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ABSTRACT

Automatically generating expressive speech from plain text is an im-
portant research topic in speech synthesis. Given the same text, dif-
ferent speakers may interpret it and read it in very different ways.
This implies that expression prediction from text is a speaker depen-
dent task. Previous work presented an integrated method for expres-
sion prediction and speech synthesis which can be used to model
the diverse expressions in human’s speech and build speaker depen-
dent expression predictors from text. This work extends the inte-
grated method for expression prediction and speech synthesis into
a framework for speaker and expression factorization. The expres-
sions generated by the speaker dependent expression predictors can
be represented in a shared expression space, and in this space the
expressions can be transplanted between different speakers. The ex-
perimental results indicate that based on the proposed method, the
expressiveness of the synthetic speech can be improved for differ-
ent speakers. Furthermore this work also shows how important the
speaker specific information is for the performance of the expression
predictor from text.

Index Terms— expressive speech synthesis, hidden Markov
model, cluster adaptive training, factorization, neural network

1. INTRODUCTION

Synthesising expressive speech is a very important task in text-to-
speech research. Usually, it can be divided into two components:
expression prediction from text and expressive speech synthesis. In
the traditional methods, the expression prediction from text is treated
as a computational linguistic problem in which one of a predefined
set of emotions associated with the text is selected [1]. This im-
plies that for the same text data, the emotion prediction result is
fixed without considering any intra-speaker and inter-speaker vari-
abilities. Because all the intra-speaker and inter-speaker variabilities
are ignored, usually, the traditional expression prediction from text
can only deal with a small number of discrete expression states, i.e.
5 — 10 emotions, to reduce the ambiguity and the inter-annotator
disagreement over different people. However, since the questions
of how to interpret the text and how to convert it to expressions in
speech are strongly dependent on the speaker’s background, educa-
tion, skill, etc., the inter-speaker variability is a factor that needs to
be considered in expression prediction. Additionally, a speaker may
repeat the same text in different ways. Thus the intra-speaker vari-
abilities influence the expression prediction results as well.

In [2], a method of integrating the expression prediction from
text and speech synthesis as a single system was presented. In this
method, the two modules were integrated by sharing the expression
space and the training data. This way, the continuous expression
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space which can represent infinite number of expressions is sup-
ported and more detailed expressive information can be modelled.
A major difference between the integrated method and the tradi-
tional methods is that in the integrated method, both the expression
predictor and speech synthesiser are trained using the speech data
which can be shared by two modules. Since the training speech is
speaker dependent, the speaker dependent expression predictor can
be trained. Therefore, although the intra-speaker factor of expres-
sion prediction from text still cannot be investigated due to the plain
text input, it is possible to investigate the inter-speaker factor of the
expression predictor in the framework of the integrated method.

Although the integrated method presented in [2] can be used to
train a speaker dependent expression predictor from text, the gen-
erated expressions can only be used to synthesise the speech of the
training speaker. The generated expressions cannot be transplanted
and it is also non-trivial to compare expressions from different
speakers. The major reason is that the expression factors and the
speaker factor are not distinguished from each other because a sin-
gle transform contains both types of information. The methods of
speaker and expression factorization (SEF) can be used to address
this problem. Factorization techniques have been widely used in
both TTS [3, 4, 5] and ASR [6, 7, 8]. The basic idea of factorization
methods is training the orthogonal or independent transforms for
different acoustic factors, e.g. speaker, expression, noise environ-
ment, etc. The orthogonality of the transforms from different factors
allows the transforms from one factor to be transplanted to other
factors directly. This way, the number of transforms that need to be
trained to cover the various acoustic characteristics is much reduced
and the transforms for new acoustic characteristics can be generated
by simply composing the transforms from different factors. There
are 3 types of methods to realise the orthogonality of the transforms
from different factors, i.e. adding the implicit constraints either to
the training data [4, 5] or to the type of transforms [6] and adding
the explicit independence constraint to parameter optimization [7].

The current work combines the integrated method for expression
prediction and synthesis presented in [2] with an SEF framework
based on cluster adaptive training [4]. Based on this method, the ex-
pressions generated by the expression predictor of different speakers
are represented in a common expression space. Thus the expres-
sions generated by one expression predictor can be transplanted to
different speakers. This dramatically widens the utilization of the
generated expressions. The SEF method allows the speech data from
different speakers to be projected into the common expression space,
thus a speaker independent expression predictor can be trained using
multi-speaker training data. Since in speaker independent expression
predictors, the inter-speaker variabilities are assumed to be normal-
ized, the impact of the speaker specific information on the expres-
sion prediction performance can be tested by comparing the speaker
dependent and independent expression predictors.



