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An Objective Measurement of the Build-Up of Auditory Streaming and of

Its Modulation by Attention

Sarah K. Thompson, Robert P. Carlyon, and Rhodri Cusack
MRC Cognition & Brain Sciences Unit, Cambridge, England

Three experiments studied auditory streaming using sequences of alternating “ABA” triplets, where “A”
and “B” were 50-ms tones differing in frequency by Af semitones and separated by 75-ms gaps.
Experiment 1 showed that detection of a short increase in the gap between a B tone and the preceding
A tone, imposed on one ABA triplet, was better when the delay occurred early versus late in the
sequence, and for Af = 4 vs. Af = 8. The results of this experiment were consistent with those of a
subjective streaming judgment task. Experiment 2 showed that the detection of a delay 12.5 s into a
13.5-s sequence could be improved by requiring participants to perform a task on competing stimuli
presented to the other ear for the first 10 s of that sequence. Hence, adding an additional task demand
could improve performance via its effect on the perceptual organization of a sound sequence. The results
demonstrate that attention affects streaming in an objective task and that the effects of build-up are not
completely under voluntary control. In particular, even though build-up can impair performance in an
objective task, participants are unable to prevent this from happening.
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In everyday life we must understand sounds, such as speech and
music, that occur not in isolation but in the presence of multiple
competing sources. An important aspect of this task of sound
segregation concerns the separation and perceptual binding of
sound over time. In an early study, Miller and Heise (1950)
described how a pattern of alternating high- and low-pitched tones
will undergo a perceptual split into two streams. They called this
the “trill phenomenon.” To a listener, it is as though there are two
different real-world sounds coming from two different real-world
objects. The percept is very compelling and has found extensive
application in music, where, for example, an instrument with a solo
voice, such as a flute or violin, is capable of simultaneously
carrying different melodic lines. This perceptual segregation of
successive events is referred to as sequential streaming. The se-
quence has essentially been parceled up into distinct perceptual
objects—the streams—by the auditory system (Anstis & Saida,
1985; Bregman & Campbell, 1971; Cusack & Carlyon, 2004; van
Noorden, 1975).

Early research on streaming used subjective tasks to uncover the
relationship between the physical parameters of a sequence and its
tendency to split into more than one stream. One of the most
influential investigations was that of van Noorden (1975), who
described the perceptual effects of manipulations on the simplest
of streaming sequences—alternating tone sequences. Sequences of
the form “ABA-ABA-. . .,” where A and B are regularly repeating
tones of different frequencies, with A repeating at twice the rate of
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B, are known to produce a particular streaming effect: When the
sequence is integrated, a characteristic “galloping” rhythm is
heard, whereas when the sequence segregates, it is heard as two
regular streams of tones. By asking participants to change various
stimulus parameters in order to induce one or the other percept,
van Noorden (1975) showed that manipulations of the frequency
difference between A and B, and of the repetition rate of individual
sounds, were the two prominent factors influencing stream segre-
gation. Subsequent researchers have shown that many other stim-
ulus parameters, including temporal envelope, pitch, and spatial
differences, can also affect how streaming sequences are perceived
(for a review, see Moore & Gockel, 2002). A finding that is
particularly important for the current investigation is that stream-
ing tends to “build up” over time: for a given sequence, the
tendency for listeners to report hearing two streams is greater later
on in the sequence than near its beginning (Anstis & Saida, 1985;
Bregman, 1978).

More recently, a number of researchers have developed new
techniques for studying auditory streaming, and have started to
address the issue of its neural basis and of its relationship to
cognitive processes such as attention. Perhaps the most important
technical development has been toward objective, performance-
based measures of streaming. Advantages of performance-based
methods include the fact that one can exclude effects based on
response biases, and that such measures can help reveal whether a
particular perceptual phenomenon is “compulsory” rather than
reflecting a bias toward selecting from two or more possible
perceptual representations. This general approach has been used
successfully for other aspects of auditory scene analysis, for ex-
ample, by showing that the continuity illusion can both improve
and impair performance in forced-choice tasks (Carlyon, Deeks,
Norris, & Butterfield, 2002; Carlyon, Micheyl, Deeks, & Moore,
2004; Plack & White, 2000).
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Performance-Based Measures of Streaming

Hartmann and Johnson (1991) asked participants to identify
previously heard melodies from mixtures where successive tones
came from different melodies. The melodies can only be “heard
out” when the streams are segregated. They tested melody identi-
fication performance in a number of different conditions where the
successive tones that formed the A and B melodies were differ-
entiated on some particular dimension. They found that the task
was performed well when the melodies differed in frequency
separation, ear of presentation, or timbre, while differences in
other dimensions, such as level, envelope, and duration, did not
significantly aid performance. They argued that this showed that
early channeling in the peripheral auditory system was the primary
driver of stream segregation.

