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Abstract

In this paper, a diphone based Text-to-Speech (TTS) system 
for the Turkish language is presented. Turkish is the official 
language of Turkey, where it is the native language of 70 
million people and it is also widely spoken in Asia 
(Azerbaidjain, Uzbekhstan, Kazakhstan, Kirgizhstan and Iran), 
Cyprus and the Balkans. The research has been done through a 
visiting internship at CSLR (the Center for Spoken Language 
Research, University of Colorado at Boulder) as part of an on-
going collaboration between CSLR and METU (Middle East 
Technical University), Department of Electrical and 
Electronics Engineering.  The system is based on Festival 
Speech Synthesis System. A diphone database has been 
designed for Turkish. Tools developed for quick diphone 
collection and segmentation are illustrated.  The text analysis 
module, the methods used for determination of segment 
durations and pitch contours are discussed in detail. A 
Diagnostic Rhyme Test (DRT) has been designed for Turkish 
to test the intelligibility of the output speech. The resulting 
TTS system is found to be 86.5% intelligible on the average 
by 20 listeners.  This is the first diphone based Turkish TTS 
system, whose intelligibility is reported. We also believe that, 
this paper would help researchers working on building TTS 
voices, especially those who work on agglutinative languages, 
since every step needed along the way are explained in detail. 

1. Introduction 

The aim of this research is focused on developing tools for 
Turkish speech synthesis and developing a complete TTS 
system. Tools for examining the Turkish language and 
diphone collection have been developed. The Festival speech 
synthesis engine has been used for speech waveform 
generation. Festival is a general multi-lingual speech synthesis 
system developed at the CSTR (Center for Speech Technology 
Research, Edinburg, Scotland, UK) [1] offering a full text-to-
speech system with an environment for development and 
research of speech synthesis techniques. It is a general purpose 
text-to-speech system that uses the residual-LPC synthesis 
technique, and is able to transcribe unrestricted text-to-speech.  

Over the last few decades, lots of work has been done on text-
to-speech synthesis for the English language. For Turkish, on 
the other hand, there has been some efforts [2, 3, 4], but no 
detailed work on diphone synthesis has been reported. 
Diphone synthesis is a kind of concatenative speech synthesis, 
which uses diphones as basic speech units to concatenate. 
Concatenative speech synthesis can be achieved in two 
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nt ways, either by concatenating a fixed number and 
 units (such as phones or diphones) to concatenate, or 
ariable size (from a whole phrase down to a phone) units, 
is called unit selection. Unit selection concatenative 

sis requires a large database (could be upto 100 hours of 
) from which the units are selected. Typically, there is 
han one example of a unit, among which a selection is 
Selection criteria is usually a cost function based on the 
ation at synthesis time, such as phonetic context, 
ic features, stressing and etc. Compared to unit selection 
sis, diphone synthesis is more challenging in terms of 
processing. Since only one example of each unit exists 
 database, more signal processing has to be done to 
 the required prosody. On the other hand, diphone 
sis is more advantageous for applications like mobile 
 and palm devices, where memory size is of concern.  
r units than diphones such as phones are also possible 
uce size of the database, however, diphones are the 
st units that can be concatenated at mid-phones, which 
re stable parts of speech.   

asic idea behind building a diphone database is to 
tly list all possible phone-to-phone transitions in a 
ge [5]. This is a practical assumption that co-articulatory 
 do not go more than over two phones. In order to build 
one database, the following questions have to be 

red: What diphone pairs exist in the language? What 
 words should be used?  These questions have not been 
red for Turkish before. These are discussed in Section 2 
 paper. Diphone recording tool and the environment is 
sed in Section 3. Section 4 describes the details of our 
l language processing module. Waveform generation 
aluations are discussed briefly in Sections 5 and 6.  

