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The dynamics of auditory stream segregation: Effects of sudden
changes in frequency, level, or modulation®

Saima L. Rajasingam, Robert J. Summers,>® and Brian Roberts®®
'Department of Vision and Hearing Sciences, Anglia Ruskin University, Cambridge CBI 1PT, United Kingdom

2School of Psychology, Aston University, Birmingham B4 7ET, United Kingdom

ABSTRACT:

Three experiments explored the effects of abrupt changes in stimulus properties on streaming dynamics. Listeners
monitored 20-s-long low- and high-frequency (LHL-) tone sequences and reported the number of streams heard
throughout. Experiments 1 and 2 used pure tones and examined the effects of changing triplet base frequency and
level, respectively. Abrupt changes in base frequency (#=3-12 semitones) caused significant magnitude-related falls
in segregation (resetting), regardless of transition direction, but an asymmetry occurred for changes in level
(=12 dB). Rising-level transitions usually decreased segregation significantly, whereas falling-level transitions had
little or no effect. Experiment 3 used pure tones (unmodulated) and narrowly spaced (%25 Hz) tone pairs (dyads);
the two evoke similar excitation patterns, but dyads are strongly modulated with a distinctive timbre. Dyad-only
sequences induced a strongly segregated percept, limiting scope for further build-up. Alternation between groups of
pure tones and dyads produced large, asymmetric changes in streaming. Dyad-to-pure transitions caused substantial
resetting, but pure-to-dyad transitions sometimes elicited even greater segregation than for the corresponding interval
in dyad-only sequences (overshoot). The results indicate that abrupt changes in timbre can strongly affect the likeli-
hood of stream segregation without introducing significant peripheral-channeling cues. These asymmetric effects of
transition direction are reminiscent of subtractive adaptation in vision.
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I. INTRODUCTION

Auditory stream segregation is the process by which
sounds are grouped perceptually to form coherent represen-
tations of objects and events in the auditory scene
(Bregman, 1990). The ability of the auditory system to seg-
regate sounds into streams is commonly investigated using
sequences of alternating low- (L) and high- (H) frequency
pure tones, which listeners can hear either as one stream
(integrated) or as two streams (segregated). It has long been
known that sequences with a greater frequency separation
(Af) or faster presentation rate are more likely to be heard as
segregated (Miller and Heise, 1950; Bregman and
Campbell, 1971; van Noorden, 1975). Perception of these
sequences is bistable, involving stochastic switching
between one and two streams (Denham and Winkler, 2006;
Pressnitzer and Hupé, 2006), but averaging over several tri-
als can be used to reveal the probability of hearing a segre-
gated percept and how this changes over time (Carlyon
et al., 2001; Roberts et al., 2002). Despite decades of
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research on auditory stream segregation, we still know rela-
tively little about its dynamics. One reason for this is
because most studies investigating auditory streaming have
used sequences whose properties remain constant through-
out; another is that those studies that have introduced
changes in acoustic properties have quantified their effects
using one-off measures rather than measures of how the
effects of a change unfold over time. The experiments
reported here used tone sequences whose properties were
changed at one or more time points and for which the conse-
quences of those changes were tracked over time (cf.
Haywood and Roberts, 2013; Rajasingam et al., 2018).

The most widely investigated aspect of the dynamics of
stream segregation is an effect known as build-up, in which
the tendency to segregate a repeating tone sequence of fixed
rate and frequency separation into two streams increases
over time (van Noorden, 1975; Bregman, 1978). Anstis and
Saida (1985) investigated build-up further using long
(>30s) repeating sequences of alternating pure tones
(LHLH...) and discovered that build-up has two distinct
stages; there is a rapid increase in the tendency to hear two
streams over the first 10s followed by a slower rise thereafter.
Once a tone sequence ends or is interrupted with a silent gap,
the accumulated build-up decays over a few seconds
(Bregman, 1978; Beauvois and Meddis, 1997). A convenient
way to explore how the perceptual organization of later
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sounds is influenced by earlier sounds involves a stimulus
configuration in which standard test sequences (whose proper-
ties remain the same across conditions) are immediately pre-
ceded by various types of induction sequence (i.e., stimuli
intended to cause prior build-up) or by none (control condi-
tion). Studies of this kind, or variants thereof, have shown that
another way in which accumulated build-up can be reduced or
lost is through a sudden change in the acoustic properties of
the sequence, such as a change in frequency region (Anstis
and Saida, 1985) or in lateralization or level (Rogers and
Bregman, 1998). This loss may occur either because the accu-
mulated build-up was specific to properties of the original
sounds, and so fails to transfer to the new sounds, or because
sudden change triggers an active resetting of build-up (Rogers
and Bregman, 1998; Roberts et al., 2008).

Distinguishing experimentally between failure to trans-
fer and resetting as accounts of the loss of build-up follow-
ing sudden change can be challenging, but the ability of a
single deviant tone at the end of an induction sequence to
decrease the impact of the inducer on segregation in the fol-
lowing test sequence suggests that there are at least some
circumstances in which active resetting is involved
(Haywood and Roberts, 2010, 2013). In practice, the loss of
build-up arising from either cause is usually referred to as
resetting. Unlike abrupt changes, gradual changes in acous-
tic properties of a tone sequence, such as lateralization or
level, have little or no effect on streaming (Rogers and
Bregman, 1998). Bregman (1978) proposed that build-up
occurred because integration was the default percept for
sound sequences and that segregation emerged over several
seconds as a result of a conservative evidence-accumulation
process indicating that more than one source was active.
The slow time course of this process was seen as serving to
stabilize perception, thereby preventing the auditory system
from fluctuating rapidly between alternative interpretations.
In this functional account, the loss of build-up arising from
sudden change is interpreted as the resetting of this
evidence-accumulation process because the change signals a
new auditory scene. A related idea is that a sudden corre-
lated change applied to both subsets of tones in an alternat-
ing sequence signals their common origin and so encourages
their integration.

Most streaming studies using induction sequences have
focused primarily on exploring the strong segregation-
promoting effect that occurs when an alternating-frequency
(AF) test sequence is preceded by a constant-frequency
induction sequence corresponding to one subset of the test-
sequence tones (Rogers and Bregman, 1993; Roberts e? al.,
2008; Haywood and Roberts, 2010, 2013; Rajasingam et al.,
2018). A notable exception is the study by Rogers and
Bregman (1998) in which the induction and test sequences
both involved frequency alternation. Their study included
conditions exploring the effects of sudden changes in stimu-
lus lateralization and level. Also relevant is the study by
Anstis and Saida (1985) in which the effects of sudden
changes in stimulus center frequency were explored using a
variant of the induction-test configuration involving alternation
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between an inducer (there called an adapting sequence) and a
test sequence. These studies, their findings, and their limita-
tions are considered in detail in Secs. II and III. They provide
evidence that sudden changes in stimulus properties can lead
not only to substantial loss of build-up previously accumulated
but that in some cases the effects of change are directional,
leading to asymmetries in listeners’ responses to them.

It is rare in everyday life to hear sequences of sounds
whose properties are static; the auditory scene is usually
constantly changing, sometimes gradually and sometimes
suddenly. The aim of the current study was better characteri-
zation of the effects of acoustic change on the dynamics of
stream segregation. Three experiments are reported here; all
used the LHL-LHL~... configuration first introduced by van
Noorden (1975), where the dash represents a silence equal
in duration to one of the tones. When this configuration is
used, the one-stream percept is heard as a distinctive gallop-
ing rhythm, for which the pitch of the tones is heard to
move from low to high and vice versa; this rhythm is lost
when the L and H subsets segregate and are heard indepen-
dently as higher- and lower-pitched streams. This way of
measuring streaming is sometimes referred to as the “horse
or Morse” task (Cusack et al., 2004).

To overcome the limitations of the one-off measures of
streaming used in many previous studies, all three experi-
ments involved continuous monitoring of the perceptual
organization of the tone sequence throughout a trial, allow-
ing the time course of any effects of an abrupt transition to
be measured and compared, including with the time course
of build-up at the start of the sequence. Experiments 1 and 2
extended earlier work on the effects of sudden changes in
center frequency (Anstis and Saida, 1985) or in level
(Rogers and Bregman, 1998) and also demonstrated that
build-up was largely unaffected when the center frequency
of a tone sequence changed smoothly and progressively
rather than staying constant. Experiment 3 explored the
effects on stream segregation of sudden changes in timbre
with minimal excitation-pattern cues (Hartmann and Johnson,
1991); this was achieved using abrupt transitions between
unmodulated and modulated tones or vice versa. Responses
to these transitions showed even more marked asymmetries
than those observed for level changes, indicating strong direc-
tional effects. This outcome represents a major challenge to
Bregman’s (1978) functional account of build-up and further
indicates that neurophysiological models of build-up based
on the slow accumulation of adaptation need to account for
rapid direction-sensitive changes in that adaptation following
sudden transitions in acoustic properties.

