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Previous findings on streaming are generalized to sequences composed of more than 2
subsequences. A new paradigm identified whether listeners perceive complex sequences as a
single unit (integrative listening) or segregate them into 2 (or more) perceptual units (stream
segregation). Listeners heard 2 complex sequences, each composed of 1, 2, 3, or 4
subsequences. Their task was to detect a temporal irregularity within 1 subsequence. In
Experiment 1, the smallest frequency separation under which listeners were able to focus on 1
subsequence was unaffected by the number of co-occurring subsequences; nonfocused sounds
were not perceptually organized into streams. In Experiment 2, detection improved progres-
sively, not abruptly, as the frequency separation between subsequences increased from 0.25 to
6 auditory filters. The authors propose a model of perceptual organization of complex auditory

sequences.

When listening to a complex sound environment com-
posed of multiple sound sources, listeners must organize
incoming information in such a way as to separate the sound
mixture into distinct sources and perceptually link, over
time, events that belong to the same source (stream segrega-
tion and sequential grouping, respectively). These processes
are essential if listeners are to be able to concentrate on one
musical voice within a complex symphony or on a particular
conversation in a crowded room (the well-known ““cocktail
party problem” described by Cherry in 1953). In this article,
we examine how listeners perceptually organize complex
sequences of two or more concurrent subsequences. Manipu-
lation of structural characteristics of complex sequences
(such as the frequency and temporal separation between
adjacent subsequences) allowed us to study how these
features influence perceptual organization and, thus, to
deduce the underlying processes.

The intriguing characteristic of the perceptual organiza-
tion of complex auditory sequences is that the perceived
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structure varies considerably depending on certain structural
features of the sequences. Take, as an example, the stimuli
traditionally used in this type of experiment. Figure 1A
shows a complex auditory sequence composed of two
isochronous subsequences of pure tones. Each subsequence
is defined by a specific frequency—tempo (interonset interval
{IOI]) combination. An impressive body of research (Breg-
man & Campbell, 1971; Jones, 1976; van Noorden, 1975;
see Bregman, 1990, for a review) has established that the
perceived structure of these sequences depends to a large
extent on the relationship between the frequency and tempo
of the two subsequences. One major determining character-
istic concerns the difference in frequency between the two
subsequences (see Figure 1B): If the frequency difference is
small, listeners perceive a single sequence composed of the
alternation of the two subsequences (by a process of serial
integration). However, if the frequency difference exceeds a
certain limit (van Noorden’s fission boundary), the percept
changes considerably: Listeners sometimes report hearing
one of the two subsequences as a figure, with the other
subsequence making up the background (Bregman, 1990).
This organizational process is known as stream segregation
(Bregman & Campbell, 1971). Usually, listeners can choose
to focus attention on one of the subsequences or the other,
creating focused and nonfocused streams. In addition to the
influence of frequency separation, the perceptual organiza-
tion of the complex sequence also depends on the temporal
structure of the subsequences (Bregman, 1990; Jones, 1976;
Jones, Maser, & Kidd, 1978; van Noorden, 1975). Figure 1C
shows the interaction between frequency and temporal
relations: At faster rates, streaming becomes more likely,
even with relatively small frequency separations (Jones &
McCallum, 1987; van Noorden, 1975).

Figure 1C presents the three perceptual zones described
by van Noorden (1975) as a function of the frequency and
temporal separation between the two subsequences. Below
the fission boundary, listeners are unable to follow just one
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Figure I. A: Sequence composed of tones of two frequencies typically used in streaming
experiments. B: Two possible percepts into one or two streams. C: Schematic presentation of the
perceptual results of the interaction between frequency and temporal separations (after van Noorden,

1975). Exp = experiment.

subsequence; rather, they integrate all of the sounds into a
single stream. This perceptual limit depends mainly on the
frequency separation between the alternating tones (less than
3—4 semitones) which, according to Bregman (1990), re-
flects peripheral processing constraints because this fre-
quency separation corresponds approximately to the width
of one auditory filter (roughly speaking, the zone correspond-
ing to the frequency selectivity of sensory cells in the
cochlea; see Glasberg & Moore, 1990, for more precise
psychoacoustic definitions in terms of masking). Above the
temporal coherence boundary, listeners always hear two
streams. This perceptual limit was first described by Miller
and Heise (1950) as the point at which sequential integration
of all of the tones into one percept is no longer possible (trill
threshold). This boundary limiting the integration of the
entire sequence depends on both the frequency separation of
the alternating tones and the rate at which the events occur:
Larger frequency separations require a slower presentation
rate to maintain a serially integrated perception of the
sequence (i.e., one temporally coherent stream). Jones
(1976) and van Noorden (1975), as well as Anstis and Saida
(1985), have proposed that this phenomenon can be ex-
plained by “pitch motion™ processes. These processes
appear to function efficiently under a limit of about 0.15
semitones per millisecond. For Jones (1976), the selective
attention boundary (van Noorden’s fission boundary) also
reflects a pitch motion limit, but at a much lower rate of
about 0.006 semitones per millisecond. Sequences that fall
between these two boundaries (in the ambiguous zone) can
be perceived in either fashion (one or two streams) depend-
ing on the attentional requirements of the experimental task.
Attention can be manipulated experimentally by inducing
listeners to focus (or not) on particular physical characteris-
tics within the sequence by providing a cue (Botte, Drake,
Brochard, & McAdams, 1997; Davidson, Power, & Michie,
1987) or by creating expectations (Dowling, 1973; Dowling,
Lung, & Herrbold, 1987; Jones & Boltz, 1989), leading to

the sequence being perceptually organized in a particular
fashion.

The main aim of this article is to generalize these classic
results that have been obtained with two subsequences to
more complex sequences composed of two, three, or four
subsequences. We address three questions. The first con-
cemns the size of frequency separation necessary for stream
segregation when there are three (or more) subsequences
and, thus, two (or more) frequency separations involved. Is
the same size of frequency separation required between each
of the pairs of subsequences as with simpler sequences, or is
a larger frequency separation necessary because it must be
separated from more potential streams? The second question
concerns the perceptual organization of nonfocused subse-
quences. In the traditional case of two subsequences, there
are just the focused and nonfocused streams, but in the more
complex case of three subsequences, there are the focused
stream and the others: Are the others segregated into
separate streams (thus creating three perceptual units or
streams), or are the events in the other subsequences mixed
into a single perceptual unit? The third question concerns the
interrelationship among the three perceptual zones described
above (below the fission boundary, in the ambiguous zone,
and above the temporal coherence boundary): Does percep-
tion change abruptly and qualitatively among the three
zones, reflecting distinct sets of processes, or is there a
gradual passage from one to the other reflecting a continua-
tion in underlying processes?

A second aim of these studies was to investigate the role
of skill in this perceptual organization. Musicians have had
considerable experience in listening analytically to complex
sequences. Do they hear sequences in a different way from
novice listeners (nonmusicians)? Experimental evidence
suggests that musicians have heightened sensitivity to
temporal aspects of a sequence relative to nonmusicians;
musicians are able to detect smaller tempo changes (Drake
& Botte, 1993) and temporal irregularities (Jones, Jagacin-
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ski, Yee, Floyd, & Klapp, 1995) than nonmusicians. Evi-
dence in the literature (e.g., Davidson et al., 1987; Smith,
Hausfeld, Power, & Gorta, 1982) suggests that musicians
perceptually organize complex sequences in a different way
from nonmusicians. However, Jones et al. (1995) found no
evidence of increased attentional flexibility in musicians as
compared with nonmusicians; whereas musicians were more
able to detect a temporal jitter, they were not more likely to
change from selective to integrative attending in accordance
with the optimum strategy. Here we tested the further
possibility that improvements with skill may involve shifts
of the fission boundary; stream segregation may occur with
smaller frequency separations for expert listeners.

A pew paradigm has been developed to address these
issues. The aim was to create an objective measure of stream
segregation, in contrast to previous tasks that have tended to
be rather subjective, with participants required to recognize
a particular rhythm (e.g., van Noorden, 1975), choose
between possible organizations (e.g., Davidson et al., 1987),
or estimate degree of segregation on a numerical scale
(Rogers & Bregman, 1993). Our experimental rationale
involved asking listeners to detect a small temporal irregular-
ity hidden within a complex sequence so that the task could
be accomplished only if listeners perceptually organized the
sequence into streams.

