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The secondof two consecutively presented sounds may be perceivedas being longer than if that sound had
beenpresentedin isolation.Weperformedfive experimentsusingheterophonicpatternsin whicha sinetone was
precededby a frequency-band noise.Weobserved significantoverestimations of sine-toneduration,the size of
whichdependedon intensityandfrequency differencesbetweenthebandnoise and the sinetone(Experiments1
and 2). Band noises that were considerably shorter than the sine tone still caused significant overestimations
(Experiment3). A short silent gap between the band noise and the sine tone strongly reduced the amount of
overestimation (Experiment4). Bothfrozenand nonfrozenbandnoisesyielded overestimations (Experiment5).
Ourexplanation for the overestimation is that the onset of the sinetone is blurred by thebandnoiseand that such
a blurredonset is restored at the levelof perceptual organizationfollowingrules ofa simpleauditorygrammar.
This restorationtakes mentalprocessingtime, which adds to the perceivedduration of the sinetone.Wecall this
illusion timestretchingand discuss the notion that subsequenttemporalassimilationand/orcontrasteffects can
dilate or compressthe amountof stretching.

In the last four decades, the discovery and interpretation
ofmany illusions and anomalous phenomena in the audi
tory modality have given impetus to the study ofauditory
perception and cognition. Important contributions have
been made by, among others, Bregman (1990), Deutsch
(1986, 1999), Handel (1989), van Noorden (1975), and
Warren (1982, 1999,2008). Many auditory phenomena
that they describe pertain to processes in which time,
pitch, and space interact (e.g., auditory streaming, scale
illusion, and continuity illusion).

In a series of studies, we have reported an auditory il
lusion on the temporal dimension. This illusion, which
we call lime shrinking, is described as follows: When an
empty time interval 12 is immediately preceded by a shorter
empty interval II> the duration of 12 can be considerably
underestimated (see Figure IA for the temporal pattern).
We give just two quantitative examples: (I) In the pattern
/50/1001 msec (the symbol Irepresents a very short delim
iting sound marker), the point ofsubjective equality (PSE)
of12 is about 60 msec (Nakajima, ten Hoopen, Hilkhuysen,
& Sasaki, 1992), and (2) in the pattern 116012401 msec, the

PSE of t2 is about 200 msec (Nakajima, ten Hoopen, &
van der Wilk, 1991).

Time shrinking is very robust and stable (e.g., Suetomi
& Nakajima, 1998). The illusion can also be observed with
sequences containing more than two time intervals (Remijn
et al., 1999; Sasaki, Suetomi, Nakajima, & ten Hoopen,
2002; ten Hoopen et aI., 1995) and hardly disappears even
when the sound markers delimiting the time intervals differ
hugely in intensity (ten Hoopen et aI., 1993) or in frequency
(Remijn et al., 1999). The time-shrinking process seems,
therefore, to operate within our central auditory system,
rather than peripherally. For our explanation of the time
shrinking process, we refer to Nakajima, ten Hoopen, et al.
(2004). That study also investigated the boundaries of the
illusion, revealing that when the difference between 12 and
I) reaches about 100 msec, there is a sudden release from
time shrinking, and when t) gets longer than about 200
240 msec, the illusion disappears as well. (See also Mi
tsudo et al., 2009, and Takeichi et al., in press, for electro
physiological evidence for temporal assimilation, including
time shrinking.)
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as our previous experiments (using empty intervals), tz
had to be subjectively matched in duration by a variable
comparison duration to establish the PSE oftz- The values
varied in 40-msec steps between 40 and 280 msec for t I

and between 80 and 280 msec for tz. On the assumption
that time shrinking operates similarly on both filled and
empty duration patterns, the expectation was that tz could
be underestimated in It}ltzl patterns in which tz - tl is 40
or 80 msec. However, this was not the case: In almost all
conditions, overestimation ofthe tz duration was found.

Because Sasaki et at. (1993) was reported in Japanese
and may not be easily accessible, we reproduce Figure 2
from that study here, also as Figure 2. As can be seen,
overestimation increased rapidly when the duration of the
more intense leading tone increased from 80 to 120 to
160 msec, beyond which value the overestimation stayed
approximately at plateau. The overestimation also in
creased approximately with increasing tz duration. The
greatest overestimation of tz was 29 msec (in the pattern
280-240 msec). The authors proposed that the percep
tual process yielding this unexpected result might be re
lated to the same process as that underlying the auditory
continuity illusion.

Many investigators reported the illusory continuation
of a sound if it was partly interrupted by another, more
intense sound (e.g., Elfner & Caskey, 1965; Houtgast,
1972; Plomp, 1981; Thurlow, 1957; Vicario, 1960; War
ren, Obusek, & Ackroff, 1972). In several studies, both
sounds (the less and more intense ones) were alternated
repeatedly, and the illusion has been aptly compared
with the visual "picket fence effect" (Miller & Licklider,
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Figure 1. (A) Stimulus pattern in which the participant has
to adjust a variable empty time interval t. (the comparison) to
the empty time interval t2 (the standard), which is preceded by
a shorter empty time interval t1• The bars represent very short
sound markers delimiting the intervals. (B) Stimulus pattern in
which the participant has to adjust a variabie filled duration t.
to the nlled duration t2 (the standard), which is preceded by a
shorter ("died duration tl. The different heights ofthe ("died dura
tions represent the intensity-level difference necessary to distin
guish t2 from tl.
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If this illusion indeed arises at a central auditory level,
it is reasonable to suppose that it can be observed with
filled duration patterns as well. Sasaki, Nakajima, and ten
Hoopen (1993) tested this hypothesis. Temporal patterns,
comprising two I-kHz sine tones, were presented. In order
to enable the listener to distinguish between the two con
tiguous filled durations t} and tz, tl was presented at 76 dB
SPL and tz at 70 dB SPL (see Figure IB). In the same vein
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Figure 2.The overestimations ofthe second tone (tz) as a function ofthe dura
tions ofthe nrst and second tones (t1and t2' respectively), as reported by Sasaki,
Nakajima, and ten Hoopen (1993). From "The Effect ofa Preceding Neighbo....
ing Tone on the Perception ofFilled Durations," by T. Sasaki,Y.Nakajima, and
G. ten Hoopen, 1993, Proceedings ofthe Acoustical Society ofJapan, Spring
Meeting, pp. 347-348. Copyright 1993 by the Acoustical Society of Japan.
Adapted with permission.
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1950): The softer sound appears to continue behind the
louder one. Vicario coined the term acoustic tunnel ef
fect. The often-accepted explanation of the continuity il
lusion is the rule given by Warren et a1. (1972): "Ifthere is
contextual evidence that a sound may be present at a given
time, and if the peripheral units stimulated by a louder
sound include those which would be stimulated by the
anticipated fainter sound, then the fainter sound may be
heard as present" (p. 1151). Although the classic studies
that investigated the illusion of auditory continuity often
used a paradigm of repeatedly cycling fainter and louder
sounds (for an overview, see Plomp, 2002), it is clear that
the smallest building block of the auditory picket fence is
the sequence faint sound-loud sound-faint sound. There
are indeed several examples indicating that the continu
ity illusion already works convincingly in such conditions
(e.g., Bennett, Parasuraman, Howard, & O'Toole, 1984;
Ciocca & Bregman, 1987; Kluender & Jenison, 1992;
Riecke, van Opstal, & Formisano, 2008).

Veda and Ohtsuki (1996) offered evidence against
Sasaki et a1.'s (1993) surmise that their finding might
be related to the continuity illusion. They replicated Sa
saki et a1.'s study with an improvement: They varied the
intensity-level difference (ILD) between the leading tone
and the contiguously trailing tone. The trailing tone was
at 70 dB SPL, whereas the leading tone could be at 76 or
64 dB SPL. In the pattern 280-240 msec, for which Sasaki
et a1. (1993) found the biggest overestimation (29 msec),
Veda and Ohtsuki indeed established an overestimation of
32 msec ofthe second tone when the first tone was 76 dB,
but they also established an overestimation of 28 msec
when the first tone was 64 dB; these overestimations did
not differ significantly from each other. Hence, Veda and
Ohtsuki argued that Sasaki et a1.'s surmise that Warren
et a1.'s(1972) potential masker rule could explain the illu
sory lengthening was wrong. Veda and Ohtsuki discussed
(but rejected) another explanation of the lengthening of
the second tone: that the second tone of 240 msec might
have been assimilated to the duration of the first tone of
280 msec. The authors concluded that neither Warren's
rule nor duration assimilation could explain the overesti
mation of the filled t2 durations, a new illusion for which
we coin the term time stretching.1

Two unpublished studies (Bakker, Balabanova, van
Bommel, Hovers, & Vlasblom, 1994; Simons, 1995) car
ried out slightly before Veda and Ohtsuki (1996) in the
laboratory ofG.t.H. support the results of the latter study.

