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Abstract: This paper presents a method for selecting speech units for polyphone concatenative speech synthesis, in which the simplification of proce-
dures for search paths in a graph accelerated the speed of the unit-selection procedure with minimum effects on the speech quality. The speech units
selected are still optimal; only the costs of merging the units on which the selection is based are less accurately determined. Due to its low processing
power and memory footprint reguirements, the method is suitable for use in embedded speech synthesizers.

Postopek za izbiro govornih segmentov pri vgrajeni
polifonski zdruzevalni sintezi govora

Kjuéne besede: sinteza govora, vgrajeni sintetizator govora, izbira govornih segmentov

lzvledek: V prispevku predstavljamo postopek za izbiro govornih segmentov pri polifonski zdruzevaini sintezi govora, pri katerem smo s poenostavitvami
postopkov iskanja poti po grafu vplivali na hitrost postopka za izbiro govornih segmentov, vendar tako, da se to ¢im manj odraza na kvaliteti govora. Izbrani
segmenti so Se vedno optimalni, le cene lepljenja segmentov, na katerih temelji izbira, so manj natanéne. Zaradi racunske preprostosti ter majhnih
pomnilniskih zahtev je postopek primeren za uporabo v vgrajenih sintetizatorjih govora.

1. Introduction

Polyphone or corpus concatenative speech synthesis sys-
tems usually use extensive speech corpora containing tens
of hours of recorded, segmented, and labeled speech,
and use memory of several gigabytes. In such a corpus,
each basic speech unit or each speech segment consti-
tuting a specific series of basic speech units or polyphones
occurs repeatedly in various contexts and with different
prosodic characteristics /1/.

Limitations in computational processing power and mem-
ory footprint used in embedded systems affect the plan-
ning of the unit-selection process /2/. The selection of
speech units is the part of concatenative or corpus-based
speech synthesis that can exert the most influence on the
speed of the entire speech synthesis process.

It is necessary to find a favorable compromise between
the size of the speech corpus and the computational com-
plexity of the unit-selection procedure /1/. If the unit-se-
lection procedure is very simplified and thus also very fast,
a selection of units in a larger speech corpus can be per-
formed in the same amount of time. Oversimplification of
the procedure can, however, result in the selection of in-
appropriate speech units and therefore reduce the speech
quality despite using a larger corpus. In contrast, choos-
ing a complex unit-selection procedure can ensure an
optimal unit selection, but because of time restrictions this
can only be performed on a small speech corpus.

The paper is structured in the following way. In section 2,
unit-selection in polyphone concatenative speech synthe-
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sis is intfroduced as a graph-search problem. An overview
of unit-selection methods is presented.

The unit-selection procedure with which we succeeded in
accelerating the speed of the procedure without signifi-
cantly affecting the speech quality is presented in Section
3. This is achieved by simplifying the calculation of the
concatenation cost and thus creating conditions enabling
a specific structure of the algorithm for finding the optimal
path in the graph.

The evaluation of the speed and the speech quality of the
proposed unit-selection procedures is presented in
Section 4.

2. Unit-selection in polyphone
concatenative speech synthesis

The task of unit-selection procedures is to find the most
appropriate speech units in the corpus such that they pro-
duce a maximum-quality signal when merged.

Input data that the unit-selection procedure receives from
language processing modules in the speech synthesizer
are sequences of phonemes to be pronounced, whereby
prosodic parameters for the pronunciation of each pho-
neme are provided. These parameters contain data on the
fundamental frequency and duration of the phoneme pro-
nunciation.

Output data that the unit-selection procedure must convey
to the module for concatenating speech segments into a
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speech signal are sequences of specific fragments from
the speech corpus called polyphones, or the speech units
that the concatenation module will have to merge. These
sequences can also be equipped with prosodic parame-
ters for each fragment, which enables the concatenating
module to convert the original prosodic parameters from
the corpus such that they resemble the desired prosodic
parameters to the greatest extent possible.

