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Abstract: Listeners are good at attending to one auditory stream in a
crowded environment. However, is there an upper limit of streams
present in an auditory scene at which this selective attention breaks
down? Here, participants were asked to attend one stream of spoken
letters amidst other letter streams. In half of the trials, an initial primer
was played, cueing subjects to the sound configuration. Results indicate
that performance increases with token repetitions. Priming provided a
performance benefit, suggesting that stream selection, not formation, is
the bottleneck associated with attention in an overcrowded scene.
Results’ implications for brain-computer interfaces are discussed.
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1. Introduction

An auditory stream can be operationally defined as the percept of a group of succes-
sive or simultaneous sound elements appearing to emanate from a single source.1

Many past studies have examined the acoustical properties that influence stream for-
mation. For example, the number of streams perceived in an auditory scene depends
on the similarity and proximity of sounds presented in sequence.2 When evidence is
ambiguous as to whether sound elements should be fused into one stream or not, the
tendency for sound elements to split into different streams builds up with time
exposure.3

Traditionally, these auditory streaming studies have concentrated on ambigu-
ous stimuli, e.g., an alternating tone sequence,4 leading to perceptual bi- or multi-
stability.5 However, real world stimuli are much more stable, e.g., voices and music,
and stream formation is unambiguous due to the temporal coherence of the constitu-
ent spectrotemporal elements originating from the same source.6 Listeners in general
can direct their attention to these well-formed objects7 but when there are many
objects in the auditory scene, selective attention has also been shown to improve over
time.8

a)Author to whom correspondence should be addressed.
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Can an auditory scene become overcrowded by so many streams that the abil-
ity to selectively attend breaks down? Does it take more time for a listener to selec-
tively attend to one stream as an auditory scene gets more crowded? These questions
are phrased not only to further our understanding of auditory object-based attention
but also to maximize information that can be effectively conveyed in an auditory dis-
play. In recent years, auditory-based brain-computer interface (BCI) research has
intensified, in hopes of providing completely locked-in syndrome patients a mode of
communication based on classifying neural responses (usually measured with electroen-
cephalography) resulting from the user’s selective attention to predefined auditory stim-
uli.9 Current methods usually use two streams;10,11 however, the more sound streams
an auditory scene contains, the more options can be presented in an auditory-based
BCI. Critically, the effective transfer bit rate in an auditory-based BCI increases with
the number of streams present in the scene while trading off with the user’s ability to
accurately attend to one auditory stream of choice.11

Here we designed two behavioral experiments to examine how well a listener
can focus on one auditory stream in the presence of many. With the objective of maxi-
mizing BCI information transfer rate in mind, we presented listeners with several
repeating letter streams (4, 6, 8, and 12 streams in the scene), with each stream having
a unique virtual location and pitch to aid segregation. Each stream consisted of the
same, unique repeated letter. In the first experiment, the letter (or token) start times
were distributed uniformly within each 1 s repetition (i.e., once started, each stream
was periodic). Therefore, the rate at which tokens were presented varied with the num-
ber of streams present in the scene. In the second experiment, the overall token rate
was held constant. In both of these experiments, half of the trials were preceded by
an additional primer in which all letters were played once sequentially (from the left
side, lowest pitch to the right side, highest pitch), cueing the listener to the sound con-
figuration. Results show that listeners can selectively attend to one stream quite accu-
rately, even with up to 12 streams present in the scene. Furthermore, the auditory
primer significantly improved behavioral performance. Together, these results provide
us with crucial insights into how to optimize an auditory display for eventual BCI
deployment.

2. Experiment 1

2.1 Methods

Nineteen subjects (7 male, aged 19 to 45 yrs) took part in this experiment. All partici-
pants had pure-tone thresholds in both ears within 20 dB of normal-hearing thresholds
at octave frequencies between 250 and 8000 Hz. All subjects gave informed consent to
participate in the study as overseen by the University of Washington Institutional
Review Board.