Another performance-based measure of streaming arises from
the finding that listeners are poor at making judgments concerning
the relative timing of sounds in different streams (Bregman &
Dannenbring, 1973; Vliegen, Moore, & Oxenham, 1999; Vliegen
& Oxenham, 1999; Warren, Obusek, Farmer, & Warren, 1969).
For example, Cusack and Roberts (2000) presented participants
with sequences of alternating A and B tones in which half of the
trials were isochronous. For the other half of trials, the first eight
tones in the sequence were isochronous, but then the B tones began
to “slip,” shifting progressively earlier or later relative to the
A tones over the next 12 tones. They found that listeners were worse
at identifying which trials contained this “temporal slip” when the
frequency separation between the tones was greater, and also when
there was a timbre difference between the A and B sounds. More
recently, Roberts, Glasberg, & Moore (2008) measured the small-
est detectable deviation from isochrony in a brief sequence of
alternating A and B tones, and reported that thresholds could be
increased by the presence of a preceding “inducing” sequence
consisting only of the “A” tones (c.f. Rogers & Bregman, 1993).

The temporal discrimination task described above was easier
when sequences were heard as a single stream. Micheyl and
colleagues described a task, using roughly similar stimuli, that was
easier when sequences were split into two streams (Micheyl,
Carlyon, Cusack, & Moore, 2005). They noted that the thresholds
for frequency discrimination between two target tones were greatly
increased by the insertion of other irrelevant tones before and after
the targets, particularly when all tones fell into a similar pitch
range. They therefore reasoned that a frequency discrimination
task on successive B tones in an ABA sequence would be more
difficult when participants were hearing a single-stream percept, as
the presence of A tones in the same stream would tend to increase
this interference effect. They found that thresholds for correct
detection of an upward or downward shift in the frequency of the
final B tone in a sequence of ABA triplets decreased markedly
with increasing frequency separation, and that thresholds were
generally lower as the sequence length increased.

Relationship of Streaming to Higher-Level Cognitive
Processes

A question of increasing interest concerns whether auditory
streaming arises solely from automatic, low-level mechanisms, or
whether it is intimately connected with higher-level processes such
as attention. Such an influence of attention could occur either due

to mechanisms responsible for segregation and integration operat-
ing in the central auditory system and/or due to “top-down”
modulation of peripheral processes. Both modeling (Beauvois &
Meddis, 1991) and physiological experiments on animals (Fish-
man, Reser, Arezzo, & Steinschneider, 2001; Micheyl, Tian, Car-
lyon, & Rauschecker, 2005; Pressnitzer, Sayles, Micheyl, & Win-
ter, 2008) have shown that processes such as frequency selectivity
and adaptation, which are present in the earliest stages of the
auditory pathway, are, in principle, capable of accounting for the
effects of frequency separation and build-up on stream segrega-
tion. For example, Micheyl, Tian et al. (2005) recorded the re-
sponse to repeating ABA tone triplets of cells in region Al of the
rhesus monkey auditory cortex. For cells tuned to the A tone, the
response to the B tone decreased both with increasing frequency
separation (Af) and for later tones in the sequence. They success-
fully used these neural responses to account for the effects of Af,
presentation rate, and “build-up” observed in human listeners
presented with the same stimuli. More recently, Pressnitzer et al.
(2008) showed that similar findings could be obtained in the
cochlear nucleus of the guinea pig. Because frequency selectivity
and adaptation have been observed in anaesthetized animals, in-
cluding in the study by Pressnitzer et al. (2008), these results
suggest that some processes that have an impact on streaming can
occur in the absence of attention.

Although processes that occur in the absence of attention have
an effect on streaming, there is also, we believe, good evidence
that streaming can be influenced by attention. Two findings that
support this conclusion stem from a study reported by Carlyon,
Cusack, Foxton, & Robertson (2001). In one experiment, they
presented repeating ABA triplets to four patients exhibiting uni-
lateral neglect to left-sided visual stimuli as well as to both
brain-lesioned and healthy controls who showed no signs of ne-
glect. When the sequences were presented to the right ears of
patients, their judgments were indistinguishable from those of the
control groups. In contrast, when the sequences were presented to
their left ear, they made significantly fewer two-stream judgments
than controls. As the deficit in neglect patients is widely believed
to arise from a difficulty in attending to stimuli in the contra-
lesional (left) side of space, this result is consistent with their
attentional deficit affecting their streaming percept. In a perhaps
more direct study of the effects of attention on streaming, Carlyon
et al. presented 20-s sequences of repeating ABA triplets to healthy
participants’ left ear. In the baseline condition, no sounds were
presented to the right ear, and the participants were required to
make subjective streaming judgments throughout the sequence.
The classic “build-up” of streaming was observed. In the experi-
mental conditions, sequences of noise bursts were presented to the
right ear for the first 10 s; these either had slow onset times with
an abrupt offset, or vice versa, to give the impression of “ap-
proaching” or “departing” sounds. When participants made
“approach-depart” judgments on these sequences, and then, after
10 s, switched to making streaming judgments on the tones in their
left ear, these judgments resembled those made at the beginning of
the sequences in the baseline condition. In contrast, when they
ignored the noises and made streaming judgments throughout, the
results were identical to those in the baseline condition. Carlyon et
al.’s results suggest that either streaming had not built up in the
absence of attention or, alternatively, that the act of switching
attention to the sequences “reset” the streaming process (Cusack,
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Deeks, Aikman, & Carlyon, 2004; Moore & Gockel, 2002). The
present study does not attempt to distinguish between these two
interpretations; rather, the study aims to provide an objective
measure of the build-up of auditory streaming, and, importantly, of
its modulation by attention.