Because neither study is easily accessible, we discuss them
in slightly more detail than usual. Bakker et a1. presented
a stimulus pattern in which a 200-msec band noise be
tween 900 and 2000 Hz immediately preceded a standard
200-msec sine tone. The standard sine tone could be 900,
1342, or 2000 Hz, and the intensity level ofthe band noise
was 0, 5, or 10 dB higher than that of the sine tone. In
both the experimental (band noise-sine tone) and control
(sine tone presented solely) trials, a comparison sine tone
followed after a silent interval of a random duration last
ing between 500 and 1,000 msec. Participants were con
fronted with the method ofconstant stimuli. The duration
ofthe comparison sine tone varied from 80 to 320 msec in
15-msec steps, and 17 comparison values were randomly
paired with the standard sine tone. From the percentages
ofjudgments "shorterllonger" than the standard, the PSEs
were calculated for the experimental (exp) and the control
(con) trials. The results showed that the overestimation
(PSEexp - PSEcon) was not much affected by intensity
level conditions or by frequency relations between neigh
boring sounds (see Table 1).

Simons (1995) presented stimuli consisting ofa 1,000
msec 1/3-octave band noise located around 1 kHz in loga
rithmic frequency, followed immediately by a 200-msec
standard sine tone (note that possible assimilation was
avoided by the choice ofvery different durations between
the noise and the tone). The standard sine tones were 500,
1000, and 1600 Hz, and the ILDs between the band noise
and the sine tone were 6, 0, and - 6 dB. The participants
were required to adjust the duration of a comparison sine
tone, presented 3,000 msec after the standard sine tone.
In the control condition, a comparison sine tone followed
the standard sine tone, which was not preceded by a band
noise. When the band noise was 6 dB more intense, Simons
found a 30-msec overestimation of the 200-msec I-kHz
tone. This overestimation was significant; note the strik
ing similarity of the amount of overestimation, 30 msec,
to the overestimations of29 msec reported by Sasaki et a1.
(1993) and 32 msec reported by Veda and Ohtsuki (1996).
When the band noise and the tone had equal intensity (the
O-dB condition), Simons found a significant overestima
tion of20 msec ofthe 200-msec tone. Even when the tone
was - 6 dB with respect to the band-noise intensity level,
Simons found a small but significant overestimation of
5 msec. The same pattern of diminishing overestimations
from 6 to 0 to - 6 dB was found when the sine tone was
500 Hz (from 15 to 11 to 5 msec, all three values being

Table 1
Results of Bakker et al, (1994): Experimental and Control Points of Subjective Equality (PSEs)

in Milliseconds As a Function of the Intensity-Level Difference Between Band Noise
and Sine Tone, Dependent on Sine-Tone Frequency

Intensity-Level Difference

OdB 5 dB lOdB

Sine-tonefrequency(Hz) 900 1342 2000 900 1342 2000 900 1342 2000
PSE~p(msec) 240 237 224 247 236 233 249 232 236
PSE~(msec) 208 199 202 208 199 202 208 199 202
Durationoverestimation (msec) 32 38 22 39 37 31 41 33 34

Note-The duration overestimationsof the 200-msec sine tone are the differences between the experimental
and control PSEs (PSEexp- PSEcon).



significant) and when it was 1600 Hz (from 22 to 13 to
-2 msec, the first two values being significant). Bakker
et al.'s (1994) and Simons's results support Veda and Oh
tsulci's study. The results of Sasaki et al. (1993) and Veda
and Ohtsuki, applying homophonic (tone-tone) patterns,
and those of Bakker et al. and Simons, applying hetero
phonic (band noise-tone) patterns, also converge rather
well numerically.

An explanation of the results of these four studies
in terms of Warren et al.'s (1972) potential masker rule
would seem implausible, because (I) the stimulus patterns
had not even the necessary minimum configuration (faint
sound-loud sound-faint sound) to make Warren's rule
work, (2) overestimations were also found, even when the
preceding tone or noise was less intense than the standard
sine tone to be judged for duration. A clue to an alternative
explanation is Bregman's (1990) argument regarding the
continuity illusion, that the louder sound might also actu
ally mask the offset and onset of the interrupted fainter
sound. In case of the stimuli used in the four studies we
have discussed (tone-tone and band-noise-tone patterns),
Bregman's argument pertains to forward masking of the
onset of the standard sine tone by the preceding tone or
band noise. We hypothesize that actualforward masking
obscured the onset of the tone, which has to be restored
perceptually to make possible the duration judgment of
the tone.

Our Web site2 contains an audio demonstration with a
stimulus similar to those used by Simons (1995). An 800-Hz
tone lasting 200 msec is preceded immediately by a 1,000
msec band noise from 400 to 1600 Hz. After 1,500 msec,
this heterophonic pattern is followed solely by the 800-Hz,
200-msec tone, the duration ofwhich appears to beclearly
shorter than the same tone that was preceded by the band
noise. The demo also contains a control condition in which
the tone is presented alone twice, and both instances sound
equally long. Besides the experimental band-noise-tone
pattern demonstrating a clear illusory lengthening of the
tone, one can also hear that the tone starts before the band
noise stops. Such a too-early apparent onset reminds us
of studies by Wrightson and Warren (1981) and Warren,
Bashford, Healy, and Brubaker (1994).

Wrightson and Warren (1981) reported evidence for
illusory lengthening of the fainter tone in the paradigm
of repetitive alternation. In their study, a 70-dB sine tone
lasting 1,000 msec, alternating with an 80-dB band noise
lasting 500 msec, had to be judged for apparent onset and
offset times. When the tone frequency was within the fre
quency edges of the band noise, the apparent onset was
too early by 101 msec, whereas the apparent offset was too
late by 112 msec. Given that the task of matching onsets
and offsets ofthe fainter sound measures the same thing as
a direct estimation or adjustment ofits duration, the dura
tion of the I,OOO-msec tone in Wrightson and Warren's
study wasoverestimated by 213 msec.

Whereas Wrightson and Warren (1981) measured ap
parent onsets and offsets and deduced illusory lengthen
ing of the fainter tone from these values, Warren et al.
(1994) straightforwardly established the apparent dura-
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tion ofthe fainter tone by the method ofadjustment. They
reported increases in the apparent duration of the fainter
tone (the inducee), when alternated with a tone ofhigher
intensity (the inducer). The inducer was a 70-dB, I-kHz
sine tone, and the inducee was a 66-dB sine tone, vary
ing between nine frequency values (one was I kHz, and
the other eight frequencies were I, 2, 6, and 10 semitones
higher or lower). Both the inducer and the inducee lasted
200 msec. It was established that the subjective duration
of the I-kHz inducee was 400 msec-that is, it continued
completely behind the inducer. Incomplete continuity was
found for the other frequencies. The subjective durations
of the inducees were significantly longer than were their
baseline subjective durations (measured in absence ofthe
inducer), except for frequencies that were 6 and 10 semi
tones lower than I kHz. It was found that the closer the
frequencies of inducer and inducee were to one another,
the larger the duration overestimation ofthe inducee be
came, in particular when the frequency of the inducee
was higher. In sum, in addition to complete temporal in
duction when the frequencies of the louder and fainter
sine tones were both 1 kHz, we have examples of in
complete temporal induction in the Warren et al. (1994)
study. With all respect for the long-standing creative and
productive work ofthe Warren group, we strongly surmise
that the phenomenon ofincomplete temporal induction is
rather the result ofactual forward and backward masking
ofonsets and offsets and might not be related to classic il
lusory auditory continuity for which potential simultane
ous masking seems to be a plausible explanation.

Our aim in the present study was to extend our knowl
edge of the process underlying time stretching. We in
creased the duration of the trailing sine tone well beyond
the relatively short durations (80-280 msec) applied in
previous experiments: 200-800 msec in Experiment 1 and
100-800 msec in Experiment 2. We varied ILD in Experi
ments 1 and 5. The frequency relation between the sine
tone and preceding band noise, expressed as octave dif
ference, was varied in Experiment 2. The duration of the
preceding band noise wasvaried in Experiment 3. We in
spected the effect ofinserting silent gaps ofincreasing du
ration between band noise and sine tone in Experiment 4.
Finally, in Experiment 5 we examined whether the use of
nonfrozen band noise yields patterns of time stretching
similar to those of frozen band noise. In the General Dis
cussion, we attempt to show that the auditory-continuity
and time-stretching illusions, despite their different per
ceptual processing origins, both can be understood in the
framework ofNakajima et al.'s (2000) "event construction
model," which is being developed as a general theory sub
suming the auditory grammar already proposed in 1996
(Nakajima, 1996; Nakajima & Sasaki, 1996). We also at
tempt to analyze how time stretching interacts with such
classic phenomena as temporal contrast and assimilation.

EXPERIMENT 1

The durations of the standard sine tones used in Sa
saki et al. (1993), Veda and Ohtsuki (1996), Bakker et al.
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(1994), and Simons (1995) were relatively short, and
their ranges were rather restricted. The maximum dura
tion overestimation in these four experiments was about
30 msec. A pilot experiment in G.t.H.'s laboratory, using
I-kHz standard sine-tone durations of 200, 400, and
600 msec, showed that their respective overestimations
increased from 40 to 85 to 90 msec when the preceding
1/3-octave band noise, lasting 1,000 msec, was 6 dB more
intense, and the respective overestimations increased from
30 to 65 to 85 msec when band noise and sine tone had
equal intensity (O-dBILD). Even when the band noise was
-6 dB (less intense than the sine tone), respective over
estimations increased from 15 to 20 to 35 msec for tone
durations of200, 400, and 600 msec. In the present exper
iment, we decided to add tone durations of 300, 500, and
800 msec to the pilot values of 200, 400, and 600 msec
and to keep the same ILDs (-6,0, and 6 dB).

