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Abstract
When presented with alternating low and high tones, listeners are more likely to perceive 2 separate
streams of tones (“streaming”), rather than a single coherent stream, when the frequency separation
(Δf) between tones is greater and the number of tone presentations is greater (“buildup”). However,
the same large-Δf sequence reduces streaming for subsequent patterns presented after a gap of up to
several seconds. Buildup occurs at a level of neural representation with sharp frequency tuning,
supporting the theory that streaming is a peripheral phenomenon. Here, we used adaptation to
demonstrate that the contextual effect of prior Δf arose from a representation with broad frequency
tuning, unlike buildup. Separate adaptation did not occur in a representation of Δf independent of
frequency range, suggesting that any frequency-shift detectors undergoing adaptation are also
frequency specific. A separate effect of prior perception was observed, dissociating stimulus-related
(i.e., Δf) and perception-related (i.e., 1 stream vs. 2 streams) adaptation. Viewing a visual analogue
to auditory streaming had no effect on subsequent perception of streaming, suggesting adaptation in
auditory-specific brain circuits. These results, along with previous findings on buildup, suggest that
processing in at least three levels of auditory neural representation underlies segregation and
formation of auditory streams.
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Understanding how preceding context affects auditory perception is a central problem because
real-world stimuli such as speech and music usually occur in a temporal sequence. For example,
spoken words are typically preceded by other words in a phrase and musical notes are typically
preceded by other notes in a melody. In the laboratory, manipulating context is a powerful
methodology for determining the nature of the psychological and neural representations
underlying perception. For example, classic studies in visual spatial perception that adapted
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participants to context patterns provided evidence for neurons in the human visual system that
are specifically tuned to size and spatial orientation (e.g., Blakemore & Campbell, 1969).
Studies of the adapting effects of context have also been applied fruitfully in the auditory
domain (Repp, 1982). Measuring the adapting effects of context can provide evidence for the
existence of multiple levels of processing, thus providing insight into the hierarchy of
processing levels in a specific perceptual phenomenon.

We recently reported a novel context effect on auditory stream segregation that likely occurs
at sensory levels of processing (Snyder, Carter, Lee, Hannon, & Alain, in press). In this
paradigm, low tones (A), high tones (B), and silences (-) are presented in a repeating ABA-
pattern (Bregman & Campbell, 1971; Van Noorden, 1975). When the frequency difference
between A and B (Δf) is small and the repetition rate is slow, listeners typically report a single
ABA- “galloping” pattern. When Δf is large enough and the repetition rate is sufficiently fast,
listeners report hearing two separate streams of tones, each in a metronome-like rhythm (i.e.,
A-A-A-A-… and B---B---…). At intermediate Δf, the stimulus is ambiguous and perception
can alternate between interpretations of one and two streams (Pressnitzer & Hupé, 2006). The
auditory stream segregation paradigm is used as a probe for understanding general principles
of auditory segregation and perceptual formation of auditory objects (i.e., auditory scene
analysis, Bregman, 1990).

Perceiving two streams (“streaming”) does not occur instantly. Instead, listeners initially hear
one stream that perceptually splits into two streams after several seconds of repeating ABA-
patterns, a facilitative context effect called “buildup” (Anstis & Saida, 1985; Carlyon, Cusack,
Foxton, & Robertson, 2001). Despite the fact that attention can modulate buildup (Carlyon et
al., 2001; Cusack, Deeks, Aikman, & Carlyon, 2004; Snyder, Alain, & Picton, 2006),
psychophysical and neurophysiological evidence suggests that buildup begins in early stages
of the ascending auditory system. For example, Anstis and Saida (1985) showed that buildup
can be reset by shifting the A and B tones up or down by just a few semitones, suggesting
adaptation in brain regions with narrow frequency tuning typical of early brain areas along the
ascending auditory pathway. Consistent with this psychophysical result, Pressnitzer, Micheyl,
Sayles, and Winter (2007) measured neural correlates of buildup in the cochlear nucleus, the
first stage of the auditory central nervous system that receives input from the ear, providing
direct evidence for early auditory processing underlying buildup.

In contrast to the known facilitation of streaming caused by a large Δf and more ABA-
repetitions (i.e., buildup), Snyder et al. (in press) showed that streaming during a given trial
was reduced if the listener had been exposed to a large Δf in previous trials. This contrastive
context effect (cf. Holt, 2005, 2006) was strongest when the current trial had an intermediate
Δf, suggesting that only ambiguous patterns are highly susceptible to this influence of context.
The effect lasted for tens of seconds but began decaying immediately after the pattern ended,
suggesting the involvement of long-lasting sensory adaptation (Micheyl, Tian, Carlyon, &
Rauschecker, 2005; Ulanovsky, Las, Farkas, & Nelken, 2004; Ulanovsky, Las, & Nelken,
2003) or long auditory sensory memory (Cowan, 1984). Currently, it is not known what
representations undergo adaptation resulting in the contrastive context effect we observed but
understanding this may provide general insights into what levels of processing are important
in segregation of sequential patterns and formation of auditory streams.

