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Abstract

Perceptual representations of auditory stimuli (i.e., sounds) are derived from the auditory system’s

ability to segregate and group the spectral, temporal, and spatial features of auditory stimuli—a

process called “auditory scene analysis”. Psychophysical studies have identified several of the

principles and mechanisms that underlie a listener’s ability to segregate and group acoustic

stimuli. One important psychophysical task that has illuminated many of these principles and

mechanisms is the “streaming” task. Despite the wide use of this task to study psychophysical

mechanisms of human audition, no studies have explicitly tested the streaming abilities of non-

human animals using the standard methodologies employed in human-audition studies. Here, we

trained rhesus macaques to participate in the streaming task using methodologies and controls

similar to those presented in previous human studies. Overall, we found that the monkeys’

behavioral reports were qualitatively consistent with those of human listeners, thus suggesting that

this task may be a valuable tool for future neurophysiological studies.

1. Introduction

One of the fundamental tasks of the auditory system is to transform low-level sensory

representations of acoustic stimuli into perceptual representations (i.e., sounds) that can

guide behavior (Bizley et al., In Press; Griffiths et al., 2004; Shamma et al., 2010; Zatorre et

al., 2004). These perceptual representations form the core building blocks of our hearing

experience (Bregman, 1990; Griffiths et al., 2004; Shamma, 2008) and are derived from the

auditory system’s ability to segregate and group the spectral, temporal, and spatial features

of auditory stimuli—a process called “auditory scene analysis” (Bregman, 1990;

McDermott, 2009; Winkler et al., 2009). Auditory scene analysis enables a listener to

follow, for example, the melody that is carried by a banjo in a band or to track a friend’s

voice in a noisy restaurant (McDermott, 2009; Shinn- Cunningham, 2008).

© 2013 Elsevier B.V. All rights reserved.

Corresponding author: Kate Christison-Lagay, Department of Otorhinolaryngology, 3400 Spruce St – 5 Ravdin, Philadelphia, PA
19104, katechri@mail.med.upenn.edu phone: 1 215 898 7504, fax: 1 215 898 9994.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errorsmaybe
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Hear Res. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Hear Res. 2014 March ; 309: 17–25. doi:10.1016/j.heares.2013.11.001.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

NAMI
Highlight

NAMI
Highlight

NAMI
Highlight

NAMI
Highlight

NAMI
Highlight

NAMI
Highlight

NAMI
Highlight



Psychophysical studies have identified several of the principles and mechanisms that

underlie a listener’s ability to segregate and group acoustic stimuli (Horvath et al., 2001;

Rahne et al., 2009; Sussman, 2005; Sussman et al., 2007). One important psychophysical

task that has illuminated many of these principles and mechanisms is the “streaming” task

(Bregman, 1990; Carlyon et al., 2001; Cusack, 2005; Elhilali et al., 2009; Micheyl et al.,

2007). Typically, the streaming task is a one-interval, two-alternative forced choice task in

which an auditory stimulus—composed of an interleaved sequence of tone bursts (Fig. 1)—

is presented and a listener reports whether she heard one or two streams. By varying the

spectral, temporal, and other properties of this sequence, the probability that a listener

reports one or two streams is systematically altered. For example, when the frequency

difference between the tone bursts in the two sequences is small (e.g., ≤1 semitone

difference), listeners systematically report hearing one stream. On the other hand, when the

frequency difference between these tone-burst sequences is large (e.g., ≥10 semitones),

listeners systematically report hearing two separate streams. When the frequency difference

is intermediate between these two extremes, the reports become less reliable: on alternating

trials, listeners report hearing one or two streams.

Despite the wide use of this task (and variants of it) to study psychophysical mechanisms of

human audition (Shamma et al., 2011), no studies have explicitly tested the streaming

abilities of non-human animals using the standard methodologies employed in human-

audition studies. Instead, previous studies have indirectly tested streaming (Izumi, 2002; Ma

et al., 2010; Moerel et al., 2012). For example, in Ma et al. (2010), ferrets reported hearing a

“target” tone that was embedded in a tone-burst sequence. This experimental strategy to test

streaming is reasonable because many non-human animals process auditory stimuli and hear

sounds in a manner similar to that of human listeners (Izumi, 2002; Kuhl et al., 1975; Kuhl

et al., 1982; Miller et al., 2001; Petkov et al., 2003; Petkov et al., 2007; Recanzone et al.,

2008). Consequently, it was assumed that, like humans (Elhilali et al., 2009), these ferret

listeners could only detect the target tone when the auditory stimulus was segregated into

two streams.