An example of one trial is presented in Figure 2.
Participants heard two complex sequences, each composed
of two to four subsequences. They were asked to detect a
temporal irregularity embedded in one subsequence (the
target subsequence) of one complex sequence. Their task
was to indicate whether the temporal irregularity was in the
first or second complex sequence. Attention was directed
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toward the target subsequence by preceding the complex
sequences with a simple cue sequence of the same frequency-
tempo combination as the target subsequence. The principle
behind these experiments revolved around the fact that the
ease with which listeners can detect a temporal irregularity
depends on the tempo of the sequence: Temporal sensitivity
is best at intermediate tempi (200-ms to 800-ms IOI) and
decreases considerably at faster and slower rates (Drake &
Botte, 1993; Friberg & Sundberg, 1995; Hibi, 1983). Thus, if
the complex sequence is perceptually segregated into streams,
the temporal irregularity has to be detected in relation to the
tempo of the focused target subsequence. The size of the
temporal irregularity was fixed in such a way as to be well
above threshold and thus easily detectable in these condi-
tions. However, if the sequence is not perceptually segre-
gated into streams, the reference tempo is a combination of
the tempo of all of the subsequences (i.e., an irregular, faster
tempo).

The complex temporal framework of the entire sequence
is shown at the bottom of Figure 2. The tempi of the
subsequences (IOIs of 700, 500, 400, and 300 ms) were in
inharmonic ratios (e.g., simple multiples of two or three) to
prevent listeners from extracting a hierarchical rhythmic
structure (e.g., binary and ternary rhythms). The size of
temporal irregularity used here was below the threshold
associated with this framework and thus could not be
detected. This paradigm is similar to the one used by Jones et
al. (1995), although they used a fixed-size temporal irregular-
ity and manipulated the attentional set by changing the
instructions.

Our experimental rationale is valid only if we can
demonstrate two facts. First, the probability of detecting the
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Figure 2. Experiment 1: Each trial consisted of a single cue sequence followed by two complex
sequences composed of 1, 2, 3, or 4 subsequences. In this example, the 4 subsequences are presented
(Subsequence 1, 700 ms; Subsequence 2, 500 ms; Subsequence 3, 400 ms; and Subsequence 4, 300
ms), and Subsequence 1 is cued. The arrow shows an exaggerated example of a temporal irregularity
in the cued subsequence. Higher frequency subsequences were progressively added and cued during
the experiment. See text for details of the frequency separation scale. ERBs = equivalent rectangular

bandwidths.
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temporal irregularity must be similar in all four subse-
quences. Control Experiment 1 verified that this was the case
by measuring temporal irregularity detection thresholds in
simple sequences (one subsequence) varying in tempo from
300-700 ms IOIs. Second, it must be demonstrated that the
temporal irregularity cannot be detected if listeners do not
perceptually organize the sequence into streams, using a
global listening strategy instead. Control Experiment 2
verified this point by measuring percentage correct detection
of a temporal irregularity under conditions in which stream
segregation should be impossible to show that the temporal
irregularity is not detected in relation to the sequence as a
whole.

We present two main experiments using this rationale in
different experimental paradigms to provide converging
evidence for the processes involved in the perceptual
organization of complex sequences. In Experiment 1, we
first established the minimum frequency separation (MFS)
between two adjacent subsequences under which each
listener was able to focus attention on each subsequence and
thus detect the temporal irregularity in the focused subse-
quence. This was done by gradually increasing the fre-
quency separation by steps of one auditory filter bandwidth
(expressed in equivalent rectangular bandwidths [ERBs], a
commonly used mathematical method for characterizing the
width of auditory filters; Glasberg & Moore, 1990) until the
listener was able to focus efficiently enough on a particular
subsequence to allow estimation of a threshold by an
adaptive two-alternative forced-choice method (no conver-
gence is obtained if responses are random). The MFS was
established in this way for each subsequence in relation to all
other adjacent subsequences for complex sequences com-
posed of two, three, or four subsequences. The question of
the perceptual effort required when one is processing
concurrent subsequences was addressed by comparing the
values of the thresholds obtained in these borderline condi-
tions. If all of the unattended subsequences are processed
within the same perceptual unit, an increasing number of
distracting subsequences should not alter performance, so
we expected constant thresholds. Alternatively, if each
unattended subsequence is processed separately, temporal
detection performance should decrease as a result of in-
creased processing load.

Experiment 2 investigated the improvement of selective
attending as the frequency separation between adjacent
subsequences increased above the extreme focusing condi-
tions of Experiment 1. Most theories of stream segregation
(Bregman, 1990; Jones, 1976; van Noorden, 1975) predict
that focusing on one stream should become easier as stimuli
are situated at different points along a continuum: As the
frequency separation increases, the stimuli are situated
initially below the fission boundary, then within the interme-
diate zone, and finally above the temporal integration
boundary (see Figure 1C). The possible percepts should thus
change from a situation in which it is impossible to focus on
one subsequence (integrated listening), through a state in
which focusing either on individual subsequences or on their
integration into a single stream is possible, to a state of
obligatory segregation and focusing on individual streams.
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The idea of zones presented by previous authors suggests
three distinct perceptual states. This may be a useful
descriptive tool, but we suggest, rather, that there is a
gradual passage from one state to another, with the probabil-
ity of successfully focusing on one stream gradually increas-
ing with an increased frequency separation. We tested this
hypothesis by measuring the ability of listeners to detect a
fixed-size temporal irregularity in each of the three subse-
quences of a complex sequence as the frequency separation
passed from one extreme to the other. We also predicted that
the probability of successfully focusing on one particular
streamn would depend on certain physical characteristics of
the sequence (position of the subsequence within the com-
plex sequence) and on the focusing abilities of the listener.
We therefore measured the probability of successfully
focusing on one stream for (a) subsequences with the
highest, lowest, and intermediate frequencies; (b) subse-
quences surrounded by subsequences of different tempo-
frequency combinations; and (c) musician and nonmusician
listeners.

Control Experiment 1: Detection
Unaffected by Subsequence Tempo

Experiments 1 and 2 involved the use of complex
sequences composed of at least two subsequences, each
defined by a specific tempo and frequency. The experimental
rationale was based on the fact that detection of a temporal
irregularity is equivalent in all subsequences. As a result of
the long experimental procedures, not all tempo—frequency
combinations could be tested in the main experiments.
Previous studies (see Botte et al., 1997) have indicated no
differences in detection for the frequency range used here.
However, it remains to be established that a small temporal
irregularity (in sequences presented on their own) is equally
detectable in each of the four tempi used (I0Is of 700, 500,
400, and 300 ms). These tempi were chosen because they
fall into the range of optimal temporal sensitivity observed
previously (Drake & Botte, 1993; Friberg & Sundberg,
1995; Hibi, 1983; Hirsh, Monahan, Grant, & Singh, 1990).
Weber’s law should apply within this range, and so we
predicted similar thresholds for the four tempi.

Method

Stimuli. Each trial consisted of the successive presentation of
two isochronous sequences composed of 234 Hz tones with IOIs of
300, 400, 500, or 700 ms. The total duration of each sequence was
fixed at 3,650 ms, and so the number of tones in the sequence
varied with the tempo (6, 8, 10, and 13 tones, respectively). A
temporal irregularity was created by advancing or delaying, in
relation to regularity, the onset of one tone in one of the sequences,
near the beginning, middle, or end of the sequence. A silence of
1,700 ms separated the two sequences. Tones had a duration of 50
ms (including 10-ms onset and offset ramps) and were presented to
both ears at 70 dB SPL. All of the subsequences began at the same
time, to avoid listeners’ attention being drawn toward the frequency
region of the tone heard first.

Procedure. Participants heard two sequences. Their task was to
indicate whether the temporal irregularity was in the first or second
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sequence. Thresholds were calculated with an adaptive method (1
up—4 down) leading to a theoretical 84.1% detection level (Levitt,
1971). Four successive correct answers resulted in a decrease of
1%; one incorrect answer led to an increase of 1%. The threshold
measurement stopped after six reversals (changes in direction), and
detection thresholds were calculated by averaging over the last four
reversals. The initial value of the irregularity was 5% of the
reference tempo. This value was adopted because pilot studies
indicated that thresholds were close to this value, thus increasing
accuracy and reducing the length of experimental sessions. The
first five responses were excluded from the calculation. On
average, 35 trials were required to reach threshold criteria. Each
measurement was repeated three times.

