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Abstract ture extraction. In the second part, a unit selection syn-
) ] ) thesis engine was implemented consisting of target camstru
Speech synthesis based on unit selection can produce far mor tjon, unit sequence selection and waveform concatenakon.

natural speech than conventional diphone-based methats. U TUT_VOICE, some ideas from Festival were adopted but the
selection based text-to-speech synthesizers have belerfiopui system was built to work independently from it.

many different languages. In this paper, we describe theldev
opment of TUTVOICE, the first Finnish unit selection synthe-

sis engine for academic research. The system includesadatab 2. Finnish phonetlcs and phonology

construction, synthesis engine implementation and opétitn Although a unit selection synthesizer can be built on halitng
for Finnish. tle or no knowledge of the language (e.g. [13]), understapdi
the characteristics of the language is important for goaal-qu
1. Introduction ity TTS. Some issues of presented in this chapter helped us to

_ ) ] ) understand some "errors” occuring in the synthesized $peec
Unit selection [10] is a method of corpus-based concatemati  This chapter outlines the basic principles of Finnish phicse
speech synthesis. It uses a large pre-recorded speeciidrwen  and phonology from the viewpoint of what is needed for build-

to provide a sufficient phonetic and prosodic coverage fana | ing a speech synthesizer.
guage. Speech is produced by cutting and concatenating unit
from the database. 2.1. Phoneme system and orthography

One of the major challenges is how to select units from the
database. The selection process is guided by two cosés; a
get and ajoin cost[10]. The target cost estimates similarity
between a candidate unit and a desired unit and join cost mea-
sures the concatenation quality of two consecutive uniisrins
of the continuity of the spectrumpyRand energy.

Phonemes are typically divided into consonants and vowels.
There are eight vowels in Finnisha// fel, fil, lol, Iul, Iyl, lal,
and p/. Vowels can occur both short and long and form se-
quences and diphthongs. Compared to other languages, the
number of vowels in Finnish is high [7]. On the other hand,
When appropriate units are chosen in synthesis, contexts a relatively low number of consonants exists. The low number

! of consonants enables the appearance of a high number of al-

are taken into account. However, the quality of synthesized lobh 71 Th t d allonh ized
speech depends highly on the coverage of the database. One lopnones [7]. The consonants and allophones are summarize

basic idea of unit selection is to avoid signal processingl-mo in Tgble 1. Cpn:son.ants are marked using the notatlpn of Finno
ifications i.e. prosodic modifications. This poses a chaken Ugric transcription instead of th? Internation Phonenpbklbet
to the inventory; it must provide not only a complete coverag (IPA). Most of the consonants in Table 1 can fo_rm geminates.
of synthesis units but many instances of a same unit in differ In addition, the consonants///g/ /f/ If/ occur only in relatively

ent contexts. The design of the database is thus important an newFlpaer\;lordfl.q hv is ph . h oh
should be tailored to language-specific requirements. tiad Innish orthography 1S phonemic: €ach phoneme corre-

tion, the style of the synthesized speech follows the stythe sponds to a certain graphemg_and aIIoph_ones are not p_ointed
date’tbase out. Short phoneme quantities are written with a single

There has been a vast amount of research on unit selec- grapheme (e.g) whereas long phoneme quantities (éipand

. - diphthongs (e.gau) with two graphemes. There is only one ex-
tion TTS (text-to-speech) and voices have been developed fo o . )
many languages. Although there exist a fair amount of freely ception: the_ ort_hograph|c correspondenF fo_r the phoneghis /
available research and speech analysis tools (e.g. Ad8iua ng The main differences bet_we_en_ the Finnish orthogra_phy and
for a new language a proper database is still needed as well as F7r]onunC|at|on are due to assimilation and boundary getoinat
rules for grapheme-to-phoneme conversion and linguistis-p '

ing etc. Previously, a Finnish diphone voice (fiynv_diphone
[8]) has been built in Festival [3]. However, no prior (acaue)
research has been devoted to building a unit selection Yoice Every word can be divided into one or more syllables. Each syl

