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The gap transfer illusion is an auditory illusion in which a temporal gap in a long glide is perceived as
if it had transferred to a physically continuous shorter glide. The illusion typically occurs when the long
and the shorter glide cross each other at their temporal midpoints, where the long glide is physically
divided by the gap. The occurrence of the gap transfer illusion was investigated in stimuli in which the
duration and the slope of the long glide were 5000 ms and ~0.8 oct/s. The shorter glide was given dif-
ferent frequency ranges and different temporal ranges, and thus its time-frequency slope was also varied.
The overlap configuration of these crossing glides was varied as well. As control stimuli, we used stimuli
in which a continuous long glide crossed a shorter glide with a gap, i.e., the opposite configuration of the
gap-transfer stimuli as above, as well as stimuli in which both crossing glides were continuous. The per-
ception of two crossing tones tended to be facilitated when the glides differed in duration and/or slope.
When the glides were relatively similar in duration and slope, however, bouncing percepts appeared more
often. Similarity between the crossing tones thus promoted auditory bouncing, while dissimilarity be-
tween them facilitated the crossing percept. If the crossing percept dominated in gap-transfer stimuli,
the gap transfer illusion took place in a typical manner, but the illusory transfer of the gap could oc-
cur even when the crossing percept was not dominant. When the shorter glide was as short as 500 ms,
the crossing percept and the gap transfer illusion were robust. The mechanism of the illusion was ex-
amined in terms of factors that can influence the perceptual integration of auditory stimulus edges, i.e.,
onsets and offsets, of physically different sounds. Much like the perceptual construction of speech units,
we suggest that the auditory system utilizes a rough time window of several hundreds of milliseconds
to construct an initial skeleton percept of auditory events. The present data indicated the importance of
the temporal proximity, rather than the frequency proximity, between sound edges in the illusory tone
construction.
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1. Introduction

This article focuses on an auditory illusion, the gap transfer il-
lusion, which functions as a tool to investigate basic principles of
auditory organization, in particular those related to gestalt psychol-
ogy. Our immediate purpose is to clarify the mechanism of this il-
lusion, thereby aiming at clarifying how certain gestalt principles
relate to auditory organization. Since the early 1900s, researchers
of visual perception share a solid understanding that gestalt prin-
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ciples and the organization of figures and ground underlie the
general framework of visual organization (e.g., Koffka, 1935). It
took until the end of the last century, however, before these ideas
were thought to be applicable to auditory organization as well.
Handel (1993) and Bregman (1990) in particular systematically ar-
gued that the perceptual formation of auditory events and auditory
streams can be bases of auditory organization, and their arguments
lead the present research.

In order to study auditory organization, Nakajima et al.
(2000) reported the gap transfer illusion. Their most important
idea, developed further by Kanafuka et al. (2007), is that an illu-
sory auditory event can be constructed by perceptually connect-
ing temporal sound edges to generate a framework for an auditory
event. In the gap transfer illusion, the onset of a glide tone and the
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offset of a different glide tone are perceptually connected, obeying
the proximity principle: If an onset and an offset are proximate
to one another, they can be integrated to construct an auditory
event, even when they physically belong to different tones. It was
not clearly stated, however, whether they meant proximity in time,
in frequency, or both. Since there were no empirical data on this
issue, the present experiments were performed.

The stimulus patterns in our previous studies (Nakajima et al.,
2000; Kanafuka et al., 2007) were first created to further inves-
tigate how organizational principles in hearing relate to those in
visual motion perception (see also Wang et al., 2015). In partic-
ular, we wanted to see how crossing sounds, consisting of two
glide tones, are perceptually organized. In the visual modality, it is
known that two identical, visual objects that move towards each
other, overlap, and then move away from each other commonly
yield bistable ‘streaming’ or ‘bouncing’ percepts (Metzger, 1934;
a closely related phenomenon was discovered by Benussi, 1917).
In the streaming percept, each object moves towards the oppos-
ing object’s starting position. In the bouncing percept, the objects
bounce off of each other at their contact point, and retrace their
movement back to their own starting position. Ongoing research
has shown that the bouncing percept is facilitated by similarity
between the physically crossing objects. Dissimilarity, such as in
object shapes, speed, and brightness, as well as the active tracking
of one object over the other, promotes the streaming percept (e.g.,
Metzger, 1934; Burns and Zanker, 2000).

A similar phenomenon exists in the auditory modality
(Halpern, 1977, as quoted by Bregman, 1990; McPherson et al.,
1994; see also Tougas and Bregman, 1985). An ascending and a
descending frequency glide that cross each other at their tempo-
ral midpoint can either be heard as streaming through each other,
i.e., the ‘crossing’ percept, or as ‘bouncing’ off of each other at the
crossing point. In the latter bouncing case, two pitch trajectories
can be heard at the same time, but not exactly as bouncing at a
particular point: as a U-shaped pitch trajectory together with an
inverted U-shaped pitch trajectory, often apart from each other.
Each trajectory is composed of portions of two different glides. The
glide components in the top half of the (logarithmic) frequency
range are integrated according to the frequency proximity prin-
ciple (Bregman, 1990), and the glide components in the bottom
half as well. Research has shown that, likewise to the influence of
object similarity on visual bouncing perception, physical similarity
of slope or timbre between the different glides promotes auditory
bouncing (Bregman, 1990; McPherson et al., 1994).

While trying to disambiguate crossing and bouncing in auditory
stimuli, Nakajima and colleagues came across an illusory stimulus
(Nakajima et al., 2000). Their initial idea was to promote auditory
crossing in a typical crossing-bouncing stimulus by making one of
the glides far shorter than the other, and by making one of the
glides discontinuous with a gap at the crossing point. When the
gap was in the shorter glide, indeed a long continuous pitch tra-
jectory was heard as crossing with a shorter, discontinuous pitch
trajectory. When the gap was inserted in the longer glide, however,
the percept remained the same: The gap was heard in the shorter
pitch trajectory, while the longer pitch trajectory, which physically
contained the gap, was heard as continuous. Hence, the effect was
called the gap transfer illusion.

It was argued that the gap transfer was caused by the per-
ceptual reintegration of acoustic cues that physically belonged
to different sounds. Under the header of “Auditory Grammar”
(Nakajima et al., 2014), which describes a number of heuristics re-
garding how sound components, such as onsets, offsets, fillings, and
silences, are perceptually integrated into auditory events and audi-
tory streams, it was argued that the first portion of the short dis-
continuous trajectory in the illusory percept results from the per-
ceptual reintegration of the onset of the short glide with the offset
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of the long glide component before the gap, obeying the proxim-
ity principle. Likewise, the second portion of the short trajectory is
caused by the reintegration of the onset of the long glide compo-
nent after the gap and the offset of the short glide. Research has
shown that the two illusory short tones cannot be the result of
acoustic beats nor combination tones occurring during the overlap
of the glide components (Kanafuka et al., 2007); their pitches were
basically determined by the glide portion between the onsets and
the offsets. So far, research on the occurrence of such illusory gap
transfer has been extended to stimuli with manipulations in the
glides’ intensity and spectra (Kuroda et al., 2009, 2010).

