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ABSTRACT

The quality of the synthetic speech produced by
concatenation-based PSOLA text-to-speech systems depends
on two main factors : the richness and adequacy of the
prosodic contours which are generated and the choice of the
speech units to be concatenated. This paper addresses the
second issue : the building, segmentation and evaluation of
high-quality speech unit inventories in several languages.
The standard CNET speech unit inventories for French,
Spanish and German contain diphones and a supplementary
set of triphones and quadriphones which include highly
coarticulated sounds. These three inventories were
segmented in two ways : manually by phoneticians and
automatically an HMM-based segmentation procedure. For
the three languages, 85% of the segmentation marks found
by the automatic method were correct when compared to
those found by the manual method. A global quality test
comparing the two versions shows that, except for German,
subjective listener preference ratings are not significantly
different.

INTRODUCTION

The ideal way to develop new voices in text-to-
speech synthesis would be to transform a reference voice into
multiple new natural voices. A practical alternative is to
build new speech unit inventorics. French, Spanish and
German CNET diphone inventories have recently been
enlarged by thousands of longer units (polyphones) to protect
highly coarticulated and unstable phonemes. A language-
independent, fully automatic segmentation system [1] was
developed to speed up the creation of these new speech unit
inventories after the unavoidable phase of recording items
pronounced by a specific speaker. Tests were conducted to
evaluate the advantage of using polyphones instead of
diphones and to compare the quality of automatic and
manual segmentation.

1 SPEECH UNIT INVENTORIES

The main characteristics of the speech unit
inventories developed at CNET for multilingual text-to-
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speech systems are presented here. Their phonetic nature and
size are described for French, Spanish and German .

1.1 French

The current speech unit inventory for French
includes 37 allophones of which 18 are consonants, 17
vowels and 2 silences. Their combination gives 1290
diphones which were extracted from carefully defined
nonsense words (logatomes). For all configurations which
were neither initial nor final, these diphones were extracted
from the internal syllable of trisyllabic logatomes, considered
to be the most neutral prosodic position. For each diphone,
the left and right phonetic contexts within the logatome were
chosen in order to “protect” the acoustic production of
phonemes belonging to the unit, i.e. to keep their intrinsic
quality. This 1290-diphone inventory was segmented in two
ways using a manual method considered as the reference and
an automatic method described in section 2 below. Previous
tests of the intelligibility of monosyllabic isolated words [2]
showed that serious intelligibility problems remained with
consonant clusters, in particular those containing liquids,
semi-vowels and specific vowels located in a stressed
position and in a closed-syllable configuration. A corpus of
1047 triphones and quadriphones (207 triphones
[consonant+semi-vowel+vowel], 544 triphones [consonant+
liquid+vowel], 288 quadriphones [vowel+liquid+semi-vowel
+vowel], and 8 other complex units such as [/RNYAL,
/KSTR/,...]) embedding phonemes considered to be the most
unstable in French was generated and segmented [3]. In
order to rapidly allow the CNET diphone-based synthesizer
to process units longer than diphones, these triphones and
quadriphones were segmented into diphones. The strategy for
choosing a unit (diphone, triphone,...) in the inventory
consisted of scanning the input phonetic string from left to
right to select the longest one possible. An intelligibility test .
of 170 monosyllabic words with diphones and triphones was
run using the CNETVOX/PSOLA-TD system [4]. The
results show that, with respect to the diphone reference
system, 20% of the errors were eliminated by introducing
longer units. This trend is confirmed by the results of a
perceptual test (Table 1) comparing the global quality of
"diphone" and "diphone+triphone" synthesis systems. 12
non-naive listeners compared 40 items. The corpus contained
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30 short isolated words and 10 sentences including a large
variety of triphones (100 units). Synthetic speech was
obtained using either automatic CNETVOX prosody and
PSOLA processing or intrinsic prosody (i.e. units were
simply concatenated).

Table 1 - Listener preference scores.