2.1. Search graph for finding the optimal
sequence of speech units

The problem of finding the optimal sequence of recorded
units for quality speech signal synthesis can be presented
as finding an optimal path in a graph. This kind of presen-
tation clearly demonstrates the problem of selecting speech
units and, at the same time, enables the use of recognized
procedures for solving this problem. Each vertex of the
graph represents a basic speech unit from the speech
corpus. The basic speech segments may be allophones,
diphones, triphones, or any other basic speech unit. The
graph is divided into individual levels. The first level con-
tains the initial vertices; that is, all basic speech units in
the speech corpus that correspond to the first basic speech
unit in the input character sequence that needs to be syn-
thesized.

The edge between the vertices determines the possibility
of merging the basic speech units represented by the con-
nected vertices. In merging speech units, the unit of a high-
er-level vertex chronologically follows the unit of the lower-
level vertex. This is why the edges between the vertices
are directed. The vertices are interconnected such that
each n-level vertex is connected to all n+1level vertices.

In this kind of graph, finding the optimal speech unit se-
guence can be defined as finding the optimal path between
any initial vertex in the graph (first level of the graph) and
any final vertex in the graph (last level of the graph), where-
by the edges between the graph’s vertices determine the
possible paths.

To start searching for the best path in the graph, criteria
expressing the final goal of the speech unit selection must
be defined as numeric relations between the data repre-
sented in the graph. The final goal of the speech unit se-
lection is the maximum possible intelligibility and natural-
ness of the synthetic speech. In general, the following cri-
teria have been implemented to make the speech as intel-
ligible and natural as possible:

- The smallest possible number of speech unit concate-
nations,

- The smallest possible discontinuity of concatenated
units at the point of concatenation,

- The best fit between the concatenated units’ prosod-
ic features and the desired speech prosody.

| segment 1 | segment1 ] ... Tsegment N-1 | segment N |

input sequence

Fig. 1. Structure of the graph for finding the optimal
speech unit sequence; E'y are the graph initial-
level vertices, E'y are the graph final-level
vertices.

The first two criteria are evaluated by defining the concate-
nation cost for every edge between the vertices in the
graph, whereas the last criterion is evaluated by defining
the cost of fit of prosodic features for every vertex. The
cost of an individual path in the graph equals the sum of
the costs of vertices through which the path runs plus the
sum of costs of all the edges the path contains. The opti-
mal path in the graph is the path with the lowest cost.

2.2. The cost of fit of prosodic features

The cost of fit of prosodic features expresses the similarity
or difference between the prosodic features of a specific
speech unit from the speech corpus and the desired pro-
sodic features of the part of the speech signal that the
speech unit is to form. The required prosodic features can
be determined asin /3/ and /4/. The cost of fit of prosod-
ic features usually consists of the weighted result of com-
paring the speech unit duration and its desired duration,
and of the weighted result of comparing the profile of the
speech unit basic frequency and the desired fundamental
frequency profile. In most cases, the ratio in which the unit’s
duration and the fundamental frequency profile influence
the cost is determined experimentally.

In order to find the optimal speech unit sequence in the
graph, the cost of fit of prosodic features is determined for
each vertex. It is necessary to calculate this cost for each
vertex. Although speech corpora can be very extensive,
the calculation of the cost does not constitute a numeric
obstacle in finding the optimal path in the graph.

2.3. Concatenation cost

A speech signal is formed by merging or concatenating
speech units from the pre-recorded speech corpus. Dur-
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ing the process of merging, audible speech signal discon-
tinuities can occur. We try to evaluate the influence of sig-
nal discontinuity on the speech quality through the cost of
concatenation.

There are several possible approaches to evaluating the
influence of concatenation on the speech quality. The sim-
plest method is to define the cost as “0” for concatenating
speech units that directly follow one another in the speech
corpus, and to define the cost as “1” for all other speech
unit combinations. The use of the cost “0” in units that
directly follow one another in the speech corpus is logical
because they are already linked together and therefore
merging is not necessary. With the use of the cost “1” in
units that do not follow one another in the speech corpus,
all the concatenations were equally evaluated, regardless
of the characteristics of the units being merged. With this
kind of concatenation cost, the procedure for finding the
optimal speech unit sequence would select the sequence
with the smallest number of mergers, regardless of the type
of speech units.