Overall Rationale

As discussed above, a number of studies have described objec-
tive measures of the effects of frequency separation and timbre on
auditory streaming. However, no strong behavioral evidence has
been obtained for an objective index of how streaming builds up as
the duration of a sequence of tones is increased. There are two
reasons why the possible interaction between streaming build-up
and attention renders this issue of theoretical interest. First, if we
accept the evidence for an effect of attention on streaming, it is
possible that the build-up of streaming is less automatic than the
effects of, say, Af. For example, it could be that although the
effects of Af and of repetition rate represent an early separation of
the responses to A and B tones into discrete neural populations
(Pressnitzer et al., 2008), the effect of build-up occurs at a later and
less automatic stage of processing (Snyder, Alain, & Picton, 2006).
If so, then a forced-choice task in which stream segregation is
disadvantageous might reveal effects of Af but not of build-up.
Second, although Carlyon et al.’s (2001) study included a control
for response biases, and subsequent experiments using different
methods of responding have come to the same conclusion (Car-
lyon, Plack, Fantini, & Cusack, 2003), it has nevertheless been
suggested that their results may have been influenced by such
biases (Macken, Tremblay, Houghton, Nicholls, & Jones, 2003).
More generally, the question remains as to whether attention can
have an effect on an aspect of sound segregation that arises from
obligatory processes.

To address these issues, we first developed a performance-based
measure of the build-up of streaming and compared the results to
those obtained with subjective methods (Experiment 1). Experi-
ment 2 then exploited the objective measure to see whether atten-
tion could affect streaming as measured by a forced-choice task.

Experiment 1

Rationale

Experiment 1 had two aims. The first was to develop a behav-
ioral task that would provide an objective measure of the build-up
of auditory streaming. To do this, we chose a task that should be
easier for subjects to perform when a sequence of repeating ABA
triplets is perceived as a single stream. The task that we used was
to detect a small delay on one of the “B” tones, presented either
early or late in the sequence (Figure 1; cf. Vliegen et al., 1999).
Two different frequency separations (Af) of 4 and 8 semitones
were used. Our prediction was that performance would be better
when the delay was imposed early, rather than late, in the se-
quence, and would be better at the smaller Af. Note, however, that
this outcome should only occur if the build-up of attention is
outside of listeners’ voluntary control. The second aim was to
compare the results with those of a subjective task, obtained with
the same participants and stimuli, and to check that the B-tone
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Figure 1. Schematic representations of the paradigm used in Experiment
1. Time is represented on the horizontal axis, and frequency is represented
vertically. The first two triplets and the last triplet represent the standard,
regular ABA- triplet, and the third represents the signal triplet, in which the
B tone is delayed.

delay did not affect streaming—for example, by “resetting” itself
after the perception of the rhythm change.

Participants

Participants were eight naive listeners (five males, age range
between 23 and 57, mean age = 36.3 years), all of whom self-
reported normal hearing. They were recruited by word of mouth or
from the MRC Cognition and Brain Sciences participant panel and
were paid for taking part.

Stimuli and Presentation

Stimuli were sequences of repeating tones in the ABA-ABA-
configuration, where A and B were 50-ms sine tones with 10-ms
linear on- and off-set ramps. In the standard sequence, the tones
were separated by a 75-ms silent gap. A gap of 125 ms (i.e., of
equal length to another tone and gap) completed each ABA triplet,
giving a total triplet length of 500 ms. Each sequence contained 25
triplets and therefore had a total duration of 12.5 s. The frequency
of the B tone was roved on a trial-by-trial basis within = 0.5
octaves of 800 Hz, while the A frequency was covaried with the B
frequency and was 4 or 8 semitones lower, depending on the
condition. The purpose of the frequency rove was to reduce the
likelihood that the participants’ percepts or responses for a given
sequence would be biased by the previous sequence (Snyder,
Carter, Hannon, & Alain, 2009; Snyder, Carter, Lee, Hannon, &
Alain, 2008). Stimuli were generated digitally at a sample rate of
44100 Hz with 16-bit resolution. Sounds were presented through a
VideoLogic Sonic Fury™ PC sound card, attenuated with TDT
PA4 attenuators, and fed through a TDT amplifier to Sennheiser
HD250 headphones. The stimuli were presented diotically at a
level of 55 dB SPL to listeners who were seated individually in a
sound-attenuating chamber.

