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reverberant room.

Auditory streams are considered basic units of auditory percepts, and an auditory stream is a concatenation of auditory
events and silences. In our recent book, we proposed a theoretical framework in which auditory units equal to or smaller
than auditory events, i.e., auditory subevents, are integrated linearly to form auditory streams. A simple grammar, Auditory
Grammar, was introduced to avoid nonsense chains of subevents, e.g., a silence succeeded immediately by an offset (a
termination); a silence represents a state without a sound, and to put an offset, i.e., the end of a sound, immediately after
that should be prohibited as ungrammatical. By assuming a few gestalt principles including the proximity principle and
this grammar, we are able to interpret or reinterpret some auditory phenomena from a unified viewpoint, such as the gap
transfer illusion, the split-off phenomenon, the auditory continuity effect, and perceptual extraction of a melody in a very

INTRODUCTION

If we try to record and write down what someone says in an
everyday conversation, we are very likely to be embarrassed
by the fact that the speech includes a fair amount of doubtful
parts in terms of grammar. Probably, in our mind we often
correct what we hear in an everyday situation according to a
grammatical framework, which needs to be shared with the
social group to which we belong. Because acoustic information
disappears immediately after it is released, often in a noisy
environment, the auditory system simply needs a robust
framework to connect given pieces of information in a coherent
manner. If so, however, the auditory system may need such
a framework in order to organize any auditory percept in our
everyday life—for example, to hear out footsteps, approaching
cars, cats’ meows, winds, sound signals of electronic devices,
and so on. It is indeed an astonishing capacity of the human
auditory system to separate each sound perceptually when
mixtures of many different sounds are given to both ears
simply as temporal changes of sound pressure [1].

Our research over the past years proceeded from the
hypothesis that our auditory system utilizes a kind of
grammatical system which is innate to humans, and that this
system is a basis of all specific grammars of human languages.
So far, the hypothesis is still very primitive, but it helped us
to understand and discover new auditory illusions. It seems
to have a path to be connected to the phonologies of English,
Japanese, or Chinese, and seems to explain partially how notes
in Western music are perceived. Some neurophysiological
phenomena can be related to this human innate grammar.
Thus we called this the Auditory Grammar, abbreviated as AG
from here on, and wrote a book in Japanese to sum up what is
known in relation to this paradigm [2]. An outline of this book
is described in this article.

The concept of gestalt quality appeared at the end of the
19th century to explain the fact that one can perceive the same
melody in different keys, e.g., in C major and in F# major, even
if no common notes are used in two different presentations,

e.g., “CD E C|C D E C” and “F#GH#A#F# | F#GHA#F#” 3]
(Figure 1). Something that cannot be reduced to the natures of
individual tones should be there, and this was called the gestalt
quality. This was an immediate precursor of gestalt psychology,
which appeared as a rather quiet scientific revolution claiming
that the whole is not the sum of its parts (e.g., Koffka [4]). The
contemporary leading researchers in auditory psychology were
not interested in this idea, and rather established a theoretical
framework in which auditory phenomena were interpreted as
if they had been phenomena observed in an electric circuit [5].
To be fair, this paradigm worked very well for decades to make
auditory research a very rigorous and precise field [6].
However, a few related fields could not afford neglecting
gestalt psychology. In the field of speech perception, two
phenomena, i.e., the cocktail party effect [7] and the auditory
continuity effect [8] were reported. The former is a common
phenomenon in our everyday life. When two or more people
speak different things simultaneously, we are able to perceive
that more than one speaker utters different things, and follow
one of the speakers to grasp the spoken content. The latter is
now a well-known auditory illusion: a speech or music signal,
a tone, or a band noise of which a short portion, typically a
small fraction of a second, is replaced with an intervening
noise can be perceived as continuous, although that portion is
missing. In order for this illusion to occur, the noise to fill the
missing part should basically cover the frequency range of the
original signal with a surpassing intensity. Another important
phenomenon related to gestalt psychology has been reported
with some interest in music [9]. If two pure tones of 100 ms
alternate between 1000 and 1050 Hz, we are likely to hear a
single pitch-fluctuating tone as if we hear a trill in music. If the
tone frequencies are 1000 and 2100 Hz instead, we are likely
to hear two separate streams of different pitches. The latter
phenomenon is called auditory stream segregation today [1].
Auditory stream segregation is often understood employing
a gestalt concept called the proximity principle: objects
or events that are close to each other tend to be integrated
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perceptually. Deutsch [10] systematically indicated that those
gestalt principles established to understand visual organization
in the first half of the 20th century, to which the similarity
principle and the common fate principle are also included,
work well to understand auditory organisation especially in
music perception.

