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Abstract

This paper describes optimizing a cost function for segment
selection in concatenative Text-to-Speech based on perceptual
characteristics. We use the norm of a local cost for each seg-
ment as an integrated cost function for a segment sequence to
consider both the degradation of naturalness over the entire syn-
thetic speech and the local degradation. The cost function is op-
timized by adjusting not only the power coefficient of the norm
but also weights for sub-costs so that the integrated cost cor-
responds better to perceptual scores determined by perceptual
experiments. As a result, it is clarified that the correspondence
of the cost can be improved to a greater degree by optimizing
both the weights and the power coefficient than by optimizing
either the weights or the power coefficient. However, it is also
clarified that the correspondence is insufficient after optimizing
the integrated cost function.

1. Introduction
Text-to-Speech (TTS) is a very useful technique to convert any
text into a speech signal. In corpus-based concatenative TTS,
the naturalness of synthetic speech is determined by three main
factors, an algorithm for segment selection, a speech corpus,
and a measure for selecting the optimum segment sequence. In
this paper, we focus on the measure generally called a cost.

In segment selection [1], local costs for individual candi-
date segments are integrated into an integrated cost for a seg-
ment sequence, and then, the optimum set of segments is se-
lected from a speech corpus by minimizing the integrated cost.
Each local cost is calculated as the weighted sum of various sub-
costs, which capture various factors causing the degradation of
naturalness of synthetic speech.

In order to consistently synthesize natural speech, it is im-
portant to use the cost that corresponds to perceptual character-
istics. Therefore, the cost function should be perceptually de-
signed [2][3]. In our previous work, we evaluated the integrated
cost function based on results of perceptual experiments on the
naturalness of synthetic speech [4][5]. In this evaluation, we
applied the norm of the local cost to the integrated cost function
in order to investigate effects of both the degradation of natu-
ralness over the entire synthetic speech and the local degrada-
tion on the naturalness of synthetic speech. The results revealed
that the correspondence of the integrated cost to the perceptual
scores can be improved by considering not only the total degra-
dation but also the local degradation, and that the Root Mean
Square (RMS) cost, which is the norm cost when a power co-
efficient is set to , has the best correspondence [4]. However,
it was also clarified that the correspondence of the RMS cost is
inadequate [5].
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ptimizing weights for the sub-costs is very effective for
ving the correspondence of the integrated cost although
eights were equal in our previous work. In this paper, we
ize the integrated cost function by adjusting not only the
r coefficient of the norm but also weights for sub-costs.
larified that the correspondence of the integrated cost to
ptual scores can be improved to a greater degree by op-
ing both the weights and the power coefficient than by
izing either the weights or the power coefficient. More-
it is clarified that the integrated cost has the best corre-
ence when the integrated cost function is designed by the
ted sum of the norms for individual sub-costs with opti-
weights and power coefficients.
his paper is organized as follows. In Section 2, the cost
ion in our segment selection is described. In Section 3, we
ibe perceptual scores for selected segment sequences de-
ned by perceptual experiments. In Section 4, we optimize
tegrated cost function based on a correlation coefficient
en the integrated cost and the perceptual scores. Finally,
mmarize this paper in Section 5.

2. Cost Function
aturalness of synthetic speech is affected by various fac-
In order to consider such factors in segment selection,
e five kinds of sub-costs, ���� sub-cost on the difference
sodic parameters , ��� sub-cost on an �� discontinuity,
sub-cost on a mismatch of phonetic environments, �����

ost on spectral discontinuity, and �	
� sub-cost on pho-
inappropriateness [4]. These sub-costs are calculated in
idual candidate segments and have either positive values
os.

Integrated cost function based on norm of local cost

h candidate segment, a local cost �� is calculated as the
ted sum of sub-costs as follows:
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�� and �� denote a candidate segment and a target, re-
ively. ����, ��� , ���� , �����, and �	
�, denote weights
dividual sub-costs. These weights have either positive val-
r zeros. The integrated cost �� is calculated as the norm



of the local cost and is given by

�� �

�
�

�

��
���

������� ����
�

� �

�

� (3)

where � denotes the number of targets in the utterance. and
	 denotes a power coefficient. When 	 is set to �, �� denotes
the average of the local costs. On the other hand, when 	 is set
to �, �� denotes the maximum local cost. When 	 is set to a
value between them, the integrated cost is affected by both the
average of the local cost and the maximum local costs.