Apparatus. Sequences were generated by a digital signal
processing card (OROS) and controlled by a personal computer.
Participants sat in a soundproof room and listened to sequences
through headphones (TDH 49). A programmable attenuator (Charyb-
dis D) controlled sound levels. Participants gave their response by
pressing one of two buttons, and they received visual feedback
indicating the correctness of their response.

Participants. Ten listeners took part in this experiment. They
all had normal hearing and were paid for their participation. All
were undergraduate psychology students at René Descartes Uni-
versity who had not previously participated in psychoacoustic
experiments.

Results and Discussion

A repeated measures analysis of variance (ANOVA) on
detection thresholds with tempo (four levels) and repetitions
(three levels) as independent variables yielded no significant
main effects or their interaction. Detection rates, averaged
over repetitions, were almost the same for all of the tempi
(5.8%, 5.9%, 4.3%, and 5.3% for 10Is of 300, 400, 500, and
700 ms, respectively). These values are in good agreement
with those generally found for irregularity detection in
isochronous sequences (Friberg & Sundberg, 1995; Hibi,
1983; Hirsh et al., 1990). Thresholds are relatively steady
and range from 4% to 7%, depending on the method used. In
the tempo region studied here (300-ms to 700-ms IOIs),
Weber’s law seems to describe correctly temporal detection
sensitivity. It corresponds to the classical region (200-800
ms) of optimum temporal sensitivity (Drake & Botte, 1993;
Fraisse, 1967; Jones & Boltz, 1989). These four tempi were
therefore used in the main experiments.

Control Experiment 2: Temporal Irregularity
Undetectable Under Global Listening

The experimental rationale of the two main experiments
was based on the assumption that listeners are unable to
detect temporal irregularity if they have not perceptually
organized the sequence into streams; they use a global
listening strategy (by a process of serial integration). Tempo-
ral irregularity should be undetectable in such conditions as
a result of the much larger Weber fractions required because
the temporal irregularity must be detected in relation to the
rapid, irregular rthythm presented at the bottom of Figure 2.
To test this assumption, we measured listeners’ detection of
a temporal irregularity under conditions in which stream
segregation should be impossible (small frequency separa-
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tion and without a cue) to verify that the temporal irregular-
ity was not detected in relation to the sequence as a whole.
Thus, in this control experiment, we compared the detection
performance for the irregularity in the presence or absence
of a cue sequence, in conditions in which stream segregation
was easy (large frequency separation) or hard (small fre-
quency separation). We predicted that performance would be
near chance level when streaming was impossible, that is,
when the frequency separation was small or when the target
subsequence was not cued.

Method

Stimuli. 'We presented complex sequences composed of three
subsequences. The three IOIs of the subsequences were 700 ms
(Subsequence 1 [S1]), S00 ms (Subsequence 2 [S2]), and 300 ms
(Subsequence 3 [S3]). The number of tones in each subsequence
varied so as to provide a fixed total duration of 3,650 ms (6, 8, and
13 tones, respectively). The frequency separation between these
subsequences was varied on a psychoacoustically derived scale
thought to correspond loosely to the position of maximal stimula-
tion of a pure tone along the basilar membrane. This scale is
expressed in units related to the estimated bandwidth of auditory
filters. The ERB (in Hz) is calculated according to the following
formula: 24.7 X (4.37F + 1), where F is the central frequency
expressed in kHz (Glasberg & Moore, 1990). In our stimuli,
frequencies were separated by 1 or 6 ERBs. A local temporal
irregularity was always placed in Subsequence 2 (target subse-
quence), but the frequency varied from trial to trial, so the target
could be the highest, middle, or lowest subsequence.

Procedure. In a two-interval forced-choice paradigm, we pre-
sented two complex sequences each composed of three subse-
quences. Listeners were required to indicate whether the irregular-
ity was in the first or second complex sequence. The size of the
irregularity was well above detection threshold (75 ms: 15% of the
500-ms target tempo). The frequency position (high, middle, or
low) of the target stream and the amount of frequency separation
between the subsequences were randomized over trials. For half of
the trials, the two complex sequences were preceded by a cue
sequence corresponding in frequency and tempo to the target
stream (cued condition). For the other half, this cue sequence was
replaced by a silence of the same duration (noncued condition). In
all, listeners completed 120 trials (2 cues X 3 positions X 2
frequency separations X 10 repetitions).

Apparatus. The apparatus was the same as in Control Experi-
ment 1.
Participants. Thirty-one listeners took part in this experiment.

They all had normal hearing and were paid for their participation.
All were undergraduate psychology students at René Descartes
University who had not previously participated in psychoacoustic
experiments.

Results and Discussion

An ANOVA on condition (cued vs. noncued), frequency
separation (1 vs. 6 ERBs), and frequency position (high vs.
middle vs. low) showed an effect of frequency separation,
F(1, 30) = 11.66, p < .002, and cuing condition, F(1, 30) =
8.96, p < .00S, but not an effect of frequency position. There
was a significant interaction between condition and position,
F(1, 30) = 7.42, p < .01. Detection performance, averaged
over frequency position, is summarized in Table 1. Listeners
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Table 1

Control Experiment 2: Correct Detection Percentages for
the Easy and Hard Focusing Conditions With and Without
a Cue Sequence

6 ERBs 1 ERB
Condition (easy streaming) (hard streaming)
With cue 90.4 60.2
Without cue 62.4 59.1
Note. ERB = equivalent rectangular bandwidth.

were unable to detect the temporal irregularity with either a
small frequency separation or without the presence of a cue
sequence. Detection was possible only with the wide
frequency separation in the presence of the cue. As pre-
dicted, listeners were unable to detect the temporal irregular-
ity under conditions that made stream segregation very
difficult, thus implying a giobal listening strategy. The
second experimental assumption was therefore confirmed.
The results of these two control experiments thus provide
evidence in support of the experimental rationale used in the
two main experiments.

Experiment 1: Effect of Number
of Co-Occurring Subsequences

Experiment 1 investigated how the process of stream
segregation is influenced by the surrounding context. The
large amount of research dealing with stream segregation
has concentrated primarily on sequences containing only
two subsequences and does not predict the effect of a larger
number of distracting subsequences. Here we compared
listeners’ ability to detect temporal irregularities in condi-
tions of increasing mixture complexity. Complexity was
manipulated by varying the number of potential streams
(from one to four), which we call subsequences. The term
streams is reserved for the perceived grouping of similar
tones into a perceptual unit. Does it become more difficult to
focus on one subsequence when it is embedded in an
increasingly complex mixture? Are nonfocused subse-
quences processed separately with as many perceptual units
as there are potential streams, or are they processed as a
single perceptual unit?

To address these issues, we needed an indication of the
ease of stream segregation. This was done by obtaining a
measure of the MFS between adjacent subsequences neces-
sary for listeners to focus efficiently on a particular subse-
quence. This is equivalent to measuring the position of van
Noorden’s fission boundary. We investigated how this MFS
varied under different experimental conditions: We expected
it to be larger for harder processing conditions and, thus,
larger for mixtures containing more subsequences. The MES
was established by gradually increasing the frequency
separation between adjacent subsequences by steps of one
auditory filter bandwidth. Listeners were considered to have
perceptually organized the sequence into streams once they
were able to focus on the cued subsequence and to detect the
temporal irregularity embedded within it. Irregularity de-
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tection thresholds were measured under these borderline
conditions.

Method

Stimuli. Sequences were composed of one, two, three, or four
simultaneous subsequences of pure tones that were defined by
tempo and frequency (see Figure 2). S1 had the lowest frequency
(234 Hz) and the slowest tempo (700-ms IOI) and remained
constant throughout the experiment. Other higher and faster
subsequences were added at frequencies above S1.