The current study consists of four experiments that present a context sequence, followed by a
short silent period and a test sequence. We manipulated the relationship between the context
and test sequences in order to test hypotheses regarding the representations that undergo
adaptation and lead to the context effect. Specifically, we investigated whether the mechanisms
undergoing adaptation: 1) were narrowly tuned in frequency like buildup (Anstis & Saida,
1985) or more widely tuned, which could provide information about the stages of auditory
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processing involved, 2) whether they were tuned to an explicit representation of Δf (e.g.,
neurons tuned to different size Δf; cf. Anstis & Saida, 1985; Demany & Ramos, 2005; Van
Noorden, 1975) that might undergo adaptation during the context and influence subsequent
perception during the test, and 3) whether they were tuned to the auditory modality or if they
reside in multi-modal brain areas (cf. Cusack, 2005).

We predict that if the neurons undergoing adaptation during the context effect are narrowly
tuned as in buildup (Anstis & Saida, 1985), shifting the frequency range of tones by a small
amount between the context and test periods should disrupt the context effect. If the neurons
undergoing adaptation are more broadly tuned, it would be necessary to shift the frequency
range by a larger amount to detect any disruption of the context effect. Demonstrating different
tuning widths for neurons involved in buildup versus the contrastive context effect would
provide evidence for multiple levels of representation in streaming as proposed by recent
theoretical frameworks (Snyder & Alain, 2007b; Denham & Winkler, 2006), which contradict
the theory that streaming primarily occurs in the auditory periphery (Beauvois & Meddis,
1996; Hartmann & Johnson, 1991; Van Noorden, 1975).

In all four experiments described below, the test sequence was an ABA- pattern with a Δf of
6 semitones between the A and B tones, an ambiguous pattern that could be heard as one or
two streams by most listeners in our previous report (Snyder et al., in press). The current study
also included trials in which the context and test sequences were identical to each other, which
allowed us to test for perceptual adaptation (rather than stimulus-specific adaptation) as the
basis for the context effect by controlling the influence of previous Δf. Specifically, it is possible
that there are populations of neurons in the auditory system that represent perception of one
vs. two streams and that perceiving one of these percepts causes adaptation of that particular
percept, independent of the specific stimuli presented. Therefore, if perceiving one stream vs.
two streams during the context sequence influences perception during the test in the absence
of any difference in Δf between the two sequences, this would demonstrate an effect of
perceptual context on perception of streaming. We also included trials in which the context
period consisted of silence in order to determine whether presenting a small and a large Δf each
had a measurable context effect relative to silence.

Experiment 1A
Previous research has shown that the adaptation underlying streaming buildup (i.e., leading up
to the initial switch from one stream to two streams) is highly frequency specific (Anstis &
Saida, 1985), suggesting that buildup relies on adaptation of neurons in early stages of the
auditory system that are narrowly tuned to the individual tone frequencies. The purpose of the
current experiment was to determine the frequency specificity of the contrastive context effect
we observed previously (Snyder et al., in press). On each trial, we presented a context sequence
consisting of an ABA- pattern with a small or large Δf, which was followed after a short break
by the perceptually ambiguous (intermediate Δf) test sequence. The test sequence was either
shifted to a different frequency range or had the same A tone as the preceding context sequence.
Thus, if the contrastive context effect reflects adaptation to the repeated presentation of the
specific A tone frequency, changing the A tone between the two sequences should disrupt the
contrastive context effect. Experiment 1A tests the strength of the context effect when the A
tone frequency changes from the context to the test by a relatively small amount; Experiment
1B tests the context effect when the A tone changes by a larger amount. Thus, Experiment 1A
and Experiment 1B together test how widely tuned to frequency are the neurons undergoing
adaptation during the context sequence.
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Method
Participants—Eleven normal-hearing adults (6 men and 5 women, age range = 24–37 years,
mean age = 30.3 years) from the Harvard University community participated after giving
written informed consent according to the guidelines of the Faculty of Arts and Sciences at
Harvard University. The first two authors participated.

Materials and Procedure—Stimuli were generated and behavioral responses were
collected by a custom Matlab script with functions from the Psychtoolbox (Brainard, 1997),
running on a Pentium 4 computer with a SoundMAX Integrated Digital Audio card. Sounds
were presented binaurally through Koss UR-30 headphones at 65 dB SPL. Pure tones were 50
ms in duration, including 10 ms rise/fall times. The time between adjacent A and B tone onsets
within each ABA- cycle was 120 ms as was the silent duration between ABA triplets.

Each trial consisted of a 6.72 s context period, a 1.44 s silent period, and a 6.72 s test period.
The inter-trial interval was 6 s. The test period contained 14 ABA- repetitions with Δf equal
to 6 semitones with one of the following two sets of A and B tone frequencies: 1) A=300 Hz,
B=424 Hz, or 2) A=500 Hz, B=707 Hz. This Δf of 6 semitones was chosen because it usually
leads to a bistable percept in which it is possible to hear one or two streams. Table 1 shows the
tone frequencies of the context sequences, each lasting 14 ABA-repetitions (6.72 s). There
were six different context sequence types for each of the two test sequences: 1) 6.72 s silence;
2) same as the test sequence; 3) smaller (3 semitone) Δf and the same A tone frequency as the
test sequence; 4) larger (12 semitone) Δf and the same A tone frequency as the test sequence;
5) smaller (3 semitone) Δf and a different A tone frequency from the test sequence; 6) larger
(12 semitone) Δf and a different A tone frequency from the test sequence. With two test
sequences and six types of context sequence, there were twelve different trial types, each
presented once each per block in a random order without replacement. Six blocks were
presented. Thus, each context/test combination was presented six times to each participant.