(@)

(b)

[y

Figure 1. An example showing the concept of gestalt quality [3]. Even
the transposition to the remotest key does not prevent the listener
from hearing the same melody, although none of the notes are shared
between the two tone sequences.

AUDITORY UNITS

In visual perception, figures and a ground are often formed
perceptually to let our visual world make sense. For example,
the letters on this page are figures, and they are supported by a
ground throughout the page, which includes the parts covered
by the letters. The ground does not have a clear shape. The
figure-ground idea is often applied to auditory organization—
for example, a melody and an accompaniment are sometimes
considered as a figure and a ground. We do not take this view
because both the melody and the accompaniment have clear
shapes. Basically, no parts of the accompaniment are covered
and hidden by the melody, and we can even pay attention
only to the accompaniment for a long time. We rather assume
that the auditory world consists of auditory streams that are
concatenations of auditory events and silences. This is not a
revolutionary way of thinking, but we just formalized what
leading researchers assumed on auditory organization [1, 11,
12]. Auditory events are what we often call sounds in our
everyday life: footsteps, hand claps, music notes, or speech
syllables, of which we can count the number. An auditory
stream is what we hear coherently, often as belonging to the
same source, in time, which is a string of auditory events and
silences. Auditory events and auditory streams are perceptual
units comprising the auditory world.

In order to formalize AG, we took one further step to assume
auditory elements that can be smaller than auditory events,
called auditory subevents. AG describes how such elements
are concatenated to form auditory events and streams. Besides
gestalt principles, our ideas about auditory subevents seem
to have taken shape along with approaches in neuroscientific
research on how the human brain deals with incoming sound. It
has long been described in various neuroscientific studies that

sound edges, i.e. a sound’s onset and offset, are signaled at very
early stages of cortical processing by cells that only respond
to sound edges. These edge-specific neurons are typically
different from those that signal the sustained parts of sound,
indicating that the brain considers sound edges and sustained
parts as different subevents. Current research addresses not
only how sound edges are represented in the brain, but also
how the information of sound edges and the information of
sustained parts of sound are combined and expressed at the
level of cortical responses over time. For example, the auditory
continuity effect as introduced above and described in more
detail below, has been studied specifically to investigate
such neural-response integration [13, 14]. Conceptually,
AG also proceeds from the integration of sound parts that
together constitute auditory events and auditory streams. This
enabled us to study the integration of auditory subevents at
the behavioral (psychophysical) level by means of creating
new auditory phenomena, such as those described below. In
the future, similar to the auditory continuity effect, these new
sound stimuli can hopefully be subjected to and contribute to
neuroscientific research as well.

GAP TRANSFER ILLUSION

An auditory illusion was the starting point to construct
AG (Figure 2). Suppose that a frequency glide component
of 2500 ms moving from 420.4 to 2378.4 Hz and another
glide component of 500 ms moving from 1189.2 to 840.9 Hz
cross each other while sharing their temporal middle. This
pattern is typically perceived as a long ascending glide and
a short descending glide crossing each other—just as how
the stimulus pattern was made. These glides physically cross
at 1000 Hz, but “crossing” in the present context means that
there are ascending and descending glides which share the
same pitch region. If a short temporal gap of about 100 ms was
introduced onto the middle of the short glide, we hear what we
presented—a long ascending glide and two successive short
tones. However, if a short temporal gap was introduced onto
the middle of the long instead of the short glide, we still hear
a long continuously ascending glide and two successive short
tones. This is the gap transfer illusion, which gave us a chance
to think about AG [15].