Task

In the objective task, participants were required to detect a delay
on one B tone, leading to a change described as a “skipping,”
irregular rhythm compared to the standard (see Figure 1). There
were two levels of delay: 30 and 50 ms. Each 25-tone sequence
could contain either a deviant on the Sth (early) or 20th (late)
triplet (starting at 2.5 and 10 s, respectively) as well as at both or
neither positions. Participants were informed that there might be
zero, one, or two rhythm deviants in any given sequence. They
responded to a target by using a mouse to click on a virtual button



4 THOMPSON, CARLYON, AND CUSACK

on a computer screen. All participants completed a practice block
with feedback, at Af = 4 semitones; no feedback was provided
during the main experiment. The ability of participants to perform
the task was assessed by calculating a d’ measure of performance.
As deviants could occur both in the early and late positions, it was
necessary to assign hits and false alarms separately to the early and
late categories. For sequences containing no deviants, responses
occurring before 6.25 s (halfway through the sequence) were
treated as “early” false alarms, and those occurring after this time
were treated as late false alarms. For sequences containing a
deviant, responses before 10 s—the time at which the late deviant
might occur—were treated as “early” hits or false alarms (depend-
ing on whether an early deviant was present), and those occurring
after this time were treated as “late” hits or false alarms (depending
on whether a late deviant was present).

In the subjective task, participants were again asked to listen to
12.5-s sequences of repeating ABA-tone triplets, where A tones
were either 4 or 8 semitones below the frequency of B, which was
roved on a trial-by-trial basis within = 0.5 octaves of 800 Hz.
They were next told that the sequences could be heard in one of
two ways, either as a galloping rhythm (called “horse”), where A
and B tones were integrated into a single stream, or as two separate
streams of low A and high B tones (this was described as the
“morse” percept, as the streams sound somewhat like Morse Code;
Cusack et al., 2004). Participants listened to examples of se-
quences at different frequency separations (including Af = 0) in
order to give them some idea of the different perceptual organi-
zations. They were informed that their perception of one or two
streams may change during the course of a sequence and were
asked to track their perceptions on a moment-by-moment basis, by
pressing “1” on a computer keyboard when they heard the one-
stream organization and “2” when they heard two streams. There
was also a short practice block for this section of the experiment,
to allow participants to become accustomed to the task. No feed-
back was given for this, as, of course, there was no “correct”
response.

During the subjective experiment, participants heard sequences
that were identical to those used in the objective task; therefore,
there could be delayed B tones in either the early or the late
positions (or both, or neither). However, for this task, participants
were instructed to ignore these changes if they heard them. Each
participant made judgments for 112 sequences in total, which were
presented as a single, self-paced block lasting upwards of 24 min.
The order of presentation of trial types was fully randomized.

Responses were organized into 1-s bins. The first time bin (0—1 s)
was discarded, as participants made very few responses in this
range. After an initial response, streaming judgments were as-
sumed to remain the same until a switch was recorded. (On
average, participants made their first response at 2 s into a se-
quence.)

The objective task was always performed before the subjective
task, as we did not want to draw participants’ attention to the
possibility of different streaming percepts. Nevertheless, verbal
reports after the objective task indicated that several of the partic-
ipants had “happened upon” the concept of streaming during their
test. These participants commonly reported trying to “hold to-
gether” the streams when performing the objective task.

Results: Objective Measure

Figure 2a shows the mean detection rates across eight partici-
pants (as d’ scores) for each of the four experimental conditions
(Af = 4, early; Af = 4 late; Af = 8, early; and Af = 8, late). The
error bars represent between-subject standard errors. As predicted,
there was a significant interaction of frequency separation (Af = 4
or 8 semitones) and sequence position (early or late), such that the
task was performed worse later in the sequence, especially at the
larger frequency separation (F, 5, = 9.482, p < .02). There was
also a significant main effect of Af (F(,,, = 17.385, p < .005).
The effect of sequence position also approached significance
(Fo 7y = 5.141, p = .058).

The results of Experiment 1 conform to the pattern of results
expected from an effect of streaming on the detection of a “skip.”
Specifically, the main effect of Af and its interaction with time-
on-sequence are consistent with the fact that streaming is greater at
wider separations and that it also builds up faster. An alternative
explanation is that performance was worse later in the sequence
due to some nonsensory factor—for example, fatigue—and that
the interaction arose because performance at Af = 4 semitones was
close to ceiling. However, we consider this unlikely because a
study using the same participants and very similar stimuli, but in
which the task was to detect a change in the frequency of one of
the B tones, showed that performance was better when the target
was presented later, compared to earlier, in the sequence (Carlyon
et al., 2010). Micheyl, Carlyon et al. (2005) have also reported
better performance late in the sequence for a frequency-change
task.