Method
Participants. Five individuals, I female and 3 male Leiden Uni

versity students and G.t.H., participated. All had normal hearing
according to a screening with a pure-tone audiometer. Two of the
students were paid for their participation; the other 2 received cur
riculum credits. G.t.H. did not get bonuses.

Stimuli and Design. A l/3-octave band noise with a I-kHz center
frequency was sampled from Audio TestCD-I produced by the Japan
Audio Society, which we edited using sound software (GoldWave,
version 3.2) in such a manner that it had a duration of 1,000 msec,
including linearly ramped rise and fall times of 10 msec. Six sine
tones of 1 kHz were generated and edited with GoldWave, so that
they had durations of200, 300, 400, 500, 600, and 800 msec, includ
ing linearly ramped rise and fall times of 10 msec. Next, the band
noise and sine tones, which had a sample frequency of 22.05 kHz
and a resolution of 16 bits, were exported to MATLAB, the software
that was used to run the online experiment. The band noises and the
sine tones were further edited in MATLAB Professional (version
4.2, including the Signal Processing Toolbox [version 1.0], which
produced 16-bit samples at 44.1 kHz) such that the SPL ofthe band
noises was -6,0, or 6 dB relative to the SPL ofthe sine tones.

In the experimental condition, the sine tones were directly pre
ceded by the band noise, and in the control condition, the tones were
presented singly. Both the experimental and control stimuli were
followed by a comparison sine tone (CST) after an interstimulus
interval (lSI) of 2,000 msec. For the 200- and 300-msec duration
conditions, the initial duration of CST varied randomly from the
base duration (200 or 300 msec) in the range :t(130-170) msec, in
steps of 10 msec. For the 400- and 500-msec duration conditions,
the initial length of CST varied randomly from the base duration by
:t(230-270) msec, in steps of 10 msec. For the 600- and 800-msec
duration conditions, the initial CST varied randomly from the base
duration by :t(330-370) msec, in steps of 10 msec.

Procedure and Apparatus. The participants had to match the
duration of CST to that ofthe standard sine tone (SST) by the method
of adjustment. As described in the Stimuli and Design section, the
initial value of CST varied between trials and was either clearly
shorter thanSST (ascending trials, halfofthe trials) or clearly longer
than SST (descending trials, half of the trials). For both the experi
mental and control stimuli, there were three replications of which
every first replication was regarded as training, not to be included
in the analysis. There were 144 trials: 4 (3 SPL differences plus a
control) X 6 (tone durations) X 2 (ascending/descending) X 3 (rep
lications). The 144 trials were randomized and were then divided
over four sessions containing 36 trials each. A session lasted about
I h, with an obligatory 10-min break at the midpoint.

The participants were seated in a sound-attenuating booth in front
ofa computer screen that showed a horizontal slider bar in the mid-

dle of the screen and a slider button positioned midway along the
bar. The words SHORTER, PRESENT, and LONGER were positioned over
the left end, center, and right end ofthe slider bar. A button display
ing the word NEXT was positioned in the lower left-hand corner of
the screen. To hear the initial trial, the participant clicked the slider
button with the mouse pointer. After having heard the initial trial, the
participant could start adjusting CST by moving the slider button to
the left to shorten CST or by moving it to the right to lengthen CST'

After each adjustment, the slider button automatically jumped back
to the middle position, with the newly adjusted duration ofCST as its
reference point, ensuring that participants received no visual dura
tion clues. After each presentation ofthe stimulus, CST could be ad
justed in steps as small as 1 msec up to as much as 200 msec per pre
sentation. The maximum adjustable duration ofCST was1,500 msec,
and the minimum one was 20 msec. Participants were allowed to
hear as many presentations as they thought necessary, and at each
new presentation they heard SST and the most recently adjusted CST'

When confident that SST and CST sounded equally long, they could
click the NEXT button to trigger the next trial. The PSE resulting from
each trial was registered by the computer program.

Presentation of the stimuli and data collection were controlled
by a program written in MATLAB running on an IBM-compatible
computer with a Sound Blaster AWE32 sound card. The signals
were led through a 31-band graphic equalizer (Maruei Electric Co.,
MEQ-3100), an amplifier (NC AX211), and headphones (NC
HA-D500). The settings ofthe graphic equalizer were such that fre
quencies below 400 Hzand above 4000 Hz were attenuated by IS dB,
to prevent possible high- and low-frequency distortions. Frequencies
between 400 and 4000 Hz were not attenuated. A random sample of
stimuli was recorded with a DATrecorder (NC XD-Z505) for dura
tion calibration purposes. Duration calibration was deliberately per
formed on a totally different system-a Commodore Amiga 2000,
using Microdeal MegaloSound sampling software. SPL differences
were calibrated with a precision sound-level meter (Briiel & Kjaer
2203) mounted with an artificial ear (Briiel & Kjaer 4152) and a
microphone (Bruel & Kjaer 4144). The audiometric testing of the
participants was done with a pure-tone audiometer (Madsen Screen
ing Digital, DSA6214).

Results and Discussion
The results-that is, the PSEs in the experimental and

control conditions and their differences-are given in
Table 2. We first tested whether the overestimations (the
PSEexp - PSEcon values) were significant. At each com
bination of ILD and tone duration, we did a paired t test
(two-tailed), and it turned out that all overestimations at
oand 6 dB were significant. At - 6 dB, only the overes
timations of the 500- and 600-msec tone durations were
significant. Figure 3 shows the mean overestimations and
their standard errors dependent on ILD and tone duration.
Overestimations increased with increasing ILD. For all
three ILDs, a steep increase of overestimations can be
seen from 200 to 500 msec, and a decrease can be seen
from 600 to 800 msec.

We averaged the overestimations over ascending/
descending trials and over replications, and we submitted
those averages (of2 X 2 = 4 observations per participant
per condition) to a 3 (SPL differences) X 6 (tone dura
tions) X 5 (participants) repeated measures ANOVA. The
main effect ofILD was significant [F(1.385, 5.539) =
20.5,p < .007, 71~ = .837; here and later, all fractional dfs
are Greenhouse-Geisser corrected], and the main effect of
tone duration was significant as well [F(2.008, 8.031) =
10.65, p < .006, 71~ =.727]. The interaction between the
two factors was not significant (p < .254).
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Table 2
Experiment I. Mean Experimental Points of Subjective Equality (PSEu p) and Control Points

ofSubjective Equality (PSEcoll)As a Function oflntensity-Level Difference (lLD = -6,0, +6 dB)
and Tone Duration (200,300,400,500,600, and 800 msec)

Standard Sine-Tone Duration (msec)

ILD 200 300 400 500 600 800

-6 dB PSEexp (msec) 197 293 400 521 648 807
PSEcon (msec) 199 287 391 483 588 806
Duration overestimations (msec) -2 6 9 38 60 1

p< n.s. n.s. n.s. .005 .0001 n.s.
OdB PSEexp (msec) 219 317 429 566 682 850

PSEcon (msec) 199 287 391 483 589 806
Duration overestimations (msec) 20 30 38 83 93 44

p< .014 .004 .007 .00001 .00001 .04
6dB PSEexp (msec) 220 348 466 585 694 874

PSEcon (msec) 199 287 391 483 588 806
Duration overestimations (msec) 21 61 75 102 106 68

p< .005 .001 .00001 .00001 .00001 .002

Note-Duration overestimations = PSEnp - PSEcon; n.s. = not significant.

The major conclusions are (1) that increasing the sine
tone duration beyond the values used in the four time
stretching studies discussed in the introduction yielded
much larger overestimations (at tone durations of500 and
600 msec, overestimations even reached values of about
105 msec) and (2) that, even when the preceding band
noise was equally or less intense than the sine tone, many
significant overestimations were observed.

EXPERIMENT 2

purpose was to investigate whether the amount ofoveresti
mation ofthe sine-tone duration depends on the frequency
relationship ofband noise and sine tone. Although Simons
(1995) established the presence ofsuch a dependency, that
dependency was only for short tone durations; hence, we
added longer sine-tone durations here as well. Our second
purpose was to replicate the finding ofExperiment 1 that
the amount of overestimation of the sine tone decreases
for tone durations beyond 600 msec.

In this experiment, we varied the sine tones between
three frequency values and varied the center frequency of
the preceding band noise between the same three values.
We used all nine band-noise-sine-tone combinations. The

Method
Participants. Eight psychology students of Leiden University

participated They ranged in age from 21 to 27 years. Six were fe
male, and two were male. Seven participants passed a pure tone au
diometric screening for left and right ears. One student had a hearing
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Figure 3. Experiment I. The mean duration overestimations of the sine tone
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with the preceding 1/3-octave band noise, lasting 1,000 msec,
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Figure 4. Experiment 2. (A) Mean duration overestimations of
the sine tones as a function of tone duration and frequency dif
ference between band noise and tone (0, +1, +2 octaves) when
the center frequency of the preceding 1/3-octave band noise was
500 Hz. (B) Mean duration overestimations of the sine tones as
a function of tone duration and frequency difference between
band noise and tone (-1,0, + 1 octave) when the center frequency
of the preceding 1I3-octave band noise was 1000 Hz. (C) Mean
duration overestimations of the sine tones as a function of tone
duration and frequency difference between band noise and tone
(-2, -1,0 octaves) when the center frequency of the preceding
1I3-octave band noise was 2000 Hz.

loss of approximately 40 dB, but she decided to participate because
the students did the experiment as a team to earn curriculum credits.