In the present study, we investigated the occurrence of the gap
transfer illusion in stimuli in which the duration (temporal range)
and the frequency range of the short glide (hence, its slope) and
the overlap configuration were varied in order to manipulate the
temporal and the frequency proximity between the onsets and the
offsets to be reintegrated for the illusion to occur. Differences in
slope between the crossing glides might promote crossing percep-
tion (McPherson et al., 1994), making the illusion more likely to
occur.

2. General method

Three very similar experiments were conducted, and their
methods will be described together in this section except for the
stimuli used in Experiments 2 and 3, which were introduced as
new ideas developed. The stimuli used in Experiment 1 will be
described in the present section in order to give a general idea of
our paradigm. Procedure uniquely related to the stimuli used in a
particular experiment will be described in the section of this ex-
periment.

2.1. Participants

Twelve/13/8 participants of 20-24/20-25/22-30 years of age,
joined Experiment 1/2/3. They were students of the Department of
Acoustic Design or the Department of Human Science, Kyushu Uni-
versity, Japan, who all had received listening training for acoustic
engineers (Iwamiya et al., 2003). All had heard basic demonstra-
tions of the gap transfer illusion in classes. None of the partici-
pants of Experiment 2 had participated in Experiment 1. Three of
the 8 students that participated in Experiment 3, had participated
in Experiment 2; there was at least 6 months between the experi-
ments. All participants had provided written, informed consent as
to their participation. The procedures of the experiments were ap-
proved by the Ethics Committee of the Faculty of Design, Kyushu
University.

2.2. Stimuli (in Experiment 1)

Three basic stimulus types were employed as in Fig. 1: (1)
gap-transfer stimuli, (2) gap-transfer control stimuli, and (3) no-
gap stimuli. All stimuli consisted of two gliding tones that moved
in frequency with the same speed of 0.24 '/s on the common
logarithmic scale, approximately 0.80 oct/s, as we will refer to
this glide speed for convenience. The two gliding tones moved in
opposite directions, so that they crossed each other at a (loga-
rithmic) center frequency of 1000 Hz. In each stimulus type, the
long glide was 5000 ms and moved from 251.2 to 3981.1 Hz or
back (3.99 oct). The short glide was 500 ms and traversed a fre-
quency range of 871.0-1148.2 Hz (0.40 oct). The gliding tones in
each stimulus type had a rise and a fall time of 20 ms, with
cosine-shaped amplitude-envelope ramps. In cases where one of
the glides contained a silent gap, the rise and the fall time to de-
limit the gap were also 20 ms, with cosine-shaped ramps, which
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Fig. 1. Schematic impression of the stimuli used in Experiment 1. (A): the gap-transfer stimuli with a long ascending glide (left) and with a long descending glide (right),
(B): the gap-transfer control stimuli with a long ascending glide (left) and with a long descending glide (right), (C): the no-gap stimuli with a long ascending glide (left)
and with a long descending glide (right), (D): the fixed-slope gap-transfer stimulus depicted with a long ascending glide (the mirror-image stimulus with a long descending
glide, the fixed-slope gap-transfer control stimuli, and the fixed-slope no-gap stimuli are not depicted), (E): the fixed-frequency gap-transfer stimulus depicted with a long
ascending glide (the mirror-image stimulus with a long descending glide, the fixed-frequency gap-transfer control stimuli, and the fixed-frequency no-gap stimuli are not
depicted), and (F): the fixed-duration gap-transfer stimulus depicted with a long ascending glide (the mirror-image stimulus with a long descending glide, the fixed-duration

gap-transfer control stimuli, and the fixed-duration no-gap stimuli are not depicted).

were not included in the gap duration. When both glides were con-
tinuous, they shared the same phase at the crossing point (see also
Nakajima et al., 2000; Remijn et al., 2007).

(1) A gap-transfer stimulus (Fig. 1A) included a long glide of
5000 ms with a 100-ms gap in its temporal middle. The long
glide crossed with a short glide of 500 ms, so that both glides
crossed at their shared temporal midpoint, and the short glide thus
moved through the gap in the long glide. The long glide was ei-
ther ascending with a descending short glide, or vice versa. Al-
though earlier research on gap-transfer stimuli had not revealed
any particular effect of glide direction on perceptual content (e.g.,
Nakajima et al., 2000), we included the ascending and descending
conditions here in order to balance the conditions.

(2) A gap-transfer control stimulus (Fig. 1B) also included a
5000-ms long glide crossing with a 500-ms short glide. Here,
though, a 100-ms gap was not in the long glide but in the short
glide. In one version, the long glide was ascending with a descend-
ing short glide, and in the other, vice versa. (3) In a no-gap stimu-
lus, a continuous 5000-ms glide crossed with a continuous 500-ms
glide (Fig. 1C). The two glides crossed each other at the temporal
midpoint at the same phase. Here too, the long glide was either
ascending with a descending short glide, or vice versa.

These basic stimuli were expanded in three different ways as
follows. As mentioned, we had hypothesized that proximity be-
tween stimulus edges of physically different glides was important
for the perceptual organization that led to the gap transfer illu-
sion. Our purpose was to investigate how the integration of on-
sets and offsets mainly would concern proximity in time, prox-
imity in frequency, or both. Proximity in both time and frequency
could be investigated with fixed-slope stimuli (Fig. 1D). In the fixed-

slope stimuli, the long and the short glide crossed each other
with the same slope of 0.24 !/s on a common logarithmic scale
(~0.80 oct/s). The duration of the short glide in the expanded
stimuli was either 1500 or 2500 ms. When the short glide was
1500 ms, it traversed a frequency range of 660.7-1513.6 Hz (~1.20
oct). The 2500-ms short glide traversed 501.2-1995.3 Hz (~1.99
oct). Twelve (expanded) fixed-slope stimuli were made (2 short-
glide durations x 3 basic stimulus types x ascending/descending
direction of the long glide). Including the basic stimuli, of which
the short glide had the same fixed slope, the short glide duration
was thus varied in 3 steps: 500, 1500, and 2500 ms.

In order to investigate the role of proximity exclusively in
time between stimulus edges in auditory event organization, fixed-
frequency stimuli were used (Fig. 1E). In the fixed-frequency stim-
uli, the duration of the short glide was also either 1500 or
2500 ms. Here, though, the short glide traversed the same fre-
quency range as in the basic stimuli, where the 500-ms glide
moved from 871.0 to 1148.2 Hz (~0.40 oct). The short glide
spanned this frequency range both when it was 1500 ms and when
it was 2500 ms. The slope of the short glide in the expanded
stimuli thus became shallower, and was ~0.27 oct/s when it was
1500 ms, and ~0.16 oct/s when it was 2500 ms. Twelve (expanded)
fixed-frequency stimuli were made (2 short-glide durations x 3
basic stimulus types x ascending/descending direction of the long
glide). The short glide duration was varied in 3 steps including the
basic stimuli.