2. Diphone Database Construction 

 research, the METUbet phonetic alphabet has been 
 represent phones in Turkish. METUbet is a 39-phone 

et, which we have been developed at CSLR [6]. 
bet symbols developed for the Turkish phonetic aligner 
 found in [6]. This alphabet has been developed to port 
sity of Colorado’s Speech Recognizer Tool, Sonic [7], 
kish [6].  METUbet symbols used by the Sonic aligner 
one recognizer do not distinguish between short and 

orms of the vowels. Long forms of the vowels occur 
they are followed by ğ, which is called “soft g” in 
h. The speech synthesizer should include both short and 
forms vowels in the diphone database. Therefore, 



additions to METUbet symbols have been done. Additions are 
shown in Table 1. Including the silence, SIL, there are 50 
phonemes in the new symbol set.  

Table 1: Additions to METUbet symbols for speech 
synthesis 

Phone
(METUbet) 

Example Phone
(METUbet) 

Example 

AAG ağaç IG ığdır 

AG lağım OG oğlak 

EG eğlen UG uğrak

EEG diğer OEG öğren 

IYG iğde UEG düğme 

The typical diphone size is the square of the number of the 
phone number for any language (50*50 = 2500 in our case). 
However, there are phonatactic constraints in human 
languages. Some phone-phone pairs do not occur physically. 
All possible diphone pairs have been determined from the 
letter-to-sound rules developed from the Turkish phonetic  
dictionary [6, 8]. 2283 diphones have been determined. As 
carrier words for these 2283 diphones (all consonant-vowel, 
vowel-consonant, consonant-consonant, and vowel-vowel 
pairs), we have chosen to record nonsense words. A perl 
script tool to construct these carrier words have been 
developed. Nonsense carrier words help the reader to keep 
constant prosody during recording. The carrier words are 
determined such that they are applicable with the phonetic 
rules of the Turkish language, such as vowel harmony, 
syllable-final oral stop voicing and etc. The initial vowel in 
the carrier word helps the reader adjust the amplitude, while 
the final “agun” or “egen” part (one is selected depending on 
the vowel harmony) helps the reader keep the pitch constant. 
A list of some examples of those carrier words are shown in 
Table 3.

Table 3: Examples of diphones and their carrier words 

diphone Carrier 
word 

Carrier word in METUbet 

P-AA apadaragun AA P-AA D AA RR AA GG U NN 

KK-AA akadaragun AA KK-AA D AA RR AA GG U NN 

A-M alamaragun AA L A-M AA RR AA GG U NN 

A-F alafaragun AA L A-F AA RR AA GG U NN 

M-B adambat AA D AA M-B AA T 

S-F adasfat AA D AA S-F AA T 

P-UE epüderegen E P-UE D EE RR EE G EE NN 

OE-T eböteregen E B OE-T EE RR EE G EE NN 

3. Diphone Database Collection Tool 

A tool for recording the nonsense words has been developed 
based on a recording tool developed previously at CSLR. The 
tool displays each word for 5 seconds on the computer screen 
both in graphemes and in METUbet symbols and lets the user 
say it. The tool enables direct accusation of groups of 5, 10, 15, 
20, 25 or 30 words in Windows PCM *.wav files. This helps 
to reduce the recording time of 2283 words. The tool also 
creates a log file of each .wav file for the later separation of 
the words into individual files. The tool allows the user to 
record multiple copies of all files and diphones, so that he/she 
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tool is shown in Figure 1.  

ol is able to record at any sampling rate, 16 kHz (16 bits) 
en selected in this work. It has been modified to collect 
signals. One male and one female voice from Turkish 
rs were considered. A Labtec Axis-502 microphone, 
ted to an EGG (electroglottograph) device has been 
The Global Enterprises (EG-2 PC) EGG device 
ted to a PC has been used to collect the stereo signal, 
 signal on the left channel and the glottal waveform on 
ht channel. A simple schema of the collection set-up is 
 in Figure 2. The collection of 2283 diphone words 
bout 10 hours for an inexperienced speaker.  