The tempi of $2-S4 were fixed (S2, 500-ms IOI; S3, 400-ms
101, and S4, 300-ms IOI). Each sequence lasted 3,650 ms, so the
number of tones varied for each subsequence (S1 = 6 tones,
S2 = 8 tones, S3 = 10 tones, and S4 = 13 tones). All of the
subsequences began at the same time to avoid listeners’ attention
being drawn toward the frequency region of the tone heard first.

The frequencies of S2 to S4 were varied; they corresponded to
multiples of a 1-ERB frequency separation above 234 Hz. A local
temporal irregularity was created by advancing or delaying the
onset of one of the tones in one of the subsequences in relation to
regularity (see Figure 2). As a means of increasing stimulus
uncertainty and thus enhancing the need to maintain focus through-
out the sequence, the irregularity could occur in one of three
positions, near the beginning, middle, or end of the sequence
(Tones 3, 4, and 5 for S1; tones 3, 5, and 6 for S2; Tones 4, 5, and 9
for S3; and Tones 5, 7, and 10 for S4). Tone durations were 50 ms
(including 10-ms onset and offset ramps) and were presented to
both ears at the same level (70 phons; see Scharf & Houstma,
1986). The two complex sequences were preceded by a cue
sequence that had the same tempo and frequency as the subse-
quence containing the temporal irregularity in one of the complex
sequences.

Procedure. Participants heard the isochronous cue sequence
followed by two complex sequences, which were identical except
that one contained a temporal irregularity in the corresponding
cued subsequence. Their task was to detect this irregularity by
pressing a button indicating whether it was in the first or second
complex sequence. They received visual feedback indicating the
correctness of their response.

‘We established the MFS (measured in ERBs) between adjacent
subsequences under which listeners could successfully focus on
each subsequence separately. “Successful focusing” was defined
as the possibility of measuring a threshold with an adaptive
staircase procedure (see the Method section of Control Experiment
1 for full details of the 84.1% tracking procedure). We then
recorded the temporal irregularity thresholds obtained under these
extreme focusing conditions.

The experimental session was as follows. In the single-
subsequence condition, detection thresholds were measured for S1
alone (S1 = 700 ms and 234 Hz; in this case, there was no need for
a cue sequence). This provided a baseline measure for single-
subsequence sequences. In the two-subsequence condition, thresh-
olds were measured for both subsequences (S1 = 700 ms and 234
Hz, S2 = 500 ms and 234 Hz + 1 ERB). If the participant was
unable to focus on either subsequence (it was not possible to
establish a threshold because the 1 up-—4 down staircase did not
converge), the difference between the two subsequences was
increased by one auditory filter width (ERB), and another attempt
was made to establish a threshold. If the participant was still not
able to focus, the difference was increased by further steps of 1
ERB until a threshold was established indicating that the partici-
pant could focus on both subsequences. We recorded the detection
thresholds for both focused subsequences, as well as the MFS
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(measured in ERBs) required to obtain these thresholds. In the
three- and four-subsequence conditions, the procedure was reiter-
ated with three and then four subsequences by adding S3 and S4,
respectively, 1 ERB above the last MES measured. In each case, the
frequency differences between each subsequence were increased
by steps of 1 ERB until the participant could focus on, and
thresholds could be measured for, each subsequence. Once again,
we recorded the detection thresholds for both focused subse-
quences, as well as the MFS (measured in ERBs) required to obtain
these thresholds.

As described previously (see control experiments), detection
thresholds were measured for temporal irregularities via an adap-
tive 1 up—4 down procedure (Levitt, 1971). The detection threshold
was the degree of temporal irregularity (expressed as a percentage
of the target tempo) correctly detected 84.1% of the time. Four
successive correct answers resulted in a decrease of 1%; one
incorrect answer led to an increase of 1%. Each threshold
measurement began with a 10% anisochrony. This value was
adopted because pilot studies indicated that thresholds were close
to this value, thus increasing accuracy and reducing the length of
experimental sessions. The threshold measurement stopped after
six reversals (changes in direction), and detection thresholds were
calculated by averaging over the last four reversals. On average, 45
trials were required to reach threshold criteria.

For each participant, we obtained 10 thresholds, 1 for each
subsequence in each condition (1 for the single-subsequence
condition, 2 for the two-subsequence condition, 3 for the three-
subsequence condition, and 4 for the four-subsequence condition).
We also obtained 12 MFSs (2 in the two-subsequence condition {S1
in relation to S1 = S1/82 and S2/81], 4 in the three-subsequence
condition [S1/S2, 82/S1, §2/83, and S3/S2], and 6 in the four-
subsequence condition {S1/S2, S2/S1, S2/83, §3/S2, S3/S4, and
S4/83]). Once thresholds had been obtained for all conditions, the
entire procedure was repeated. Listeners completed roughly six
1.5-hr sessions.

Apparatus. The apparatus was the same as in the control
experiments.
Participants. Seven listeners took part in this experiment.

They all had normal hearing and were paid for their participation.
All were undergraduate psychology students at René Descartes
University who had not previously participated in psychoacoustic
experiments. None of them had a strong musical background (they
did not read or play music).

Table 2
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Results

To simplify the presentation of this complex set of data,
we have chosen to first present an overview of the results
{minimum frequency differences and detection thresholds).
Then portions of the data are described to provide answers to
specific questions.

Overview of MES between subsequences. Tables 2, 3, 4,
and 5 show all MES values between adjacent subsequences
that participants needed to focus on one subsequence within
a complex sequence and, thus, detect the temporal irregular-
ity (i.e., an 84.1% threshold was obtained). The results are
expressed as the number of participants needing 1, 2, 3, or 4
ERBs to focus on each subsequence. Tables 2, 3, 4, and 5
show the MFS needed for S1, S2, S3, and S4, respectively, in
relation to the possible surrounding subsequences (S2 for
S1, S1 and S3 for 52, S2 and S4 for S3, and S3 for S4). In
addition, the MFS was calculated for S1 in relation to S2 in
three contexts (when there were two, three, or four subse-
quences in the complex sequence). The results are shown
separately for the first and second runs. For instance, when
S1 was presented with S2, 6 of the 7 listeners needed only 1
ERB to successfully calculate a threshold. The other listener
needed 2 ERBs. This was true for all of the contexts (number
of subsequences present in the complex sequence) and for
the two runs. Wider MFSs were needed in other conditions;
these are discussed later in relation to specific questions.

Qverview of detection thresholds. Once the MFS had
been established, we recorded the detection thresholds under
each experimental condition. Table 6 shows an overview of
all mean temporal irregularity detection thresholds (ex-
pressed as a percentage of the tempo of the cued subse-
quence) for each experimental condition (10 conditions
created by the four subsequences in different contexts within
the complex sequence). A repeated measures ANOVA on the
temporal irregularity detection thresholds with subsequence
position within the complex sequence (10 levels) and run (2
levels) as variables revealed only a significant effect of
subsequence position within the complex sequence, F(9,

Number of Participants Requiring 14 ERBs to Focus on Cued Subsequences:

Subsequence I (in Relation to Subsequence 2)

Number of

Frequency separation

Run subsequences 1 ERB

2 ERBs 3 ERBs 4 ERBs

First 22
33
48
Second 22
33.
4a

(e, We e We Wa We

1

OO OOOQ
COOOOO

M e bk e

Note.

N = 7. The minimum frequency separation was calculated for each subsequence when

presented with all other possible adjacent subsequences. Subsequences 1 and 4 were always in an
outer position and so were situated only in relation to one other subsequence (above or below),
whereas subsequences 2 and 3 could be in either an outer or an inner position and so could be situated
in relation to two other subsequences (both above and below). ERB = equivalent rectangular

bandwidth.
2Cued subsequence was in an outer position.
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Number of Participants Requiring 1-4 ERBs to Focus on Cued Subsequences:
Subsequence 2 (in Relation to Subsequences I and 3)

Subsequence 2-Subsequence 1

Subsequence 2—Subsequence 3

Number of 1 2 3 4 1 2 3 4
Run subsequences ERB ERBs ERBs ERBS ERB ERBs ERBs ERBs
First 22 3 4 0 0
3 0 2 5 0 1 0 5 1
4 0 2 4 1 0 3 4 0
Second 22 6 1 0 0
3 3 3 1 0 3 3 1 0
4 3 3 1 0 1 5 1 0
Note. N = 7. The minimum frequency separation was calculated for each subsequence when

presented with all other possible adjacent subsequences. Subsequences 1 and 4 were always in an
outer position and so were situated only in relation to one other subsequence (above or below),
whereas subsequences 2 and 3 could be in either an outer or an inner position and so could be situated
in relation to two other subsequences (both above and below). ERB = equivalent rectangular

bandwidth.
*Cued subsequence was in an outer position.