Finally, in order to investigate the role of proximity exclusively
in frequency between stimulus edges in auditory event organiza-
tion, fixed-duration stimuli were used (Fig. 1F). In these stimuli, the
duration of the short glide was always 500 ms. It moved, though,
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Fig. 2. Alternatives of percept patterns. These illustrations for 1) crossing (A and C), 2) bouncing (B and D), or 3) else (E) were printed on each response sheet with
explanations in Japanese. The ‘else’ panel also worked to show what the horizontal and the vertical axis meant.

through the same frequency ranges as in the fixed-slope stimuli.
When the short glide moved from 660.7 to 1513.6 Hz (or vice
versa), its slope was ~2.39 oct/s. When the glide moved from 501.2
to 1995.3 Hz (or vice versa) its slope was ~3.99 oct/s. Twelve (ex-
panded) fixed-duration stimuli were made (2 short-glide frequency
ranges x 3 basic stimulus types x ascending/descending direction
of the long glide). Including the basic stimuli, the frequency range
of the short glide was varied in 3 steps.

The stimuli were presented to the participant at 70 dB SPL, ref-
erenced from an ongoing 1000-Hz pure tone of the same ampli-
tude as that of each glide component. The presentation levels were
measured with a precision sound level meter (Naganokeiki 2071),
mounted with an artificial ear (Briiel & Kjer 4231).

2.3. Equipment

The participants sat in front of a computer screen in the sound-
attenuating booth. The stimuli were presented monaurally to the
participant by means of a computer (Frontier KZFM71/N) and an
audio processor (ONKYO SE-U55GX). The generated sound sig-
nals passed through a low-pass filter (NFDV-04 DVS8FL; cut-off
frequency= 15,000 Hz), a graphic equalizer (Roland RDQ-2031),
and a headphone amplifier (STAX SRM-313), before the stimuli
reached the participant through headphones (STAX SR-303). The
audio processor was used as a DA converter, and the equalizer was
used to maintain flat-shaped frequency characteristics of the whole
audio system. The low-pass filter was used for anti-aliasing.

2.4. Procedure

The first task of the participants was to indicate the type
of percept they heard for each stimulus pattern: (1) crossing,
(2) bouncing, or (3) else (Fig. 2). They then rated the continu-
ity/discontinuity of the pitch trajectories in the percept (corre-
sponding to one of the arrows in the selected panel in Fig. 2 ex-
cept in panel E) on a 4-point scale, in which the two extremes
were ‘continuous’ and ‘discontinuous’. They were allowed to lis-
ten to each pattern repeatedly until they were sure about their
judgment. This procedure was introduced in order to relate the
present data directly to our previous data (Nakajima et al., 2000;
Kanafuka et al., 2007), in which we first collected phenomenologi-
cal reports of the participants utilizing new auditory stimulus pat-
terns. This was necessary to prove the existence of a new illusion
itself first without implying how the illusion could appear in the
experimental procedure or instructions. We then conducted psy-
chophysical experiments utilizing 4-point scales, because it turned
out that 3-point or 4-point scales were the only possible alterna-
tives to be directly connected to the contents of the phenomeno-
logical reports. Since our aim was to determine in which condi-
tions the new illusion could occur, the participants were allowed to

listen to each pattern as many times as they wanted, as is neces-
sary to separate different perceptual categories in phenomenolog-
ical experiments in general. As an indication of how many times
a given stimulus was heard, the data from Experiment 3, which
had the largest number of stimuli, showed that in 97% of the tri-
als the participants listened to the stimuli just up to 5 times. This
implies that the participants’ perceptual impressions stabilized af-
ter a few presentations of the same stimulus. Earlier research had
shown that the gap transfer illusion occurs in a very stable man-
ner over multiple presentations for each listener, for example, en-
abling pitch- and duration-matching of the illusory short tones
(Kanafuka et al., 2007). The illusory gap-transfer tones could also
affect visual apparent motion stimuli, as if they were real tones
(Wang et al., 2015).

The participants heard each stimulus two seconds after they
clicked a “Play” button on the computer screen. For each stimu-
lus trial, the participants received a sheet of paper showing five
panels to choose between (Fig. 2). Crossing sounds (Fig. 2A and C)
were depicted (1) by a long ascending arrow crossing a shorter de-
scending arrow at the arrows’ shared geometrical middle, or (2) by
a long descending arrow crossing a short ascending arrow at the
arrows’ geometrical middle. Bouncing sounds (Fig. 2B and D) were
schematically depicted by two lines that resembled a checkmark
(/) or its mirror image touching an inverted checkmark, i.e., the
original or mirrored checkmark, rotated 180° around the bottom.
In one bouncing pattern, (3) the long, aligned ends of the check-
marks were ascending, while in the other, (4) the long ends were
descending. For each trial, the participants were asked to indicate
what they had heard by marking one of the four panels by pen-
cil. If the participants’ percept differed from what was indicated on
any of these panels, their task was to draw the percept by pencil in
an “else” panel. For each stimulus, a new response sheet was pre-
pared. Different order of the four panels was used for each block;
16 different response sheets were randomly selected from the 24
variations that could be made by arranging the four panel patterns.

After the participants indicated the perceived pattern by mark-
ing one of the four panels (in most cases), they judged the per-
ceptual (dis)continuity of the pitch trajectories in the percept, by
marking 4-point rating scales depicted below each panel. A rating
scale was provided for each of the longer and the shorter trajec-
tory, or for each of the checkmark trajectories. After the partici-
pants finished judging for a stimulus, they clicked on a ‘Next’ but-
ton on the computer screen to listen to the next stimulus.

3. Experiment 1

The purpose of Experiment 1 was to investigate how differences
in the frequency ranges and in the temporal ranges of the glides
in the gap-transfer stimulus affect the occurrence of the gap trans-
fer illusion, for which a crossing percept is a requisite. Besides the
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Fig. 3. The results of Experiment 1 for the gap-transfer stimuli, the gap-transfer control stimuli, and the no-gap stimuli. Black symbols indicate the crossing percept, and
white symbols the bouncing percept; the frequencies of these percepts are compared on the y-axis. The asterisks show cases where crossing was significantly more frequently
perceived than bouncing + ‘else’ percepts (p<0.05). ‘LC’ near a black (crossing-percept) symbol indicates that the longer pitch trajectory in the percept was heard significantly

as more continuous than the short trajectory (p<0.05).

gap-transfer stimulus, two types of control stimuli were employed
as described in General Method ( Section 2).

