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Abstract: A procedure to estimate the relative contribution of “A” and
“B” tones for a stream-segregation task is described. Listeners detected a
delay in the penultimate A tone in an A-B-A-B sequence of tones. For
small A-B frequency separations, for most listeners, classification models
based on both the A and B tones were superior to models based on just
the A tones. For large frequency separations, models based on just the A
tones were superior, indicating the A and B tones were segregated. The
results also revealed individual differences in the strategies adopted to
complete the task.
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1. Introduction

The stream segregation paradigm (e.g., Bregman and Campbell, 1971; van Noorden,
1977) has emerged as a significant paradigm to study the perceptual organization of
sound sources that unfold sequentially (for recent reviews, see Moore and Gockel,
2002; Snyder and Alain, 2007). In a generic experiment, the stimulus is composed of
two alternating sounds, A and B. A temporal sequence ABABABA... may be per-
ceived as forming a single “galloping” stream, ABABA..., forming two distinct
streams, AAA... and BBB..., or drifting between the two organizations. When the A
and B sounds are tones, the frequency separation between the tones, the time between
tone onsets, as well as the listener’s motivations contribute to whether one or two
streams are perceived. It is of interest, therefore, to provide a measure of whether lis-
teners rely on just the A tones, the B tones, or both the A and B tones, when complet-
ing a stream-segregation task. Such a measure is proposed here, and an initial data set
is analyzed to demonstrate the proposed method. Additionally, potential limitations of
the measure are noted.

Recently, Micheyl and Oxenham (2010) proposed an experimental paradigm
to objectively assess stream segregation using behavioral methods. The temporal delay
imposed on one of the A tones in an ...ABA_ABA... sequence was detected. The
detectability of changes in rhythm or tempo of one or more tones has been studied in
the past (e.g., Vliegen et al, 1999; Cusack and Roberts, 2000), reflecting a report by
Bregman and Campbell (1971), who observed listeners did not make temporal judg-
ments across tonal streams, only within streams. Micheyl and Oxenham strategically
applied temporal variation in the timing of the tones (on the order of tens and hun-
dreds of milliseconds) so that in separate conditions, performance would be facilitated
or degraded by the perceptual integration/segregation of the A and B tones (Jones et
al., 2002). They showed that under their manipulations the thresholds co-varied with
listeners’ reports as to whether they heard one or two streams.

In the current experiment a sequence of ...ABAB... tones were played, and
the task was to detect whether the penultimate A tone was delayed. Unlike the
Micheyl and Oxenham approach, however, stimulus manipulations were not applied to
encourage listeners to adopt one strategy or another. Rather, the goal was to unveil the
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strategies adopted by listeners when the stimuli and instructions were relatively neutral.
This was achieved by estimating relative decision weights for the onsets and offsets of
the A and B tones of the sequence, an approach similar to that described by Lutfi and
Liu (2011) to estimate the segregation of concurrent sounds. If the listener relied on
the timing of the A tones and not the segregated B tones, then the relative weights
would be concentrated within the A stream containing the delayed signal. On the other
hand, if the listener relied on both the A and B tones, the relative weights would be
spread across both the A and B tones. To distinguish between these alternatives, a sta-
tistical criterion was adopted to choose between a reduced model (reliance on just the
A tones) or a full model (reliance on both the A and B tones).

2. Methods
2.1 Psychophysical methods

Each stimulus was composed of 11 tones, six A tones and five B tones, as shown in
Fig. 1. The frequency of the A tones was fixed at 1000 Hz, and the frequency of the B
tones was changed across conditions: The frequencies of the B tones were 2, 17, 25, or
32 semitones higher than the frequency of the A tones (Af), although for two listeners
a finer gradation was tested. Each tone was 90ms in duration, and the time between
sequential tones was 60ms. The first two A tones were presented without an interven-
ing B tone to encourage the perception of segregated streams (Vliegen et al., 1999).
The signal to be detected was a fixed delay in the penultimate A tone and a yes/no
procedure was used.

To obtain estimates of the relative weights, random variation was introduced
along the same dimension as the detection task by applying temporal perturbations to
the times of the onsets and offsets of the final three A tones and the final four B tones.
The perturbations were independently drawn from a normal distribution with a stand-
ard deviation of 5Sms and were coded as positive or negative depending on whether the
onset or offset was later or earlier in time relative to the nominal onsets and offsets.

