouping and reserving the remainder to non-Gestalt
processes, auditory scene analysis takes a large step toward de-
scriptive adequacy and appears to permit a general auditory ac-
count of organization to accommodate speech. However, con-
sider the manner in which its two components are rationalized.
The primitive functions are easy to characterize, as we have
done here by referring to research on the manifestations of one
or another Gestalt-based grouping rule. In contrast, it is difficult
to specify a precise role for the knowledge-based schematic
component because of the strategy recommended by Bregman

. (1990) for distinguishing primitive and schematic effects: In-

stances in which the grouping rules are correct in assigning ele-
ments to streams are to be taken to indicate the action of prim-
itive auditory mechanisms without further proof: instances in
which perceptual organization occurs despite violation of
grouping rules indicate the action of schemas. It is important to
recognize the snare that this premise creates for studying per-
ceptual organization (Repp, 1992). Although perfectly clear,
this rule of thumb staunchly (and tendentiously) would reserve
a portion of auditory organization for the primitive component
in any eventuality, even if an alternative or collateral process
was responsible for organization. Bregman’s strategy almost
immunizes auditory scene analysis against counterevidence, de-
flecting tests of the necessity of either component of the model.
The primitive grouping rules, demoted from assigning streams

% The impetus for an auditory model to incorporate phonetic percep-
tion comes from the specific challenge of duplex perception studies. In
the past decade, Liberman and colleagues (Liberman et al., 1981; Wha-
len & Liberman, 1987) have noted many instances in which an element
of an acoustic display serves to determine the phonetic identity of a
consonant while it is also split into a separate stream and perceived as
an auditory form. The double role of an acoustic element violated a key
assumption of Gestalt-based organization, specifically, the principle of
exclusive allocation: An element cannot participate in two organiza-
tions at once, as in the Rubin vase, in which case the critical contour
does not serve at the same instant as the self-occluding edge of a vase and
of a face. Bregman (1990) discussed the principle at length. Its negation,
which presently applies within auditory scene analysis, allows a signal
element to participate in streams of phonetic elements and auditory
forms simultaneously, as duplex perception requires. The schematic
component was thereby rationalized, and the demotion of the primitive
auditory analysis was assured, by the necessity to allow two organiza-
tions of the same inflow at the same moment. It should be clear, though,
that this debate over the mechanism of bistability, whether auditory
scene analysis admits simultaneous and divergent organizations, is quite
independent from our brief against the theory. We argue that its descrip-
tion of phonetic organization is false, whatever occurs concurrently.
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to recommending streams, became a permanent part of percep-
tual organization, whereas the schematic process that ensured
its permanence was cast as no more (nor less) than a catchall,
deriving its functions ad hoc from the failures of Gestalt-based
grouping rules. Falsifications of the primitive component are
assigned to the schematic component to handle, with neither
principle nor limit.

Nonetheless, we propose to have identified a way to test audi-
tory scene analysis, both the Gestalt-based component and the
schematic part responsible for saving perceptual organization
from the errors of primitive auditory analysis. Let us set aside
the question for a moment whether non-Gestalt perceptual or-
ganization must be based in schemas describing typical acoustic
manifestations of speech, as Bregman (1990) designated. A
more reasonable test of the action of Gestalt versus non-Gestalt
functions in perceptual organization would conclude that Ge-
stalt rules are warranted if fusion truly fails to occur when the
rules are violated, and non-Gestalt principles are necessary and
sufficient when perceptual fusion occurs and ali of the Gestalt
rules mandate segregation. In the perception of speech, clear
counterevidence to the necessity of primitive auditory analysis
would consist of the integration and phonetic perception ofa
signal when no Gestalt principle warrants fusion of its acoustic
constituents. This would indicate a role in phonetic perception
of organizational resources other than those described by Ge-
stalt grouping rules, a susceptibility exclusive of primitive
auditory analysis that is sufficient for phonetic perceptual
organization.

Would such a finding warrant abandoning the Gestalt-based
grouping rules? Evidence that non-Gestalt resources are suffi-
cient, combined with evidence that Gestalt-based resources are
neither necessary nor sufficient, would require a rather different
account of perceptual organization than provided in primitive
mechanisms or in auditory scene analysis. In contrast with
Bregman’s (1990) recommendation, it would mean that an er-
ror-prone and unnecessary Gestalt means of grouping, if active,
contributes redundantly to sufficient non-Gestalt resources. A
finding that non-Gestalt contributions to perceptual organiza-
tion are primitive, rather than schematic, would add further
misgivings about auditory scene analysis. Admittedly, it is not
always possible to distinguish primitive effects from those oc-
curring later, with access to knowledge, exploiting the perceiv-
er’s ability to guess accurately about familiar events. However,
Bregman stipulated the psychological origins and actions of
schemas, permitting us to determine the plausibility of auditory
scene analysis and the evidence relevant to evaluating it (Breg-
man, 1990, chapters 6 & 7). Some of the key attributes are
(a) schemas act after primitive auditory analysis has occurred;
(b) information becomes represented schematically through a
course of training or learning; (c) schemas must undo the action
of the auditory analysis in building perceptual streams; and
(d) schemas describe typical properties of the elements of per-
ception, whether consonants, vowels, syllables, or other constit-
uents of more extended utterances. With respect to the percep-
tual organization of speech, a suitable test of this conceptualiza-
tion of schemas depends on four questions: (a) Can the
organization of speech be deferred until a secondary stage of
schema-based organization? (b) Are speech schemas learned?
(c) Can subjects be trained to undo the effects of primitive au-

ditory analysis and then to assign the elements of an auditory
representation to arbitrary streams? and (d) Does the percep-
tual organization of speech require an acoustic signal to contain
typical physical manifestations of each consonant and vowel?

Can the organization of speech be deferred until a secondary
stage of schema-based organization? The answer depends on the
time available to inspect an auditory trace in a schema-driven
way once a mistaken organization is detected. The evidence is
discouraging, for speech signals do not survive long in auditory
storage. For instance, Pisoni (1973) observed that little of the
sensory trace of a syllable remained after 200 ms, on the basis of
which he rationalized the rapid time course of phonetic coding.
Other estimates of auditory durability approach 100 ms or less
(Cudahy & Leshowitz, 1974; Elliot, 1967; cf. Turvey, 1978, on
estimating sensory duration). Schematic processes would ac-
cordingly have insubstantial remnants of an auditory trace to
exploit were an error of primitive analysis to affectasmuchasa
single syllable. Accordingly, a mechanism responsible for organ-
izing consonants would have to work well within the 200-ms
limit, without waiting for auditory analysis to err or forfeit the
relevant stimulation. If a parallel arrangement of phonetic and
auditory mechanisms is necessitated by the volatility of the au-
ditory trace, this contrasts with the sequential system architec-
ture assumed in auditory scene analysis for primitive analysis
and schematic repair. The first definitive property of its non-
Gestalt component therefore appears to be implausible.

Are schemas learned? Because of the secondary nature of the
hypothetical schemas, Bregman (1990) alleged that the ability
to organize stimulation by non-Gestalt means is acquired
through experience, in contrast with the primitive auditory
mechanisms that are an unlearned part of sensory processes.
Schemas accommodate the failure of primitive auditory analy-
sis in his account, and experience trains the perceiver to encode
familiar failures in the secondary component of perceptual or-
ganization. This prediction is opposed clearly by evidence of
non-Gestalt principles of organization observed in phonetic
perception of 3- and 4-month-old infants (Eimas & Miller,
1992). These young subjects integrated spatially and spectrally
dissimilar signal components to distinguish consonants, al-
though we can be sure that an intricate course of training was
not required for them to do so. Therefore, the second premise
of a schema-based non-Gestalt component seems to be false.

Is a listener able to resist primitive auditory analysis and to
learn an arbitrary stream assignment through familiarity with
a class of acoustic signals? Despite the centrality of the claim
that non-Gestalt effects in organization are revisions imposed
on Gestalt-based assignments, no evidence exists that subjects
are able to unparse two streams of tones segregated by a primi-
tive principle, nor to learn to determine the intercalation of
tones that are otherwise segregated by primitive grouping, nor
to reassign tones to streams prescribed by an arbitrary rule.
Such evidence would establish the plausibility of the claim that
schemas overrule the organizations suggested by the action of
the primitive auditory analysis. In the absence of evidence, the
assertion that the non-Gestalt component of auditory scene
analysis edits the output of the Gestalt component is unwar-
ranted.

Does a non-Gestalt resource apply knowledge of typical
acoustic properties of speech to correct the errors of primitive
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auditory analysis? This question is among those considered in
the experiments and interpretations reported here. Our aim was
to assess perceptual organization when the auditory grouping
rules are evaded and when the acoustic manifestations of speech
are anything but typical or familiar. In this fashion, we exam-
ined both the classic version and the revised account, auditory
scene analysis, of Gestalt-based auditory organization.

A Pointed Conclusion

This critical review of the evidence pertinent to the organiza-
tion of speech allows several generalizations. First and easiest
to defend is the claim that an account of auditory perceptual
organization by Gestalt principles is also a hypothesis about the
nature of perceptual coherence, although the method used to
buttress the Gestalt-based account has charted only the loss of
coherence in arbitrary acoustic patterns. We have offered a
rough assessment of the adequacy of this account by referring
to research on auditory form and the perception of speech. Sec-
ond is the basic observation that speech signals ordinarily are
perceptually coherent, although only some portions of the sig-
nal satisfy Gestalt criteria for fusion and other portions of per-
ceptually coherent signals clearly satisfy the criteria for segrega-
tion. This may be taken as a mild embarrassment for the classic
auditory approach, which explains perceptual coherence only
remotely in the simultaneous fusion of formant resonances ex-
cited by a common pulsing source. Third, and potentially most
troubling for a general auditory view, is an acknowledgment
that the preponderance of perceptual evidence about the orga-
nization of speech signals is simply not accommodated by the
principles of auditory grouping as they are presently elaborated,
although the incorporation of a schema-based catchall in the
account deflects some of the critique until a comprehensive test
of the premises of auditory scene analysis is performed. Of
course, much of the existing counterevidence was obtained for
purposes other than a direct test of the assumptions of a dom-
ain-independent auditory account. This circumstance, com-
bined with developments in digital synthesis, led us to perform
a series of experiments to raise the theoretical issues directly
and to convert them to an empirical setting. Our findings war-
rant an alternative to the auditory account that we have been
considering, for we observed that phonetic organization occurs
even when the simple principles of Gestalt form are consistently
evaded by synthetic displays, and that the listener’s perceptual
impressions of such signals cleanly distinguish the perception
of sound sources from the perception of phonetic messages.
Therefore, this research contributes a double falsification of the
premise that auditory scene analysis parses the auditory world
into segregated streams of elements issuing from each sound
source. In our view, the perceptual phenomena occasioned by
the sine-wave replication of speech signals implicate the action
of organizational principles well outside the set described by
Wertheimer (1923/1938) and its contemporary auditory ex-
trapolation.

