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Abstract

Onomatopoeia, or sound-imitation words (SIWs) are
important in informing sound events in human-computer
communication. One problem is listener-dependency in
recognizing environmental sounds by means of SIWs,
that is, different listener hears the same environmental
sound as a different SIW even under the same condition.
Therefore, the use of usual Japanese phonemes is not ad-
equate to express SIWs. To cope with this ambiguity
problem of phoneme determination, we designed a set of
new phonemes, referred to as the basic phoneme-groups,
to represent environmental sounds. The basic phoneme-
group consists of one or more Japanese phonemes, and
thus the ambiguity problem is resolved based on it by
generating one or more SIWs for a sound event. An
HMM-based scheme is adopted to recognize SIWs using
the phoneme-groups. Listening experiments with seven
subjects showed that automatic SIW recognition based
on the basic phoneme-groups outperformed ones based
on the other types of phonemes. The recall and precision
rate were 56.4% and 72.2%, respectively.

1. Introduction

Recent development of interface technology allowed us
to communicate with computers, such as pet robots and
automated teller machines, in our daily lives. In such a
communication scene, if the computer can deal with en-
vironmental sounds as well as human speech, it will be
very helpful for us to share the environmental situation
with computers. For instance, a door-opening sound may
tell us that someone comes in, and an unusual sound of a
machine tells us the existence of machine troubles|[1, 2].

However, existing automatic speech recognition sys-
tems can deal with only speech, and disregard environ-
mental sounds as noises that degrade the speech recogni-
tion performance. In this paper, we design a method that
transforms environmental sounds into sound-imitation
words (SIWs). An SIW is a word that imitates a sound
event by means of a symbol sequence [3]. Japanese
speaking people often use SIWs, referred to as giongo
in Japanese, to communicate environmental sounds. For
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example, an SIW “r-i-N r-i-N” in Japanese (“ting-a-ling”
in English) stands for the sound of bell. SIWs are very
useful to share information on environmental sounds with
communication.

Critical issues in this sound-imitation word recogni-
tion are how to divide an environmental sound into recog-
nition units and how to resolve representation ambiguity
of SIWs. The ambiguity problem is that an environmen-
tal sound can be represented using different SIWs even
under same conditions. To solve these problems, we de-
signed the three-stage procedure that transforms environ-
mental sounds into SIWs in three stages, and phoneme-
group expressions that can represent ambiguous words.

In section 2, we explain three-stage procedure for
SIW recognition. In section 3, we describe the details
of the ambiguity problem and present an approach based
on phoneme-group expressions. In section 4, we evaluate
our new approach. In section 5, we describe our conclu-
sions.

2. Sound-Imitation Word Recognition

For recognition alignment, misrecognition error in one
part can seriously interfere with the alignment of the
whole sound. So long sound should be divided into
shorter waveforms and each waveform should be trans-
formed separately. Based on the relationship between a
waveform chunk and one syllable of a word, we devel-
oped an approach to transform sounds into SIWs in three
stages [4]:



(1) The whole waveform is divided into waveform
chunks. (Segmentation)

(2) Each segment is transformed into a sound-imitation
syllable by phoneme recognition. (Phoneme recog-
nition)

(3) An SIW is constructed from sound-imitation sylla-
bles according to Japanese grammar and culture.
(Construction)

This process is shown in Figure 1. In this paper, our pri-
mary focus is on step (2).

(1) Segmentation

In the first step, the waveforms are divided into chunks.
A waveform chunk equals a short sound, called fanpatsu-
on in Japanese [5]. The tanpatsu-on is used as a unit of
the environmental sounds. Based on the sonority theory
[6] and perceptual experiments, we know that the number
of syllables is equal to the number of peaks in a power
envelope. From this theory, we developed a segmenta-
tion method that involves calculating the ratio of the lo-
cal minima between two peaks in a power envelope to the
lesser of the two peaks, and then segmenting at the index
of the local minima, if the ratio is less than a threshold
(Figure 2). The details of this segmentation method and
perceptual experiments are introduced in our paper [4].

