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ABSTRACT 

The paper presents a fully functional prosody generation module developed for Macedonian text-to-speech (TTS) 
synthesis. The module is based on research of prosody generation modules in high-end TTS synthesis systems, 
previous prosody experiences in Macedonian TTS, as well as original research of prosody carried through by the 
authors. The paper starts with an overview of the basic tasks, problems and solutions in prosody generation modules. 
Then it continues to give a detailed account of the workings of the developed module. The module first segments the 
input speech into intonation phrases, and determines their intonation type. Next it generates durations for each of the 
units that will be used to synthesize the speech output. Then it determines the positions of the lexical stresses and 
modifies these units’ durations. After determining the intonation phrase’s pitch accent location, it generates an 
adequate pitch contour and calculates the pitch targets needed for unit modification. The synthesis module uses this 
data to generate prosody in the output speech. Generated prosody patterns in the output speech are of satisfactory 
quality for arbitrary text input. The presented results are of significant value for Macedonian TTS and can be used 
for other underrepresented languages. 

 

1. INTRODUCTION 

Prosody, comprising intonation, dynamics and rhythm, 
is one of the most significant building blocks of spoken 
language and serves to carry information about the 
discourse function, saliency, and speaker attitude and 
emotion, [1 - 4]. The lack of proper prosody can make 
the speech sound unnatural and hard to follow, even 
though it might be fully intelligible. Thus prosody 
generation modules have a crucial role in text-to-speech 

(TTS) synthesis systems, [5]. This is especially true for 
current state-of-the-art TTS systems, whose focus is set 
not only on sounding natural, but also on showing 
emotion [6 - 8].  Thus prosody generation is a part of 
TTS systems that is under intense research, [9]. 

In order to build a high quality prosody module, a 
model that will describe the prosody of a language must 
be developed. There are no widely agreed description or 
representation systems for any aspect of prosody, be it 
to do with emotion, intonation, phrasing or rhythm, [9]. 
A number of theories and models to represent prosody 
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have been developed, most of them being focused on 
intonation. The autosegmental–metrical (AM) school, 
with its widely used Tone and Break Indices (ToBI) 
model [10, 11] describes intonation in terms of abstract 
high and low tones. The INSINT model provides a way 
of labeling intonation across theories and languages.  
The well-known Fujisaki model, based on modeling 
biological prosody production mechanisms,  offers a 
mathematical formulation that parameterizes pitch 
contours and is capable of producing close 
approximations to a given contour, [12]. Finally, the Tilt 
model, developed solely for engineering purposes, 
describes intonation with a sequence of events, each of 
which is described by a set of continuous parameters, 
[13]. 

A large number of language specific variations of these 
models, especially ToBI, can also be found, such as 
J_ToBI for Japanese [14], GToBI for German, ToDI for 
Dutch, Sp-ToBI for Spanish, and SCToBI for Serbo-
Croatian. Variations of the Fujisaki model have also 
been developed, e.g. Mixdorff-Fujisaki’s model of 
German Intonation (MFGI), [15].  

New prosody models, such as the Soft TEMplate Mark-
up Language (Stem-ML) are being developed with 
increasing accuracy in pitch trajectory reproduction and 
multi lingual support, [16]. This model, in particular, 
allows for correct prosody in texts with mixtures of 
multiple languages – such as English names in the midst 
of a Mandarin speech stream, which is a very desirable 
property, especially for European TTS. The model is 
also capable of synthesizing intonation variations for 
different speech acts, emotions, and styles of speech.  

Some TTS systems abandon prosody modeling 
altogether. Instead, they use a database of recorded 
sample sentences from which they extract prosody 
information, namely pitch contours, and transplant them 
onto the input text. The algorithm first needs to search 
the database for sentences having similar word and 
syllable structure to the ones input. Then, their prosody 
is used as a target to generate the prosody of the 
synthetic one. This approach, in spite of its simplicity, 
has shown favorable results when compared to rule-
based systems, [17]. 