Auditory Perceptual Objects and Sine-Wave Utterances

Although a general auditory account of organization has
difficulty explaining the coherence of speech signals in all their

acoustic diversity, it may be supposed on the evidence reviewed
so far that the coherence of the voiced formants within a signal
presents a less challenging problem than the whole signal does.
Although it is true that the formants change frequency asyn-
chronously and that their levels of energy rise, change, and fall
asynchronously, and that formant patterns abound with tempo-
ral and spectral discontinuities, these attributes notwithstand-
ing, the vocal resonances in voiced speech are excited by com-
mon pulsing.® Voiced formants are related by a fundamental
frequency common to the harmonics of which formants are
composed. To salvage the mechanism of grouping by Gestalt
principles, we might adopt a conceptualization that the primi-
tive auditory principles of organization apply to clear cases and
that phonated formants are grouped into a single perceptual
stream (see Carrell & Opie, 1992). The acoustically heteroge-
neous nature of the constituents of a speech signal would war-
rant recourse to superordinate perceptual processes to repair
the errors committed by the primitive analysis. In this following
stage, the scene analysis would be completed, and the linguistic
analysis would be completed by collecting the auditory effects
of release bursts, aspirations, fricatives, affricates, and the like
and by placing them back in the speech stream at the appropri-
ate junctures (as proposed by Bregman, 1990, pp. 545-546).

In contrast with the model sketched by Bregman (1990), we
propose that the perceptual functions of auditory scene analysis
and phonetic analysis are simply not contingent and that the
detection of phonetic coherence is autonomous from the identi-
fication of sound sources (Liberman & Mattingly, 1989; Mat-
tingly & Liberman, 1990). Our new evidence confirms the pre-
cedents indicating the divergent perception of speech and other
acoustic sources and exposes an aspect of the human suscepti-
bility to the phonetic properties of spoken language at the level
of perceptual organization. The perceptual coherence of for-
mants, whether pulsed, shocked, aspirated, or fricated, there-
fore depends on the perceiver’s sensitivity to the spectral varia-
tion characteristic of vocal sources and not to their fine-grain
comodulation or harmonic relatedness. Our rejection of this
general auditory model of scene analysis is based on perceptual
studies of sine-wave replicas of utterances, which provide evi-
dence that the principles of auditory form may be irrelevant to
the perception of speech.

Sine-Wave Replicas of Utterances

Our recent studies have examined a simple perceptual ques-
tion: Does phonetic perception depend on the occurrence of
specific familiar acoustic elements within the speech signal?
The customary answer to this question is found in the literature

6 Actually, the formants are excited during voiced speech by a mix-
ture of pulsing and noise, and the spectral contour of noise excitation
will often differ from the spectral contour of harmonic excitation.
Therefore, the precise mixture of noise and harmonics will vary across
the formants, rendering it unlikely that each formant exhibits the iden-
tical proportion of periodic and aperiodic excitation. Whether different
mixtures of noise and buzz within 100-Hz bands separated by 1 kHz
violate a principle of grouping by similar spectra, or by comodulation,
is an empirical question, although one of slight urgency from our per-
spective.
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on the elementary acoustic particles that cue distinctions be-
tween consonants or vowels. Whether the particles are isolated
spectral elements—the formant frequency transitions, momen-
tary aperiodicities, and low-frequency murmurs that are corre-
lated with articulatory place, voicing, and manner (Delattre,
Liberman, & Cooper, 1955; Zue & Schwartz, 1980)—momen-
tary spectral envelopes (Stevens & Blumstein, 198 1), or se-
quences of spectral envelopes (Klatt, 1979), the perceiver is por-
trayed as a trader, busily tallying the acoustic cues and exchang-
ing them for phonetic segments. The computational networks
that stand as the metaphor for the process of cue exchange em-
brace this trading assumption (Elman & McClelland, 1986;
Massaro, 1987), substituting an automatic mechanism for an
explicitly psychological account of the trades.

An alternative to the detection of discrete cues is suggested
in a few lines of research (Bailey & Summerfield, 1980; Best,
Studdert-Kennedy, Manuel, & Rubin-Spitz, 1989; Jenkins,
Strange, & Edman, 1983; Kewley-Port, 1983; Liberman, 1970;
Remez, Rubin, Pisoni, & Carrell, 1981). This small literature
expresses common themes: that there does not seem to be a core
of invariant acoustic cues on which to base a mechanism of
phonetic recognition; neither does the variability of the acoustic
properties of speech signals implicate a normal set of acoustic
tendencies around which cue variation occurs. Instead, these
studies have emphasized the perceptual effects of spectral vari-
ation independent of the acoustic and auditory elements com-
posing the signal and have suggested that this property of stim-
ulation is no less responsible for phonetic impressions than the
specific psychoacoustic effects of the cues. If the acoustic cue is
not an analytic entity drawn from a finite stock of vocal effects,
as this view urges, then any search for typical acoustic features
of one or another phone must be forever frustrated. The relevant
description of acoustic variation pertains to the phonetic effects
of spectro-temporal patterns. Empirically, it has recently been
possible to separate this perceptual susceptibility to time-vary-
ing patterns of speech signals from the more familiar psycho-
acoustic response to particular minimally contrasting speech
cues, by using an acoustic ruse, the replication of utterances
using a few time-varying sinusoids. Such a signal is obviously
not speech, but it conveys phonetic information in its spectro-
temporal attributes.

Sine-wave replication uses a variant of digital synthesis in
which artificial acoustic spectra are specified, and the corre-
sponding waveforms are calculated for conversion to acoustic
patterns (Rubin, 1980). In contrast with the familiar-formant
synthesizer, by which one can attempt a faithful replication of
the elementary spectral details of an utterance (Klatt, 1980), we
use a sine-wave synthesizer to impose the coarse-grain proper-
ties of the spectrum of natural utterances on ideal (and unmis-
takably nonspeech) acoustic vehicles. The tone analogs of
speech that result from sine-wave replication include three or
four time-varying sinusoids, each of which reproduces the cen-
ter frequency and amplitude of a vocal resonance in a natural
utterance. A sine-wave replica of an utterance therefore retains
the overall configuration of the speech spectra on which it is
modeled, although it lacks the regular pulsing, aperiodicities,
and broadband formant structure characteristic of natural
speech. Figures 2 and 3 portray some of the prominent acoustic
differences between natural speech, synthetic speech, and sine-
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Figure 2. 'Two acoustic realizations of the sentence, “The steady drip
is worse than a drenching rain.” Top panel: Synthetic speech version, in
which the details of the natural spectrum are meticulously preserved.
Bottom panel: Sinusoidal version, in which a small set of time-varying
sinusoids is used to replicate the coarse-grain spectro-temporal proper-
ties of the signal, eliminating the regular pulsing, harmonic series, ape-
riodic components, and broadband resonances. Whereas synthetic
speech is clearly speechlike in timbre, sinusoidal sentences are both in-
telligible and utterly nonvocal in timbre.

wave replicas of speech signals. Figure 2 shows a signal pro-
duced with a software cascade-type speech synthesizer, which
imitates the short-term spectra and spectro-temporal variation
of the sentence in Figure 1b and the sine-wave replica, which
substitutes a time-varying sinusoid for the oral, nasal, and fric-
ative resonances associated with phonetic distinctions. Figure 3
illustrates short-term spectral differences among natural
speech, synthetic speech, and a sine-wave replica. Because sinu-
soidal sentences present a pattern of spectro-temporal variation
without the spectral details characteristic of vocal acoustic
products, our perceptual tests can be taken to reveal the effects
of auditory variation independent of the momentary impres-
sions of vocal sound.

The perceptual effects of sine-wave sentences are, in a word,
unusual. To naive listeners, phonetic properties are not appar-
ent, and when challenged to describe the three- or four-tone sig-
nals, they variously report hearing contrapuntal tones, radio
interference, modern music, electronic sounds, equipment fail-
ure, and the tweeting of birds (Remez et al,, 1981). The simple
instruction to attend to a synthesized sentence is sufficient to
permit an otherwise naive listener to hear the phonetic structure
of the natural utterance on which the sine-wave replica was
modeled. Even when phonetic impressions are evoked by the
tone complexes, the timbre of a natural voice is not (Remez et
al., 1981; Remez & Rubin, in press). Our studies of the percep-
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Figure 3. Short-term spectral sections of natural, synthetic, and sinu-
soidal sentences, illustrating the preservation of natural harmonic
* structure and broadband resonances in the synthetic sample. The sine-
wave sample preserves the resonance center frequencies and amplitudes
of the three lowest resonances, eliminating the speechlike spectral fine
grain from the signal.

tion of phonetic attributes of such signals show that the fre-
quency variation of the tones provides much of the phonetic
information (Remez & Rubin, 1983, 1984, 1990, in press) as
long as the perceiver treats the three or four simultaneous tones

as if they were a complex acoustic effect of a phonologically
governed act. Indeed, our test subjects proved sensitive to subtle
differences of vocal tract scale in identifying sinusoidal vowels,
indicating that they treat a tonal replica as if it was issued from
a specific talker (Remez, Rubin, Nygaard, & Howell, 1987). Lis-
teners do not solve the transcription task by afterthought, good
guessing, or analogical reasoning, or at least they do not appear
to resort to cognitive compensation in a manner distinct from
listening to ordinary speech.

