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Perceptual Separation of Simultaneous Complex Tones: the Effect
of Slightly Asynchronous Onsets
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Abstract. — Onset asynchrony has been put forward as one of the relevant factors in auditory scene analysis (for
references, see A.S. Bregman, MIT Press, Cambridge, 1990). In the present study this issue was further investigated
using a new paradigm: musically trained subjects were presented with two successive pairs of simultaneous complex
tones and they had to decide whether the two pairs contained tones with the same pitch. If this was the case they
had to indicate which tones had been equal in pitch (the lower in each pair, the higher in each pair, the higher in
the first pair and the lower in the second pair, or vice versa). In Experiment 1, the frequency interval between the
lower and the higher tones of each pair varied between 150 and 750 cents, and in the asynchronous conditions the
onset of the higher tone was delayed by 20 ms. In Experiment 2 various musical intervals were used which were either
pure or slightly mistuned, and in the asynchronous conditions the onset of the higher tone preceded that of the lower

tone by 25 ms. The results showed that for the degree of onset asynchrony investigated, a facilitative effect of onset
asynchrony on perceptual separation was only found in a small subset of conditions.

Pacs numbers: 43.66Mk.

1. Introduction

In the perception of simultaneous complex tones, many
factors may affect the ability of the auditory system to
parse individual tones and uncover the individual acoustic
sources that gave rise to them (Bregman, 1990). If com-
ponents have arisen from the same physical event, they
will have relationships between them that are unlikely to
have occurred by chance.

In the frequency domain, for example, both spectral
and harmonic relations may be relevant clues for segre-
gation. Since usually higher partials are weaker than the
lower ones, the auditory system may prefer to accept par-
tials that fall off in intensity with increasing frequency as
parts of the same sound source (Bregman, 1990, Chap-
ter 3). Likewise, a discontinuity in the spectral envelope,
such as a jump in the level of a number of partials, may
indicate that there are two separate tones. In addition
(Bregman, 1990, Chapter 3), harmonically related par-
tials tend to be assigned to the same source: if the cal-
culation of the pitch of the fundamental fails to yield
one single pitch, as is the case with two different simul-
taneous complex tones, this may be an indication that
there are two unitary sounds. Our auditory system is
capable of perceptually separating simultaneous sources.
Using simultaneous complex tones, Plomp et al. (1973)
showed that trained listeners were able to categorize the

12 musical intervals between C4 and C5 with an overall
mean accuracy of about 85% at a tone duration of 120
ms. In a similar study, Killam et al. (1975) found that
their subjects reached a mean score of about 65% cor-
rect. Even with missing fundamentals, the intervals be-
tween two simultaneous complex tones can be successfully
recognized (i.e., the pitches correctly identified) as long
as spectral interference between the components is not
too strong (Houtsma & Canning, 1983; Houtsma et al.
1984; Beerends & Houtsma, 1989). The identification of
the direction of mistuning of musical intervals is another
example of our ability to process fundamental pitches in
the sound complex. Stretched and compressed versions of
harmonic fifths and major thirds were consistently iden-
tified by musically trained subjects at mistunings of only
25 cents (Vos, 1982).

In the time domain, asynchronous onset times may
provide extra clues for segregation. For simultaneous
sinusoidal or complex tones, a beneficial effect of on-
set asynchrony on perceptual separation was reported
by Bregman & Pinker (1978), Dannenbring & Bregman
(1978), and by Rasch (1978, 1981). In the experiments
of Bregman & Pinker (1978) and Dannenbring & Breg-
man (1978), the subjects had, among other things, to
judge the richness or the rate of the tones. In the experi-
ments of Rasch, the subjects had to identify the direction
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of pitch jumps in a masking paradigm (Rasch, 1978) or
they had to identify musical intervals consisting of tones
with sound pressure levels that differed by 20 dB at the
maximum (Rasch, 1981, Chapter 3). Hall & Grose (1991)
showed that the interference of a modulated masker in the
detection of amplitude modulation at a target frequency
was reduced by a delay of the onset of the target relative
to that of the masker. In a profile analysis task Green &
Dai (1992) showed that onset asynchrony between target
and nontarget components impaired the performance.
The effect of onset asynchrony on perceptual separa-
tion was also demonstrated in a paradigm in which the
pitch of a complex tone was manipulated by the mistun-
ing of a specific harmonic (Darwin & Ciocca, 1992; Ciocca
& Darwin, 1993). The quality of a vowel can be changed
in the expected direction by an additional tone if the on-
and offsets are presented in synchrony. If the onset of
the added tone preceded that of the vowel, the quality of
the vowel changed back toward that of the original vowel
(Darwin, 1984a, 1984b; Roberts & Moore, 1991).

2. Experiment 1
2.1. Rationale of the Experiment

The literature referred to above suggests that the per-
ceptual separation of simultaneous tones is already en-
hanced by relatively small differences in onset times of the
tones: conditions with onset asynchronies of about 30-60
ms (Bregman & Pinker, 1978; Dannenbring & Bregman,
1978), and even asynchronies as small as 10 ms (Rasch,
1978) yielded results which were significantly different
from conditions with strictly synchronous onsets.

In the study of Rasch (1978), the strong effects of
small asynchronies were obtained in a masking paradigm
in which the sound pressure levels of the target tones were
much lower than the sound level of the masker. However,
in real-life, auditory events are usually about equal in
level. Since perceptual effects obtained in threshold con-
ditions do not necessarily represent perception in supra-
threshold conditions (Scheffers, 1979; Rasch, 1981), it is
worthwhile to investigate the effect of asynchronous on-
sets in conditions in which both tones are about equal in
level.