Stimuli and Design. The control stimuli were 500-, 1000-, and
2000-Hz pure sine tones. In the experimental stimuli, these tones
were immediately preceded by 1/3-octave band noises centered
around 500, 1000, or 2000 Hz. The band noises had a 6-dB higher
intensity than the sine tones and had a duration of 1,000 msec. The
duration of the sine tones ranged between 100 and 800 msec in
100-msec steps. The sound stimuli were generated and presented
in the same way as in Experiment 1. In total, there were 3 (band
noise frequencies) X 3 (tone frequencies) X 8 (tone durations) =
72 stimuli. Because there were ascending and descending trials, we
had 72 X 2 = 144 experimental trials. The control condition com
prised 3 (tone frequencies) X 8 (tone durations) X 2 (ascending!
descending) = 48 trials. This created a total of 192 trials for each
participant (144 experimental + 48 control), and, because every trial
was replicated once, there were 384 trials.

Procedure andApparatus. The task, equipment, and calibration
were the same as in Experiment I. The participants adjusted CST as
often as necessary, until they were satisfied with the match between
the durations of SST and CST' The 384 trials were randomized and
divided over 12 sessions. Each session contained 384/12 = 32 trials
and lasted about I h, with a 10-min break given halfway.

Results and Discussion
For all nine pairings of band-noise and sine-tone fre

quencies, and at each level of tone duration, the amounts
of overestimation were calculated by subtracting the ap
propriate control PSEs from the experimental PSEs for
each participant. Before presenting the statistical analy
ses of the sine-tone overestimations, a caveat is necessary.
Even though the three band-noise center frequencies (500,
1000,2000 Hz) were crossed with the same three sine
tone frequencies, yielding nine band-noise-tone patterns
(500-500,500-1000,500-2000; 1000-500,1000-1000,
1000-2000; and 2000-500,2000-1000,2000-2000 Hz),
these nine stimuli do not fit in an overallANOVA. The rea
son is that, in each of the three sets with equal band-noise
frequency (the 500-, 1000-, and 2000-Hz sets separated by
semicolons in the parentheses above), the three members of
each set had different levels ofoctave relationship between
band noise and sine tone. In the 500-Hz band-noise set, the
octave differences with the sine tones were 0, +1, and +2;
in the 1000-Hz set, the differences were -1,0, and +1;
and in the 2000-Hz band-noise set, the differences were
-2, -1, and O. Ipso facto, we had to run three separate
ANOVAs.Figure 4 depicts the mean overestimations sepa
rated with regard to band-noise frequency, and thus with
regard to different sets ofoctave differences.

Figure 4A shows that the largest overestimations oc
curred when the tone trailing the band noise had the same
frequency, thus 500 Hz, and duration overestimations
were smaller for the 1000- and 2000-Hz tones. We ran a
3 (octave difference) X 8 (tone duration) X 2 (ascending!
descending) X 2 (replications) repeatedmeasuresANOVA.
The main effect of octave difference was not significant
(p < .121), but the main effect of tone duration was sig
nificant [F(3.228, 22.596) = 14.165,p < .00003, 11~ =
.669]. The interaction between octave difference and tone
duration was not significant (p < .285).

Figure 4B also shows that the largest overestimations oc
curred when the tone trailing the band noise had the same
frequency, thus 1000 Hz, and overestimations were smaller



for the 500- and 2000-Hz tones. The same kind ofANOVA
as described above showed that the effect of octave differ
ence was significant [F(1.673, 11.708) = 7.222,p < .011,
1'J~ =.508] and that the main effect of tone duration was
also significant [F(2.423, 16.962) = 13.169, p < .0005,
1'J~ =.653]. The interaction between tone frequency and du
ration was not significant (p < .45).

Figure 4C again shows that the largest overestima
tions occurred when the tone trailing the band noise had
the same frequency, thus 2000 Hz, and overestimations
were smaller for the 500- and 1000-Hz sine tones. The
same kind ofANOVA as described above showed that the
main effect ofoctave difference was significant [F(1.524,
10.669) = 5.656,p < .027, 1'J~ = .447], as was the main
effect of tone duration [F(3.488, 24.418) = 1O.867,p <
.0001, 1'J~ = .608]. The interaction between octave differ
ence and tone duration was not significant (p < .41).

Although the effect ofoctave difference failed to reach
significance when the preceding band noise had a cen
ter frequency of 500 Hz, the results of the three analy
ses together support the expectation that the amount of
overestimation was largest when the band noise and sine
tone had the same frequencies (O-octave difference). It
seems that the onset of the SST to be judged for duration
had been blurred most by forward masking of a preced
ing band noise of the same center frequency. Overall,
there was a clear increase of overestimation when the
tone duration increased up to 600 msec, as found in Ex
periment I. Beyond 600 msec, there was a tendency for
overestimation to decrease but less clearly than that in
Experiment 1 (cf. Figure 3). We postpone the explana
tion of these effects of sine-tone duration on its overes
timation, similar in Experiments I and 2, to the general
discussion.

EXPERIMENT 3

In the two previous experiments, the band-noise dura
tion was 1,000 msec. We proposed that time stretching of
the contiguously following sine tone was caused by the
preceding band noise blurring the tone onset. We were in
terested in what would happen to the amount of overesti
mation when the preceding band noise was considerably
shorter than 1,000 msec, and we applied a range ofdura
tions from 50 to 500 msec. We chose this range of band
noise durations also because it covers the range ofduration
values ofthe preceding sine tones used in the homophonic
sound patterns (tone-tone) in the experiments of Sasaki
et aI. (1993) and Ueda and Ohtsuki (1996).

It is known that the loudness ofa sound is dependent on
its duration when sounds get relatively very short: Loudness
diminishes, therefore, with diminishing duration. However,
the literature reports different estimates for the critical du
ration beyond which loudness is no longer dependent on
intensity. Scharf and Houtsma (1986) tabulated 16 studies
(chap. 15, p. 11), and critical durations varied between 15
and 500 msec. Such disparities are understandable, given
the different experimental methods and different sounds
used (pure tones ofdifferent frequencies, white noise, dif-
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ferent band noises). Because we planned l/3-octave band
noises (from 50 to 500 msec) and decided that their loud
ness should be equal, we first did an experiment to establish
the iso-loudness curve for the band noises to be used, which
is Experiment 3A. In Experiment 3B, the sound pressure
levels corresponding to the iso-loudness curve were imple
mented on the band-noise durations from 50 to 400 msec
that preceded the sine tone.

Experiment 3A

Method
Participants. Seven psychology students of Leiden University

served in this experiment (20-26 years ofage, I female and 6 males).
They were screened with the pure-tone audiometer mentioned above
and had normal hearing. Payment was in curriculum credits.

Stimuli and Design. A stimulus consisted of a standard band
noise (SBN) and a comparison band noise (CBN). Both band noises
had a bandwidth of 1/3 octave and a center frequency of 1000 Hz.
The SBN had a 500-msec duration (inclusive rise and fall times of
5 msec) and had an intensity of76 dB SPL. The CBN, with the same
rise and fall times, could have a duration of 50, 100, ISO,200, 300,
or 400 msec. Thus there were six combinations of SBN and C BN•
Each stimulus was presented eight times, divided over two blocks.
Within one block, SBN followed CON after 2,000 msec, and within
the other block, CON followed SBN after 2,000 msec. In two out of
four stimulus presentations (one block), the initial sound intensity of
CON was considerably higher, and, in the other two times, the initial
sound intensity of CBN was considerably lower than the intensity of
SON' Within a block, the four stimuli were presented randomly. This
resulted in 8 X 6 = 48 trials, which were divided across two ses
sions. Before the experimental sessions began, each participant was
given a 24-trial training session.

Procedure and Apparatus. The task consisted ofadjusting the
sound intensity of C BN to that of SON until they were experienced
as equal in loudness. The stimuli were generated using an IBM
compatible computer with a Turtle Beach MultiSound soundcard,
under control ofMATLAB Professional 5.0 with the Signal Process
ing Toolbox, which together produced 16-bit samples at 44.1 kHz.
The signals were passed through an amplifier (Sony TA-FE700E)
and headphones (Beyer Dynamic DT990) for presentation to both
ears. Intensity and duration calibration was similar to that described
in Experiment 1.

Participants were seated in front ofa computer screen that showed
a horizontal slider bar and a slider button positioned in the middle.
Over the left-hand side of the slider bar, the words DECREASE LOUD

NESS appeared, and over the right-hand side, the words INCREASE

LOUDNESSappeared. A button displaying the word START in the lower
right-hand corner ofthe screen displayed to NEXTafter being pressed
and to FINISHED to indicate the last trial. A PLAY SOUND button was
positioned in the lower left-hand corner ofthe screen.