Figure 1: Diphone recording tool. 

ereo signal is separated into left and right channels after 
ording phase is completed. A script has been developed 
litting the files of groups of 5, 10, etc words into 
ual word files. The speech waveform has been aligned 
he University of Colorado’s speech recognition system, 
 trained on Turkish [7]. The phone level alignments 
een corrected by hand and these have been used to 
p the index file which Festival requires to find the 
es inside the word waveforms. Both the splitted speech 
G waveforms and the index files have been added to 

ectory structure developed by Festival and Festvox [5].  

EGG Device

PC

stereo signal
speech + glottal wave

glottal wave

microphone
amplifier

line-in

Labtec
axis-502
microphone

EG-2 PC

Glottal Enterprises

Figure 2: Diphone recording set-up.



Table 4: Turkish phones and their mean durations 

Phone Duration (sec) Phone Duration (sec) 
AA 0.054 G 0.068 

AAG 0.108 GG 0.061 

A 0.046 H 0.058 

AG 0.092 J 0.094 

E 0.050 K 0.091 

EG 0.098 KK 0.090 

EE 0.045 L 0.047 

EEG 0.093 LL 0.050 

I 0.034 M 0.068 

IG 0.075 N 0.076 

IY 0.035 NN 0.059 

IYG 0.070 P 0.096 

O 0.061 R 0.055 

OG 0.123 RR 0.042 

OE 0.062 RH 0.076 

OEG 0.124 S 0.118 

U 0.039 SH 0.114 

UG 0.079 T 0.084 

UE 0.035 V 0.063 

UEG 0.071 VV 0.051 

B 0.066 Y 0.058 

C 0.078 Z 0.088 

CH 0.105 ZH 0.129 

D 0.056 GH NA 

F 0.091 SIL 0.607 

4. Natural Language Processing 

Modules required by the Festival Speech Synthesizer structure 
were written in Scheme [9], a Festival specific language. The 
natural language modules of Festival require two types of 
scheme scripts: Language specific scripts (phones, lexicon, 
tokenization) and speaker specific scripts (duration and 
intonation). This helps to be able to define different durations 
and intonations to different speakers. Figure 3 shows the block 
diagram of the natural language modules in the Festival TTS 
system. 

Phone definitions

Tokenization

Lexicon and LTS rules

Phone durations

Intonation

Figure 3: Natural Language Processing Modules in 
Festival. 

4.1. Text Analysis 

The first text analysis module is the phone-set definition 
module in which every phoneme of the METUbet alphabet is 
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ied according to phone features like vowel height, 
n, consonant voicing and etc.  The next module, which 
lexicon module,  includes letter-to-sound rules from 
me to METUbet symbols. These rules have been 
ped at METU from the Turkish phonetic dictionary [8]. 
Turkish is a phoneme based language, these rules are 
 cover almost all Turkish words, except for some words 
g from other languages. There are 107 of these letter-to-
(LTS) rules for Turkish. Some examples are shown in 
 4. The next module is the tokenization module. This 
e converts any number (decimal or integer up to 999 
), percentages, 24-hour clock, Celcius degrees, and 
common abbreviations in Turkish (such as Dr. to 
r” or Sub. To “Subat”-February)  into a word sequence. 
odule also includes syllabification of words. We have 

ovided a lexicon to the system, but the letter-to-sound 
e is used to determine the pronunciations of the words. 
 possible since Turkish is a phoneme-based language. 
exists almost one-to-one relationship between the 
 forms and the pronunciations. 

u [ v ] a = V ); v after u, before a is V
o [ v ] u = V ); v after o, before u is V
a [ v ] u = V ); v after a, before u is V
k o [ v ] CONSONANT = V ); v after ko and

; before any consonant is V
[ v ] = VV ); all other v’s are VV

[ b ] = B ); all b’s are B
[ c ] = C ); all c’s are C
[ C ] = CH); all C’s are CH
[ d ] = D ); all d’s areD