Results: Subjective Measure

Figure 2b plots the subjective streaming judgments at two
frequency separations, averaged across the eight participants. The
data show the characteristic “build-up” pattern of responses, where
the probability of making a two-stream judgment increases with
increasing sequence duration, and with this build-up being faster at
the wider frequency separation (Anstis & Saida, 1985). The two
arrows on the chart indicate the points at which the delayed “B”
tones occurred, in those sequences that contained them.

Figure 2c shows the same data plotted separately for sequences
in which a delay deviant occurred early, late, both, or not at all
during the sequence. It can be seen that there is no evidence for a
“resetting” of streaming following the delays. Indeed, the largest
apparent discontinuity occurs at Af = 4, 7 s into the sequence, but
this occurred when the deviant was only present early in the
sequence.

Experiment 2

Rationale

The aim of Experiment 2 was to apply the objective rhythm task
used in Experiment 1 to study the effects of attention on the
build-up of auditory streaming. The main comparison was between
the detection of a deviant late in a sequence when participants had
been attending to that sequence throughout, compared to when
they had just switched their attention from a competing stimulus to
the sequence.
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Figure 2. (a) Performance on the objective task of Experiment 1, averaged across the two delay values and across
participants. Error bars show standard errors. (b) Results of the subjective streaming judgments of Experiment 1. Each
line shows the average, across participants, conditions, and trials, of the number of streams heard as a function of time.
Arrows show the times at which the deviants (delayed B tones) might occur. (c) Results of the subjective task shown
separately for trials in which deviants occurred in the early, late, both, or no positions.
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Participants

Eight participants (four women) with self-reported normal hear-
ing took part. They were seated individually in a double-walled,
sound-attenuating chamber, and listened to stimuli presented at 55
dB SPL over Sennheiser HD250 headphones.

Stimuli and Procedure

The stimuli played to the left ear were 13.5-s sequences con-
sisting of tones in the ABA- pattern, where the A and B tones were
50-ms sinusoids with 10-ms onset ramps. The interstimulus inter-
val (ISI) between the tones was 75 ms, with a further 125-ms
silence following the second A tone, giving a total triplet duration
of 500 ms. The frequency of the A tone was roved on a trial-by-
trial basis within = one-half octave of 800 Hz, and the B tone
frequency was either 4 or 8 semitones (Af = 4 or Af = 8) higher
than the A tone in any one sequence.

In the right ear, starting simultaneously with the tone sequences
in the left, was a 10-s sequence of noise bursts. These were created
by digitally filtering white noise between 2000 and 3000 Hz using
a brick wall bandpass filter (60 dB down in stopbands). They either
increased in amplitude over their 400-ms duration (approach noises:
350-ms linear attack ramp, 50-ms decay linear ramp) or decreased
(depart noises: 50-ms linear attack ramp, 350-ms linear decay
ramp), giving the impression of “approaching” or “departing”
sounds. The noise bursts were presented at an average rate of 1 Hz,
with a jitter of up to £250 ms, ensuring that they did not match the
left-ear sequence in rhythm.

On half of the trials (“attend” trials), participants were instructed
to attend to the left-ear tone sequence throughout its length and
detect deviants that could appear either early (at 2.5 s) or late (at
12.5 ), but never in both positions. The probability of a deviant
occurring was 50%. The deviant was a B tone that occurred 50 ms
later than in a standard triplet. In the other half of the trials
(“switch” trials), participants were instructed to listen to the noise
sequence and judge each noise burst as “approaching” or “depart-
ing.” When the noise burst sequence finished, a visual cue in-
structed them to switch their attention to the ABA sequence and
perform the delay deviant detection task.

The two types of trial were randomized within blocks, and the
on-screen interface ensured that only the pertinent response type
was available to the individual during the course of any particular
trial. Responses were made via a computer keyboard, and the
participants were instructed to use the space bar when they heard
the delay deviant and to use the keys “1” and “2” on the number
pad to indicate “approach” and “depart” sounds, respectively. All
participants were given a practice block with feedback in order to
familiarize them with the tasks. There were then two experimental
blocks, with 48 trials in each block, giving a total experiment
length of approximately 25 min. A hit was defined as a “yes”
response following presentation of a delayed tone; any response
that occurred after 2.5 s and before 12.5 s was defined as an
“early” response, while any later response was presumed to be a
late response. If a response occurred in a window in which no
deviant had been presented, it was counted as a false alarm. Where
sequences contained no deviant, any response that occurred before
the midpoint of the sequence, 6.75s, was counted as an early false
alarm, and any that appeared later was a late false alarm.