The long glide with a temporal gap is described by the
following scheme:

abcdefghijklmnop
< = >< = >/,

where the alphabetic letters indicate temporal positions
roughly, and “<” means an onset, “=" a filling, “>" an offset
(a termination), and *“/” a silence. The short glide is added as
follows:

abcdefghijklmnop
< = >< = >/
< = >/
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Figure 2. The gap transfer illusion. (a) A typical stimulus pattern
inducing the illusion, (b) a stimulus pattern perceived as it is, and (c)
the common percept.

Because the onset of the short glide (at the letter “e”) and the
offset of the first part of the long glide (at “g”) are close to each
other in time and frequency, the proximity principle works to
integrate them perceptually to make an auditory event. The
onset of the second part of the long glide (at “i”) and the offset
of the short glide (at “k”) are also close to each other, and
again the proximity principle works to integrate them. Thus,
we obtain:

abcdefghijklmnop

<=> <=> ,

and two auditory streams are formed as follows:

abcdefghijklmnop
< - >/
<=>/<=>/

It is also possible that the silences (/) in the second line are
detected at the beginning, but this does not change the final
results. The potentially separate pieces of fillings are integrated
as a single filling in the above stream, and this also helps to
make the whole pattern grammatical. This shows how a
grammatical form of an auditory percept appears from acoustic
cues, which are not always grammatical.

AUDITORY GRAMMAR

AG is a grammar indicating how auditory subevents,
i.e., onsets (<), offsets (>), fillings (=), and silences (/), are
concatenated to form an auditory stream. We first assumed that
an auditory stream always begins with an onset, and ends with
a silence, and, then formalized a grammar as follows:

1. Anonset is followed by a filling or a silence (<= or </).
2. An offset is followed by a silence (>/).

3. A filling is followed by an offset or an onset
(=> or =<).

4. A silence is followed by an onset, or ends a stream

(/< or/).

This set of rules may be insufficient for future research, but
we first summarized what is known empirically, and did not
include unnecessary rules for this purpose. New rules may be
included in the future.

Three different types of auditory events appear as follows:

1. An event that begins and ends immediately as a single

hand clap (<)—followed by a silence (/).

2. An event that begins, continues for a while, and ends
as a train whistle (<=>)—followed by a silence (/).

3. An event that begins, continues for a while (<=), and
is replaced by another event—starting with an onset
(<)—as a music note in a melody.

The gap transfer illusion as described above is considered
an auditory phenomenon to construct auditory events of the
second type (<=>). If a filling and an offset appear without a
preceding onset (=>), then AG requires an onset to be restored
(<=>; Sasaki et al. [16]).

SPLIT-OFF PHENOMENON

A new illusion was discovered from this theoretical
framework. Suppose that a long glide of 1200 ms moves
from 420.4 to 965.9 Hz—the first part of the above long glide
interrupted by a gap. The beginning part of the second glide
is the same as that of the above short glide, but the glide is
lengthened—another glide of 1500 ms moves from 1189.2 to
420.4 Hz. These two glides are presented successively with
an overlap of 200 ms (Figure 3). This is a new example for
this article, but the basic idea was from our previous research
[15, 17]. We can hear a long continuous glide going up and
down. At about the temporal middle of this ascending-
descending glide, we hear a short tone. The acoustic cues of
this pattern are:

abcdefghijkl
< = >
< = >/,

The proximity principle works between the onset of the second
glide (at “e”) and the offset of the first glide (at “g”), and the
following streams are obtained:

abcdefghijkl
< = >/
<=>/
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Figure 3. A stimulus pattern inducing the split-off phenomenon. An
illusory short tone is perceived around the temporal middle of the
pattern.