A better evaluation of the influence of concatenation on
speech quality is achieved if the cost of speech unit merg-
ing depends on the allophones that are concatenated. Sim-
ilar to the previous approach, the cost “0” is defined for
the merging of speech units that directly follow one anoth-
er in the speech corpus.

The most accurate evaluation of the influence of concate-
nation on speech quality is achieved by taking into account
the phonological features of both units merged when cal-
culating the concatenation cost. In this, the differences in
the fundamental frequency, formant frequencies, the am-
plitude, noise factor, noise spectral features, and so on
can be taken into account. However, it should be noted
that the use of a large number of parameters requires the
determination of a large number of weights evaluating the
influence of the difference in every parameter on the cost
of merging. Determining these weights can be very time-
consuming and often includes long-term experiments,
empirical solutions, and suppositions. A great deficiency
of this method of determining the cost of merging is its
numeric complexity. With regard to the fact that concate-
nation costs are determined individually for every pair of
basic speech units from the speech corpus, they are im-
possible to calculate in advance.

To solve this problem, we propose a compromise solution
that is considerably faster, and nonetheless partly takes
into account the phonological features of concatenated
speech units, is determining the concatenation cost in
advance for the individual groups of basic speech units
from the speech corpus. In this approach, all the basic
speech units in a speech corpus are classified into groups
on the basis of their phonological features such that the
speech units within an individual group phonologically re-
semble one another to the best extent possible. This is
achieved by using clustering techniques. The concatena-
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tion costs are calculated in advance for all group combina-
tions and saved.

2.4. Related work

The optimal path in the graph can be reliably determined
by graph traversal whereby all the possible paths in the
graph are examined and the best one among them can be
selected. The number of possible paths between any ini-
tial and final vertex of the graph depends on the number of
graph levels and the number of occurrences of the basic
speech units in the speech corpus.

Considering that a recording of a speech unit in the speech
corpus can occur several thousand times and that input
sequences can consist of dozens of basic speech units, it
becomes clear that the number of possible paths in the
graph is very large. Therefore not all of the possible paths
in the graph are investigated, but various procedures are
used to simplify and accelerate the search. Some proce-
dures preserve the optimality of the solution, whereas oth-
er sacrifice optimality for the sake of faster operation.

The optimal sequence of speech units is determined by
minimizing the cost that reflects a decrease in the quality
of the synthesized speech due to spectral differences, dif-
ferences in the phonetic environment, and mutual merg-
ing of speech units. The system that was among the first to
use the selection of speech units of variable length was
the ATR v-Talk /5/. In addition to all the parameters used
up until then, Hirokawa also suggested the use of prosod-
ic differences in selecting the optimal sequence of speech
units /6/. In this approach, synthesized speech is created
by concatenating the selected speech units and changing
their prosodic features if necessary. The use of informa-
tion on prosody in the speech unit selection was proposed
by Campbell /7/, /8/.

The procedure for minimizing the sums of both costs em-
ploys a search based on dynamic programming or one of
its derivatives such as A*. Basic speech units or phonemes
are usually used as the basic search units. The existing
systems that synthesize speech by concatenating speech
segments from an extensive speech corpus use this pro-
cedure most frequently. The CHATR speech synthesis sys-
tem was developed on the basis of these methods /9/.

By increasing the number of parameters used in finding or
selecting speech segments, the size of the speech cor-
pus has to be large enough. With a sufficiently extensive
speech corpus, speech segments that resemble the re-
quired input prosodic parameters of the segments can be
selected from it. In this case it is not necessary to change
the prosodic features before merging the selected speech
segments /10/.