It is easy to see that the perception of phonetic properties
from sine-wave replicas is an anomaly from the perspective of
current accounts of speech perception (see Klatt, 1989). First,
the acoustic cues on which segmental distinctions are said to
rely are absent from tone complexes, which lack the fine-grain
acoustic structure typical of vocal products. By these accounts,
the raw acoustic properties of sine-wave replicas are inappro-
priate for speech and should not induce phonetic perception.
Second, the psychoacoustic properties of individual moments
within a sine-wave replica differ drastically from impressions of
natural speech. In the absence of natural cues, we might expect
the perception of speech to result from elementary psycho-
acoustic effects, however unnaturally they are elicited (see Re-
mez et al,, 1981, Note 15; Remez et al., 1987, Experiment 2);
yet, the impressions of consonants and vowels do not accom-
pany impressions of vocal timbre in the sine-wave replicas, con-
firming that the sensory effects of the tones are rather distinct
from their phonetic values. Third, the hypothetically modular
system architecture that reserves a separate and specialized
mechanism for speech describes only the phonetic require-
ments for engaging the speech module (Liberman & Mattingly,
1989; Mattingly & Liberman, 1990). Although the module is
said to attempt a phonetic interpretation of all auditory stimu-
lation before passing nonphonetic inflow to other systems, the
account offers no more than a hint that four time-varying sinu-
soids should be effective in evoking phonetic impressions while
leaving a sensory residue perceptible as several simultaneous
whistles.

Perceptual Organization of Sine-Wave Sentences

If the reports of intelligible patterns of sinusoidal elements
oppose perceptual theories that rest on a notion of typical
acoustic cues, then the fact that the tones cohere and evoke pho-
netic impressions completely resists the account of auditory or-
ganization built on Gestalt principles of form. The argument is
straightforward. First, recall that the general auditory principles
poorly match the definitive phenomena of speech perception.
Namely, those principles proscribe the fusion of continuous and
discontinuous, periodic and aperiodic acoustic components de-
spite the ordinary occurrence of this kind of heterogeneous
grouping in speech signals. Next, note that the single encourag-
ing point within the overall explanatory failure is the instance
of glottally comodulated vocal resonances, which appear to be
grouped together according to common fate. The plausibility of

- this explanation of the grouping of simultaneous voiced for-

mants, notwithstanding the counterevidence of Liberman and
Studdert-Kennedy (1978), musters allegiance to auditory prin-
ciples in the case of speech signals. Therefore, any convincing
evidence that the grouping of formants need not arise by co-
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modulatory common fate diminishes the importance of this in-
stance and exposes the Gestalt principles as unimportant in the
organization of speech signals. Moreover, the perception of
speech from such atypical auditory effects suggests that non-
Gestalt resources describe speech abstractly and do not merely
summarize typical auditory correlates of phonetic classes.

This evidence exists, we suggest, in studies of the perception
of sentences conveyed by time-varying sinusoids, the compo-
nents of which are neither harmonically related nor comodu-
lated (Remez & Rubin, 1984). Rather, the sinusoidal compo-
nents of a sentence exhibit all of the acoustic properties that
promote perceptual segregation of each component from the
others, by general principles. In a way, the incoherence that the
auditory rules predict actually occurs, and listeners do hear sev-
eral simultaneous tones changing in pitch and loudness as a sen-
tence proceeds; however, to convey linguistic attributes, the
simultaneously varying tones must cohere phonetically (Remez
et al., 1981). The cohesion of the formant analogs shows that
simple common fate is not required for grouping, not even
when concurrent acoustic events lack proximity, similarity,
continuity, and symmetry. To explain phonetic coherence of the
sinusoids warrants a supplementary principle.

Although this argument about a proper test of the general au-
ditory account is unequivocal, the evidence from perceptual
studies of sinusoidal replicas that we have marshaled is unfor-
tunately subject to an obvious doubt. For a listener to perceive
linguistic attributes from sine-wave signals, the tones must be
organized as a single ongoing perceptual stream and not as a
polyphonic collection of independent elements. Although it
seems unlikely that general auditory processes are responsible
for the coherence that phonetic perception requires, all tones
share binaural presentation and, therefore, perceived location,
which may promote fusion by spatial similarity. Furthermore,
recent studies of the physiology of auditory transduction sug-
gest that other auditory interactions may dispose the perceiver
to fuse the tone analogs. Wholly apart from Gestalt considera-
tions, studies of the cochlea show that its active and passive
functions are capable of producing combination tones (Brown
& Kemp, 1984; Kim, Molnar, & Matthews, 1980), the frequen-
cies of which depend on the components of the incident acoustic
wave. Such distortion of cochlear origin, whether because of
overlapping basilar membrane effects of the individual compo-
nents of a replicated sentence or because of physiological prop-
erties of hair cells, may provide a potential, if remote, source of
auditory information to support the perceptual organization of
tone complexes in the absence of regular and fine-grain acoustic
comodulation.

A combination tone brought about by the concurrent fre-
quency variation of the first and second formant analogs, for
example, could lead the perceiver to treat those tones as part of
the same perceptual stream. Certainly, mere existence of coch-
lear distortion does not guarantee perceptual fusion of the dis-
torted signal elements. Perceivers might not notice combination
tones or might segregate them from a phonetic stream by gen-
eral auditory or phonetic principles of organization. In any case,
it is critical to determine whether the grouping of formant ana-
logs is attributable to spatial similarity alone, or to mechanical
or physiological distortion of the signals, or whether the fusion
of tones in a sinusoidal sentence is an instance in which diverse

acoustic products of a vocal source cohere perceptually. Were
cochlear effects responsible for the fusion of formant analogs,
and ultimately for the creation of phonetic impressions, we
would have found an explanation of perceptual organization of
sinusoidal sentences in the mechanics of transduction. Al-
though such an explanation would obviously not derive from
Gestalt principles, in its automatic and low-level nature it
would minimize the force of our claim, namely, to have discov-
ered a phenomenon of perceptual organization that falsifies
primitive auditory analysis and resists secondary appeals to
schema-driven repairs.

Present Studies

At this juncture, it seems as though the phonetic organization
of sine-wave analogs of formants may be strong evidence against
the generality of a Gestalt-based account of perceptual organi-
zation, although only if phonetic grouping of sine-wave sen-
tences is not attributable to a property of cochlear physiology.
A definitive test to determine the role of perceptual mechanisms
in the sine-wave phenomenon is required to choose from these
alternative interpretations, and we sought to achieve this ina
series of experiments, Experiment 1 determines whether the or-
ganization of sinusoidal constituents in a sentence replica re-
sults from spatial similarity or cochlear distortion of the first
and second formant analogs. Experiment 2 assesses the cogni-
tive contributions to the measures obtained in Experiment 1.
The results of these studies relieve the principal objections to
considering a sine-wave sentence a true instance of perceptual
organization. Experiment 3 obtains a clear index of the phe-
nomena of organization pertinent to speech signals. By pres-
enting sine-wave sentences dichotically, in which the first and
second formant analogs occur concurrently but at different
ears, we minimize the cochlear effects and pose a stricter test of
perceptual organization in the same step. If perceivers neverthe-
less group tones OCCUrring in different locations, lacking como-
dulation, proximity, similarity, continuity, and symmetry and
bearing only abstract resemblance to speech, then neither Ge-
stalt principles of form, specific cochlear distortion, nor sche-
matic legerdemain can be held responsible for phonetic percep-
tual organization.

Experiment 1

Is Fusion of Sinusoidal Components Attributable to
Cochlear Distortion?

Here, we exploited a finding by Remez et al. (1981) that pho-
netic perception of sinusoidal sentences required the concur-
rent availability of the tones analogous to the first and second
formants. Listeners in that study simply transcribed the sen-
tence carried in the tone patterns, and the experimenters con-
trolled which combinations of the three tones composing the
sentence were available in each condition. No listener was able
to identify the spoken message given single tones to transcribe,
and phonetic perception was possible only when the pair of
tones replicating the first and second formants were presented
together. Other pairs (second and third formant analogs or first
and third formant analogs) were barely transcribed. These re-
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sults clearly coincide with decades of speech research on the
critical importance of the two lowest frequency oral resonances
as vehicles of information for distinctive phonetic properties,
although among other things this outcome suggests that organi-
zation of sinusoidal constituents for phonetic purposes may re-
quire the simultaneous availability of both components. Of
course, if the mechanism of transduction itself drives the fusion
of first and second formant tones, no appeal to principles of
organization is necessary.’

To rule out a cochlear account of organization directly re-
quires that we assess grouping when the first and second for-
mant analogs occur at different ears, thereby eliminating the
possibility of the induction of fusion due to peripheral interac-
tions of the two tones critical for phonetic perception. The tests
that follow this premise used sine-wave sentence replicas in four
different conditions of presentation. First, to establish baseline
performance, all constituents of a sentence replica were pre-
sented binaurally. This listening condition had elicited good
transcription performance in our earlier research and served as
one kind of control. The second condition was the critical test of
peripheral induction of grouping: One ear received a sentence
replica lacking its second formant analog while the other ear
received the second formant analog belonging to the sentence.
In this dichotic presentation, the coherence of the first and sec-
ond formant tones, on which phonetic perception depends,
could not arise through cochlear interactions of the critical si-
nusoidal constituents. Were fusion of dichotic tones to occur
nonetheless, we would find that transcription performance in
the dichotic condition exceeds the sum of the transcriptions of
the partial signals available to each ear alone. Therefore, in the
third and fourth test conditions, we assessed the transcribability
of the partial replicas available to each of the ears to estimate
the best performance in the dichotic condition were fusion to
fail.