Even though a large body of research exists on the 
prosody of many of the world’s languages, only limited 
work has been done on Macedonian prosody, especially 
in the sense of TTS synthesis. The first concept solution 
for a TTS synthesis system in Macedonian offered a 

module for unit modification, but disregarded prosody 
prediction altogether, [18]. A more serious inquiry of 
Macedonian prosody has been presented in [19], both 
for standard and for emotional speech. The author uses 
prosody transplantation from a prosody database 
extracted from recorded speech. The system is of a more 
experimental value as the intonation phrase length of the 
prosody database was set to a single word. Because of 
this it can only be used to generate prosody for one 
word at a time, and not for whole sentences. The most 
recent TTS system TTS-MK, lacks proper prosody 
generation altogether as it offers no unit modification 
module, [20].  

Being in the final stages of development of the TTS 
system “Speak Macedonian”, [21], the authors have 
themselves undertaken a thorough analysis of 
Macedonian prosody.  Our work so far has focused on 
the intonation patterns in spoken Macedonian, [21 - 24], 
and has amounted to a simple linear-segment model for 
the basic intonation phrase types, [25]. We have used 
our findings, as well as the other authors’ experiences, 
to build a completely functional prosody generation 
module of satisfactory quality. The paper presents in 
limited detail the workings of our module. 

2. PROSODY GENERATION MODULES – AN 
OVERVIEW 

Prosody generation modules are an essential part of TTS 
synthesis systems. They are usually integrated into the 
text-analysis module, i.e. the frontend of the TTS 
system. Their task is to use prosodic cues in the 
normalized input text to generate time and pitch 
modifier coefficients that are to be used by the 
waveform synthesis module, i.e. the backend of the TTS 
system, to give prosody to the output speech. This 
section will present a short overview of the tasks, 
challenges and proposed solutions researchers have 
found working on synthesizing prosody for artificial 
speech synthesis. 

The first task of the prosody generation modules is the 
extraction of prosodic cues from the input text, and the 
prediction of its prosody in terms of a chosen model. 
This is a difficult task, as the input text contains little 
explicit information about its meaning and structure, 
and such information is hard to deduce automatically 
[26]. Common strategies to address this issue are 
syntactic and semantic analysis (rule-based methods) 
[27], machine learning algorithms (data-driven 
methods) [28], and the use of special speech synthesis 
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mark-up languages (SSMLs) [29]. Rule-based methods 
rely on a thorough linguistic study of the language’s 
prosody, [10, 30 - 34]. On the other hand, data-driven 
methods rely on large recorded speech corpora that have 
been transcribed and whose prosody has been annotated. 
These corpora are then used to train a machine learning 
algorithm that will afterwards automatically predict 
prosody for any input text, [28]. Both of these 
approaches involve a large man-hour cost of realization. 

Several processes are important for the prosodic 
analysis of the input text: phrasing, prominence and 
intonation prediction. Prosodic phrasing is concerned 
with the segmentation of the input text into prosodic 
phrases, i.e. main intonation phrases and intermediate 
phrases. Main intonation phrases are closely related to 
punctuation and thus are easier to pick out, while 
intermediate phrases reflect the grouping of words in an 
intonation phrase itself. There are two basic approaches 
to the prediction of phrase boundaries – a deterministic 
(rule-based) approach and a machine learning classifier 
approach. The two well-known deterministic boundary 
predictors are the Deterministic punctuation (DP) 
predictor, which places a phrase break at every 
punctuation mark, and the Deterministic content 
function (DCF) predictor, which places a phrase break 
every time a function word follows a content word, [9]. 
A wide variety of machine-learning algorithms have 
also been applied to the problem, including decision 
trees, bayesian classifiers, support-vector machines and 
neural networks.  