Furthermore, the nature of the stimuli adopted by
Bregman & Pinker (1978) and by Dannenbring & Breg-
man (1978) was rather cyclical and therefore highly pre-
dictable, as a result of which the benefit of asynchrony
may have been built up during the long lasting stimu-
lus sequence (Bregman, 1978; Bregman, 1990, Chapter 3;
Dannenbring & Bregman, 1978).

The present experiment was designed to verify
whether the effect of a small degree of asynchrony, as
obtained in the paradigms described above, is relevant
to conditions with more realistic and less predictable au-
ditory events. If this were the case, potential utilization
of differences in onset time, such as in automatic recog-

nition of speech and non-speech by computers (e.g., see
Brown & Cooke, 1994), could also be extended to the
enhancement of the identification of warning signals by
human beings in background noise and to limits set to
the temporal presentation of concurrent auditory signals
in multiple alarm systems (Doll & Folds, 1986).

Furthermore, since small differences in onset times,
up to about 25 ms, are hardly noticeable by naive listen-
ers, the perceptual separation of simultaneous tones could
be enhanced by implementing slightly asynchronous on-
sets in computer generated polyphonic music. Knowledge
about the perceptual significance of small onset asyn-
chronies is also relevant to computer models of human
auditory perception (Williams, 1989; Williams et al. 1990;
Brown & Cooke, 1994).

In the present experiment, the perceptual relevance of
small onset asynchronies was determined by the use of a
new paradigm in which subjects were presented with two
successive pairs of simultaneous complex tones and had
to decide whether the pairs contained tones with the same
pitch. This task can be performed only if the two complex
tones in each pair are perceptually separated and prop-
erly encoded. Only the effect of onset asynchrony was
investigated, i.e., the offsets were always kept in strict
synchrony. The experiments of Darwin (1984a, 1984b), of
Roberts & Moore (1991), and of Green & Dai (1992) have
shown that onset asynchrony has a greater effect on per-
ception than offset asynchrony has. Excluding the large
asynchronies of 240 ms, the latter results were also con-
firmed by Darwin & Sutherland (1984). Although Dan-
nenbring & Bregman (1978) found that for a positive ef-
fect on segregation to occur, the target tone had either to
start before the other components or to end after them,
they believed that the potentially smaller effect of offset
asynchrony could have been built up due to the cyclical
nature of their stimuli. Rasch (1978), finally, did not sys-
tematically vary offset asynchrony. From a comparison
of his stimuli with complete and short overlap, however,
it may be concluded that perceptual separation was not
enhanced by an earlier decay of the target relative to
that of the masker, which is consistent with the results
of Dannenbring & Bregman (1978). The second variable
of interest was the interval size between the lower and
the higher tones within each pair. We supposed that es-
pecially for relatively small interval sizes, asynchrony be-
tween the onsets of the tones would have a positive effect
on the perceptual separation of the tones.

2.2. Method
2.2.1. Stimuls

The stimuli consisted of pairs of two simultaneously
presented complex tones. These tones consisted of 12
harmonics with amplitude a, proportional to 1/n. For
each tone, the spectral-envelope slope was therefore
—6 dB/oct. The phase of the individual harmonics was
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chosen at random. The overall sound pressure level of
each tone was 73 dB(A). This level was measured by
means of an Artificial Ear (Briel & Kjaer, type 4152).
The tone bursts had a 225 ms steady-state portion and
rise/fall times of 25 ms, each shaped with the appropriate
half-cycle of a raised-cosine function. The fundamental
frequency of the lower and the higher tone within an inter-
val was selected from a set of six logarithmically equally
distant frequencies centered around 500 Hz. From low to
high, the fundamental frequencies of the six tones were
402.6, 439.1, 478.8, 522.1, 569.4, and 620.9 Hz. The in-
terval size between these successive tones is equal to 150
cents; the interval size of an octave equals 1200 cents.

2.2.2. Apparatus

The experiment was run under the control of a PDP-
11/34 computer. The complex tones were generated with
a digital signal processor based on the TMS-32010. One
period of the complex was stored in the external memory
of the signal processor. The resolution of the digital-to-
analog converter was 16 bit. The sampling rate was 33.33
kHz. The tones were low-pass filtered with a cutoff fre-
quency of 8 kHz and with a slope of —48 dB/oct. The
signals were presented diotically by means of Beyer DT
48S headphones. Subjects were seated in a sound-proof
room.

2.2.3. Subjects

Four musically trained subjects with normal hearing were
tested over two half-day sessions. They were paid for their
participation.

2.2.4. Ezperimental Variables

The independent variables were (1) the frequency interval
between the lower and the higher tones (150, 300, 450,
600, and 750 cents), and (2) the time interval between the
physical onsets of the lower and the higher tones (0 and
20 ms). The percentage of correct responses (see below)
was the dependent variable.

2.2.5. Procedure

In the experiment we used the six (= n) complex tones
mentioned above. Out of those stimuli n(n —1)/2 = 15
different frequency intervals of two simultaneous tones
were composed. Fach experimental trial consisted of the
successive presentation of two of these tone intervals. An
example is given in Figure 1. The detailed temporal struc-
ture of the experimental trials is shown in Figure 2. Note
that the silent interval between the first and the second
two-tone stimulus was 1 s.