(2) Phoneme recognition

In the second step, each segment is transformed into a
sound-imitation syllable by means of Japanese phoneme.
This process is referred to as phoneme recognition in this
paper. For recognition systems, we used HMM-based
systems, trained on 6,011 environmental sound stimuli
and their associated transcriptions [S1]. The acoustic fea-
tures consist of 16 MFCCs plus energy, together with
their delta coefficients, resulting in 34 parameters per
frame. The frame size was 50 ms, with a frame shift of
10 ms. This system is a 16-mixture monophone model.
In our preliminary experiments, we confirmed that the
HMM-based system was more effective than the other
methods, and that the MFCCs were more effective than
the other features. The parameters shown above were de-
termined based on the results of these experiments.

However, the ambiguity problem of SIWs prevents
the recognizer from appropriately training and determin-
ing the phonemes. This critical issue is described in sec-
tions 3 and 4.

(3) Constructing

In the final step, a SIW is constructed from all of the
sound-imitation syllables, and the SIW is edited to deter-
mine the most appropriate one, according to the require-
ments of the Japanese language. For example, the system
would express a cry of a cuckoo as “ka-q ko:-q” while
the system heard as “ka-q ku:-q”. This is because “ka-q
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Table 1: Comparison of three phoneme sets
| | example 1 | example 2 | ambiguity |

A | u-expaoN | fricu: g much
B k-tao N s-shu: q a little
C kaN shu: g no

ko:-q” is a well known symbolic expression in Japanese.
The influence of language and culture is dealt with in this
step. How to design editing strategies will be studied in
the future.

3. Ambiguity in Determining Phonemes

Another critical issue, in SIW recognition, is the ambigu-
ity in determining the phonemes. The literal representa-
tion of SIWs is not unique, but there are a lot of variations
that depend on the listeners. For instance, a certain im-
pact sound may be heard as “b-a:-N”, “d-a:-N” or “d-o:-
N”. It is very difficult for the system to train and output
the proper SIWs because expressions written in Japanese
phonemes cannot appropriately represent environmental
sounds. To solve this problem, we designed and com-
pared three sets of phonemes:

o A: articulation-based phoneme-group set
e [3: basic phoneme-group set
e (C: Japanese phoneme set

The first and second sets are ones of phoneme-groups,
consisting of some Japanese phonemes, that can repre-
sent ambiguous words. For example, if a phoneme-group
/af consists of /b/ and /d/, and another phoneme-group /5/
consists of /a:/ and /o:/, the expression “«-3-N" generates
four SIWs: “b-a:-N”, “d-a:-N”, “b-0:-N” and “d-0:-N”
(Figure 3). In this section, we describe how to design the
two sets of phoneme-groups, and how to train Japanese
phoneme transcriptions for ambiguous words. We pre-
pared a set of Japanese phonemes in order to evaluate the
effectiveness of A and B (Tables 1 and 2).

3.1. Phonemes .A:
groups

articulation-based phoneme-

In this subsection, we describe how to design a set of the
“articulation-based phoneme-groups (APGs).” An APG



Table 2: Japanese phonemes [C]
w1, Iyl Ipl, It k1, 1/, 1d], 1gl, Itsl, Ich/, fm/, /n/,
/h/, i1, Isl, Ish/, 12/, 1j/, Ixl, [al, [il, I/, fel, /o],
la:l, fi:/, ha:/, le:/, lo:/, Iq/, IN/

Table 3: Articulation-based phoneme-groups [A]
| APG | Japanese phoneme | associated articulation |

/nasal/ m n nasal

ric/ jsshz fricative

/hf/ fh fricative
/semiv/ Wy semi-vowel
/v-exp/ bdg gy voiced explosive
/u-exp/ chkptts unvoiced explosive

is a Japanese vowel or a new phoneme consisting of sev-
eral Japanese consonants articulated in the same manner
(Table 3). There are six consonants, — /nasal/, /fric/,
/semiv/, /hf/, /v-exp/, and /u-exp/ —, eight vowels, —
lao/, i/, lu/, lel, lao:/, /i:/, lu:/ as well as /e:/ —, moraic
silence /q/ and moraic nasal /N/. /ao/ represents a sound
that can be heard not only as /a/, but also as /o/.