Locating the lexically stressed syllables of accented 
words is the next important step, as these syllables 
usually are louder, longer and may be associated with a 
pitch movement [1]. The determination of where the 
lexical stress falls in words is either rule-based, for 
languages with fixed stress, and dictionary based for 
languages with lexical stress.  

Prosody generation modules must also predict 
prominence of certain words in the intonation phrase as 
they bear the pitch accent in the phrase, realized on their 
stressed syllables. Prominence-prediction algorithms 
follow the same basic approaches as phrase-break 
prediction algorithms, where we have simple 
deterministic algorithms, sophisticated deterministic 
algorithms and data-driven algorithms. A simple rule is 
to place the pitch accent in accordance to the word’s 
probability of occurrence, with rare words bearing the 
pitch accent, [35]. 

Intonation prediction is usually carried through using 
machine learning algorithms trained to map the 
syllables of the input text to labels used by the chosen 
intonation model. These algorithms use as input a set of 
features that describe the syllable and its context such as 
its position in the phrase, part-of-speech tags and 
syntactic information, [36]. Also some algorithms use 
rules to predict the intonation patterns of a given text 
input. 

If the prosody generation module is part of a unit 
selection TTS system, than the generated prosodic 
labels are sufficient to select the most fitting units from 
the database, which are also prosodicaly labeled, [1]. 
These units need undergo no modification and are 
concatenated directly to generate the speech output.  

Prosody generation modules in other TTS systems such 
as formant, diphone or HMM synthesizers need to 
specify the duration and the pitch values of each 
segment from the prosodic labels. Thus the second 
essential task of prosody generation modules is to 
transform the generated prosodic labels into pitch 
contours, segment durations and intensities. This 
remains to be a major challenge as the complex 
interactions between different aspects of prosody are 
often poorly understood and the translation of linguistic 
categories into precise acoustic parameters is influenced 
by a large number of perceptual and contextual factors, 
[26]. 

Pitch contour generation is closely tied to the chosen 
prosody model. Models based on acoustics, such as Tilt 
and Fujisaki’s model, offer straightforward pitch 
contour generation. The other models require mapping 
from the predicted prosody labels to pitch targets which 
are used to interpolate the pitch contour. The pitch 
targets are usually given relative to a pitch range or 
average reference pitch, making them easily usable for 
any speaker. The mapping can be done by defining a set 
of rules that will use the labels to give the pitch targets. 
Another approach is to train machine learning 
algorithms to do this mapping using labeled speech 
corpora. 

Duration prediction is usually based on the phonetic 
context of the unit. Once more the prediction algorithms 
can be rule based, such as the most widely used Klatt 
model [37], which uses rules to modify the context-
neutral duration of a phone by its context.  
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A good overview of the many approaches in prosody 
analysis and synthesis in current high-end TTS systems 
is given in [38]. 

3. PROSODY GENERATION MODULE FOR 
MACEDONIAN 

This section presents the details of the prosody 
generation module developed for the TTS system 
“Speak Macedonian”. The module is an integral part of 
the text analysis module which constitutes the front end 
of the TTS system’s architecture, as shown in Fig.1.  

 

Figure 1 “Speak Macedonian” TTS system architecture 

Input text is first normalized by the text normalization 
module and then phonetically analyzed by the phonetic 
mapping module which outputs the text in an internal 
phonetic representation format which is segmented into 
the largest units possible found in the unit inventory, 
[39]. The unit vector is then passed together with a 
punctuation vector to the prosody generation module 
which uses them to generate the output prosody. The 
architecture of the prosody generation module is given 
in Fig. 2. In the following text details of each step in the 
prosody generation algorithm are discussed.  

3.1. Prosodic phrasing and type 
determination 

The prosody generation module’s first task is to divide 
the text into intonation phrases. The deterministic 
punctuation (DP) boundary predictor is used for the 
parsing in accordance to the input punctuation vector. 