It was the task of the subject to decide whether the
first and the second two-tone stimulus in a trial contained
tones with the same pitch, and if this was the case to
indicate whether equal pitch applied to the lower tones
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Figure 1. Example of a trial presented in experiment 1.
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Figure 2. Temporal structure of the stimuli within one ex-
perimental trial, containing tones L1 and H1 (first pair) with
physical onsets t11 and tmi, and tones L2 and H2 (second
pair) with physical onsets tr2 and tu2. Rise and decay times
of the tones were all equal. The onsets of the higher tones were
delayed by At ms.

of the successive stimuli (LL, as in Figure 1), the higher
tones (HH), the higher tone of the first and the lower
tone of the second two-tone stimulus (HL), or vice versa
(LH). In the experiment n(n — 1)/2[n(n —1)/2 - 1]/2 =
105 pairs were compared: 20 different pairs for each of
the LL, HH, and HL stimulus categories and 45 different
pairs in which none of the four tones within a pair had a
fundamental frequency in common (NC). A possible effect
of the presentation order of the two-tone stimuli within
each pair on performance was not considered. Since the
presentation order was randomized, a portion of the 20
HL conditions in fact were LH conditions.

A series of trials consisted of two sets of 105 pairs,
one set in which the physical onsets of the two simulta-
neous tones were perfectly synchronized, and one set in
which the onset time of the higher tone was delayed rela-
tive to that of the lower tone. The subjects were not told
that a series consisted of both synchronous and slightly
asynchronous onsets of the tones. None of the subjects
ever reported unequal onsets of the tones, which is con-
sistent with observations made by Rasch (1978). (Accord-
ing to Zera & Green (1993) this relatively low sensitivity
to onset asynchrony is typical for simultaneous intervals
or chords; sensitivity is much higher for partials in a sin-
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gle harmonic complex tone). Presentation order of the
2 x 105 = 210 different pairs was randomized. The sub-
jects were presented with 10-13 series in total.

Responses were given by means of one of four buttons
(LL, HH, HL/LH, and NC). Feedback was given by a red
light above the correct button. Short breaks were given
after each series. A session consisted of five up to seven
series. The subjects received a training series in the first
session.

2.3. Results

In the LL and the HH conditions, there were 10 combi-
nations that were different with respect to the interval
size between the tones within each pair (see Table 1). In
the HL/LH conditions, there were six different combina-
tions, and the number of different combinations included
in the NC conditions was 13. For each subject separately,
we computed the percentage of correct responses for all
these relevant conditions. The mean percentages are given
in Table 1. In all conditions included in the LL and HH
stimulus categories, and in most conditions of the HL/LH
and NC categories, the smaller interval within a pair is
labeled as interval A, and the large interval is labeled as
interval B. In a number of HL/LH and NC conditions,
however, intervals A and B are equal in size.

LL. Averaged across the four subjects, high percent-
age correct values between 86% and 100% were obtained.
The percentages were subjected to an analysis of vari-
ance (ANOVA) (4(subjects) x 2(synchrony) x10 (inter-
val size combinations), all repeated measures). The anal-
ysis showed that (1) the mean values of the 10 differ-
ent conditions were not significantly different (p > 0.18),
(2) the performance in the asynchronous conditions was
not significantly different from that in the synchronous
conditions (p > 0.36), and (3) there was no significant
interaction effect between interval size combination and
synchrony (p > 0.09).

HH. Again, all HH conditions yielded high mean per-
centage correct values between 78% and 98%. An ANOVA
performed on the data showed that neither the main ef-
fect of interval size combination (p > 0.13) nor that of
synchrony (p > 0.14) was statistically significant. There
was, however, a small interaction effect of interval size
combination and synchrony (F'(9,27) = 2.17; p < 0.06).
Inspection of the data in Table 1 reveals that the interac-
tion effect may be mainly addressed to the relatively low
performance in the synchronous condition for the interval
size combination of 150 and 450 cents.

HL/LH. In general, the mean percentages of cor-
rect responses were considerably lower than those in the
LL and HH conditions (Table 1). The combinations in
which the size of the two intervals A and B in a pair
was equal (150/150 and 300/300) yielded higher percent-
ages of correct responses than the remaining combina-
tions (F'(5,15) = 7.65; p < 0.001). There was no main
effect of synchrony (p > 0.62) nor an interaction effect

of synchrony and interval size combination (p > 0.56) on
performance level.

NC. In general, the mean percentage of correct re-
sponses in the NC conditions (correct = no common
pitch) was closer to those obtained in the LL and HH than
to those obtained in the HL/LH conditions. Neither the
main effect of synchrony (p > 0.52) nor the interaction ef-
fect of synchrony and interval combination (p > 0.23) was
significant. The size of the intervals within a pair had an
effect on the performance (F(12,36) = 3.45; p < 0.005).
A Newman-Keuls paired comparison test (Winer, 1970)
showed that the combinations with the interval sizes of
150/300, 300/450, and 450/600 cents were significantly
different from the combinations that included intervals
with a size of 750 cents (o = 0.05). In these latter com-
binations, the frequency jumps of the lower and higher
tones were always in the opposite direction, i.e., either
converging or diverging.

2.4. Discussion
2.4.1. Perceptual Separation and Synchrony

The present results showed that.for the degree of onset
asynchrony investigated, no general evidence for a facili-
tative effect of asynchrony on perceptual separation could
be found. These results may be compared to those of
Rasch (1978, 1981) who used simultaneous complex tones
with spectral contents that were similar to those in the
present experiment.