Il. EXPERIMENT 1

To our knowledge, the only experiment to explore para-
metrically the effect of changing the center frequency of an
AF tone sequence on subsequent streaming is the fourth
experiment reported by Anstis and Saida (1985). They pre-
sented a 4-s adapting sequence of tones (LHLH...) with
fixed properties that alternated with a 1-s test sequence
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whose center frequency fell at one of 11 values from the set
+12, 4, 3, 2, 1, and 0 semitones (ST) relative to the center
frequency of the adapting sequence (1kHz). Switches
between the adapting and test stimuli were without silences
and so occurred seamlessly. The adapting and test stimuli
shared a fixed Af of 2 ST (i.e., for the adapting stimulus, L
tones = 944 Hz and H tones = 1060 Hz). The purpose of the
adapting stimulus was to induce a build-up in the tendency
to hear two streams; its presentation rate was 4 cycles/s, cor-
responding to a tone repetition time (TRT) of 125ms.
Listeners had control of the presentation rate of the test
stimulus, and their task was to adjust it as necessary to
ensure that the test stimulus lay at the perceptual borderline
between integration and segregation. This measure, known
as the nulling rate because the adjustment was being made
to offset the effect of build-up, was taken to be the mean of
the adjustment settings over the final 30 s of the 90-s trial, so
only one estimate was obtained per trial. Changes in nulling
rate with center frequency of the test stimulus were used to
plot a tuning curve for the effect of the adapting stimulus—
the more build-up that transferred from the adapting stimu-
lus to the test stimulus, the slower the nulling rate must be
set for the test stimulus to track the perceptual borderline.
The tuning curve obtained was relatively narrow, with a
flat top and steep skirts; it was also positioned asymmetri-
cally, centered on the +1-ST test stimulus. Build-up pro-
duced by the adapting stimulus led to slower nulling rates
for a test stimulus within =1 ST of the tuning frequency
(i.e., 0-2 ST), but the effect of the adapting stimulus was
largely extinguished when the test stimulus was =2 ST or
more away from the tuning frequency. This pattern suggests
that build-up transfers better when the center frequency is
shifted upward than downward. Anstis and Saida (1985)
noted that the bandwidth of tuning was broadly comparable
with that of the auditory critical band (Scharf, 1970), but
they used only one adapting stimulus, so it is not known
whether the bandwidth of tuning to the adapting stimulus is
affected by Af. For example, increasing Af would lead to a
greater overlap in frequency range between adapting and
test stimuli for a given shift in center frequency.
Furthermore, the combination of small Af (2 ST) and slow
rate (TRT = 125 ms) used limited considerably the extent of
build-up during the adapting stimulus compared with that
which would have been produced if larger values of Af and
faster rates had been used (van Noorden, 1975). Anstis and
Saida (1985) offered no explanation for the asymmetrical
frequency tuning of build-up found in their study. The proce-
dure they used did not allow investigation of the time course
of the effect of frequency change on subsequent streaming.
There is evidence that an induction sequence that
changes gradually in lateralization or level toward that for a
steady test sequence, giving a smooth transition between
them, leads to a similar effect on the build-up of stream seg-
regation as that of an induction sequence whose properties
match those of the test sequence (Rogers and Bregman,
1998). However, to our knowledge, the effects of smooth
and progressive change have not been explored in the
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context of frequency. Our pilot observations suggested that
tone sequences whose triplet base frequency changed in this
way were broadly as effective at inducing build-up as tone
sequences with constant base frequency, despite the differ-
ences in peripheral channeling between the two types of
stimulus. Furthermore, if confirmed, this outcome would
pose a challenge to neurophysiological models in which
build-up in the tendency to hear two streams is a result of
multi-second adaptation caused by repeated stimulation of
central auditory neurons with the same best frequency (e.g.,
Micheyl et al., 2005).

The first experiment reported here investigated the
effect of introducing a single sudden change (transition) in
base frequency (corresponding to a distinct change in pitch
range) in the middle of a long test sequence. The magnitude
and direction of this change was varied; Af for the test
sequence was also varied. The abrupt transition was pre-
sented in the context of on-going small but progressive
changes throughout the rest of the sequence (0.5 ST between
adjacent triplets), a value that fell within the narrow adapt-
ing region identified by Anstis and Saida (1985). Gradual
changes of this kind, at least in level or lateralization, are
known to have relatively little impact on the subsequent
likelihood of reporting stream segregation (Rogers and
Bregman, 1998).

A. Method
1. Listeners

Listeners were recruited mainly from the student popu-
lation at Aston University, gave informed consent, and
received either course credit or payment for taking part.
They were first tested using a screening audiometer
(Interacoustics AS208, Assens, Denmark) to ensure that
their audiometric thresholds at 0.5, 1, 2, and 4 kHz did not
exceed 20dB hearing level. All listeners who passed this
screening took part in a training session designed to famil-
iarize them with the task and stimuli before proceeding to
the main session; exclusion criteria were predefined in rela-
tion to a listener’s profile of responses in the reference con-
ditions (see Sec. I A3). Twelve listeners (six males)
successfully completed the experiment (mean age = 25.3 yr,
range = 21.8-29.3). This research was approved by the
Aston University Ethics Committee.

2. Stimuli and conditions

The test sequence was 20s long and comprised 50
LHL- triplets. Each tone was 100-ms long (including 10-ms
raised-cosine ramps). The silence at the end of each triplet
was also 100ms long, giving an onset-to-onset duration
between triplets of 400ms. This rate of presentation is
known to facilitate streaming based on frequency separation
(e.g., Bregman and Campbell, 1971; van Noorden, 1975).
The base frequency of each triplet—defined as the fre-
quency of its constituent L tones—was constant in some
conditions but varied in others and ranged from a maximum
of 1kHz to a minimum of 0.5 kHz. The frequency of the H
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tones was set relative to the L tones according to the desired
low-high frequency difference for the test sequence (Af),
which was 4, 6, or 8 ST. For example, when the base fre-
quency was 1000 Hz, the frequency of the H tones for these
values of Af was 1260, 1414, and 1587 Hz, respectively. The
range of frequency separations used was chosen to reduce
ceiling and floor effects and to provide information on any
interactions that might occur between frequency separation
and condition. All tones were presented at 73 dB sound pres-
sure level (SPL).

There were ten conditions for which the base frequency
of the triplets was manipulated. A schematic depicting the
test sequences is shown in Fig. 1; the left, middle, and right
panels illustrate conditions C1-C4, C5-C7, and C8-C10,
respectively. In C1 and C2, the base frequency was constant
at 1 kHz and 0.5 kHz, respectively. In C3 and C4, the base
frequency changed by 0.5 ST/triplet and followed either a
linear rise-fall (C3) or fall-rise (C4) trajectory, moving grad-
ually between the minimum and maximum base frequen-
cies." In C5-C7, the base frequency followed the same
rising path as C3 for the first half of the sequence to reach
1 kHz, but at 10 s (triplet 26) there was an abrupt fall in base
frequency of 3 ST (C5), 6 ST (C6), or 12 ST (C7); thereaf-
ter, a rising trajectory was resumed unless and until the max-
imum was reached, after which the falling path was
followed. In C8—C10, the base frequency followed the same
falling path as C4 for the first half of the sequence to reach
0.5kHz, but at 10s there was an abrupt rise in base fre-
quency of 3 ST (C8), 6 ST (C9), or 12 ST (C10); thereafter,
a falling trajectory was resumed unless and until the mini-
mum was reached, after which the rising path was followed.
All other properties of the test sequences remained the same
across conditions.

All stimuli were synthesized at a sampling rate of
20kHz using mitsyN (Henke, 2005). They were played back
at 16-bit resolution over Sennheiser HD 480-131I earphones
(Hannover, Germany) via a Sound Blaster X-Fi HD sound

card (Creative Technology Ltd., Singapore), programmable
attenuators  (Tucker-Davis Technologies, TDT PAS,
Alachua, FL), and a headphone buffer (TDT HB7). Output
levels were calibrated using a sound-level meter (Bruel &
Kjaer, type 2209, Nerum, Denmark) coupled to the ear-
phones by an artificial ear (type 4153). Diotic presentation
was used throughout.

