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ABSTRACT

This paper describes an experimental system for algorithmic based segmental
Arabic text-to-speech system. The system utilizes a comprehensive set of Arabic
allophones for speech synthesis in accordance with both Modern Standard Arabic
and the classical Arabic language. The proposed allophone set contains about 150
Arabic allophones and vowel/consonant combinations to simplify computer voice
production. The paper also describes an extensive set of Arabic letter-to-sound
rules from voweled text (with full diacritics) based on this allophone set. This set of
rules governs consonant/vowel combinations, usage of short and long vowels, the
coarticulation effects of emphatics and pharyngeals, pronunciation of the particu-
larization, rules for word final aspiration, Tanween and Ghonna rules, rules for
conversion, suppression, and assimilation, and rules for combining words.
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TOWARD AN ARABIC TEXT-TO-SPEECH SYSTEM

1. INTRODUCTION

The last few years have witnessed an increasing
interest in speech processing of the Arabic language
[1-12]. However, a great deal of research still needs
to be done in order to realize automated text to
speech systems with comparable quality to the
available commercial and laboratory systems for the
English language. The progress in the English text-
to-synthetic speech systems has been made possible
by advances in linguistic theory, acoustic phonetics,
computer characterization of English sound patterns,
perceptual psychology, mathematical modeling
of speech production, in addition to advances in
computer hardware.

There are currently several approaches for Arabic
speech synthesis; the direct storage of words and
sentences [3, 23], the syllable method [5], sub-
syllable method [5, 6], the diphone method [7], and
the allophone method [1—3]. These approaches vary
in complexity, memory requirements, and speech
quality. In this paper we describe an algorithmic
method for allophone synthesis of Arabic speech.
The main advantages of this approach are the small
memory requirement, the small number of the basic
sound units required to synthesize an arbitrary
Arabic word, and the simplicity of the hardware.
However, the use of a limited number of fixed sound
units may cause the resulting speech to sound
“mechanical”. The direct concatenation of the
allophones could cause unnatural abrupt transitions
and neglects the coarticulation and interaction
between consonants. To overcome this problem, the
paper proposes over 150 allophone and consonant/
vowel combinations to cover most of the prominent
consonant interactions. Model parameter interpola-
tion was also implemented over 2—5 msec to provide
a smooth transition between the allophones. At a
later stage, heuristic rules [29] will be developed to
smooth the transition on a case-by-case bases.

An overview of a text-to-speech system is shown
in Figure 1. The presence of the diacritic marks in
the Arabic text is essential for the implementation of
the automatic text-to-speech system. Unfortunately,
most modern written Arabic, as in books and
newspapers, is at the best partially vowelized. Hence
a preprocessor for automatic vowelization of the text
must be implemented before applying the text-to-
speech rules. The automatic vowelization generator
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requires integration of morphological, syntactical,
and semantic information [13—18, 23].

The text with full diacritics is then passed through a
second preprocessing step wherein a lexicon is used
to replace numerals, abbreviations, special symbols
as %, +, —, =, &, $, etc., and a few exceptions as
o~ Yassen, lia ¢ exS efc., by an equivalent phone-
mic spelling.

Next, the raw text produced from the preprocessing
steps is partially parsed into breathing groups. This
can be accomplished approximately in many ways.
A simple rule that works most of the time as a
natural speaker is obtained by locating the breathing
group boundary at the following locations [26]
whichever is encountered first: (1) at a punctuation
mark; (2) preceding a conjunction; (3) before a noun
phrase or a verbal phrase; (4) before a prepositional
phrase; (5) after a fixed number of characters have
appeared in the input.

In the next step, the text is processed by the first
level of letter-to-sound rules. The objective here is to
produce an abstract phonetic transcription of how
the text is actually spoken. At this level the speech is
also parsed into syllabic units, for example:

se £ L. . . . .
sadl g, e is pronounced p . of - di ;. 4

The next level is the translation of the abstract
phonetic transcript to an allophonic transcription,
wherein each phoneme sound is replaced by a
context dependent acoustic version of the phoneme
[26, 29]. In the mean time a companion description
of the stress and inflection patterns of speech are
generated [23, 29].

Finally, a parametric description of the articulation
model, or the synthesis model, is used for generation
of the speech sound. The parameters are modulated
by the prosodic information as well as other heuristic
rules for graded changes in the synthesis model
parameters [29]. Several synthesis models are
presently known:

1. Formant Synthesizer [29, 30, 32].
2. LPC Synthesizer [1, 2, 31].

3. Channe! Synthesizer [30].

4. Articulatory Synthesizer [28, 30].

The synthesis model should allow the synthesized
speech to be modified in fundamental frequency,
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Figure 1.
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amplitude, and duration, as well as performing some
sort of parameter smoothing at boundaries between
waveform pieces.

In this paper we describe an experimental system
for rule based segmental text-to-speech system.
Specifically, the paper addresses the following
issues:

1. proposes an allophone set for speech synthesis;

2. presents a set of rules for conversion of fully
diacritized text to an abstract phonematic
transcription;

3. provides an extensive set of rules for conversion
of the abstract phonematic transcription to
allophone strings.

The development work was carried out on a
commercial speech editing laboratory. The synthesis
model is based on linear prediction coding (1, 31]
using 10 filter coefficients and pitch synchronous
analysis/synthesis. A detailed description of the
model was given in [1]. Although the model was
flexible enough to allow changing of duration, stress,
and fundamental frequency, the speech quality
produced by this method was still unsatisfactory
for many applications because of the difficulty in
smoothing of the filter coefficients without disturbing
the formants trajectories, and because of the limited
source excitations model, in addition to the limited
bandwidth (4kHz) which causes difficulty in
pronunciation of fricative sounds. A formant model
[32] is currently being investigated and recommended
for future investigations. Nevertheless, speech
synthesis by concatenating strings of Arabic allo-
phones was displayed in [2]. The early version of the
text-to-allophone program was also demonstrated
separately in [4]. The main advantage of the allo-
phone method is its simplicity and small memory
requirements.