3.1. Stimuli and procedure

Combining (1) the 6 basic stimuli with (2) the 12 fixed-slope
stimuli, (3) the 12 fixed-frequency stimuli, and (4) the 12 fixed-
duration stimuli made a total of 42 stimuli. After receiving in-
structions, the participants first listened to all of the 42 stimulus
patterns once, in random order. They then performed a training
session of 16 trials, randomly selected from the 42 stimuli. The
purpose of the training session was to familiarize the participants
with the type of stimuli and the task utilizing the rating scales. No
feedback to their responses was given, however, since we did not
want to bias their responses. The actual experiment consisted of
3 blocks of 14 stimulus patterns, randomly assigned from the 42
stimulus patterns. Each block started with two additional warm-
up trials, for which the stimulus patterns were the same as for the
last two trials in the block.

4. Results

Since our immediate purpose was to construct a theoretical
framework to understand how gestalt principles could work in
the time-frequency domain, we were obliged to deal with qual-
itative rather than quantitative natures of auditory percepts, and
this led us to obtain and analyze data based on rudimentary non-
parametric statistics. This should be a necessary step to clarify the
mechanism of an auditory illusion taking place robustly in an un-
believably simple context.

The results of Experiment 1 are depicted in Fig. 3. For the 504
perceptual impressions in total (42 stimulus patterns each judged
by 12 listeners), only on four occasions, for different stimuli, did

the listeners report a different percept than a crossing or bouncing
one.

For each stimulus, we counted the number of crossing percepts
and the number of alternative percepts, i.e., bouncing percepts and
‘else’ percepts. We then performed sign tests (two-tailed, p<0.05)
to see whether crossing percepts were heard more/less frequently
in stimuli with a long ascending glide than in otherwise the same
stimuli with a long descending glide. The same was done to see
whether the number of bouncing percepts was influenced by the
movement direction of the long glide. The tests over crossing per-
cepts in the 21 stimulus pairs (N*= 7, N"= 4, ties = 10, p = 0.549)
and over bouncing percepts in the same 21 stimulus pairs (N*= 4,
N-= 7, ties = 10, p = 0.549) showed that the selected percept type
did not vary significantly with longer-glide or longer-part direction
(ascending or descending). For further analyses, data for both glide
directions were combined and results were analyzed with n = 24
(with a null hypothesis that two potential percepts could occur
with the same probability).

To see whether any of the stimuli facilitated the crossing per-
cept or an alternative percept (bouncing or ‘else’), two-tailed sign
tests were performed between “crossing percepts” and “bounc-
ing + else percepts” (n = 24). The basic gap-transfer stimuli
(Fig. 1A) was almost always perceived as crossing (N*= 23, N-=
1; p<0.001). The basic gap-transfer control stimulus (Fig. 1B) was
always perceived as crossing (Nt = 24, N-= 0; p<0.001), and the
basic no-gap stimulus (Fig. 1C) dominantly as crossing (N* = 22,
N—= 2; p<0.001); in all these basic stimuli, the long glide was
judged as more continuous than the short glide (p<0.01).

The expanded fixed-slope stimuli (Fig. 1D) were more often
perceived as bouncing than as crossing. Both in the gap-transfer
stimulus and in the gap-transfer control stimulus, bouncing was
perceived in 20 cases (p<0.01) when the short glide was 1500 ms,
and in 24 cases (p<0.001) when the short glide was 2500 ms.
The no-gap stimulus was perceived as bouncing in 21 cases
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(p<0.001) and 24 cases (p<0.001), respectively. No significant dif-
ference in perceived (dis)continuity was found between the higher
(checkmark-shaped) and the lower (inverted checkmark-shaped)
pitch trajectory in these bouncing percepts.

The expanded fixed-frequency stimuli with the 1500-ms or
the 2500-ms short glide (Fig. 1E) did not show a signifi-
cantly dominant percept. Bouncing or crossing percepts occurred
roughly in similar proportions. If bouncing percepts appeared, the
(dis)continuity judgments of the higher (checkmark-shaped) and
the lower (inverted checkmark-shaped) pitch trajectories did not
significantly differ. As for crossing percepts, in the 9 (out of the
24) cases in which the gap-transfer control stimulus with a short
glide of 1500 ms was heard as crossing, the long glide trajectory
was significantly more continuous than the short one (p<0.01). No
other such difference in (dis)continuity between crossing glide tra-
jectories was observed.

The expanded fixed-duration stimuli (Fig. 1F), in which a
500-ms short glide with a steeper slope crossed the long glide,
were robustly perceived as crossing regardless of stimulus type.
In the gap-transfer stimulus, crossing was dominant in both
slope conditions (N*= 22, N-= 2; p<0.001), with a long glide
significantly more continuous than the short glide (p<0.01). In
the gap-transfer control stimulus, crossing was dominant as well
in both slope conditions (N*= 24, N-= 0; p<0.001), with a long
glide significantly more continuous than the short glide (p<0.001).
Both the no-gap stimuli with the slope of 2.39 oct/s and with the
slope of 3.99 oct/s were heard as crossing too (N*= 22, N-= 2;
p<0.001; and N*= 24, N-= 0; p<0.001; respectively), again with
a significantly more continuous longer glide (p<0.01 and p<0.001,
respectively).

5. Discussion

The results of Experiment 1 (Fig. 3) confirmed the occurrence of
the gap transfer illusion in the basic gap-transfer stimuli, in which
the 5000-ms glide with a gap crossed with the continuous 500-ms
glide. Although only the long glide physically contained the gap,
it was consistently perceived as more continuous than the short
glide. The basic gap-transfer control stimuli were perceived veridi-
cally, keeping the long glide more continuous. Also the basic no-
gap stimuli showed a significantly more continuous long pitch
trajectory as compared with the short trajectory, with which it
crossed. Nakajima et al. (2000), utilizing similar no-gap stimuli,
found this tendency, and indicated that the perceptual discontinu-
ity in such cases could be attributed to the short acoustic gap(s)
observed in the acoustic beats around the crossing point.

The fact that bouncing percepts were dominant only in the ex-
panded fixed-slope stimuli suggests that, for bouncing to occur
stably in stimuli with physically crossing glides, both glides need
to be not too different from each other in length as well as in
slope. Analogous to stream-bounce perception in vision (Burns and
Zanker, 2000), a certain degree of similarity in sensory informa-
tion thus may facilitate bouncing in audition as well. The present
results, including those for the gap-transfer stimuli, follow ear-
lier findings on auditory bouncing (Tougas and Bregman, 1985;
McPherson et al.,, 1994).

The increase in bouncing percepts (or in rare cases including
an ‘else’ percept) for stimuli with a relatively longer short glide
may be also due to the following. As established here and ear-
lier (Nakajima et al., 2000; Kanafuka et al., 2007; Kuroda et al.,
2010), the gap is allocated to the short pitch trajectory in a typi-
cal gap-transfer stimulus with a short and a long glide. The idea
has been that this occurs because the onset of the short glide and
the offset of the long glide before the gap are in close proxim-
ity in frequency and in time. Their perceptual connection makes
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a coherent entity-the first short tone. The second short tone in
the percept results from the perceptual connection of the onset of
the long glide component after the gap and the offset of the short
glide. These sound edges are close in frequency and in time as
well, and therefore are likely to be perceptually integrated into an-
other short tone. Thus the gap transfer illusion occurs, and cross-
ing inevitably takes place. If the short glide is not short enough
in this case, however, the proximity is lost, and such a process
to cause inevitable crossing does not take place. This should favor
bouncing.