2.2. Syllables and syllabification

Finnish. In addition, no suitable database has been alailab lable in Finnish has a vowel as a sonant, i.e. every syllabigtm
This paper describes the process of building a Finnish pro- contain at least one vowel. The syllable structure listiggiin
totype open-domain unit selection system called TVOICE. Table 2. Letters C and V denote consonant and vowel, respec-
The building process of TUWOICE consisted of two phases. tively. The notation VV denotes a long vowel or a diphthong.
The first part, inventory construction, involved promptesel The structure of the most common Finnish syllables is simple

tion, recording of the inventory, utterance labeling and-fe and no complex consonant clusters exist as Table 2 shows. The



Table 1:Finnish consonants and their allophones.

| phoneme] allophones]

plosive P [p]

t [t [t]
k (k] [k]
d [d]

m [m] [m]
n [0] [m]
[m] [n]
[n]

(0] [1]
[s]

[h] [A]
(M
[r] []
[i]

[v]

(]

examples |

pallo

tutti, tutit

katuy, kirje
lyhde

maila, kamferi
onni, paahanpisto
fanfaari, tunti
kenka

kengat kangas
sana

tahtg raha
lika, laki
penger taru
tutkimusretki
vanha

juhla

nasal

fricative

lateral
trill

=l il R =2 =]

approximant

—. =

majority of the words are polysyllabic. Only 17 % of the words
in the sentence set used in database construction (Segtion 3
were monosyllabic. For comparison, the respective nuntrer f
English calculated from CMU ARCTIC database [2] was 72 %.

Table 2:Finnish syllable types.

common| CV cvC Cvwv cvvC VC
\Y vV CvVCC VVC VCC
rare CCV CCcvC CCcVvv Cccvve ccevcee

The syllabification rules for Finnish are simple and no dic-
tionaries are needed. Only foreign words and compoundssvord
can cause some exceptions. According to [7], Finnish s§iHab
cation can be carried out using the following rules:

e A syllable boundary appears before every sequence CV
(e.g.ka-tu)

e A syllable boundary appears inside every sequence VV
unless the sequence is a diphthong or long vowel (e.qg.
a-lu-e)

o Avowel sequence VV ending with /i/ is a diphthong if it
is not in the first syllable (e.gu-te-li-ai-suu$

e A vowel sequence VV ending with /u/ or /y/ and not lo-
cated in the first syllable can be realized as a diphthong
or a vowel sequence (e.gel-ke-yssel-key-teen

2.3. Prosody

Prosody is not expressed through simple phonetic segments b
larger units like syllables, words, sentences or even paphg.
Prosodic features, such as quantity, stress and intonplign

an important role in conveying information. It is generalg-
lieved that the naturalness of synthesized speech is iradrov
through better prosody modeling. Although our unit setatti
synthesizer does not explicitly model prosody, there isatirie
extract linguistic features that are assumed to affectyhths-
sized prosody. For example the Finnish diphone voice buwiilt f
Festival [8] sometimes sounds like a foreigner speakingibin
due to strange prosody. Thus understanding of Finnish gyoso
can help to optimize the database and come up with meaningful
target costs for synthesis.

One important manifestation of prosody is quantity. It can
be determined physically or linguistically [1]. Physicalap-
tity corresponds to a duration of a phoneme while linguistic
quantity describes how a native speaker perceives thehengt
In Finnish there are two distinctive quantities: short aogl
for both vowels and consonants (geminates). The ratio at sho
and long vowel durations often differs from 1 : 2 [1].

Finnish word stress is fixed. The primary stress is always
on the first syllable while the second and the last syllabée ar
unstressed. In longer words, secondary stress can occugllas w

\Voice quality can be also considered as a dimension of
prosody. In Finnish, the use of creaky voice at least at tlik en
of a sentence is a frequent phenomenon although it can also
appear elsewhere in the sentence [12]. Diphone-basedesynth
sizers avoid the problem of creaky endings, since diphores a
extracted from a stable speech section and they are modified t
be suitable for every part of a sentence. However, a unitsele
tion synthesizer faces the problem since all speech mhisria
used for synthesis and for example TWDICE does not carry
out prosodic modifications.