We designed these phoneme-groups based on a hy-
pothesis that phonemes articulated in the same man-
ner tend to exhibit similar properties to environmental
sounds. This hypothesis is confirmed by an analysis of
perceptual experiments [4] and the sound-symbolism the-
ory, which is the study of the relationships between the
sound of an utterance and the meaning [7]. The study
claims that the phoneme itself suggests a meaning. For
example, /m/ and /n/ (nasal consonants) tend to be used
in soft expressions.

Expressions made from the APGs generate more
SIWs than expressions from the Japanese phonemes and
basic phoneme-groups. Thus, the recall ratio is high,
and the precision ratio is low. Therefore, a set of
APGs can be used for the automatic tagging of sound
archives, while inappropriate words are often generated
when transformed into SIWs.

3.2. Phonemes 3: basic phoneme-groups

In this subsection, we describe how to design a set of the
“basic phoneme-groups (BPGs).” The BPG set includes
all kinds of combinations of Japanese consonants. Ta-
ble 4 shows a list of the BPGs that appears in the lis-
tening data. For example, /k-t/ is a BPG representing a
sound that can be heard not only as /k/, but also as /t/, and
that cannot be heard as other Japanese phonemes. The
difference between the APG and BPG is determined by
whether Japanese phonemes are allowed to be an element
in two or more groups.

It is difficult to train the HMMs of all BPGs ade-
quately, because the numbers of groups in the set is huge.
So, when the number of samples from a certain phoneme-
group is insufficient to build adequate HMMs, we use the

Table 4: basic phoneme-groups [5]

Itl, Ik-t/, Ibl, Ipl, It-ch/, If-p/, It-p/, Iz-j/, K/, Ig/,
It/ Ik-p/, Ik-t-ch/, /b-d/, /j/, /t-ts/, /ts-ch/, /s-sh/,
/d-g/, /b-d-g/, Iwl, Ish-j/, [k-t-1/, [k-g/, t-d/, /ch/, /sh/,
/aol, /a/, /il, lul, lel, lol, lao:/, /a:/, i/, lu:/, le:/, [o:/,
IN/, Iq/, 1q-N/

transcriptions of Japanese phonemes for training instead
of those made from the BPGs. For instance, HMMs train
transcriptions without using /p-w/, but using /p/ and /w/,
since there are very few samples of /p-w/.

3.3. Acoustic model training with ambiguity

There is another ambiguity problem to train HMMs
on environmental sounds when transcribing them using
above three types of phoneme sets, that is, we cannot
determine a unique transcription for an environmental
sound that has two or more SIWs. This is especially se-
vere with the Japanese phoneme set because each tran-
scription using it can represent only one SIW without any
ambiguity. The other two phoneme-group sets can pro-
duce two or more SIWs simultaneously by a single tran-
scription. Two or more transcriptions are often required
to represent certain environmental sounds.

To solve this problem, we introduce a technique for
training HMMs on a sound with two or more transcrip-
tions, referred to as one sound with plural transcriptions
(OSPT). When there is a sound that has two or more tran-
scriptions, we use the same sound to train HMMs us-
ing each one of all transcriptions. OSPT training enables
the system with our phoneme sets, especially that using
Japanese phoneme set, to train ambiguous sounds ade-
quately.

4. Experiments

To evaluate the three kinds of phoneme sets, we con-
ducted listening experiments. We used seven subjects
ranging in age from 22 to 24. For testing data, we
prepared 20 environmental sound stimuli, which were
sounds recorded in a real environment or obtained from
different CDs than the sounds used in training [S2, S3].
They were mainly impact and friction sounds. The pro-
cess of this experiment is as follows:

1. Subjects listened to environmental sound stimuli.

2. Subjects transcribed them, using their own sound-
imitation words [answer SIWs]. They could write
down two or more SIWs for each sample.