In the pertinent experiment of Rasch (1978), the fun-
damental frequency of the lower tone was fixed at 250 Hz.
The fundamental frequencies of the higher tones within
each pair were different: they were set to 500 or 750 Hz.
The subjects had to indicate whether the pitch of the
higher tones jumped upward or downward. Performance
level (75% correct responses) was expressed as’the sound
pressure level of the higher tone relative to that of the
250 Hz masking tone. The delay of the onset of the mask-
ing tone was varied from 0 to 30 ms. The results showed
that this delay had a very strong effect on the threshold:
each 10 ms delay resulted in about a 12 dB threshold
decrement. Further explorations suggested that the effect
of asynchrony on the threshold was (1) independent of
tone duration (50-200 ms), (2) relatively stable for iden-
tical musical intervals in frequency ranges that are one or
two octaves higher, and (3) not greatly modified by the
frequency of the lower tone (100-455 Hz).

The perceptual significance of small degrees of asyn-
chrony, as found by Rasch (1978) could not be confirmed
in the present experiment. According to Rasch, the strong .
effect of asynchrony on the threshold of the higher tone is
closely related to backward masking. In studies in which
noise bands short in duration masked even shorter tar-
get clicks or pure tones, however, the backward masking
curve was different from the data obtained by Rasch (see
Zwislocki, 1978, for a review). For example, in the exper-
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Table 1. Mean percentage of correct responses of the four subjects for various conditions. Stimulus categories are
described in the text; syn and asyn represent the synchronous and asynchronous conditions, respectively.

Stimulus Category

Interval Size Between

Simultaneous Tones in Cents LCL HH HL/LH NC

Interval A Interval B Syn Asyn Syn Asyn Syn Asyn Syn Asyn
150 150 . 76 71 91 89
150 300 90 86 89 91 49 51 81 82
150 450 87 91 78 94 52 54 89 88
150 600 91 93 84 87 45 46 97 96
150 750 86 95 88 94 97 98
300 300 80 72 88 93
300 450 94 92 88 91 55 58 79 78
300 600 98 100 92 94 0 s 88 89
300 750 93 100 94 94 e e 99 100
450 450 86 90
450 6C0 96 97 94 98 74 86
450 750 98 100 96 96 i 100 100
600 600 94 91
600 750 100 98 98 98

iments from Elliott (1962a, 1962b), the major portion of
the masking effect disappeared in about 10 ms. Wright
(1964a, 1964b) used a masker which consisted of 600 ms
narrow-band noise and sinusoidal test tones which for the
greater part overlapped the masker in time. Temporally,
his stimuli were therefore closer to those of Rasch. In
contrast to the experimental results obtained by Rasch,
Wright found that in about the first 25 ms immediately
preceding the masker, the threshold of the test tone was
nearly constant and approximately equal to simultaneous
masking. This plateau was observed for various masker
levels and for various frequencies of the sinusoidal test
tone.

Although the literature just described suggests that
the effect of asynchrony, as found by Rasch, cannot be
completely explained by backward masking, it is pre-
cluded that masking has played a significant role in the
conditions of the present experiment: the overall sound
pressure levels of the tones were all equal.

The discrepancy between the present results and those
of Rasch might be explained by differences in the disso-
nance of the musical intervals. In the present experiment
the size of the intervals between the tones was equal to
multiples of 150 cents. Since the tones used consisted of
many harmonics, and these tones were all presented at
the same relatively high sound pressure level, the degree
of interference between the harmonics of the simultane-

ous tones was very high. As a result, these intervals were
perceived to be very rough and dissonant.

It was hypothesized that in this dissonant context, the
tendency of the tones to fuse was already low and that the
attempt to lower this even further by the introduction of
onset asynchrony was predestined to fail. In consonant in-
tervals, such as the octave and the twelfth used by Rasch
(1978), the perceptual separation of the tones might be
more difficult and onset asynchrony might be more ef-
fective to enhance this separation. For supra-threshold
conditions, this will be tested in Experiment 2 by pre-
senting both pure and mistuned musical intervals with
synchronous and asynchronous onsets of the constituent
tones.

In the recognition experiments reported by Rasch
(1981, Chapter 3), both perfectly consonant intervals
(with fundamental frequency ratios, p : g, of 2:3 and 3:4),
imperfectly consonant intervals (with p : ¢ ranging be-
tween 3:5 and 5:8), and dissonant intervals (p : ¢ equal to
8:9 or 9:16) were used. Since Rasch collapsed the identi-
fication scores for all these intervals, it is not possible to
estimate from his study to which degree the effect of onset
asynchrony depends on the consonance of the intervals.

2.4.2. Perceptual Separation and Interval Size

In the LL, HH, and NC conditions perceptual separation,
expressed as the percentage of correct responses, did not
systematically increase with interval size. Even for inter-
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val sizes as small as 150 and 300 cents, with the distance
between the fundamental frequencies equal to about 50%
and 100% of the critical bandwidth, respectively, perform-
ance level was already very high.

The failure to find an effect of interval size is consis-
tent with results from experiments in which the effect of
fundamental frequency differences on the identification of
two simultaneous vowels was investigated: the perform-
ance was higher when the fundamentals of the vowels
were different, but almost all the improvement was al-
ready obtained by changing the separation of the funda-
mentals from 0 to 50 cents (Chalikia & Bregman, 1989,
1993) or from 0 to 100 cents (Scheffers, 1983, Chapter 4).
However, since the vowels in each pair were spectrally dif-
ferent, whereas the spectral content of the tones in our
experiment was equal, it may be questioned to which ex-
tent this comparison is significant.