No percept became dominant in the expanded fixed-frequency
stimuli, in which the short glide was either 1500 or 2500 ms,
while traversing the same frequency range as in the basic 500-ms
condition. As compared to the percepts for basic stimuli with a
short glide of 500 ms, the amount of bouncing percepts increased
for short-glide durations of 1500 and 2500 ms. However, in any of
these conditions, bouncing did not become the dominant percept.
One plausible reason for this is that the temporal proximity be-
tween onsets and offsets was lost, and crossing was not facilitated,
whereas the slope difference between glides made their similarity
weaker, and bouncing was not facilitated, either.

In all fixed-duration stimuli, including the corresponding basic
stimuli, crossing was the dominant percept. Here the short glide
was fixed at 500 ms, yet even when it traversed a relatively wide
frequency range, bouncing was not observed. This leads to the
idea that crossing is always facilitated by the temporal proximity
between onsets and offsets, and that bouncing is facilitated only
when both glides have similar slopes and are not too different in
duration.

With regard to the edge-integration account for the gap trans-
fer illusion, from the fixed-duration stimuli, we see that even when
the frequency separation between the onsets and offsets increased
markedly, as in the 2.39- and 3.99-oct/s conditions, crossing and
gap transfer are perceived stably as long as the onsets and offsets
are in close temporal proximity. The present data indicate that tem-
poral proximity between sound edges causes perceptual integra-
tion of the edges of physically different sounds, but that frequency
proximity does not. If we assume that the temporal proximity of
onsets and offsets is solely important to cause the gap transfer il-
lusion, the fact that the illusion stably took place in the basic stim-
uli and in the fixed-duration stimuli - and not in others - can be
explained.

Strong temporal proximity as described above should make the
percepts of two short tones and one long continuous glide compul-
sory, making a crossing percept inevitable. The very stable cross-
ing percept in the fixed-duration stimuli, including the basic stim-
ulus, is likely to be caused by such a mechanism. Additionally, it
is possible that the proximity between the onset and the offset of
the shorter glide, for example, works in the same way in no-gap
stimuli. The effect of temporal proximity between stimulus edges
turned out to be important, and was further investigated in Exper-
iment 2.

6. Experiment 2

We employed only fixed-slope stimuli of the three basic stim-
ulus types as in Experiment 1. We increased the overlap dura-
tion of the short glide asymmetrically, and thus lengthened the
short glide duration only before, or only after the glides’ crossing
point. We thus examined whether the increase in overlap duration
would favor bouncing percepts; if one side of the shorter glide was
lengthened, it would be perceptually similar to the temporally op-
posite side of the longer glide located in the same frequency range.
Another purpose of this experiment was to examine whether the
temporal proximity of an onset and an offset facilitates them to be
connected perceptually also in these asymmetric stimuli.
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Fig. 4. Schematic impression of a subset of the stimuli used in Experiment 2. Gap-transfer stimuli are indicated with a long ascending glide overlapping with a short
descending glide in 5 variations in overlap configuration (indicated in milliseconds at the top). The mirror-image gap-transfer stimuli with a long descending glide, the

gap-transfer control stimuli, and the no-gap stimuli are not indicated.

6.1. Stimuli and procedure

The 30 stimuli used in Experiment 2 were all fixed-slope stim-
uli comprising the same three stimulus types as used in Exper-
iment 1, along with the same two variations in glide direction.
We thus employed gap-transfer stimuli (indicated in Fig. 4 rep-
resentatively), gap-transfer control stimuli, and no-gap stimuli, in
each case with an ascending long glide and a descending short
glide, or vice versa. These six subtypes of stimuli were made with
five short-glide overlap configurations. In the first configuration,
the short glide was 1500 ms, and it overlapped the long glide
for 1250 ms (or 1200 ms when there was a 100-ms gap) before
the glides’ crossing point, and 250 ms (or 200 ms) after it. In the
second configuration, the short glide was 1000 ms, and it over-
lapped the long glide for 750 ms (or 700 ms) before the cross-
ing point, and 250 ms (or 200 ms) after it. In the third configu-
ration, the short glide was 500 ms, and crossed the long glide in
its temporal middle with a 250-ms (or 200-ms) overlap on both
sides of the crossing point. In the fourth configuration, the short
glide was 1000 ms overlapping the long glide before and after
the crossing point for 250 (or 200 ms) and 750 ms (or 700 ms),
respectively, while in the fifth configuration the short glide was
1500 ms, overlapping the long glide for 250 (or 200 ms) and
1250 ms (or 1200 ms), respectively, before and after the crossing
point. From here on, we refer to these five overlap configurations
as the 1250/250-, 750/250-, 250/250-, 250/750-, and 250/1250-ms
conditions.

The participants first listened to the 30 stimulus patterns once
in random order. After that, the stimuli were presented to the par-
ticipants in three blocks of 10 stimuli each, with two warm-up tri-
als added to each block.

7. Results

The results of Experiment 2 are depicted in Fig. 5. Out of 390
perceptual impressions (30 stimuli judged by 13 listeners), 35 were
‘else’ percepts. As in Experiment 1, stimuli with a long ascend-
ing glide and with a long descending glide were combined for
each stimulus type and each overlap configuration, and a sign test

(p<0.05) was performed to see whether the crossing percept or
an alternative percept (bouncing + ‘else’) was dominant. In the
250/250-ms condition, the gap-transfer stimuli (18 out of 26 judg-
ments, p = 0.08) were not significantly more perceived as cross-
ing than as bouncing + ‘else’. The gap-transfer control stimuli (20
out of 26 judgments, p< 0.01) were significantly more perceived
as crossing than as bouncing. In the no-gap stimuli, the crossing
percept was perceived in 18 out of 26 judgments (p = 0.08).

Similar to the analysis of Experiment 1, sign-tests were per-
formed to see whether continuity differences existed between the
long and the short pitch trajectory in crossing percepts or between
the high and the low pitch trajectory in bouncing percepts. The
results showed that when the gap-transfer stimuli and the gap-
transfer control stimuli were perceived as crossing, listeners heard
the long trajectory in the percept as significantly (p<0.05) more
continuous than the short trajectory, for every overlap configura-
tion. When the no-gap stimulus was perceived as crossing, only the
stimulus with the 250/250-ms overlap yielded a significantly bet-
ter continuity of the long trajectory (p<0.01). No significant differ-
ence in perceived continuity between the checkmark-shaped pitch
trajectories in bouncing percepts was observed.