To hear the initial trial, participants clicked the START button, at
which point the experiment began and the START button was replaced
by the NEXT button. After having heard the initial trial, a participant
could start adjusting CON by moving the slider button to the left, thus
softening CON, or moving it to the right, thus making it louder.After
each adjustment, the slider button automatically returned to the mid
dle position, with the newly adjusted CON band-noise intensity as its
reference point, ensuring that subjects did not receive any visual clues
about the intensity of CON' Participants could adjust CON in steps as
small as 0.03 dB to as much as 3 dB perpresentation and were allowed
to hear as many presentations as they thought necessary by pressing
the PLAYSOUND button. When they were confident that CON sounded
equally as loud as SON, they had to push the NEXT button to move to
the next trial. The PSE resulting from each trial was registered by the
computer program. There was a break after each set of 12 trials. The
experiment took place in a sound-attenuating booth.
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Results
The mean PSE values for the loudness of band-noise

durations of 50, 100, 150, 200, 300, and 400 msec are
displayed in Figure 5 with the standard 76 dB SPL of the
500-msec band-noise duration. There was an almost linear
decrease of sound intensity from 50 to 300 msec. We fit
ted a linear regression line (the dashed line), through the
observed dB values at 50, 100, 150, 200, and 300 msec;
its equation is dBestirnated = 78.35 - .007 X band-noise
duration (R2 = .957). Figure 5 shows that the critical dura
tion for loudness with the present stimuli (I13-octave band
noises around 1000 Hz with rise and fall times of5 msec)
is about 320 msec (the intersection of the dashed line with
the 76-dB level).

Experiment 3D

Method
The participants were the same ones who served in Experiment 3A.

An experimental stimulus consisted of a l/3-octave band noise, im
mediately followed by a 70-dB, looO-Hz sine tone of either 300 or
700 msec. The band-noise durations were 50, 100, 150,200, 300, 400,
and 500 msec. The intensity of the 5OO-msec band noise was 76 dB
SPL, and the shorter band noises had the observed intensities estab
lished in Experiment 3A. The control condition consisted of 70-dB,
lOOO-Hz sine tones only, which we called the O-msecband-noise con
dition. This resulted in 8 (band-noise durations) X 2 (tone durations) =
16 patterns, ofwhich the SaN duration had to be matched by the CaN
duration, both ascendingly and descendingly; thus a block contained
32 randomized trials. Participants did the block four times, the 32
trials randomized differently, one block per session. The first session
was considered to bea training session; thus, the design was 8 (band
noise duration) X 2 (tone duration) X 2 (ascending/descending) X
3 (replications). The procedure was the same as in Experiments I
and 2, and the apparatus the same as in Experiment 3A.

Results and Discussion
All differences between the PSEexpand PSEcon values

that is, the amounts of overestimation-were highly sig-

nificant as tested by paired-sample t tests. We mention
only the t tests for the shortest band-noise duration of
50 msec. For the tone duration of300 msec, we found that
its overestimation was 40msec [t(41) = 4.303,p < .0001,
two tailed]. For the 700-msec tone duration, we found that
its overestimation was 48 msec [t(41) = 4.096,p < .0002,
two tailed]. The overestimations at the longer band-noise
durations were all bigger and significant. It is remarkable
that, even with the shortest band noise of 50 msec, such
significant and big overestimations were established. The
fact that a very short band noise gives rise to considerable
overestimation supports our conviction that the process re
quired for time stretching is that the tone onset be blurred
by the presence ofa preceding sound and be restored per
ceptually to make duration judgments possible.

Figure 6 shows the mean overestimations and their
standard errors as a function ofband-noise and tone dura
tions. Up to a 300-msec band-noise duration, there was no
significant difference between the overestimations of the
300- and 700-msec tone durations, but beyond a 300-msec
band-noise duration, there was a dissociation: The over
estimations of the 300-msec sine-tone duration remained
the same (100 msec), whereas those ofthe 700-msec tone
kept increasing to 150 msec. The overestimations were
submitted to a 7 (band-noise duration) X 2 (tone dura
tion) X 2 (ascending/descending) X 3 (replications) re
peated measures ANOVA. The main effect of band-noise
duration was significant [F(2.57l, 15.428) = l6.77,p <
.00015, 1J~ = .737]. The main effect of tone duration just
failed to reach significance (p < .054), but the interaction
between both factors was significant [F(2.429, 14.575) =
4.73,p < .021, 1J~ = .441].

We applied heterophonic patterns (band noise-tone) to
establish the amount of overestimation, whereas Sasaki
et al. (1993) and Ueda and Ohtsuki (1996) had applied ho
mophonic patterns (tone-tone). A problem was that time
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Figure 6. Experiment 3B. Mean overestimations of the sine-tone durations
and their standard errors (vertical bars) as a function oftone duration and the
duration ofthe preceding band noise.

stretching did not seem to take place in these two studies
when the preceding tone was as short as 80 msec in their
homophonic patterns, but did take place when the preced
ing noise was as short as 50 and 100 msec in the pres
ent heterophonic patterns. One reason for this difference
might be that the onset of the trailing tone is not blurred
easily in homophonic patterns, because this onset causes
an audible spectral splatter, which makes its temporal po
sition clearer perceptually. This should reduce the degree
of time stretching in any condition, and the illusion can
even disappear when its degree is already small. Despite
this difference between homophonic and heterophonic
patterns, in both cases, there was a monotonic increase
of overestimation when the preceding tone or band noise
increased from 80 to 280 msec or from 50 to 300 msec,
respectively (compare Figures 2 and 6). We postpone the
explanation of the effect of band-noise duration on the
sine-tone overestimations until the General Discussion.

EXPERIMENT 4

Warren et al. (1972) reported homophonic continuity in
a recycling sequence of three band noises (all one octave
wide) at 60, 70, and 80 dB, each lasting 300 msec. The
60-dB band noise appeared to be on continuously. How
ever, when silent gaps of 50 msec were inserted between
the band noises, the apparent continuity disappeared.
Similar results have been found by Bregman and Dan
nenbring (1977). Although explanatory thinking in the
present study about time stretching is in terms of forward
masking rather than in terms of Warren's explanation of
the continuity illusion, we thought it would be fruitful to
borrow the paradigm of inserting silent gaps. We hypoth-

esized that inserting silent gaps ofincreasing duration be
tween the band noise and sine tone would diminish time
stretching rapidly when the gap size was increased.

Method
The experiment was again steered by a program in MATLAB,and

all noises and tones were generated and shaped to have IO-msec rise
and fall times. The 1I3-octave band noise, with a center frequency
of 1000 Hz, lasted SOO msec. The lOOO-Hz sine tones had dura
tions of 100 to 800 msec in IOO-msec steps. Between the band noise
and the sine tone were gaps of six sizes: 0 (control), 10, 20, 30, 40
and SO msec. Thus, there were 192 trials [6 (gap sizes) X 8 (tone
durations) X 2 (ascending/descending) X 2 (replications)] and 32
control trials [8 (tone durations) X 2 (ascending/descending) X
2 (replications)], in which the duration ofthe tones presented singly
had to be adjusted by CST' Each ofthe 4 participants, 3 students and
author G.t.H., did the 224 trials in four sessions. The procedure and
equipment were the same as in the previous experiments.

Results and Discussion
Figure 7 shows that, with a lO-msec gap, time stretch

ing had already diminished considerably and that, with a
20-msec gap, it was almost nullified. We submitted the
overestimations to a 6 (gap size) X 8 (tone duration) X
2 (ascending/descending) X 2 (replications) repeated
measures ANOVA, which showed that the main effect of
gap size was significant [F(2.166, 6.497) = 91.52,p <
.000032, 1'J~ = .968J. Because neither the main effect of
tone duration nor the interaction between gap size and
tone duration were significant (p < .50 and p < .23, re
spectively), we plotted time stretching as a function ofgap
size averaged over tone durations. We conclude that there
was a release from forward masking, causing a blurred
tone onset, when band noise and tone were separated by a
silent 10- to 20-msec gap.
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Figure 7. Experiment 4. Mean overestimations ofthe standard sine tone as
a function ofthe size ofthe silent gap between the offset ofthe preceding band
noise and the onset ofthe sine tone.

EXPERIMENT 5

The band noises used by Bakker et aI. (1994) and Simons
(1995) and those used in Experiments 1-4 of the present
study were frozen. There is evidence in the literature that
the masking characteristics offrozen noise can differ from
that ofnonfrozen (running) noise (e.g., Hartmann & Pum
plin, 1988; von Klitzing & Kohlrausch, 1994).The purpose
of the present experiment was to investigate whether we
could replicate the time-stretching illusion when the sine
tone was immediately preceded by nonfrozen band noise.

Method
Participants. Seven Kyushu University students with normal

hearing and having experience with auditory experiments partici
pated. Their age range was 22-25 years; 5 were male, and 2 were
female.