Results: Distracter Task

All participants could complete the approach-depart categoriza-
tion task, with a mean of 76% of individual tokens being correctly
classified as approaching or departing (chance = 50%). Scores
ranged from 64 to 89% overall. This level of performance shows
that participants were attending sufficiently to the stimuli to per-
form above chance but that the task was not trivially easy.

Results: Deviant Detection Task

Figure 3a shows sensitivity (d') to the presence of a deviant that
appeared in three separate contexts—at the beginning of a se-
quence (2.5 s; early), toward the end of the sequence to which
attention had been paid throughout (12.5 s; attended), or late in a
sequence where attention had been focused on a distracter se-
quence in the other ear (switched). At the narrower frequency
separation (4 semitones), where we would expect the sequence to
be primarily heard as one stream in both the early and late time
intervals (Experiment 2), performance was good and approxi-
mately equal in all three conditions. At the wider separation (8
semitones), the results replicate the finding of experiments 1 and 2
that when participants attend to the tones throughout, the detection
of a deviant is worse late than early in the sequence, consistent
with streaming having built up. A two-way ANOVA was per-
formed on the performance on those sequences where they at-
tended throughout, with the factors of frequency separation and
position in sequence (early or late). There were significant main
effects of frequency separation (F, ;,, = 20.99, p < .01) and the
effect of position approached significance (F, ;, = 5.542, p =
.051). Importantly, the interaction was highly significant (F, ;) =
18.354, p < .005), showing that the pattern of results observed in
Experiment 1 also occurred when the sequences were presented
monaurally and in the presence of an ignored stimulus in the other
ear.

The crucial comparison was between performance later on in the
sequences, when participants had switched attention to the se-
quence during the trial, compared to when they had been attending
to the sequence throughout. When they had switched attention,
detection of a late deviant was substantially better than if they had
been attending throughout. A particularly compelling aspect of this
result is that adding an additional task demand—switching atten-
tion midway through a sequence—produced an improvement in
performance. This contrasts with the more usual finding that task
switching produces a performance decrement (for a review, see
Monsell, 2003).

The above trends were supported by statistical analyses. A
two-way ANOVA was performed on the two late context condi-
tions, with the factors of frequency separation and attention. This
showed significant main effects of both frequency separation
(F(1.7y = 19.720; p < .005) and attention (F, ,, = 7.176; p < .05),
as well as a significant interaction (F, ;) = 18.931; p < .005). A
t-test performed subsequently, comparing the two late conditions
only at Af = 8 semitones, revealed a significant difference (¢, =
—4.825; p < .01). At 4 semitones, there was no difference between
the attended and switched conditions (t,, = 0.019; p = .985),
consistent with the results of Experiment 1 (see Figure 2a); indeed,
at this frequency separation, participants primarily hear a single
stream even late in the sequence (see Figure 2b). Furthermore, at
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Figure 3. (a) Performance (d’) on the rhythm task, averaged across

participants, for the two frequency separations and three conditions of
Experiment 2. (b) Proportion of hits, averaged across participants, for the
two frequency separations and three conditions of Experiment 2.

the 8 semitone frequency separation, there was no difference
between the early (attended) condition, and the switched condition
(7). = —0.998; p = .352).

One potential complication in the interpretation of the results
comes from our decision to count all responses after 6.75 s, in
sequences containing no deviants, as “late” false alarms. In the
“switched attention” condition, participants could not make re-
sponses to the delayed-tone deviants until the noise bursts had
ended, 10 s into the sequence. This could have reduced the number
of false alarms to late deviants, and this, in turn, could theoretically
have accounted for the higher d’ compared to the condition where

participants attended to the tones throughout. To check this, we
also calculated the number of hits in the various conditions, and
plotted the results in Figure 3b. It can be seen that the pattern of
results is the same as for the d’ values, demonstrating that the
results obtained in this experiment were not strongly influenced by
differences in false alarm rate between conditions. These results
were supported by a two-way ANOVA on the hits obtained in the
two late-context conditions, which revealed significant main ef-
fects of Af (F, ;) = 18.34, p < .01) and of attention (F, ,, = 8.22,
p < .05), as well as a significant interaction (F, ;) = 31.6, p <
.001). A t-test performed on the two late conditions at Af = 8
showed a significantly greater hit rate in the switched-attention
condition (¢, = 4.41; p < .01).

General Discussion

Objective Measure of Streaming Build-Up

We believe that a task that requires subjects to detect timing
differences between the A and B tones provides a simple objective
measure not only of the effects of frequency separation on auditory
streaming (Bregman & Dannenbring, 1973; Vliegen et al., 1999;
Vliegen & Oxenham, 1999) but also of the build-up of auditory
streaming. The paradigm used here incorporates a simple, easily
learnt task that can be used to index stream segregation without the
subject having to make any explicit judgments about their stream-
ing percepts. The strong interaction between the effects of Af and
the time at which targets are presented are qualitatively consistent
with the subjective measures obtained using identical stimuli and
with the same participants.