Participants were seated in a dimly lit room and were asked to maintain fixation on a white
cross on a gray background in the center of a computer screen throughout the experiment.
Participants were asked to press and hold down the down-arrow key when they perceived one
stream and if they perceived two streams to press and hold down the left-arrow key. Participants
were instructed to hold down both keys during any periods of confusion or perception of both
one and two streams and to release all keys during intervals between the stimulus presentations.
Participants were not explicitly told that there were context and test periods; instead, they were
told to respond whenever the sound stimuli were played to them. Participants were encouraged
to let their perception take a natural time course and not to bias their perception in favor of one
stream or two streams. The button presses were sampled synchronously with the A tones (every
240 ms), resulting in 62 data points per trial.

Data Analysis
We quantified the proportion of time during which participants perceived two streams at each
time point, making it possible to graph the time course of streaming. In order to quantify
streaming for statistical analysis, we calculated the proportion of total time that participants
reported two streams for the context and test periods, separately. These values were obtained
for each participant across each of the 12 different trial types. The values for trials with 3 and
12 semitone context sequences were entered into a three-way repeated-measures analysis of
variance (ANOVA) to test for differences in perception of streaming during the test period
depending on the test sequence (300–424-400-, 500–707-500-), Δf of the context sequence
(3,12 semitones), and whether the A tone frequency was the same or different in the context
and test periods. The degrees of freedom were adjusted with the Greenhouse-Geisser epsilon
(ε) and all reported probability estimates were based on the reduced degrees of freedom.
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To test the effect of previous percept, we analyzed trials that had identical test and context
sequences. These trials were sorted according to whether participants perceived one stream or
two streams at the end of the context period. The mean proportion of streaming during the test
sequence was then compared across the two percepts (previously perceiving one stream vs.
two streams) using a one-way repeated-measures ANOVA.

Results and Discussion
Our main interest in this experiment was to test the frequency specificity of the contrastive
context effect. First, however, we present data replicating the typical effect of Δf on perception
of two streams (Bregman & Campbell, 1971; Van Noorden, 1975) and the context effect we
reported previously (Snyder et al., in press). Figure 1 shows the proportion of time participants
heard streaming over the course of the trial, including the context, silent, and test periods. When
the context sequence had a small 3-semitone Δf, participants heard less streaming compared
to when the context sequence had a large 12-semitone Δf Participants heard intermediate
amounts of streaming when the context sequence had a 6-semitone Δf (same condition). This
effect of Δf reached significance, F(1,10) = 197.85, p < .001, η2 = 0.95, and similar results
were obtained regardless of the A tone frequency during the context sequence. No streaming
was reported when the context was silence.

During the test period, which always consisted of a 6-semitone Δf pattern, participants showed
the same contrastive context effect that we reported for the first time recently (Snyder et al.,
in press). Specifically, when the context sequence had a 12-semitone Δf (i.e., biased towards
perception of two streams), participants reported less perception of two streams during the test
sequence. When the context had a 3-semitone Δf (i.e., biased towards perception of one stream),
participants reported more perception of two streams during the test sequence. The difference
among these conditions was reflected by a significant main effect of Δf, F(1,10) = 38.07, p < .
001, η2 = 0.79. Similar amounts of streaming during the test were reported whether the context
had a Δf of 3 or 6 semitones (same condition), and streaming was enhanced in these conditions
compared to when no context sequence was presented (i.e., silence condition). This may reflect
the fact that a buildup effect occurred when presenting identical context and test sequences,
which has a similar magnitude effect as presenting a small Δf (3 semitones) during the context.
Presenting a 12-semitone context resulted in less streaming than when no context was
presented, suggesting that presenting small and large Δf sequences both produced context
effects relative to silence.

The current study was designed to identify factors responsible for the contrastive context effect.
The main finding we report is that the same magnitude of contrastive effect was seen regardless
of whether or not the A and B tones in the test sequence fell within the same frequency range
as the context sequence (Δf x tone interaction, F(1,10) = 0.27, p = .61, η2 = 0.03). Thus, the
contrastive context effect is not highly frequency specific and is unlikely to occur in neurons
narrowly tuned to the A and B tones, unlike buildup (Anstis & Saida, 1985). Instead, the context
effect appears to generalize to an ambiguous ABA- sequence in a different frequency range.

One possible explanation for the context effect is that it is driven by perception during the
context period rather than by the stimulus properties during the context. In our previous study,
we addressed this by sorting behavioral responses that occurred at the end of trials based on
whether listeners perceived one or two streams on the previous trial. We found no evidence
that perception of two streams on the previous trial caused less streaming on the current trial
(Snyder et al., in press). Rather, we found the opposite tendency with participants reporting
hearing two streams more often when they had also perceived two streams on the previous
trial, similar to the well-known buildup effect (Anstis & Saida, 1985; Carlyon et al., 2001).
However, this analysis had insufficient data to perform statistical analysis.
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The current experiment allowed us to more rigorously test the influence of perception during
the context period on subsequent perception during the test period. To control the influence of
Δf during the context period, we only analyzed the condition in which the ambiguous test
sequence was preceded by the identical ambiguous 6-semitone context sequence. We sorted
the data from the test sequence according to whether participants perceived one stream or two
streams at the end of the context sequence. One participant was excluded from this analysis
because of always reporting two streams at the end of the context sequence. When participants
reported hearing one stream at the end of the context period, they were also more likely to
report hearing the same one stream percept during the test sequence (Figure 2, solid line).
Similarly, when two streams were heard at the end of the context sequence, this same two-
stream percept was more likely to be heard during the test period (Figure 2, broken line).