54) = 23.10, p < .01. This effect of position can be analyzed
only by breaking it down in relation to the other experimen-
tal factors (see following).

Question 1: Single-subsequence and multisubsequence
contexts. Is it more difficult to detect temporal irregulari-
ties within a subsequence when it is embedded in a
multisubsequence context than when it is on its own? If so,
this difference would reflect the difficulty of extracting a
particular subsequence out of a complex mixture (i.e., a
difficulty in selective attending). Figure 3 shows mean
temporal irregularity detection thresholds expressed as a
percentage of the target tempo in each of the subsequence
contexts. When the participants listened to an isolated
subsequence, the thresholds were relatively low, at 6.0%.
This value was in the same range as those found in our
control experiment (5.3%) and in the literature (between 4%
and 7%; e.g., Friberg & Sundberg, 1995; Hibi, 1983; Hirsh
et al., 1990). It was much lower than those obtained here
when the same target subsequence was incorporated into a
multisubsequence context (12.5% to 17.6%). A repeated

Table 4

measures ANOVA on the detection thresholds with context
(four levels) and run (two levels) as variables revealed a
significant effect of context, F(6, 18) = 70.91, p < .01, but
not of run. Planned comparisons revealed a significant
difference between the single-subsequence and multisubse-
quence contexts, F(1, 6) = 111.02, p < .01, but no
significant differences among the three multisubsequence
contexts. These results show that when the participants had
to direct their attention to one particular subsequence, there
was a sizable decrease in temporal performance relative to
the single sequence.

Question 2: Relative position. Does the ability to focus
on one subsequence depend on the relative position of that
subsequence in the complex sequence? Both the MFS and
threshold data indicate that it is harder to focus on inner
subsequences (S2 in the three-subsequence context, S2 and
53 in the four-subsequence context) than on outer subse-
quences (S1 and S2 in the two-subsequence context, S1 and
S3 in the three-subsequence context, S1 and S4 in the
four-subsequence context). First, Table 7 shows that all of

Number of Participants Requiring 1-4 ERBs to Focus on Cued Subsequences:
Subsequence 3 (in Relation to Subsequences 2 and 4)

Subsequence 3-Subsequence 2

Subsequence 3—Subsequence 4

Number of 1 2 3 4 1 2 3 4
Run  subsequences ERB ERBs ERBs ERBS ERB ERBs ERBs ERBs
First 32 3 4 0 0
4 0 3 4 0 1 4 2 0
Second 32 6 1 0 0
4 1 5 1 0 2 3 2 0
Note. N = 7. The minimum frequency separation was calculated for each subsequence when

presented with all other possible adjacent subsequences. Subsequences 1 and 4 were always in an
outer position and so were situated only in relation to one other subsequence (above or below),
whereas subsequences 2 and 3 could be in either an outer or an inner position and so could be situated
in relation to two other subsequences (both above and below). ERB = equivalent rectangular

bandwidth.
3Cued subsequence was in an outer position.
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Table 5

Number of Participants Requiring 1-4 ERBs to Focus
on Cued Subsequences: Subsequence 4 (in Relation
to Subsequence 3)

Number of 1 2 3 4

Run subsequences ERB ERBs ERBs ERBs
First 42 4 3 0 0
Second 42 6 1 0 0

Note. N = 7. The minimum frequency separation was calculated
for each subsequence when presented with all other possible
adjacent subsequences. Subsequences 1 and 4 were always in an
outer position and so were situated only in relation to one other
subsequence (above or below), whereas subsequences 2 and 3
could be in either an outer or an inner position and so could be
situated in relation to two other subsequences (both above and
below). ERB = equivalent rectangular bandwidth.

2Cued subsequence was in an outer position.

the participants needed a small separation (1 or 2 ERBs) to
focus on outer subsequences, whereas a wider separation
was needed for inner subsequences (half of the participants
needed a larger separation of 3 or 4 ERBs). These results for
the two-subsequence conditions are similar to those of van
Noorden (1975), who found MFSs of between 3 and 5
semitones (1 ERB at 234 Hz corresponds to less than 4
semitones). Similarly, for the same subsequences, thresholds
were significantly lower when they were in an outer position
(12.6%) than when they were in an inner position (16.6%),
an effect confirmed by planned contrasts (subsequences in
outer positions vs. the same subsequences in inner posi-
tions), F(1, 6) = 251.03,p < .01.

Question 3: Number of co-occurring subsequences. Does
the number of co-occurring subsequences influence ability
to focus on one subsequence? Both the threshold and MFS
data indicate that processing was unaffected by the number
of co-occurring subsequences. This lack of effect can be
seen separately for both the outer and inner subsequences.
Table 7 indicates that no differences in MFSs were seen
between the different conditions. For the threshold data,
Figure 4 indicates no significant difference with the number
of distracting subsequences (two-, three-, or four-subse-
quence contexts). These results suggest that temporal perfor-

Table 6
Mean Irregularity Thresholds for Subsequences 1-4 in the
1-, 2-, 3-, and 4-Subsequence Contexts

Number of

subsequences Subsequence M SD
1 1 6.0 1.2

2 1 12.8 2.6

2 11.8 3.7

3 1 123 1.8

2 12.1 2.0

3 17.5 29

4 1 16.0 1.7

2 134 1.7

3 16.3 1.7

4 13.3 1.6

BROCHARD, DRAKE, BOTTE, AND McADAMS

mance is not altered when participants have to focus
attention in the presence of an increasing number of
distracting subsequences. Even for an inner subsequence,
once thresholds could be calculated indicating that listeners
could successfully focus on the particular subsequence,
detection performance was the same whether there were two
or three other subsequences. For outer streams, the selective
attention boundary (the point at which streaming is unavoid-
able) corresponds to less than 1 ERB; for inner streams, it is
more than 2 ERBs on average. These limits do not depend on
the complexity of the sequence (number of added tones and
their temporal relations).

Question 4: Practice. Does the ability to focus on a
particular stream improve with practice? Diverging results
were found with the two sets of data. MFSs were much
lower in the second repetition than in the first, showing that
focusing can occur with a smaller frequency separation.
Given that the entire experiment lasted almost 10 hr, the
second repetition was reached after almost three sessions of
1.5 hr. It seems that the selection abilities for a particular
subsequence improve with practice. Remember that the
thresholds were calculated at the frequency separation at
which listeners were just able to successfully focus on the
required subsequence. Thresholds were therefore calculated
at different MFS levels for the first and second runs but at
equal levels of focusing ability. It is therefore not surprising
that thresholds did not decrease with practice: A repeated
measures ANOVA on thresholds with position (10 levels)
and run (2 levels) as variables showed no significant
difference for thresholds between the first repetition and the
second repetition. So, as predicted by our experimental
rationale, the limiting factor to the task is not the ability to
detect the temporal irregularity (it is equally easy for all
conditions) but, rather, the ability to perceptually organize
the complex sequence into streams. Focusing on one particu-
lar subsequence is possible only when this organization is
successful.

Discussion

Four main results emerged from this experiment. First, it
is harder to detect a temporal irregularity in a subsequence
when it is embedded within a complex mixture than when it
is presented on its own. This finding is in accordance with
previous work suggesting that temporal performance in a
polyrhythm is generally worse than performance in isochro-
nous sequences (Bharucha & Pryor, 1986), especially below
the fission boundary (Jones et al., 1995). Thus, the process of
stream segregation implies the use of additional processing
effort. We suggest that this involves the perceptual inhibition
of nonfocused subsequences; no inhibition is involved in the
case of a single subsequence, whereas it is needed when the
same subsequence must be separated from other tones in a
complex mixture.