Many recent studies that deal with improving the procedures
for searching and defining the parameters were taken into
account when calculating the cost of segments /11/,
/12/. Modeling functions for calculating costs is a com-
plex issue.
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In the selection of speech segments, search procedures can
use additional labeling of segments of various lengths that
mark the critical parts where concatenation could result in
the potential distortion of the final speech signal /13/.

Another approach to speech unit selection is the use of
static modeling: FSM /14/, DCD /15/, GRM /18/, /17/,
and Bulyko /18/.

3. The speech unit selection method
with a simplified cost of merging

This section proposes a new and simplified speech unit
selection method that is very fast and thus appropriate for
implementing the concatenative speech synthesizer in
embedded systems.

The basic simplification in this method is that the cost of
merging two speech segments depends only on the pho-
nemes that are being joined by merging. If merging is car-
ried out at the center of the phonemes, such as in diphon-
ic synthesis, the cost of merging for each phoneme is de-
fined in the center of the phoneme.

if merging is carried out at the phoneme boundaries, the
cost of merging must be defined for all the sequences of
two phonemes that can occur in speech. These costs of
merging can be defined in advance and are not calculated
during synthesis. In addition to these costs of merging, it
is presumed that the cost of merging equals “0” if the seg-
ments that are being merged directly follow one another in
the speech corpus, regardless of the phonemes joined at
the concatenation point.
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Fig. 2: The costs of merging speech segments are
defined for the connections between the
graph’s vertices; k represents the level of the
graph. The costs of fit of the prosodic features
are defined for the graph’s vertices.

The graph used in speech unit selection is created as de-
scribed in the previous paragraph. It comprises N levels,
whereby each level corresponds to exactly one basic
speech segment in the input sequence that is to be syn-

thesized. At level k of the graph, which corresponds to the
speech segment Sk, gk vertices are located; at level k+1,
which corresponds to the speech segment Sk+1, Qx+1 ver-
tices are located; and so forth.

Every vertex E (1<i< q,) at level k of the graph repre-
sents a specific recording of the speech segment Sk in
the speech corpus. For every vertex Flx, the cost of fit of
the prosodic features of the corpus speech segment rep-
resented by the vertex is also calculated, as well as the
required prosodies for the speech segment Sk in the input
sequence. This cost is labeled CHE'y). The vertices are
connected by linking every vertex E'x (1<i < q,) at level k
with all the vertices Elk-1 (1< j < ¢,_,) at level k-1. The cost
of the connection between vertices Elx and Elx.1 equals the
cost of merging the speech corpus segments represent-
ed by the vertices. This is labeled Cr(Elk-1, E'y).

In finding the optimal path in the graph it must be estab-
lished which path between any initial vertex £y (1<i< q)
and any final vertex E'w (1<i < ¢,) of the graph has the
lowest cost.

The cost of the entire path is calculated by adding the costs
of merging or the costs of edges between the vertices tra-
versed (C.), and the costs of fit of the prosodic features or
the costs of the vertices visited (Cp). Thus, at every level k
(1< k< N)ofthe graph only one of the vertices Elll<i< q,)
must be selected, or only one of the speech segments in
the speech corpus that will be used in speech synthesis.

This vertex is labeled E; . The cost of the optimal path in
the graph can be expressed as:
N
C= min (CP(E;"(D)+Z(CP(EQ“’)+CL(EX“) Ef‘i”))j,
X0, x(2)..x(N) sy
The cost of the optimal path as the function of selecting a
vertex x(k) at the individual level of the graph is a decom-
posable function. If the cost of the optimal path between
the graph’s initial vertices and the vertex F'x at level k of
the graph is labeled ColE'y), and if the cost of the optimal

path between the graph’s initial vertices and any k-level
vertex is labeled Cy,, the following applies:

C, =min(C, (£:9))
x{k)
and
Co(ED)=Co(ED) +min(CL (ELES N+ C (B ))_
(D)

It can be seen that the function of the cost can be defined
recursively or that the cost of the path to vertex E'x at level
k of the graph depends only on the cost of the prosodic fit
for vertex E'x and the costs of optimal paths to the vertices
of the previous level (Co(E'x.1)), to which the costs of
merging are added.