Internal phonetic 
representation + 

punctuation

Prosodic phrasing 
and type

Unit duration

Lexical stress

Pitch accent

Pitch contour

Normalized pitch 
to frequency

Unit durations, 
frequency targets

Prosody 
Generation 

Module

 

Figure 2 Architecture of the prosody generation module 
for the TTS system “Speak Macedonian” 

This algorithm effectively places a phrase break at every 
punctuation mark. Each of the extracted intonation 
phrases is then assigned an intonation phrase type based 
on the punctuation. This intonation phrase type is 
needed later in the pitch contour generation algorithm. 
The TTS synthesis system processes and synthesizes the 
intonation phrases one phrase at a time. 

3.2. Unit duration calculation 

Each phonetic unit in the intonation phrase is mapped to 
a duration using a mapping function. The function 
generates random unit durations within a certain range 
of the default durations given for each phone type. The 
calculated durations form a duration vector. If the unit is 
a quasi-diphone then two durations are given for it in 
the vector, one for each of the phones. Also, if a phone 
spans two consecutive quasi-diphones, its duration is 
divided between its two halves. An example of a 
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duration vector is given later in Table. 2. for the 
intonation phrase “Jas zboruvam makedonski.” In this 
vector changes have been made by the lexical stress 
determination algorithm which has increased the 
durations for the accented vowels and the final phone in 
the intonation phrase by a factor of 1.2. 

There is a complete lack of research data on the average 
durations of phones in spoken Macedonian. Previous 
systems, such as [40], have based their duration times 
on analyses of foreign languages. Because of this the 
authors have themselves determined a set of durations 
based on the phone’s classification. These are given in 
Table 1. An update to this values will be made, as soon 
as appropriate research data has been made available.  

 

Default Range
Vowel 90 ms 20
Fricative 70 15
Affricate 70 15
Approximant 60 10
Plosive 60 10
Other 60 10
Silence 30 10

Duration [ms]
Unit type

 

Table 1 Phone durations used in the TTS system 
“Speak Macedonian” 

The default durations can be modified by the rhythm 
parameter that can be changed in the TTS system’s 
graphical user interface. This allows increasing or 
decreasing the tempo of the generated output speech.   

3.3. Lexical stress determination 

Literary Macedonian has fixed antepenultimate stress, 
[41], i.e. the stress falls on the third syllable from the 
end of the word. If the word is two syllables long than 
the first syllable bears the lexical stress. Exceptions to 
this general rule are rare and are mostly restricted to 
loanwords. Most of the words that don’t follow the 
antepenultimate rule can be determined by their 
endings, such as: “-лог” /lɔg/, “-изам” /izam/,  “-ивен” 
/ivɛn/ etc. The lexical stress of these words is usually 
penultimate. Thus the determination of the lexical stress 
in Macedonian can be considered as a syllable 
extraction and dictionary look-up problem.  

Early systems, pioneered a data-driven neural network 
approach to syllable extraction, [18]. Later work, 

however, showed that rule-based algorithms offered 
greater reliability and could be readily implemented due 
to the simple rule-set needed, [19].  

Two dictionaries were used in [19], one containing 
exception loanwords and the other exception suffixes. If 
the word is not found in the first dictionary the 
algorithm continues to search for the last syllable of the 
word in the second dictionary. If a word is found in 
either of the dictionaries then the position of the stress is 
read from the dictionary, if not the stress is placed on 
the antepenultimate or the penultimate syllable, if it’s a 
two-syllable word. 