Stimuli consisted of streams of repeated spoken letters (randomly chosen, one-
syllable letters from 1 female talker; average duration 431 6 9 ms), monotonized using
Praat software and processed with pseudo-anechoic head-related transfer functions
(recorded from a KEMAR manikin at 1 m), as shown in Fig. 1. All stimuli were gener-
ated at a sampling rate of 24 414 Hz and sent to Tucker-Davis Technologies hardware
for digital-to-analog conversion and attenuation, and then presented over in-ear head-
phones (Etymotic Research ER-2).

Listeners were instructed visually which letter stream to attend and to promptly
press a button when an oddball “R” replaced a letter in the designated stream (responses
made within 900 ms were counted as hits; all other presses were deemed false alarms).
Each trial contained 16 repetitions of letters, with each letter repetition period fixed at
1 s regardless of the number of streams present (4, 6, 8, or 12). Thus each trial lasted
16 s. Two oddballs were placed in the designated stream and three oddballs were seeded
randomly in other streams in each trial. Oddballs were more frequent in the non-target
streams than they were in the target stream such that listeners that adopted a strategy of
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simply reporting every oddball heard would have high false alarm rates (they did not;
see Sec. 2.2). In half the trials (randomly distributed), there was a primer in which each
letter was played sequentially prior to the start of the trial in order to allow the listeners
to learn that trial’s sound configuration. To mimic the degree of energetic masking
(caused by interference in the auditory periphery) and maximally reduce informational
masking (i.e., other factors not explained by energetic masking), a control condition was
included in which a target letter stream was still designated but all other streams were
substituted with the letter “O” (12 stream condition; all target and non-target R’s
remained; designated stream was never O). A total of 60 trials per condition were tested
and the testing procedure lasted less than 2 h (with breaks). Listeners received training
prior to experimentation (training criterion of 8/10 targets in 5 trials before they could
begin the experiment). Steady-state performance was calculated for each subject as the
average hit percentage during the 5 s preceding the final second (final second was
excluded since some subjects were reluctant to respond once the stimulus had ended). A
two-way repeated measures analysis of variance (ANOVA) with factors of primer and
number of streams and an interaction term was used for statistical testing of study
hypotheses. In cases where the assumption of sphericity was deemed to be violated,
Greenhouse–Geisser correction was used.

2.2 Results

Figure 2(A) shows the across-subject mean [6 1 standard error of the mean (SEM)] of
the steady-state performance (bars) and performance on the first repetition of each trial
(white dots). Without a primer the steady-state performances were 93.8 6 1.8%,
85.4 6 3.2%, 73.2 6 3.7%, and 60.4 6 4.4% for 4, 6, 8, and 12 streams, respectively
(mean 6 SEM). With a primer, they were 95.9 6 1.3%, 89.1 6 2.9%, 76.3 6 3.8%, and
61.2 6 4.0%. On the control condition, steady-state performance was 94.3 6 1.6%.
Without a primer the first-repetition performances were 61.8 6 6.4%, 48.7 6 6.8%,
42.1 6 7.7%, and 38.2 6 7.7% for 4, 6, 8, and 12 streams, respectively. With a primer,
they were 90.8 6 3.9%, 75.0 6 5.7%, 68.4 6 7.4%, and 34.2 6 6.4%. On the control con-
dition, first-repetition performance was 68.4 6 6.3%. There was a significant effect of
the number of streams present in the scene on steady-state performance [F(3,54)¼ 64.7,
p< 0.001] and on first-repetition performance [F(3,54)¼ 22.8, p< 0.001]. The existence
effect of the auditory primer was not significant for steady-state [F(1,18)¼ 4.17,
p¼ 0.056] but was for first-repetition performance [F(1,18)¼ 18.3, p< 0.001]. There
was a significant interaction between primer and the number of streams for
first-repetition performance [F(3,54)¼ 6.68, p¼ 0.001]. Steady-state performance in the