Method

Acoustic test materials. Four versions were made of each of 10 sen-
tences, using the technique of sinusoidal replication of natural utter-
ances. The natural signals from which the sinusoidal patterns derived
were produced by a male speaker (Robert E. Remez) recording a single
utterance of each sentence in a sound-attenuating chamber, using a con-
denser microphone, low-noise audiotape, and half-track tape recorder.
These recorded signals were then low-pass filtered at 4.5 kHz and sam-
pled at 10 kHz with 12-bit amplitude resolution and stored on a VAX-
based computer system. Spectra were estimated from the sampled data
by the method of linear prediction (Markel & Gray, 1976) at intervals
of 10 ms throughout each utterance. After correcting erroneous values
by checking the linear prediction spectra against traditional spectro-
grams, the frequency and amplitude values of the estimated formants

were used to control the output of a sine-wave synthesizer (Rubin, -

1980), a software device that calculates the waveforms of signals gener-
ated by multiple independent audio-frequency oscillators. Three or four
sinusoids were used to replicate each sentence, one sinusoid for each of
the three lowest frequency formants and a fourth for a fricative formant
when appropriate. A graphic representation of a sentence replica is
shown in the top panel of Figure 4.

The listening tests were prepared on the VAX and output to tape by
digital-to-analog conversion. Listening sessions were conducted by
means of playback of the test tapes, through a power amplifier, using
matched headsets. The average listening level was attenuated to 60 dB
SPL (sound pressure level) re 0.0002 dynes/cm’.

Four tests were composed from the basic stock of 10 sinusoidal sen-
tence replicas. In the binaural test, complete sentence replicas were de-
livered on both channels to the headphones. In the dichotic test, neither
channel received the complete sine-wave sentence replica: One channel
contained a single tone following the frequency and amplitude pattern
of the second formant; the other channel contained the analogs of the
first, third, and fricative formants. In the Tone 2 missing test, both chan-
nels contained the sentence patterns with the analogs of the second for-
mant deleted. Last, in the Tone 2 alone test, the analog of the second
formant was delivered on both channels.

Procedure. Each of the four tests was conducted with a different
group of listeners. A test session consisted of three blocks in all of which
listeners were simply asked to transcribe the synthesized sentences.
First, a warm-up block occurred, consisting of a sequence of nine bin-
aurally presented sinusoidal sentences differing from the main test sen-
tences to accustom the listeners to the unusual timbre of these synthetic
signals. The first three sentences in this set were transcribed for the lis-
teners by the experimenter in advance to facilitate the perceptual ad-
Jjustment to replicated utterances, to give examples of transcriptions,
and to provide indirect feedback on the initial three trials. After a short
pause, one of the four test conditions was presented, consisting of 10
sinusoidal sentences, none of which duplicated any of the items of the
warm-up set. The dichotic condition was counterbalanced across listen-
ers for the ear receiving the second formant analog and for the ear re-
ceiving the first, third, and fricative formant analogs. Following the pres-
entation of one of the four test conditions, the warm-up sequence was
presented once more. The transcriptions of this repeated set served to
identify subjects who were unable to transcribe sinusoidal patterns even
under highly favorable circumstances. Individuals who failed to tran-
scribe the three sentences in the repeated set that had been transcribed
by the experimenters in advance in the warm-up presentation were not
included in the data set.

Every trial had the same structure. A sinusoidal pattern was pre-
sented eight times, each separated by 3 s from the next and each block
of eight separated from the next by 10 s. Listeners were instructed to
write while the sentences were repeating and were encouraged to report
whatever words or fragments they heard.

Subjects. Ninety-nine listeners were tested, each assigned to one of
the four test conditions. After eliminating those who failed to follow
instructions or who did not transcribe the sentences in the retest, 15
remained in each of the four conditions. Some listeners were paid for
participating, whereas others received course credit in introductory psy-
chology in exchange for participation. Each subject reported normal
hearing, and none had participated in any other study using sinusoidal
sentence replicas. Testing occurred in groups of 6 or fewer listeners.

Results and Discussion

The transcriptions provided by the subjects were scored for
the number of syllables correctly identified. An average percent-

7 Another study reported by Remez et al. (1981) opposed the inter-
pretation that transduction in the cochlea, or by any other irresistible
sensory process, is simply responsible for the listener’s ability to hear the
tones as speech. By comparing the performance of subjects instructed to
listen for a sentence with that of subjects asked more obliquely to iden-
tify the sounds in the headphones, it was determined that phonetic at-
tributes were heard only when listeners were instructed to attend to a
strangely synthesized sentence, with few exceptions. The phonetic
grouping of the tonal analogs of formants was not an obligatory conse-
quence of auditory sensations evoked by the tones, although this would
surely be the case were phonetic grouping to depend on automatic audi-
tory processes. (This issue is elaborated in the General Discussion sec-
tion.)
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Figure 4. Schematic representation of sinusoidal sentence replicas. Top panel: Four sinusoids are used to
replicate the sentence, “The beauty of the view stunned the young boy™’; there is one tone for each of the
three lowest formants, including bursts, aspirations, and nasals and a fourth tone for the fricative formant..
Second panel: The second formant tone pattern isolated from the sentence replica. Third panel: The pattern
of the second formant tone time reversed (reflected temporally). Bottom panel: The pattern formed by the
tonal replica lacking a second formant analog combined with a temporally reflected second formant tone.

age correct score was derived for each subject, on which the sta-
tistical analyses of group performance were conducted. Al-
though this measure may underestimate the phonetic effective-
ness of sinusoidal vehicles, this conservative technique has
proven to be a reliable correlate of speech perception with sinu-
soidal replicas (e.g., Remez & Rubin, 1990, in press). In the
present conditions, transcription performance was observed to
vary across the four listening conditions; the mean correct tran-

scription performance for each group of 15 subjects is shown in
Figure 5.

Performance differed significantly across the four tests, as re-
vealed by a one-way analysis of variance, F(3, 56) = 69.9, p <
.001. A Scheffé test estimated the smallest significant difference
for pairwise comparisons of the group means (13.4, « = .05),
and this value is represented in Figure 5 in the height of each T
bar. Binaural presentation of the sinusoidal replicas led to the
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Dichotic Perceptual Organization Test
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Figure 5. Group performance in the four listening conditions of Experiment 1: binaural presentation of
sentence replicas (light stripes); dichotic presentation in which the second formant analog was presented to
one ear and the remaining tones to the other (dark filled bar); binaural presentation of tone analogs of the
first, third, and fricative formants (dark stripes); and binaural presentation of the second formant analog

(light filled bar). T = tone.

best transcriptions (light stripes: 69% correct), and the dichotic
presentation was transcribed well (dark filled bar: 49% correct),
although neither of the partial tone complexes were well tran-
scribed (heavy stripes: Tones 1, 3, and 4 at 18% correct; light
filled bar: Tone 2 alone at 2% correct). The performance in the
dichotic condition was better than would have been expected on
the basis of the estimates of the contribution of each ear alone,
and binaural performance was significantly better than dichotic
performance.

The dichotic condition is critical for testing the hypothesis

that fusion of sinusoidal components in a sentence replica is .

induced peripherally. Were peripheral effects responsible for
grouping the sinusoids, a dichotically presented set of compo-
nents would not fuse, and dichotic performance would there-
fore be no better than the sum of the transcription performance
in the two conditions in which the partial signals were evalu-
ated. Here, we observed that dichotic transcription was more
than twice as good as the sum of the mean transcription
achieved in the two tests using incomplete tone ensembles,
showing that listeners were indeed able to obtain phonetic in-
formation from the dichotic signal that neither ear supplied

alone. This test offers a clear indication that fusion of auditory
elements is possible without satisfying the grouping criteria de-
rived from the Gestalt principles of form. Neither does it seem
that auditory distortion of cochlear origin is the only cause for
combining sinusoidal analogs of formants.

The performance level difference between the dichotic and
binaural sentences is important to note, too, for it reveals a cost
of discrepancy in location despite the phonetic coherence of the
components. Although this difference may stem from a viola-
tion of an auditory grouping principle—for example, that sim-
ilarity in location promotes fusion—we cannot be sure that the
performance difference between these two instances of phonetic
fusion is not simply attributable to the unique problem posed
by the dichotic task, namely, to sample, hold, and combine
different signals across the ears. All other things being equal,
these two conditions differ in difficulty. The dichotic condition
requires the subject to integrate sensory events at different ears,
and this imposition may draw resources away from the analysis
of the auditory details or from the analysis of the combined pat-
tern achieved through perceptual organization. On the basis of
classic studies of the sensory processes accompanying phonetic
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perception (e.g., Darwin & Baddeley, 1974; Liberman, Mat-
tingly, & Turvey, 1972; Pisoni, 1973), we must expect an unan-
alyzed auditory representation of a speech signal to decay rap-
idly and any delay or compromise in the creation of phonetic
impressions to be costly. Of course, these results also reflect the
performance of completely naive listeners unpracticed in the
laboratory task of organizing dichotic inflow, whereas ordinary
listening is more nearly approximated by the condition of bin-
aural presentation. If the ordinary experience of our subjects
prepares them better to perform in the binaural than in the
dichotic condition, this disadvantage hampers but does not pre-
vent subjects in the dichotic test from organizing the compo-
nents as if hearing a speech signal. Whether performance im-
proves with additional exposure to dichotic sentences, or re-
mains 20% poorer than a binaural condition, is left for further
study.

To summarize, sinusoidal formant analogs were organized
phonetically in dichotic presentations that preclude an account
of fusion by appeal to peripheral induction. Because listeners
fused the pieces of formantlike variation even when the compo-
nents arrived in different ears, performance in the dichotic case
exceeded what we expected if each ear contributed indepen-
dently to phonetic perception. This outcome is anticipated by
our critique of the standard auditory treatment of perceptual
organization. Having ruled out a lower level account of fusion
in this test, we suggest that this outcome is a manifestation of
a kind of perceptual organization surpassing the simple forms
permitted by Gestalt principles. In this way, the listener amal-
gamates the concurrent tone variation available at each ear to
form a single pattern consistent in an abstract fashion with the
time-varying acoustic properties of vocalization. The coherent
ensemble of tones is thereby analyzable into specific phonetic
attributes.