8. Discussion

The gap-transfer stimuli and the gap-transfer control stimuli
with the shortest, symmetrical overlap were typically perceived as
consisting of a continuous long pitch trajectory accompanied by a
shorter pitch trajectory with a gap: For both stimulus types, this
crossing percept appeared more frequently than the bouncing or
‘else’ percept. None of the stimuli with an asymmetrical overlap
gave rise to a clearly dominant percept, although the number of
bouncing percepts increased as the overlap duration in these stim-
uli became longer. Lengthening just one side, i.e., not lengthening
the other side, of the overlap thus seemed not to facilitate percep-
tual organization into bouncing percepts. Whereas in Experiment
1 bouncing was significantly more often perceived than crossing
in the gap-transfer stimuli, and in the gap-transfer control stim-
uli with the symmetric 1500-ms overlap, the comparable stimuli
shaped here with an asymmetric 1500-ms overlap did not show
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Fig. 5. The results of Experiment 2 for the gap-transfer stimuli, the gap-transfer control stimuli, and the no-gap stimuli. Black symbols indicate the crossing percept, and
white symbols the bouncing percept. The asterisks show cases where crossing was significantly more frequently perceived than bouncing + ‘else’ percepts (p<0.05). ‘LC’ near
a black (crossing-percept) symbol indicates that the longer pitch trajectory in the percept was heard significantly as more continuous than the short trajectory (p<0.05).

significantly more bouncing percepts. It will be a critical step to
clarify what hampers bouncing percepts in such asymmetric stim-
ulus patterns.

The most important issue to be noticed is that, once a crossing
percept took place, the longer glide tended to be perceived as more
continuous than the shorter glide (as indicated by “LC” in Fig. 5).
This was the case for all gap-transfer stimuli. Even when crossing
percepts were not dominant, the gap transfer illusion, in a broader
sense, took place for crossing percepts. This is in line with our ex-
planation of the illusion, in which the temporal proximity between
the onset of a glide and the offset of another glide is considered to
construct an illusory tone between them (with supporting data on
the natures of the illusory tones in Kanafuka et al., 2007).

In the stimuli with the asymmetric overlap, one overlapping
part is notably short in absolute terms (i.e., 250 or 200 ms). The
sound edges delimiting the notably short part fall within a tempo-
ral window of “compulsory” auditory integration (for a discussion
see Yabe et al,, 1997; Remijn and Nakajima, 2005), facilitating the
perception of a short tone either before or after the gap. If a cross-
ing percept takes place in the present paradigm, this should cause
the gap transfer illusion, and, if a bouncing percept takes place,
this should become a separate part of a bouncing trajectory.

9. Experiment 3

The stimuli as used in Experiment 2 were employed with three
different slope configurations. We wished to examine the results
of Experiment 1, which showed that a difference in slope between
the two crossing glides facilitated a crossing perceptual organiza-
tion, and that the temporal proximity between an onset and an
offset was essential to connect them illusorily.

9.1. Stimuli and procedure

Stimuli with the same overlap configurations as used in Exper-
iment 2 were employed, each with three variations in the slope
of the short glide. The long glide in each stimulus moved with
a speed of ~0.80 oct/s, while the short glide was either ~0.27
oct/s, ~0.80 octfs, or ~2.39 oct/s (0.08 /s, 0.24 1/s, or 0.72 1Js,
exactly, on a common logarithmic scale). In total, 90 stimuli were
employed (3 stimulus types x 2 long-glide directions x 5 overlap
configurations x 3 slope configurations).

The participants first listened to the 90 stimulus patterns once
in random order, and they performed a training session of 10 trials
in order to get familiar with the stimuli and the task. No feedback
to their responses was given. After that, the stimuli were presented
to the participants in 5 blocks of 18 stimuli each, with two warm-
up trials added to each block.

10. Results

From the 720 judgments in total (90 stimuli judged by 8 par-
ticipants), in all but 3 cases a crossing or a bouncing percept was
heard. Two-tailed sign tests (p<0.05) were performed over the
combined ascending and descending conditions to test for domi-
nance basically between these percepts. The results are shown in
Fig. 6, in which the asterisks show cases where crossing was sig-
nificantly more frequently perceived than bouncing and ‘else’ per-
cepts (combined). The indication ‘LC’ near a black symbol indi-
cates that, within a crossing percept, the long pitch trajectory was
judged as significantly more continuous than the short pitch tra-
jectory (p<0.05).

The results obtained with the 250/250-ms configuration (with
the shortest overlaps) were as described below. When the slope of
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Fig. 6. The results of Experiment 3 for the gap-transfer stimuli, the gap-transfer control stimuli, and the no-gap stimuli. Black symbols indicate the crossing percept, and
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the short glide was 0.27 oct/s, significantly more crossing percepts
than bouncing and ‘else’ percepts were heard in all stimuli. This
was also the case in the 0.80-oct/s condition but only in the gap-
transfer stimuli and in the gap-transfer control stimuli. When the
short glide moved with 2.39 oct/s, the dominance of crossing per-
cepts occurred as well, though not significantly for the gap-transfer
stimulus. In all gap-transfer stimuli with the 250/250-ms config-
uration, the crossing percepts were generally dominant, and the
long trajectory was more continuous: The gap transfer illusion ap-
peared in a typical manner.

Also in many gap-transfer stimuli in which the crossing per-
cepts were not significantly dominant, the longer trajectory in the
crossing percept was significantly more continuous: The gap trans-
fer illusion often appeared in a weaker manner. When the slope
of the short glide was the steepest, 2.39 oct/s, the gap transfer il-
lusion including such weaker cases took place in all gap-transfer
stimuli (Fig. 6).

Since the amount of bouncing percepts reported by the partic-
ipants was not small, we had an opportunity to have a look at
the (dis)continuity of bouncing pitch trajectories too. Overall, 84
bouncing percepts were reported in gap-transfer stimuli (see the
white circles in Fig. 6) with an unequal overlap configuration (i.e.,
1250/250 ms, 750/250 ms, 250/750 ms, and 250/1250 ms), thus
with either a shorter upper trajectory or a shorter lower trajectory
(“shorter” means 250/2500 ms or 2500/250 ms compared, for ex-
ample, with 2500/750 ms or 1250/2500 ms). (Perfect or partial)
discontinuity was perceived in 78 among the 84 bouncing cases:
only in the longer trajectory in 9 cases, only in the shorter tra-
jectory in 62 cases, and in both trajectories in 7 cases. Typically
(in 71 among all 84 bouncing cases) discontinuity appeared in one
of the two trajectories, but not in both, and mostly (in 62 cases)
in the shorter trajectory associated with the shortest (250- or
200-ms) overlap.

