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ABSTRACT

This paper proposes a new scheme in which sub-
phoneme units are used to reduce spectral distor-
tion at concatenation points, thereby achieving high-
quality concatenative speech synthesis. Spectral dis-
tortion is minimized by a dynamic programming
technique based on a concatenation point table. The
validity of the proposed method has been shown in
objective and subjective evaluation tests. The objec-
tive test confirmed that the maximal spectral distor-
tion at concatenation points was reduced by 16-44%.
In the subjective test, speech synthesized using the
proposed method got 60% of the preference score in
comparison with that using phoneme units.

1. INTRODUCTION

ATR has proposed concatenative speech synthe-
sis that uses various-sized phoneme sequences as
concatenative units selected from a large speech
database[1}{2]. This scheme has significantly im-
proved the quality of synthetic speech. It allows
a long phoneme sequence to be used if the same
phoneme sequence as the target phoneme sequence
is found in the speech database and it includes the
effect of coarticulation due to neighboring phonemes.
However, in some cases it is impossible to find
appropriate speech data where both neighbors are
the same as the target phoneme sequence. Conse-
quently, the spectral distortion at a concatenation
point might be larger than that in other cases.

To solve this problem, we have proposed a new
scheme that allows concatenation between acous-
tic parameter sequences that belong to the same
phoneme. The validity of the proposed method has
been confirmed in objective and subjective evalua-
tion tests. To avoid the loss of intelligibility due to
an unnatural concatenation, only a linear expansion
is used to normalize the length of each acoustic pa-
rameter sequence within a phoneme.

In this paper, “phoneme unit concatenation
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schemes” are considered to be those in which con-
catenation is allowed only at phoneme boundaries,
while “sub-phoneme unit concatenation schemes”
are considered to be those in which concatenation is
allowed anywhere within a phoneme. Previous stud-
ies at ATR on concatenation schemes using phoneme
units had optimized concatenation points[3], but
such optimization was not used in this work.

2. OPTIMAL PATH SEARCH WITHIN A
PHONEME

Optimal path search within a phoneme consists of
the following two steps:

1. Choosing candidate points for concatenation

The minimal set of concatenation points
that makes any combination of acoustic pa-
rameter sequences possible is determined
and stored in the concatenation point ta-
ble (CP_table).

2. Finding an optimal path using Dynamic Pro-
gramming (DP)

The optimal path within a phoneme is de-
termined by DP. This compares the cumu-
lative concatenation distortion of all pos-
sible combinations of concatenation points
in a CP_table at each concatenation point.
A decision is based on the distances stored
in the CP_table made in Step 1.

Since Step 1 can be prepared for each phoneme in
advance, the acoustic parameter sequence is gener-
ated by doing only Step 2 for the synthesis of each
target speech.

Figure 1 illustrates the basic concept to use the pro-
posed method. The parts of a target sentence that
coincide with speech samples stored in the speech
database are used as a unit longer than a phoneme,
and the proposed method is adopted to .connect
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Figure 1: Concatenation scheme using sub-phoneme
units.

them. Since it is impossible to indicate all acous-
tic parameter sequences in multidimensional space,
the vertical axes of the middle part of Fig. 1 and up-
per part of Fig. 2 represent the principal component
of spectrum.

2.1. Generation of Concatenation Point Table

The procedures of choosing candidate points for con-
catenation stored in a concatenation candidate point
table (CCP_table) and selecting a minimal set of con-
catenation points stored in a concatenation point ta-
ble (CP_table) are as follows.

1. The local minima of spectral distances between
any pair of DTW-aligned acoustic parameter
sequences {Sp;, Spr} that belong to the same
phoneme P in a speech database are detected.
These points are known as the concatenation
candidate points and stored in a CCP_table. For
this process the phoneme duration of the acous-
tic parameter sequence Sp; is adjusted to the
longest acoustic parameter sequence Spr using
a linear expansion. The distance measure used
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Figure 2: Example of verification of path reachability
using CPM.

in this paper is the unweighted Euclidean dis-
tance between two sets of 30-order cepstral co-
efficients.

2. The concatenation candidate point in the
CCP.table with the minimal spectral distance
is stored in the CP_table and deleted from the
CCP_table at the same time. The concatenation
possibility matrix (CPM) is calculated while
adding concatenation points to the CP_table. If
any pair of two acoustic parameter sequences
can be concatenated with each other, this pro-
cedure is completed; otherwise, this step is exe-
cuted again.

Each concatenation point is represented by a CPM.
The number of rows and columns of a CPM are
equal to the number of acoustic parameter sequences.
The concatenation possibility between any pair of
two acoustic parameter sequences is represented by
a product of CPMs. Each element of the product of
the matrices shows the number of paths which can
be selected.

Figure 2 is an example of a verification of path reach-
ability using CPM. C; and C; are the first and sec-
ond concatenation points, respectively. CPM(Ci)
shows that Seq#2 and Seq#3 can be concatenated
at Cy, and CPM(C,) shows that Seq#1 and Seq#2
can be concatenated at C3. CPM(all) is a product
of CPM(C}) and CPM(C,), which is calculated in
time order and shows that at this stage there is no
path whose beginning is Seq#3 and whose ending is
Seq#1. Addition of concatenation points has to be
repeated until all elements of a CPM will be more
than 0.
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2.2. Optimal Path Search Using DP

Next, the optimal path is determined using a DP
path search based on the CP_table made in subsec-
tion 2.1. Acoustic parameter sequences used at the
beginning and end of phoneme P are automatically
selected by a before-and-after unit selection and are
denoted {SpIN} and {SpOUT}-

The algorithm of a DP optimal path search min-
imizes the concatenation cost within a phoneme.
Evaluating the cost of concatenating segments j and
k is carried out by the following equations.