The stimuli were digitally generated using a sampling frequency of 48 000 Hz
on a PC, which also controlled the experimental procedure and data collection through
custom-written software in MATLAB (The MathWorks). The stimuli were presented
diotically to the listeners via a 24-bit soundcard (Envy24 PCI audio controller, VIA
Technologies), a programmable attenuator and headphone buffer (PA4 and HB6,
Tucker-Davis Technologies) and a Sennheiser HD410 SL headset. Each stimulus pre-
sentation was followed by visual feedback as to the correct response. The experiment
was conducted in a double-walled, sound-attenuated booth.

Six listeners participated, three male and three female, whose age ranged from
19 to 29 years. Two of the listeners, L5 and L6, were highly experienced musical per-
formers (e.g., minimally equivalent to an undergraduate degree in performance), one
of whom (L6) was a percussionist. Five of the six listeners had absolute thresholds of
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Fig. 1. The stimuli were composed of six A tones and five B tones. The onsets and offsets of the tones plotted to
the right of the dashed line were perturbed; those plotted to the left were unaltered. The signal tone, A,, was
delayed (arrow; signal) or not.
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20dB HL or better between 250 and 8000 Hz. Listener 5 had absolute thresholds of
30-35dB HL above 4000 Hz in the left ear.

Listeners became acquainted with the task by adjusting the frequencies of the
B tones for stimuli similar to those used in the experiment and practicing the task
using several values of Af. For data collection, different values of Af were tested in
random order across listeners. Before data collection began for any one value of Af,
the signal delay was adjusted for each listener to maintain approximately 75% correct
responses. Typically 5 or 10 30-trial blocks were required to choose the appropriate
signal delay and ensure stable performance. Once the signal delay to be tested was
established, data were collected in sets of five 30-trial blocks with breaks between sets.
In nearly all instances 750 trials were analyzed for each listener and condition. For
L1-L3 and L6, after completing the experiment, an additional data set (five blocks of
30 trials; two sets for L1) was collected without perturbation unless performance levels
reached 100% correct (L2). For L4-L5, these no-perturbation sets were interspersed
with data collection with perturbation.

2.2 Analysis

The data were analyzed using two logistic regressions (g/mfit, MATLAB). The binary de-
pendent variables were listeners’ responses and the independent variables were the per-
turbation values. For the full, or A&B model, which assumed that information in the
starting and ending times of A and B tones were incorporated into a listeners’ deci-
sions, a total of 14 coefficients, or relative weights, plus a bias term, were estimated,
six associated with the last three A tones and eight associated with the last four B
tones. For the restricted, or A model, which assumed that only information in the
starting and ending times of the A tones were incorporated into the listeners’ decisions,
a total of six relative weights (plus a bias term) were estimated. Perturbation values
from both signal and no-signal trials were used in the analysis, but the signal delay
was not included. The resulting relative weights and associated statistical analyses were
used in three separate ways for all the conditions and listeners.

First, the deviance values for the full and restricted models were differenced to
form a > statistic with 8 DOF (the change in the number of degrees of freedom, full
minus restricted models). If the two models differed at a level of P < 0.05 or less (a cri-
terion y* value of 15.5), it was taken as support for the full model; otherwise the re-
stricted model was favored. Second, for whichever model was best supported by the
initial »? test, the Hosmer Lemeshow 7% (x%:), was used to indicate the quality of the
fit to the model (Dobson, 2002). Data were separated into 10 categories based on the
predicted probabilities of indicating yes (and the mirror probability of indicating no),
and the summed values treated as frequencies. Next, v# was estimated with the num-
ber of categories minus 2, or 10 — 2=8, DOF. If this value exceeded the criterion
value of 15.5, it was taken as evidence that the fit was poor; i.e., the data and the pre-
dictions were discernibly different. In a third analysis, the relative weights were exam-
ined. Relative weights with values more than two standard errors of the estimate
removed from zero were deemed significant and ultimately reported.