One could object that the small effect of onset asyn-
chrony, as found in the interval recognition experiments
reported by Rasch (1981), had not been obtained because
of a ceiling effect. Since the performance level in the LL,
HH, and NC conditions was relatively high (in the con-
ditions specified in Table 1, the mean percentages of cor-
rect responses ranged between 74% and 100%; the over-
all percentages in the LL, HH, and NC conditions ranged
between 90% and 94%), it is not excluded that those con-
ditions were less appropriate to test the hypothesis of a
facilitative effect of onset asynchrony on perceptual sep-
aration. In the HL/LH conditions, however, performance
was much lower. At least in the latter conditions, the
failure to find a positive effect of asynchrony cannot be
attributed to the ceiling effect described above.

3. Experiment 2

Discussing the results of Experiment 1, it was hypothe-
sized that 1) the perceptual separation of tones in disso-
nant intervals might be easier than that of tones in con-
sonant intervals, and 2) onset asynchrony might therefore
be especially effective in the latter intervals. Experiment
2 provides a test of these hypotheses by including both
pure and mistuned intervals with synchronous and asyn-
chronous onsets of the constituent tones.

3.1. Method
3.1.1. Stimuli and Apparatus

Again, the stimuli were pairs of two simultaneously
presented complex tones. These tones consisted of 12
harmonics with amplitude a, proportional to 1/n/2.
For each tone, the spectral-envelope slope was therefore
—3 dB/oct. By using a slope of —3 dB/oct instead of the
slope of —6 dB/oct applied in Experiment 1, we intended
to increase the roughness of the mistuned intervals and
consequently enhance the difference between the pure and
the mistuned intervals. The overall sound pressure level

of each tone was about 74 dB(A). Tone duration and the
rise/decay functions were identical to those in Experi-
ment 1. The rise and decay times, however, were 15 ms
and therefore 10 ms smaller than those used in the previ-
ous experiment. The fundamental frequencies of the tones
ranged between 390 and 650 Hz. The apparatus was iden-
tical to that in Experiment 1.

3.1.2. Subjects

Five musically trained subjects with normal hearing were
tested over three or four half-day sessions. They were paid
for their participation.

3.1.3. Ezperimental Variables

The independent variables were (1) musical interval (p : ¢
equal to 11:12, 5:6, 3:4, 2:3, and 3:5), (2) degree of mis-
tuning (0 and +15 cents), and (3) time interval between
the physical onsets of the higher and the lower tones (0
and 25 ms).

3.1.4. Procedure

In general, the procedure was similar to that in Experi-
ment 1. The computation of the fundamental frequencies
f1 and f2 of the lower and the higher tones was more
complex than that in Experiment 1. As a first step, fi
or f, was again selected from a set of six logarithmically
equally distant frequencies centered around 500 Hz, but
now with interval sizes between these tones equal to 176.8
cents, yielding a maximum interval size between the lower
and higher tones of 884 cents (size of a major sixth with
p:q=3:5). Next, dependent upon which tones in the
successive pairs of two-tone intervals had to be equal in
pitch (LL, HH, or HL/LH), f; or f; was determined.

With pure intervals in the LL and NC conditions, for
example, fo equaled (g/p)f1; with intervals that were mis-
tuned by c cents, f, equaled (g/p)f1(2¢/12°0). With pure
intervals in the HH conditions, f; equaled (p/q)f2; with
the mistuned intervals f; equaled (p/q)f2(27¢/12%°). To
maximize the strength of the beats and roughness in the
mistuned intervals, the higher tones were attenuated by
1 dB for intervals with ratios of 5:6 and 3:4, and by 2 dB
for the intervals with ratios of 2:3 and 3:5 (Vos & van Via-
nen, 1985). A series of trials consisted of four sets of 105
pairs, two sets with pure intervals in which the onsets of
the two simultaneous tones were either perfectly synchro-
nized or in which the onset of the lower tone was delayed
relative to that of the higher tone, and two sets with mis-
tuned intervals, again one with synchronous and one with
asynchronous onsets of the tones. Presentation order of
the 4 x 105 = 420 different pairs, as well as the pre-
sentation order of the two-tone stimuli within each pair,
was randomized. The direction of mistuning (stretched or
compressed) of the intervals was also randomized. A ses-
sion consisted of three or four series. Again, the subjects
received a training series in the first session.
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3.2. Results

LL. For the LL conditions, high mean percentage cor-
rect values between 74% and 98% were obtained (see Ta-
ble 2). The percentages were subjected to an ANOVA
(5(subjects) x 2 (synchrony) x 2 (purity) x 10 (interval
size combinations), all repeated measures). The analysis
showed that interval size combination was the sole stim-
ulus variable that had a significant effect on performance
(F(9,36) = 2.65; p < 0.02). The combinations which con-
sisted of intervals with sizes greater than or equal to 316
cents yielded higher percentages than the combinations in
which one of the intervals had a size of 151 cents. Neither
the main effects of the remaining stimulus variables, nor
the interaction effects with the stimulus variables, were
significant.