2.2. Integrated cost function based on norms of individual
sub-costs

By considering not only the total degradation but also the local
degradation, dispersions of sub-costs capturing the degradation
caused by concatenation, i.e., ��� , ���� , and �����, become
small although sub-costs capturing the degradation caused by
the difference between a target and a candidate segment, i.e.,
���� and �	
�, are slightly degraded [5]. Therefore, it might
be assumed that integrating individual sub-costs independently
is better than integrating local costs.

In order to investigate this point, we also use another type
of integrated cost calculated as the weighted sum of norms of
individual sub-costs, which is given by
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where 	���, 	�� , 	���, 	����, and 		
� denote power coeffi-
cients for the individual sub-costs.

3. Perceptual Scores for Selected Segment
Sequences

We determined perceptual scores for selected segments from the
results of opinion tests on the naturalness of synthetic speech in
previous work [4][5].

3.1. Perceptual scores for selected segments in wide range

We performed the opinion tests using 140 stimuli synthesized
by varying corpus size [4]. These stimuli had various qualities
because the integrated costs of the stimuli were distributed in a
wide range of the cost. Perceptual scores were calculated as an
average of the normalized score calculated as a Z-score (mean
= 0, variance = 1) for each listener in order to equalize the score
range among listeners.

We can estimate the perceptual score from the integrated
cost by using a regression line of the perceptual score on the
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 = 0.808002

Residual standard
 error = 0.502272

e 1: Correlation between the estimated perceptual score
e perceptual score in a wide range of cost before optimiz-
e integrated cost function.
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Residual standard
 error = 0.719336

Correlation
 coefficient
 = 0.408147

e 2: Correlation between the estimated perceptual score
he perceptual score in a lower range of cost before opti-
g the integrated cost function.

ated cost. Figure 1 shows the correlation between the
ated perceptual score and the perceptual score before op-
ing the integrated cost function, that is, weights for sub-
are equal (�
) and the power coefficient is set to � in Eq.

Perceptual scores for selected segments in lower range

er to synthesize speech more naturally and consistently,
TS system utilizes a large-sized corpus. In such a case,
tegrated costs are distributed not in a wide range but in
er range. Therefore, we investigated the correspondence
integrated cost to the perceptual scores in a lower range
cost [5]. We used 160 stimuli in this opinion test. The

ptual score was calculated in the same way as mentioned
.
igure 2 shows the correlation between the estimated per-
al score and the perceptual score in a lower range of the



Table 1: Correlation coefficients between integrated costs and
perceptual scores. The integrated cost function in Eq. (3) is
based on the norm of the local cost. The integrated cost function
in Eq. (4) is based on the norms of individual sub-costs

Wide range Lower range

Not optimizing -0.808002 -0.408147
Integrated cost function in Eq. (3)

Optimizing weights -0.833808 -0.499617
Optimizing a power coefficient -0.840345 -0.408602
Optimizing both weights

and a power coefficient -0.859217 -0.529924
Integrated cost function in Eq. (4)

Optimizing both weights
and power coefficients -0.867671 -0.551561

cost before optimizing the integrated cost function. The percep-
tual scores in this figure are quite different from those in Fig.
1, since we used stimuli having high quality, whose estimated
perceptual scores in Fig. 1 are more than �
�.

4. Optimizing Cost Function
We optimize parameters in the integrated cost function, i.e.,
weights for sub-costs and power coefficients, in order to im-
prove the correspondence of the integrated cost to the percep-
tual scores. In this paper, our purpose is to investigate the effec-
tiveness of optimizing these parameters and to clarify to what
degree we can improve the correspondence rather than to deter-
mine the optimum values of the parameters.

4.1. Optimizing integrated cost functions

We adjust the parameters so that the correlation coefficient be-
tween the integrated cost based on the norm of the local cost
in Eq. (3) and the perceptual scores is minimized, i.e., the cor-
relation coefficient is near to ��. In this case, we have five
free parameters to be optimized, i.e., four weights on sub-costs,
����, ��� , ���� , and �����, and a power coefficient 	.

We optimize the weights under the restriction that the power
coefficient is set to � in order to clarify only the effectiveness
of optimizing the weights. On the other hand, we optimize
the power coefficient under the restriction that the weights are
equal in order to clarify only the effectiveness of optimizing the
power coefficient. Moreover, we optimize both the weights and
the power coefficient. These optimizing processes are indepen-
dently performed in two sets of perceptual scores, i.e., percep-
tual scores in a wide range of the cost or those in a lower range.

Furthermore, we optimize the other integrated cost function
based on the norms of individual sub-costs described in Section
2.2. The optimum values of the parameters, i.e., weights and
power coefficients for individual sub-costs, are searched so that
the correlation coefficient between the integrated cost in Eq. (4)
and the perceptual scores is minimized. In this optimization,
we have nine free parameters, i.e., four weights for sub-costs,
����, ��� , ���� , and �����, and five power coefficients 	���,
	�� , 	���, 	����, and 		
�.