This is what we call the split-off phenomenon. Although we
invoked one of the gestalt principles, the proximity principle,
our explanation of this phenomenon also revealed a problem of
gestalt psychology. The acoustic cues as indicated at first seem
to take a very simple shape—two glides with a short overlap. It
is difficult from a gestalt-psychological viewpoint to understand
why the perceptual system should reconstruct this configuration.
There is no reason to cause the split-off phenomenon in order
to meet the Prdgnanz law, which indicates a tendency of our
perceptual system to seek for simplicity and regularity [4]. This
led us to assume that the proximity principle and AG should be
the basis to understand this phenomenon. The proximity between
auditory subevents may have high priority in the process of
auditory organization, and the proximity principle should not be
chained to the classic version of gestalt psychology. AG, though
still primitive, is justified by the fact that it gives us opportunities
to discover new auditory phenomena. The split-off phenomenon
can be observed in a very simple situation which could have
been realized in the middle of the 20th century, but it seems
that previous researchers did not have an occasion to generate a
pattern leading to this illusion.

AUDITORY CONTINUITY EFFECT

If a long pure tone of 2000 ms and 2000 Hz has a temporal
gap of 100 ms in the middle, and if the gap is filled with a
narrow-band noise around 2000 Hz sufficiently more intense
than the pure tone, then we often hear the pure tone not with a
temporal gap but as continuous (Figure 4). This is an example
of the auditory continuity effect [1, 8, 12]. This illusion is often
explained by the peripheral behavior of the auditory system,
but it seems worthwhile to indicate that this illusion can also
be explained within our framework—AG should be always
counted as one of the possible explanations.
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Figure 4. A spectrogram of a stimulus pattern in which the auditory
continuity effect can be observed. A long continuous pure tone is
perceived, even when the middle portion of 100 ms is replaced by a
narrow-band noise of the same duration.

Because the intense noise should mask the offset and the
onset of the pure tone portions delimiting the temporal gap,
the following subevent cues are given to the auditory system:

abcdefghijkl
< =<=>=>/,

This configuration is ungrammatical. The first offset (at
“g”) should be followed by a silence (/), but is not. Then
the configuration can be reconstructed, and a silence can be
inserted (at “h”) as follows:

abcdefghijkl
< = = >/
<=>/

This is closer to a grammatical solution. Because the two
fillings, or filling portions, in the upper stream (at “c” and “1”)
are from the same pure tone, they can be united as a single
filling. Thus, we obtain:

abcdefghijkl
< e >/
<=>/

This shows that the auditory continuity effect can be understood
also in the framework of AG [17-19].

PERCEPTUAL EXTRACTION OF AMELODY

Finally, we would like to point out an auditory phenomenon,
which we should be encountering often in our everyday life,
especially in music. Suppose that a pure tone of 1047 Hz (C
in music) and 1200 ms and another pure tone of 988 Hz (B
in music) and 1000 ms are presented in such a way that they
share an offset (Figure 5). We can hear two tones with different
pitches, just as how the tones are presented, with asynchronous
onsets:
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abcdefghij
< = >

/
< = >

However, it is also possible to hear out a sequence of two
successive notes C and B:

abcdefghi j

<= = >/

C-B------
(roughness).

The auditory system probably tries to find a coherent stream
to make the percept as simple as possible. B is perceived
with some roughness, which means that C (to begin at “a”)
and B (to begin at “c”) have a perceptual interaction, but the
presence of C is suppressed perceptually when B starts. A very
simple melody “CB—" thus appears. If we played this melody
“CB—" in an extremely reverberant room with a recorder, for
example, a very similar acoustic pattern would appear, and to
perceive a melody in this way should be correct in this case.
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Figure 5. A subjectively constructed melody. Two pure tones of 1047
Hz (C in music) and 988 Hz (B in music) are presented with a 200-ms
onset asynchrony. It is possible to hear a melody of C followed by B.

FINAL REMARKS

Some gestalt principles and AG can work together well
to discover new auditory phenomena and to reinterpret our
auditory experience. We invite people in many different fields
to play with these toys to find something new themselves.
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