However, if the goal of testing the auditory perceptual abilities of non-human animals is to

develop them as models of human-brain function, it is imperative to use methodologies and

controls that are comparable to those used with human listeners so that valid inferences can

be made regarding human audition and cognition. Here, we trained rhesus macaques to

participate in a streaming task using methodologies and controls similar to those presented

in previous human studies. Overall, we found that the monkeys’ behavioral reports were

consistent with those of human listeners, thus suggesting that this task may be a valuable

tool for future neurophysiological studies.

2. Methods

The University of Pennsylvania Institutional Animal Care and Use Committee approved the

experimental protocols.
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2.1 Experimental Chamber

Psychophysical sessions were conducted in a darkened room with sound-attenuating walls.

A monkey (Macaca mulatta; Monkey H [male, 12 years old] or Monkey S [male, 8 years

old]) was seated in a primate chair in the center of the room. A touch-sensitive joystick was

attached to the chair. The monkey moved the joystick during the behavioral task to indicate

his behavioral report.

2.2 Auditory Stimulus

The auditory stimulus was a sequence tone bursts (40-ms duration with a 5-ms cos2 ramp at

a sound level of 65 dB SPL) that alternated between two types of tone bursts, called here

“tone A” and “tone B”. The inter-tone-burst interval was 13 Hz. Auditory stimuli were

generated using the RX6 digital-signal-processing platform (TDT Inc.) and were presented

by a studio-monitor speaker (Yamaha MSP7).

2.3 Behavioral Task

The streaming task was a single-interval, two-alternative-forced-choice discrimination task

that required the monkey to report whether he heard one or two streams (Fig. 2). A trial

began with the presentation of the auditory sequence (Fig. 1). Following offset of the

auditory stimulus, an LED was illuminated, and the monkey had 3000 ms to move the

joystick (a) to the right to report one stream or (b) to the left to report two streams.

2.4 Training Procedure and Reward Structure

During the initial training sessions, tones A and B were presented at frequency differences

that, in humans (Cusack, 2005; Micheyl et al., 2005), elicit reliable reports of one or two

streams (i.e., ≤1.0 or ≥10 semitones, respectively); this strategy was appropriate because

macaque monkeys and humans have similar hearing (Brown et al., 1980; Kuhl et al., 1983;

Petkov et al., 2003; Pfingst et al., 1978; Recanzone et al., 2008; Recanzone et al., 2000;

Serafin et al., 1982; Sinnott et al., 1976; Tsunada et al., 2011). On these trials, the monkey

received consistent feedback: he was only rewarded for reporting a “correct” response.

Specifically, when the frequency difference between tone A and tone B was ≤1.0 semitone,

the monkey was rewarded when he moved the joystick to the right. When the frequency

difference was ≥10 semitones, the monkey was rewarded when he moved the joystick to the

left.

After the monkey’s performance stabilized (i.e., they were performing significantly above

chance during entire behavioral sessions for 3 or more days a week; monkeys were trained 5

days a week with ~200 trials a day for 2 years before their performance stabilized), we

presented auditory sequences that contained both the “extreme” frequency differences (≤1.0

or ≥10 semitones) as well as frequency differences that were “intermediate” between these

two extremes (i.e., >1 and <10 semitones). Because stimuli with these intermediate

frequency differences do not elicit reliable reports of one or two streams in human listeners

(Bregman, 1990; Bregman et al., 2000; Cusack, 2005; Elhilali et al., 2009; Micheyl et al.,

2007), there was not a “correct” answer. Consequently, on these trials, the monkeys did not
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receive consistent feedback: they received rewards on 50% of randomly selected trials; the

decision to reward was independent of their behavioral report.

2.5 Behavioral-testing Strategy

We manipulated four parameters of the tone-sequence: the frequency difference between

tones A and B; the duration of the auditory sequence; the temporal relationship between

tones A and B; and the frequency of tone A. These first three parameters manipulations

tested whether the monkeys’ reports were modulated in a manner consistent with human

listeners’ reports (Bregman, 1990; Elhilali et al., 2009; Micheyl et al., 2007). The last

parameter manipulation controlled for the possibility that the monkeys were not actually

reporting the number of heard streams but, instead, reported two streams whenever they

heard a stimulus that contained high frequencies.