3. Procedure

Listeners completed the experiment in a single-walled
sound-attenuating chamber (Industrial Acoustics 401 A,
Winchester, UK) housed within a quiet room. They were
free to take breaks between trials whenever they wished.
After reading the instructions, listeners completed one train-
ing block of trials identical to those used in the main experi-
ment (see below); a second training block was offered but
rarely required. During the training and main experiment,
stimuli were presented in a newly randomized order in each
block for each listener. Completing all stages (audiometry,
training, and main experiment) usually took ~3h, divided
into two separate sessions. The experiment was run using a
program written in VISUAL BAsIC (Visual Studio 2010, version
10.0); the program read from the hardware clock to record
key-press timings.

Each trial was initiated 1s after the listener pressed
“Enter” on the computer keyboard. Listeners were instructed
to monitor the test sequence continuously throughout; they
were asked to indicate as soon as possible whether they
were hearing integration (one stream) or segregation (two
streams) by pressing either the “A” or “L” keys, respec-
tively. Thereafter, listeners were asked to press the appropri-
ate key every time their perception of the test sequence
changed. They were asked to avoid listening actively for
either integration or segregation, but simply to report which
of the two percepts they heard at that moment; on occasions
when the percept was ambiguous, listeners were asked to

0

10 20 30 40

50

Triplet Number
0 10 20 30 40 50

0 10 20 30 40 50

T T T T T T T T T T T T T T T T T
1200 - Constant frequency or gradual change 1 Abrupt fall in frequency (after slow rise) 1 Abrupt rise in frequency (after slow fall) ]
—~ C1 (high) C7 12sT
& 1000 e L . ST i
3 3t - : ce
§ 800 _.' (rise/fall) '._ -_.' 3T ] : - .'-_C6 " 3 '__
o 200 . IR . - . GST_ .
a . . SesT . . . o
« - . " et - .C9
o 600 - (fall/rise) . - LR - X
g C4 . - c5 . " .
fas) . - . . .
500 o . da .
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Time (s)

FIG. 1. Stimuli for experiment 1—schematic illustrating the conditions used (C1-C10). The left panel shows the base-frequency contours (i.e., L-tone fre-
quencies) for the test sequences used in the constant (C1-C2), gradual rise/fall (C3), and gradual fall/rise (C4) conditions; each symbol (circle or square) rep-
resents one LHL— triplet. The middle panel shows the base-frequency contours for the conditions involving a slow rise over the first 10s followed by an
abrupt fall of 3, 6, or 12 ST (C5—C7). The right panel shows the base-frequency contours for the conditions involving a slow fall over the first 10 s followed

by an abrupt rise of 3, 6, or 12 ST (C8-C10).
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report the more dominant (cf. Haywood and Roberts, 2013;
Rajasingam et al., 2018). At the end of each trial, there was
a 5-s pause before listeners could initiate the next trial.
Combined with the trial-initiation delay (1 s), this ensured a
minimum silent gap of 6s during which any prior build-up
would decay before the onset of the next trial.

Each combination of condition (ten levels) and Af (three
levels) was presented ten times in the main experiment,
once in each block, giving 300 trials. Using three different
Af values also provided a useful means of predefining crite-
ria for excluding data. It is well established in the literature
that, for a given rate of presentation, an increase in the fre-
quency separation between subsets of pure tones increases
the tendency to hear two streams (Miller and Heise, 1950;
van Noorden, 1975; Anstis and Saida, 1985). Therefore, for
a listener’s data to be included, the mean overall extent of
segregation for the conditions using steady sequences (C1
and C2) had to rise when Af was increased from 4 ST to 6
ST and rise again when Af was increased from 6 ST to 8 ST.
No listeners were replaced in this experiment.

4. Data analysis and availability

Response data from each trial were divided into twenty
1-s-long time bins (i.e., 0—1s, 1-2s, ..., 19-205s). For each
time bin, the percentage of time for which the listener
reported the test sequence as segregated was computed from
the timings of individual key presses. This value was
recorded only if the listener’s first response had occurred
before the current time bin or within the first 0.5s of that
time bin. Owing to the small number of trials meeting this
criterion for the 0—1 s time bin, responses made during that
interval were used only in the context of calculations involv-
ing subsequent time bins; the 0—1s time bin was excluded
from all further analysis and graphical representation (cf.
Haywood and Roberts, 2013; Rajasingam et al., 2018).

For each listener, the data for each time bin were aver-
aged across trial blocks separately for each combination of
condition and Af. Each mean was computed only from those
trials for which that time bin met the acceptance criterion
described above. On occasions when one of these means
was missing for a particular listener (13 cases, correspond-
ing to ~0.2% of the data and all occurring within the first
few time bins), mean imputation was used to replace the
missing value with the mean of the corresponding values
obtained from the other listeners. Finally, the data were
averaged across listeners, for each combination of condition
and Af, to yield the overall mean percentage of time for
which the test sequence was heard as segregated for each
successive time bin. This measure of the average time
course of stream segregation over the test sequence is used
to display the results. Note that the standard errors were
computed using the individual means only from those listen-
ers for whom an experimental estimate was obtained.

The effects of base frequency per se and of smooth,
progressive changes in base frequency were explored by
comparing the extent of stream segregation across the
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constant and gradual-change conditions for the full duration
of the tone sequences used (in 1-s time bins, excluding
0-1s). The effect of an abrupt transition in base frequency
at 10s in a given condition was explored by comparing the
extent of stream segregation following the transition with
that for appropriate comparator conditions during the same
time interval. The reference comparison was with the test
sequence that followed the same base-frequency contour up
to 10 s but which then changed direction without discontinu-
ity; other comparisons were between abrupt transitions of
different magnitude or direction. These comparisons were
made using a single, longer, time interval that focused on
the period of peak response to the transition. This time inter-
val was 4.0s long and began 1.2s (three triplets) after the
transition,2 to allow sufficient time for the effect of the
change to be reflected in listeners’ responses. It was long
enough to encompass fully the peak response to the transi-
tion and was chosen to correspond to the remaining time
available between transitions in subsequent experiments,
which included conditions with transitions every 5.2 s.

All statistical analyses reported here were computed
using R 3.6.3 (R Core Team, 2020) and the ez analysis pack-
age (Lawrence, 2016). The time-series data obtained from
the calculations described above were analyzed using
repeated-measures analysis of variance (ANOVA); the mea-
sure of effect size reported here is partial eta squared (nzp).
Comparisons among conditions with constant or gradually
changing base frequency were conducted using three fac-
tors—frequency separation between test-sequence tones
(Af), condition (C), and time interval (T, with levels corre-
sponding to time bins 1-2s to 19-20s). Comparisons
exploring the effects of abrupt transitions were based on the
single time interval described above and so were conducted
using two factors (Af and C). Pairwise comparisons (two
tailed) were conducted using the restricted least-significant-
difference test (Snedecor and Cochran, 1967; Keppel and
Wickens, 2004). The research data underlying this publica-
tion are available on-line from a repository hosted by Aston
University.’

B. Results and discussion

The results averaged across listeners are shown in
Fig. 2. The upper panels display the results for the condi-
tions in which the base frequency of the test sequence was
either constant or gradually changing; the middle and lower
panels display the results for the conditions in which there
was an abrupt fall or rise in base frequency, respectively,
10 s after the sequence began. To facilitate comparisons, the
middle and lower panels also reproduce the results for the
gradual-change reference conditions (C3 for the abrupt-fall
cases and C4 for the abrupt-rise cases). These results are
considered in turn.

Although there is a suggestion in the mean data that
slightly greater segregation is associated with the lower base
frequency for the constant conditions, and with the gradual-
change conditions relative to the constant conditions, this
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FIG. 2. Results for experiment 1—effects of base-frequency condition (1-10, see insets in right panels) and test-sequence frequency separation (Af) on the
extent and time course of reported stream segregation (n = 12). Responses for each trial were divided into 1-s time bins, for which the results were averaged
across repetitions of the same type and finally across listeners. Data for the first time bin (0—1 s) were excluded owing to the limited number of responses
made during this interval (see main text). Note that the time shown on the abscissa indicates the center of the corresponding time bin. Results for each fre-
quency separation (4, 6, and 8 ST) are displayed in separate panels from left to right. Results for the constant-frequency or gradual-change conditions
(C1-C4), conditions involving an abrupt fall in frequency after a slow rise (C5-C7), and conditions involving an abrupt rise in frequency after a slow fall
(C8-C10) are shown in the upper, middle, and lower panels, respectively. For ease of comparison, the results for the appropriate reference conditions (see
upper panels) are reproduced in gray in the middle and lower panels. For clarity, the means displayed are not accompanied by individual error bars. Instead,
each panel includes an inset showing summary information on the inter-subject standard errors obtained for each time bin in each condition (left = largest
value, center = mean value across all time bins and conditions, right = smallest value).