3. Database and voice construction

The lack of appropriate speech databases is a major problem
for smaller languages like Finnish. An important outputtost
project is a speech database consisting of 1003 utterapties o
mized fo TTS synthesis and spoken by a female speaker. The
sentences are narrative and read in a vivid style, sincenvedhi

at expressive prosody. Hence, the database should alstashou
be useful for prosody research purposes.

3.1. Prompt design

The speech inventory was designed for Finnish unit selectio
synthesis using diphone-sized units. The design follovined t
idea of the English CMU ARCTIC databases [2]. In total 33
Finnish out-of-copyright books with 203 339 sentences were
extracted from Project Gutenberg [4]. Altogether 46 067- sen
tences with 6-15 words were used as source data for the greedy
prompt sentence selection.

Short and long phoneme quantities were treated as different
phonemes in the selection. Due to the high allophonic vari-
ation of the Finnish consonants, a diphone variant-based ap
proach was taken. By the concept of a diphone variant we dis-
tinguish diphones with similar phone content but variation
allophone content or syllabic position. For example, therin
syllabic diphonen_k in the wordvanha([van-ha], old in En-
glish) is considered different from the inter-syllabic ieat in
the wordvanki ([vay-ki], prisoner) as well as the intra-syllabic
variant in the wordvana([va-na], trail). If the variants are ig-
nored in the prompt selection, there is no guarantee, thtiteal
variants are included in the inventory.

Two separate sets of prompt sentences were selected. The
first set (Set A) was optimized to provide full coverage of di-
phone variants occurring in the source data. New sentences
were included as long as there were diphone variants missing
from the inventory. Since boundary gemination makes it-diffi
cult to predict the actual pronunciation on the word bouigsar
inter-word diphone variants were ignored in optimizati@ue
to vowel harmony in Finnish, front and back vowels do not ap-
pear in the same word and inter-word diphone variants cbnsis
ing of vowels were taken into account.

The second set (Set B) was designed to be rich in sylla-
bles. Allophonic variation and stress were taken into antou
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Figure 1:Distribution of the most frequent diphone variants in
the inventory.

in the selection. Stress in Finnish is fixed and word-iniigt
lables were considered stressed and the word-final unstress
Sentences were greedily selected by choosing always the one
providing the largest amount of new syllables. The last word
of each sentence was ignored due to the possible occurrence
creaky endings. The first word of each sentence as well as the
monosyllabic words were ignored as well. Sentences of the Se
A were taken into account in the selection. After manual re-
moval of archaic and foreign sentences, a set of 1003 prompt
sentences was left. Sentences were recorded with a female
voice using a sampling frequency of 32 kHz.

The distribution of the most frequent diphone variants in
the inventory is illustrated in Figure 1. The solid line des®
the percentage of diphone variant instances of all therics®a
in the inventory while the dashed line denotes the correjpond
value for the source data. As can be seen, the inventory dis-
tribution follows well the source data. The 440 most frequen
diphone variants cover 90% of the inventory.

3.2. Automatic labeling

Automatic labeling of the inventory utterances used ssrit
the Multisyn build tool [9] with slight modifications. HMM-
based (hidden Markov model) phoneme models were trained
with HTK (Hidden Markov Model toolkit) [15] and forced
alignment was used for the phone boundary determination.
Boundary alignment was done by using 5-state monophone
HMMs. Plosives were divided into closure and explosion
phases and separate 4-state HMMs were trained for them- Diph
thongs turned out to be very difficult for the alignment anaeve
therefore trained as separate models instead of sepathgng
phones. Diphone boundaries were computed as the mid-point
between the phone boundaries except for the plosives whidh h
an aligned boundary between the closure and explosion.
Inventory utterances were spoken relatively fast which
complicated automatic labeling. Some of the phones werne ver
short, such ad/ /j/, and vowels belonging to diphthongs. They
get fused together and even manual labeling of these phones
turned out to be difficult. In synthesid/ And j/ should be ex-
tracted as triphones rather than diphones. However, thidgdvo
require including more data in the inventory in order to guar
tee full coverage.