Figure 4: Some examples of letter-to-sound rules. 

rosodic Analysis 

ajor components of the prosody that can be recognized 
tually are pitch, amplitude and the duration of the 
enated speech segments.  

itch contours of the sentences are determined by the 
tion module. The intonation module of Festival predicts 
s on a per syllable basis. Target fundamental frequency 
 are determined depending on the syllable stress values. 
ve used Classification and Regression Tree (CART) 
ions of Festival to determine phase boundaries. Based 
 previous work on Turkish pitch contours [10], sentence 
llable pitch contours are determined using these CART 

ur observations on Turkish prosody depending on our 
us work can be summarized briefly as follows: 

itch contour has a declining  characteristic along the 
ntence for all types of sentences 
he last syllables of all words except for the verb (usually 
ccurring as the final word in Turkish), and the verb 
revious word, are accented (i.e. pitch contour inclines) 
erb and the previous word have declining pitch contours 
he word before verb could have rising or falling pitch 
ntour depending on the speaker 
egative verbs (verbs including the syllable –me or –ma, 
nce Turkish is an agglutinative language), have the 



pitch contour rising before the negation morphemes, -me,  
or –ma. 

• In yes/no question sentences, the question morpheme (–
mi, -mu) is accented. 

We thought these observations can be easily realized in 
Festival using a CART tree. An imaginary line from the 
beginning of the sentence to the end is drawn for the pitch 
contour. An analysis has been made on the previously 
recorded sentences of the speakers. The beginning and the 
sentence-final pitch frequencies are as the mean frequencies of 
the speakers at those points. For example, the beginning and 
sentence-final values are 246Hz and 161Hz respectively with 
standard deviations  33.6Hz and 23.1Hz respectively for our 
female speaker. This imaginary line is lifted up by 76Hz, 
which is the mean value of the pitch rise at the first and second 
peaks on the sentence pitch contour of the female speaker. 
Similar analysis has been done on the male speaker. This 
method is not perfect, however, provides a simple and quick 
way to determine pitch targets. Moreover, it results in a very 
reasonable and natural sounding pitch curve. As future work, 
we are planning to use ToBI labels for the intonation module 
in Festival based on a thesis work done at METU [11]. 

For each phoneme, a mean duration is provided in the duration 
module. The mean durations are obtained from the aligned 
speech database of METU [6], using 120 speakers with 40 
sentences each. The mean durations for each phoneme are 
provided in Table 4. The phoneme GH is no longer used by 
the system, since that phoneme is found as combined to 
vowels as explained in Section 2. These durations added to the 
duration module in Festival. 

5. Waveform Generation 

The RELP method (Residual Excited Linear Prediction) 
method of Festival has been used for waveform generation. 
This method uses residual signal of the speaker to excite the 
vocal tract filter obtained by LPC analysis. 

6. Evaluations 

To test the intelligibility of our system, we have designed a 
Diagnostic Rhyme Test for Turkish, which is often used for 
testing TTS systems. 50 pairs of words with different 
confusability groups have been determined. The pairs are 
determined from several groups of words. These groups 
include the words that could be detected wrongly by human 
ear due to voicing, nasality, sustenation, sibilation, graveness 
and compactness affects. 10 pairs are selected for each listener 
from this list. One word from each pair is synthesized by our 
TTS system. The listener listens to the synthetic waveform 
and decides which one from the word pair is synthesized. The 
overall intelligibility of the system from 20 listeners has been 
found as 86.5%. 

7. Conclusions and Future Work 

We have built a Festival based complete TTS system for 
Turkish. Design of a diphone database and tools developed 
for diphone database development and  collection have been 
explained. Natural language processing modules we have 
developed have been described in detail. We have adapted our 
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ges. We also think that, this paper would help 
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 along the way are explained in detail. The resulting 
 is evaluated using diagnostic rhyme test. A word list 
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