However likely this conclusion may appear from the results
of Experiment 1, an alternative to our account is possible. The
facts of the dichotic test can be interpreted differently with ref-
erence to the literature on the restoration of phonetic and pho-
nemic attributes from interrupted and masked speech signals
(Blank, 1979; Samuel, 1981; Sherman, 1973; Warren, 1970).
To sketch such an account of Experiment 1, consider that the
presence of the second formant analog in the ear opposite the
first, third, and fourth may trigger the use of cognitive resources
to complete the phonetic attributes of the utterance. In that
case, no fusion of dichotically arrayed components ocCcurs;
rather, partial phonetic information is available at one ear in an
incomplete acoustic pattern, but the missing attributes are not
restorable without the concurrent distracting acoustic material
from the opposite ear. Experiment 2 contained two tests to as-
sess the likelihood that restoration occurs when sinusoidal sen-
tences are presented dichotically.

Experiment 2

Is Perception of Dichotic Sine-Wave Sentences Based on
Phonemic Restoration?

Many studies of phonemic restoration show that speech per-
ception depends on perceptual analysis and cognitive structure
alike. In the typical instance of restoration, an utterance of a

familiar word is altered through acoustic editing in which a
brief moment of the speech signal is deleted and replaced with
an acoustic foil lacking a speechlike spectrum. Although the
listener notices the prominent intrusion of the sound replacing
the speech, the utterance is often perceived as if the speech sig-
nal had been perfectly intact (Warren, 1984). The linguistic rep-
resentation is so completely restored that, in fact, listeners seem
unable to distinguish similar versions of a word: one missing a
portion of its signal and another merely containing intrusive
noise (Samuel, 1981). Of course, there are many circumstances
in which listeners have great difficulty attending to auditory cor-
relates of speech (e.g., Mattingly, Liberman, Syrdal, & Halwes,
1971).

One of the signals used in Experiment 1 could be considered
to be an incomplete although potentially restorable pattern:
This is the tone ensemble containing the first, third, and fourth
tones, lacking the second formant analog. Although it is consis-
tent with precedents for an incomplete phonetic display to be
perceived poorly because of a hole in the signal, as we observed
when this pattern was presented to both ears in the third condi-
tion, it is also consistent with the findings of restoration for the
perceiver to fill in the missing phonetic detail once a foil occu-
pies the acoustic hole (Warren, 1984). Did we observe the effects
of restoration of the linguistic information due to the presence
of a foil in the opposite ear? Alternatively, did the dichotic con-
dition measure perceptual organization by a non-Gestalt prin-
ciple of phonetic coherence? For the results of Experiment 1 to
count as counterevidence to a cochlear account of sinusoidal
fusion, the latter must have occurred.

No direct parallel to the case of Experiment 1 exists in the
studies of restoration (cf. Bashford & Warren, 1979), neither in
the sentence-length duration of the missing acoustic material
nor in the specific exclusion of a second formant and the dich-
otic placement of the foil. Therefore, we cannot say definitively
whether natural signals treated analogously to the dichotic test
of Experiment 1 would evoke restoration. It is a simple matter,
nonetheless, to perform a specific test pertinent to the inter-
pretation of Experiment 1, forgoing a more general study of
phoneme restoration. This is accomplished by composing a
dichotic test to determine whether a phonetically incompatible
substitute for a second formant tone acts as a foil in triggering
restoration when it is presented in the ear opposite to the first,
third, and fricative tones. We know from Experiment 1 that the
performance level of a dichotically arrayed complete sentence
replica approaches 50% correct. If this success is attributable to
cognitive restoration rather than to perceptual fusion, then a
tone varying within the frequency band of the second formant
will act as a foil, even if it fails to replicate the frequency and
amplitude values of the second formant of the sentence, and
restoration will occur. Conversely, if performance in the dich-
otic condition of Experiment 1 is the consequence of perceptual
fusion, then we should observe poor performance when dichoti-
cally arrayed sinusoids fail to replicate the time-varying spectral
peaks of a natural utterance.

Method

Acoustic test materials. Tone patterns for two dichotic restoration
tests were constructed from the stock of 10 sentences used in Experi-
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ment 1. In the first test, Flipped T2, the parameter table for the second
formant tone was temporally reflected, or flipped, and the resulting sig-
nals produced by the sine-wave synthesizer placed the three temporally
veridical analogs of the first, third, and fricative formants on one chan-
nel and the temporally reversed second formant tone on the other. A
graphic depiction of a flipped second formant analog is shown in Figure
4, along with the composite formed by combining the reversed second
formant analog with temporally veridical first, third, and fricative for-
mant analogs. In the second test, Flipped T1, T3, and T4, the tempo-
rally veridical analog of the second formant was placed on one channel
and the temporally reversed analogs of the first, third, and fricative for-
mants on the other. Conditions for delivering the sounds to listeners
were the same as described for Experiment 1.

Procedure. The two tests were conducted with different listeners in
three blocks: a warm-up, a test block, and a retest of the warm-up sen-
tences. The first and third blocks were used, once again, to facilitate
the perceptual adjustment to replicated utterances, to give examples of
transcriptions, to provide indirect feedback on the initial three warm-
up trials, and to determine post hoc whether a listener was susceptible
to the phonetic effects of sine-wave utterances. The presentation of dich-
otic materials was counterbalanced over the ears across listeners. In-
structions given to subjects were the same as in Experiment |, as were
the criteria for identifying susceptible listeners.

Subjects. Forty-four listeners were tested and were assigned to one of
the two test conditions. Fifteen subjects remained in each condition af-
ter eliminating those listeners who did not transcribe the sentences in
the retest that had been identified by the experimenters in the warm-up
block. Some listeners were paid for participating, whereas others re-
ceived course credit in introductory psychology. No subject reported a
history of speech or hearing disorder, nor was any subject familiar with
sinusoidal sentence replicas. Testing occurred in groups of 6 or fewer
listeners.

Results and Discussion

As in Experiment 1, the transcriptions provided by the sub-
jects were scored for the number of syllables correctly identified.
Again, each subject contributed an average percentage correct
score to the analysis of group performance. In the two tests of
Experiment 2, transcription performance was observed to
differ; the mean correct transcription performance for each
group of 15 subjects is shown in Figure 6, along with the results
of the dichotic condition of Experiment 1 for comparison.

Several hypotheses were tested on this data set. To begin, we
determined that performance differed significantly between the
two dichotic conditions containing time reversed components.
The group mean of the test in which the second formant analog
was time flipped differed significantly from the mean of the test
in which the first, third, and fricative tones were time flipped,
#(28) = 6.49, p < .0005. The performance level contrast is stark.
Very little phonetic detail was available from the veridical sec-
ond formant tone with the remaining components of the dich-
otic display reversed temporally (light filled bar: 0.4% correct).
Conversely, relatively more of the phonetic attributes of the sen-
tence were transcribed when the second formant analog was the
sole component departing from the properties of the natural
signal (striped bar: 17.8% correct). To assess whether this per-
formance level difference was attributable to restoration, for in
no case could it be attributed to the phonetic coherence of an
arbitrary second formant tone and the veridical formant ana-
logs, a confidence interval for the mean of this condition was
determined using the ¢ statistic to permit comparison with two
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Figure6. Group performance in Experiment 2: Dichotic presentation
of tone analogs of the first, third, and fricative formants in one ear and
the temporally reversed second formant in the other (light stripes) and
of the temporally reversed first, third, and fricative formants in one ear
and the temporally veridical second formant in the other (light filled
bar, or shortest bar). The dichotic presentation of the sentence replica
from Experiment 1 is shown to aid comparison (dark filled bar). T =
tone.

tests of Experiment 1 (12.2 < u < 23.3, a = .05). The performa-
nce on the dichotic condition of Experiment 1 fell outside this
interval (49%); the group mean of this condition is depicted
again in Figure 6 (dark filled bar) to facilitate the comparison.
The performance on the binaural test of the tone ensemble lack-
ing a second formant analog (18% correct; shown in Figure 5:
dark stripes) fell well within the confidence interval.

To summarize the results, some phonetic information was
available from dichotic patterns in which a temporally inverted
single-tone analog of the second formant was presented in the
ear opposite the other veridical formant analogs. However, this
kind of presentation was no more effective than one simply
lacking a second formant analog and was significantly less
effective than a dichotically presented pattern in which the com-
bined tones replicated a natural signal.

The two conditions of Experiment 2 complete a pair of tests
that establish the phenomenon of phonetic organization in the
perception of tone analogs of sentences. Experiment 1 revealed
that the transcriptions of dichotically arrayed components of
sentence replicas surpassed the performance expected from
each channel alone, as assessed by tests presenting the partial
replicas. Although this level of transcription could not be at-
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tributed to the action of general auditory principles of organi-
zation, the tests of Experiment 2 were required to determine
that perceptual organization, rather than restoration, actually
occurred in this dichotic case. In two tests here, a temporally
inverted component, speechlike in its overall variation while de-
parting from the values of the second formant in detail, was
not treated as a foil for the missing formant and did not trigger
phoneme restoration. Rather than provoking the replacement
of information missing because of the absence of a second for-
mant analog, this component proved to be useless. Its presence
did not affect performance, judging from the statistical sim-
ilarity of this condition and the third test of Experiment 1 in
which the signal contained no second formant analog.

The evidence of Experiments 1 and 2 counts against auditory
scene analysis as a general theory of perceptual organization.
That account fails because the cases considered in the first two
experiments are not reducible to its functions and arguments.
Nonetheless, although falsifying the general claim that the au-
ditory principles supplemented by schemas offer an adequate
description of the perceptual organization of speech, the first
two studies provide no explicit evidence of a principle of orga-
nization superseding Gestalt grouping rules for phonetic cases.
In Experiment 3, we build on the methods introduced in the
prior two studies to distinguish a principle of organization ap-
plicable to speech signals.