In summary, this experiment showed that larger Δf during the context sequence caused less
streaming during the test sequence, consistent with our previous findings (Snyder et al., in
press). This effect occurred regardless of whether the context and test sequences shared the
same A tone frequency. Simply perceiving more streaming at the end of the context sequence
resulted in slightly (but non-significantly) more streaming during the test sequence. This
facilitative effect of percept provides evidence that the relevant factors responsible for the
contrastive context effect are likely to be related to stimulus-specific adaptation rather than
perceptual adaptation.

Experiment 1B
Although Experiment 1A showed no reliable diminution of the contrastive context effect as a
result of changing the frequency of the A tone between the context and test sequences, this
does not completely rule out the possibility that the adaptation leading to the context effect
occurs in auditory brain areas that have frequency-specific neurons. For instance, it is possible
that the neurons undergoing adaptation had relatively broad frequency tuning that did not result
in a reliable diminution of the context effect because the difference in frequency range between
the context and test sequences was too small. To test this hypothesis, we used similar stimuli
and procedure as in Experiment 1A but with context and test sequences that were much farther
separated in frequency.

Method
Participants—Fifteen normal-hearing adults (8 men and 7 women, age range = 18–37 years,
mean age = 27.7 years) from the Harvard University community participated after giving
written informed consent according to the guidelines of the Faculty of Arts and Sciences at
Harvard University. The first two authors participated.

Materials and Procedure—As shown in Table 2, this experiment was constructed as in
Experiment 1A except the test sequences had frequencies as follows: 1) A=300 Hz, B=424 Hz,
or 2) A=1300 Hz, B=1838 Hz and the context sequences were adjusted accordingly.

Data Analysis
We analyzed the data in the same manner as Experiment 1A.

Results and Discussion
Figure 3 shows the proportion of time during which participants heard streaming over the
course of the trial. As in Experiment 1A, participants heard more streaming during the context
period when the context sequence had a larger Δf, F(1,14) = 137.02, p < .001, η2 = 0.91. During
the test period, which always consisted of a 6-semitone Δf pattern, participants again showed
a contrastive context effect, as confirmed by a significant main effect of context Δf, F(1,14) =
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17.53, p < .001, η2 = 0.56. However, unlike in Experiment 1A, the difference between the 3-
and 12-semitone Δf conditions was reduced when the context and test sequences did not share
the same A tone frequency (Δf x A tone interaction, F(1,14) = 9.60, p < .01, η2 = 0.41).

As in Experiment 1A, we assessed the effect of prior perception. Figure 4 shows the proportion
of time participants heard two streams for trials in which the context and test sequences were
identical. When one stream was perceived at the end of the context period, participants were
more likely to report hearing the same one stream percept during the test sequence (Figure 4,
solid line). Similarly, when two streams were heard at the end of the context sequence, this
same two-stream percept was more likely to be heard during the test period (Figure 4, broken
line). Unlike in Experiment 1A, this effect of perception reached significance in the current
experiment, F(1,14) = 14.87, p < .005, η2 = 0.52.

In summary, this experiment showed that larger Δf during the context sequence caused less
streaming during the test sequence, and that this contrastive context effect was reduced when
the context and test sequences were presented in very distant frequency ranges. However,
perceiving streaming at the end of the context sequence resulted in significantly more streaming
during the test sequence. Thus, the Δf-dependent context effect is contrastive in nature, meaning
that presenting a large Δf during the context results in more streaming during the context but
less streaming during the test sequence; conversely, the perception-dependent context effect
is facilitative in nature because perceiving two streams at the end of the context sequence also
makes perceiving two streams more likely during the test sequence.

These data suggest the existence of both stimulus-specific and percept-specific adaptation,
which may occur at different levels of representation with opposite effects on perception of
streaming. On the other hand, in vision, a recent series of behavioral and computational studies
have shown that the apparently opposite phenomena of perceptual stability (facilitation) and
perceptual reversals (contrastive context effect) may be driven by a single process involving
multiple timescales of adaptation (Brascamp, Knapen, Kanai, Noest, van Ee, & van den Berg,
2008; Brascamp, Knapen, Kanai, van Ee, & van den Berg, 2007; Noest, van Ee, Nijs, & van
Wezel, 2007). Further studies are therefore needed to determine if the same relationship can
be seen in the timescales of the perceptual facilitation and contrastive effects in the auditory
domain.

Experiments 1A and 1B together demonstrated that the adaptation underlying the contrastive
context effect generalized to different frequencies and was still present, though reduced, when
the context and test frequencies were very distant in frequency. This finding suggests that the
contrastive context effect occurs at a late stage of processing in the auditory system because
early stages of processing show relatively sharp frequency specificity (Kaas & Hackett,
2000). Thus, together with evidence from studies of buildup showing adaptation of neurons
narrowly tuned to frequency (Anstis & Saida, 1985), Experiments 1A and 1B provide evidence
for at least three levels of adaptation in stream segregation by showing adaptation of neurons
broadly tuned in frequency and adaptation of perception.