was not borne out by the analysis. An ANOVA exploring
the effects of the constant and gradual-change conditions is
presented in Table I (data for the series of 1-s time bins).
Two of the three factors influenced streaming as main
effects—segregation was greater for larger frequency sepa-
rations (means: 4 ST = 45.6%, 6 ST = 60.9%, and 8 ST
= 72.6%; p < 0.001) and tended to increase over time
(p < 0.001)—but there was no main effect of condition (p
= 0.378), and none of the interaction terms were significant.
The absence of a main effect of condition remained even if
the time bins included in the analysis were restricted to the
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fast phase of build-up (1-2s to 10-11s; p = 0.124). No dif-
ference was anticipated between the two base frequencies
(0.5 and 1kHz) because both fell within the frequency range
for which the ratio Af over base frequency at the border
between one- and two-stream percepts is roughly constant
(Miller and Heise, 1950). All conditions elicited broadly
similar patterns of build-up—an initial phase (up to
~10-125s) that was relatively fast followed by a slower
phase (Anstis and Saida, 1985; Haywood and Roberts, 2013;
Rajasingam et al., 2018). In general, an increase in Af
tended to increase both the rate and final extent of build-up.
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TABLE 1. Results for experiment 1—effects of stimulus base frequency
(constant or gradual-change conditions). Summary of the three-way
repeated-measures ANOVA for all time bins (1-2s to 19-205) across con-
ditions C1-C4. All significant terms are shown in bold.

2

Factor daf F P %
Frequency separation (2,22) 39.693 <0.001 0.783
in test sequence (Af)

Base-frequency (3,33) 1.062 0.378 0.088
condition (C)

Time interval (T) (18, 198) 22.927 <0.001 0.676
Afx C (6, 66) 1.505 0.190 0.120
AfxT (36,396) 1.118 0.299 0.092
CxT (54,594) 0.595 0.990 0.051
AfxCxT (108, 1188) 1.195 0.093 0.098

Given that all tone sequences involving gradual change
used a progressive shift in triplet base frequency of 0.5 ST
every 0.4s, spanning a full octave over the first 10s, the
occurrence of a similar pattern of results for the constant
and gradual-change conditions indicates that the build-up of
stream segregation for AF tone sequences does not depend
on repeated stimulation of the same peripheral channels
over several seconds. Furthermore, this finding suggests that
the build-up of stream segregation does not require extended
stimulation of populations of central auditory neurons with
the same best frequency.

Inspection of Fig. 2 indicates that an abrupt fall or rise
in base frequency decreased subsequent stream segregation
and that the extent of this grew progressively as the size of
the transition increased. An ANOVA exploring the effects
of abrupt changes in base frequency is presented in Table 11
(data from a single 4.0-s time bin starting 1.2 s after the tran-
sition). This analysis showed significant main effects of Af
(p < 0.001) and transition size (S, p < 0.001). Despite the
suggestion in the mean data that the loss of segregation pro-
duced by an abrupt rise in frequency (lower panels) was
greater than that produced by an abrupt fall (middle panels),
there was neither a main effect of transition direction (D, p
= 0.812) nor a significant interaction involving it. Only one
interaction was significant (Afx S, p = 0.046), and this
probably arose because the 3-ST transitions had relatively
little effect for the smallest Af used (4 ST).

TABLE II. Results for experiment 1—effects of an abrupt change in stimu-
lus base frequency. Summary of the three-way repeated-measures ANOVA
(single 4.0-s time interval, beginning 1.2 s after the transition) across condi-
tions C3—C10. All significant terms are shown in bold.

Factor df F P N
Frequency separation (2,22) 33.909 <0.001 0.755
in test sequence (Af)

Direction of change (D) (1,11 0.059 0.812 0.005
Size of change (S) 3,33) 28.790 <0.001 0.724
AfxD (2,22) 0.379 0.689 0.033
Af XS (6, 66) 2.278 0.046 0.172
DxS (3,33) 0.402 0.752 0.035
AfxD x S (6, 66) 0.574 0.749 0.050
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Given that there were no significant effects involving
transition direction, we report here the mean change in seg-
regation for each size of transition after averaging across
direction and Af. These values correspond to the difference
in segregation in percentage points (% pts) produced by that
transition over the 4.0-s time bin relative to its reference
case over the same interval (C3 and C4 for falling and rising
transitions, respectively). The mean changes in segregation
for the 3-ST, 6-ST, and 12-ST transitions were —9.3% pts
(» = 0.002), —17.6% pts (p < 0.001), and —29.9% pts (p
< 0.001), respectively; all other pairwise comparisons were
also significant (range: p = 0.004 to p < 0.001). Although
the loss of segregation associated with the 6-ST and 12-ST
abrupt rises was nominally a third larger (in % pts) than for
their falling counterparts, these differences disappear if the
losses are interpreted in proportion to the extent of build-up
taking place over 10s for the relevant gradual-change refer-
ence conditions. Notably, either a sudden rise or fall leads to
a near-complete loss of build-up for 12-ST transitions.
Overall, there is no evidence to suggest an asymmetrical
effect of transition direction on streaming. In all cases, Fig.
2 shows that the impact of the transition on streaming was
greatest after ~2-3s, and thereafter the extent of segrega-
tion began to grow again. The time course of this recovery
from resetting was similar to that of the original phase of
build-up, eventually slowing as listeners’ responses began to
converge with those for the corresponding reference cases.
By the end of the sequence, segregation had mostly or
completely returned to where it would have been without
the sudden transition.

The results of this experiment differ in important ways
from those of its counterpart reported by Anstis and Saida
(1985). Their results indicated a narrow adapting region
(~2 ST wide) that was tuned asymmetrically (~1 ST above
adapting-stimulus center frequency) and outside which no
transfer of build-up occurred. In contrast, our results indi-
cate a much broader tuning of the adapting region with
shallower skirts—the resetting effect of a sudden change of
3 ST was significant but partial, and a change as large as 12
ST was required to cause a near-complete loss of segrega-
tion. There was also no evidence of an effect of transition
direction like that observed by Anstis and Saida (1985).
These outcomes suggest that the results of their study were
strongly influenced by one or more of the design factors
considered above, which included the shorter interval over
which build-up could occur (45s), the nulling procedure
involving rate adjustment, and the use of only a single small
Af (2 ST) and a relatively long TRT (125ms).
Alternatively, or in addition, it cannot be ruled out that our
use of a gradually changing adapting stimulus rather than a
constant one may have increased tolerance for a change in
base frequency, widening the observed tuning. For exam-
ple, in terms of Bregman’s (1978) evidence-accumulation
hypothesis of build-up, perhaps a larger sudden change is
necessary against a background of gradual change before a
new auditory scene is assumed and the evidence accumula-
tion process is restarted.
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lll. EXPERIMENT 2

Rogers and Bregman (1998) explored the effects on
subsequent streaming of gradual and abrupt changes in stim-
ulus lateralization—based on interaural time difference
(ITD) cues, interaural level difference (ILD) cues, and loud-
speaker position—or in overall stimulus level. They used an
induction sequence (4.8 s) followed by a short test sequence
(1.2s); both tone sequences were configured in the form
HLH-HLH-.... Listeners were asked to provide a one-off
judgment of the extent of stream segregation at the end of
the stimulus using a rating scale (1-8, where 1 corresponded
to fully segregated and 8 to fully integrated). On the first
trial of each condition, the listener heard sequences with a
9-ST separation. On the basis of the response to a given
trial, Af for the next trial was raised or lowered by 1 ST
(over the range 5-14 ST) to make the percept increasingly
ambiguous. Through an iterative process and averaging, this
provided a measure of the border between segregation and
integration (threshold Af) that could be compared across
conditions. There were two reference cases—the no-change
condition in which the induction and test sequences had
identical properties (maximum build-up) and the control
condition in which the induction sequence was replaced by
white noise (no build-up).

Relative to an induction sequence whose properties
matched those of the test sequence, an induction sequence
whose properties changed gradually and finished close to
those of the test sequence had little effect (lateralization) or
no effect (level) on subsequent stream segregation. In con-
trast, an abrupt change in lateralization at the induction/test
boundary caused a large shift in threshold Af, indicating that
(depending on the specific cues manipulated) between half
and all the build-up accumulated during the induction
sequence had been lost or reset. The direction of the spatial
change (leftward or rightward) did not affect the extent of
this loss. However, the effect of an abrupt 12-dB change in
stimulus level (from 59 to 71dB A or vice versa) was
strongly directional. The sudden-louder condition (rising
level) caused a loss of about two-thirds in the accumulated
build-up, but the sudden-softer condition (falling level) had
no effect. This asymmetry favors an account of the loss of
build-up based on an active resetting process rather than a
failure to transfer from the induction sequence. The second
experiment reported here extends the investigation of the
effects of abrupt transitions in level on streaming judgments,
and their directional properties, by introducing occasional or
frequent changes during the test sequence. For conditions
involving occasional transitions, the time interval between
them (5.2s) was sufficiently long to observe the initial
response to a transition and the main phase of recovery dur-
ing the new steady state.

