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ABSTRACT

This paper proposes a speech recognition strategy
to deal with utterances having unknown words. The
strategy integrates unknown-word detection using
garbage (phoneme) cluster Hidden Markov Models
(HMMs) and registered-word recognition using
phoneme HMMs. These garbage cluster models are
designed to minimize both the increase in processing
for unknown words and the decrease in the recog-
nition performance for registered words. A further
goal is to maximize the detection performance of un-
known words. Two important issues are studied: 1)
the balance between scores of registered words and
those of unknown words, and 2) use of the unknown
word penalty derived from the stochastic language
model. In sentence recognition experiments using
this unknown-word processing, the proposed clus-
ter models that take into account the Japanese syl-
labic construction achieved the best word accuracy
of 71.8%, compared with 56.6% for sentence recog-
nition without this processing. We confirmed the
effectiveness of this strategy.

1. INTRODUCTION

A speech recognition system generally recognizes only
sequences of words registered in its lexicon in order to
achieve high-performance and real-time processing.
However, in practice, the subject frequently speaks
unregistered (unknown) words to the system because
he or she does not know the lexicon’s contents.

There are some conventional methods of recog-
nizing speech having unknown words. One method
is to Tecognize an optional phoneme sequence, using
such a system as a “phonetic typewriter”, while rec-
ognizing registered words in a lexicon{1]{2]. Another
method 1s to use unknown word models in addition
to models of words registered in the lexicon when
the unknown words are proper nouns[3]. Yet another
method is to use garbage HMMs for interjection and
grammatically unnecessary words[4]. The additional
processing of unknown words in the above methods
generally produces a significant drop in speech recog-
nition performance and an increase in the computa-
tion required for processing.

We propose an approach using garbage cluster
HMMs that can effectively detect unknown words
and minimize the required increase in processing.
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2. PROCESSING OF UNKNOWN WORDS

A speech recognition system cannot recognize words

not registered in the lexicon. One method of prevent-
ing a drop in performance caused by additional pro-
cessing for unknown words is to increase the number
of words registered in the lexicon. However, doing
this also increases the error rate, and this method
cannot be expected to process every new unknown
word due to the lexicon’s limitations. There is an-
other method of processing unknown words that uses
a phonetic typewriter, which can transcribe input
speech using any kind of phoneme sequence. How-
ever, this method requires a large amount of process-
ing compared with the recognition of only registered
words.

In our approach, garbage cluster HMMs are used
to process unknown words. The cluster model is con-
sidered a kind of garbage model, which is generally
used in the field of keyword spotting[5][6][7]. This
method increases the processing time only a little
because of the smaller number of additional acoustic
models needed to cope with all unknown words. The
method using this cluster model detects a section of
an unknown word, but cannot detect the phoneme
sequence of the unknown word. Consequently, we
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consider the following two steps for processing un-

known words in a speech recognition system using

this approach (Figure 1).

Step 1: Detect unknown word sections using garbage
cluster HMMs and recognize registered words
using phoneme HMMs.

Step 2: Transcribe the detected section of an un-
known word with a phoneme sequence using
more accurate phoneme HMMs.

This paper mainly describes Step 1, focusing on
how the garbage cluster is modeled through recogni-
tion experiments.

3. GRAMMAR THAT ALLOWS

UNKNOWN WORDS
It is necessary to integrate a rule that enables gener-
ation of unknown words into a grammar in order to
recognize speech having unknown words. We assume
that words appearing frequently have already been
registered in the lexicon and that words appearing in-
frequently must be processed as unknown words. Ac-
cordingly, we investigated the occurrence frequency
of all words in the text data (about 3.3 x 10° words;
9,502 different words) of a “conference registration”
task. It was found that 44.9% of different words were
one-frequency words, and that nouns accounted for
65.2% of these words (Figure 2). Based on this result,
we decided to use a context-free grammar (CFG), in
which unknown-word generation rules are included
as noun parts.

frequency >3

80 90  100(%)

0 20 40 60 80 100(%}
Figure 2. Ratio of one-frequency words and other
words

4. ACOUSTIC MODELS FOR UNKNOWN
WORDS
Three kinds of cluster sets and one kind of phoneme
models were compared to find the best acoustic mod-
els for unknown word detection:
¢ Single Cluster Model (Type-I)
All phonemes were unified as a single cluster
model. This model does not increase process-
ing much, but it also cannot use the connection
probability of a garbage cluster in the unknown
word (i.e. the unknown word section is a sin-
gle symbol sequence). This disadvantage would
seem to prohibit effective detection of unknown
words.
e Consonant Cluster and Eight Phoneme Models
(Type-II)
One cluster model unified from 18 consonants
and eight phoneme models including all vowels
were used. This division was designed taking
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into account the Japanese syllabic construction
to use the connection probability of a garbage
cluster as a language model. Furthermore,
Japanese vowels are more reliable for recogni-
tion than consonants because of their compar-
atively large training data.

o Nine Clusters (Type-1II)

Nine cluster models were generated by auto-
matically splitting the single cluster model of
type-I into nine cluster classes based on a clus-
tering method[8]. The system using this cluster
model cannot easily use a language model be-
cause the unknown word section transcribed by
these cluster symbol sequences does not reflect
Japanese linguistic structure.

e Phoneme Models (Type-IV)
Phoneme models were 25 context-independent
phoneme HMMs. This model can use a lan-
guage model, such as a phoneme N-gram.