Experiment 2
One possible explanation for the contrastive context effect is that during the context period,
neurons selective for Δf (in addition to being widely tuned to frequency) undergo adaptation.
Specifically, presenting a context sequence with a small Δf would adapt a specific subset of
neurons tuned to small Δf Subsequently presenting a sequence with an intermediate Δf would
result in fewer than normal responses from neurons tuned to small Δf, which would result in
a greater likelihood of the listener hearing two streams. This would be analogous to the
adaptation underlying motion after-effects in vision, illustrated by the “waterfall illusion” in
which stationary objects appear to move up after viewing of downward motion for a number
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of seconds (Anstis, Verstraten, & Mather, 1998). Evidence for Δf-specific adaptation during
streaming would provide support for the existence of neurons that are tuned to frequency shifts
(cf. Demany & Ramos, 2005) that do not depend on repeated stimulation of a specific part of
a tonotopic map.

Method
Participants—Eight normal-hearing adults (5 men and 3 women, age range = 22–37 years,
mean age = 29.8 years) from the Harvard University community participated after giving
written informed consent according to the guidelines of the Faculty of Arts and Sciences at
Harvard University. The first two authors participated.

Materials and Procedure—On each trial, the A and B frequencies during the test period
were held constant (A=300 Hz, B=424 Hz). The context sequences consisted of either 6.72 s
of silence or a 6.72 s sequence in which each ABA- repetition had an A tone frequency that
was randomly selected from the range 600–2600 Hz and a B tone frequency that was either 3
or 12 semitones above the A tone frequency. With one test sequence and three types of context,
there were three different trial types, each presented four times per block in a random order
without replacement. Six blocks were presented. Thus, each trial type was presented 24 times
to each participant.

The procedure was similar to Experiments 1A and 1B with the following exception.
Participants were told that some of the sequences they would hear would have tones that
randomly move around in frequency and that they may not perceive two streams but that if
they do they should press the button corresponding to this percept.

Data Analysis
We analyzed the data using a one-way repeated-measures ANOVA with context (silence, 3
semitone, 12 semitone) as the factor.

Results and Discussion
Figure 5 shows the proportion of time participants heard streaming during the context, silent,
and test periods. During the random-frequency ABA- context, the likelihood of reporting two
streams was similarly low for both the 3- and 12-semitones Δf conditions, F(1,7) = 0.40, p = .
55, η2 = 0.06. During the test period with the constant-frequency ABA- sequences, participants
heard similar amounts of streaming, regardless of the prior context, F(1,7) = 1.88, p = .20,
η2 = 0.21. These data suggest that to the extent that the contrastive context effect observed in
Experiments 1A and 1B and in our previous investigation (Snyder et al., in press) was due to
adaptation of frequency-shift detectors (Demany & Ramos, 2005), these frequency-shift
detectors require repeated stimulation of a particular area of a tonotopic map. Another possible
reason for the lack of a Δf-based context effect in the current experiment is that the context
stimuli used might not have engaged the same mechanisms that are typically recruited to
process ABA- patterns, resulting in adaptation in different neural pathways than those activated
by the test stimuli. Thus, future experiments are needed to further evaluate the possibility of
frequency-shift detectors undergoing adaptation during streaming.

Experiment 3
The previous experiments provided evidence for the existence of two different context effects
on auditory stream segregation, a contrastive effect of stimulus context (i.e., small Δf vs. large
Δf) and a facilitative effect of perceptual context (i.e., one stream vs. two streams). The purpose
of the current experiment is to understand whether the two context effects arise from brain
circuits that are auditory specific, or whether they reflect adaptation at a multi-modal level of
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processing that is selective for the relative number of stimulus components (Burr & Ross,
2008) or a general stimulus quality such as coherence versus segregation (cf. Cusack, 2005).
While the existence of such category-general adaptation, would be surprising, it would be
consistent with resent observations that exposure to looming (expanding) visual motion that
appeared to be coming towards the observer resulted in the perception of a constant tone
sounding like it was moving away from the observer (Kitagawa & Ichihara, 2002). To test for
the existence of similar multi-modal influences in auditory streaming, we presented one of the
test sequences that we used in the previous experiments but instead of presenting auditory
context sequences, we presented moving visual plaid stimuli that could be perceived as either
a coherent pattern moving vertically or two superimposed gratings sliding over each other in
opposite directions.

The plaid stimulus shows similar perceptual dynamics as in auditory stream segregation
(Pressnitzer & Hupé, 2006). For example, the coherent percept generally dominates initially
but later the two grating components will segregate and appear to slide independently.
Analogous to the effect of Δf on auditory stream segregation, the plaid stimulus can be
systematically biased towards the segregated sliding percept by increasing the difference
between the two motion directions (α). At intermediate values of α, the stimulus is ambiguous
and the coherent and segregated percepts tend to alternate indefinitely (Hupe & Rubin,
2003). An α-based contrastive context effect, similar to the Δf-based effect observed in the
auditory modality (Snyder et al., in press) occurs when both the context and test stimuli consist
of moving plaids (Carter, Snyder, Rubin, & Nakayama, 2007).

Method
Participants—Eight normal-hearing adults (6 men and 2 women, age range = 22– 34 years,
mean age = 29.8 years) from the Harvard University community participated after giving
written informed consent according to the guidelines of the Faculty of Arts and Sciences at
Harvard University. The first two authors participated.