4.2. Results

We denote the correlation coefficients between the integrated
costs and the perceptual scores in individual cases in Table 1.

-0

-0

-0

-0

C
or

re
la

ti
on

 c
oe

ff
ic

ie
n

t

Figur
funct
based

T
norm
the p
weigh
fectiv
perce

O
range
coeffi
impro
cient,
in Fi
grated
(“Equ
is nea
to co
test w
[5], th
equal
case o
weigh
 or �
optim
equal
result
tion b
impro
ceptu
better

In
be im
the p
coeffi
the in
with
that o
with t

F
ceptu
cost a
show
.55

-0.5

.45

-0.4

.35

-0.3

.25
1 2 3 4 5 6 7 8 9 10

Power coefficient

Equal weights

Optimum weights

e 3: Correlation coefficients in a lower range of cost as a
ion of the power coefficient in an integrated cost function
on the norm of the local cost.

he correspondence of the integrated cost based on the
of the local cost in both a wide range and a lower range to

erceptual scores can be improved by optimizing only the
ts for sub-costs. Therefore, optimizing the weights is ef-
e in order to improve the integrated cost function based on
ptual characteristics.
n the other hand, although the correspondence in a wide
can obviously be improved by optimizing only the power
cient, the correspondence in a lower range is almost never
ved. In order to clarify the effects of the power coeffi-
the correlation coefficients in a lower range are shown

g. 3 as a function of the power coefficient in the inte-
cost function in Eq. (3). In the case of equal weights

al weights”), the optimum value of the power coefficient
rly �. This result does not mean that it is not necessary

nsider the local degradation. Because the stimuli in this
ere synthesized by segment selection with the RMS cost
e larger local degradation captured by the local cost with
weights has already been alleviated in the stimuli. In the
f using the local cost with optimized weights (“Optimum
ts”), the optimum value of the power coefficient is around
. We also show the result in a wide range in Fig. 4. The
um values of the power coefficient in both cases of using
weights and optimized weights are nearly . From these
s, it is shown that considering not only the total degrada-
ut also the local degradation becomes more effective for
ving the correspondence of the integrated cost to the per-
al scores as the correspondence of the local cost becomes
.
Table 1, it is clarified that the integrated cost function can

proved to a greater degree by optimizing the weights and
ower coefficient than by either the weights or the power
cient. Moreover, it is shown that the correspondence of
tegrated cost based on the norms of individual sub-costs
the optimum weights and power coefficient is better than
f the integrated cost based on the norm of the local cost
he optimum weights and power coefficients.
igure 5 shows the correlation between the estimated per-
al score and the perceptual score in a wide range of the
fter optimizing the integrated cost function, and Fig. 6

s that in a lower range of the cost after optimizing the in-
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Figure 4: Correlation coefficients in a wide range of cost as a
function of the power coefficient in an integrated cost function
based on the norm of the local cost.

tegrated cost function. In both cases, perceptual scores are esti-
mated by using the optimized cost functions based on the norms
of the individual sub-costs in Eq. (4). It is revealed that the cor-
relations are improved by optimizing the integrated cost func-
tion compared with those in Fig. 1 and Fig. 2. However, the
correspondence of the improved integrated cost to the percep-
tual scores is inadequate in a lower range of the cost. Although
a comparison between similar segments is naturally a difficult
problem, we should further improve the cost function in order
to realize general-purpose TTS that can consistently synthesize
natural speech.

5. Conclusion
In this paper, we optimized the integrated cost function so that
the integrated cost for a segment sequence corresponded better
to perceptual scores determined by perceptual experiments. The
norm of the local cost was used as the integrated cost function
to consider both the total degradation and the local degradation.
As a result, it was shown that the correspondence of the inte-
grated cost can be improved to a greater degree by optimizing
both the power coefficient of the norm and the weights on the
sub-costs than by optimizing either the power coefficient or the
weights. However, it was also shown that the correspondence is
insufficient after optimizing the integrated cost function.

In order to optimize a large number of parameters, it is nec-
essary to prepare a large number of test stimuli so that the set
covers wide fields in terms of individual costs for the parame-
ters. Since the test stimuli used in this paper did not cover such
wide fields, some weights for sub-costs became illogical values
after optimizing. Especially in the case of a lower range, some
of the optimized weights were �. In order to determine the op-
timum values of parameters, we should efficiently increase the
number of stimuli evaluated in a perceptual experiment.
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