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Abstract

What we hear does not simply correspond to the physical properties of the sounds reaching our ears.
In many cases, auditory perception changes systematically depending on the preceding and subsequent
sounds. Under certain conditions, even physically missing sounds can be perceived as if they were pre-
sent. An understanding of the characteristics of auditory perception and the underlying brain mecha
nisms involved will provide clues for improving tele-presence and virtual reality technologies.

1. Introduction

What we perceive does not simply correspond to the
properties of the physical stimuli reaching our sensory
organs. In hearing, asound may be perceived quite dif-
ferently depending on the sound that precedes or fol-
lows it. Under certain conditions, even physically
missing sounds can be perceived as if they were pre-
sent. Processing acoustic information without taking
the context dependency of perception into account
may severely degrade the reality of the perceived
sounds. On theother hand, by fully exploiting the char-
acteristics of perception, it may be possible to achieve
efficient information processing, including significant
data reduction, without spoiling the perceived reality.

We are studying the dynamic context dependency
of auditory perception. This paper introduces two
auditory illusions that demonstrate dynamic context
dependency: the perceptual restoration of physically
missing sounds and the expansion and contraction of
auditory space.

2. Perceptual restoration of physically missing
sounds

2.1 Perceived only when masked
When portions of arecorded utterance are replaced
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by gaps of silence from 5 to 15 times a second, the
utterance sounds disrupted and unnatural, and it is
very difficult to understand what is being said. When
the gaps are filled with broadband noise that is loud-
er than the recorded voice, the utterance sounds more
natural and continuous, making it much easier to
understand (Fig. 1). In both cases, exactly the same
amount of the speech signal has been deleted; how-
ever, the deleted portions are restored perceptually
only when the gaps are filled with broadband noise
[1].

This perceptual restoration effect clearly indicates
that the sounds we hear are not copies of physical
sounds. The brain fillsin the sounds that should exist
in the portions masked by noise bursts based on the
information in the remaining speech signal. What we
perceive is the result of such unconscious interpreta-
tion.

Our daily life in this noisy world would be quite
inconvenient without the perceptual restoration func-
tion. For example, a slamming door may completely
mask aportion of an utterance. Perceptual restoration
compensates for the effect of this masking.

The perceptual restoration effect is not restricted to
speech. It comes into play for various types of
sounds, including music, environmental sounds, and
pure tones, provided certain conditions are met. For
the effect to occur, the acoustic (spectral, temporal,
and spatial) characteristics of the interrupting sound
must be sufficient to mask theinterrupted sound if the
two sounds were presented simultaneously (Fig. 2)
[2], [3]. This is quite reasonable considering every-
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Fig. 1. Sound spectrograms of acoustic signals

of missing portions of speech. Red

indicates high energy; blue indicates low energy. Upper panel: Portions of Japanese utterance “Sho enerugii wa
kokorogake shidai desu (The saving of energy depends on your motivation).” are regularly replaced by gaps of
silence. Lower panel: Gaps in upper panel are filled with broadband noise. Both versions contain exactly the same

amount of acoustic data for the original
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restoration. (a) A sequence of discrete tones is perceived as it is. (b) When

the gaps in (a) are filled with noise bursts having an appropriate spectrum and sound pressure level, the tone is
perceived as if it were continuous. (c) When the sound pressure level of the noise bursts is too low, the restoration
is incomplete, even if the spectrum of the noise bursts is appropriate. (d) Noticeable gaps between the tone and
noise burst prevent restoration. () When the frequency regions of tones and noise bursts are different, restoration
does not occur. (f) When the spatial positions of the tones and noise bursts are different, restoration is suppressed

even if other conditions are similar to those of (b).

day situations. Perceptual restoration of a segment is
appropriate when that segment is actually present but
masked by an extraneous sound. |f the segment could
not have been masked by the extraneous sound, then
synthesizing the segment would be inappropriate.
The selectivity of perceptual restoration reduces the
possibility of an inappropriate perception of a signal
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fragment.

2.2 Reversal of past and future

The perceptual restoration effect isintriguing from
the viewpoint of time. When a 200-ms gap of silence
isintroduced into an upward frequency glide, the gap
is clearly noticeable (Fig. 3(a)), but when the gap is
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Fig. 3. Reversal of past and future in perceptual restoration effect.

filled with an appropriate noise burst, the perceptual
restoration effect occurs and the glide is perceived as
continuous again (Fig. 3(b)). When the noise burst is
followed by a downward glide, listeners perceive a
continuous glide changing its frequency smoothly
(Fig. 3(c)). When no glide follows the noise burst, the
glideis perceived as ending at the onset of the noise
burst (Fig. 3(d)).