Materials and Procedure—As shown in Figure 6, the visual plaid stimuli were composed
of superimposed rectangular-wave gratings with a duty cycle of 0.33 (one third dark grey 14
cd/m2, two thirds light grey 22 cd/m2) and a spatial frequency of 0.3 cycles/degree of visual
angle. The dark gratings moved at a speed of 2°/sec and appeared transparent (the intersection
regions were visibly darker, 7 cd/m2). The plaid pattern was presented within a circular aperture
of 13° in diameter, and the background outside this aperture was also gray (14 cd/m2). A red
0.2° fixation dot was presented centrally, within a dark gray exclusion zone (9 cd/m2) with a
diameter of 1.5°. The direction of component motion was manipulated by rotating the gratings
symmetrically clockwise or counter-clockwise, relative to the vertical axis. In all trials, the
coherent plaid appeared to move upwards.

On each trial, the auditory test sequence had frequencies as follows: A=300 Hz, B=424 Hz.
The visual context lasted for 14.88 s and consisted of 1) a uniform light gray surface, or the
visual plaid stimulus described above with α values of 2) 50°; 3) 105°; or 4) 150°. The fixation
point and the dark grey background were presented throughout the entire block of auditory and
visual testing.

With one test sequence and four types of context, there were four different trial types, each
presented three times each per block in a random order without replacement. Six blocks were
presented. Thus, each trial type was presented 18 times to each participant.

The procedure was similar to the previous experiments with the following exception. Observers
viewed the visual fixation and plaid stimuli from 57 cm, with head position maintained using
an adjustable chin rest.
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Data Analysis
We analyzed the data using a one-way repeated-measures ANOVA with context (blank screen,
α=50°, α=105°, α=150°) as the factor.

Results and Discussion
Figure 7A shows the proportion of time participants perceived two segregated stimulus
components over the course of the trial, including the visual context, silent/blank, and auditory
test periods. Despite large stimulus-related effects on visual perception during the context
period1, there was very little effect of visual stimulus context on auditory stream segregation,
F(1,7) = 1.78, p = .20, η2 = 0.20. This demonstrates that the stimulus-based contrastive context
effect does not generalize from the visual to the auditory modality, suggesting that context
effects on auditory streaming are mediated by auditory-specific brain circuits, below any level
of multi-modal perception of segregation. This is despite the fact that a contrastive context
effect occurs when both the context and test stimuli consist of moving plaids (Carter et al.,
2007). It is therefore likely that the contrastive context effect on streaming is due to adaptation
of auditory-specific neurons.

To test whether the facilitative effect of perceptual context on streaming is also the result of
modality-specific processing, we reanalyzed the trials in which the context pattern had an
intermediate α value of 105°. Specifically, we sorted the data from the test sequence according
to whether participants perceived one moving plaid or two gratings sliding past each other at
the end of the context sequence to test for any effect on auditory perception. Figure 7B shows
the proportion of time participants heard two streams depending on the visual percept at the
end of the context period. There was no effect of visual perception on subsequent auditory
perception during the test period, F(1,7) = 0.33, p = .58, η2 = 0.05.

This finding suggests that the facilitative effect of perceptual context on streaming occurs in
auditory-specific brain circuits, as does the contrastive effect of stimulus context. This fails to
support the proposal that the adaptation effects seen in auditory streaming reflect the
involvement of an abstract non-modality specific brain area responsible for perception of object
number (Burr & Ross, 2008) or relative stimulus coherence (Cusack, 2005). While the negative
results observed here do not rule out the possible involvement of multi-modal perceptual
mechanisms, our results are consistent with findings in vision that perceptual stabilization
depends on the continuity of low-level factors (Chen & He, 2004; Maier, Wilke, Logothetis,
& Leopold, 2003).

General Discussion
To reveal the nature of the representation underpinning perceptual organization of sequential
auditory patterns, the current series of experiments presented trials in which a test ABA- pattern
that could be heard as one stream or two streams was preceded by various types of adapting
context sequences. In Experiments 1A and 1B, we replicated our previous finding that
preceding an ambiguous test sequence with a context sequence having a large Δf caused less
perception of streaming, compared to when the context sequence had a small Δf (a contrastive
effect of context). Experiment 1B showed a significant enhancement of perceiving two streams
during the test period when subjects perceived two streams at the end of the context (a
facilitative effect of perceptual context). The same trend for a facilitative effect was seen in
Experiment 1A, but the effect size was not as large and did not reach significance. Beyond

1During the context period, the perception of two objects increased with increasing values of α, consistent with previous reports (Hupe
& Rubin, 2003) and analogous to the effect of Δf on perception of streaming. This was confirmed by a significant effect of context type
on perception during the context period, F(1,7) = 79.23, p < .001, η2 = 0.92. Moreover, the effect of α on visual perception was similar
to that of Δf on auditory perception in Experiments 1A, 1B, and 2.
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demonstrating a facilitative effect of prior percept, this rules out the possibility that the
contrastive effect resulted from a response bias on the part of participants to switch responses
between the end of the context period and the start of the test period. Experiments 1A and 1B
further showed that when the context and test sequences were separated in frequency range by
a small amount, the contrastive effect of context was unchanged compared to when they were
in the same frequency range; but when the frequency range of the context and test differed by
a larger amount, the context effect was significantly diminished though still present.