Experiment 3

Is There a Time-Varying Principle of Phonetic
Perceptual Organization?

The perceptual study in Experiment 3 used six tests to probe
for effects of a principle of grouping by phonetically governed
acoustic variation. We aimed to expose the principle by devising
a condition to impede the organization of sinusoidal replicas.
Assume that the listener who is given a sine-wave sentence to
transcribe perceives the tones as a single phonetic source be-
cause of their speechlike variation in frequency (Remez & Ru-
bin, 1990); the perceiver tacitly apprehends that the tone en-
semble conveys resonance changes of a natural utterance. A
corollary of this conclusion is that phonetic perceptual organi-
zation should be uniquely disruptable by certain kinds of con-
current patterns. For instance, an extraneous sinusoid that var-
ies in a speechlike manner should compete for organization
with the proper components of a sentence replica. However, no
such competition should be observed with an unspeechlike ex-
trancous tone. By any general auditory account of organization,
neither kind of tone is enough like the constituents in a repli-
cated sentence to be grouped with it.

In Experiment 3, we tested the susceptibility of perceptual
organization to disruption by speechlike spectral variation. In
the competitive organization task that we used, a sine-wave rep-
lica of a sentence was presented along with a surplus tone. In
each case, the surplus tone coincided roughly with the sinusoi-
dal analog of the second formant: either as a constant-frequency
tone, the attributes of which are completely unspeechlike, or
as a temporally inverted analog of the second formant. In this
challenge, transcription performance reflects the listener’s suc-
cess in rejecting the surplus tone while retaining the compo-
nents belonging to a sinusoidal replica.

This kind of test is not completely new and actually extends
the studies of the resistance of speech to interference by a babble
mask, a composite of several speech signals, which is used in
lieu of the more familiar envelope-shaped noise (Carhart, John-
son, & Goodman, 1975; Carhart & Tillman, 1970; Kalikow,
Stevens, & Elliott, 1977; Young, Parker, & Carhart, 1975). The
requirement to detect a spoken message in the presence of a
chattering background lends a touch of realism to measures of
intelligibility, some of which have concerned the practical im-
provement of hearing aids, although the psychological findings
interest us here. Those studies generally found that spoken
masks impede speech more effectively than broadband noise
masks do; also, the interfering effect of babble is correlated with
the distinctness of the components. For example, an extraneous
channel composed of fewer than 3 voices interfered more with
the perception of the target speech than did a babble composed
of 16 or more voices (Carhart et al., 1975). Whether these ob-
servations can be attributed to acoustic or to phonetic distinct-
ness—that is, whether the effects are due to masking, to pho-
netic interference in immediate memory, or to competition in
perceptual organization—remains an open question, although
the competitors that we used left the interpretation less
ambiguous.

Experiment 3 differed from these precedents in aiming the
acoustic interference at a specific constituent of the signal, the
second formant analog. In that respect, the unspeechlike con-
stant-frequency tone matched the center of the frequency band
within which the second formant analog varied in each test sen-
tence. The speechlike competing tone was a close match to the
second formant analog in its spectro-temporal attributes. It is
reasonable to suppose that neither of these tones interferes per-
ceptually with the sine-wave utterance at or above the level of
the phonetic segment. The constant-frequency tone exhibits no
speechlike attributes, and the temporally inverted analog of the
second formant, by itself, is not likely to evoke phonetic impres-
sions, as we have shown here and elsewhere (Remezetal., 1981).
A temporally reversed tone is also unlikely to cohere with the
first, third, and fourth tones of the sentence replica, as Experi-
ment 2 revealed. Although interference of a speechlike compet-
itor is unlikely to be phonetic in nature, arising in immediate
memory, it is probable that interference results from competi-
tion in perceptual organization, at least in part. On the pre-
sumption that listeners seek the acoustic correlates of vocal
sound production, we therefore expected to see this speechlike
tone interfere more effectively with phonetic perceptual organi-
zation than with a constant-frequency competitor, as reflected

« in transcription performance.

Method

Acoustic test materials. Tone patterns for six tests were constructed
from the stock of 10 sentences used in Experiments 1 and 2. The first
three conditions were binaural competitive tests in which a sine-wave
replica had no competing tone, a single-tone constant-frequency com-
petitor, or a single-tone speechlike competitor. In the No Competitor
condition, a sinusoidal replica of an utterance was used, consisting of
three or four tones in which the pattern replicated the changes in reso-
nant frequencies and amplitudes of a natural utterance. This test served
to mark the best performance attainable from which to estimate the
effects of competition on organization and perception. In the Constant-
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Frequency Competitor condition, a surplus tone was set to the average
frequency of the second formant and was added to each sentence rep-
lica, onsetting and offsetting with the second formant analog. Because
of differences in phonetic composition across the sentences, the value of
this constant-frequency tone ranged from 1,095 Hz to 1,640 Hz, with
a mean value of 1,311 Hz. The amplitude of this constant-frequency
competitor was ramped on and off in 20 ms and was set to a constant
level roughly equal to the second formant analog at syllable nuclei. In
the Speechlike Competitor condition, the temporally reversed fre-
quency and amplitude values of the second formant were used to create
a tone varying in frequency and amplitude as if it was a second formant,
but it was not combinable with other tones to make a replica of the
natural utterance. (A depiction of veridical and time-flipped second for-
mant analogs is shown in Figure 4, with the pattern replicating the nat-
ural signal and the composite formed by combining the reversed second
formant analog with temporally veridical first, third, and fricative for-
mant analogs.) With both competitors, transcription performance re-
flected the apprehension of the tones replicating the utterance and the
rejection of the competing tone, whether speechlike or not.

Dichotic versions of the three tests were also used in which compo-
nents of the replicated sentences occurred at different ears. The dichotic
No Competitor test arrayed the first, third, and fricative tone in one ear
and the second formant tone in the other, as in the dichotic condition of
Experiment 1. On the results of that test we expected fusion to occur,
permitting perception of phonetic properties that derive from the en-
semble of formant analogs. The dichotic versions of the two competitive
organization tests placed the second formant analog in one ear and the
first, third, fricative, and competitor tones in the other. In the Constant-
Frequency Competitor condition, the competing tone, presented on the
same channel as the first, third, and fricative tones, exhibited the un-
changing mean frequency of the second formant, attenuated roughly
to the amplitude of the second formant. The Speechlike Competitor
condition used a tone exhibiting the temporally reflected values of the
second formant. All other test materials and listening conditions were
the same as described for Experiment 1.

Procedure. Six tests were conducted, each with different listeners. A
test session included three blocks: a set of warm-up sentences, a test
block, and a retest of the warm-up sentences. The first block was used
to facilitate the perceptual adjustment to replicated utterances, to give
practice in transcribing sentences, and to provide indirect feedback on
the initial three warm-up trials. The presentation of dichotic materials
was counterbalanced over the ears across listeners. Instructions to sub-
jects were the same as in Experiment 1.

Subjects. Two hundred seventy-five listeners were tested, each as-
signed to one of the six test conditions. Forty-two subjects remained in
each condition after those listeners who did not transcribe sentences
in the retest had been eliminated from consideration. Some listeners
received course credit in introductory psychology for participating,
whereas others were paid for their time. No subject reported a history
of speech or hearing disorder, and all were naive to sinusoidal sentence
replicas. Testing occurred in groups of 6 or fewer.

Results and Discussion

The transcriptions of the test sentences were scored for the
number of syllables correctly identified. Each subject contrib-
uted an average percentage correct score to the analysis of group
performance. The six mean performance levels are shown in
Figure 7, which plots binaural (filled round bullets) and di-
chotic (unfilled square bullets) results with the three competi-
tive conditions (no competitor, constant frequency, and time-
flipped second formant analog) arrayed left to right in the
frame.

As the figure shows, binaural transcriptions surpassed di-

chotic in all conditions; there was also a clear effect on perfor-
mance of different competitors. In the binaural tests, performa-
nce with no competitor was significantly better than performa-
nce with either of the two competitors, which did not differ from
each other. This was determined by the analysis of variance and
post hoc comparison of the means within the binaural presenta-
tion, F(2, 123) = 8.52, p < .001; Scheffé’s « = .05. In the di-
chotic tests, only the effect of the speechlike competitor was sub-
stantial and differed significantly from the other dichotic condi-
tions, F(2, 123) = 3.73, p < .027, Scheffé’s « = .05. No
difference was observed between the dichotic tests with a con-
stant competitor and with no competing tone. In summary, the
effect of a competing tone on perceptual coherence was contin-
gent on the spatial array of the component tones. Either com-
peting tone interfered with binaural performance equaily; only
the speechlike competitor impeded dichotic performance.

The findings of Experiment 3 reveal a manifestation of orga-
nization by phonetically governed acoustic variation. This is the
unequivocal result of the dichotic tests, wherein the effect of a
competing tone depended on its pattern of variation. A con-
stant-frequency tone proved ineffective for disrupting percep-
tion relative to the condition without a competing tone. It seems
that the presentation of the second formant analog and its com-
petitor in different ears permitted the perceiver to segregate the
unspeechlike tone from the first, third, and fricative tones with
which it shared a spatial locus and to incorporate the authentic
second formant tone from the opposing ear. This segregation of
the competitor proved impossible when it exhibited speechlike
variation. In that instance, it was apparently grouped with the
analogs of the first, third, and fricative formants, despite the
failure of that grouping to replicate an utterance. Grouping on
the basis of speechlike spectral variation apparently held fast
until a stage in perceptual analysis at which the phonetic infor-
mation contributed by the actual second formant analog, at a
separate spatial locus, was less accessible. Although grouping by
similarity in location is anticipated in the Gestalt approach, the
pattern-contingent suspension of this rule that we observed here
is new and is an effect, we claim, of the reliance on a principle
of grouping sensitive to the acoustic products of vocalization.