These phenomena are strange because no informa-
tion is provided to listeners concerning what to
restore in the portion masked by the noise burst until
the glide following the noise burst appears. Neverthe-
less, listeners perceive a continuous glide with a
smoothly changing frequency even when the noiseis
present. The sameis true in speech. In an experiment
in which a segment of a continuous utterance was
replaced with a noise burst, we found that the seg-
ment was restored according to not only the speech
features preceding the noise burst but also those fol-
lowing it [4]. The only plausible interpretation for
these phenomenaisthat perceptual restoration occurs
retroactively, after the information following the
missing segment is provided. Physical time goes
from the past to the future, but perceptual time appar-
ently does not always correspond to the physical one.

2.3 Paradox of temporal acuity

Another intriguing aspect of perceptua restoration
from the viewpoint of timeisthat, when aphonemeis
deleted in an utterance and replaced with an appro-
priate noise burst, it isvery difficult for the listener to
locate the position of the noise burst. Indeed, most lis-
teners mislocalize its position by several phonemes.
It is very easy, of course, to judge the order of
phonemes. In common-sense terms, a stopwatch that
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can measuretimewith an accuracy of 0.1 s, for exam-
ple, can measure 1 swithout any problem. In human
auditory perception, on the other hand, it can be dif-
ficult to judge the coarse temporal order of acoustic
events under certain conditions but easy to judge a
much finer one.

In short, temporal order judgment is accurate for a
sequence of related items, but poor for a sequence of
unrelated items. This is sufficient for daily life
because, rarely does alistener have to judge the fine
timing of an irrelevant noise burst imposed on an
utterance.

All of this means that the perceived timing of events
does not directly reflect their physical timing;
instead, it is created by the brain in the span of afew
hundred milliseconds. Simply because the perceived
timing differs from the physical one, however, does
not mean that our perception isinaccurate. The audi-
tory system is capable of restoring missing informa-
tion and judging the order of relevant events appro-
priately.

3. Expansion and contraction of auditory space

3.1 Mechanism of sound localization

Another illusion that demonstrates the dynamic
context dependency of auditory perception is the
expansion and contraction of auditory space due to
the preceding sound. Before going into theillusion, it
will be helpful to summarize the mechanism of sound
localization [5].

There are several cues that people use to localize a
sound source. One of the mgjor ones for horizontal
sound localization is the difference in the times at
which sound waves arrive at the ears. This is called
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the interaural time difference. If a sound sourceisto
the right of alistener, for example, the sound wave
from the source arrives at theright ear first. Theinter-
aural time difference is less than a millisecond.
Another major cueisthe differencein the sound pres-
sure level at the ears, which is called the interaural
level difference. Theinteraural level differenceiscre-
ated because a sound wave is attenuated by the shad-
ow of the head. These two cues are primarily used for
azimuthal localization. The main cues for judging
elevation or distance are the spectral changes pro-
duced by the listener’'s head and pinnae, which
depend on the sound source location.

Neural mechanisms for azimuthal sound source
localization have been extensively studied using barn
owls and cats. The neural processing revealed so far
can be outlined asfollows. Sound waves reaching the
ears arefirst decomposed into many frequency chan-
nels. Then the signalsin each frequency channel from
ears are compared in the brainstem and the interaural
time differences and level differences are extracted.
These two types of cues for azimuthal sound local-
ization are processed separately by speciaized neur-
a mechanisms. At higher stages of neural processing,
the information from the different frequency channels
is integrated into a neural map representing sound
location.

3.2 Systematic shiftsin sound localization

Although much is known about the perceptual char-
acteristics and underlying neural mechanisms for
sound source localization, most studies have focused
on asingle source. In the real world, however, sever-
al sound sources often exist concurrently or succes
sively at various positions. These sound sources may
interact with each other in sound source localization.
To clarify this point, we examined the effect of apre-
ceding sound on the localization of a subsequent test
sound [6]. We found that the perceived position of the
test sound shifts away from the position of the pre-
ceding sound, as if the perceptual space had been
expanded in the neighborhood of the preceding sound
(Fig. 4). The shift wasthe largest (aslarge as 15t0 20
degrees) when the two sounds were separated by 40
degrees.

Further experiments revealed that this illusion
occurred only when the two successive sounds were
close in frequency. Moreover, the independent
manipulation of interaural time and level differences
was found to produce nearly independent effects.
Therefore, this illusion presumably involves neural
mechanisms that process interaural time and level
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Test sound alone

Preceding sound Test sound following
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Fig. 4. Shiftin perceived sound location due to preceding
sound. A test sound that is perceived at the center
without a preceding sound may be perceived as if
it shifted to the right immediately following the
presentation of a sound at the left.

differences separately for each frequency channel in
the early stages of binaural processing.