4. Synthesis engine implementation

The TUT_VOICE synthesis engine was implemented as a pro-
totype unit selection TTS system for academic use. The im-

plementation was inspired by the Festival TTS framework [3]
Adding new voices is easy and requires no system compilation
Adjusting the synthesis parameters such as target andjbin s
cost weights as well as changing the grapheme-to-phoneme ru
sets can be done without compilation. The core system is im-
plemented for Linux in C++ and the voice construction seript
in Perl. Examples of synthesized speech are available ht [14

4.1. Target construction

Grapheme-to-phoneme mapping for Finnish is quite straight
forward and syllabification is done based on some simplesrule
described in Section 2. The structure of the input sentende-i
termined by parsing the sentence into a tree-like form sirlyil

to Festival.

4.2. Unit sequence search

Selection of the candidate unit sequence is carried out by co
puting the total cos€(t, u) between the target unit sequence
and a candidate unit sequene¢10] as

N

Cltu) = > C'ti,us) + Y C7 (i1, wi).

i=1 =2

@)

HereC*(t;,u;) denotes the target cost between a target aynit
and a candidate unit; andC? (u;—1, u;) the join cost between
candidate units;;—; andu,. The best candidate unit sequence
u”* the one that minimizes the total cost, i.e.

)

u” = arg min C(t, u).
Optimization is done by using the Viterbi search algoriti][

4.3. Target cost

The target cost is used to estimate the dissimilarity of getar
unit and a candidate unit from the inventory. It is formed as a
weighted sum of subcosts. Subcosts are selected in a way that
they can characterize phonetic and prosodic propertiebeof t
units.

The formula for the target cost® (¢;, u;) of a target unit;
and a candidate unit; is [10]

q
C'(ti,us) = wachz(ti7ui)7 ®3)
n=1

whereq denotes the number of subcost§ (¢;,v;) andw?, a
weight given to a subcost?, .

The used subcosts were the position in syllable, word, and
sentence; stress; and left and right phoneme context. All th
subcost weights were manually adjusted.

As in Festival, the highest weight was given to stress. Three
different cases were distinguished: syllables with priyreand
secondary stress and syllables with no stress. Since timeyri
stress is always on the first syllable in Finnish, word stisss
related to word boundary detection [1]. Stress was thesefor
considered important in terms of intelligibility as well.

The second highest weight was given to the unit’s position
in a sentence. High weight was used in order to avoid the selec
tion of the candidate units with a creaky voice for the taugsts
not from sentence-final words. A unit's position in a syl&bl
and word were not considered as important and were less/highl
weighted. Units were considered either sentence/wotdksgl
initial, medial, final, or word/syllable inter.



Table 3:Synthesis parameters for the target subcosts.

[ target subcost feature values | weight ]

position in

syllable {initial, medial, final, inte} 0.1

word {initial, medial, final, inte} 0.1

sentence {initial, medial, fina} 0.3

stress {primary, secondary, unstresgedl 0.35

phone context]
left {a,a,b,b: ... o0e} 0.1
right {a,a,b,b: ... o0e} 0.05

Allophonic variation of the phonemes was not taken into ac-
count in the transcription. Instead, coarticulation wasveted
by the left and right context subcosts.

4.4, Join cost

The join cost is used to estimate the audible mismatches-occu
ring in unit concatenation. Similarly to the target cosg jain

cost is formed as a weighted sum of subcosts. Differences in
spectral features,of-and power are typically considered in join
cost computation [10]. Formula for the join caSt (u;—1,u:)

for candidate units;—1 andw; is [10]

p
C7 (i1, wi) = ngchf‘z(uifhui),

n=1

(4)

p denoting the number of join subcosts anflthe weight given
to each subcost.

A continuous pitch contour on the unit boundaries was
achieved by using the distance of the unitg’ & a join sub-
cost. However, since nogHs extracted for the unvoiced seg-
ments, the F join subcost between two arbitrary selected un-
voiced segments equals zero. Threfore the use,aubcost
can not guarantee good overall pitch contour. To overcome th
problem, we linearly interpolated the values for the unedic
parts based on thepFvalues of the surrounding voiced parts.
Values were normalized to have mean value of 0 and variation
of 1.