HH. For the HH conditions, mean percentage correct
values between 44% and 96% were obtained. An ANOVA
performed on the data showed that the performance
in the asynchronous conditions was significantly higher
than that in the synchronous conditions (F'(1,4) = 38.1;
p < 0.005). Figure 3, in which the results are plotted as
a function of the size of the larger interval (B) in a pair
and with the size of the smaller interval (A) and the kind
of temporal presentation as parameters, shows that the
synchrony effect was independent of interval size combi-
nation.
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Figure 3. Mean percentage of correct responses in the HH
conditions as a function of the size of-the larger interval (B)

in a pair, and with the size of the smaller interval (A) and the
kind of temporal presentation as parameters.

Figure 4 shows that the difference between the syn-
chronous and asynchronous conditions was almost twice
as high for the pure intervals than it was for the mis-
tuned intervals (F(1,4) = 7.31; p = 0.05). This inter-
action effect was independent of the interval combina-
tions (p > 0.80). In addition, the ANOVA demonstrated
a highly significant effect of interval size combination
(F'(9,36) = 14.0; p < 0.000001). The data in Figure 3
show that, in general, higher percentage correct values
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Figure 4. Mean percentage of correct responses in the HH
conditions with pure and mistuned intervals, separately shown
for the synchronous and asynchronous onsets.
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Figure 5. Mean percentage of correct responses in the HL/LH
conditions as a function of the size of interval B, and with
the size of interval A and kind of temporal presentation as
parameters.

were obtained for pairs in which the size of each interval
was about 300 cents at the minimum.

HL/LH. Averaged across subjects and the pure and
mistuned intervals, the mean percentages are given in Fig-
ure 5. In general, these values were considerably lower
than those in the LL and HH conditions. The combina-
tions in which both intervals had a size of 151 cents only,
yielded significantly higher percentages than the combi-
nations in which one of the intervals was greater in size
(F(5,20) = 5.47; p < 0.005). In five of the six different in-
terval combinations, the performance was (slightly) lower
in the asynchronous conditions than in the synchronous
conditions (F'(1,4) = 11.5; p < 0.05).
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Table 2. Mean percentage of correct responses for various conditions, including both pure and mistuned intervals.
Stimulus categories described in text; syn and asyn represent the synchronous and asynchronous conditions, respectively.

Stimulus Category

Pure Interval

Size Between Ll HH HL/LH NC
Simultaneous Tones
in Cents Pure Mistuned Pure Mistuned Pure Mistuned Pure Mistuned

Int. A Int. B

Syn Asyn Syn Asyn Syn Asyn Syn Asyn Syn Asyn Syn Asyn Syn Asyn Syn Asyn

151 151
151 316 77 84 75 80 44 64 53
151 498 82 83 81 83 51 64 49
151 702 84 85 82 86 51 70 48
151 884 80 74 80 83 57 68 66
316 316
316 498 91 95 89 94 74 88 78
316 702 96 94 91 91 78 89 84
316 884 91 97 87 89 82 86 81
498 498
498 702 96 96 97 98 84 94 81
498 884 97 93 93 98 84 95 93
702 702
702 884 98 96 91 95 82 91 89

59 55 67 62 90 86 90 86
62 28 28 28 25 83 &3 83 84
70 29 25 24 24 75 78 82 81
63 24 26 24 29 78 85 80 86
69 89 89 &7 89
44 34 36 26 87 91 92 88
79 27 32 30 22 81 83 81 87

B9 o um i Brd e bechuse 88090 0 R9- @1
B4: tmzsnln amn crassom st #9396 98V - 97
San ek L levtiei wawe]904: 990, - 86 . 86
92l wdd bamse | [ hdariass 19i84. 0 85 89 90
9651 tndt tmal st 96 97 90 . 95

87 88 90 89
91

In four of the six interval combinations, the perform-
ance was about the same for the pure and the mistuned
intervals. For the combinations with the two smallest in-
tervals of 151 cents, the mistuned intervals yielded higher
values, and for the combinations with equal sizes of 316
cents, the mistuned intervals yielded lower values than
the pure intervals (F(5,20) = 2.95; p < 0.05). This in-
teraction effect cannot be easily explained by a simple
underlying mechanism.

NC. Averaged across the five subjects, high per-
centage correct values between 75% and 98% were ob-
tained (see Table 2). An ANOVA performed on the data
showed that the main effect of synchrony was not signif-
icant (p > 0.13). Overall, the percentages for the mis-
tuned intervals were slightly higher than those for the
pure intervals (F(1,4) = 7.55; p = 0.05). The size of
the intervals within a pair, however, had a highly sig-
nificant effect on the performance (F(12,48) = 3.57;
p < 0.001). A Newman-Keuls paired comparison test
showed that the combinations with the interval sizes of
151/498 and 151/702 cents yielded significantly lower
percentages than the combinations with interval sizes of
316/884 and 498/884 cents (a < 0.05). The percentages
for the combinations 151/316 and 316/498 cents were sig-
nificantly lower than the combination with 316/884 cents
only (@ = 0.05). The overall effect of interval size is com-
parable to that obtained in Experiment 1.

3.3. Discussion

In the HH conditions, the hypothesis that onset asyn-
chrony would be especially effective for pure intervals
was confirmed. The percentage of correct responses was
significantly higher in the asynchronous than in the syn-
chronous conditions, and the relative increase of perform-
ance caused by onset asynchrony was higher for the pure
than for the mistuned intervals.

In the LL and NC conditions, however, neither the
main effect of onset asynchrony nor its interaction with
purity was significant, whereas in the HL/LH conditions
performance was slightly lower in the asynchronous than
in the synchronous conditions and this opposite effect was
independent of the purity of the intervals. As a result,
our hypothesis about the interaction effect of onset asyn-
chrony and purity could not be confirmed in general.