3.3 Computational model of theillusion

Isit possible then to explain the perceptual charac-
teristics of the illusion based on the mechanisms by
which interaural time and level differences are
extracted? Here, we focus on the interaural time dif-
ference. A hypothesis proposed more than 50 years
ago to explain the neural mechanisms for detecting
fine interaural time differences of less than 1 ms is
till widely accepted today. The hypothesis, called the
delay and coincidence circuit, is as follows. The sig-
nals from the ears are fed into a “coincidence detec-
tor” after a certain amount of transmission delay is
applied to the signal from oneside. If the coincidence
detector is activated, it means that the interaural time
difference between the sound waves is exactly can-
celed out by the internal delay. Thus, a set of coinci-
dence detectors, each having a different amount of
internal delay, can code interaural time differences
according to which coincidence detector is activated
most. Such a neural circuit was shown to exist in a
brainstem nucleus of the barn owl in 1990. Today, a
similar neural circuit isassumed to exist in other birds
and mammals as well.

Thiscircuit, however, cannot fully explain theillu-
sion. Our ideais that the interaural time differenceis
coded not according to which coincidence detector is
activated most, but by the pattern of excitation (for
example, a centroid of many coincidence detectors.
An essential feature of our model is that each coinci-
dence detector changesits sensitivity according to the
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Fig. 5. Computational model of context dependency of auditory spatial processing. Left panel: Test sound alone. There is
a population of neurons each tuned to a specific interaural time difference (indicated here as IPD) in the brain. The
response pattern of the population of neurons to an interaural time difference (red arrow) is shown at the bottom.
The centroid of the response pattern (red cross) corresponds to the perceived location. Right panel: An interaural
time difference (red arrow) (the same as in the left panel) is presented immediately following a sound having an
interaural time difference indicated by the blue arrow. Because the sensitivity of each neuron has been reduced
due to the preceding sound, the centroid of the response pattern now shifts away from the preceding interaural

time difference.

recent input in such away that sensitivity is reduced
for alarge input and increased for a small one (Fig.
5). The computer simulation of this model fits the
actual characteristics of theillusion well.

3.4 Neural basisof theillusion

To explore the neural basis of the computational
model of theillusion, we conducted aseries of animal
experimentsin which neural activity was recorded in
theinferior colliculus, abrainstem nucleus that plays
an important role in sound localization [7].

The experimental stimuli were sequences of two
tones having various interaural time differences, like
those used in our psychophysical experiments. Most
neurons we measured were found to reduce their
activity depending on the activity to the preceding
sound. This is consistent with our computational
model of theillusion.

3.5 Adaptive coding of acoustic information
Now, let uslook at the functiona significance of the
context dependency of auditory spatial processing in
the real world. For absolute judgment of sound local-
ization, it would be disadvantageous to change the
characteristics of acoustic cue coding adaptively
depending on the input signal's. Adaptive coding has,
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however, an advantage in information processing.
The discrimination of the spatial positions of two
soundsis improved in the neighborhood of a preced-
ing sound, at the cost of degradation elsewhere [8].
The expansion of the perceptual space around the
preceding sound is exactly like looking at things
through a magnifying glass.

Generally speaking, the firing rate of each neuron
represents an input value within a certain range. The
rangeis not very wide; the firing induced by theinput
saturates at the top end and is masked by intrinsic
noise at the bottom end. On the other hand, a neuron
may be able to code awider range of input effective-
ly by changing its sensitivity adaptively according to
theinput value, as assumed in our model. If each neu-
ron behaves like this, the difference in the activity
patterns of the entire population of neurons becomes
larger for slightly different input values near the
recently experienced input value, resulting in better
discrimination.

Our findings show that the information processing
of auditory space is more dynamic and adaptive than
has previously been assumed. To processinformation
more efficiently, the brain continuously changes the
focus of processing based on theinput signal.
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4. Conclusion

The two types of illusions described in this article
clearly indicate that the sounds we perceive are not
copies of physical sounds. The brain continuously
produces hypotheses about acoustic events and looks
for evidence for the hypothesesin the sounds coming
into the ears. The world we perceiveis nothing but the
most plausible interpretation of the input signals. In
the course of auditory information processing, the
properties of neural systems change, and the impor-
tant information is selected. Such dynamic context
dependency enables alistener to grasp what is occur-
ring where more efficiently and stably in aworld in
which various events take place successively.

Anunderstanding of the characteristics and mecha-
nisms of auditory information processing in the brain
will be useful in developing technologies to recode
and reproduce vast amounts of ever-changing
acoustic information efficiently and with a sense of
reality. Thiswill lead to improved tele-presence and
virtual reality systems.
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