A. Method

Except where described, the same method was used as
for experiment 1. Twelve listeners (two males, mean age
= 20.4yr, range = 18.9-21.9) took part and successfully
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completed the experiment; no listeners were excluded and
replaced. In this experiment, the L tones were always set to
a constant base frequency of 1kHz, and conditions differed
only in the presentation levels used for the triplets. Two lev-
els were used, allowing sequences to be constructed involv-
ing abrupt 12-dB transitions between triplets.

There were five conditions (C1-C5). In C1 and C2, the
triplet level was fixed at 73dB SPL (high) and 61 dB SPL
(low), respectively. The inclusion of the constant conditions
was mainly to provide reference cases against which the
effect of abrupt transitions could be determined, but it also
provided a test of whether there was any effect of absolute
level per se on streaming. In C3, there were abrupt changes
in triplet level between high (starting value) and low every
three triplets (i.e., rapid alternation every 1.2s). In C4 and
CS5, the alternation of abrupt changes in level occurred more
slowly—once every 13 triplets (i.e., after 5.2, 10.4, and
15.6 s)—and stimulus level began either low (C4, LHLH) or
high (C5, HLHL). The 5.2-s interval was chosen to provide
sufficient scope for build-up between transitions so that any
resetting arising from a particular transition would be evi-
dent. For the alternating-level conditions, the final group of
triplets was truncated by one (C3) or two triplets (C4 and
C5) to ensure a common test-sequence duration of 20s.
Including the low- and high-level starting cases for the slow
alternation conditions ensured that each transition direction
(low-to-high and high-to-low) was represented equally often
and at different times in the test sequence. All other proper-
ties of the test sequences remained the same across condi-
tions. Each combination of condition (five levels) and Af
(three levels) was presented ten times in the main experi-
ment, once in each block, giving 150 trials.

Listeners completed this experiment in a single session,
which typically took ~11/ h. Time-series data were com-
puted from listeners’ responses in the same way as described
for experiment 1. On occasions when an individual mean
was missing (24 cases, all occurring within the first few time
bins and corresponding to ~0.7% of the data), the missing
value was replaced using mean imputation. Once again, the
results were analyzed using repeated-measures ANOVA.

B. Results and discussion

The results averaged across listeners are shown in
Fig. 3. The upper panels display results for the conditions in
which the level of the test sequence was either constant or
alternated rapidly (every three triplets); the lower panels dis-
play results for the conditions in which there was an abrupt
fall or rise in stimulus level after every 13 triplets (i.e., three
transitions per sequence—T1, T2, and T3) and also repro-
duce the results for the constant reference cases. These
results are considered in turn.

The constant-high and constant-low conditions (C1 and
C2) showed similar extents of segregation and patterns of
build-up over time, but the pattern for the rapid-alternation
condition (C3) began to diverge from the others ~5-10s
after the start of the test sequence. This divergence was
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FIG. 3. Results for experiment 2—effects of level condition (1-5, see insets in right panels) and test-sequence frequency separation (Af) on the extent and
time course of reported stream segregation (n = 12). Results for the conditions involving either constant level or rapid alternation in level (C1-C3) are
shown in the upper panels. Results for the conditions involving abrupt changes in level every 13 triplets (C4—C5) are shown in the lower panels; also repro-
duced are the results for the appropriate reference conditions. Otherwise as for Fig. 2.

manifest as a suppression of build-up that appeared greatest
for the largest Af tested (8 ST). The ANOVA for the condi-
tions in which stimulus level was either constant or alter-
nated rapidly is presented in Table III. Two of the three
factors influenced streaming as main effects—segregation
was greater for larger frequency separations (means: 4 ST
= 39.1%, 6 ST = 56.9%, and 8 ST = 70.4%; p < 0.001)
and tended to increase over time (p < 0.001)—but there was
no main effect of condition (p = 0.196). Two of the two-
way interactions were also significant—condition X time
interval (p < 0.001) and Af x time interval (p < 0.001). The
former arose mainly because the loss of segregation caused

TABLE III. Results for experiment 2—effects of stimulus level (constant
or rapid-alternation conditions). Summary of the three-way repeated-mea-
sures ANOVA for all time bins (1-2 s to 19-205s) across conditions C1-C3.
All significant terms are shown in bold.

Factor df F P N
Frequency separation (2,22) 30.001 <0.001 0.732
in test sequence (Af)

Level condition (C) (2,22) 1.755 0.196 0.138
Time interval (T) (18, 198) 65.515 <0.001 0.856
Afx C (4,44) 1.242 0.307 0.101
AfxXT (36, 396) 5.057 <0.001 0.315
CxT (36, 396) 1.985 <0.001 0.153
AfxCxT (72,792) 1.064 0.342 0.088
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by multiple changes in level was largely confined to the lat-
ter half of the sequence, perhaps at least partly because this
was the time period over which there was more scope for
loss of segregation. The latter arose mainly because the ten-
dency for stream segregation to continue increasing during
the second half of the sequence was greater for smaller fre-
quency separations.

Overall, these outcomes indicate that there was no
effect of level per se on stream segregation over the 12-dB
range tested but that the rapid alternation in level acted to
reduce the build-up of stream segregation. The absence of
an effect of presentation level on the results for C1 and C2
is unsurprising. Although it has been shown that increasing
presentation level can lead to a fall in stream segregation for
a given center frequency and Af (Rose and Moore, 2000),
presumably owing to the broadening of auditory filter band-
widths (Glasberg and Moore, 1990), any effect of this kind
would have been modest over the range tested here. Also,
that study measured the fission boundary, so listeners were
instructed to try to segregate one subset of tones from a
sequence, whereas our listeners were given neutral listening
instructions. Given the similar profiles for the constant high-
and low-level cases, the lower segregation in the latter half
of the sequence associated with fast alternations implies
that, when averaged, abrupt rises and falls in level tend to
suppress build-up. We now consider the directional effects
of individual transitions.
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Inspection of the lower panels of Fig. 3 suggests that
sudden L-to-H transitions in level tended to decrease subse-
quent stream segregation but that sudden H-to-L transitions
had little or no effect (with the possible exception of T1, dis-
cussed later). ANOVAs exploring the effects of abrupt
changes in level every 13 triplets (i.e., three transitions per
test sequence) are presented in Table IV. A 4.0-s time bin
was used for the first two transitions, starting 1.2 s after each
change (cf. experiment 1), but this was reduced to 3.2 s for
the third transition owing to the termination of the sequence
at 20 s. There was a main effect of Af for all three transitions
(p < 0.001 in all cases), reflecting the usual tendency for
greater streaming with larger values of Af. For condition,
there was a main effect for T2 (p = 0.002) and T3 (p
= 0.007), respectively, but only a non-significant trend for
T1 (p = 0.074), so it was not considered further. The latter
was probably a consequence of the limited time available
for build-up from scratch during the first 5s of the test
sequence. There was no significant Af x C interaction for
any transition number.

The effects of individual transitions were explored fur-
ther using pairwise comparisons after the results were col-
lapsed across Af. For L-to-H and H-to-L transitions in level,
respectively, the reference cases were the results for the
constant-high (C1) and constant-low (C2) conditions during
the corresponding time interval. Hence, the reference cases
were matched for the stimulus properties of the test cases
following the transition. Note that, between them, conditions
C4 (level: LHLH) and C5 (level: HLHL) provided data for
one transition in each direction for each transition number.

TABLE IV. Results for experiment 2—effects of abrupt changes in stimu-
lus level. Summary of the two-way repeated-measures ANOVA for each
transition (single time intervals) across conditions C1, C2, C4, and C5. All
significant terms are shown in bold.