A similar task was used to study temporal effects in stream
segregation by Roberts et al. (2008). They used a two-interval
forced choice, combined with an adaptive procedure, to measure
the smallest detectable deviation from isochrony in a six-tone
sequence of alternating low and high tones (“ABABAB”). Their
results showed that the presence of various “inducer” sequences
could increase these thresholds, and they argued that these results
represented an objective measure of the build-up of auditory
streaming. Their stimuli differed from ours in that the inducer
sequences consisted only of the low (“A”) tones, and it is possible
that the “build-up” that they referred to arose from different
processes than the change in streaming percept that occurs when
both the A and B tones are repeated an increasing number of times.
For example, it is known that prior presentation of one component
of either a complex tone (Carlyon, 1994; Dannenbring & Breg-
man, 1976; Gockel & Carlyon, 1998) or of a sequential tone pair
can “capture” that component from the mixture, and that similar
effects do not occur when the whole complex is presented before-
hand (Carlyon, 1994). As Roberts et al. (2008) point out, some
stimulus parameters, such as interaural time differences (ITDs),
appear to have much stronger effects when the inducer and test
sequences differ in ITD than when the A and B tones within a
single sequence differ in ITD. Furthermore, one might suspect that
an inducer consisting only of the “A” tones might either bias one
to attend to the novel B tones, whereas no such asymmetry would
be expected as the duration of a repeating AB sequence is in-
creased. Alternatively, or additionally, repeated exposure to the
inducer might selectively adapt those neurons tuned to the A tones.
However, one similarity between the two paradigms, revealed by
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the results, is that both seem to index a process that is not entirely
under the listener’s voluntary control; although it would benefit the
participant to “hang on” to the one-stream percept, it seems that
this is not possible, a finding that, intuitively at least, seems
slightly more surprising in the present paradigm where “capturing”
effects are unlikely to take place.

Physiological correlates of streaming build-up have previously
been reported in both animals and humans. As mentioned in the
Introduction, single-cell recordings both from the auditory cortex
of the awake rhesus monkey and from the cochlear nucleus of the
anaesthetized guinea pig have shown that adaptation can influence
neural responses in a way that closely mimics the way streaming
builds up over time. Three electrophysiological studies in humans
have also captured the effects of build-up. Sussman, Horvath,
Winkler, and Orr (2007) measured the mismatch negativity
(MMN)—a negative deflection to a rare deviant in a sequence of
more common standards—to a tone that had a different intensity
from the others in a sequence of tones having the same frequency.
When this sequence was accompanied by an “interfering” se-
quence of tones, whose intensities varied from tone to tone, no
MMN was observed if the interfering tones had a frequency close
to that of the sequence containing the deviant. When the interfering
tones were more distant, however, an MMN was observed when
the deviant occurred toward the end of the 2.5-s sequence but not
when it occurred nearer the start. Although Sussman et al. (2007)
did not statistically compare the size of the MMN between the
different conditions, the fact that it was influenced both by Af and
by time-in-sequence is consistent with it having indexed some
processes (e.g., adaptation and frequency selectivity) that have a
strong influence on streaming. We have also made preliminary
progress toward an MMN measure of streaming by adapting the
objective task described here. Our approach differed from that of
Sussman et al. (2007) in that the MMN should be largest when the
sequence is heard as a single stream. We did indeed observe that
the effects of Af and of time-in-sequence interacted, with the
MMN being largest for small Af and for deviants presented early
in the sequence (Carlyon et al., 2010). Evidence using a different
paradigm from the MMN was provided by Snyder et al. (2006),
who measured evoked responses to 10.8-s sequences of repeating
ABA triplets. They observed a number of peaks in response to
each triplet, including N1 (latency ~120 ms), P2 (160 ms) and N2
(200 ms). The size of the P1-N1 and of the P1-N2 deflections both
increased with increasing Af. There was also a positive deflection,
peaking 150-250 ms after the onset of each triplet, which was
larger for triplets later than earlier in the sequence. They concluded
that these two measures indexed different aspects of auditory
streaming, and, as discussed in the next subsection, noted the
different effects of attention on the two measures.

The behavioral measure of streaming build-up reported here,
and physiological measures from animals and humans, each have
their own advantages and weaknesses. Physiological measures in
animals have the capacity to identify neural processes that are
likely to influence streaming and to constrain where and/or when
in the auditory system they occur. Behavioral measures, and,
arguably, the MMN, necessarily provide less neural specificity but
more directly tap perception by demonstrating the influence of (in
the present case) Af and build-up on listeners’ perceptual abilities.
As noted above, a particular feature of the method reported here is
that it shows a reduction in performance for targets later in the

sequence, thereby showing that the streaming build-up is at least to
some extent compulsory.