Stimuli and Design. In the experimental conditions, 1000-Hz
SSTS, having durations of 200, 300, 400, and 500 msec, were im
mediately preceded by band noises of 1,500-msec durations. In the
control conditions, the sine tones were presented solely. The CSTs
started 2,500 msec after the offset ofSST' SST and CST had lO-msec
rise and fall times. The band noises had 400-msec rise times and 10
msec fall times. The ILDs between the band noise and sine tone were
varied between +10, 0, - 10, and - 20 dB. The bandwidth of the
nonfrozen noises was one octave, centered logarithmically around
1000 Hz; thus the edges were 707 and 1414 Hz.

In the method of adjustment, there were ascending and descend
ing trials-that is, the initial duration of CST was either clearly
shorter or clearly longer than that of SST' Table 3 shows the ini
tial CST durations for each of the four SST durations. Because there
were two replications, there were 4 (ILDs) X 4 (tone durations) X
2 (ascending/descending) X 2 (replications) = 64 experimental tri
als, and 4 (tone durations) X 2 (ascending/descending) X 2 (replica
tions) = 32 control trials.

Procedure and Apparatus. Before the experiment proper, the
participants received training with a small but representative number

ofadjustment trials. In a sound-attenuating booth, they individually
lengthened (for ascending conditions) or shortened (for descending
conditions) the duration of CST by pressing LENGTHEN and SHORTEN
panes on the monitor. They were instructed to use as many succes
sive presentations of SST as they needed and to change CST until
they were satisfied with the equality of the durations of SST and
CST' When they were satisfied, they had to click the PLAY pane on
the monitor upon which the last duration of CST was registered as
the PSE of SST and the next trial started after 1,000 msec. The 96
trials (64 experimental and 32 controls) were randomized and di
vided equally over three sessions. The 32 trials in each session were
preceded by 5 warm-up trials. Each session took about 75 min, and
there was a short break halfway.

The course of the experiment was steered by a program written
in Microsoft Visual Basic 2005, running on an IBM-compatible
computer (Frontier, FXNR-C24). The sound stimuli were gener
ated with a 44. I-kHz sampling rate and a quantization of 16 bits.
The stimuli were presented binaurally through a D/A converter
(Fostex, VC-8), a low-pass filter (NF, DV-04) with a 15-kHz cut
off frequency, and an equalizer (Roland, RDQ-2031) to an adap
tor and headphones (Stax, SRM-313 and SR-303, respectively).
Sound-pressure levels were measured with an artificial ear (Briiel
& Kjaer, 4153) and a sound-level meter (Nagano, 2075), and they
were 68 dB(A) for the sine tones and the band noise in the O-dB
condition. In the other ILD conditions the band-noise levels were
78, 58, and 48 dB(A).

Table 3
Ranges (in Milliseconds) From Which the Initial Comparison

Values in the Method of Adjustment Used in Experiment 5
Were Chosen for Ascending and Descending Trials When the
Standard Sine-Tone Duration Was 200,300,400, or 500 msec

Sine-Tone Duration Ascending Descending

200 70-90 340-360
300 135-165 485-515
400 180-220 630-670
500 225-275 725-775



Results and Discussion
The mean overestimations at the 16 treatment combi

nations (four tone durations X four ILDs) are displayed
in Figure 8. Visually comparing Figure 8 with Figure 3
(as regards equal tone durations of 200, 300,400, and
500 msec in both figures) reveals that the pattern ofover
estimations in Experiments I and 5 is by and large the
same: an increase of time stretching with increasing tone
durations and a decrease with decreasing ILD between
band noise and tone.

For all conditions and for each participant, we calcu
lated the amount ofoverestimation by subtracting the ap
propriate control PSEs from the experimental PSEs. After
that we averaged the overestimations over the ascending!
descending trials and over replications. We ran a 4 (tone
duration) X 4 (ILD) X 7 (participants) repeated measures
ANOVA.The main effect oftone duration was significant
[F(1.881, 11.288) == 7.15,p < .011, 'l~ == .544]. The main
effect ofILD was significant as well [F(2.437, 14.620) ==
58.67, p < .0000001, 'l~ == .907]. The interaction effect
was also significant [F(2.881, 17.286) == 3.56,p < .037,
'l~ == .372].

Following the overall ANOVA, we ran three 4 (tone du
ration) X 2 (ILD) X 7 (participants) repeated measures
ANOVAs, one for +10 dB versus 0 dB, one for 0 dB ver
sus -10 dB, and one for - 10 dB versus - 20 dB. The re
spective outcomes were F(1,6) == 7.98,p < .03; F(2.242,
13.451) == 32.91, p < .000001; and F(I,6) == 5.87, p <
.052. It is clear that the decrease of time stretching was
huge when going from 0 to -10 dB, but the decreases
from +10to 0 dB and from -10 dB to - 20 dB were much
smaller. Because we made three a posteriori comparisons,
we chose a per family error rate of .05 and corrected that
level by the Bonferroni procedure to .05/3 == .0167. Thus,
the latter two decreases of overestimation failed to reach
significance. Nevertheless, there was a tendency toward
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diminishing amounts of time stretching with decreasing
ILD between band noise and sine tone.

The important conclusion is that significant and robust
time stretching can also be observed when applying non
frozen band noises instead of frozen ones. Quantitatively,
the amounts of overestimation in the present experiment
at +10 and 0 dB ILD (on average 58 and 45 msec) were
strikingly similar to the amounts at +6 and 0 dB in Ex
periment 1 at the comparable tone durations of200, 300,
400, and 500 msec (on average, 64 and 42 msec).

GENERAL DISCUSSION

Summary of Results
The results of Experiments 1 and 2 offered clear evi

dence that the degree of onset deterioration is affected
by the intensity and frequency relationships between the
band noise and the trailing sine tone. A more intense pre
ceding band noise blurs the onset of the sine tone to a
greater extent, and a band noise whose frequency range
includes the frequency of the trailing sine tone blurs its
onset to a big extent as well. Large overestimation of the
tone duration can occur in such cases. Ifthe noise is weak
relative to the sine tone, or if the frequency range of the
noise is far away from the sine tone, it should be easier for
the listener to hear out the onset ofthe sine tone, thus little
or no overestimation should take place. These aspects of
onset blurring are similar to some aspects of simultane
ous or forward auditory masking (e.g., Fastl & Zwicker,
2006; Moore, 2003), which should not be surprising if
the same peripheral auditory system is involved. Experi
ment 3 showed that time stretching also occurred when
the preceding band noise had considerably shorter dura
tions than the ones used in Experiments 1 and 2. Even
band noises as short as 50 and 100 msec caused relatively
large overestimations (about 45 and 65 msec, respec-
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Figure 9. A Markov model generating grammatical auditory
streams.The key idea ofthis grammar is that there are elements
smaller than auditory events, so-called "subevents." The subev
ents are onset (corresponding to a steep rise of sound intensity,
symbolized by <),jilling (corresponding to a piece of sound en
ergy extending for a certain duration, symbolized by =), offset
or termination (corresponding to a steep fall of sound intensity,
symbolized by », and silence (corresponding to strongly attenu
ated sound energy, symbolized by I). Our auditory perceptual
system provides cues as to which subevents, and in which order,
constitute the event. There are rules determining which tem
poral orders of elements are grammatical and which ones are
not. If it is difficult to interpret the cues of auditory subevents
grammatically, the auditory system might insert new subevents,
suppress some cues, or even reconnect subevents by applying
Gestalt principles such as proximity, similarity, or continuity.This
is done panimoniously, such that the number of resulting audi
tory streams is small.

Termination (»

Filling (=)

Onset «)

tion for the grammatical process to order and glue the
subevents. Such information, the model holds, is pro
vided by auditory Gestalt principles (proximity, similar
ity, continuity), and can result in connecting subevents
arising from different physical sounds. Consequently,
the physical input strings and perceptual output strings
are not isomorphic. We then speak of an auditory il
lusion. Nakajima and Sasaki showed (Nakajima, 1996;
Nakajima & Sasaki, 1996) that the model could satisfac
torily describe several auditory illusions (e.g., continu
ity, gap-transfer, and split-off illusions). Nakajima et al.
(2000) proposed the name event-construction model, and
several follow-up studies refined this model (Kanafuka,
Nakajima, Remijn, Sasaki, & Tanaka, 2007; Kuroda,
Nakajima, Tsunashima, & Yasutake, 2009; Nakajima,
2006a, 2006b; Nakajima, Sasaki, Remijn, & Ueda,
2004; Remijn & Nakajima, 2005; Remijn, Nakajima, &
Tanaka, 2007; Remijn, Perez, Nakajima, & Ito, 2008).

Nakajima (2008) gave a detailed description of the
model, which we quote here:

(1) Cues ofauditory subevents, i.e., onsets, offsets
(terminations), fillings, and silences, are de
tected by the auditory system as if they were
independent events.