"Diph. only" | "Diph+triph" | no preference
preferred preferred
Intrinsic 24% 37% 39%
prosody
CNETVOX 17% 45% 38%
prosody

As shown in Table 1, CNETVOX prosodic
processing increases the preference score for the
“diphone+triphone" version. Nevertheless, these results have
to be analysed taking into account PSOLA synthesis
constraints. Indeed, in order to respect CNETVOX prosody,
intrinsic phoneme durations may have been drastically
shortened by the PSOLA technique {5].

1.2 Spanish

The current Spanish speech unit inventory contains
41 allophones and is based on 25 Castilian consonants, 10
vowels (5 stressed and 5 unstressed), 4 Catalan consonant
allophones and 2 silences. As in French, logatomes were
built to protect as far as possible the intrinsic quality of the
phonemes. Each consonant unit was extracted from two
configurations, one stressed and one unstressed. The
inventory thus contains 2565 diphones. To protect unstable
phonemes like glides and semi-vowels within consonant
clusters, 2000 triphones, 1900 quadriphones, and 650
pentaphones (mono- and bi-syllabic speech units) were also
recorded. The 2565 diphones and the 500 most frequent
triphones were manually and automatically segmented. A
complete evaluation comparing "diphone" and "diphone+
triphone" synthesis remains to be done.

1.3 German

For German, 72 allophones were identified of which
22 are vowels (long, short, nasals and diphthongized), 21
vowels or diphthongs preceded by a glottal stop, 28
consonants of which 5 are syllabic and 1 silence. The current
speech unit inventory includes 2753 diphones, 30% of which
were extracted from real words. The whole inventory was
segmented both manually and automatically.

2 AUTOMATIC SPEECH UNIT
SEGMENTATION

Adequate recording of the selected speech units
requires proper definition of their phonetic context in order
to minimize concatenation discrepancies. The logatome set is
therefore language-dependent. Once the allophone set, the
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contextual phonemes of the logatomes and the logatome
structures are defined for a given language, the graphemic
logatome inventories can be built automatically.

In a logatome inventory, only one utterance is stored
per unit. The use of an HMM-based method to find
transitions between phonemes therefore leads to the
definition of one HMM per phoneme. According to this
representation, one model captures the 2xN utterances of
each phoneme in the logatome inventory (if N phonemes are
defined for a specific language, N left contexts and N right
contexts are stored). The HMM method used here is the one
developed at CNET for recognition applications (PHIL90)
[6]. An overview of its implementation and of the special
processing of [Vowel/Vowel] and [Consonant/Consonant]
transitions is presented below.

2.1 HMM method implementation

There are other systems [7, 8, 9] similar to the one
described here [1]. Their main goal consists in automatically
finding phoneme transitions and deducing marks for unit
boundaries (except in [9]). The main characteristics of the
CNET system are :

-adaptation to a multilingual synthesis context
(French, Spanish, German...),

-automatic processing without any hand-segmented
subset of the acoustic inventory,

-implementation of general solutions solving
segmentation problems for all the languages,

~definition of an objective and subjective language-
independent evaluation.

The CNET segmentation system comprises two
consecutive stages. In the first, the phonetic transcription of
each acoustic logatome is used to find its phoneme
transitions. Stage two consists of finding the steady state
point (acoustic unit boundary mark) of the initial and final
phonemes of each unit within a logatome. The speech
material consists of a set of logatomes recorded by a speaker
in a clean acoustical environment. The acoustic signal is
sampled at 16KHz and a phonetic transcription is associated
with each logatome.