The binaural tests revealed no difference in performance be-
tween conditions of different competing tones, and phonetic
perception in this instance was far from impervious to the
effects of an unspeechlike competitor. This was apparently due
to masking between the second formant analog and the compet-
ing tones. Neither competitor completely obliterated the second
formant analogs that they opposed, for performance fell in the
middie of the range in those two conditions. Here, the compar-
ison between the binaural and dichotic tests is instructive for
interpreting whether the binaural outcomes reflect masking or
organization. Assume that performance on any of these six
tasks is potentially affected by attentional load, by competition
in perceptual organization, and by masking. Then, we may be
confident that the spatial opposition of rival tones in the di-
chotic case eliminates two kinds of masking of the second for-
mant analog present in the binaural case (Rand, 1974; Repp &
Bentin, 1984): (a) the masking effect of the competing tones,
whether constant frequency or speechlike, on the analog of the
second formant and (b) the masking of the second formant an-
alog by the first, which spreads upward in frequency. By the
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Figure 7. Group performance in Experiment 3: The binaural conditions and the dichotic conditions are
shown for each competitor type (left: no competitor, center: constant-frequency competitor, and right: tem-
porally reversed second formant analog competitor) arrayed left to right in the plot frame.

same reasoning, the competitor is dichotically freed from the
masking effect of the second formant analog, rendering its spec-
tro-temporal pattern more distinct. Dichotic presentation pre-
dictably allows the perceiver to isolate the spectro-temporal
properties of the second formant analog and its opponents, al-
though it evidently imposes a tax on performance for dividing
attention between the ears. Nonetheless, these conditions per-
mit us to observe a phonetic principle of perceptual organiza-
tion by delineating the effects of peripheral masking. Although
a parametric set of measures is warranted to confirm this ac-
count of the binaural case, the dichotic results offer indirect
corroboration of a masking explanation of the binaural cases,
while supplying direct evidence of a phonetic principle.

It should be mentioned, too, that primitive Gestalt-based au-
ditory analysis, with or without supplementary schemas, fails
to explain the outcomes of these tests. If similarity in location is
presumed to be an operative principle, then the effects of the
dichotic tests are impossible to handle, for grouping occurred
across the ears with no competitor and in the presence of an
unspeechlike competitor. If similarity in frequency variation is
presumed to be an operative principle, then the grouping of
tones to form sentences in binaural and dichotic conditions is

inexplicable, and no premise exists for rejecting any particular
tone pattern as a competitor to the tones forming the sentence
replica. If a schematic component is presumed to supply infor-
mation about the typical acoustic properties of speech, it is cer-
tain that sine-wave replicas fail to qualify as typical. Likewise,
the rapidly fading auditory trace of the sine-wave sentence is not
sufficiently durable to sustain a successful schematically driven
inspection. Overall, it is difficult to see how Gestalt-based prin-
ciples with schematic supplements apply to these complex en-
sembles. To group the auditory effects of speech production,
the listener rapidly detects acoustic variation consistent with an
articulating vocal tract and cannot project from proximal stim-
ulation to distal vocal object by resorting to the impoverished
similarity principles or typicality schemas offered in auditory
scene analysis. On the contrary, coherence among the compo-
nents of a sentence replica is established because the listener
detects their plausible origin in a vocal source.

General Discussion

The listener’s ability to follow a voice in a noisy acoustic field
has been taken as the classic example of perceptual organization
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for many years, although the kind of cocktail party in which
phonetic organization occurs can be a more intimate one, in-
deed. Even when one talker produces speech in an anechoic
field, a listener goes beyond the Gestalt rules to hear the diverse
acoustic elements as one stream. What governs this function?
In pursuing the answer, we transposed an argument (Bregman
& Pinker, 1978) that took the grouping principles as given and
supposed that they parse the auditory sensory array into sources
of sound. On the evidence of the first two experiments reported
here, we take the parsing of the acoustic array as given—for de-
tecting the coherence of a single speech signal, this is not a risky
assumption—and propose that the grouping principles respon-
sible for that feat must be subtler than those entertained in
Wertheimer’s (1923/1938) collection.

Testing the General Auditory Account With Speech
Sounds

The question motivating these studies is general: How does
the listener perceive the properties of objects from their acoustic
effects? Every account of auditory perceptual analysis attempts
to explain how knowledge of worldly attributes results from ex-
citation of the auditory system. However, to identify the distal
correlates of a disorderly mixture of auditory elements, the
acoustic inflow must be analyzed according to sources of sound
in the world. The ease with which the perceiver finds perceptual
streams in ordinary listening betrays the fundamental nature
of this part of perception, and in psychological accounts it has
seemed reasonable to suppose that this basic process can count
very little on sensitivity to complex auditory properties. Rather,
the simple criteria deriving from Gestalt principles of form have
guided the exposition of auditory perceptual organization.

At this juncture, the archives are rich with organizational
studies of arbitrary auditory forms rationalized by parameters
designed by Wertheimer (1923/1938), outlined by Julesz and
Hirsh (1972), and portrayed by Bregman and colleagues. Al-
though this endeavor has produced results that are certainly
consistent, as an empirical undertaking it stops short of the
problem that it set for itself. The picture of auditory organiza-
tion that this line of research created is largely free of ordinary
objects known through auditory means. Although the promise
is expressed regularly that this approach holds a key to organi-
zation according to sound sources, it has been rare for tests of
grouping to use the acoustic effects of real events. The justifi-
cations may be numerous for an empirical emphasis on lab-
made ensembles of tones and noises, yet the neglect of speech
as a suitable prospect for the needed test is glaring. The acoustic
attributes of speech signals are thoroughly familiar, and we have
taken the extension of auditory organization to speech to be a
convenient way of testing the general auditory approach with a
natural source. The result of our review of the current concep-
tualizations of auditory organization is not encouraging.
Speech, a commonplace sound, retains its perceptual integrity
under conditions that clearly and consistently violate the hypo-
thetical auditory criteria of grouping; the schema-based supple-
ment fails to achieve its dual purpose of safeguarding the audi-
tory primitives from falsification and of accommodating
speech.

Speech appears to be organized by virtue of its characteristic

spectro-temporal variation, which lies well beyond the simple
rules and typicality schemas endorsed in the present version of
auditory scene analysis. From the outset, we acknowledged that
ordinary utterances comprise a variety of acoustic elements, pe-
riodic and aperiodic, continuous and discontinuous, exhibiting
synchronous and asynchronous variation. From such observa-
tions, speech seemed a poor candidate for perceptual organiza-
tion by rules that admit little tolerance for dissimilarity of any
kind among components of a single stream. Although grouping
by one or another manner of likeness has found much support
in the technical literature on tones and noises, the reliance on
such metrics to identify the vocal products of a single talker
must fail, according to our acoustic audit of speech, stripping
consonantal release bursts, voice bars, fricative formants, and
nasal murmurs from the voiced formants.

Sinusoids exhibiting the frequency and amplitude variation
of the formants yet lacking their fine-grain acoustic structure
were treated as functional resonances, grouped together to pro-
duce phonetic perception in the absence of comodulation. The
differential grouping of tones with speechlike variation, ob-
served in our third experiment, indicates that perceptual orga-
nization can be keyed to attributes of the spectro-temporal
modulation characteristic of vocal sources. It is tempting to
suppose that perceptual organization specifically accommo-
dates vocal sound, for a spoken source of sound is both unique,
an anatomical resonator that exhibits graded and quantal
acoustic effects of continuous articulatory action (Stevens,
1972), and ubiquitous in human auditory experience.

The prospects of a domain-independent auditory approach
to perceptual organization seem no better in consequence of
our attempt to lend content to its claims. There still is need of a
convincing case that the Gestalt principles, whether supple-
mented by schemas or not, are able to approximate a perceptual
stream containing all and only the natural acoustic products of
a worldly source of sound. This is not to propose that oscillators,
noise generators, digital filters, and anechoic chambers are un-
natural constituents of a modern laboratory, only that idealized
acoustic patterns existing solely in the perfect world populated
by these devices fail to map the breadth of actual cases of per-
ceptual organization. It is precisely the lack of correspondence
between the domains of the laboratory and of the world that
makes auditory scene analysis a portrait limited to the domain
of the lab, despite an emphatic insistence on domain indepen-
dence as the goal of the enterprise. Natural sources of sound in
ordinary listening pose a substantial challenge, as we see here,
and an account of perceptual organization that fails-the world
must be discarded, however comprehensively it deals with arbi-
trary phenomena in vitro.

On the Independence of Phonetic and Auditory
Organization

Our motive to test the general auditory view stemmed from
the opportunity to evaluate the application of common fate in
the grouping of voiced formants. Evidence of the independence
of phonetic and auditory organization is the bonus obtained by
using sine-wave utterances in our attempt, regardless of how
each organization is accomplished perceptually. When phonetic
properties were evoked by sinusoidal ensembles, the impres-
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sions of incoherent unspeechlike tones occurred, indicating
that a sine-wave sentence satisfies criteria for two modes of or-
ganization simultaneously, the phonetic and the auditory. This
property of sine-wave replicas shows that phonetic organization
diverges from auditory scene analysis early in perception and
proceeds independently (as in the case of duplex perception; see
Whalen & Liberman, 1987). Presumably, phonetic principles
of organization find a single speech stream, whereas auditory
principles find several simultaneous whistles. Our dichotic con-
ditions exaggerate this effect in which the components contrib-
uting phonetic information occur at different locations.