Next, we describe the details of these manipulations. First, on a trial-by-trial basis, we

randomly varied the frequency difference between tones A and B. During ~93% of these

trials, we presented those frequency differences that provided consistent feedback (i.e., ≤1.0

or ≥10 semitones). For the remaining trials (~7% of the trials or ~44 trials/day), we

presented those frequency differences that did not provide consistent feedback (i.e., >1 and

<10 semitones). Second, on a trial-by-trial basis, we randomly varied tone A’s frequency

(range: 865–2226 Hz; mean: 1500 Hz). Third, on a trial-by-trial basis, we varied the

sequence duration (i.e., “listening duration”; 180–2022 ms; mean: 778 ms). Fourth, on a

subset of days, we manipulated the temporal relationship between tones A and B. On most

days, tones A and B were presented in their standard asynchronous format; see Figure 1.

However, on select days, tones A and B were presented simultaneously on a randomly

subset of trials (~27%); see Figure 1 inset. The time between the onsets of the simultaneous

was 13 Hz, the same as the asynchronous timing. When tones A and B were presented

simultaneously, their frequency difference was always 10 semitones. For the simultaneous

trials, the monkeys received rewards independent of their behavioral response.

2.6 Data Analyses

We quantified the monkeys’ performance by calculating the probability of the monkey

reporting two streams (i.e., the monkey moved the joystick to the left). This analysis was

conducted as a function of the (a) the frequency difference between tones A and B, (b) the

frequency of tone A, (c) listening duration, and (d) the temporal relationship between tones

A and B. The 95%-confidence interval on each of these probability values was calculated

using the following formula: 1.96*(p*(1-p)/n)0.5 (Zar, 1996). p was the probability (i.e., the

proportion of trials when the monkey reported two streams), and n was the number of trials.

The monkeys’ performance was considered reliable when the 95%-confidence interval did

not overlap with chance performance (i.e., 0.5). A Wilcoxon test was also used to determine

whether a probability value differed from chance; the p-values that are reported in the text

reflect the results of this test. Probability values that were generated from different stimulus-

parameter manipulations (e.g., for the upper half of listening durations and the lower half of

listening durations) were considered to be significantly (p<0.05) different when the 95%-

confidence intervals for the two conditions did not overlap.
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In a second set of analyses, we conducted two different bootstrap procedures. These

bootstrap procedures were conducted to establish performance thresholds, which were then

used to identify runs of trials that exceeded these thresholds. The first bootstrap procedure

generated a “null” distribution. This null distribution reflected the probability that the

monkeys responded randomly: that is, their responses were independent of the stimulus. To

generate this distribution, we first identified those trials in which the frequency difference

between tones A and B was 0.5, 1, 10, or 12 semitones and then shuffled the relationship

between these frequency differences and the monkeys’ reports. Since these frequency

differences generate consistent reports in human listeners (Bregman, 1990; Cusack, 2005;

Elhilali et al., 2009; Micheyl et al., 2007), when we shuffled the relationship, we

hypothesized that we could systematically divorce the stimulus from the response. In

contrast, because other frequency differences (i.e., 3 and 5 semitones) do not generate

consistent reports in human listeners, there is no “incorrect” answer and the stimulus cannot

be divorced from the response. Therefore, we did not include these trials within our

shuffling procedure. Next, we selected, with replacement, N of these shuffled stimulus-

report pairings; N was the number of trials/day. We then determined whether a shuffled pair

was “correct” (e.g., frequency difference was ≤1 semitones and the report was “one stream”)

or “incorrect” (e.g., the frequency difference was ≤1 semitones and the report was “two

streams”). Third, to simulate the temporal dynamics of a behavioral session, we treated these

shuffled pairs as if they consecutive trials of a behavioral testing session. We then analyzed

performance as a function of different running-average window sizes (i.e., 10, 20 or 50

consecutive shuffled stimulus-response pairings). This procedure was repeated 1000 times

for each behavioral session. From this procedure, we generated, as a function of each

window size, a distribution of running averages. Finally, we calculated the “running-average

window (RAW) threshold”. In one variant, we calculated the RAW threshold from each

session’s running-average distribution: the RAW threshold was defined as the upper

boundary of each distribution’s 95% confidence interval. In a second variant, all of the

individual session distributions were pooled together (as a function of window size), and the

“population” RAW threshold was defined as the upper boundary of this pooled

distribution’s 95% confidence interval.