(a) Results for first transition (T1)

Factor df F P r/zp
Frequency separation (2,22) 48.230 <0.001 0.814
in test sequence (Af)

Level condition (C) (3,33) 2.532 0.074 0.187
AfxC (6, 66) 1.631 0.153 0.129
(b) Results for second transition (T2)

Factor df F P r]zp
Frequency separation (2,22) 13.247 <0.001 0.546
in test sequence (Af)

Level condition (C) (3,33) 6.303 0.002 0.364
Afx C (6, 66) 0.593 0.735 0.051
(c) Results for third transition (T3)

Factor df F P 112p
Frequency separation (2,22) 10.916 <0.001 0.498
in test sequence (Af)

Level condition (C) (3, 33) 4.838 0.007 0.305
AfxC (6, 66) 0.615 0.718 0.053
3778  J. Acoust. Soc. Am. 149 (6), June 2021

There was a significant loss of segregation associated with
the L-to-H transitions (change for T2: —12.6% pts, p = 0.018;
change for T3: —14.8% pts, p = 0.007), but for the H-to-L
transitions there was no effect for T2 (change: —0.2% pts,
p = 0.948) and only a small loss for T3 (change: —5.7% pts,
p = 0.027). Taken together, these outcomes indicate an
asymmetry similar to that reported by Rogers and Bregman
(1998). Note that the tendency for suppression of build-up in
sequences with fast alternations (C3) can be explained by
the resetting effects of multiple L-to-H transitions. Rogers
and Bregman (1998) interpreted the asymmetry in terms of
Bregman’s (1978) functional account of build-up, arguing
that it reflected the greater importance of sudden increases
in level, because such increases usually indicate the onset of
new sound sources.

Finally, it merits note that one aspect of the current
results motivated the development of the final experiment
reported here. Following the H-to-L transition in level at T1
when Af = 4 ST, there is a suggestion in the data that segre-
gation increased (i.e., overshoot rather than resetting of seg-
regation); indeed, if considered in isolation, this change
would be significant (change: +13.3% pts, p = 0.009).
Further evidence that overshoot can occur is provided by
experiment 3.

IV. EXPERIMENT 3

Another context in which marked perceptual asymme-
tries have been observed is auditory search. Asemi et al.
(2003) used a task in which a target and distractors were
presented simultaneously over loudspeakers at different
positions in the frontal-horizontal plane. They found that the
reaction time for detecting a narrowband noise, amplitude-
modulated tone, or frequency-modulated tone among pure-
tone distractors was largely unaffected by the number of
distractors—indicating “pop out”—but that the time needed
to detect a pure tone among temporally fluctuating distrac-
tors increased with the number of distractors. The same
asymmetry was observed by Cusack and Carlyon (2003) for
pure and frequency-modulated tones presented sequentially.
These results show that the auditory system uses temporal
changes in the amplitude and frequency of sound as basic
features for the detection of a sound in an acoustic scene. In
other words, sounds possessing these basic features will be
more salient and attention-grabbing.

Previous studies of stream segregation have used modu-
lated sounds, both narrowband (e.g., Cusack and Roberts,
1999) and wideband (e.g., Grimault et al., 2002), but to our
knowledge only in the context of investigating the effects of
introducing differences between the two subsets of sounds
comprising the sequence. Given the asymmetry found in
auditory search tasks and our own pilot observations, we
considered that introducing sudden transitions between
unmodulated and modulated sounds offered a potentially
fruitful candidate for observing directional effects of these
transitions. Abrupt changes in the center frequency or over-
all level of a tone sequence inevitably introduce differences
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in long-term excitation pattern between corresponding sub-
sets of tones. Given the potential impact of peripheral-
channeling cues on stream segregation (Hartmann and
Johnson, 1991; Roberts et al., 2002; Moore and Gockel,
2012), we wished to minimize them by transitioning
between pure tones (unmodulated) and narrowly spaced
two-tone complexes (modulated; cf. Cusack and Roberts,
1999). These two types of sound differ markedly in timbre.
The sequence configurations used and the timing of the tran-
sitions corresponded closely with their counterparts in
experiment 2.

A. Method

Except where described, the same method was used as
for experiments 1 and 2. Twelve listeners (two males, mean
age = 20.9 yr, range = 19.4-25.3) took part and successfully
completed the experiment; three listeners were excluded and
replaced. In this experiment, the L tones were always set to
a constant base frequency of 1kHz, and conditions differed
only in the nature of the tones used to construct the triplets.
Two types of tone were used—pure tones (T) and narrowly
spaced pairs of pure tones known as dyads (D)—which
allowed sequences to be constructed involving abrupt transi-
tions in timbre between groups of triplets (from unmodu-
lated to modulated or vice versa) without introducing
excitation-pattern cues. Our informal observations with
sequences of this kind suggested a marked asymmetry in the
effect of transition direction on subsequent judgments of
stream segregation.

Tone dyads were constructed by adding two pure tones
of equal level and centered (=25Hz) on the frequency of
their pure-tone counterparts. Each constituent tone was
attenuated by 3 dB relative to its pure-tone counterpart, such
that the root mean square (rms) power of each pure tone and
corresponding dyad was the same. One constituent tone
began in sine phase and the other in negative sine phase, and
their addition with 50-Hz separation gave exactly five cycles
of full-depth amplitude modulation over 100 ms. Given that
the center frequency of the L-tone dyads was 1000 Hz (H
tones = 4, 6, or 8 ST above), the two components were
always unresolved (equivalent rectangular bandwidth of the
auditory filter at 1000 Hz ~ 132 Hz; Glasberg and Moore,
1990), and the average excitation pattern of each dyad and
its pure-tone counterpart was almost identical. Note that a
pair of unresolved components also creates a frequency
modulation at the output of the cochlear filters, which
depends on the relative amplitude of each component
(Hartmann, 1998). To our knowledge, the effect of a corre-
lated transition in timbre for both subsets of sounds without
peripheral-channeling cues has not previously been investi-
gated. The strong modulation of the dyads resulting from
the interaction of the two components within the same audi-
tory filter gave them a distinctive timbre; indeed, the quality
of a sequence of triplets composed of dyads was reminiscent
of the sound produced by stridulating crickets.
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There were five conditions (C1-C5). In C1 and C2, the
triplets were always composed of pure tones or dyads,
respectively. In C3, there were abrupt changes in triplet tim-
bre between pure tones (starting value) and dyads every
three triplets (i.e., rapid alternation every 1.2s). If the domi-
nant effect of the timbre transitions was to cause resetting,
then this should be manifest as an overall suppression of the
build-up of stream segregation (cf. experiment 2). In C4 and
C5, the alternation of abrupt changes in modulation
occurred more slowly—once every 13 triplets (i.e., at 5.2,
10.4, and 15.6 s)—and the sequence began with either pure
tones (C4, TDTD) or dyads (C5, DTDT). For the
alternating-timbre conditions, the final group of triplets was
truncated by one (C3) or two triplets (C4 and C5) to ensure
a common test-sequence duration of 20s. Including the
pure-tone and dyad-starting cases for the slow alternation
conditions ensured that each transition direction (pure-to-
dyad and dyad-to-pure) was represented equally often and at
different times in the test sequence. All other properties of
the test sequences remained the same across conditions.
Pure tones and dyads were presented at 73 dB SPL.

Each combination of condition (five levels) and Af
(three levels) was presented ten times in the main experi-
ment, once in each block, giving 150 trials. Listeners com-
pleted this experiment in a single session, which typically
took ~11/ h. Time-series data were computed from listen-
ers’ responses in the same way as described for experiment
1. On occasions when an individual mean was missing (44
cases, corresponding to ~1.3% of the data and all occurring
within the first few time bins), mean imputation was used to
replace the missing value.

B. Results and discussion

The results averaged across listeners are shown in
Fig. 4. The upper panels show results for the conditions in
which the timbre of the sounds comprising the test sequence
was either constant (unmodulated or modulated) or alter-
nated rapidly (every three triplets); the lower panels show
results for the conditions in which there was an abrupt
change from a pure tone to a dyad or vice versa every 13
triplets (transitions T1, T2, and T3) and also reproduce the
results for the reference cases. These results are considered
in turn.

The pure-tone-only and dyad-only conditions (C1 and
C2) differed in that the extent of stream segregation was
greater for the latter at the start of the sequence, but the dif-
ference between them tended to decline over time. The
somewhat ragged profile seen for the rapid-alternation con-
dition (C3) is a consequence of aliasing; a regular sawtooth
pattern is observed if the results are plotted using 1.2-s time
bins (corresponding exactly to three triplets). This pattern
represents an oscillation between lesser and greater tenden-
cies to give two-stream judgments in response to the pure-
tone and dyad components of the sequence, respectively.
However, superimposed on this pattern is an overall loss of
segregation that emerged ~5-10s after the start of the
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FIG. 4. Results for experiment 3—effects of modulation condition (1-5, see insets in right panels) and test-sequence frequency separation (Af) on the extent
and time course of reported stream segregation (n = 12). Results for the conditions involving either constant timbre or rapid alternation in timbre (C1-C3)
are shown in the upper panels. Results for the conditions involving abrupt changes in timbre every 13 triplets (C4—C5) are shown in the lower panels; also
reproduced are the results for the appropriate reference conditions. Otherwise as for Fig. 2.

sequence (cf. the corresponding condition in experiment 2).
This divergence was manifest as a suppression of build-up
that appeared to be greater for the larger values of Af tested
(6 and 8 ST).