2. INTEGRATED METHOD FOR EXPRESSIVE SPEECH
SYNTHESIS FROM TEXT

Traditionally, expressive speech synthesis from text is usually seen
as two distinct tasks: expression prediction from text and speech
synthesis given an expression. Expression prediction from text was
investigated as a computational linguistic problem while speech syn-
thesis was considered as an acoustic modelling problem.

In [2], a joint method was presented which combined the ex-
pression prediction and speech synthesis into a single task, which is
shown in figure 1.
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Fig. 1. Integrated method for expressive TTS

In this method, an expressive synthesis space is defined to con-
tain all the expressions which can be generated by the synthesiser.
This space can be discrete, i.e. containing only a limited number of
expression states or it can be continuous, i.e. containing an infinite
number of different expressions. While the expressive information
in the text data forms a linguistic feature space in which every point
represents the expressive information in a phrase. The task of expres-
sion prediction from text in [2] was designed as mapping the feature
vectors in the linguistic feature space to the points in the expressive
synthesis space through a non-linear transform. An MLP based neu-
ral network was used to build the non-linear transform. During the
synthesis process, the text to be synthesised is converted as a point
in the linguistic feature space, then the MLP maps it to a point in
the expressive synthesis space. Since every point in the expressive
synthesis space represents an expression that can be generated by the
synthesiser, expressive synthetic speech can be generated.

2.1. CAT model and expressive synthesis space

Although in [2], the expressive synthesis space can be generated
by various methods, in this work, the CAT model (Cluster Adap-
tive Training) was used to construct the expressive synthesis space.
When a CAT model is used to calculate the likelihood of an obser-
vation vector, the mean vector to be used is a linear interpolation of
all the cluster means, i.e.

p(o A, M, 5) = Moy MIAC, 5M) (1)

where M(™ is the matrix of P cluster mean vectors for component
m,
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A(®) is the CAT weight vector for expressive state e. It is simple
to extend this form of representation to include multiple regression
classes with each of the expressive states. In common with standard
CAT approaches the first cluster is specified as a bias cluster, thus

2@ =1 ) ! 3)

To construct an expressive synthesis space, CAT cluster mod-
els can be viewed as a basis of expressive synthesis parameters. The
synthesis parameters with different expressions can be projected into
this basis, while the CAT weights are the coordinates of this projec-
tion. Thus, based on the CAT method, the synthesis parameters for
each expression are represented as a unique CAT weight vector and
it forms a point (or a state) in the expressive synthesis space.

2.2. Expression prediction from text

In this work, the linguistic feature vector which contains the expres-
sive information in the text data was generated by the latent semantic
mapping (LSM) method. The details can be found in [9]. Given the
linguistic features, the task of expression prediction is building an
MLP based non-linear transform f to map the linguistic feature vec-
tors £ to the expression vectors A in the synthesis space, i.e.

A=f(L,W) @)

where W is the weight matrices of MLP.

To build the connection between the linguistic feature space and
the expessive synthesis space, the input of the MLP was designed
as the linguistic features extracted from the transcripts of the train-
ing utterance, while the output of the MLP was designed as the
CAT weight vectors which contain the expression information of
the speech utterances. The maximum likelihood (ML) criterion was
used to train the MLP. Based on the standard EM algorithm, the cost
function of MLP training was designed as the negative of the auxil-
iary function for CAT weight vector training, i.e.

1 <mwT 1<m)T <(k
e(W) :—ZW(A( T — §>\() GPA) 5)
k
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where W is the weight matrix of layer i and W = {W!, ..., W%}

is the set of weight matrices, A*) is the MLP output CAT weight
vector for training sample k. G™® and k™ are the sufficient statis-
tics for CAT weight training accumulated from utterance k which

can be calculated as

Wi =W'—yp =1..L (6)

G(k) — Z Fyt(m)M(’VVL)Tz(TIL)-lM(’"L) (7)
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In equation 6, the cost from utterance k is normalised by the length
of this utterance |T}|, so that the contribution of each utterance is
equal.

From the framework mentioned above, the linguistic features £
contain only the information from plain text, i.e. the input of the
TTS system. Although the real speaker can repeat the same text in
different speaking styles, for the TTS system from plain text, this
part of information is lost. Thus the intra-speaker variability is im-
possible to be modelled in a TTS system with plain text input. For



the traditional methods which treat the expression prediction as a
computational linguistic problem, the inter-speaker factors cannot
be modelled either, since the text data is speaker independent. How-
ever, in the method mentioned above, the MLP based expression
predictor is trained using the speech training data. Therefore if the
speaker dependent training samples are used to train the MLP, what
it learns is a speaker dependent way to convert the expressions en-
coded in the text data into speech. This makes the investigation of
the inter-speaker factors of the expression prediction possible.