D'(5)
D'(k)

Min{D(j), D(k) + d(j, )} (1)
Min{D(j) + d(j, k), D(k)} (2)

D(j) denotes the cumulative concatenation cost of
the jth acoustic parameter sequence just before con-
catenation, D'(7) denotes this cost just after it, and
d(j, k) denotes the concatenation cost that is equal to
the cepstral distance between the jth and kth acous-
tic parameter sequences. The initial value is

PO = u G | ®

Finally, the cumulative concatenation cost of the op-
timal path is stored in D(OUT).

3. EVALUATION TESTS

To confirm the validity of the proposed scheme, the
following two evaluation tests were performed:

1. The objective evaluation of concatenation dis-
tortion in the cepstral distance;

2. The subjective evaluation of synthesized speech.

3.1. Speech Material

In concatenative speech synthesis, voice quality is af-
fected by spectral discontinuity at the concatenation
point. Furthermore, spectral discontinuity is more
obviously at the portion where power is high. As
such, because of its sufficient power and rapid change
in comparison with other voiced sounds, voiced con-
sonant [y/ was selected.

Fifteen words shown in Table 1 which included the
phoneme /y/ and which had different phonemic con-
texts, were selected from the ATR speech database[4]
and used in the following tests. The word utter-
ance in which the phonemic environment of /y/ is
the same as that in the target word was excluded.
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For phoneme unit concatenation, whole acoustic pa-
rameter sequences of phoneme [y/ which were ex-
tracted from fourteen sample words were used. For
sub-phoneme unit concatenation, the optimal acous-
tic parameter sequence determined by the DP path
search using fourteen acoustic parameter sequences
of /y/ was used.

Fourteen speech samples for phoneme unit concate-
nation and one speech sample for sub-phoneme unit
concatenation were synthesized. Test words used
in the hearing test were /katayoru/, /tokoya/ and
/kiNyuH/.

Table 1: Words including /y/ selected from ATR

database[4].

Preceding Following Phoneme

Phoneme | a [ u | o
a odayaka | kayui katayoru
u fuyasu fuyu juHyoH
e keHyaku | eHyuH eHyoH
o) tokoya, shoHyu moyoHshi
N keNyaku | kiNyuH shiNyoH

3.2. The Objective Evaluation of Concatena-
tion Distortion in the Cepstral Distance

In this case, the maximal concatenation distortion
was considered as the index of unsmoothness. Con-
sequently, the maximal cepstral distance at the con-
catenation points was evaluated. Table 2 shows
the decrease of the maximal concatenation dis-
tortion comparing with speech synthesized using

" phoneme units. The value of speech synthesized us-

ing phoneme units is the minimum in the fourteen
samples. The maximal spectral distortion at con-
catenation points was reduced by 16-40% as shown
in Table 2. Consequently, the proposed scheme is
effective in reducing concatenation distortion.

Table 2: Maximal concatenation distortion of syn-
thesized speech.

Word Phoneme Sub- Concate-
Unit Con- | phoneme nation
catenation | Unit Con- | Distortion

catenation | Reduction
/kiNyuH/ 1.116 0.939 16%
/katayoru/ 1.962 1.556 21%
/tokoya/ 2.314 1.301 44%
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3.3. The Subjective Evaluation of Synthe-
sized Speech

Five subjects evaluated the synthetic speech by se-
lecting the more natural speech of two for four-
teen pairs, which consisted of speech synthesized by
phoneme unit concatenation and that synthesized
by sub-phoneme unit concatenation. All materials
were evaluated three times, and the order of syn-
thetic speech using phoneme units and that using
sub-phoneme units were changed at random. The
preference score of the synthetic speech using sub-
phoneme units is shown in Table 3.

Table 3: Preference score of synthetic speech using
sub-phoneme units compared to synthetic speech us-
ing phoneme units.

Word Concatenation| Preference
Distortion Score
Reduction
/katayoru/ 21% 53%
/kiNyuH/ 16% 60%
/[tokoya/ 44% 67%

The synthetic speech using sub-phoneme units ob-
tained 53-67% of the preference score compared with
the most natural speech using phoneme units.

In order to investigate the relationship between the
degree of reduction of concatenation distortion and
preference score, we analyzed the relationship be-
tween them based on the result of a hearing test using
all fourteen pairs of speech samples. In Fig. 3, the
ratio of maximal concatenation distortion in speech
synthesized using phoneme units to that in speech
synthesized using sub-phoneme units is used as an
index of reduction of concatenation distortion.

Figure 3 shows a positive correlation between reduc-
tion ratio and preference score. Consequently, the
result of reduction ratio of concatenation distortion
obtained by an objective evaluation is useful to pre-
dict the result of a preference score obtained by a
hearing test.

4. CONCLUSION

This paper has proposed a new scheme for the se-
lection of units for concatenative synthesis using
sub-phonemic optimal path search. The validity of
the proposed method has been shown in objective
and subjective evaluation tests. The objective test
confirmed that the maximal spectral distortion at
concatenation points was reduced by 16-44%, while
speech synthesized using the proposed method got
60% of the preference score as the “most natural”
speech in comparison with that using phoneme units
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Figure 3: Relationship between reduction ratio of
concatenation distortion and preference score.

in the subjective test.
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