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Although our subjective experience of the world is one of dlscreta sotmd sources, ’the
imliwdual frequemy components that make up these separate sources are spmd

across the frequency spectrum, Listeners. use various simple cues, inc!udingf ,
mset time and harmomclty. to help them achieve this perceptual separati

',by the frequency resolution of the auditory system, and is much more e'ffectwe for

low-numbered, resolved harmonics than for higher-numbered, unresolved ones.

Our ability to use interaural time-differences (ITDs) in perceptual segregation poses a
paradox. Although ITDs are the dominant cue for the localization of complex sounds;
listeners cannot use ITDs alone to segregate the speech of a single talker from simi!ar i
snmuitaneous sounds. Listeners are, however, very good at using ITD to track a ‘
particular sonnd source across time. This difference might reflect two differc;nt !evnis of
auditory pmmssmg, indicating that listeners attend to gmuped auditory‘ obim rather

than to those fnqueﬂcies tha’! share a cormnon RD

Our conscious experience of sound usually consists of a
number of different, separate sound-producing events each
with their own location, pitch, loudness and quality. But
these separate sources are not explicitly present in the
sensory informartion. The sound waves from each source are
mixed together when they enter the two ears to make a
composite waveform. The problem of interpreting this
sound mixture in terms of separate events is broadly similar
to the visual problem of interpreting, in terms of three-
dimensional objects, the pair of two-dimensional images
formed on the two retinae. An important difference is that,
unlike vision, where adjacent retinal regions tend to be
stimulated by light from the same object, frequency com-
ponents from two separate sounds can be interleaved across
the whole frequency spectrum. Each sound source contains
many frequency components, and the components that
make up a particular sound are not constrained to occupy a
contiguous region of the auditory spectrum in the cochlea.
How does the brain sort out which components belong to
which sound source?

This problem has implications for a number of disciplines.
For composers, it is important that the listener should hear
separate sound sources for successful melodic lines and
polyphony, but also be able to blend different instruments
to give new tone colours. For engineers, the successful sepa-
ration of a single voice from other, competing sounds and
voices would increase recognition rates in automatic speech
recognition and the effectiveness of aids to sensorineural
hearing loss. For cognitive science, an understanding of
auditory attention integrated with auditory psychophysics,
perception and object recognition is an important goal.

Although the early Gestalt psychologists could have

taken advantage of music-box and pianola technology to
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carry out simple auditory analogues of their well-known
work in vision, extensive experimental and computational
work on the problem has occurred only over the past 20
years or so, with the advent of digital signal processing and
simpler computer control over complex auditory stimuli.
Modern experimental work on the segregation of complex
sound mixtures into perceptual ‘streams’ has been led by
Albert Bregman and reviewed in his book Auditory Scene
Analysis'.

Sequential grouping

The basic phenomenon of auditory stream segregation is
compelling, and was particularly exploited by Baroque
composers as ‘implied polyphony’ (one instrument sound-
ing like two). In its simplest form, two rapidly alternating
tones are heard as a trill when close in frequency, but as two
separate monotonous ‘streams’ as they are pulled apart.
Miller and Heise? used 100 ms tones — a musically plausible
trill rate — and found that a frequency difference of about
15% (a whole tone is 12%) was sufficient to force sepa-
ration into two streams. More extensive work was done later
on alternating tones by van Noorden®, who distinguished
between enforced separation at large frequency differences
and voluntary separation at smaller frequency differences
under attentional control.

A more elaborate demonstration of a similar effect was
made in Bregman and Campbell's seminal study®. They
showed that a sequence of six rapid notes breaks up into two
streams of three notes as the average frequency separation of
the two groups of notes is increased. Once segregation has
occurred, although listeners can readily distinguish the tem-
poral order of notes within a stream, they find it very diffi-
cult to judge the temporal order of notes in different streams
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Fig. 1 The Wessel lllusion - streaming by timbre. (A) The rapid, ascending, three-tone
motif in the left part of the figure streams into the two red and blue, slower descending mo-
tifs (in the right part of the figure) when alternate notes are played on sufficiently different
timbres®. In this example, the bottom few harmonics have been removed from the odd-num-
bered notes to give a brighter timbre, and the top few from the even-numbered notes to
give a duller timbre. (B) The compressed time-scale makes explicit the percept of descend-
ing triplets in the streamed condition.