Second, for a given subsequence, ease of focusing is
unaffected by the number of surrounding subsequences in
the complex sequence. Similar results have been obtained
with speech stimuli. For instance, Banks and Zender (1984)
showed that detection in a shadowed speech message does
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Figure 3. Experiment 1: Mean (SE) temporal irregularity detection thresholds (percentage of target
subsequence interonset interval) for the four contexts (1, 2, 3, and 4 subsequences). sub-seq. =

subsequence.

not decline from one to two distracting messages. Thus, each
nonfocused subsequence does not appear to be organized
into a single perceptual unit (with as many perceptual units
as subsequences); rather, all of the events occurring outside
the focused subsequence appear to be grouped into a single
perceptual unit making up another complex mixture (slightly
less complex than the original mixture because it contains
one less subsequence).

Third, it is easier to focus on outer subsequences (highest
or lowest) than on inner subsequences. This result is in good
agreement with empirical knowledge about the perception of
polyphonic music. Listeners, even musicians, have more
difficulty detecting entries of inner than outer voices in Bach
fugues (Huron, 1989). Also, Huron and Fantini (1989)
demonstrated, in an analysis of five-voice figures, that
“Bach shows a reluctance to have a new voice enter in an
inner position” (p. 43). In a more experimental setting,
Palmer and Holleran (1994) showed that pitch changes were
easier to detect in outer than in inner musical voices, either

Table 7

in piano or pure-tone sequences. The process of inhibition
can account for these findings. OQuter subsequences have to
be separated only from events in a higher or lower frequency
range: Inhibition functions only in one direction. However,
inner subsequences have to be separated from events that are
both higher and lower in frequency: Inhibition has to
function in both directions, considerably increasing the
required processing resources.

Fourth, for all experimental conditions, the MFS de-
creased over the experimental sessions, indicating that the
fission boundary is not fixed but, rather, influenced by other
factors such as familiarity with the task. The irregularity
detection thresholds, however, did not decrease over the
experimental sessions, confirming our experimental ratio-
nale by which thresholds were measured at the same
difficulty level in all conditions: If thresholds had fallen, we
would have had to conclude that we were no longer at the
fission boundary. The implications of these findings for
theories of stream segregation are developed in the General

Percentage of Experimental Conditions in Which Listeners Required 1-4 ERBs
to Successfully Focus on the Outer and Inner Positions in the 2-, 3-,

and 4- Subsequence Contexts

Outer position Inner position
Number of 1 2 3 4 1 2 3 4
subsequences ERB ERBs ERBs ERBs ERB ERBs ERBs ERBs
2 75 25 0 0
3 75 25 0 0 25 29 43 3
4 79 21 0 0 14 50 34 2
Note. ERB = equivalent rectangular bandwidth.
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Temporal irregularity Detection Thresholds (%)
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Figure 4. Experiment 1: Mean temporal irregularity detectioh thresholds (percentage of target
subsequence [sub-seq.] tempo) for the outer and inner subsequences as a function of the number of

concurrent subsequences.

Discussion section. The differences in focusing on outer and
inner subsequences could be explained by a practice effect
(the design of the experiment led to more outer than inner
conditions), but these differences remained the same for 2
highly trained participants when the tempo—frequency pat-
tern was reversed (data not shown). This problem was
addressed in Experiment 2.

Experiment 2: Distinct Zones
or Progressive Processes?

In Experiment 1, we investigated perceptual organization
under extreme conditions, just above the fission boundary.
Each experimental condition began with frequency separa-
tions under which listeners were unable to perceptually
organize the complex sequence into streams (stream segrega-
tion). Only serial integrative listening was possible in
instances in which all events were incorporated into a single
perceptual unit. Then the frequency separation was in-
creased by small steps until stream segregation was possible
(i.e., the fission boundary had been crossed). Thresholds
were measured at this point for each listener under each
experimental condition. Each threshold was therefore ob-
tained under conditions of equal difficulty. Figure 1C shows
the range of experimental conditions used in Experiment 1.
In Experiment 2, we investigated how focusing abilities vary
as the journey continues upward through the perceptual
space toward the temporal coherence boundary (see Figure
2C). A slightly different strategy was adopted from Experi-
ment 1 to reduce the extremely long experimental proce-
dure. Instead of calculating thresholds (with a varying size
of temporal irregularity), listeners were required to detect a
fixed-size temporal irregularity (15%, well above threshold

for the two-subsequence conditions of Experiment 1). The
size of the frequency separation was varied between 0.25
and 6 ERBs. We predicted that detection would improve
between these two extremes.

Whereas all theories of perceptual organization cited
earlier predict an increase in the probability of stream
segregation with wider frequency separations, they do not
provide clear predictions concerning the shape of this
function. At least two functions are possible. If the percep-
tual space is separated into distinct zones (serial integration
below the fission boundary and stream segregation above),
there may be an abrupt passage from one to the other,
although the point of passage from one state to the other may
vary considerably between individuals. In this case, detec-
tion should increase rapidly for each listener in each
experimental condition and reach a plateau as soon as stream
segregation is possible (i.e., as soon as the fission boundary
is reached). Alternatively, there may be a progressive
increase in the ability to detect the fixed-size temporal
irregularity, with the probability of detection increasing with
larger frequency separations.

Experiment 2 also allowed us to provide converging
support for several of the findings of Experiment 1 under a
different paradigm. First, because this experimental task
required fewer trials to obtain stable results, we were able to
test more situations. Therefore, our goal was to verify that
the results obtained with the particular frequency-tempo
combination used in Experiment 1 (the fastest subsequences
were always the highest: $1-700 ms, S2-500 ms, S3-400
ms, and S4-300 ms) generalize to other frequency—tempo
combinations. If this is the case, we can conclude that the
underlying processes function irrespective of the context. In
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Experiment 1, because it appeared that structural informa-
tion did not influence detection performance, we assumed
that nonfocused subsequences were not processed into
separate streams. According to this hypothesis, the reversal
of the temporal context should not influence stream segrega-
tion in the present experiment.

Second, we wished to confirm the relative ease of
focusing on outer voices as compared with inper voices. If
this is the case, detection performance should increase faster
(for smaller frequency separations) for the former than for
the latter.

Third, we investigated the role of musical expertise in the
ability to organize complex sequences into streams. As
discussed earlier, we expected increased stream segregation
skills in musicians who have developed expert listening
skills through years of specific training. Indeed, Jones et al.
(1995) found that musically trained listeners performed
better than musically naive listeners in a selective listening
task. Experiment 1 indicated that MFS decreased with
practice. Thus, frequency constraints on selective processes
may vary with increasing skill level. This difference may be
due, in part, to shifted perceptual boundaries. We predicted a
shift of the fission boundary toward smaller frequency
separations for the expert listeners relative to nonmusicians.

Method

Stimuli. Sequences were composed of three subsequences of
pure tones. The frequency could be low, middle, or high, and the
tempo could have an IOI of 700 ms, 500 ms, or 300 ms. The target
subsequence that contained the temporal irregularity always had an
10I of 500 ms, but the frequency varied from trial to trial, so the
target could be the highest, middle, or lowest subsequence. -For
each target subsequence, we examined two contexts. For example,
in the first context for the middle target, the highest frequency
subsequence was the fastest (300 ms), and the lowest frequency
subsequence was the slowest (700 ms). The second context was
composed of the other possible pattern. Each combination was
repeated five times in a block (30 trials) and run in a counterbal-
anced order. Each pair of complex sequences was preceded by a
single subsequence (cue sequence) that had the same tempo and
frequency as the target subsequence.

In a block of trials, the subsequences all had the same frequency
separation. This separation corresponded to 0.25, 1, 2, 4, or 6 ERBs
above or below 659 Hz (0.25 ERBs, 635 and 683 Hz; 1 ERB, 568
and 760 Hz; 2 ERBs, 486 and 872 Hz; 4 ERBs, 346 and 1137 Hz;
and 6 ERBs, 234 and 1465 Hz). The size of the frequency
separation (five levels) was counterbalanced between blocks across
the sessions. The temporal irregularity could occur in one of three
positions: near the beginning, middle, or end of the sequence (as in
Experiment 1). The size of the temporal irregularity was fixed at a
value of 15% of the target tempo (500 ms) according to a
preliminary test. This value was well above the thresholds found
for the outer subsequences (12%, at an 84.1% detection level) in
Experiment 1. Nonfocused subsequences never contained temporal
irregularities. Tones had the same duration and level as in
Experiment 1. The total duration of one sequence was 3,650 ms. In
all, listeners completed 300 trials (5 levels X 3 positions X 2
contexts X 10 repetitions).