3. SPEAKER AND EXPRESSION FACTORIZATION

Factorization techniques have been widely used in both TTS and
ASR. The basic idea is training the orthogonal or independent trans-
forms for each individual acoustic factor. For speaker and expression
factorization (SEF), the orthogonal speaker transforms and expres-
sion transforms are trained individually. The speaker tranforms can
be arbitrarily combined to the expression transforms to fit the acous-
tic environment with paricular speaker and expression. The CAT
model can be used to implement the SEF. CAT is a sub-space based
method. Using CAT to model a single factor, e.g. expression, a sub-
space for expression is built and the very big dimensional expressive
synthesis parameters are represented as a point in the low dimen-
sional expression subspace. In the case of SEF, two subspaces have
to be built, one for expression, the other for speaker [4]. Thus equa-
tion 1 can be re-written as

plorAs g, MY, ™) ©)
= N0 n™Y + M{™ As + M Ag, £)

where Ar and Ag are the CAT weight vectors to model the expres-
sion and speaker respectively, and M](Em) and Mém) are the cluster
mean matrices for component m which are associated to the expres-
sion CAT weight vector and speaker CAT weight vector respectively.

The parameter estimation of SEF is based on ML criterion. The
overlaps of the speakers and the expressions in the training data are
required to ensure the orthogonality of the speaker and the expres-
sion transforms. That says, the training data for an expression should
be from various speakers, so that the final trained expression trans-
form is independent of any particular speaker. Similarly, the speaker
transforms should be trained by the data with various expressions.
The speaker parameters and the expression parameters are updated
alternately. When the parameters of a factor are trained, the parame-
ters of the other factor are assumed to be known and fixed, i.e.

Ar =arg rrllxaxp(0|7-l, E; M, Asg, Ag)
E

As :argn}exp(O|H,5;M,As,AE) (10)
S

4. TRANSPLANTATION OF PREDICTED EXPRESSION
FROM TEXT

This work combines the integrated expression prediction and speech
synthesis method with the SEF framework. That means, the SEF
method is used to construct two sub-spaces, expression subspace
and speaker subspace. Then, the expressions generated by different
speaker dependent expression predictors are represented in the same
expression subspace. This way, all the expressions in the expression
subspace, can be arbitarily transplanted to any speakers. To achieve
this, the sufficient statistics for MLP training need to be accumulated
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in the expression subspace only, i.e. replacing equation 7 and 8 with
the following equations.

m,teTy
KO =S MR ST 5 (0, — 0D - M AR
m teTy,
12)

Figure 2 shows the training process of the transplantable ex-
pression predictor from text. The expressions in training utterances
for a particular speaker, e.g. speaker ¢, were extracted by project-
ing them into the expression subspace, given the speaker transform
)\éz)l. Meanwhile, the transcript of each utterance was converted
into a linguistic feature vector in the linguistic space. Then, using
the linguistic feature vectors as input, and the expressions in the ex-
pression space as target output, the MLP based expression predic-
tor was trained using maximum likelihood criterion. Note, in fig-
ure 2, although the expression transforms in the expression subspace
are speaker independent, the final trained expression predictor from
text is speaker dependent, since different speaker dependent expres-
sion predictors may project the same linguistic feature into different
points in the expression subspace.
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Fig. 2. Training of transplantable expression predictor

In the synthesis stage, the expression predictor maps the linguis-
tic features from text data to the points in the expression subspace.
Since the expressions in the expression subspace are speaker inde-
pendent, they can be transplanted to different speakers in the frame-
work of SEF. Thus the expressive synthetic speech from different
speakers can be generated from plain text. This process is shown in
figure 3.

5. EXPERIMENTAL RESULTS

In this work, the acoustic training data is from publicly available au-
diobooks from Librivox.org. It contains about 28 hours of speech
from 4 audiobooks (2 male and 2 female speakers). The training
data was selected by lightly supervised segmentation [10]. The sam-
pling rate of the training speech was 16kHz and acoustic features
consisted of 40 mel-cepstral coefficients, logF0, 21 (approximately
bark scaled) BAP (band aperiodicity parameters) plus their delta and

!In this work, the neutral speech was used to estimate the speaker trans-
forms based on equation 10.



speaker
subspace

text

voice for
expression j,

speaker i

-

Linguistic feature ’
extraction Synthesiser mm)

AN o o

- Voice for
Expression - expression j,

prediction speaker k

Fig. 3. Synthesis with transplanted expressions

delta-delta information. The models were 5 state left-to-right multi-
space probability distribution hidden semi-Markov models. The un-
supervised SEF method was used to train the CAT model which con-
tains the independent expression space and speaker space. The CAT
model used in this work contains 8 cluster models: 1 bias cluster
model, 4 non-bias cluster models for speaker subspace construction
and 3 non-bias cluster models for the expression subspace construc-
tion. The details of the model training can be found in [4].