— a finding reminiscent of the difficulty that listeners have
of accurately locating a click in a sentence’.

These simple demonstrations, using pure tones, illus-
trate a grouping principle of frequency similarity, where the
auditory system reduces the rate of change of frequency over
time within a stream by increasing the number of streams.
With complex tones, though, the situation becomes more
complex. For sequences of complex tones, consisting of a
series of harmonics (of frequency n.Fo) of a fundamental
(Fo), streaming can be determined by changes in timbre
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Fig. 2 Streaming by fundamental frequency. (A) The formant pattern is heard as the
repeating syllable ‘yayay...” when played on a monotone (giving a constant Fo). But if the
pitch is made to alternate between two different frequencies (B} then, after a couple of
cycles or so, the speech breaks up into two different voices, each speaking on one of the two
pitches. Moreover, because each voice is heard to be silent while the other is speaking, one
of the voices produces a formant pattern and silence that is heard as ‘gagag...”. The silence
that is necessary to produce the percept of a stop consonant, such as ‘g’, is not physically
present in the stimulus but is the resuit of stream segregation.
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and by changes in pitch. In addition, streaming can be
produced by changes in spatial location for both pure and
complex tones.

The Wessel illusion® is a particularly neat demon-
stration of streaming by timbre, and is illustrated in Fig. 1.
A rapid, ascending, three-tone motif streams into two
slower, descending motifs when alternate notes are played
on sufficiently different timbres®. Removing the bottom few
harmonics from the odd-numbered notes gives a brighter
timbre, whereas removing the top few harmonics from the
even-numbered notes gives a duller timbre. Tones that have
different gross average spectral properties (as in Fig. 1) are
more likely to stream, but dynamic attributes, including
artack duration and the change of the spectrum over time,
also have an influence’, so it is unlikely that such streaming
can be accounted for on the basis of simple frequency
channels.

An example of streaming produced by repeated changes
in pitch comes from an early experiment by Darwin and
Bethell-Fox® (Fig. 2). The frequencies of three formant
resonances are varied over time. When these resonances are
excited by a monotonous pulse train (giving a constant Fo)
listeners hear the repeating syllables ‘yayay...’. But if the
exciting pulse train is made to alternate between two differ-
ent frequencies then, after a couple of cycles or so, the
speech breaks up into two different voices, each speaking on
one of the two pitches. Moreover, because each voice is
heard to be silent while the other is speaking, one of the
voices produces a formant pattern and silence that is heard
as ‘gagag...” — the other ‘voice’ produces a curious sound be-
cause the rising first formant before the implied closure is
phonetically implausible.

Another grouping principle for the sequential organiz-
ation of sound is that of spatial location. The Wessel illusion
can be easily obtained if alternate notes are played to the left
and right ears rather than on different timbres. The story,
though, becomes more complex if more than one note is
present at a time. Deutsch? has shown that a tune that has
become unrecognizable when its notes are alternated across
the ears, does become recognizable again if each note is ac-
companied in the opposite ear by a simultaneous drone
note on a constant pitch. Deutsch’s result, and others like
it', indicate that grouping by fundamental frequency can
dominate over grouping by location, particularly when the
location cues are weakened by another simultaneous note.

Our own observations with the Wessel stimulus qualify
Deutsch’s conclusion. If we alternate the sounds of the
Wessel stimulus between the ears and put a drone tone in
the opposite ear, the percept is initially as Deutsch’s obser-
vations predict: we hear the original single, rapid, ascending
pattern of three notes, indicating that organization by
frequency is dominating over organization by location.
However, after a second or two, the percept changes to one
corresponding to a perceptual organization by location: a
slow descending pattern of three notes is heard in each ear.
The conclusion here is that the weakening of grouping by
location produced by the contralateral drone tone changes
over time. Grouping by spatial location becomes stronger as
a stimulus continues and might become dominant at longer
durations.
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