Participants. Twenty-two listeners took part in this experi-
ment. They all had normal hearing and were paid for their
participation. They had not previously taken part in psychoacoustic
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experiments. Eight had 2 musical background (varying from 7 to 15
years of musical training) and played a musical instrument at least
2 hr weekly. These listeners were included in the analyses as
musicians. In the nonmusician group, participants did not read
music or play a musical instrument.

Apparatus. The apparatus was the same as in the previous
experiments.

Results

A mixed ANOVA on the percentage of correct irregularity
detections was performed. The between-subjects variable
was expertise (musicians vs. nonmusicians), and the within-
subjects variables were frequency separation (five levels),
position of the target (low vs. middle vs. high), and
frequency-tempo context (two levels). Each of these effects
is analyzed in turn.

Figure 5 shows the detection rate as a function of the
frequency separation for the three positions (high, middle,
and low) and for the nonmusicians and musicians. In
general, the predicted increase in detection performance
with frequency separation was observed: significant main
effect of frequency separation, F(4, 80) = 75.58, p < .001.
At one extreme, detection was at chance level (between 40%
and 60% correct = 50% * mean standard deviation) when
all of the tones were within the same critical band (0.25
ERBs). At the other extreme, detection was optimal (above
90% correct) with a frequency separation of about 4 ERBs or
more. Between these two extremes, detection increased
gradually with increased frequency separation.

In accordance with the results of Experiment 1, it was
easier to detect the temporal irregularity for the outer
(highest [77%] and lowest [83%]) than for the inner (middle
[68%]) subsequences: significant main effect of position,
F(2,40) = 40.96, p < .001. The general pattern of increase
in detection with increased frequency separation was ob-
served for all positions. The significant interaction between
frequency separation and position, F(8, 160) = 3.73, p <
.001, arose from the fact that the three curves started
together at 0.25 ERBs, diverged at intermediate values, and
then reconverged at the largest values.

Of particular importance is the absence of a significant
main effect of frequency-tempo context, F(1, 20) = 2.57,
p = .13, or its interaction with other variables. This finding
confirms that the ability to organize complex sequences into
streams is unaffected by the physical characteristics of
surrounding subsequences (at least for the tempo combina-
tions used in these experiments).

Overall, musicians performed better than nonmusicians:
main effect of expertise, F(1, 20) = 8.57, p < .009. There
were no significant interactions with other variables. Figure
5 shows how all curves were shifted to the left for the
musicians relative to the nonmusicians.

Table 8 presents the interpolated frequency separation
required to pass above the mean chance level (60% correct:
50% = 1 standard deviation, perhaps an indication of the
fission boundary), at a 75% threshold level and at the
constructed optimum detection level (90% correct; see
Method section), for the three positions and two groups of
listeners. The interpolations were based on the function P =
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Figure 5. Experiment 2: Percentages of correct detections (SEM) as a function of frequency
separation for the highest, middle, and lowest subsequences among musicians (n = 8) and
nonmusicians (n = 14). ERBs = equivalent rectangular bandwidths.

1 — 2[~(Z/a)B], where « is threshold and B is slope. These
data illustrate the rightward shift of the probability of
detection for nonmusicians relative to musicians and for
middle subsequences relative to outer subsequences.

The smooth curves in Figure 5 showing a gradual increase
in performance with frequency separation were obtained by
averaging over the listeners in each group. It could be that
each listener’s curve shows an abrupt passage from one state
to the other (integrative listening—streaming) resulting in a
step function but that, combined, they give the gradual
curves due to the distribution of individual transition thresh-
olds. Examination of individual curves for each condition
provides an indication that this is not the case. An example is
provided in Figure 6: Individual curves for the lowest
frequency condition are presented according to the number
of frequency separations over which the increase occurred.

Table 8

Interpolated Frequency Separations Observed for the 60%
(Chance), 75% (Threshold), and 90% (Maximum) Levels
Jor the Two Groups of Listeners and the Three Positions

Group and position 60% 75% 90%
Musicians
High 0.3 1.1 2.6
Middle 1.0 2.6 5.0
Low 0.2 0.7 1.6
Nonmusicians
High 0.5 2.3 6.7
Middle 2.0 4.0 7.6
Low 0.2 1.0 3.5

Of the 22 listeners, 1 showed an erratic function, 3 showed a
one-step increase, 9 showed a two-step increase, 7 showed a
three-step increase, and 2 showed a four-step increase.
Therefore, 18 listeners showed an increase over two or more
classes, providing support for the hypothesis of a progres-
sive function. Only 3 listeners showed a one-step function
consistent with the “abrupt change” hypothesis; because all
3 fell between 0.25 ERB and 1 ERB, however, a more
fine-grained scale toward the smaller frequency separations
would probably reveal a more progressive function. These
data therefore suggest a progressive increase in the probabil-
ity of stream segregation rather than an abrupt change from
one state to the next.

Finally, Table 8 may shed light on factors that limit
perceptual organization. If chance level is taken as an
indication of the passage above the fission boundary, note
that, with one exception (nonmusicians, middle subse-
quence), all extrapolated boundaries occurred at roughly the
same point (at or just below 1 ERB). Thus, the fission
boundary appears to be limited by early processing (referred
to as “primitive analysis” by Bregman, 1990) and is only
slightly affected by more top-down processes such as
attention and skill level. However, the 75% and 90% limits
were much more variable, suggesting that once the fission
boundary is surpassed, the probability of stream segregation
may be more influenced by these top-down processes.
Planned contrasts testing for differences between positions
and groups indicated no differences for the smallest fre-
quency separation but significant differences for all of the
other separations. Indeed, Fine and Moore (1993) showed
that musicians are better at hearing one partial tone out of a
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complex tone but that the size of their auditory filters does
not differ significantly from that of nonmusicians, although
Spiegel and Watson (1984) showed better frequency discrimi-
nation sensitivity by professional musicians.

Discussion

This experiment produced four main results. First, we
have created experimental conditions under which listeners
travel through are tested at several conditions of stimulus
parameters in the stream segregation perceptual space. At
one extreme, stream segregation is impossible, with listeners
perceiving the complex sequence in an integrated fashion.
They are therefore unable to focus on a particular subse-
quence or detect the temporal irregularity within that
subsequence. As frequency separation increases, listeners
pass over the fission boundary and start being able to
organize the complex sequence into two perceptual units
(the focused stream and the unfocused mixture). As stream
segregation becomes possible, listeners become increasingly
able to focus on one subsequence and detect the temporal
irregularity within it. Both the group data and the individual
data indicate that this probability increases progressively as
a function of frequency separation; there is no abrupt
passage from one state to the other as suggested from
Experiment 1. In addition, it seems likely that the temporal
coherence boundary was reached, because detection was
almost perfect above a frequency separation of about 4
ERBs (depending on the experimental conditions).

Second, detection was better (the curves shifted to the
left) for the outer subsequences than for the inner subse-
quences. This confirms the results of Experiment 1 with a
different paradigm.

Third, the ability to focus on a particular stream is
unaffected by the surrounding frequency—tempo combina-
tion, suggesting that the underlying processes function
irrespective of context. This finding supports the hypothesis
that nonfocused subsequences are not processed in separate
perceptual units but, rather, represent an undifferentiated
background. The results of Experiment 1 can therefore be
generalized to other frequency—tempo combinations.

Fourth, musicians were better able than nonmusicians to
organize the complex sequences into streams: All of the
experimental curves were shifted toward the left. Whereas
the fission boundary appears to be relatively fixed, the
probability of stream segregation (and perhaps the temporal
coherence boundary) above this limit appears to be less rigid
and more susceptible to influence by top-down processes
such as attention, which may in turn be influenced by skill
level. Therefore, our prediction that the fission boundary is
shifted toward smaller frequency separations has not been
confirmed; only the probability of stream segregation above
this boundary is increased.

General Discussion

In this article, we have examined how listeners perceptu-
ally organize complex sequences of two or more concurrent
subsequences. We have focused on the way in which the
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frequency separation between adjacent subsequences influ-
ences stream segregation. The pattern of results allowed us
to deduce certain underlying processes. A companion article
focusing on the role of temporal organization in these
processes is currently in preparation.