In optimizing such a function, dynamic programming can
be used to find the optimal path in the graph. This method
simplifies the search for the optimal path by dividing it into
searches for partial optimal paths for every level of the
graph.
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In practice, the procedure is designed such that four pa-
rameters are defined for every vertex of the graph. The
first, parameter K(E'), is an index of the basic speech unit
in the speech corpus represented by the vertex. This pa-
rameter is already defined for the vertex at the start of the
procedure, when the graph is being created. The second
parameter equals the cost of it of prosodic features Cr(E),
which is also calculated when creating the graph. The third
parameter equals the lowest cumulative cost or the lowest
cost of the path between any initial vertex and the current
ColE'x) vertex. This cost is calculated during the optimal
path calculation procedure. The fourth parameter is an in-
dex of the vertex P(E’k) from the previous level of the graph
located on the optimal path between the initial vertices and
the current vertex. This parameter is also calculated dur-
ing the graph search procedure.

The procedure begins by defining the cost of fit of the pro-
sodic features of the same vertices for the lowest cumula-
tive cost of initial vertices:
C()(EIIV) =C,(E() (1 Siggq )

in the initial vertices, the indicator of the vertex from the
previous level of the graph is set to “0” because initial ver-
tices have no precursor. Then the lowest cost of the path
to individual vertices at the second level of the graph is
defined:

CB)=CUEymin(G(B,E)+CAE)), (1<i<g)

In addition, the (j) index of the vertex at the pervious level
of the graph located on this path with the lowest cost is
recorded. This procedure is repeated sequentially for all
remaining levels of the graph:

R By R . .
ColB)=Cp (E) +min(C (BB )+ Co(EL)), (1<i<g;2<k<N)
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Fig. 3:  The cost of the optimal path to vertex Ely
depends on the costs of optimal paths to the
vertices at the graph’s previous level ColElt )
the costs of merging Cr(E'x1, E'x), and the cost
of fit of the prosodic features Cp(E'x); k
represents the level of the graph.

162

The cost of the optimal path is the lowest among the costs
of optimal paths to individual final vertices of the graph:

qx .
C =min(C,(E})).
=
The optimal final vertex is the final vertex with the lowest
cumulative cost.

After the procedure is concluded, the sequence of verti-
ces located on the optimal path is compiled by tracing in
reverse the indices of vertices at the previous levels of the
graph P(E') that were saved during the procedure.

With the simpilification of the cost of merging introduced in
this procedure, the concatenation costs can be determined
in advance, so that the cost of merging Ci(Elk.1, E'%) de-
pends only on the type (phonological group) of speech
segments Sk and Sk.1. This also means that all the costs of
the edges between the vertices of the graphs Elx.; and E'x
are the same for any j and /. This does not apply only if the
speech segments represented by vertices Flxs and Ely,
directly follow one another in the speech corpus. In this
case, the cost of merging equals O

C(S..»S) IEN-I(E)#1
q%@’):{ O I
)~ 1B )=1
KF) is the index or the conseogtive site of the speech
segment represented by vertex E/x in the speech corpus.

This means that the calculation of the lowest cost of the
path can be further simplified. The recursive equation for
caloulating the lowest cost of the path to vertex E'x is shown
in equation (1).