In the recognition system, 25 context-independent
phoneme HMMs (4-state, 5-mixture) and a silence
HMM were used for registered-word recognition.
Phoneme and garbage cluster models with 4-state
and 5-mixture were used for unknown-word detec-
tion.

4.1. Comparison of Cluster Models

We compared the recognition performance of these
three kinds of cluster models for processing unknown
words.

First, it is assumed that all input utterances con-
sisted of registered words. The speaker-dependent
recognition test was carried out on 701 phrases by
using a frame synchronous HMM-LR system[9]. Ta-
ble 1 shows phrase recognition performance.

Table 1. Phrase recognition rate
no process | type-I | type-II | type-111
93.6% 90.6% | 77.5% | 65.2%

Usually, the processing of unknown words de-
creases recognition performance. However, it is obvi-
ously desirable to keep this decrease in performance
as small as possible relative to performance without
unknown word processing (93.6%).

Next, the ability for detecting unknown words
was tested using 348 input phrases including noun
words. We removed nouns in input utterances from
the lexicon. The rate of unknown words detected
correctly is shown in Table 2.

Table 2. Rate of unknown words detected correctly
type-I | type-1I | type-111
rate | 41.4% | 92.8% | 84.8%

We must aim to both maintain high-recognition
performance for speech without unknown words and
correctly detect the speech sections of unknown words.
In Table 1, type-I has the best recognition rate. In
Table 2, type-11 has the best rate of unknown words
detected correctly. The recognition rate of registered
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words can approach the recognition rate without pro-
cessing of unknown words by reducing the score of
the unknown word section. However, it is difficult
to improve the rate of unknown words detected cor-
rectly. Therefore, we conclude that the type-II model
is the best, and it is expected to obtain higher recog-
nition accuracy due to the usability of the language
model.

4.2. Comparison between Type-II and Type-
IV (Phonetic Typewriter)

We examined sentence recognition in order to com-
pare the method using the proposed cluster model
(type-1I) with the method using the “phonetic type-
writer” of phoneme models (type-IV)[1]. A speaker-
dependent recognition test was carried out on 57 sen-
tences using a frame synchronous HMM-LR system.
The method, using a phonetic typewriter, used a
context-free grammar, in which unknown-word gen-
eration rules are included as noun parts. Also, we
set a penalty by using the following equations (1)
and (2) in order to decrease the substitution of un-
known words for registered words.

[score of registered words section]

Sknown = Lph (1)

[score of unknown words section]
Sunknown = Wy * (Lcl +wy * lOg(PI)) (2)

where Ly, is the likelihood of a registered word being
detected by phoneme HMMs, L, is the likelihood of
an unknown word being detected by garbage cluster
models (type-II) or phoneme models (type-IV), and
P, 1s the probability of a garbage cluster N-gram
of unknown words. This experiment used a 4-gram
model. This N-gram was trained by only noun data
(58,896 nouns; 5,072 different nouns). Here, w is the
weight of the penalty using the language model, and
wy is the weight of unknown words compared with
registered words.

Without processing of unknown words, the sen-
tence recognition rate of this system is about 68%.
Table 3 shows the sentence recognition rates for type-
IT and type-IV. (phonetic typewriter) models for un-
known words.

Table 3. Sentence recognition rate (%)
type-11 type-1V

Wo [55] Wi

0 J10 |15 0 ]10] 15
1.0 |32 54 | B8 || 21 | 54 | b6
098 || 42 | 58 | 60. i 25 | 54 | 49
0.95 | b4 | 60 | 56 || 40 | 49 | 46

Next, we compared the recognition time without
processing of unknown words with that using both
type-IT models and type-IV models (w1 = 1, ws = 1).
Table 4 shows an index of recognition time, based on
1 for no process used, for each case with 10 sentences.

In Tables 3 and 4, we find that the processing of
unknown words using the type-II model has a lower
recognition time and a higher sentence recognition
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Table 4. Comparison of recognition time for 10 sen-
tences

no process | type-1I | type-1V
index 1 2.0 3.3

rate than the method using type-IV (phonetic type-
writer). Therefore, type-I1 is the best acoustic model
for unknown words.