The second bootstrap procedure generated a distribution of simulated data that, unlike the

first bootstrap procedure, maintained the relationship between the auditory stimulus and the

monkeys’ responses. This bootstrap procedure tested whether, within an experimental

session(s), there were temporal epochs or “runs” of performance that were above chance.

First, for each experimental session, we identified those trials in which the frequency

difference between tones A and B was 0.5, 1, 10, or 12 semitones; analogous to the logic

described above, we did not use the other frequency-difference values. Next, while

maintaining the relationship between the stimuli and response, we shuffled the order of the

trials. This procedure maintained the relationship between the stimulus and response but

disrupted the temporal order of these stimulus-response pairings. Finally, to simulate the

temporal dynamics of a behavioral session, we analyzed performance as a function of

different running-average window sizes (i.e., 10, 20 or 50 consecutive shuffled stimulus-

response pairings). This procedure was repeated 1000 times for each behavioral session.
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Like with the first bootstrap procedure, we calculated the RAW threshold using the session-

by-session-data or the pooled data.

To compare the monkeys’ performance with the bootstrapped performance, we extracted

consecutive blocks of data that contained 10, 20, or 50 trials in which the frequency

difference was 0.5, 1, 10, or 12 semitones. However, because the actual dataset contained

trials from all of the tested-frequency differences, the actual length of the data block could

be longer than the window size. For example, if the window size was 20 trials, the data

block might contain 25 trials: 20 trials in which the frequency difference was 0.5, 1, 10, or

12 semitones and 5 trials in which the frequency difference was 3 or 5 semitones. When the

monkey’s performance on the 0.5, 1, 10, and 12 semitone trials exceeded the RAW

threshold, the entire trial block (including trials in which the frequency difference was 3 or 5

semitones) was considered “suprathreshold”. To be clear, the determination of

“suprathreshold” was only based on the 0.5-, 1-, 10-, and 12-semitone trials because only

these trial types were used in the bootstrap procedure. Using the suprathreshold data, we

calculated, as a function of each window size and each frequency difference, the probability

that the monkey reported two streams. These values were generated from individual

behavioral sessions or from the dataset that was generated when the individual sessions were

pooled together, analogous to that done with the bootstrap procedures. Finally, this analysis

was conducted independently for each of the RAW thresholds that were calculated from

each of the two bootstrap procedures.

3. Results

3.1 Monkeys’ reports are modulated by the frequency difference between tones A and B

The results from 388 behavioral sessions (Monkey S: 227 sessions; Monkey H: 161

sessions) are shown in Figure 3; since monkeys S and H had comparable behavior, we

pooled their behavioral data. Figure 3 plots the probability (i.e., the proportion of trials) that

the monkeys reported two auditory streams as a function of frequency difference between

tones A and B. When the frequency difference was ≤1 semitone, the probability that the

monkeys reported two streams was less than chance. That is, the probability plus/minus its

95%-confidence interval was less than and did not include 0.5 (i.e., chance performance):

0.5-semitone difference: p=0.454±0.005, p<0.05; 1-semitone difference: p=0.465±0.006,

p<0.05. The interpretation of this result is that the monkeys reliably reported one stream.

When the frequency difference was ≥10 semitones, a different pattern emerged: the

probability that the monkeys reported two streams exceeded chance: 10-semitone difference:

p=0.550±0.007, p<0.05; 12-semitone difference: p=0.551±0.005, p<0.05. The monkeys’

reports for the intermediate frequency differences (3 and 5 semitones) were between the

reports for the other frequency differences; however, only the 5-semitone difference did not

differ from chance (3- semitone difference: p=0.464±0.018, p<0.05; 5-semitone difference:

p=0.487±0.020, p>0.05).

Although our behavioral data were reliable, the monkeys’ behavior clearly did not differ

substantially from 0.5 and was poor relative to human performance (Bregman, 1990;

Cusack, 2005; Micheyl et al., 2007). However, during the behavioral sessions, we observed

short periods (i.e., 10–50 consecutive trials) of high performance. To gain further insight
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into this observation, we conducted further analyses of their behavior using two different

bootstrap procedures.