The ANOVA for the conditions in which the stimulus
modulation for the test sequence was either constant or alter-
nated rapidly is presented in Table V. Two of the three
factors influenced streaming as main effects—segregation
was greater for larger frequency separations (means: 4 ST
= 48.0%, 6 ST = 58.4%, and 8 ST = 61.8%; p < 0.001)
and tended to increase over time (p < 0.001). The main
effect of condition was not significant overall (p = 0.117)

TABLE V. Results for experiment 3—effects of stimulus modulation (tim-
bre, constant or rapid-alternation conditions). Summary of the three-way
repeated-measures ANOVA for all time bins (1-2s to 19-20s) across con-
ditions C1-C3. All significant terms are shown in bold.

but became so if the time bins included in the analysis were
restricted to the fast phase of build-up (1-2s to 10-11s;
p = 0.043), reflecting the considerably greater segregation
for dyad than pure-tone sequences during this phase. All of
the two-way interactions were also significant—condition
x time interval (p < 0.001), Af x condition (p = 0.020),
and Af x time interval (p = 0.001). Once again, the C x T
interaction arose mainly because the loss of segregation
caused by multiple changes was largely confined to the latter
half of the sequence, for which there was more scope for
loss of segregation, and the Af x T interaction arose mainly
because the tendency for stream segregation to continue
increasing during the second half of the sequence was
greater for smaller frequency separations. The Af x C inter-
action probably reflects the smaller suppression of segrega-
tion observed for the rapid-alternation condition for the
smallest Af tested.

One possible explanation for the greater stream segre-

. 2
Factor ol F P Tr gation observed here for dyad sequences than for pure-tone
Frequency separation (2,22) 11444  <0.001  0.510 sequences with the same Af is suggested by the results of
in test sequence (Af) Cusack and Roberts (1999). They wused repeating
M‘Od“{a“c’" condition (C) (2,22) 2374 0.117 0.178 | H[-LHL-... sequences of two-tone complexes in which
Time interval (T) (18, 198) 10.395 <0.001 0486 (1o 1 stimuli (center frequency = 1000 Hz) had a fixed com-
Afx C (4,44) 3.257 0.020 0.228 . . ..
AFXT (36, 396) 1945 0.001 0.150 ponent separation of 100 Hz in all conditions, whereas the H
CxT (36, 396) 4929  <0.001 0.309 stlmull (center frec!uency = 1200 Hz) had a component sep-
AFxCxT (72,792) 1.134 0217 0093 aration corresponding to one of seven values (80-140 Hz, in
10-Hz steps) across conditions. Least segregation was
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reported when the H stimuli had the same relative band-
width as the L stimuli (match = 120 Hz) rather than the
same modulation rate (100 Hz). Notwithstanding the use of
a smaller fixed component separation of 50 Hz in the current
experiment, it seems likely that using the same component
separation for the H and L dyads introduced an additional
factor supporting the build-up of stream segregation to that
provided by Af.

Inspection of the lower panels of Fig. 4 shows that slow
alternations of the sudden changes in timbre caused dra-
matic changes in perception between integrated and segre-
gated. The overall pattern suggests that sudden D-to-T
transitions (i.e., modulated to unmodulated) decreased sub-
sequent streaming but that sudden T-to-D (i.e., unmodulated
to modulated) transitions tended to have the opposite effect.
ANOVAs exploring the effects of abrupt changes in level
every 13 triplets are presented in Table VI; the same time
bins were used for transitions T1-T3 as for their counter-
parts in experiment 2. For all three transitions, there was a
main effect of Af (range: p = 0.017 to p < 0.001), reflecting
the usual tendency for streaming to increase with Af, and of
condition (range: p = 0.007 to p = 0.001), reflecting the evi-
dent differences between conditions during the observation
interval. Since there was a significant Af x C interaction for
two of the three transitions, pairwise comparisons were
made separately for each Af. For D-to-T and T-to-D transi-
tions, respectively, the reference cases were the results for
the pure-tone-only (C1) and dyad-only (C2) conditions dur-
ing the corresponding time interval, again matching the ref-
erence cases to the stimulus properties of the test cases

TABLE VI. Results for experiment 3—effects of abrupt changes in stimu-
lus modulation (timbre). Summary of the two-way repeated-measures
ANOVA for each transition (single time intervals) across conditions C1,
C2, C4, and C5. All significant terms are shown in bold.

(a) Results for first transition (T1)

Factor df F p p
Frequency separation (2,22) 10.553 <0.001 0.490
in test sequence (Af)

Modulation condition (C) (3, 33) 6.790 0.001 0.382
Afx C (6, 66) 2.472 0.032 0.183
(b) Results for second transition (T2)

Factor df F P r]zp
Frequency separation (2,22) 8.941 <0.001 0.448
in test sequence (Af)

Modulation condition (C) 3,33) 4.847 0.007 0.306
Afx C (6, 66) 1.410 0.224 0.114
(c) Results for third transition (T3)

Factor df F 4 112p
Frequency separation (2,22) 4.933 0.017 0.310
in test sequence (Af)

Modulation condition (C) 3,33) 5.079 0.005 0.316
AfxC (6, 66) 2.869 0.015 0.207
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following the transition. Between them, conditions C4
(TDTD) and C5 (DTDT) provided data for one transition in
each direction at each Af for T1-T3.

For each direction of change, the results of these pair-
wise comparisons are summarized in Table VII for all nine
combinations of transition number and Af. For the D-to-T
transitions (i.e., modulated to unmodulated), all nine combi-
nations were associated with a fall in segregation (overall
mean difference = —25.6% pts); seven cases were signifi-
cant, and the losses were often substantial. For the T-to-D
transitions (i.e., unmodulated to modulated), all nine combi-
nations were associated with an increase in subsequent seg-
regation, but the overall mean difference was considerably
smaller (+7.5% pts); only two cases showed significant
overshoot (T1 for Af = 4 ST, +16.8% pts, p = 0.005; T2 for
Af = 8 ST, +8.1% pts, p = 0.004), and a third approached
significance (T3 for Af = 4 ST, +12.1% pts, p = 0.057).
Note, however, that using the dyad-only segregation score
during the corresponding interval represents an exception-
ally conservative reference case for estimating overshoot
following T2 and T3. This is because the previous D-to-T
transition will have reset almost all prior build-up.

For T2 and T3, using the mean segregation score aver-
aged over the fast phase of build-up (time bins 1-2s to
10-11s) is arguably a more reasonable reference case. For
example, if this reference were used instead, the marginal
case noted above would become significant (T3 for Af = 4
ST, +19.6% pts, p = 0.013). It is also the case that the
“headroom” available to demonstrate overshoot following
T-to-D transitions was quite limited for larger Afs because
of the high segregation scores associated with dyad sequen-
ces. These issues suggest that further research with stimuli
of this kind would benefit from two changes in the experi-
mental design: first, to include only one transition per trial
(as was done here in experiment 1), to avoid the difficulties
of choosing an appropriate reference case for subsequent
transitions and also to allow more time to observe streaming
before and after; second, to include smaller Afs than were
tested here to allow greater headroom for overshoot effects
to be manifest. Nonetheless, it seems reasonable overall to
conclude that D-to-T transitions do not lead to resetting but
instead tend to increase subsequent streaming. The implica-
tions of these results for accounts of build-up and the kinds
of mechanism that might explain the observed asymmetry
are considered below.

Finally, it should be acknowledged that a contribution
to the results from audible distortion products generated by
the dyads cannot be ruled out entirely, given the relatively
high presentation level and the absence of background noise.
The most prominent combination tone generated from a pair
of primaries (f; and f>) is usually the cubic difference tone
(2fi — f»), particularly for f5/f; ratios <1.10 (Goldstein,
1967). For the tone pair constituting the L dyads, f;
= 975Hz and f, = 1025 Hz, giving a ratio of ~1.05 and
generating a cubic difference tone at 925 Hz. Although it
would have been lower in level than the primaries, this dis-
tortion product may have been sufficient to increase the
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TABLE VII. Results for experiment 3—effects of abrupt changes in stimulus modulation (timbre). Summary of the pairwise comparisons exploring the
change in stream segregation following D-to-T and T-to-D transitions, relative to their reference cases, for each transition number and Af. All significant

cases are shown in bold.