5. RECOGNITION EXPERIMENTS
INCLUDING UNKNOWN WORDS

We used the type-II model to examine speaker de-
pendent sentence recognition for 57 sentences uttered
by one male (MAU). The score of unknown words
was calculated using the same penalty as in equa-
tion (1) and (2) in section 4.2.

First, we deleted registered words from the lex-
icon in order to enable sentence recognition includ-
ing unknown words. For each input sentence, we set
grammar (LR-table) without the nouns existing in
each sentence. Word accuracy was computed by:

M-1I-D-S

— x 100 (%) (3)

Word accuracy =
where M is the number of all words, I is the number
of insertion errors, D is the number of deletion errors,
and S is the number of substitution errors in all test
sentences. In this experiment, the nouns excluded
from the grammar were transcribed by garbage clus-
ter symbol sequences as unknown words. Therefore,
we counted it as a correctly recognized word when
the excluded noun was transcribed by a garbage clus-
ter symbol sequence.

Figure 3 shows the influence of the penalty wy
and ws.
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Figure 3. Ratio of detection error

In Figure 3, we prove the following tendency by
using a penalty for the unknown word’s score.

e The weight (wq) of the penalty using the lan-
guage model:
As w;y increases, deletion errors decrease and
insertion errors increase. When the recognition
system does not use the language model (w; =
0), deletion errors increase due to mistaking
unknown words for registered words. The use
of the language model for an unknown word
can prevent the generation of an unnatural
garbage cluster symbol sequence, and the score
would decrease. However, the bigger w; in-
creases substitution due to mistaking wrong
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registered words for the smaller score of un-
known words.

e The weight (ws) of unknown words compared
with registered words:
As wo decreases, deletion errors decrease and
both insertion and substitution errors increase.
The smaller w4 also increases substitution.

Table 5 shows the word accuracy for each penalty.

Table 5. Word accuracy including unknown words

(%)

W1

ws 0 0.5 1.0 1.5
1.0 49.8 | 65.0 | 7T1.8 | 68.5
095 || 645 | 65.1 | 61.2 | 57.8
0.9 62.1 | 60.8 | 57.4 | 59.0

In Table 5, the word accuracy at w; = 1 and
wy = 1 is the best, 71.8%. As for the case of no
processing of unknown words, the word accuracies
are 90.4% when the grammar included all the nouns
used and 56.5% when the grammar excluded nouns
within input speech (wy = 1, wy = 1). As a re-
sult, this method using the type-I1 model improved
the word accuracy of sentences having the unknown
words (56.5% — 71.8%).

Next, experiments were carried out on 52 sen-
tence utterances by six speakers (three male and
three female), and the weights used were w; = 1 and
wy = 1. We used the grammars that had deleted
some registered words in the lexicon in order to en-
able sentence recognition with the existence of un-
known words. The type-II model was generated from
2,620 word utterances by one male (MHT). For each
speaker, the type-IT model and the phoneme HMMs
adapted to the speaker with 50-word utterances were
used as the acoustic model. Table 6 shows three
kinds of word accuracies for each speaker. The first
is the word accuracy of sentences without unknown
words by using a lexicon that includes all nouns.
The second is the word accuracy of sentences hav-
ing unknown words by using the grammar without
unknown word processing. The third is the word ac-
curacy using the type-IT model for sentences that in-
clude unknown words while excluding nouns in each
input sentences.

Table 6. Comparison of word accuracies for each
speaker (%

mput
speaker without with
unknown word unknown word
Nno process no process | type-li
MAU 82.9 49.0 60.5
MIK 72.4 40.4 70.1
MTK 73.9 43.3 58.1
FAK 76.2 39.1 51.7
FAS 62.6 36.3 443
FNY 64.6 31.6 38.0
| average || 72.1 | 400 7 538 |
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As a result, the processing of unknown words us-
ing the type-II model achieved about 53.8% word ac-
curacy. The word accuracy of type-I1 is worse than
72.1% for sentences without unknown words. How-
ever, the type-1I model improved more than 23% in
comparison with that for “no processing” sentences
that include unknown words. Therefore, our ap-
proach is effective for the recognition of sentences
including unknown words.

6. CONCLUSION

This paper proposed an unknown word detection ap-
proach that uses garbage cluster HMMs. The method
using one cluster model for 18 consonants and eight
phoneme models (type-II) achieved the best perfor-
mance. This method is more effective than detect-
ing unknown words with phoneme models. In the
unknown-word detection experiment using the type-
II model, we found it effective to use a garbage clus-
ter N-gram and to use a penalty for the score of
unknown words. Sentence recognition experiments
show the effectiveness of this approach. We must in-
vestigate efficient penalties for the score of unknown
words in order to achieve an even higher performance
in the future.
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