Given an unmistakable rift between auditory and phonetic
functions, we must agree with Mattingly and Liberman (1990):
Scene analysis and phonetic organization occur independently
when the components of an acoustic display give rise simulta-
neously to impressions of a single phonetic and multiple audi-
tory sources. This independence of the two organizations of
sine-wave sentences hampers the generalization of our conclu-
sions about auditory perceptual organization from the case of
articulating vocal tracts to the broader class of natural sound
sources. Additional tests with nonphonetic natural sources of
sound are necessary to assess the potential of the Gestalt-based
approach for parsing the auditory world into streams issuing
from natural sound sources, as opposed to the simpler charge of
organizing ambiguous auditory forms. Nonetheless, the exam-
ple of speech may prove instructive. In the speech case, the Ge-
stalt rules were proven to be inadequate to the spectro-temporal
variation comprised in an ordinary utterance. A more general
way to put this fact is to note that simple mechanical changes
in the vocal source can create multiple acoustic effects for the
perceiver (Rubin, Baer, & Mermelstein, 1981). If this formula
happens to characterize the production of any nonvocal, non-
phonetic sound, we may simply expect the Gestalt rules to fail
for them as they do for speech. However, the simultaneous, in-
compatible phonetic and auditory organizations in the case of
sine-wave sentences can only discourage a search for common
primitives in the perception of speech and of auditory forms.
We conclude, then, that the Gestalt-based auditory account of
perceptual organization fails our tests on two challenges: (a) It
is unable to rationalize the grouping of acoustic elements com-
posing a speech signal, and (b) it prohibits the action of a pho-
netic mode of organization independent of the auditory mode.

Perceptual Organization of Speech: Natural Speech and
Sine-Wave Replicas

The tests that we performed in evaluating the auditory prin-
ciples of organization used exotic acoustic displays in compari-
son with the acoustic entities that confront the listener in ordi-
nary conversation. However, it is plain that phonetic principles
of perceptual organization apply no less to common cases than
to our uncommon ones. Neither the acoustic elements nor the
spectral shapes typical of speech are unique to speech. Rather,
the patterned frequency variation of the spectral peaks is
thought to be definitive of speech signals (Mattingly & Liber-
man, 1990; Remez, 1987; Stevens & Blumstein, 1981), as are
the discontinuities due to articulatory gestures with quantal
acoustic effects. Without the disposition to treat the signal as
the product of a complex object, one with multiple sources of

excitation and multiple reshapable resonant chambers, and to
ignore the dissimilarities and discontinuities among acoustic
constituents, the speech signal would fracture into the bits that
the general account warrants.

From this perspective, sine-wave replicas probably do not en-
Joy a special perceptual accommodation, as if our listeners im-
provised a method to fuse the components of an atypical signal.
Conceivably, the perceiver exploits the time-varying properties
preserved from the natural utterances by sinusoidal replicas.
In this way, we suppose that the perceiver conjures no special
resources to handle the tone ensembles, which are abstractly
phonetic by design. Overall, we conclude that the sine-wave rep-
licas demonstrate grouping by phonetic rather than by simple
auditory coherence, making use of organizational principles
that ordinarily function in the perception of natural speech.

Speech Mode and Modularity

Our findings register a claim about the specific requirements
for the perceptual organization of speech. With this step, we
Join a lively debate about the nature of speech perception that
has drawn evidence from biology, engineering, linguistics, neu-
rology, philosophy, and psychology (Mattingly & Studdert-Ken-
nedy, 1991). The pertinent antecedent to our account of per-
ceptual organization is a description by Mattingly and Liber-
man (1990) of the phonetic module, an autonomous perceptual
resource independent of the functions of scene analysis and po-
tentially preemptive of the open systems mediating the auditory
recognition of objects. We grant that the findings of the three
studies reported here add weight to the claim of independence
of phonetic perception from other auditory functions, for in ev-
ery case of sinusoidal presentation, our listeners heard multiple
tones, each a distinct sound source, whereas phonetic fusion
resulted in impressions of a single source of consonants and
vowels (see Remez, Pardo, & Rubin, 1993). Moreover, our find-
ings are consistent with the early separation of speech percep-
tion from auditory perception, warranted in the modular ac-
count. Does this mean that the phonetic and auditory impres-
sions evoked simultaneously by sine-wave sentences disclose
two modes of perceptual organization or two dedicated percep-
tual modules?

Collectively, our findings are consistent with some of the cri-
teria of modular function defined by Fodor (1983): The pro-
cesses of phonetic and auditory organization are fast and do-
main specific. That the action is fast we can infer, at least for
phonetic processes that are pegged to occur within the time
limit estimated by the decay of the auditory trace (for instance,
Pisoni, 1973). That the processes are domain specific is war-
ranted both for auditory perceptual organization and phonetic
perception. The former identifies sound sources in locations in
which amplitude or phase differences between the ears are de-
terministically projected into values of direction and elevation.
The function of phonetic organization, as we have argued, is
engaged by the occurrence of spectro-temporal patterns specific
to linguistically governed vocalization. In this regard, the phe-
nomena seem to be manifestations of modular activity. On
other grounds, however, we see that the perception of sine-wave
sentences is not consistent with three definitive properties of
perceptual modules: Phonetic perception of tone replicas is not



152 REMEZ, RUBIN, BERNS, PARDO, LANG

mandatory, nor is the process informationally encapsulated,
and, most obviously, we did not observe limited central access
to underlying representations, for the sine-wave patterns that
elicit phonetic impressions also are readily apparent as ensem-
bles of concurrently changing tones. However, this last inconsis-
tency with the principles of modular function only has force if
the resources serving phonetic perception also produce audi-
tory impressions of tone timbre, which seems unlikely. The vi-
olation of mandatoriness and encapsulation are more serious to
consider.

The incomplete satisfaction of the criteria of modularity is
due primarily to the finding that instructions greatly influence
the perceptual treatment of sine-wave sentences (Remez et al.,
1981). When listeners were asked simply to describe their spon-
taneous impressions of the tone patterns delivered through
headphones, they rarely heard sentences, reporting instead a va-
riety of mechanical, electronic, and avian attributes. However,
when a second group of listeners was explicitly instructed to
transcribe “the speech of a talking computer,” reports of the
sentence were quite accurate under the identical acoustic con-
ditions that had elicited so few spontaneous reports of linguistic
attributes. Yet a third group, which was requested to verify that
the computer had produced a particular sentence, reported that
they heard most of the words. Now, the hypothetical phonetic
module is an input system and necessarily receives the same
sensory inflow in all three conditions of instruction. If the action
of the module were mandatory, we would observe its effects re-
gardless of instructions, for the raw properties of sensory exci-
tation must determine whether a module operates or not and
whether it completes its analysis or passes. By the premise of
encapsulated function, too, the phonetic module would pursue
the same course regardless of instructions, which should no
more influence an instance of phonetic perception than an in-
stance of localization. If the beliefs of listeners facilitate or sup-
press action of the phonetic module, then speech uses a different
kind of input system than Mattingly and Liberman (1990) or
Fodor (1983) allow under the modular rubric.

What is the nature, after all, of phonetic perception: mode or
module? This question sharpens the point on an issue that we
have parried throughout our discussion of the significance of
sinusoidal sentences. Namely, the success of sinusoidal vehicles
in eliciting phonetic perception at all is the undoing of a
straightforward acoustic description of the causal properties of
speech perception. If a perceiver is satisfied by modulations of
an impossibly unspeechlike carrier, then no acoustic element
plays an essential role in perception, and the acoustic grit of
speech must merely provide the opportunity for a listener to
detect perceptually crucial properties of spectro-temporal vari-
ation. The effects of instruction appear to inflect this function
by the allocation of attention. The most pressing matter left to
us in describing the phonetic perception of sinusoidal replicas
is to understand the bifurcation in perceptual state that occurs
when these unspeechlike patterns are transformed from exclu-
sively auditory impressions into tones with phonetic attributes.
Presently, our results encourage a conceptualization of phonetic
perception independent of general auditory processes, as if there
were two distinct modes of perception, although our evidence
of instructional influence does not corroborate any orthodox
rendition of modularity.

Multimodal Coherence

What will an account of auditory perceptual organization ul-
timately contain? In part, this depends on tests analogous to
ours from which to determine whether Gestalt-based princi-
ples, with realistic schematic assistance, can manage the acous-
tic complexity of natural sound sources. The suitability of these
principles for organization in the perception of objects requires
a search for evidence, therefore, and can neither be asserted
from existing studies of ideal auditory forms nor denied, except
in the case of phonetic sources, on the basis of our findings.

In addition, what will the ultimate account of organization of
phonetic sources of sound contain? Although it is surely prema-
ture to propose a specific model, some of the attributes of pho-
netic organization are well enough resolved to enumerate:
(a) Phonetic organization exploits speechlike acoustic variation
independent of short-term spectra, (b) phonetic organization
occurs rapidly and analytically, (c) the grain of phonetic organi-
zation is nonsymbolic and does not derive linguistic attributes,
and (d) phonetic organization need not be learned. For now,
these attributes suffice to guide research on the perceptual orga-
nization of speech, although in aiming for an effective account,
larger considerations also apply.

Foremost in this regard is the likelihood that the auditory
organization of speech is simply a single aspect of multimodal
organization when the objects of perception happen to be utter-
ances. In such circumstances, perception through auditory and
visual modalities come to be aligned, as we have seen in a few
studies of the past decade that have set the organization problem
multimodally: The perceiver watches the talker while listening
(Kuhl & Meltzoff, 1988; Rosen, Fourcin, & Moore, 1981; Sams
et al., 1991; Summerfield, 1991). Despite the differences in the
way each modality provides information, the now-and-then vis-
ible structures of articulation and the acoustic signal of speech
combine perceptually as if organized in common to promote
multimodal perceptual analysis. In some uses of this perceptual
task, bimodal phonetic perception proves to be good, even when
the displays are manipulated experimentally to make the audi-
tory and visual components separately useless for conveying
consonants, vowels, and words (see Bernstein, 1989). The spe-
cific points of correspondence between the modalities that are
used to establish perceptual organization are simply unknown,
although the tolerance for discrepancy without loss of coher-
ence is surprisingly great (Summerfield & McGrath, 1984; see
also Fowler & Dekle, 1991). Naturally, it is difficult to imagine
an explanation of these phenomena by means of phonetic cri-
teria applied serially to each modality. Instead, it is appealing
to suppose that the criteria for the perceptual organization of
speech—visible, audible, and even palpable—are actually spec-
ified in a general form, removed from any particular sensory
modality, and are available to each when the world warrants it.
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