Two speaker dependent expression predictors based on the in-
tegrated method were trained using the speaker dependent training
speech. Expression predictor 1, which is named as “epl” in this
paper was trained by the training data from a male speaker, called,
“speaker1”, with 10.2k utterances. Expression predictor 2 (ep2) was
trained by the data from a female speaker, called “speaker2”, with
about 6.8k utterances. Note, the expression prediction process in
this work was combined with the SEF method. Thus the predicted
expressions can be transplanted to different speakers.

The first experiment investigates the expressiveness of the syn-
thetic speech based on the expression predictors. The expressions
generated by the expression predictor from text were used to syn-
thesise the expressive speech paragraphs and they were compared to
the neutral TTS systems. This experiment only investigates the ex-
pressiveness. Thus the synthetic voice was generated for the training
speaker, and the predicted expressions were not transplanted to the
new speakers. A preference test using paragraphs was performed in
this experiment. Subjects listened to the synthetic speech paragraphs
from two system and were asked which one contains the appropriate
expressions for the content of the paragraph. The test set includes 15
paragraphs with an average length of 3 utterances. The results were
shown in table 1.

Table 1. Preference test for paragraph reading testing the expres-
siveness of expression predictors

[spkr | epl | neut [ ep2 [ neut [ nopref [ p |
1 53.3% | 36.6% 10.1% || 0.001
2 48.1% | 36.6% | 153% || 0.017

From table 1, the synthetic speech from both of two expression
predictors achieved significantly better scores than the neutral sys-
tems. It indicates that the integrated expression prediction method
works well in the framework of SEF.

The second experiment investigates the portability of the expres-
sions generated by the expression predictors. In the second experi-
ments, the expressions generated from “epl” and “ep2” were trans-
planted to a new speaker, called “speaker3”, and the expressiveness
of the synthetic speech was investigated based on speaker3’s voice.
Again, the preference test of paragraph reading was used with the
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neutral system as the contrast. The results are shown in table 2.
Table 2 indicates that the expressions generated by both expression

Table 2. Preference test for paragraph reading, testing expression
transplantation

[spkr | epl | mneut [ ep2 [ neut [ nopref [ p |
3 59.9% | 33.0% 7.1% <0.001
3 46.7% | 38.8% | 14.5% 0.088

predictors can be transplanted to the new speaker and improve the
expressiveness of the voice of the new speaker.

Finally, the inter-speaker factors for the expression predictor
from text were investigated. Through the SEF methods, the speaker
independent expressions can be extracted from the speech data of
various speakers. Thus the speech data from multiple speakers can
be used to train the speaker independent expression predictor in
which the inter-speaker variability is assumed to be normalized.
The speaker independent expression predictor can only catch the
common information over all the speakers. In this work, a speaker
independent expression predictor was trained by 22.7k training ut-
terances from 3 speakers and this speaker independent expression
predictor was compared to the speaker dependent expression pre-
dictor in a paragraph reading preference test. The result is shown
in table 3. The result in table 3 shows the impact of the inter-

Table 3. Preference test for paragraph reading, expression predictors
with single speaker training data vs. multi-speaker training data

| epl [ ep multi-spkr [ No pref [ p ‘

| 54.8% [ 35.2% [ 10.0% [ <0.001 ‘

speaker factors to the performance of the expression predictor. In
the expression predictor trained by multi-speaker data, the inter-
speaker variability is normalized. As result, the expressiveness of
the synthetic speech is significantly degraded.

6. CONCLUSIONS

Expression prediction from text is a speaker dependent task. Dif-
ferent speakers have different ways to interpret text and convert it
into expressions in speech. In the work presented here, the inte-
grated method for expression prediction from text and speech syn-
thesis was performed in the framework of speaker and expression
factorization (SEF), so that the expressions generated from different
speaker dependent expression predictors can be represented in the
same expression space. This allows the transplantation of the gen-
erated expression between different speakers. Experimental results
showed that with the SEF framework, the expressions generated by
the expression predictors can be used to improve the expressiveness
of the synthetic speech not only for the training speaker, but also
for other speakers by expression transplantation. Moreover, based
on this framework, a speaker independent expression predictor was
trained to normalize all the inter-speaker varibilities. The experi-
mental result indicated that the speaker independent expression pre-
dictor generated less expressive speech than the speaker dependent
expression predictor. This is evidence of the importance of speaker
dependent information for expression prediction.
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