a) Phoneme transition marks

Phoneme transitions in the acoustic signal are found
using HMMs in an acoustical vector space. Two main stages
are necessary, model training and model alignment with each
acoustic logatome. The whole corpus is run three times
through the HMM system. As previously described [1},
HMM parameters are initialized on the first two runs with no
preliminary initialization using a hand-segmented subset. .
During the final run, the HMM topology is adapted to take
into account phonemic particularities (five different broad
phonetic classes are used). Phoneme transitions are marked
using a constrained alignment of the acoustic logatome
vectors on the corresponding HMM sequence. The acoustic
vector corresponding to an HMM jump is labeled as a
transition between two phonemes.
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b) Acoustic unit boundary marks

Once each logatome is correctly phonemically
segmented, acoustic unit boundary marks are inserted. These
marks are necessarily located between the two phoneme
transition marks provided by HMM segmentation. The
calculation of boundary marks is currently based on spectral
evolution and segmental duration of boundary phonemes.
Acoustic unit boundaries are determined without envisaging
all possible unit sequences. To reduce spectral discrepancies
between two consecutive acoustic units, an optimal
concatenation system has been implemented [1] which
calculates a set of marks for each acoustic unit when it is
associated to any others.  The criterion used is a
minimization of spectral distortion between two consecutive
units.

2.2 [V/V] and [C/C] improvments

A preliminary evaluation of the automatic
segmentation procedure for the three languages (French,
Spanish and German) showed that the major problems
remaining concern [Vowel/Vowel] and [Consonant/
Consonant] transitions.

The position of the two vowels in the acoustic F1/F2
plane determines {Vowel/Vowel] segmentation performance.
For this reason, results are far better for segmentation of
Spanish vowels than for French vowels. There are fewer
Spanish vowels and they are better separated than in French.
An additional HMM has therefore been used to capture
formant evolutions between two vocalic steady states. Two
consecutive vowels are thus considered to be three acoustic
segments : a steady segment, a fuzzy segment and another
steady segment. Some post-processing is needed to convert
the three acoustic segments into a sequence of two phonemes.
This is done by simply splitting the fuzzy segment into two
equal parts.

A more difficult problem concerns the segmentation
of consonant clusters. Due to the phenomena of assimilation,
speakers often produce an allophonic cluster which is
different from the labelled phonetic cluster. For [Consonant/
Consonant] transitions, a set of plausible HMM sequences is
offered to the segmentation system during the alignment
stage. Sequences are produced automatically for different
languages. Each consonant is modelized according to three
attributes : place, manner and voicing. A specific set of
assimilation rules is calculated by combining attributes of
each phoneme in this cluster. The alignment algorithm
chooses the best fit between particular HMMs inside the
sequence and the acoustic signal actually produced by the
speaker. A module was also implemented to check whether
the durations of the two automatically identified segments
are realistic. If not, the process is repeated and the alignment
algorithm chooses the next best HMM sequence.

3 EVALUATION

Two different procedures were used to evaluate the
segmentation methods. First, the positions of the automatic
phoneme transition marks were objectively compared with
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the manual segmentation reference marks. Next, both the
hand-segmented speech unit inventory and the automatically
segmented inventory underwent a subjective listening test.

3.1 Objective multilingual evaluation

For French, Spanish and German, temporal
differences between automatic and manual segmentation
were based on measurements of phoneme transition marks.
Tables 2, 3 and 4 present the results using 4 broad phonetic
classes for the three languages. In each column, the top
percentage gives the relative proportion of these units in
relation to the whole inventory (the number of corresponding
units is in parentheses). The percentage of units for which
the difference between manual and automatic segmentation
marks is higher than 70 ms or lower than 30 ms is provided
in the last two rows.

Table 2 : French diphone inventory

Whole | [V/V] | [V/C] | [C/V] | [C/C]
Comp. | 21% | 26% | 25% | 28%
1290y | @67 | 340) | (321) | (362)

t<30 [ 895% | 84 % 94 % 94 % 85 %
ms

t>70 1.1% 0% 0.5% 1% 22%
ms

( [V/V] = [Vowel/Vowel] transitions...)