Attention

Perhaps the most important finding of the present study is the
fact that the effects of attention on the build-up of auditory stream-
ing can be measured using an objective task. The use of a forced-
choice method rules out the possibility that these effects, previ-
ously reported using subjective measures, could arise from
criterion shifts or biases at the response stage. The results also
show that attention can mitigate the effects of a phenomenon—the
build-up of streaming—which, at least when subjects are attend-
ing, appears to be outside of voluntary control. This finding,
combined with the previous observation that build-up can be
reduced or reset by silently counting backward in threes (Carlyon
et al., 2003), raises an intriguing possibility. Although participants
were apparently unable to “hang on” to the one-stream percept
when they were attending to the tones, leading to a decrease in
performance late in the sequence, they might have been able to
improve performance instead by briefly performing a mentally
distracting task and then returning their attention to the tones. In
other words, in order to hear a one-stream percept, one should not
try to do so but instead briefly divert attention elsewhere. Our
results are also consistent with previous reports that neither the
“bistable” nature of streaming percepts, nor their dependence on
the context in which they are presented, can be eliminated by the
instructions given to the participants (Pressnitzer & Hupe, 2006;
Snyder et al., 2008).

One important question that is not answered by the present study
is exactly how the tone sequences are represented in the brain
while they are unattended. Two possibilities that have been pre-
viously mentioned are that streaming does not build up, so that the
representation is of a single stream (Carlyon et al., 2001), or that
streaming does build up but that it is “reset” when attention is
reassigned to the tonal sequence (Cusack et al., 2004; Moore &
Gockel, 2002; Roberts et al., 2008). A variant of this latter expla-
nation has been suggested by Cusack et al. (2004), who reported
that streaming could be “reset” equally well by introducing a silent
gap of a few seconds into a tone sequence, and by leaving the
sequence uninterrupted and briefly diverting the participant’s at-
tention to a competing task. In both cases, listeners’ subjective
streaming reports after the gap or attention switch were similar to
those at the start of a sequence. Because, in the absence of a
competing task, attention may be exogenously drawn to the start of
a sequence, they suggested that the default representation may be
for the tones in a sequence to be segregated, and that the com-
monly reported effects of “build-up” may be better described as a
recovery from a “resetting” effect caused by attention being at-
tracted toward the start of the sequence.

Two electrophysiological studies have investigated the modula-
tion of measure of streaming build-up and of its modulation by
attention. As noted in the previous subsection, Snyder et al. (2006)
measured a positive deflection, with a latency of 150-250 ms,
whose amplitude increased during a 10.8-s sequence of ABA
triplets. This increase was greater when subjects attended to the
tone sequence than when they watched a subtitled movie. As they
pointed out, this finding is consistent with attention influencing the
build-up of streaming. However, if attention to the start of a
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sequence is responsible for the initial one-stream percept, then
Snyder et al.’s (2006) finding could also possibly be due to the
competing task reducing the participants’ orientation toward the
onset of each sequence. The MMN index of streaming build-up,
reported by Sussman et al. (2007), has also been interpreted in
terms of the effects of attention on streaming because it was
obtained while participants were instructed to ignore the tone
sequence and to monitor a continuous noise for a change in
intensity. However, it should be noted that the detection of an
intensity change is a task that may not require substantial atten-
tional resources, as it does not show a task-sharing cost in a
divided attention paradigm (Bonnel & Hafter, 1998). Furthermore,
there was no comparison condition in which participants were
instructed to attend to the sequences, and so, even if the competing
task were attentionally demanding, one could only conclude that
some build-up occurred without full attention rather than that
attention had no effect in particular condition.

Another possible scenario is that the sequences are represented
neither as one nor as two streams (cf. Brochard, Drake, Botte, &
McAdams, 1999). For example, the percept that results from
different-frequency tones presented at a very slow rate (e.g., <1
Hz) cannot really be described as integrated or segregated, but
instead, each tone is perceived as a separate event. These sparse
events are not perceptually bound either in time or in frequency
and are thus perceived as isolated instances and not component
parts of a larger whole. It may be that, in the absence of attention,
even faster sequences remain “unbound” and do not conform to
either a one- or a two-stream representation. The existence of this
state of limbo would not conform easily to the framework adopted
by physiological studies, in which streaming is represented by the
degree to which neural responses are driven by one versus both
tones, and where no explicit links need to be made between the
responses to different tones (Fishman et al., 2001; Micheyl et al.,
2007). Rather, it would have to relate to higher-level processes
responsible for making those links.

Clearly, the issue of how unattended streams are represented in
the nervous system remains unsolved. What the present results
already make clear, though, is that attention can have a profound
influence on the auditory streaming process per se, and that its
effect can be measured in an objective, forced-choice task.
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