Relation of Context Effects to Buildup
These findings suggest that the contrastive effect of context is caused by adaptation of neurons
that have relatively wide tuning to sound frequency. This is in contrast to the case of Δf-based
segregation and buildup (i.e., the process leading up to the initial switch from perceiving one
to perceiving two streams), both of which rely on adaptation of neurons with narrow frequency
tuning (Anstis & Saida, 1985; Gutschalk, Micheyl, Melcher, Rupp, Scherg, & Oxenham,
2005; Micheyl et al., 2005; Pressnitzer et al., 2007; Snyder & Alain, 2007a; Snyder et al.,
2006). It is therefore likely that the contrastive context effect is due to adaptation in higher
levels of the auditory system compared to Δf-based segregation and buildup. Evidence from
neurophysiological studies in non-human animals showed neural adaptation that can predict
human perceptual buildup occurring as early as the ventral cochlear nucleus (Pressnitzer et al.,
2007) and also in primary auditory cortex (Micheyl et al., 2005), suggesting that Δf-based
segregation and buildup are computed at the first stage of central auditory processing and that
this information is preserved up to the first stage of auditory cortical processing. Thus, it is
likely that the neural mechanisms of the contrastive context effect operate in brain areas
downstream from the ventral cochlear nucleus in auditory areas that integrate information
across larger frequency ranges. Such frequency integration could occur as early as the inferior
colliculus (Sinex & Li, 2007). Another possibility is that feedback from higher brain areas
could modulate activity in earlier anatomical points in the ascending auditory pathway, causing
the observed context effect (Suga, 2008). Another difference between the contrastive context
effect and buildup is that buildup can be enhanced by prior exposure to a single tone stream
and does not depend on prior exposure to an alternating-tone patterns (Beauvois & Meddis,
1997; Rogers & Bregman, 1993, 1998; also see Sussman & Steinschneider, 2006). Finally,
buildup and the Δf-based effect can be distinguished from each other by the fact that they act
in opposite directions on perception of streaming, the former being facilitative and the latter
being contrastive.

Like buildup, the effect of perceptual context reported here is a facilitative context effect. Thus,
an important question for future studies is the extent to which the facilitative effect of perceptual
context shares mechanisms with buildup. This could be addressed by testing how the facilitative
context effect is influenced by changes in factors that affect buildup such as changes in sound
location (Rogers & Bregman, 1993, 1998), sound level (Rogers & Bregman, 1998), and by
ignoring the ABA- sequence (Carlyon et al., 2001; Cusack et al., 2004; Snyder et al., 2006).

Frequency Shift Detectors
Given the likelihood that the contrastive context effect relies on mechanisms that integrate
information across frequency, this raised the possibility that the neurons undergoing adaptation
are selective for higher-order auditory features. Experiment 2 therefore tested the hypothesis
that neurons undergoing adaptation are selectively tuned to Δf without regard to frequency
range. To test this hypothesis, we presented a context sequence in which each ABA- repetition
had a randomly selected A tone that was far removed from the frequency range of the test
sequence and a B tone frequency that was either 3 or 12 semitones above the A tone frequency.
Presenting a small or a large Δf context sequence of this type did not affect subsequent
perception of streaming. These data therefore do not lend support to the idea that there are
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auditory neurons that are tuned to frequency shifts of various sizes as proposed by several
investigators (Anstis & Saida, 1985; Demany & Ramos, 2005; Van Noorden, 1975; cf. Rogers
& Bregman, 1993). However, it is possible that such frequency-shift detectors are present and
undergo adaptation during streaming but require repeated stimulation of a single frequency
region. To generate the context effects observed in the present study, such frequency-shift
detectors would have to be present in brain areas that integrate across sound frequencies and
across time (e.g., Brosch & Schreiner, 1997; Malone & Semple, 2001).

Modality Specificity of Context Effects
Given the likelihood that the contrastive context effect is generated at relatively high levels of
the auditory system and the fact that many brain areas that were traditionally considered to be
auditory specific also show responses to stimuli from other modalities (Schroeder & Foxe,
2005), Experiment 3 tested whether the representations undergoing adaptation are multi-
modal. We presented visual context patterns consisting of a moving plaid stimulus that can be
perceived as one or two objects and shows similar perceptual dynamics as auditory stream
segregation (Pressnitzer & Hupé, 2006), followed by an ambiguous auditory ABA- sequence.
Presenting a visual stimulus that was likely to be perceived as one object or two objects did
not produce a contrastive context effect on streaming. Thus, it appears that although the neurons
undergoing adaptation during the auditory contrastive context effect are likely to be in
relatively high-level brain areas, we found no evidence that these neurons are the same as those
undergoing adaptation during the visual contrastive context effect (Carter et al., 2007).
Furthermore, whether participants perceived one or two objects at the end of the visual context
did not produce a facilitative context effect on streaming. The lack of contrastive or facilitative
effects in Experiment 3 also rules out response biases as an explanation for context effects
observed when both the context and test sequences were auditory in Experiments 1A and 1B.
In the case of the contrastive effect, it is not the case that simply pressing one button during
the context causes participants to press the opposite button during the test; and in the facilitative
effect, it is not the case that pressing one button during the context causes participants to press
the same button during the test.