Fig. 1. Stimulus generation. (A) Repeating letter streams were presented, with each stream having a characteris-
tic azimuth and pitch (shown in grayscale). The attended stream, “F,” is highlighted. Where R replaces F is a
target; where it replaces other letters is not. (B) The azimuths at which letter streams were presented for each
stream count. Grayscale codes pitch as in (A). (C) The pitches at which letter streams were presented. Pitches
were the first 4, 6, or 8 notes of a diatonic scale, or the chromatic scale in the case of 12 streams.
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control condition was near ceiling level and on par with the easiest condition (four
streams, with primer). There were an average of 0.31 false alarms per trial.

2.3 Discussion

Results from Experiment 1 suggest that listeners can selectively attend to the target
stream quite easily; even with 12 streams present, performance was better than 60%.
Providing listeners with an auditory primer significantly improved their performance at
the beginning of the trial but not at the end. Even though the control condition had sim-
ilar levels of energetic masking as in the 12-stream condition, listeners achieved the same
hit rate as in the 4-stream condition. This suggests that the difficulty associated with lis-
tening in an overcrowded environment is not due to energetic masking but is primarily
due to informational masking, or errors of selection. Listeners also reached steady-state
performance very quickly (after 1 or 2 repetitions). However, it is unclear whether this
buildup is a function of time or repetition number because the repetition period was
fixed across all conditions. Furthermore, we wanted to disentangle task difficulty due to
the number of streams present in the scene from the token rate. Thus in the following
experiment we varied the repetition period by fixing the token rate instead.

3. Experiment 2

3.1 Methods

Nine subjects (2 male, aged 19 to 30 yrs) who took part in Experiment 1 returned to
participate in this experiment. All stimulus generation and delivery methods were iden-
tical as described in Experiment 1 except that (1) the overall token rate was set at 12
tokens/s for all conditions and (2) each trial was 15 s in duration. Because repetitions
were faster, letter tokens were truncated to 250 ms; letters that became unintelligible
were excluded (mean duration before truncation, 401 6 8 ms).

In Experiment 1 we reported the first-repetition performance, but Experiment
2 allowed us to analyze the time course of the responses. To do so, a rising exponential
was fit to each subject’s performance for each condition. Using the steady-state value
as the asymptote A, a fit P of the form

Fig. 2. Behavioral results. (A) The steady-state performance (bars) and first-repetition performance (white dots)
for the first experiment (cross-subject mean 6 SEM). (B) Steady-state performance for Experiment 2. (C) Exam-
ple data (markers) from Experiment 2 and their exponential fits (solid, thin curves). Triangles with a solid line
show performance on eight streams with primer, and circles with a dashed line show eight streams without a
primer. (D) Time constant in terms of absolute time (seconds) for each condition (cross-subject mean 6 SEM).
(E) Time constants in terms of repetitions plotted as in (D).
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P ¼ Að1� e�t=sÞ; (1)

with time constant s as the free parameter was estimated by computing the log likeli-
hood curve and choosing the s that resulted in the maximal value. Accordingly, the s
parameter was larger for longer buildup times. An ANOVA was performed on the val-
ues of s with the same factors as in Experiment 1. Example fits can be seen compared
to corresponding raw data in Fig. 2.