In the first bootstrap procedure, we shuffled the relationship between the auditory stimulus

and the monkeys’ responses to generate a null distribution. This distribution tested the

hypothesis that, over short windows of trials, the monkeys performed better than chance and

were using the stimulus to guide their choices. Panels A and B in Figure 4 show the RAW

thresholds that were generated from this procedure and the respective suprathreshold subset

of behavioral data (see Methods). Figure 4A shows the monkeys’ performance when the

RAW thresholds were calculated from the population data. This threshold calculation is a

reflection of performance for a given running average relative to the monkeys’ general

behavior. Figure 4B shows the monkey’s performance using the session-by-session RAW

thresholds. These thresholds provide a measure of performance relative to a particular day’s

behavior. We again found that monkeys (a) significantly reported one stream at the smallest

frequency differences; (b) significantly reported two streams at the largest frequency

differences; and (c) for intermediate frequency differences, behavior did not differ from

chance (i.e., it fell below the running-average threshold). More specifically, for running

windows of 10 trials (green data), we found that the monkeys’ behavior was ~30% better

than their overall behavior that was shown in Figure 3. The monkeys’ performance

improved modestly for larger running-average windows (blue and red data): for windows of

50 trials (red data), behavior improved by ~10%. Like the data in Figure 3, this bootstrap

analysis indicated that the monkeys’ behavior was guided by the stimuli. However, unlike

the data shown in Figure 3, this bootstrap analysis indicated that for runs of 10 to 50 trials,

the monkeys’ performance can closely approximate the performance of human listeners.

To further evaluate these windows of high performance, we performed a second bootstrap

procedure. In this procedure (and unlike the first one), we maintained the integrity of the

stimulus-response pairings but shuffled the temporal order of these pairings. This procedure

tested explicitly the reliability of the running-average windows; that is, this procedure tested

whether there were short “runs” of performance that were above chance. Figures 4C and 4D

show the monkeys’ performance for those runs of trials that exceeded the bootstrap’s

performance at each of the RAW thresholds. Once again, we identified runs of trials in

which the monkeys’ behavior exceeded the RAW thresholds. We again found that short

running-average windows of 10 trials (green data) were ~30% than the overall data in Figure

3; with more modest gains of ~10% over the overall data for windows of 50 trials (red data).

Together, all three analyses indicate that the monkeys successfully learned the streaming

task. Using all of the data (Fig. 3), we found that their performance was reliable, and the

pattern of their behavior was consistent—albeit poorer—than human performance.

However, importantly, we found periods of high performance, defined as having a running

average that fell above the RAW thresholds. These periods of high performance, which

more closely approximated human performance, were found in windows of 10–50 trials

(Fig. 4).
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3.2 The monkeys’ behavior was independent of tone A’s frequency

Next, we tested whether the trial-by-trial variability in the frequency of tone A (range: 865–

2226 Hz) affected the monkeys’ behavioral reports. As a reminder, because the frequency of

tone B was based on tone A’s frequency, when we changed tone A’s frequency, we changed

the frequency content of the auditory sequence. This analysis is important because if the

monkeys were using a strategy of reporting “two streams” whenever they heard a high-

frequency stimulus, then changing the frequency of tone A should affect their behavior.

However, if the monkeys were simply reporting the number of heard streams, their reports

should be independent of tone A’s frequency. The results of this analysis are shown in

Figure 5. In this Figure, we again plot the probability that the monkeys’ reported two

streams as a function of the frequency difference between tones A and B. However, here, we

subdivided the data: the “low-frequency” data contained the monkeys’ reports when the tone

A’s frequency was between 865–1500 Hz (the lower half of the distribution of tone A

frequencies), whereas the “high-frequency” data contained reports when tone A’s frequency

was 1501–2226 Hz (the upper half of the distribution of tone A frequencies). Using the two

bootstrap procedures (see Methods), we calculated the running-average thresholds

independently for both the low-frequency and high-frequency data groups; because data for

all RAW thresholds followed the same pattern, Figure 5 only shows the data relative to the

20-trial RAW threshold. As can be seen, for each of those frequency differences that

exceeded the bootstrap threshold (i.e., 0.5, 1, 10 and 12 semitones), in most cases, the

confidence intervals on the monkeys’ reports for the low-frequency data overlapped with

those of the high-frequency data. That is, the frequency of tone A did not significantly

(p>0.05) affect the monkeys’ reports. When the confidence intervals did not overlap, we

could not identify any consistent trend between the frequency of tone A and the monkeys’

reports. These results are consistent with the hypothesis that the monkeys’ reports were

independent of tone A’s frequency.