Spectral mismatches were estimated by the weighted mean-
square error (WMSE) of LSFs (Line spectral frequency coeffi-
cients). In comparison to MFCCs (Mel-frequency frequency
coefficients), LSFs have turned out to estimate better tharec
ring audible mismatches [6]. The WMSE of two LSF franfes
andf> given as is computed as [11]

P

d(fi,f2) = Y walfi(n) = f2(n))*,

n=1

(5)

wherew, denotes the weight anfl (n) and f2(n) thenth co-
efficients of the frame$; andf;, respectively. The weight,,
is given as

1 N 1
(n) = filn—=1) ~ filn) = fi(n+1)

The waveform amplitude was controlled by the power join
cost. The subcost value was computed as the absolute differ-
ence of the power of one pitch period at the concatenatiamt.poi
Extracted power values were normalized into rang@ of].

Difficulties in labeling of some short and poorly detectable
phonemes were compensated by introducing a triphone join

(6)

Wwp, = Max
i=1,2 f;

@
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Figure 2: Fo contours for (a) recorded utterance, synthesised
utterance (b) with i interpolation, and (c) without finterpo-
lation.

subcost. Especially the phonemé’sahd j/ were found to be
very difficult to label correctly, even manually. The aim of
the triphone cost was to guide the selection in these cases to
wards triphone-sized candidate units rather than spiittire
short phonemes in order to form diphones. Triphone cost was
defined to get a value of 1 if the diphone should be selected
as a triphone and 0 otherwise. By using a weighted triphone
subcost rather than forced triphone selection, a wideetaaf
candidate units was achieved.

The weights for each join subcost are listed in Table 4. Dif-
ferences in weighting indicate the different range of ssbual-
ues rather than importance of certain feature.

Table 4:Weights for the TUIVOICE join subcosts.

| target subcos{ weight |

Fo 0.05
LSF 1
power 3
triphone 1

4.5. Pre-selection

In order to speed up the unit sequence search, a pre-selectio
was used. Units with numerous instances in the inventorg wer
divided into groups of inter- and intra-syllabic instancesits
from the other group were not considered as candidate units
and were therefore left out from the search. For the diphones



with less than 5 instances, no pre-selection was carriedlinet

effect of pre-selection was tested by synthesizing a settef-u
ances with and without the pre-selection. Among 300 synthe-
sized sentences, 222 were the same regardless of whether the
pre-selection was used or not.

4.6. Waveform concatenation

Unit waveforms were extracted from the inventory utterance
pitch-synchronously. Diphone boundaries were alignedat t
midpoints between the phone boundaries determined by HTK.
As an exception, the plosives were divided at the end of the cl
sure determined by HTK. In order to achieve pitch-synchusno
waveform extraction, the boundary was moved on the nearest
pitch mark.

Glitches on the unit boundaries were avoided by allowing
some overlapping. The best concatenation point was deter-
mined by finding the width of overlap that provided the highes
value of cross correlation. A smooth transition was obthing
averaging the signals in the overlapping region. Roughly on
pitch period of overlap was allowed.

Figure 2 illustrates the utteranctSehan on jo valmis
rautatie, penger tehty, ojat kaivettu, kiskot pantu pdlken.”
as (a) recorded, (b) synthesized with iRterpolation, and (c)
without R, interpolation. Note the udesrirable jumps in the F
in the utterance with no interpolation used inéxtraction.

5. Listening experiments

Since the output of a TTS system is speech, the evaluation of a
TTS system is usually carried out by conducting listenirsgste
With speech coders, a MOS test is commonly used and it has
been applied to TTS system assessment also. Our questi®nnai
(in Table 6) included three question concerning intelligyo
general quality and naturalness.