11. Discussion

Fig. 6 shows that the stimuli with a relatively steep short glide
(2.39-oct/s condition), against the long glide, facilitated crossing
better than a stimulus with a less pronounced slope difference be-
tween the long and the short glide. In terms of the current ex-
planation for the gap transfer illusion, the issue is important since
the slope influences the frequency proximity between the sound
edges that are potentially supposed to be integrated into short,
illusory tones. When the short glide is relatively shallow, its on-
set frequency is closer to the offset frequency of the first long
glide component before the gap. A steep short glide has an on-
set frequency that is farther away in frequency from the offset fre-
quency of the first long glide component. Because frequency prox-
imity between sound edges improves with a shallower slope, one
might expect more compulsory gap transfer to occur in shallow-
sloped glide stimuli. However, the results of Experiment 1 (the
fixed-duration stimuli) and Experiment 3 indicate that stimuli with
a relatively steep short glide give rise to robust gap transfer, in the
broader sense, despite the relatively weak frequency proximity be-
tween the relevant sound edges.

One plausible explanation for this robust gap transfer is
that fast-moving glides are perceptually less coherent. The edge-
integration account for the gap transfer illusion maintains that
sound edges from physically different sounds break off from their
carrier sound and connect to one another. If the slope of a glide
is shallow, the glide as a whole makes a relatively strong percep-
tual entity making its edges less prone to segregation. Whatever
explanation may be given, it has become clear that the frequency
proximity between an onset and an offset does not play an impor-
tant role in the auditory organization related to the gap transfer
illusion.

10
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In our earlier research, the effect of slope on the perception
of two partly overlapping gliding tones has been explained in the
same way. Depending on their frequency separation, two partly
overlapping glide tones of the same duration can be perceived as
consisting of a continuous pitch trajectory which is as long as the
whole pattern, accompanied by a short tone in its temporal mid-
dle (Remijn and Nakajima, 2005). The short tone is assumed to be
the result of the perceptual integration of the onset of the second
glide to the offset of the first. The perception of the short tone,
however, becomes less compelling when the slope of the glides
becomes shallower, or zero, i.e., when the stimulus consists of two
partly overlapping steady-state tones. Here too, it is feasible that
the sound edges delimiting the overlap are less likely to split off
of their carrier, because the carrier sounds themselves make strong
perceptual entities (see Remijn et al., 2008, for detailed discussion).

12. General discussion

Three experiments were performed to further investigate fac-
tors that promote the perception of two crossing pitch trajecto-
ries in gap-transfer stimuli and related stimuli. Proceeding from
the fact that temporal sound edges (i.e., onsets and offsets) have a
strong neurophysiological representation (e.g., Petkov et al., 2007;
Ramamurthy and Recanzone, 2017) and constitute the frame-
work of auditory events, we hypothesized that the proximity be-
tween onsets and offsets is vital to cause the gap transfer illusion
(Nakajima et al., 2000). In order to investigate this, we therefore
varied the proximity (distance) systematically. In a series of con-
ditions in Experiment 1, the proximity between onsets and offsets
was varied only in time, in another series it was varied only in
(logarithmic) frequency, and there was also a series in which the
proximity was varied together both in time and in frequency. In-
evitably, also the slope of the shorter glide was varied. The most
important finding was that the proximity between onsets and off-
sets in time, but not the proximity in frequency, is a key factor
to construct the two illusorily divided tone components in the
gap transfer illusion. Another important finding, for which we may
need another series of studies, was that bouncing percepts can be
dominant only when the ascending and descending glides have the
same slopes, and only when the shorter glide is not too short.

In order to confirm that the temporal proximity plays an impor-
tant role, we started from stimuli in which the shorter glide was
as short as 500 ms, and lengthened only the preceding or the suc-
ceeding half of it in Experiments 2 and 3. This sometimes made
the occurrence of the crossing percepts less frequent, especially
when the ascending and the descending glide had the same slope,
but, once crossing percepts took place, the longer glide tended to
be perceived as more continuous. In this sense, the gap transfer il-
lusion, in a broader sense, turned out to be very robust, and the
temporal proximity between onsets and offsets explains the situa-
tion well. The gap transfer illusion in this broader sense was not
observed in the expanded fixed-frequency stimuli in Experiment 1,
in which the temporal proximity between onsets and offsets were
weak both before and after the gap.

Getting into details, Experiment 1 showed that illusory gap
transfer occurred in gap-transfer stimuli in which a 5000-ms long
glide crossed with a 500-ms short glide. When the short glide du-
ration (= the overlap duration plus the gap duration) increased
to 1500 or 2500 ms, typical gap transfer subsided, and the stim-
uli were significantly more often perceived as bouncing than as
crossing. In bouncing percepts, a checkmark-shaped pitch trajec-
tory was heard along with an inverted checkmark-shaped trajec-
tory, roughly speaking. It seems that, when the physically cross-
ing sounds become more similar in duration, more frequently
the bouncing percept appears. This should be connected to visual
streaming-bouncing (Metzger, 1934), in which similarity between
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(physically crossing) objects is a prerequisite for the perception of
bouncing.

It is remarkable in the obtained auditory bouncing percepts that
the gap was exclusively allocated, in most cases, either to one or
the other checkmark-shaped trajectory-but not to both. The re-
sults of Experiment 3 clearly indicated that the gap tends to be
allocated to the shorter trajectory, but we would need more data
to take up this issue systematically. A similar perceptual mecha-
nism to the mechanism to cause the gap transfer illusion is likely
to have worked as will be discussed below.

With regard to the explanation of the gap transfer illusion in
terms of Auditory Grammar (Nakajima et al., 2014), the present
data clearly show that the illusory coupling of sound edges oc-
curs when they are notably close in time (200 ms = 250 - 50 ms,
subtracting a half of the gap duration). When the short glide du-
ration increases, either in both directions or in one direction, i.e.,
when the temporal proximity between the relevant sound edges
decreases, the number of bouncing percepts increases. The tempo-
ral proximity between the onset of the short glide and the offset
of the long glide component before the gap, and - likewise - the
temporal proximity between the onset of the long glide component
after the gap and the offset of the short glide, thus, are impor-
tant for the crossing percept to occur compulsorily in the present
paradigm: Once the onsets and the offsets are interpreted for au-
ditory organization, they are not to be interpreted again, thus leav-
ing the long trajectory continuous (Nakajima et al., 2014). The tem-
poral gap in the long glide in a gap-transfer stimulus was almost
never perceived in its physical place in spite of many stimulus vari-
ations.

Experiments 2 and 3 particularly probed whether the occur-
rence of the gap transfer illusion would change if stimuli had an
asymmetrical overlap. In the stimuli with overlap configurations
of 1250/250, 750/250, 250/750, or 250/1250 ms, the crossing per-
cept still appeared, although not dominantly, and the gap tended
to be perceived in the shorter pitch trajectory including a portion
emerging from the 200-ms overlap. Experiment 3 confirmed that,
when crossing was heard in stimuli with an asymmetrical overlap,
the gap was typically attributed to the shorter pitch trajectory. It is
remarkable that, even when bouncing was heard, the gap tended
to be in the shorter pitch trajectory - the trajectory that emerged
from the 200-ms overlap. These results again indicate that tem-
poral proximity between sound edges is an essential determining
factor in auditory event formation.