(2) A rapid increase of sound intensity within a
certain frequency range can be a cue of an
onset, and a rapid decrease of sound intensity

Event Construction Model and
Its Auditory Grammar

The concept of auditory stream is fundamental in un
derstanding auditory organization, and it is the core of
Bregman's (1990) auditory scene analysis. Such a stream,
for example a melodic phrase, is a concatenation in time
ofauditory events, in this case musical tones and silences.
Nakajima (1996) and Nakajima and Sasaki (1996) pre
sented a model for auditory organization at the level of
auditory events and subevents. The key idea of the model
is that the perceptual system parses auditory events (e.g.,
a musical tone) into auditory subevents (like tone onset,
sustained tonal part, termination, and silence). The sub
events, described formally shortly, are syntactic com
ponents that should conform to a logical grammar, in
this case a simple Markov grammar (see Figure 9), de
veloped by the above authors. The grammar describes
the order in which the components (auditory subevents)
can be glued together again. In linguistics, a grammar
has only one input string of components at a time (to
test the conformability ofthe logical components to the
logical grammar). However, in our soundscape or in the
perceptual laboratory, more auditory events (e.g., two)
are often present at the same time, which means the
grammar is confronted with two sets of syntactic ele
ments. Thus, there should be (psycho)logical informa-

tively). Experiment 4 demonstrated that insertion of a si
lent gap of 10 msec between the band noise and the sine
tone strongly diminished time stretching, and, when the
gap was 20 msec, there was a release from time stretch
ing. Experiment 5 showed that time stretching could also
be observed clearly when the preceding band noises con
sisted ofnonfrozen noise.

We initially surmised that the time-stretching illusion
might be related to the continuity illusion (Sasaki et aI.,
1993). Although both illusions may have a few common
aspects, they should not be considered as two variations of
the same phenomenon. First, no stimulus pattern employed
in the present study gives a strong cue that a tone might
continue through a preceding noise because there is no tone
preceding the noise. Second, the occurrenceoftime stretch
ing does not necessarily require that the preceding noise
be more intense than the trailing tone; even when the band
noise wasat the same level as the trailing tone or below,the
overestimationof the tone is significant in many cases.

We posit that time stretching is caused by two percep
tual stages. In the first, peripheral, stage, the onset of the
sine tone is blurred. If the band noise can cause forward
masking of the very first part of the sine tone, the latter's
onset should be blurred. Even when the masking is incom
plete or when the temporal boundary between the noise
and the tone is just unclear, the blurring of the onset can
take place, but we need more empirical data on this issue.
In the second, central, stage, the blurred onset is perceptu
ally restored, taking mental processing time that adds to
the sine-tone duration. Restoration of the sound pattern
enables the task of duration judgment and opens the pos
sibility to perceptually reorganize the sound pattern.
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However, the auditory grammar (see Figure 9) does not
allow that an onset (RO) immediately follows a termina
tion (c). The grammatical solution is to insert a silence
(denoted IS) between the termination (at c) and the onset
(at RO). The string ofsubevents is now as follows:

Although this string is formally grammatical, it does
not seem to reflect the perceived temporal structure of
the stimulus pattern very well. As we described in the in
troduction, listeners claim that the sine tone already ap
pears to have started before the preceding band noise has

Because there are no cues of any subevents between the
two fillings (at b and f), and because there is no evidence
that band fbelong to different events, there is no percep
tual reason to keep the two fillings divided. Thus, a second
grammatical stream arises:

abc d e IS f g h

< >/

termination (at e) including the filling (at d), and a silence,
although without a physical cue, is inserted after the ter
mination (denoted IS for inserted silence). The resulting
grammatical auditory stream is as follows:

c d e IS

< >/

The remainder of the subevents are

> /

e f

> /

f g h
= > /

d e f

= > /

a b
< =

<

a b cRO

< = ><

abc IS RO d

< = > / <

In sum, the auditory system solved the problem of un
grammaticality of the string of subevents by creating two
streams (a continuous tone and a superimposed shorter
noise).

We now explain the time-stretching illusion. Given that
the onset of the tone to be judged for duration is masked
by the preceding band noise, the string of subevent cues
representing the pattern is as follows:

abc d e f

< = > > /
This string of subevents is not grammatical, because the
filling ofthe sine tone (at d) is not preceded immediately
by an onset. The onset cue of the tone de (= » is blurred
by the preceding noise abc « = ». Still, the listener is
required to judge the duration ofthe tone, and it is evident
this cannot be done without an onset ofthe tone. The easi
est solution for the auditory system is to restore an onset
(denoted by RO for restored onset). As a consequence, the
string ofsubevents becomes the following:

within a certain frequency range can be a cue
ofan offset. A certain amount of sound energy
within a time-frequency range can be a cue of
a filling, and a lack of sound energy for some
duration can be a cue ofa silence.

(3) Detected cues are organized sequentially, as
subevents, to form auditory streams, and any
auditory stream should obey a simple gram
mar, in which a stream is either a single audi
tory event or a linear concatenation ofauditory
events. The last subevent ofan auditory stream
should be a silence.

(4) An auditory event is a linear concatenation of
auditory subevents-that is, (a) an onset and
a silence, (b) an onset and a filling, or (c) an
onset, a filling, an offset, and a silence.

(5) The number ofconcurrent auditory streams is
minimized.

(6) Reinterpretations, restorations, and suppres
sions ofsubevents are invoked, ifnecessary, to
make auditory streams grammatical.

(7) The same cue is not interpreted twice unless
the context calls for it more than once.

(8) Cues ofonsets and offsets tend to be connected
with each other perceptually, into a single
stream or a single event, when they are close
to each other in time and frequency (the prox
imity principle).

(9) Cues of fillings tend to be connected with
each other perceptually, into a single stream
or single event, when they indicate continuity
or similarity in terms of spectra and intensity.
(p.301)

A description of the model and its auditory grammar
from a phonetic/phonology point ofview is given by Reiss
(2007).

Analyses of the Continuity and
Time-Stretching IDusions

The stimulus pattern giving rise to the continuity illu
sion (when part of a pure tone is replaced by more in
tense noise sharing the same frequency) can be written as
the following string ofsubevents, or subevent cues, more
exactly. The symbols for the subevents are < (onset), =
(filling), > (termination), and / (silence). The order of the
subevent cues is alphabetized for reference purposes:

abc d e f g h

< <=>=>/
This stimulus pattern contains two cues ofonset (ofthe

tone and of the noise) and two cues of termination (of the
noise and of the tone). However, this string is ungram
matical because the first termination (at e) is not followed
by a silence. In addition, the onset cue of the tonal part
fg (= » is blurred by the noise cde « = ». Hence, the
string does not yield an auditory stream. The auditory sys
tem is posed with a problem, which it solves as follows:
The proximity principle connects the onset (at c) with the
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Table 4
Linear Regression Equations of the Sine-Tone Overestimations From 200 to
Soo msec in Experiments 1,2, and S (cf. Figures 3, 4, and 8, Respeetively) at

Those Conditions ThatYielded Maximum Overestimation (+6-dB
Intensity-Level Difference [ILD) in Experiment 1;

O-OctaveDifference at 500,1000, and 2000 Hz, Respectively,
in Experiment 2; and +1D-dB ILD in Experiment S)

Experiment i
Experiment2

Experiment 5

EstimatedOverestimation (msec) R2

-25.20 + 0.257(toneduration) .97
-14.70 + 0.159(toneduration) .99

2.87 + 0.166(toneduration) .90
0.02 + 0.195(toneduration) .95

-12.75 + 0.199(toneduration) .85

p

<.015
<.005
<.051
<.028
<.078

finished (see note 2). Thus, rather than maintaining one
string with two consecutive subevents without physical
cues (IS and RO), the perceptual system seems to have
divided the string ofsubevents into two auditory streams,
allocating IS to the end ofone stream and RO to the begin
ning ofthe other:

a b ROcIS d e f

< = >/
< = > /

The overlap of the two strings of subevents, each repre
senting a separate stream, is of course typographical and
does not suggest an exact time scale. At the end of the
General Discussion, we propose an experimental para
digm to determine the amount of temporal overlap.

Time Stretching and Sine-Tone Duration
We amply discussed the extent of time stretching as

a function of intensity and frequency relations between
band noise and sine tone. As regards temporal/duration
relations, we discussed only that stretching of the tone is
nullified if a short silent gap (10-20 msec) is inserted be
tween noise and tone (Experiment 4). Experiments I, 2,
and 5 showed significant effects ofsine-tone duration on
the amount of its overestimation. We try to explain this
duration effect here. In the respective experiments the pre
ceding band noises had a constant duration (1,000, 1,000,
and 1,500 msec, respectively), and the trailing adjacent
sine tone varied from 200 to 800 msec (Experiment I),
from 100 to 800 msec (Experiment 2), and from 200 to
500 msec (Experiment 5). Figures 3, 4, and 8 show that the
amount of overestimation increased approximately lin
early up to 500- and 600-msec tone durations. We fitted
linear regression equations through the mean overestima
tions at 200,300,400, and 500 msec (the tone durations
common to Experiments I, 2, and 5) for those conditions
in which stretching was highest, and Table 4 shows that
the R2 values are quite satisfying. In keeping with the
restoration-time notion, the linear increase ofoverestima
tion would mean that the time to restore the blurred 10
msec onset waveform «) is in linear proportion to the
duration of the sine tone. However, we cannot conceive
ofany underlying process, because whatever duration the
sine tone has, only its blurred onset has to be restored;

thus, it seems more reasonable to assume that restoration
time is a constant (for a certain amount ofblurring).