3.3 Longer stimulus durations biased the monkeys to report two streams

Next, we tested how the trial-by-trial variability in the amount of time that the monkeys’

listened to the auditory sequence time (listening duration; 180–2022 ms) affected their

behavior. We divided the behavior into trials when the listening duration was 180–770 ms

(the lower half of the distribution of listening durations) and into trials when the listening

duration was 771–2022 ms (the upper half of the distribution of listening durations). The

results of this analysis are shown in Figure 6; because data for all RAW thresholds followed

the same pattern, Figure 6 only shows the data relative to the 20-trial RAW threshold. As

can be seen, for each of those frequency differences that exceeded the bootstrap threshold

(i.e., 0.5, 1, 10 and 12 semitones), the confidence intervals on the monkeys’ reports for the

longer-duration data never overlap with, and are always higher than, those of the shorter-

duration sequences. Like human listeners (Micheyl et al., 2007), longer-duration sequences

biased the monkeys to report “two streams” more often than shorter-duration sequences.

3.4 Simultaneous presentation of tones A and B biases the monkeys to report one stream

Finally, we tested whether the temporal relationship of tone A and tone B affected the

monkeys’ behavioral reports. If, as discussed above, the monkeys were simply reporting
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“two streams” whenever they perceived a high-frequency stimulus, their reports should not

depend on the tones A and Bs’ temporal relationship. However, if the monkeys were

reporting the number of heard streams, then, like human listeners (Elhilali et al., 2009), their

reports should be biased toward reporting one stream when tone A and B were presented

simultaneously and even when the frequency difference between tones A and B is large

(e.g., ≥ 10 semitones).

Because the simultaneous presentation of tones A and B sounded different than the normal

asynchronous presentation, we limited its presentation to a small subset of behavioral

sessions (N = 18). Consequently, this data set was not large enough for our bootstrap

procedure. Finally, to maximize the informative trials with the least exposure to the

simultaneous trials as possible, we limited this presentation to a 10-semitone frequency

difference.

Figure 7 shows the results of this analysis. As noted above, when the tones were

asynchronous and the frequency difference was 10 semitones, the probability that the

monkeys reported two streams was significant (p=0.524±0.007; p<0.05; this proportion

represents the monkeys’ behavior during those sessions when simultaneous tones were also

presented). However, when tones A and B were presented simultaneously, the monkeys

were more likely to report one stream (10 frequency semitones: p=0.459±0.051). This

proportion of trials was significantly (p<0.05) smaller than the one when tones A and B

were presented asynchronously. However, it is not different than chance performance (0.5;

p>0.05). Nonetheless, this result is consistent with the hypothesis that the simultaneous

presentation of tones A and B biased the monkeys toward reports of “one stream”.

4. Discussion

The streaming task has been used extensively to test auditory perception in humans. Here,

we demonstrated for the first time that rhesus macaques’ behavioral reports were

qualitatively consistent with those of human listeners. We found that monkeys reported

small frequency differences as one stream, large ones as two streams, and intermediate ones

as either one or two streams. We further found that the monkeys’ reports were independent

of the absolute frequency content of the stimulus but that longer listening durations biased

the monkeys toward reporting two streams, suggestive of a buildup of streaming (Bregman,

1978). Moreover, simultaneous presentation of tones A and B biased the monkey toward

reporting one stream. Below, we discuss the interpretation of our findings, as well as caveats

regarding performance and implications for auditory processing across species.

Although our current findings are consistent with human studies, training monkeys on the

streaming task presented challenges that are not faced in training humans on this task.

Namely, monkeys could not be explicitly told to report one or two streams. Therefore,

without controls, our results could have been interpreted as the monkeys merely reporting

any stimulus with a high frequency as two streams and anything else as one stream.

However, three controls support the hypothesis that the monkeys were reporting the number

of heard streams. First, by presenting tone A across a range of frequencies that spanned

nearly 2.5 octaves—considerably larger than the frequency difference between tones A and
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B—we demonstrated that the monkeys’ reports were independent of the frequency of tone A

(Fig. 5). Second, like human listeners (Micheyl et al., 2007), longer stimulus durations

biased the monkeys to report two streams. This result is consistent with findings that the

perception of two streams “builds up” over time (Elhilali et al., 2009; Micheyl et al., 2007)

and is inconsistent with a hypothesis of simply reporting frequency differences. Finally,

similar to human listeners (Elhilali et al., 2009), when the tone bursts were presented

simultaneously and the frequency difference was large (which normally elicits reports of

“two streams), the monkeys’ reports were biased toward those of “one stream” (Fig. 7).