Despite the fact that no positive evidence was found for multi-modal brain areas undergoing
adaptation, it is still possible that similar computations in different brain areas underlie auditory
and visual perception (Pressnitzer & Hupé, 2006). Thus, it may be useful to consider predictions
from models of visual perception for auditory streaming. For example, a recent computational
model of visual bistable perception (Noest et al., 2007) predicts that unambiguous stimuli lead
to subsequent perceptual alternations. This is consistent with the basic finding we have reported
that presenting large-Δf sequences resulted in less subsequent perception of two streams, and
more subsequent perception of two streams for small-Δf sequences. Work from the same group
also demonstrated that a single process may underlie both perceptual stabilization and
alternations, if it is assumed that adaptation exists over multiple timescales (Brascamp et al.,
2007, 2008). Further experiments are need to test the extent to which this model can explain
the effects observed here. The fact that our previous study showed that the contrastive context
effect is quite robust, even for very long silences between sequences (Snyder et al., in press),
suggests that some characteristics may be different between modalities and even between
specific paradigms within a modality.

Multiple Levels of Auditory-Specific Representation in Streaming
A prominent theory of auditory stream segregation called the peripheral channeling
hypothesis proposes that adaptation in tonotopically organized peripheral structures (i.e.,
cochlea and auditory nerve) is sufficient to explain streaming (Beauvois & Meddis, 1996;
Hartmann & Johnson, 1991; Van Noorden, 1975). More recently, however, several lines of
evidence using behavioral, computational, and neurophysiological techniques have cast doubt
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on this theory. Based on a review of these data, we recently proposed that perception of one
or two streams is the result of a complex set of processes occurring at multiple levels in both
the peripheral and central auditory systems (Snyder & Alain, 2007b; also see Denham &
Winkler, 2006; Moore & Gockel, 2002). The current study supports this hypothesis by
identifying the existence of two different types of context effect on streaming, a contrastive
stimulus-based effect and a facilitative perception-based effect, the former of which is likely
to be computed in auditory brain areas with coarse frequency resolution typical of central
auditory brain areas.

Summary
Four experiments were performed to identify the nature of the representations underlying
contextual influences on auditory stream segregation. The data indicated that the contrastive
effect of previous Δf on streaming was the result of adaptation in auditory neurons with wide
frequency tuning, unlike streaming buildup. We found no evidence that this contrastive context
effect resulted from adaptation of neurons tuned to specific Δf sizes, although such adaptation
may require continual stimulation of a particular tonotopic region. The contrastive context
effect of Δf could be distinguished from a facilitative effect of previous perception on
streaming. Both the contrastive and the facilitative context effects were based on auditory-
specific representations. Thus, along with previous findings on buildup, the current study
suggests the existence of at least three levels of representation within the auditory system
underlying perceptual organization of sequential auditory patterns.
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Figure 1. Effect of stimulus context in Experiment 1A
Proportion of time the auditory tone sequences were heard as two streams (streaming) for the
context period (left portion of panels) and test period (right portion of panels). The test sequence
always had a Δf of 6 semitones. The top panels include trials in which the test sequence was
300-424-300-, the middle panels include trials in which the test sequence was 500-707-500-,
and the bottom panels show the mean across these two test sequences. The context period
contained silence (thick solid line), the same sequence as the test sequence (thin solid line), a
sequence with a 3-semitone Δf (long dashed line), or a sequence with a 12-semitone Δf (short
dashed line). (A) Trials in which the context sequences with 3 and 12 semitone Δf had the same
A tone frequency as the test sequence. (B) Trials in which the context sequences with 3 and
12 semitone Δf had a different A tone frequency than the test sequence. Note that the traces
for the silence and same conditions are exactly the same for the left and right panels.
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Figure 2. Effect of perceptual context in Experiment 1A
Proportion of time trials heard as streaming for the context period (left portion of panels) and
test period (right portion of panels) showing the effect of different perceptual contexts
(“previous percept”) on perception of streaming during the test period. Data, shown only for
trials in which the context and test sequences were the same, are collapsed across the two test
sequences. The time course of perceptual dominance is shown both for trials in which the
dominant percept at the end of the context period was one stream (solid line) and two streams
(dashed line).
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Figure 3. Effect of stimulus context in Experiment 1B
Similar to Figure 1 except the top panels include trials in which the test sequence was
300-424-300-, the middle panels include trials in which the test sequence was
1300-1838-1300-, and the bottom panels show the mean across these two test sequences.
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Figure 4. Effect of perceptual context in Experiment 1B
See Figure 2 caption.
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Figure 5. Effect of stimulus context in Experiment 2
The test sequence was 300-424-300- and the context period consisted of silence (solid line), a
sequence of ABA-repetitions in which each A tone was chosen randomly from the range 600–
2600 Hz and the B tone was 3 (long dashed line) or 12 (short dashed line) semitones higher.
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Figure 6. Plaid stimuli presented during the context period in Experiment 3
The angle (α) between the direction of motion when perceiving one coherent plaid stimulus
(vertical) and the direction of motion of the two grating components could have values of 50°,
105°, or 150°. Larger α leads to more perception of two visual gratings, analogously to the
effect of increasing Δf on perception of two auditory streams.
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Figure 7.
A) Effect of visual stimulus context on auditory perception in Experiment 3. The test sequence
was 300-424-300- and the context period consisted of a blank screen (thick solid line), a moving
plaid stimulus with α=50° (thin solid line), α=105° (long dashed line), or α=150° (short dashed
line). B) Effect of visual perceptual context on auditory perception in Experiment 3. Data are
shown only for trials in which the context was ambiguous (α=105°). The time course of
perceptual dominance is shown both for trials in which the dominant percept at the end of the
context period was one object (solid line) and two objects (dashed line).
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