3. Results and discussion

For each listener, the magnitude of the signal delays ultimately tested were largely in-
dependent of the values of Af tested (the variation observed was not consistent across
listeners). For L1-L6, the averaged delays tested were 27.5, 26.0, 24.4, 16.3, 11.0, and
14.4ms, respectively. Note that smaller delays were tested for the musicians LS and
L6. On average, the resulting index of sensitivity (¢') was 1.2 units (standard
deviation =0.2). For L2, sensitivity was far superior without perturbations than with
perturbations; her performance was at or near 100% correct without perturbations.
For L1, there was no dependence of sensitivity on whether or not perturbations were
applied. For the remaining listeners, L3-L6, removing perturbations led to values of d
approximately 0.75 units higher than when perturbations were present. Thus, for all
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but L2, it seems reasonable to suggest that the addition of the perturbations did not
greatly alter listeners’ decision processes. In addition to estimating values of ', the de-
cision criteria, ¢, were also estimated. Four of the six listeners (L1-L3; L6) were
strongly biased to indicate the signal was not present. Across values of Af, when per-
turbations were present, the averaged values of ¢ were 0.48, 0.21, 0.32, 0.05, 0.09, and
0.25 for L1-L6, respectively. Without perturbations, the trends were similar, except
that estimates were not available for L2.

Table 1 summarizes the primary results regarding whether listeners relied on
both the A and B tones or just the A tones as a function of Af. For each listener, two
columns are presented. The first column indicates the preferred model and the differ-
ence in deviance, full versus restricted model, is indicated in parenthesis. The second
column indicates the quality of fit for the preferred model as y7,. For four of the lis-
teners, as the frequency separation between the A and B tones increased, the full model
gave way to the restricted model. For L3 and L4, however, there was no statistical evi-
dence that the B tones were incorporated into their decisions even when the A and B
tones were separated by two semitones (1000 and 1221 Hz, respectively). With regard
to the two musicians (L5 and L6), these summary data show that they integrated infor-
mation from the B tones into their decision for wider frequency separations than did
the other listeners. The regression model was reasonably successful; the differences
between the predicted and expected values were statistically different (asterisks in Table 1)
for only three of the 26 fits, although for an additional three fits the value of 7, was
near the p =0.05 criterion (i.e., greater than 14). Overall, the current method appeared
to provide a reasonable means of discovering which tones, A and B, or just A, listeners
incorporated into their decision processes.

Table 2 lists the values of the relative weights for each listener for three of the
Af values tested, 2, 17, and 32 semitones. Only relative weights with values at least two
standard errors of the estimates above or below zero are shown. Subscripts of “s” and “e”
indicate the relative weights associated with the “start” and “end” (onsets and offsets) of
the tones. A positive weight suggests that when a late onset/offset (positive perturbation)
is present, listeners tended to respond “signal.” Negative weights imply that early onsets/
offsets (negative perturbation) were associated “signal” responses. For a simple contrast,
the relative weights would be approximately equal in magnitude but opposite in sign.

Table 1. Preferred regression model for six listeners (L1-L6) listed as a function of frequency separation (Af).
For each listener, the left column shows the preferred model, based on just the A tones (restricted model) or
both the A&B tones (full model) and the differences of deviances are indicated in parentheses. When the differ-
ence is larger than %*(8) = 15.5, the full model is preferred over the restricted model (p < 0.05). The right column
shows the Hosmer Lemeshow statistic, y%;, indicating the goodness of fit for the preferred model. Asterisks
indicate significant deviations between the model prediction and the data (p <0.05). Listener L3 was tested
using 9 semitones and L6 was tested using 10 semitones.

L1 L2 L3 L4 L5 L6
Af
(semitones) Model 7%, Model 7%, Model z%, Model »3, Model x3, Model 3,
2 A&B 6.6 A&B 5.9 A 8.0 A 7.4 A&B 147 A&B 111
(16.5) (20.3) (14.5) (11.3) (88.4) (26.7)
9/10 A 9.1 A&B  19.2%
4.5) (34.7)
17 A&B 148 A 7.5 A 8.3 A 20.3* A&B 148 A&B 9.5
(19.1) 11.7) (11.6) (13.5) (22.3) (17.8)
25 A 6.4 A 7.7 A 10.3 A 8.2 A&B 9.6 A&B 8.8
(10.2) (14.4) 13) (4.4) (16.3) 7.7)
32 A 7.1 A 19.2* A 7.2 A 6.7 A 9.5 A 11.6
(5.9) 11.7) (6.9) (3.4) (14.5) ©9.2)
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Table 2. Relative weights more than two standard errors of the estimate from zero are listed for four B tones
(B1—By4) and three A tones (A;—Aj) and for Af values of 2, 17, and 32 semitones. The tones are numbered

according to Fig. 1. The subscripts “s” and “e” indicate the start and the end of a tone, respectively. The signal
tone (A,) is bracketed by two vertical lines.