Our system keeps the two dictionaries proposed by [19], 
but abandons syllable extraction altogether, as its 
focused on the syllable nuclei, i.e. the vowels. First, the 
word at hand is checked for in both dictionaries. If 
found the position of the stress is used to set a stress 
counter, which is initially set to 3. Next, the word is 
searched for vowels from the end backwards. As each 
vowel is found the stress counter is decremented until it 
reaches zero, at which point a stress marker is set for the 
current unit. The algorithm integrates vowels spanning 
two neighboring quasi-diphones and counts them as 
one, favoring the first half of the vowel in stress 
positioning. It also takes into account the syllabic / r̩/ 
which occurs when /r/ is enclosed by consonants and 
forms syllables. The generated stress markers are 
incorporated in a stress vector. Stressed vowels’ 
durations are increased by a factor of 1.2, and the 
duration of the last phone in the intonation phrase is also 
increased by 1.4.  

An example stress vector for the phrase “Јас зборувам 
македонски.” /jas zbɔruvam makɛdɔnski/ is given in 
Table 2. The table also gives the units to be used by the 
speech synthesis module to synthesize the phrase, with 
‘sil’ standing for silence, the pitch accent vector 
discussed next, and the duration vector with the inserted 
changes.  

Phrase (Cyr.) Јас зборувам македонски.
Phrase (Lat.) Jas zboruvam makedonski.
Units ja-as sil z-bo-or-ru-uv-va-am sil ma-ke-do-on-ns-ki
Stress [0  0 0  0  1  0  0  0  0  0  0   0  1  0  0  0  0]
Pitch accent [0  0  0  0  1  0  0  0  0  0  0   0  0  0  0  0  0]

Durations [ms] [66 42] [34 81] [25] [72] [56 69] [41 13] [10 35] [30 45] [32 47] 
[48 64] [30] [60 109] [60 108] [69 63] [37 35] [35 66] [57 90]  

Table 2 An example of the generated accent, pitch 
accent and duration vectors by the prosody generation 
module for the phrase “Jas zboruvam makedonski.” 
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Accentual units, which are formed when several words 
are pronounced as a group with the antepenultimate 
applied to the whole unit and not the words themselves, 
have been ignored in the current prosody generation 
module.  

3.4. Pitch accent determination 

Next, the pitch accent of the intonation phrase is 
determined using word appearance probabilities. The 
probabilities were extracted from the data made 
available by our research in Macedonian phonetic 
structure, [42]. The word statistics from the analyzed 
reference body of text were considered only. From the 
1.3 million words contained therein, c. 80,000 unique 
words were extracted and the occurrence of each was 
calculated. About 44,000 of these occurred only once 
and they were disregarded.  The 36,000 left were stored 
in a probability look-up table.  

The pitch accent determination algorithm searches for 
every word, that is assigned a lexical stress, in the 
probability table. If found, the probability counter for 
that word is set to the word occurrence stored in the 
table. Else it defaults to 1. The word with the lowest 
probability counter is chosen to bear the pitch accent of 
that intonation phrase. If there is a tie between two 
words the pitch accent is placed on the word nearest to 
the phrase’s beginning. For questions, the pitch accent is 
set on the question function word in accordance to, [22]. 
If such a function word is not found the default 
procedure is used.  

Once the location of the pitch accent is determined  a 
pitch accent vector is generated. An example for the 
phrase “Јас зборувам македонски.” /jas zb ruvam mak 
d nski/ is given again in Table 3. For this intonation 
phrase the two stressed words yielded occurrences of 88 
for “зборувам” and 125 for “македонски”, thus the 
pitch accent was placed on the former. 

3.5. Pitch contour generation 

The pitch contour algorithm again is based on our 
analysis of the intonation in spoken Macedonian and the 
developed linear-segment model, [22 - 25]. In total 125 
recorded intonation phrases from 7 native speakers, 3 
males and 4 females, were used in the analysis. The 
models generated for the male speakers are shown with 
in Fig. 3. The pitch contours are plotted with markers in 
different colors, while the average normalized pitch is 
given in cyan, and the upper and lower bounds in red. 

The models are given with a solid black line for the 
average normalized pitch frequency and blue upper and 
lower bounds.  