Taking into account the simplifications above, equation (1)

can also be expressed as:
R By C S, ,S. +Cz E/ ,[ E/ -1 El Z1
C()(Ei_)zq,([::)ﬂlllin{ LS SOHGELD S A/) (&) .
-~ C()(EL) ;[(Ek)'](E;H) =1

Ci(Sk-1, Sk) is always a positive number. Therefore, equa-
tion (2) can also be expressed as:

-1 ,
min[co(EkJ—x ),l’,r_lzi!n CASiS) + G ))’

CAE)=ColB) + if V5 IE)-1(E_)=1

(3)

otherwise

-1

min(C, (5, 1S+ ColB),

Because the calculation of the minimum in the equation
above does not depend on i, this calculation can be per-
formed only once for all the vertices incident to the same
level S of the graph:

i1 Gr1
€55 =min(C (S,.1.8,)+ ColEL)= G (S, S0 +min(Co(E)
Equation (3) can now be expressed as:

min(G,(EL).Co(S)) if M KE)-1(E. ) =1

CAED=Co(E)+{
- o {Co(Sk> otherwise
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Fig. 4. The cost of merging two speech segments
directly following one another in the speech
corpus equals 0; k represents the level of the
graph. The concatenation costs of all other
segments depend only on the type (group) of
speech segments that are being merged, and
are therefore the same for all the connections
between two levels of the graph.

It can be established that, by using the unit-selection pro-
cedure with the simplified concatenation cost described
above, only one calculation of the minimum is required for
every level of the graph, and only one sum and one com-
parison for every vertex of the graph. The time required to
calculate the optimal path increases almost linearly with
the increase in the size of the speech corpus.

4. Evaluation

4.1. Objective evaluation

Two versions of embedded concatenative speech synthe-
sis using two different methods for selecting speech units
were compared according to the quality of synthesized
speech and the computational speed.

The first version used a unit-selection method with a sim-
plified concatenation to select speech units described in
Section 3, while the second used a simplified method for
speech unit selection /19/. Using the second method,
the quality of synthesized speech was slightly lower than
the quality of the synthesized speech in the first proce-
dure.

The search time in both speech unit selection methods
increases linearly with the length of the utterance thatis to

Sentence length [No. of diphones]

| Search procedure

& simplified concatenation cost
! simplified

&

0 1000 2000 3000 4000
time [ms]

Fig. 5. Comparison of computational speed for two
unit-selection search methods. As anticipated,
the simplified method /19/ is faster because it
does not search through all the possible paths
in the graph, but limits itself only to the most
promising ones. The search speed increases
with the length of the sentence for which the
procedure must find a suitable speech unit
sequence in the speech corpus.

be synthesized, and also linearly with the size of the speech
corpus, which is an improvement compared to traditional
procedures for finding paths in the graph used in speech
unit selection of concatenative or corpus speech synthe-
sis. As anticipated, both methods operated increasingly
more slowly when increasing the sentence size for which
they were seeking the segments required for synthesis.

The simplified search method is faster than the search
method with a simplified concatenation cost because it is
less complex. As shown in Figure 5, it can find segments
for synthesizing shorter utterances twice as fast, and seg-
ments for longer sentences four times as fast.

4.2. Subjective evaluation

The proposed method for polyphone concatenative speech
synthesis was tested on an embedded device developed
for this purpose /20/. A synthesizer for Slovenian speech
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was embedded into an automatic system for providing in-
formation on honey yields at apicultural observation points.

The intelligibility and naturalness of the synthesized speech
was evaluated using an extensive experiment prepared in
line with ITU-T recommendations for testing the quality of
synthesized speech. The generalimpression of the speech
synthesizer was evaluated as 3.2, or "fair,” and corresponds
to the general impression of evaluations of state-of-the-art
embedded speech synthesizers for other languages that
usually receive grades of approx. 3.5 on the MOS scale.

Listeners evaluated the synthesized speech as intelligible,
appropriately dynamic and fast, and suitable for use in au-
tomatic systems for providing oral information via telephone
or the Internet.

5. Conclusion

This article presents a new method for selecting speech
units in polyphone concatenative speech synthesis, in
which simplifications of procedures for finding the path in
the graph increase the speed of the speech unit-selection
procedure with minimum effects on the speech quality.
The units selected are still optimal; only the costs of merg-
ing the units on which the selection is based are less ac-
curately determined.

Due to its low computational speed and memory footprint
requirements, the method is suitable for use in embedded
speech synthesizers.
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