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ABSTRACT

In this paper, we attempt to validate the 
exible vocabulary
approach for speaker independent isolated word and con-
nected words recognition. We compare the performance of
classical whole word HMMs against di�erent sets of subword
units. For this purpose, we model phonemes, diphones and
words of the (Swiss) French language. The recognition rates
obtained with phoneme models are monitored as we increase
the amount of training data. The results of the described
experiments validate the 
exible vocabulary approach and
show advantages and disadvantages of both propposed sub-
word units against common whole word HMMs.

1. INTRODUCTION

Subword units represented as Hidden Markov Models
(HMMs) [6], is to be one of the most successful approaches
for speech recognition nowadays [5]. The reusability of
such segments, which need to be trained only once and can
then be applied to recognize any vocabulary, represents
a considerable advantage compared to rigid whole word
models.
Although good results are achieved through this 
exible
technique, little is known about how the size of training
data a�ects the recognition rate. Also, to our knowledge,
the 
exible vocabulary approach has not su�ciently been
compared to other methods by using a similar training
corpus and evaluating the obtained models against a
common set of data.

The goal of the paper at hand, is to compare di�erent HMM
subword model approaches with word models. Since we
are not only interested in the �nal recognition rates after
the entire training material has been used, but also on the
in
uence of training data amount, we are also showing for
the experiments with phonemes as subword units, how this
technique improves performance.

2. EXPERIMENTS

For the intended evaluation, we choose to compare results
based on

� phonemes, since those represent the most often used
subword units,

� diphones, which are de�ned as the segment characteriz-
ing the transition from the middle of a phoneme to the
middle of its next neighbor,

� and whole words, providing us with the necessary ref-
erence results.

2.1. Architecture of Models

All three presented units are de�ned as continuous left-right
HMMs and were trained using HTK [4].
As parameter vector, we use 12 Mel Frequency Cepstral
Coe�cients (MFCCs) and energy, as well as their �rst and
second derivatives. The resulting vector of 36 elements is
split up in three streams of 13 stationary coe�cients, 13
delta coe�cients and 13 acceleration coe�cients.
Most Markov Models of phonemes and diphones consist of
three emitting and two non-emitting states, following the
idea that each of these states would be assigned to a trans-
itional or a stable zone of the subword segment.
The word models adhere to the same principal idea, which
results in whole word HMMs with their number of states be-
ing approximately three times the number of included phon-
emes.
The covariance matrices for all three HMM families are as-
sumed to be diagonal, while the number of Gaussian mix-
tures per state and stream, which represent the observation
probability, varies from mostly three (for diphones), over
about �ve (for words), to approximately twenty (for phon-
emes).

2.2. Training Protocol

The experiments were conducted on parts of the Swiss French
PolyPhone and PolyVar databases, described in [2] and
[3]. These telephone speech databases ful�ll the Polyphone



standard and are recorded in the framework of the Speech-
Dat project, as a collaboration between IDIAP and Swiss
Telecom PTT. Though both databases were recorded on
the Swiss ISDN telephone network, di�erent recording plat-
forms were used: PolyPhone calls were recorded on a digital
Rhetorex machine, while PolyVar callers spoke to a DialSys4
board based PC, commercializesed by ACSYS.

For training of subword models, a total of 2250 sentences
uttered by 231 speakers (9-10 sentences per speaker) were
selected from the Swiss French PolyPhone database. The
extracted sentences were labeled to the phoneme level
semi-automatically. In order to monitor the in
uence of
the amount of available training data upon recognition
performance, the material was split into di�erent sets, as
described in Table 1, and training of phoneme models was
performed on these di�erently sized pieces of data.
Since for some of the diphones required for the chosen
validation vocabulary the number of repetitions in the
annotated sentences was quite low { some of them did even
not occur at all { it would have not been possible to observe
the transition based models' recognition results with respect
to training data amount. Thus, the diphone models were
trained directly on the entire corpus of phonetically labeled
sentences (set F).
For both, phoneme and diphone models, between three and
nine Baum-Welsh reestimation cycles were computed before
obtaining the best recognition results.

Phoneme Female Male Number of
training sets speakers speakers sentences

Set A 26 26 514

Set B 33 33 654

Set C 40 40 793

Set D 52 52 1018

Set E 64 64 1255

Set F 115 116 2240

Table 1: The training sentences for phoneme models were
split into di�erent sets for the purpose of evaluating the in-

uence of the amount of training data on recognition per-
formance. Training set A is comprised in set B, which is
comprised in set C, and so on.

As reference for the proposed validation, we created two sets
of whole word HMMs:

� The (Swiss) French digits from zero to nine, including
the words for the hash (#) and star (�) symbols.
The models were trained on the utterances of 471 speak-
ers from the PolyPhone database, each pronouncing one
sequence of six digits (and symbols).

� A vocabulary of 17 application words from the PolyVar
database:
annuler, casino, cin�ema, concert, exposition, galerie du
manoir, giannada, guide, message, mode d'emploi, louis

moret, mus�ee, pr�ec�edent, quitter, suivant, manifesta-
tion.
Here, the training material consists of recordings of 10
speakers (5 female, 5 male), where each of them repeats
all 17 words 30 times.

2.3. Validation and Evaluation Tests

The validation and evaluation of the 
exible vocabulary ap-
proach against performances of whole word HMMs was at-
tempted for

1. sequences of connected (Swiss) French digits including
hash and star, where the utterances of 497 male and
female PolyPhone speakers (one sequence of six digits
per speaker) other than those from the training corpus
were presented to the Viterbi recognizer,
and for

2. isolated words, where the above enumerated 17 words
were pronounced by 103 PolyVar speakers between 1
and 26 times, resulting in a total of 313 isolated words.
This test is supposed to give also an idea about
the robustness of the evaluated subword units, since
PolyPhone and PolyVar calls were recorded on di�erent
recording platforms.