In the present experiment, performance level was
lower than that in Experiment 1. Especially for the LL
and NC conditions, it is therefore less plausible to at-
tribute the lack of finding a facilitative effect of on-
set asynchrony to the ceiling effect discussed in Exper-
iment 1. In a different experimental paradigm and with
sinusoidal instead of complex tones, Bregman & Pinker
(1978, Experiment 3) had also varied synchrony and pu-
rity in an orthogonal way. Neither purity nor the interac-
tion of purity and synchrony had any significant effect on
the perceptual separation of the two more or less simulta-
neous tones. In spite of considerable spectral differences
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that are relevant to the discriminability and subjective
purity of musical intervals (Vos, 1986; Vos & van Vianen,
1985), the present overall result with respect to the effect
of purity on perceptual separation is therefore similar to
that obtained by Bregman and Pinker.

4. General Discussion

4.1. The Perceptual Relevance of Small Degrees
of Onset Asynchrony

In the current study, onset asynchronies of 20-25 ms gen-
erally did not enhance perceptual separation of the simul-
taneous tones. The perceptual relevance of asynchronies
of 10 ms, as found by Rasch (1978) and by Hall & Grose
(1991) could not be confirmed.

It is not clear to which extent the latter results are
related to the threshold paradigms adopted. For simul-
taneous vowels presented at a clearly supra-threshold
level, conditions with asynchronous onsets (and offsets)
did not yield higher identification scores than those with
synchronous onsets (Scheffers, 1979). The effect of onset
asynchrony was also studied by Rasch (1981, Chapter 3);
in his study the identification of musical intervals was the
dependent variable, and one of the additional indepen-
dent variables was the level difference between the consti-
tuting tones. The results indicated that the percentage of
correct responses with asynchronous onsets (about 67%)
was just significantly higher than that with strictly syn-
chronous onsets (61%). Unexpectedly, however, the de-
gree of asynchrony, which ranged between 5 and 40 ms,
had no significant effect on performance level. It is unfor-
tunate that the nature of the significant interaction effect
of asynchrony and level difference, as found in Rasch’s
study, was not clarified.

One might wonder whether perceptual separation, as
it was investigated in the present experiments, had al-
ready been strongly facilitated by presenting the tones
twice. In such a paradigm a beneficial effect of onset asyn-
chrony might not show up.

The mere repetition, however, was neither a suffi-
cient nor a necessary condition for perceptual separation:
firstly, the repetition of the tones in the HL/LH condi-
tions did not yield high performance levels (overall per-
centages of correct responses were 59% and 34% in Ex-
periments 1 and 2, respectively). Secondly, in the NC con-
ditions, all four tones were presented only once. In spite
of this, perceptual separation was adequate and at about
the same performance level as found in the LL and HH
conditions (overall percentages of correct responses in the
NC conditions were 90% and 87% in Experiments 1 and
2, respectively).

Another issue that might be put forward in an at-
tempt to explain why the perceptual relevance of small
degrees of onset asynchrony could not be confirmed is
related to the rise times of the tones: the effect of asyn-
chrony may depend not just on the asynchrony itself, but

on the degree of non-overlap of the rise portions of the
two signals (see Figure 2). In the asynchronous condi-
tions of Experiment 1, the non-overlap was 80%, whereas
in Experiment 2, it was 167% of the rise time. For the
conditions with the smaller asynchrony value included in,
for example, the study of Bregman & Pinker (1978), the
non-overlap was even 240% of the rise times of the tones.

The relevance of the degree of non-overlap to percep-
tual separation may be questioned, because for conditions
in which Rasch (1978) already found significant percep-
tual effects, the degree of non-overlap was considerably
lower than the non-overlap that occurred in Experiment 1
of the present study. In Rasch’s experiments the rise time
was 20 ms, but, in contrast to the definition used in the
present study, this was the time between 10% and 90%
of the maximum amplitude, implying that between 0%
and 100% of the maximum amplitude, his rise time was
1.69(20) = 33.8 ms. Consequently, in the conditions in
which he set the onset asynchrony to 10 or 20 ms, the
degree of non-overlap was as small as 30% or 59% of the
rise time, respectively.

It is not difficult to understand why the degree of non-
overlap fails to explain the discrepancy between the re-
sults obtained in the various studies. Basically, the per-
ceptual onsets of the two slightly asynchronous tones with
identical rise portions were shifted by the same amount,
without affecting the degree of asynchrony that was in-
tended to be used as the independent variable (see Vos
& Rasch, 1981). The uncertainty about the exact point
in time at which the onset of the tones is perceived will
increase with increasing rise time of the tones, but this
effect is estimated to be small. Moreover, from experi-
ments in which the rise times of the slightly asynchronous
tones were different, it was concluded that different rise
times had effects comparable to different onset times
without increasing onset uncertainty (Rasch, 1978, §4.3,
Figure 18).