A total of 1000 sentences were generated using sentences
similar to those in [5] as well as narrative sentences. From
these, 14 sentences were randomly chosen. One major prob-
lem in unit selection speech synthesizers is to make them pro
duce robust quality. An all-inclusive or even a comprehensi
evaluation through listening experiments is extremelfiaift
or impossible. The random selection was inevitable duedo th
varying quality of the sentences. Thus, we could have chasen
set of 14 sentences that would get the highest scores asavell a
choosing a set of 14 sentences that would obtain low scores at
least for quality and naturalness. In addition, one realesere
from the database was added to the test set.

These 14 sentences were rated by 8 native Finnish listeners
and the averaged results and the corresponding valuesmf sta
dard deviation are shown in Table 5. The ratings from difiere
MOS tests can not be compared with each other, but an inter-
ested reader is referred to [5] where some commercial Finnis
TTS systems were evaluated.

Table 5:Listening test ratings.

average worst best
sentence | sentence
intelligibility | 3.61 (1.00)| 2.25(0.89)| 4.63 (0.52)
naturalness | 3.00 (0.89)| 2.38 (0.74)| 4.25 (0.46)
quality 3.20 (0.70)| 2.63 (0.52)| 3.88(0.64)

Table 6:Evaluation questionnaire.

INTELLIGIBILITY:

did you understand everything without an effort,

how would you describe the pronunciation?

5 Excellent (no efforts, very clear pronunciatioh)

4  Good (small mistakes on pronunciation
but did not bother)

3 Fair (alittle annoying mistakes appeared)

2 Poor (annoying errors)

1 Bad (I did not understand the content
because of too strong errors)

QUALITY:

how would you describe the speech quality?

Excellent (nothing bothered)

Good

Fair

Poor

Bad (I could not listen to speech of

this quality a moment longer)

PROSODY AND NATURALNESS:

did the sample sound natural?

Very natural

Natural

Somewhat natural

Unnatural

Highly unnatural

P NWR~O

P NW~OG

6. Findings and future work

The database consisted only of approximately 1.5 hours of
speech. CMU Arctic databases are of similar size but thegwer
found too small in Blizzard Challenge [9]. Itis a small datab
compared to the many commercial systems that use around tens
of hours of speech. Due to the small database and its expres-
sive style, naturalness and concatenation smoothnessitorn

to be somewhat contradictory requirements. The synthesss w
found to sound rich in prosody but sometimes at the cost of con
catenation smoothness.

The current TUTVOICE system was implemented as a
prototype and no extensive tuning of the system was done. The
weights for the costs were tuned by hand but automatic phone-
specific subcost training will be carried out in the futurent
very bad labeling mistakes were corrected manually and ex-
tra logic was included in the synthesizer to reduce label mis
matches but finally the whole database should be manuaHy cor
rected. In its current form, TUWOICE is not yet suitable for
real-time speech synthesis but in the future, it will be rfiedi
to work real-time.

Creaky endings that are common in Finnish require some
extra handling. The database design process took serfieate-
syllables into account and did not accept them for coverage o
timization. In the recordings, although special attentizas
paid on using creaky voice at the end of a sentence, they still
appeared. In synthesis, creaky endings are currently édndl
through target costs, i.e. by penalizing the use of senténce
nal diphones elsewhere. On the other hand, the use of creaky
voice quality at the end of a synthesized sentence can irprov
naturalness.

Sentences for the listening test were picked randomly and
the results illustrated the general problem of unit sebecti
quality variability. The prosody of the synthesized speeels
not rated as high as we expected. We found that it was mainly



because of strange phoneme durations. In Finnish, phoneme [11] Kondoz, A. M., “Digital Speech, Coding for Low Bit Rate
durations plays relatively important role. On the contyréany
tonation is generally rather monotonic compared to mangroth
languages. §-in the synthesized speech was found to be quite
successful.

This paper described the design and implementation of a [13]

7. Conclusions

Finnish unit selection TTS system called TWDICE. The
quality of current commercial English unit selection speec
synthesizers is high and the focus has moved into flexibility
for example generating new styles and emotions. The quality
TUT_VOICE is not yet at the same level, and one reason for that
is a rather small database (1.5 hours). However, NOICE

is a step towards natural, and style-variable flexible ltjghlity
speech synthesis in Finnish.
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