Generalizing the Principles of Stream Segregation

Traditionally, studies have concentrated on the perceptual
space of two potential streams with three zones (below the
fission boundary, above the temporal coherence boundary,
and between the two). Results from these studies indicate
that, to a certain extent, these concepts can be applied to
more complex situations. Further support has been provided
for two principles behind stream segregation.

Principle 1: As for two-subsequence mixtures, stream
segregation occurs only if adjacent subsequences are suffi-
ciently separated in frequency. Our data indicate a required
separation of about 3 semitones (1 ERB), consistent with
those in the literature that range from 3-5 semitones. This is
consistent with Bregman’s suggestion that this limit is
related to physiological limits affecting the frequency resolu-
tion of the auditory system (auditory filters). Such limits
have been successfully incorporated in computational mod-
eling of auditory stream analysis (Beauvois & Meddis,
1996).

Principle 2: Focusing on a subsequence within a complex
mixture requires attentional effort. Irregularity detection
thresholds were higher in complex mixtures than in single
sequences. Organizing the mixture into focused and unfo-
cused streams requires additional cognitive (attentional?)
resources.

‘We add four new principles concerning the generalizabil-
ity of previous knowledge obtained with two subsequences
to more complex contexts.

Principle 3: Stream segregation is not an all-or-none
phenomenon with an abrupt passage from a state of serial
integration into a state of stream segregation. Instead, there
is a gradual increase in the probability of a segregated
percept occurring as the frequency separation increases.
This is probably also the case above the temporal coherence
boundary. This probability of segregation does not imply
that, in the ambiguous region of the perceptual space,
listeners experience a mixed perception (segregation plus
integration): One cannot hear 1.57 streams! Thus, there is a
probability gradient between the two processes (stream
segregation and serial integration) that reflects the degree of
attentional effort required to obtain one or the other percept.
This implies a single process with two possible perceptual
results, the probability of occurrence of which is determined
in large part by two properties of the stimulus configuration
(frequency and temporal proximity; Jones & Yee, 1993).

Principle 4: The probability of stream segregation de-
pends on the position of the to-be-focused subsequence
within the complex mixture. Two-subsequence mixtures
contain only outer subsequences that have to be separated
from other subsequences in one direction (higher or lower
frequency). We suggest that a process of perceptual inhibi-
tion is functioning that requires attentional effort. The
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focusing on inner subsequences in more complex mixtures
involves their separation from both higher and lower fre-
quency events. The fact that it is more difficult to focus on
inner than outer subsequences suggests that inhibition is
necessary in both directions, a situation requiring additional
attentional effort.

Principle 5: The probability of successfully focusing on a
particular subsequence is unaffected by the physical charac-
teristics of surrounding events (excluding the frequency
separation between subsequences); similar probabilities were
observed with different frequency—tempo combinations.
This result sheds light on the issue of the depth of processing
of nonfocused subsequences. It suggests that nonfocused
subsequences are not processed in as much depth as focused
ones, because they are not organized into separate streams
(but see Alain & Woods, 1993, 1994, for an alternative
interpretation). Further studies are currently addressing this
issue. .

Principle 6: Whereas the fission boundary may be fixed
by physiological constraints, the probability of stream
segregation is probably more susceptible to influence by
top-down processes such as attentional set and learning (as
suggested by Bregman, 1990). Indeed, the fission boundary
did not vary much between musician and nonmusician
listeners, but the probability of stream segregation above the
fission boundary did: Musicians were more likely to be able
to focus on a particular subsequence for a smaller frequency
separation.

Toward a Model of Stream Segregation in Complex
Sequences

We propose the first version of a model of the perceptual
organization of complex sequences composed of pure tones.
We suggest that when listeners focus their attention on an
outer subsequence, they divide the auditory environment
into two spaces: a first perceptual unit corresponding to the
focused subsequence and a second perceptual unit composed
of all other tones. The tones in the unfocused perceptual unit
are not organized into separate streams but coded in a global
fashion. The situation is more complex when listeners focus
on inner subsequences because they divide their environ-
ment into three spaces: The first is composed of the focused
subsequence, the second is composed of all tones lower in
frequency, and the third is composed of all tones higher in
frequency.

However, this perceptual organization is not fixed or rigid,
relying only on frequency separation as may be inferred
from the preceding discussion. Other factors, both bot-
tom-up and top-down, may influence the perceived salience
of particular subsequences, thus changing the perceptual
organization of the complex mixture and leading to different
perceptual units. First, physical tone characteristics (such as
intensity, tempo, and timbre) influence the relative salience
of subsequences (Handel, 1984; Spiegel & Watson, 1981).
For instance, Botte et al. (1997) demonstrated that an
increase in level of about 15 dB changed a previously
unfocused subsequence into a focused stream (listeners were
able to detect temporal irregularities within that subse-
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quence). Second, top-down schemes, particularly those
related to attentional selection, can change perceptual orga-
nization (Dowling, 1973; Dowling et al., 1987). For in-
stance, focusing attention on a particular aspect of a complex
mixture can increase the salience of a normally unsalient
subsequence sufficiently for it to become a single perceptual
unit.

We have discussed some perceptual mechanisms that
could be involved in this type of organization. First,
inhibition of nonfocused sound events may occur through a
process of perceptual attentuation discussed in detail else-
where (Botte et al., 1997). We have chosen to describe the
active processes that result in an enhanced perception of the
focused stream in relation to the unfocused subsequences in
terms of the inhibition (increased thresholds) of nonfocused
subsequence, but we acknowledge the alternative interpreta-
tion of facilitation (reduced thresholds) of the focused
stream. Choosing to focus on one aspect of the sequence is
the other side of the coin of choosing to ignore other aspects
of the sequence. This is a long-standing and still unresolved
debate in the field of psychoacoustics. The present article
does not provide any new insight into this particular debate.

Second, we suggest that attentional processes are in-
volved at an early stage in the perceptual organization of
complex auditory sequences. These attentional processes
highlight the important, relevant information, leading to
enhanced processing of the ‘‘selected” events. One outcome
of this process is that the “nonselected” events are pro-
cessed to a far lesser degree. We have gone as far as to
suggest that they are not perceptually organized into sepa-
rate perceptual units (or streams) but, rather, processed in a
single, nondifferentiated mixture composed of all nonfo-
cused events. This view is contrary to the prevailing view
proposed by Bregman that automatic streaming processes
result in the creation of all possible streams at an early stage
in processing and that attention allows the listener to select
one of these streams. Our data do not allow us to arbitrate
definitively between these two theoretical positions. Recent
evoked potential data do, however, provide evidence in
favor of the hypothesis that attention intervenes at a very
early stage of processing, directly influencing perceptual
organization of the complex sequence (Alain & Woods,
1993, 1994; Alain, Achim, & Richer, 1993; Sussmann,
Ritter, & Vaughan, 1998, in press). We hope that the creation
of new experimental paradigms will provide new insights
into this question in the near future.

Third, we follow Bregman in the proposition that stream
segregation based on frequency separation is determined by
physiological constraints of the cochlea. This low-level
physiological mechanism determines the lower limits of
what can possibly be perceived as a stream. Attentional
selection processes cannot go beyond this lower limit. The
temporal structure of sequences clearly influences stream
segregation but probably not at such a peripheral level.

In this regard, it would be of particular interest to test this
model] of perceptual organization with sounds of different
spectral composition. Palmer and Holleran (1994) showed
that preferred focusing on the highest voice slightly de-
creases when pure tones, rather than piano sounds are used.
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According to Van Noorden (1975), the temporal coherence
boundary might have a sharper slope with complex tones,
but recent investigations (Bey & McAdams, 1997) have
shown that the perceptual limits of sequential organization
might be the same for either pure or complex sounds.

Our findings with relatively artificial complex sequences
can be compared with those obtained by Huron (1989) with
real music in which tones differ along many different
dimensions. He concluded that the auditory system seems to
follow a “‘one, two, three, or many”’ rule; that is, it may be
impossible to process more than four concomitant streams.
Our results suggest that, when subsequences differ only by
two characteristics (tempo and frequency), this limit may
not be more than three.
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