Overall, these controls are consistent with the hypothesis that the monkeys reported the

number of heard streams.

Although the monkeys’ performance was reliable and the three stimulus controls yielded

results qualitatively similar to those of humans, the monkeys overall performance (Fig. 3)

indicated that this task was difficult. However, in observing the monkeys’ performance, it

was apparent that there were times when the monkeys had short runs of good performance.

Indeed, our two bootstrap procedures indicated that the monkeys used the stimulus to guide

their behavior and had high levels of performance over windows of 10–50 trials (Fig. 4) that

more closely mirrored that of human-performance levels (Cusack, 2005; Elhilali et al., 2009;

Micheyl et al., 2007). Importantly, since trials with a given frequency difference were

randomly distributed within a session, these periods of high performance did not represent

runs of “easy” trials (e.g., blocks when the same frequency difference was presented

multiple times in succession).

How do our results fit into the general comparative psychophysical literature? Our findings

support this literature, much of which has found that humans and non-human animals

similarly process auditory stimuli. For example, several sets of studies have found that

humans, monkeys, quail and chinchillas have similar categorical boundaries for human

phonemes (Kuhl et al., 1975; Kuhl et al., 1982). Similarly, monkeys exhibit amodal

completion in a manner similar to humans (Miller et al., 2001; Petkov et al., 2003; Petkov et

al., 2007) and group sounds in a manner similar to humans (Izumi, 2002). Other studies have

demonstrated that non-human animals parse the auditory scene like human listeners

(Aulanko et al., 1993; Coath et al., 2005; DeWitt et al., 2012; Moerel et al., 2012; Narayan

et al., 2007). Finally, our data are consistent with those studies that used indirect assays of

streaming (Izumi, 2002; Ma et al., 2010; Moerel et al., 2012).

Where in the brain is this information being processed? Several studies have recorded from

the monkey primary auditory cortex while monkeys were listening passively to auditory

sequences similar to those used in our study (Fishman et al., 2004; Fishman et al., 2001a;

Micheyl et al., 2005). Although the monkeys were not actively engaged in a streaming task

during these studies, the pattern of neural activity indicated that this cortical region may be

involved in the grouping and segregation of auditory stimuli into auditory streams. Indeed,

other sets of findings in the core and belt regions of the auditory cortex have also hinted at a

role for these brain regions in auditory scene analysis (Bendor et al., 2006; Bizley et al.,

2013; Fishman et al., 2004; Fishman et al., 2000; Fishman et al., 2001a; Fishman et al.,

2001b; Micheyl et al., 2007; Niwa et al., 2012; Wang et al., 2008). More generally, the

ventral auditory pathway, which is specialized for mediating auditory perception (Bizley et
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al., In Press; Cohen, 2012; Kaas et al., 1999; Rauschecker et al., 2009; Romanski et al.,

2009), likely plays a role in the neural computations that allow a listener to segregate or

group an auditory stimulus into one or more auditory streams.

Finally, this task will provide a powerful tool to disassociate brain activity that is related to

the features of the auditory stimulus from activity that is related to a listeners’ behavioral

report. In particular, since listeners reports vary, on a trial-by-trial basis, for sequences with

intermediate frequency differences (>1 semitone and <10 semitones), this stimulus can be

considered akin to a “bistable percept” (Andersen et al., 1996; Bregman, 1990; Logothetis et

al., 1989; Parker et al., 1998). In other words, by holding the stimulus constant and

analyzing neural responses as a function of the listener’s behavioral report, we can identify

and differentiate between the brain regions and the computations that underlie auditory

scene analysis, auditory perception and decision-making.

5. Conclusion

In conclusion, we have shown that monkeys can be trained to perform the streaming task.