3. All SIWs generated from the systems were shown
to the subjects [result SIWs].

4. According to the level of appropriateness, the sub-
jects evaluated all of the result SIWs, using five
kinds of scoring, — 1 for inappropriate SIWs and
5 for appropriate SIWs.



Table 5: Results of subjective experiment

| | recallratio | precisionratio | score |
A 81/140 (57.9%) 27/104 (26.0%) —
B 79/140 (56.4%) 26/36 (72.2%) 3.89
C 56/140 (40.0%) 17/22 (77.3%) 3.66

We defined the answer SIWs as correct transcriptions,
and three phoneme sets were evaluated on the recall and
precision ratio of the result SIWs, generated by their ex-
pressions. Additionally, we used scores of appropriate-
ness to evaluate them.

The results are shown in table 5. Expressions us-
ing “B: basic phoneme-groups” obtained a high preci-
sion ratio, and could output more than half of the answer
SIW though they are very various. Moreover, the aver-
age score in this phoneme set was the highest of all. A-
expressions aren’t evaluated by scores, because they of-
ten generate too many SIWs for the subjects to be able
to evaluate all the words. We predict that scores will
be less than 3.00 if the evaluation is performed, based
on the recall and precision ratio. Expressions using “A:
articulation-based phoneme-groups” have a low precision
ratio, even though the recall ratio was the highest of the
three. As a result, we confirmed that A-expressions are
more ambiguous and varied than human answers. In con-
trast, expressions using “C: Japanese phonemes” have
a low recall ratio, even though the precision ratio is the
highest. The C-expression evaluations are too dependent
on the listeners, because one C-expression generates only
one SIW.

From the listening experiments, we confirmed that
expressions using the BPGs are very suitable for express-
ing the literal ambiguity of the Japanese speaking peo-
ple. The answer and result SIWs are shown on Table
6. In this table, the value in parentheses shows the av-
erage score of the targets, and the value in square brack-
ets shows the number of listeners who answer the SIW.
Original sounds are illustrated at “http://winnie.kyoto-
u.ac.jp/members/ ishihara/onomatopoeia_e.html”.

5. Conclusions

In this paper, we proposed three-stage procedure to trans-
form environmental sounds into SIWs. In particular, we
discussed the literal ambiguity problem of SIWs. To
solve this problem, three kinds of phoneme sets were de-
signed. The APGs represent very ambiguous expressions,
the BPGs represent less ambiguous expressions, and the
Japanese phonemes represent no ambiguity. Based on the
listening experiments, we confirmed that expressions us-
ing the BPGs are very suitable for expressing the literal
ambiguity of Japanese speaking people. An important
future project is to design a strategy that can choose the
most suitable SIW for the user from a selection of SIWs.

Table 6: Result SIWs and Answer SIWs

Results (A) | Results (B) | Results (C)
Answer SIWs
02 u-expiN | t-chiN(345) | chiN(3.22)

tiN[3],kiN[3],chiN[3],kaN[l],tuwi: N[1]

04 || u-expaoq [ k-taoq(2.97) | t 0 q(2.00)

kaql[4],taq[4],chaq[l],taN[1],
chiq[ll,teq[l],tsaq[1]

06 || u-expi:N | tchi:N(445) | chiN(3.67)

chi: N [4],chiN [3],ti: N[3],

ki: N[3],kiN[2],piN[1]

07 fricu:q [ s-shu:q(3.50) [ su:q(2.89)

shu: q[5], shi: q[5],sha:q[1],ji: q[1]

09 u-exp oq | p ao q (3.45) | poq((3.33)
paql6l,poq[4]l.taq[ll.kaq[l],powaq[l],
kuq[ll,tuq[l],tsuq[1]

11 u-expi: N riN (2.22) ri: N (4.44)
ri: N[5],chi: N [3],ti: N [3],pi: N[3],ki: N[2]
17 v-exp u: q | bu: q (4.56) bu: q (4.56)
bu:q[5],bi:q[4],bua:q[l],du: q[1],
pa:ql[ll,ba:q[l],bo: q[l]
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