The results of Experiment 3 suggest that slope difference be-
tween the longer and the shorter glide facilitated crossing. As
an extension of Nakajima et al’s theoretical framework (Auditory
Grammar), this indicates that auditory event formation based on
sounds with relatively swift changes in frequency, which should
make the filling cue between the onset and the offset of a sound
less stable as a single perceptual unity, relies more on building a
perceptual skeleton from the temporal edges of sounds. As pointed
out in Kuroda et al. (2010), Bregman and Dannenbring (1977) al-
ready mentioned that frequency-modulated tones cause a spe-
cial mode of perception when determining sound continuity or
discontinuity. Compared to steady-state or slow-moving sounds,
fast-moving sounds that traverse a large frequency range stimu-
late many neurons with different frequency response characteris-
tics whose excitation persists only briefly. In determining sound
(dis)continuity, for the auditory system to rely upon these brief ex-
citation patterns may result in incoherent auditory organizations:
It would be difficult to judge whether there are many cues or just
one. Instead, building an auditory-event framework initially based
on neural excitations patterns in response to sound onsets and off-
sets may be more efficient.

In fact, research on speech and music has shown that the au-
ditory system can make use of both of the following temporal as-
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pects: the temporal fine structure of sound, with short duration
cues of some tens of milliseconds (30-50 Hz range; Giraud and
Poeppel, 2012), along with information that falls within a larger
time scale of several hundreds of milliseconds (2-5 Hz; e.g,
Ding et al., 2017). The auditory system thus has the capacity to reg-
ister information by means of different temporal windows, and in-
formation regarding different sound edges falling within the same
time window of several hundreds of milliseconds can be subject
to mandatory integration in an initial auditory-event framework
as suggested earlier (e.g., Yabe et al., 1997; Remijn and Naka-
jima, 2005). This integration might occur even if a large frequency
separation exists between the relevant sound edges as in the case
of a large slope difference, such as in Experiment 3 when the short
glide was 2.39 oct/s and the long glide 0.80 oct/s.

As a step to verifying our findings, we made a new auditory
demonstration (Fig. 7). It was confirmed in the present series of
experiments that the onset of a glide and the offset of a glide
are more likely to be connected perceptually if they are closer
in time. Perceptual integration of such temporal sound edges in-
deed occurred whether or not they belonged to the same glide
component, often compulsorily if the temporal distance between
the sound edges was relatively short, i.e.,, 200 ms. This introduced
us to a new version of an auditory illusion we reported previ-
ously (Nakajima et al., 2000; Remijn et al., 2001; Remijn and Naka-
jima, 2005).

We made an example of such an illusory stimulus: A glide com-
ponent moved from 500.0 to 1148.7 Hz taking 1200 ms, and an-
other glide component of the same amplitude and duration moved
from 957.6 to 2200.0 Hz (Fig. 7A). They both had rise and fall times
of 15 ms. These components were presented in this order with an
overlap of 200 ms at the temporal center, and thus comprised a
stimulus pattern of 2200 ms. Typically, a long ascending tone and
a short tone in the middle were perceived, thus the physical con-
figuration of the stimulus pattern was not preserved: What we call
the split-off effect appeared. Our argument goes that the onset of
the second glide component and the offset of the first glide com-
ponent, away from each other just by a short distance of 200 ms,
are recoupled perceptually constructing an illusory auditory event:
the short tone in the middle of the long tone.

In a new variation of this stimulus, we introduced a silent gap
of 10 ms in the middle of the pattern (Fig. 7B), in both glide com-
ponents. Since there were a fall time and a rise time of 15 ms be-
fore and after this gap, the effective gap duration measured as the
distance between the —3-dB points was 29 ms. A typical percept
of this stimulus consisted of a long ascending glide and two suc-
cessive short tones in the middle. If our previous argument can be
extended, the onset of the second glide component is perceptually
connected to the common offset to begin the gap, and the common
onset to end the gap to the offset of the first glide component. Two
short auditory events are thus constructed. It is remarkable that a
long ascending glide without a gap was perceived; the offset and
the onset to begin and to end the gap had been interpreted al-
ready to construct the percepts of the two short tones, and thus
it was not necessary to interpret them again because the gap was
not long enough as a cue of a silence (see Remijn et al., 2007).

Interestingly, almost the same percept appeared even when the
gap in the middle remained only in one of the two overlapping
components (Fig. 7C and D). The configuration of the onsets and
offsets did not change much in this case, and it seems that the
silent part in the middle that appeared when the gap was put in
both components did not play a substantial role perceptually to
construct a temporal skeleton (see Nakajima et al., 2014, for fur-
ther theoretical details; the perception of the first offset may be
suppressed finally leaving two temporally adjacent short tones, but
this is beyond the scope of this paper). The present argument held
also when the stimulus patterns as described above were reversed
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Fig. 7. Schematic impression of stimuli consisting of two partly-overlapping glide tones. In the temporal middle of the stimuli the frequency glides were either physically
continuous (A) or discontinuous, with a 10-ms gap delimited by 15-ms rise and fall times in both glides (B), only in the lower glide (C), or only in the upper glide (D).

in time comprising stimulus patterns of descending glide compo-
nents.

Taken together, the above-described demonstration shows that,
within a certain temporal window, mandatory integration of sound
edges occurs, and that stronger temporal proximity has priority.
Once the edges have been assigned to an auditory event, they
are not allocated to another event (unless required by the con-
text), which in this case leads to illusory continuity of a sound
with a physical gap. The brief lack of sound energy in between
the temporal sound edges thus does not much affect the auditory
(dis)continuity, and only the temporal sound edges play certain
roles.

In the stimuli described above, as well as in the stimuli used
in the present experiments, the perceived gap is often included in
the perceptual organization of the most recent sound that enters
the listener’s ear, the short pitch trajectory. The gap is seldom al-
located to the starting, ongoing long pitch trajectory in crossing
percepts in the present paradigm. It is feasible that the auditory
system, in order to reduce processing load, puts new sensory infor-
mation into the most recently formed auditory organization, unless
its spectrotemporal content fits undeniably into the “old” auditory
organization (Remijn et al., 2007). This should be closely related to
what Bregman (1990) calls the “old-plus-new” heuristic. Although
perceptual roles of onsets in related situations have been empha-
sized, the roles of offsets have not yet been investigated system-
atically. For an auditory event to be constructed, however, an off-
set cue presented without an onset cue can even induce an illu-
sory onset (Sasaki et al., 2010). If the auditory system detects a
new offset, very probably it is obliged to check whether there is,
or was, an onset to be connected to this offset, and we are in-
clined to think from the present results that the auditory system
prefers to connect an onset and an offset that are close to each
other, and as far as possible within the same temporal window of
several hundreds of milliseconds: An offset prefers a new onset.
This mechanism should work more easily if an onset and an offset
are not connected strongly to the carrier sound as in a steep glide.
Contrarily, a steady-state filling between an onset and an offset is
likely to be preserved as a single perceptual entity. To think how
onset cues and offset cues work together in time will be an impor-
tant part of future research.
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