Table 3 : Spanish diphone inventory
Whole | [V/V] [V/IC] [C/V] [C/C]

Corp. 4% 12% 12% 72%
(2565) | (100) 310) (299) | (1856)

t<30 85% 93 % 93 % 90 % 82%
ms

t>70 3.9% 2% 3% 03% | 47%
ms

Table 4 : German diphone inventory
Whole [V/V] [V/C] [C/V] [C/C]
Corp. 13% 22% 40% 25%
(2438) (328) (530) (959) (621)

t<30 87 % 96 % 85% 91 % 77 %
ms

t>70 | 55% 2% 55% | 35% 10 %
ms

The general behaviour of the segmentation system is
nearly similar whatever the language. Trénsitions of
phonemes belonging to the same broad phonetic class are
generally less accurately localised than are phonemes
belonging to different classes. [Vowel/Vowel] transitions are
better segmented in German and Spanish, however, than in
French. Possible explanations of this are that in German,
[Vowel/Vowel] transitions are produced in the same way as
[Vowel/Glottal-stop/Vowel] transitions and that there is no
problem of formant evolutions. In Spanish, there is a greater
distance between vowels on the F1/F2 plane. The results
observed in German for [C/C] transitions are not as good. A

1451



possible explanation is the lack of control of phonetic word
structure, since 95% of these transitions were recorded in
real words. Indeed, each speech unit can have a different
word structure and be articulated in a lax manner.

3.2 Multilingual subjective evaluation

Although objective evaluation is a useful method for
initial evaluation of automatic segmentation, it relies on the
strong assumption that manual segmentation provides an
perfect reference model. Subjective evaluation in the form of
a conventional global preference test with pairs of stimuli
was therefore also used for French, Spanish and German to
complete objective results. The same sentence synthesized by
two different segmentation methods (A and B), was
presented to native listeners who were asked to indicate their
preference by choosing one of the following answers: prefer
A, prefer B, no preference.

a) French

Two tests were performed, the first with "diphones”
and the second with "diphones+triphones" (the triphones
were also automatically segmented). 12 non-naive listeners
heard 45 short words (first test) and 30 isolated short words
plus 15 short sentences (second test).

Table 5 Automatic Manual no preference
preferred preferred
"Diphones” 23 % 28 % 49 %
Diph.+Triph" 33 % 28 % 39 %

The results presented in Table 5 wunderwent
correspondence covariance analyses which showed no
significant difference (within a 5% confidence level) in the
preference rate for automatic or manual segmentation.

b) Spanish

37 naive subjects listened to 10 short sentences.

Table 6 Automatic Manual no preference
preferred preferred
[ Diphones 16 % 19 % 65 %

The analysis of the results provided on Table 6
shows no significant difference between automatic and
manual segmentation.

¢) German

10 naive subjects listened to 9 short sentences.

Table 7 Automatic Manual no preference
preference preference
{ Diphones 10 % 56 % 34 %

The results presented on Table 7 are not as good as
those obtained for the two other languages. There are two
main explanations for this. The first is that the German
inventory is the only one for which all [Consonant/
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Consonant] units were extracted from real words instead of
nonsense words. The second is that assimilation rule
sequences have not yet been implemented for this language.

CONCLUSION

In this paper, we described the current speech unit
inventories developed at CNET for French, Spanish and
German. Previously diphone-based, these now include longer
units (triphones...). This addition of polyphones was proven
to reduce the intelligibility error rate by 20% with respect to
the diphone version.

We also described here the automatic segmentation
of speech units using an HMM-based method. This makes it
possible for speech unit inventories to be built up entirely
automatically, thus considerably speeding up the creation of
new voices. Compared with the manual segmentation
method used as a point of reference, the automatic
segmentation method correctly marked phoneme transitions
85% of the time for the three languages. Improvements in the
segmentation of German [Consonant/consonant] units are
currently underway using a set of assimilation rules like
those already used for French and Spanish. Work is also in
progress to define extended inventories which include
allophonic contexts for the more frequent speech units.
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