Whole word models, diphone models, and phoneme models
were tested on the above described corpora, where for the
latter class of subword units, performance was evaluated for
training sets of di�erent size described in Table 1.

3. RECOGNITION RESULTS

The allover performance obtained with the di�erent ap-
proaches for connected digits and isolated words is shown
in Table 2. Here, the recognition results of phonemes are
achieved with HMMs that were trained on the largest
training amount available (set F).

Validation On connected On 17 isolated
digits words

Whole word HMMs 97.52% 98.13 %

Phoneme HMMs 95.44% 97.10%

Diphone HMMs 84.81% 83.91%

Table 2: Validation of the three approaches through com-
parison of recognition performances: While phoneme models
approach whole word HMM results, diphones are far behind.

The in
uence of the growing amount of training data on the
performance of phoneme models can be seen in Table 3.



Evaluation On digits On 17 words

(inc. # �)

Set A 86.89% 95.96%

Set B 89.84%

Set C 90.85% 95.85%

Set D 91.85%

Set E 93.23% 96.50%

Set F 95.44% 97.10%

Table 3: Evaluation of phoneme HMMs trained on varying
amount of data.

4. DISCUSSION

The reported recognition results clearly validate the 
exible
vocabulary approach. Even though whole word models still
outperform the subword unit approaches, we obtain with
phoneme HMMs comparable results. The diphone models,
however, appear not very successfull.

4.1. Diphones as Units

Although the transitions between the stable phoneme zones
comprise much acoustic and articulatory information, the
here presented results could be classi�ed as dissapointing, at
�rst. However, there are a few reasons, why these subword
segments perform rather poorly.

The �rst major problem is the lack of training data. Almost
20% of the approximately 300 diphones which are contained
in the vocabularies used for validation, occured less than
10 times in our training data. About 60% of the required
transition segments were represented less than 100 times.
This obvious handycap forced us even to use simpler HMM
topologies than for phonemes, since the models could
otherwise hardly converge during training.

Furthermore, the grammar for the Viterbi recognizer proved
to be di�cult to elaborate for the connected digits experi-
ment. We encountered the problem of de�ning beginnings
and endings of the di�erent digits. This interfered also with
the problem of short words: the French digit \un" (one), for
instance, is pronounced as one of two alternative phonemes
and was recognized only 27.56% of the time. But also rather
long vocabulary items, like \galerie du manoir", were less
recognized (37.58%) than the average.

4.2. Phonemes as Units

Unlike for diphones, the performance of phoneme models is
quite encouraging. The recognition rates of these elements
approach those of whole word models to a di�erence of only
1%.
This result becomes even more interesting when we consider,
that training and evaluation were performed on utterances

recorded on di�erent platforms.
Furthermore, the phoneme models were trained without
regard of context.

The last two facts lead us to the conclusion, that simple
context independent phoneme models might be su�cient for
a number of applications, which require speaker independent
recognition of isolated or connected words.
Also, the task of creating a grammar for the Viterbi
recognizer is unproblematic, which is a further advantage.

4.3. In
uence of training data

The in
uence of the amount of available training material
on recognition rates obtained with phoneme models is
not surprising. Nevertheless, one might wonder, why the
improvements of phoneme based performance are more
visible for the connected digits task, than for the set of 17
application words.

The explanation herefore lies in the phonetic decomposition
of the two vocabularies: the digits make use of two phon-
emes, which are rather under-represented in the sentences
used for training, especially in the �rst two data sets. In the
sametime, these two phonemes do not appear in the second
test vocabulary with the 17 application words.
Since one of these poorly represented phonemes is \9~", the
more common of two possible pronunciations of the French
digit \un" (one), the insu�ciently trained HMM provokes a
noticeable recognition error for this digit, which lowers the
overall performance considerably, as shown in Table 4.

Training Training Recognition Degradation

Training samples samples of \un" of total
on of 9~ of e~ (one) performance

Set A 131 168 36.47% 5.43%

Set B 163 210 52.94% 4.02%

Set C 194 240 60.39% 3.39%

Set D 246 331 65.49% 2.25%

Set E 286 432 77.95% 1.88%

Set F 541 906 87.06% 1.11%

Table 4: Recognition rate of the French digit \un" (one)
in the connected digits sequences and contribution to total
error for the digits vocabulary.

Another result worth mentioning can be observed on two
similar words of the 17 application words: \guide" (phon-
etic: \gid" with an optional appended \@") and \quitter"
(phonetic: \kite"). Here, the �rst phoneme \g" of the former
word is also rather less represented in our training material,
which causes the recognizer to mistake \guide" for \quitter"
quite often, as shown in Table 5.



Training Samples Recognition Confusion

on of phoneme \g" of \guide" with \quitter"

Set A 123 84.95% 12.22%

Set C 184 80.25% 16.67%

Set E 301 85.27% 11.60%

Set F 603 86.52% 10.97%

Table 5: Insu�ciently trained phoneme \g" causes confusion
between partially similar sounding words.

5. CONCLUSION

The results obtained through this work show, that good
subword models can be almost as performant as whole word
HMMs, where the gap between recognition rates of the
considered approaches is as small as 1%.
The here presented �ndings validate the idea of using

exible subword units for recognizing speaker independent
isolated words, as well as connected words.

The amount of training data required for adequate phoneme
HMMs depends on the length and phonemic similarity of
the words constituting the envisaged vocabulary.

Large amount of necessary training data and the non trivial
task of creating a sensible grammar for connected word
(digits) recognition, make diphones as subword segments
less attractive.

Context and speaker independent phoneme HMMs show
good performances on isolated and connected words recog-
nition tasks and demonstrate also a certain robustness.
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