The pitch generation algorithm uses the durations, the 
stress and pitch accent vectors and intonation phrase 
type to generate the appropriate pitch contour. First, the 
algorithm calculates the time location of the pitch 
accent’s peak and bounds, as determined by a width 
parameter. Next, the algorithm determines the 
time/normalized-pitch targets of the pitch contour to be 
generated from the appropriate intonation type model. 
These targets are subject to randomization, controlled 
by the randomization parameter. Then, the pitch accent 
peak is added to the pitch targets, followed by smaller 
peaks added for the other accented syllables in the 
intonation phrase. Finally, these targets are used to 
interpolate the pitch contour shown in red in Fig.4. This 
contour is smoothed out with a moving-average Hann 
filter, shown in green, and is used to calculate the 
normalized-pitch targets for each of the segment 
borders, shown with blue markers. Segments with peaks 
have an additional middle normalized-pitch target added  

3.6. Normalized-pitch to frequency 
conversion 

The normalized-pitch targets at the unit boundaries are 
next transformed into absolute frequency by multiplying 
them with the speaker’s mode, most common, 
frequency which also depends on the intonation phrase 
type. The frequencies used for the basic intonation types 
for this speaker have been extracted from the results 
presented in [23]. They are: 135 Hz for declarations, 
and 145 Hz for questions and exclamations.  

 

Figure 4 Generated normalized-pitch contour  
(red – w/o filtering, green – w/ filtering), with unit 

border targets (blue markers) for the phrase  
“Jas zboruvam makedonski.” 
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The average frequency used is also subject to 
modification by the controls of the voice transformation 
module which is integrated in the TTS system’s user 
interface, which can deepen or raise the voice, [43]. 

3.7. Output 

The generated durations and pitch frequency targets are 
then passed on to the speech synthesis module which 

fetches the units from the unit inventory, modifies them 
as specified and concatenates them to generate the final 
speech output. 

4. RESULTS 

Results of the generated prosodic patterns can be seen in 
the spectrograms in Fig. 5. The figure shows three 
different synthesis outputs for the phrase “Jas zboruvam 

           

           

           

 

 
Figure 5 Spectrograms for three different intonation 

patterns generated for the phrase “Jas zboruvam 
makedonski” when spoken as a: declaration (top), 

question (center) and exclamation (bottom). 

Figure 3 Intonation models for declaration ends 
(top), questions (center) and exclamations (bottom), 

and the generated linear-segment models  
for male speakers 
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makedonski” for each of the different intonation types: 
declaration (top), question (center) and exclamation 
(bottom). When compared to the linear-segment models 
discussed earlier a clear correlation can be seen, 
emphasizing the legitimacy of the chosen algorithms. 
The synthesized speech output features a satisfying 
quality in terms of prosody, especially when compared 
to previous systems. 

5. CONCLUSION 

The paper has presented in detail the prosody generation 
module of the TTS system “Speak Macedonian”. The 
module is so far the most advanced fully functional 
module to generate prosody for Macedonian TTS 
synthesis. In its development special attention was given 
to what has already been done in prosody generation for 
Macedonian, and the other languages of the world. 
Original research was also used in the development of 
certain parts of the prosody generation module. 

At the beginning an overview was given of the tasks, 
challenges and solutions involved in the development of 
high-quality prosody generation modules in high-end 
TTS systems. Then the specifics of the prosody 
generation module developed for our TTS system are 
presented. Its architecture is given and all of the used 
algorithms have been described at an extent fitting for 
the space at hand. Some examples were also given of 
the output of these algorithms. 

At the end, the paper presents the results of the 
application of the predicted prosody to the output 
speech. The developed prosody generation module was 
seen to be capable of providing adequate intonation 
patterns for the output speech for arbitrary text input. 
The presented module can easily be upgraded and 
updated as new findings are acquired for Macedonian 
prosody. The presented results are of significant value 
for the TTS synthesis of Macedonian and they can also 
be of importance for the development of prosody 
generation modules in other underrepresented 
languages. 
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