Af(semitones) Bls Ble Als Ale B2S BZe AZS AZe B3s B3e A3s A}e B4s B4e

L1 2 e T L I ——"
17 - - 35— - — |9 - | - - 46 - —49 -33

32 e N Y R | 3 [ - - - -

L2 2 - - 4 45 - 33|66 - |40 - - - - -
17 e -

32 26 - -4 - - - |6 -30|- - - -3 - -

L3 2 - - -3 - 34 - |3 - |- - - - -
17 e I S - - - -

32 T - - - -

L4 2 7 - - - - -
17 7 e

32 e e T

L5 2 e I 68 —40 —119 -
17 - - 30 - - - |13 - - - —-107 —-68 52—

32 - - - - - — |13 36|37 - -120 =70 - -

L6 2 - - - - 6 - |18 - |- - -4 - 36 -
17 - - - - - m |- 48 -39 - - -

32 e L1 O s A - -

The most obvious feature of Table 2 is that listeners relied on tone A, to
make their decision—as was appropriate given that a delay to tone A, was the signal
to be detected. Moreover, A,, was particularly important, which is consistent with
models of rhythm perception which posit that onsets are crucial (e.g., Krumhansl,
2000; Jones et al., 2002). A second feature to note is that whether or not the B tones
have coefficients listed in Table 2 does not wholly predict whether the full or restricted
model was favored (Table 1). Overall (including measurements shown in Table 1 but
not Table 2), on 23% of the measurements the “significant” relative weights were not
in agreement with the statistical model (e.g., Table 1 indicated model A alone, whereas
Table 2 indicates a non-zero relative weight for one of the Bs, etc). While the nested
statistical model might miss minor aspects of the listeners’ decision processes, it pro-
vides a reasonable first-order summary. Third, it is apparent that the musicians differ
from the non-musicians in their dependence on the onset of tone Az (Ajs) in forming
their detection decisions.

To further explore differences between the musician and non-musician listen-
ers, the efficiency with which listeners used their decision rules was estimated as sug-
gested by Berg (1990). Briefly, values of d estimated from the data and the d predicted
by the full model based on 2000 simulated trials (d',) were calculated. The “noise
efficiency” 1, was then calculated as (d'/d',).> This value indicates the degree to which
listeners were efficient in using their relative weights, assuming the relative weights
were perfectly estimated. On average, 7 was approximately twice as large for the musi-
cians than for the non-musicians: 0.39 versus 0.20.

To summarize, the proposed approach associated with the »* statistic derived
from a logistic regression provided a reasonable description of the listeners’ decision
strategies in the sense that it reasonably separated dependencies on just A or both A
and B tones for the psychophysical task. Moreover, the approach was successful even
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though relatively few trials were obtained. To provide an example of an advantage of
current procedure, the results indicate that the “musicians” relied on both the A and B
in making their decisions even for frequency separations expected to yield separate A
and B streams percepts (e.g., for values of Af 17 semitones and larger). Current proce-
dures, whether subjective or objective (e.g., psychometric functions), do not directly
provide this information regarding decision processes.

There are several limitations to the approach as well. Although decisions
regarding the full versus restricted model could be expressed statistically, the use of a
single criterion (Table 1) is not wholly satisfactory. As an example, for L2, and to a
lesser degree L3 and L4, the differences in the deviances, full minus restricted model,
changed gradually. Potentially, these listeners altered strategies throughout data collec-
tion when intermediate values of Af were tested. Variations in strategy would be diffi-
cult to discern unless the experimental hypothesis was explicit with regard to when the
strategies would shift. An additional limitation is the use of a nested statistical
model—restricting the analysis to just A or A&B models. There might be value in con-
sidering a more complex, but also more nuanced, model. A third limitation of the
proposed approach is that the method depends on the number of degrees of freedom
associated with the A versus B tones. In the current experiment, there were more rela-
tive weights associated with the B tones than A tones, meaning there was pressure on
the procedure to choose the restricted model (only A tones) because this provided a
relatively larger change in the number of degrees of freedom at relatively little cost.
Simulations suggested that this bias in the procedure has the potential to be a signifi-
cant problem when the number of trials is small. For these reasons, it is important to
examine the ” values and the values of the relative weights rather than simply forming
a decision based on p values.
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