(a) Results for D-to-T transitions (difference scores)

Transition number
T1
T2
T3

Af=4 ST (mean, p)
—10.5% pts, 0.108
—18.6% pts, 0.042
—23.1% pts, 0.030

(b) Results for T-to-D transitions (difference scores)

Af=6 ST (mean, p)
—25.1% pts, 0.001
—34.9% pts, 0.004
—42.2% pts, 0.003

Af=8 ST (mean, p)
—22.1% pts, 0.040
—27.4% pts, 0.028
—26.2% pts, 0.068

Transition number

Af=4 ST (mean, p)

Af=6 ST (mean, p)

Af=8 ST (mean, p)

Tl
T2
T3

+16.8% pts, 0.005
+5.1% pts, 0.493
+12.1% pts, 0.057

+4.7% pts, 0.519
+2.1% pts, 0.796
+8.7% pts, 0.255

+6.0% pts, 0.357
+8.1% pts, 0.004
13.9% pts, 0.343

level of excitation on the lower skirt of the excitation pattern
evoked by the dyads, leading to greater than anticipated dif-
ferences in peripheral channeling between corresponding
pure tones and dyads. Even if this were the case, however, it
is not clear how this could account for the strong directional
effects observed for sudden transitions between pure tones
and dyads. Rather, we argue that the critical factor is most
probably the sudden changes in modulation.

V. CONCLUDING DISCUSSION

For tone sequences involving one or more correlated
transitions in acoustic properties— i.e., where the high- and
low-frequency subsets change together to the same extent
on the same dimension—the effect of a sudden change can
be influenced not only by the property being altered but also
by the direction of that change. Experiment 1 explored the
effects of sudden changes in triplet base frequency and
found that part of the build-up of stream segregation prior to
a transition can transfer over a wider frequency region
(more than half an octave), and more equally for sudden
rises and falls, than had been suggested by the results for the
particular set of values tested by Anstis and Saida (1985).
Relative to maintaining a constant base frequency, the pro-
gressive accumulation of gradual changes in base frequency
made little or no difference to the build-up of stream segre-
gation for a pure-tone sequence. This outcome casts doubt
on models of auditory streaming in which build-up depends
on extended stimulation of populations of central auditory
neurons with the same best frequency (e.g., Micheyl et al.,
2005; Pressnitzer et al., 2008; Bee et al., 2010). Rather, this
outcome suggests a mechanism in which accumulated build-
up in the tendency for stream segregation (adaptation) can
be transferred between neurons with different best frequen-
cies, so long as there are no abrupt changes in base fre-
quency as the tone sequence unfolds.

Experiments 2 and 3 explored the effects of sudden
changes in level and modulation, respectively. Sudden tran-
sitions in level (=12 dB) produced smaller changes in segre-
gation than those associated with sudden transitions in base
frequency, and, in accord with the findings of Rogers and

3782  J. Acoust. Soc. Am. 149 (6), June 2021

Bregman (1998), there was a clear asymmetry in the effect of
transition direction. Rising transitions (softer-to-louder) caused
significant loss of build-up (resetting), but falling transitions
(louder-to-softer) had little or no effect. The effects of sudden
changes in tone modulation on stream segregation were larger,
with the losses for D-to-T transitions (i.e., from modulated to
unmodulated) approaching the size of those for changes in base
frequency, and the effect of direction was even more marked.
Specifically, T-to-D transitions (i.e., from unmodulated to mod-
ulated) in some cases led to even greater segregation than that
for dyad-only sequences during the corresponding time interval
(i.e., overshoot).

Rogers and Bregman (1998) interpreted the asymmetry
they observed for sudden level changes in terms of
Bregman’s (1978) functional account of build-up, arguing
that a sudden rise in level causes a loss of build-up but a
sudden fall does not because only the former can signal the
activation of a new sound source. However, it is hard to see
how this argument might be extended to account for the
directional effects of changes in tone modulation, particu-
larly given the evidence that sudden changes from unmodu-
lated to modulated tones (T-to-D transitions) sometimes
result in greater stream segregation. Although speculative,
three plausible accounts merit discussion. First, the over-
shoot sometimes observed after T-to-D transitions may be a
short-term contrast effect arising from the greater tendency
for dyad-only sequences to be heard as segregated relative
to pure-tone sequences. Longer-term contrast effects, occur-
ring across trials, have previously been reported for AF tone
sequences following changes in Af (Snyder et al., 2008;
Snyder et al., 2009). Second, it may be possible to extend
attention-switching accounts of the loss of build-up after an
abrupt transition in stimulus properties (Rajasingam et al.,
2018; see also Cusack et al., 2004; Thompson et al., 2011)
to explain the overshoot that can occur after a T-to-D transi-
tion, on the basis that the switch in attention is to modulated
sounds, which have primary attention-grabbing properties
(cf. Asemi et al., 2003; Cusack and Carlyon, 2003). Third,
the occurrence of overshoot may be indicative of the opera-
tion of some inhibitory or suppressive process whose accu-
mulation and release affect the extent of stream segregation.
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The phenomenon of subtractive adaptation has long
been known in the visual system (e.g., Geisler, 1983; Hayhoe
et al., 1992), and mechanisms of this kind have since been
proposed to account for the multi-second build-up of stream
segregation for a repeating but unchanging sequence of tones
(e.g., Micheyl et al., 2005; Pressnitzer et al., 2008; Bee et al.,
2010). The basis of these accounts is that the intensity of the
response of tonotopically tuned neurons in the central audi-
tory system to a repeating tone sequence gradually declines
through the slow accumulation of inhibition or suppression,
leading to a progressive narrowing of their receptive fields.
As a result, the receptive fields of neurons best tuned to the H
and L subsets initially overlap, but over time two distinct sub-
populations emerge, leading to the perception of separate
streams. A sudden change of sufficient magnitude in the base
frequency of the tone sequence resets this process because a
different population of neurons is activated. In this regard,
note that the changes in stimulus level or modulation used in
experiments 2 and 3 did not involve changes in base fre-
quency, so the transitions were not anticipated to change the
frequency-tuned populations of neurons responding to these
sequences. Presumably, rising-level transitions and transi-
tions from modulated to unmodulated tones (D-to-T) led
quickly to partial or complete release, respectively, of accu-
mulated inhibition, resulting in a loss of build-up. By this
account, neither falling-level transitions nor transitions from
unmodulated to modulated tones (T-to-D) led to release of
inhibition. Given that a 12-dB difference in level per se has
little or no effect on the build-up of stream segregation, a
falling-level transition therefore produces little or no effect
on subsequent streaming. Presumably, overshoot sometimes
arises for T-to-D transitions because the tendency to hear two
streams is greater for dyad sequences than for pure-tone
sequences, leading to increased inhibition rather than a
release from it following the transition. Future research might
investigate the responses of auditory cortical neurons to tone
sequences involving sudden changes in level or modulation.

In conclusion, the experiments reported here have
extended our knowledge of the dynamics of auditory stream
segregation. Most notably, we have demonstrated that the
effects of sudden correlated transitions in stimulus modula-
tion are strongly directional, including instances in which a
sudden change from unmodulated (pure tones) to modulated
(dyads) sounds leads to greater segregation (overshoot)
rather than a loss of build-up. It is not obvious how
Bregman’s (1978) functional account of build-up might be
adapted to explain these findings, but there are plausible
accounts based on stimulus contrast effects, attention
switching, or neural mechanisms involving the accumula-
tion and release of inhibition or suppression. These accounts
might be investigated by extending the perceptual experi-
ments reported here to include transitions between modu-
lated sounds with different modulation rates and by
exploring the effects of transitions of this kind on the
responses of auditory cortical neurons. This approach should
help elucidate further how stream segregation functions in
changing auditory scenes.
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'Rather than changing direction, the base frequency of the final triplet in
C3 and C4 continued on its established trajectory and consequently fell
0.5 ST below the nominal minimum (486 Hz) and above the nominal
maximum (1029 Hz), respectively. Note that the final triplet occurred too
late to have any appreciable effect on listeners’ responses.

%In experiment 1, the start time for the 4.0-s time interval used to explore
the effect of abrupt transitions on streaming was 11.2 s (i.e., 1.2 s after the
transition at 10.0 s), which did not align exactly with the set of 1-s time
bins plotted in Fig. 2. Similar issues of alignment arose in relation to the
transition times used in experiments 2 and 3 (5.2, 10.4, and 15.6 s). To
create longer time intervals for statistical analysis with start times that did
not correspond to an integer number of seconds, the response data for
each trial were also divided into finer-grained (0.2 s) time bins. Longer
time intervals were constructed by combining the appropriate set of 0.2-s
time bins.

3See https://doi.org/10.17036/researchdata.aston.ac.uk.00000496
viewed April 27, 2021).
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