There is no real conflict between the results of the
present study and those of Dannenbring & Bregman
(1978) and Bregman & Pinker (1978). In the study of
Dannenbring & Bregman (1978), the smaller degree of on-
set asynchrony investigated was equal to 35 ms and there-
fore greater than that used in the present study. Bregman
& Pinker (1978) presented a pure tone A and a more or
less simultaneous pair of lower frequency pure tones B
and C in a repeatedly alternating train. The frequency of
C was always lower than that of B and the onset (and
offset) time delay of C relative to B was varied in about
30 ms steps between —60 and 60 ms. The 30 ms condi-
tions yielded a significant decrease of the richness of the
timbre of the tone with the lowest pitch (tone C) only
if the frequency separation between A and B was small
(about 1 semitone). In this specific condition the overall
result may have been a combination of the effect of the
asynchrony between C and B and the effect of temporal
coherence between A and B. In the conditions in which
the frequency interval between A and B was much greater
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(about 11 or 20 semitones), as a result of which tempo-
ral coherence between A and B was very difficult or even
impossible to perceive (van Noorden, 1975, Chapter 2),
a significant reduction of the richness of tone C’s timbre
was only obtained at the asynchrony value of 60 ms. The
absence of a significant reduction at 30 ms is compatible
with the results of the current study.

Darwin (1984a) showed that the quality of a vowel
could be changed in the expected direction by an addi-
tional tone if the on- and offsets of the vowel and the tone
were presented in synchrony. If the onset of the added
tone preceded that of the vowel, the quality of the vowel
changed back toward that of the original vowel. Espe-
cially in conditions in which perception was only mildly
affected by masking, significant changes toward the orig-
inal vowel were already obtained with onset asynchronies
as small as about 25 or 40 ms. The latter finding was con-
firmed in a subsequent experiment with slightly different
vowels (Darwin, 1984b). In related experiments, Roberts
& Moore (1991) provided a more detailed range of onset
asynchronies than Darwin did. Their results showed that
asynchronies as small as 10 and 20 ms already resulted
in small, but statistically significant changes toward the
original vowel.

Our experimental results suggest that the perceptual
effect of small onset asynchronies should not be overes-
timated. This is consistent with results from Darwin &
Ciocca (1992). In their experiments they presented two
successive complex tones with 12 harmonics each. In the
first complex tone, however, the fourth harmonic could be
mistuned and it could start earlier than the other 11 par-
tials. Their subjects adjusted the pitch of the second tone
to match the pitch of the first tone. The results showed
that for onset asynchronies of 20 and 40 ms, the pitch
shifts were not significantly different from those obtained
in the synchronous conditions, whereas they were smaller
for onset asynchronies of 80 and 160 ms, and completely
absent for onset asynchronies of 320 and 640 ms. The
results of Darwin & Ciocca (1992) imply that the contri-
bution of a resolved frequency component to the pitch of
a complex tone can be significantly diminished if onset
time differences are greater than 40 ms. The results from
subsequent experiments showed that for comparable con-
ditions, such significant effects ‘were obtained for onset
asynchronies greater than or equal to 80 ms (Ciocca &
Darwin, 1993).

4.2. Asynchronization in Polyphonic Composi-
tions

In polyphonic compositions at least a significant por-
tion of the tones of the different voices are prescribed
to have synchronous onsets. In real performance, how-
ever, perfect synchronization is never realized. For pro-
fessional trio ensembles, the standard deviation of the
differences in onset time of simultaneous tones typically
ranged between 30 and 50 ms (Rasch, 1979). In the lat-

ter study, the asynchronization may be considered to
be non-intentional, which is supported by the stochas-
tic nature of the asynchronization patterns. According
to Rasch (1979, 1981), these findings suggested that in
practical musical performance asynchronization plays an
important role in the separate perception of simultane-
ous tones and voices. It should be emphasized, how-
ever, that this notion has not been verified in indepen-
dent experimental studies. It might be that for significant
effects on perceptual separation to occur, asynchronies
even greater than 50 ms are needed. This would be in
line with additional ways to asynchronize tone onsets in
polyphonic compositions. Intentional asynchronization is
involved in musical ornamentation such as the arpeg-
gio and the French suspension; these and many other
examples are given in Rasch (1981, Chapter 5). Fur-
thermore, the various voices in polyphonic compositions
may for the same reason be asynchronized at a macro-
level. Diminution and alternation are well-known exam-
ples of macro-asynchronization. For a number of vocal
polyphonic works composed by Praetorius, Rasch (1981)
showed that macro-asynchronization increased with the
number of voices. Since the signal-to-noise ratio of a sin-
gle voice decreases with the number of the other voices,
macro-asynchronization may be considered to be a tool
to maintain the perceptibility of the separate voices at an
acceptable level (Rasch, 1981). Explicit compositional ef-
forts to avoid occurrences of synchronous tone onsets have
also been found in Bach’s two-part inventions (Huron,
1993).

5. Conclusion

In the present experiments, the effect of onset asyn-
chrony on perceptual separation of simultaneous com-
plex tones was investigated. In contrast with a number
of previous studies reported in the literature, we used a
paradigm in which the tones were presented in a non-
cyclical way and at sound pressure levels which were all
clearly above threshold. Furthermore, we decided to re-
strict our study to onset time differences not greater than
20-25 ms. According to several studies, this degree of
asynchrony should already have a significant effect on per-
ception while, interestingly, the unequal onsets are hardly
noticeable by naive listeners.

Our results showed that for the degree of onset asyn-
chrony investigated, a facilitative effect of asynchrony on
perceptual separation was only found in a small subset
of conditions. This finding suggests that with respect to
application in conditions in which the predictability of
auditory events is relatively low, the effect of small differ-
ences in onset time on perceptual separation should not
be overestimated. In this respect our results are in line
with those of Darwin (1981), Darwin & Ciocca (1992),
Ciocca & Darwin (1993), Scheffers (1979), and also with
those of Rasch (1981) and, basically, those of Bregman &
Pinker (1978).
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