3.2 Results

Figure 2(B) shows the across-subject mean (6SEM) of the steady-state hit performance.
Without a primer the steady-state performances were 86.3 6 4.3%, 79.1 6 4.4%,
73.1 6 5.2%, and 64.3 6 5.2% for 4, 6, 8, and 12 streams, respectively (mean 6 SEM).
With a primer they were 88.5 6 3.7%, 87.4 6 4.5%, 85.8 6 4.0%, and 79.7 6 5.8%. As in
Experiment 1, there was a significant effect of the number of streams present in the audi-
tory scene [F(1.44,11.5)¼ 9.46, p¼ 0.006] but here the presence of the auditory primer
[F(1,18)¼ 9.561, p¼ 0.015] also had an effect on steady-state performance. Figures 2(D)
and 2(E) show the across-subject mean (6SEM) of s. The time-constant s can be
expressed in terms of time in seconds [Fig. 2(D)], or in terms of token repetitions [Fig.
2(E)]. When expressed in terms of absolute time, there was a significant effect on the
number of streams [F(3,54)¼ 3.57, p¼ 0.029] and of the primer [F(1,18)¼ 13.7,
p¼ 0.006]. However, when expressed in terms of repetition number, only the effect of
the primer was significant [F(1,18)¼ 18.8, p¼ 0.003]; the time constant no longer
depended on the number of streams [F(3,54)¼ 1.21, p¼ 0.328]. No interaction terms
were significant in any of the tests. There were an average of 0.48 false alarms per trial.

To compare across experiments [Figs. 2(A) and 2(B)], we ran a repeated meas-
ures ANOVA with the same factors as before but with an added experiment factor.
Steady-state performance depended on the primer [F(1,8)¼ 17.5, p¼ 0.003] and number
of streams [F(3,24)¼ 30.1, p< 0.001] but not on the experiment. However, there was a
significant interaction term of experiment and number of streams [F(3,24)¼ 7.43,
p¼ 0.001], which reflects generally lower, compressed performance in the second
experiment.

3.3 Discussion

Results from Experiment 2 suggest that buildup appears to be a function of repetition
number, and not time. As in Experiment 1, cueing the subjects with the sound configu-
ration in the primer conditions provided great improvement in their performance
across all streaming conditions. Performance at the beginning of a trial was dictated
by the number of repetitions of the letters the listener had heard, as opposed to the
time in seconds, since the trial began.

4. General discussion

The results from these two experiments agree with our intuition—listeners generally found
it harder to selectively attend to one designated stream when there were more streams pres-
ent in the auditory scene. However, performance in the most crowded scene (12 streams in
total) was still surprisingly good. Comparing the results of these two experiments, we
found that the faster the tokens were presented, the harder it was for listeners to perform
the task [e.g., compare the 4-stream results in Experiment 1 with a repetition rate of 3 repe-
titions/s and in Experiment 2 with a repetition rate of 1 repetition/s in Figs. 2(A) and 2(B)].
This indicates that the token rate also influences the cognitive load of the listeners.

Past auditory streaming studies suggest that buildup of streaming typically
takes several seconds12 but these experiments used ambiguous stimuli that would lead
to bi- or multi-stable percepts.5 In our experiments, all repeated letter tokens can be
unambiguously grouped into objects since they all have distinct onset/offset times,
pitches, and locations. Furthermore, there was not a substantial buildup in perform-
ance when auditory primers were used; i.e., the buildup was nearly instantaneous.
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Therefore, we argue that the buildup of performance in the no-primer conditions in
our experiments may be related to object selection rather than to stream formation.

Previous studies focused on selective attention with two or more streams have
depended on successfully reporting a message masked by other speech.13,14 Here, the
content of the stream is predictable (with oddball detection used as a proxy for success-
ful selective attention), making that an additional useful feature. This difference stems
from the study’s BCI-centric design.

Results from these experiments also provide us with insight into the tradeoffs
associated with the display design used in future auditory-based BCI. One potential
design for an auditory BCI involves presenting a number of auditory “options”
(streams) to a listener and decoding which stream he or she is attending (e.g., using two
competing streams10). If such a scheme uses repeating tokens, a faster repetition rate can
increase the information transfer rate because the buildup in performance is associated
with the repetition number, and not time. However, a faster repetition rate can also
make the task harder, and the reduction in users’ accuracy in performing the task will
also lower the BCI effective information transfer rate. Providing the user with the sound
configuration significantly improves his or her performance but this is at a one-time cost
of playing the auditory primer to the users. These observations may provide a reasona-
ble starting point for optimizing the effective information transfer rate in future
auditory-based BCI designs.
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