Moreover, their behavioral reports are consistent with human reports across a variety of

experimental manipulations. These findings add further evidence that monkeys group and

segregate acoustic stimuli similarly to humans. Therefore, they provide an excellent model

to study the neural coding that underlies this behavior, and more generally, auditory

perception.
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1. We test rhesus monkeys in an auditory streaming task

2. We find that rhesus behavior is consistent with that of human listeners

3. These findings validate this model to study neural correlates of auditory scene

analysis
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Figure 1. Schematic of the auditory stimulus to test auditory streaming
The auditory stimulus was an asynchronous sequence of two types of tone bursts: tone A

and tone B. Typically, tones A and B were presented asynchronously but were at times

presented simultaneously (see inset at upper left). The frequency of tone A, the frequency

difference between the tones A and B (ΔF), and the listening duration (i.e., the duration of

the auditory sequence) varied on a trial-by-trial basis. The units on the x- and y-axes are

arbitrary.
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Figure 2. Schematic of the streaming task
The streaming task is a one-interval, two- alternative, forced-choice task requiring a monkey

to report whether he heard one or two auditory streams by moving a joystick to the right

(one stream) or left (two streams). When the frequency difference between tones A and B

was ≤1 semitone or ≥10 semitones, the monkeys received a juice reward for reporting the

correct answer. For all other frequency differences, the monkeys received a reward on 50%

of randomly selected trials; the decision to reward was made independent of their behavioral

report.
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Figure 3. Behavioral performance: all data and all sessions
The average performance of both monkeys from all of the behavioral sessions reported in

this manuscript (except for those trials when tone A and B were presented simultaneously;

see Fig. 7). The center of each bar indicates the average probability (i.e., the proportion of

trials) that the monkeys reported two streams; the length of the bars indicates the 95%

confidence interval. The gray dashed line represents chance performance (0.5) of answering

one or two streams.
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Figure 4. Behavioral performance: behavior relative to the bootstrapped RAW thresholds
The data on the top row show the monkeys’ behavior relative to a bootstrapped null

distribution (i.e., one in which there is no relationship between the stimulus and the

monkeys’ responses). The data on the bottom row show the monkeys’ behavior relative a

second bootstrap distribution that maintained the integrity between the stimulus and the

monkeys’ responses but shuffled the temporal order. This bootstrap procedure tested

explicitly whether there were significant temporal runs of performance. For data in the left

column, the RAW thresholds were calculated from data that was pooled across all

behavioral sessions. For data in the right column, the RAW thresholds were calculated on a

session-by-session basis. The color of each of the solid lines illustrates the upper and lower

boundaries of the different RAW thresholds: green is 10 trials, blue is 20 trials, and red is 50

trials. The center of each bar indicates average suprathreshold performance; the color of the

data points is consistent with the color of the threshold values. The length of the bars

indicates the 95% confidence interval. If error bars from one color are not visible, it is

because the confidence intervals for multiple conditions overlap completely. The gray

dashed line represents chance performance (0.5) of answering one or two streams.
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Figure 5. Behavioral performance: dependence on the frequency of tone A
The data in each row and column are organized analogous to that in Figure 4. The dotted

lines illustrate the upper and lower boundaries of the 20-trial RAW threshold; the other

thresholds are not shown. The data in black indicate average suprathreshold performance

when the frequency of tone A was relatively low (865–1500 Hz). The data in gray indicate

average suprathreshold performance when the frequency of tone A was relatively high

(1501–2226 Hz). The center of each bar indicates average suprathreshold performance; the

length of the bars indicates the 95% confidence interval. If error bars from one color are not

visible, it is because the confidence intervals for multiple conditions overlap completely.

The gray dashed line represents chance performance (0.5) of answering one or two streams.
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Figure 6. Behavioral performance: dependence on listening duration
The data in each row and column are organized analogous to that in Figure 4. The dotted

lines illustrate the upper and lower boundaries of the 20-trial RAW threshold; the other

thresholds are not shown. The data in black indicate average suprathreshold performance

when the listening duration was short (180–770 ms). The data in gray indicate average

suprathreshold performance when the listening duration was long (771–2022 ms). The

center of each bar indicates average suprathreshold performance; the length of the bars

indicates the 95% confidence interval. If error bars from one color are not visible, it is

because the confidence intervals for multiple conditions overlap completely. The gray

dashed line represents chance performance (0.5) of answering one or two streams.
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Figure 7. Behavioral performance: dependence on the temporal structure of tones A and B
The black bar indicates average performance for trials when tones A and B were presented

asynchronously. The gray bar indicates average performance for trials when tones A and B

were presented simultaneously. The center of each bar indicates the average probability (i.e.,

the proportion of trials) that the monkeys reported two streams; the length of the bars

indicates the 95% confidence interval.
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