There are several constants of time perception: Stud
ies by Nakajima and colleagues have shown that the time
to mentally process the objective duration of an empty
interval is 80 msec, which adds to it, yielding the subjec
tive duration (Nakajima, 1987; Nakajima, Nishimura, &
Teranishi, 1988). Ten Hoopen and colleagues showed that
sequences of empty time intervals presented interaurally
are stretched such that each interval is 25 msec longer
than its monaural counterpart (Akerboom, ten Hoopen,
Olierook, & van der Schaaf, 1983; ten Hoopen, Vos, &
Dispa, 1982). An example of a longer constant is a 250
msec time window, within which the difference limen
(DL) for temporal discrimination is constant (on average
10 msec), but beyond which the Weber fraction is con
stant (on average 3%) (see Friberg & Sundberg, 1995; ten
Hoopen, 1992; and ten Hoopen et al., 1994). For a taxo
nomic model ofmany more mental-timing constants, see
Geisser and Kompass (2003). Following our conviction
that onset restoration time is also a constant and adds to
the sine-tone duration, we now consider whether classic
phenomena like assimilation and/or contrast effects in
time (see Fraisse, 1978, but note that he often used the
term distinction for contrast) operate on the grammati
cally restored perceptual pattern. It should be emphasized
that assimilation/contrast, of course, can work only after
onset restoration is complete, because the duration clues
should be clearly perceptible for these processes to work.

Let us try to explain whether these processes can cause
the linear increase ofoverestimation with increasing tone
durations. One caveat is in order: Although we are familiar
with several assimilation and contrast studies employing
empty time intervals, we know little about assimilation
and contrast of adjacent filled durations, and we know
even less about them when the two filled durations are
heterophonic sounds (l/3-octave band noise-sine tone
in the present study). However, let us suppose that these
phenomena also hold for consecutive filled heterophonic
sounds. As the constant of onset restoration time, we
choose 100 msec, close to the maximum amounts ofover
estimation established in Experiment 1 (102 msec at the
500- and 106 msec at the 600-msec tone duration) and
not too far from the average maximum in Experiment 2
(about 90 msec). Hence, the restored pattern durations are



1,000-300, 1,000-400, 1,000-500, and 1,000-600 msec.
The contrast process might operate, at least on the first
three patterns, in which the duration differences are rel
atively large. Contrast might boost these differences by
perceptually compressing the sine tone and dilating the
preceding band noise. In the time domain, contrast and
assimilation effects might be asymmetric, but this is not
relevant for our present purpose, because we are inter
ested only in the compressing of the sine tone. We posit
that contrast effects increase with increasing duration
difference-that is, the 300-msec sine tone is compressed
more than the 400-msec sine tone, and so on. We further
posit that the amount ofcompressing by contrast subtracts
from the (restored) sine-tone duration. Now we can derive
the amounts of compression as the complements of the
overestimations. The linear regression equation in Table 4
(Experiment 1) estimates the overestimations of200, 300,
400, and 500 msec as 26, 52, 78, and 103 msec, which
we round here for instructive reasons to 25, 50, 75, and
100 msec, and the (rounded) complements were 100 
25 = 75, 100 - 50 = 50, 100 - 75 = 25, and 100 
100 = 0 msec. Thus, the restored sine-tone durations of
300, 400, 500, and 600 msec were compressed perceptu
ally by the contrast process to 225, 350, 475, and 600 msec,
respectively. In conclusion, all sine-tone durations were
lengthened by a 100-msec onset-restoration time, but, by
virtue of the subsequent contrast process, time stretching
was reduced thereby when tones got shorter.

Consider now the 1,000-800 msec pattern in Figure 3
at +6 dB. After sine-tone restoration, the duration pattern
was 1,000-900 msec, and, because the durations of band
noise and tone do not differ much, assimilation may have
operated to regularize the duration pattern even more,
yielding a perceptual outcome of, for example, 980
940 msec. Thus, whereas the above explanation in terms
of contrast appeared to work, the explanation in terms of
assimilation predicts an overestimation of 940 - 800 =
140 msec, whereas we observed only about 70 msec. At
present we cannot explain this discrepancy.

Time Stretching and Band-Noise Duration
In Experiment 3, the extent of sine-tone overestima

tion varied with band-noise duration. For the 300-msec
sine tone, its overestimations reached a plateau when the
band noise had increased to 300 msec. For the 700-msec
sine tone, there was a further increase ofits overestimation
when the band noise got longer than 300 msec. In addi
tion to the above explanation in terms ofhigher perceptual
processes (grammatical onset restoration and contrast),
Experiment 3 allows us to interpret the peripheral acoustic
effect ofblurring on the size of sine-tone overestimation.

We performed Experiment 3A to establish the dB values
of short band-noise durations that had equal loudness (see
Figure 5) and Experiment 3B to investigate the effect of
these short band noises on the amount of sine-tone over
estimation. Figure 6 shows that, even though loudnesses
were equal, sine-tone overestimation increased from about
45 to 100 msec as the band-noise duration grew from 50 to
300 msec. The longer the band-noise duration, the more the
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sine-tone onset appeared to be blurred, and the fact that the
pattern of overestimations did not differ (up to 300-msec
band noise) between different durations of the trailing sine
tones (300 and 700 msec) supports the notion that these
sine-tone overestimations are pure restoration times, be
cause subsequent contrast/assimilation effects would oth
erwise have yielded strikingly different overestimation pat
terns. Another piece ofevidence for pure onset blurring and
restoration thereof is that the increase of overestimation
(averaged over 300- and 700-msec tones) up to 300-msec
band-noise duration is perfectly logarithmic (R2 = .987,
p < .001), whereas overestimations in which restoration
time and tone duration compression (by contrast) add to
gether and display a linear increase ofoverestimation.

The overestimation at 300-msec band-noise duration
was 108 msec for the 300-msec tone and 114 msec for the
700-msec tone. These values did not differ, and the aver
age value of 111 msec is very close to the round value of
100 msec of Experiment 1 (actually, the estimated value
was 103 msec). Note that in Figure 6, band-noise dura
tions of400 and 500 msec (beyond the critical duration of
300 msec) caused overestimations of the 300-msec sine
tone that remained precisely at a 100-msec plateau. This
is still another estimate for the constant restoration time!
Beyond 300-msec band-noise duration, there was a clear
dissociation between the 300- and 700-msec sine-tone
overestimations. Whereas the overestimations ofthe 300
msec sine tone stayed at the level ofrestoration time, those
ofthe 700-msec tone kept increasing beyond that level, in
dicating that subsequent effects enlarged the overestima
tions. For example, the noise-tone pattern 400-700 msec
might have been contrasted to 360-740 msec (to regular
ize it toward 1:2), thus adding 40 msec to the restoration
time of 100 msec, yielding an overestimation of 100 +
40 = 140 msec (in fact, it was 145 msec).

Assimllation or Contrast to Total
Pattern Duration?

The attempts above to explain the patterns of time
stretching were in terms of onset restoration and subse
quent contrast and assimilation between the two neighbor
ing durations (noise and tone). It has been brought to our
attention that there might have been an interaction between
the sine tone to be judged for its duration and the total pat
tern duration (band noise + sine tone). However, we delib
erately devised the stimulus patterns used in Experiment 5
to guard against clear duration relations. Recall that the
preceding band noise was extra long, namely 1,500 msec
longer than the 1,000-msec band noises in Experiments 1
and 2. Moreover, the band-noise onset was extremely
gradual, having a 400-msec ramp. These measures were
taken intentionally to make the duration relations in the
total sound pattern vague. Despite that, a clear pattern of
overestimations of the sine tone was established, compa
rable to the patterns found in Experiments 1 and 2.

Prospective Experiments
Our description of the phenomenon that the sine tone

appears to start already before the band noise stops might
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haveunintentionally suggestedthat thefullperceptualres
toration time overlaps with the band noise. Because we
did not perform temporal measurements of the phenom
enon, we cannotanswer this importantquestion. But the
question opens avenues for important follow-up experi
ments. One could envisage a reaction time (RT) experi
ment, applying Donder's A-reaction time task, in which
simpleRTsaregatheredto the start andstopof thepreced
ing band noise, to the start and stop of the sine tone, and
to the start and stop of the total pattern.The control RTs
are those to the start and stop of the band noise and the
sine tone presentedin isolation.Hopefully, such RT tasks
measuretheperceived durationsthatmightconvergewith
the sine-tone durations established in the present study
and could informus about the perceived band-noisedura
tion and its overlap with the sine tone.
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NOTES

I. In previouspublications(i,e., ten Hoopen, Miyauchi,& Nakajima,
2008, but also in conferencepapers),we called this illusion"time swell
ing."We thankHans-HenningSchulzefor bringing to our attentionthat
that term is inadequate,becauseswelling means an increase in three di
mensions (like that of a pufferfishor globefish, familyTetraodontidae).
He proposed "time stretching"as a more appropriate term for the illu
sory one-dimensionallengtheningof the sine tone, and here weadopted
that term gratefully.

2. The phenomenonthat the sine tone appears to start before the band
noise has finished can be heard in Demo 18, "A BackwardExtensionof
a Tone," at our Web site: www.design.kyushu-u.ac.jp/-ynhomelENG/
Demolillusions2nd.html.

(ManuscriptreceivedSeptember4, 2009;
revisionacceptedfor publicationMarch 13,2010.)
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