In the next section we introduce the proposed
allophone set and in Section 3 an extensive set of
Arabic pronunciation rules will be presented.

2. ARABIC ALLOPHONES

It is impressive to mention here the first phonetic
study of the Arabic language (probably the first
published study in phonology of all) of Ibn Sina
(370—428 A.H.) [21]. Ibn Sina’s treatise explains
the mechanism of production of each letter as well as
the points of articulation with reference to a fairly
accurate anatomy of the vocal tract.
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Among the recent studies is [19] which presents a
comprehensive introduction to the modern classifica-
tion of the Arabic sounds, their points of articulation,
as well as some of the Arabic allophones. Al Ani
[10] investigated the modern dialectal Arabic of Iraq
using spectrographic techniques. EI-Emam and
Dannan [8] studied the allophones of the “Modern
Standard Arabic MSA”. In [2] about 100 basic
allophones of classical Arabic were isolated and used
for allophone-based speech synthesis system.

Table 1 shows the Arabic letters and their equiva-
lent International Phonemic Alphabet IPA [3, 9].

The proposed Arabic allophone set contains about
150 allophones and consonant/vowel combinations
to simplify computer voice production. Table 2
shows the Arabic set combined with a set of English
allophones [25] for comparison, as well as to give the
system some ability to pronounce English words,
abbreviation, and names within the Arabic text.

The investigated set of Arabic allophones incorpo-
rates a number of allophones that appear in MSA [8],
the basic allophones that characterize the classical
Arabic and Quranic recitation [1, 2], as well as
some vowel/consonant clusters to simplify computer
speech synthesis.

The proposed allophone set is capable of producing
synthetic speech for Quran, classical Arabic, and
Modern Arabic with a relatively high degree of
naturalness. However, it should be emphasized here
that it is not the purpose of this study to define a
minimal set of Arabic allophones from the linguistic
point of view, but rather to identify a group of speech
segments for computer generation of synthetic speech
with relatively high naturalness.

The notations used to label the newly introduced
allophones follow those used in the literature to
describe the English allophones, see for example
[26].

The allophones were isolated and digitally encoded
and verified by inspection of the formant trajectories,
as well as by using analysis-by-synthesis technique.

The Arabic language is characterized by a relatively
large number of back consonants (produced in the
back of the oral cavity). The back consonants cause
a complex coarticulation phenomenon in Arabic
speech. The back consonants that characterize the
Arabic language are the pharyngealized set shown in
Table 1. If we take another careful look at these
consonants we can divide them further into the
following groups; the emphatic consonants such as
Dhad /D/, Sad /S/, Tah /'T/, and Zah /9/; the pharyn-
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Table 1. Arabic Consonants.

o Alveo- Oropha-
Bilibial | 1010 | Inter- 1 4ol | Palatal | Velar ryngeal Pharyn-| 0 tal
dental | dental Al geal
veolar Uvular
. D
Pharyngealized o
Voiced
b d
s..J L
St
" Ph lized T 9
aryngealize b 3
Unvoiced
t k E
- i‘ .
. 9 Y
Pharyngealized Ty ¢
Voiced
d z ?
S
Fricative S 2 <
Pharyngealized X
> C
Unvoiced
f (S) s f H h
L dz
Affricative
&
Nasals Voiced m 1
( %)
. L
Pharyngealized J
Resonants | Voiced
w 1 r|y
g) Jd S
geals such as Ghain /y/, Khah /x/, and Qaf /q/; and 3. Group C: the Madd letters:
semi-emphatic such as Lam /L/ in Allah and Raa /r/. Alif, “\”, Ya'a, ", Waw. “,".
The emphatic and semi-emphatic consonants not 4. Group D: the rest of the letters (except the
only cause the vowel after them to be pharyngealized pharyngealized Lam /L/).
but also they influence the vowels preceding them and 5. Group E: Glottal/Pharyngeals (Al-Ezhar letters);
some times the entire neighboring segments [8—10]. {El, Ihi, IHI, 1?2, Ix/, Iy/.
This phenomenon is similar to the R-controlled 6. Group F : Ash-Shamsi letters: /t/, /©/, /d/, /d/,
effect in English pronunciation. In the allophone- Izl Isl,1{1, 1S/, /DI, /T, 181, /11, In/.
based English speech synthesis, the R-controlled 7. Group G: Al-Qamari letters: /E/, /b/, /dz/, /H/,
vowels are listed separately as clusters of vowels/R. Ix1, 121, Iy1, If1, 19/, /k/, Im/, Iwl, /h/,
Accordingly, in this study, we also propose a set of Iyl.
vowel/consonant clusters to simplify the Arabic 8. Group H: Mugalqgal letters (aspirated): /q/, /T/,
speech synthesis of the emphatic consonants. /bl, 1dz/, /d/.

9. Group 1 : Ikhfa’a letters: /t/, 10/, Is/, /{/, /dzl,

Before we describe the allophone set, let us define 1dl, 181, Iz1, 1S/, IDI, ITI, 131, 141, /K/.

the following groups of letters:

/q/.
1. Group A: the Emphatic Consonants: /T/, /S/, 10. Group J : Voiceless Fricative consonants: /f/,
/D/, and /4/. 10/, Isl, I]1, In/, IHI, IS], Ix].
2. Group B: the Pharyngeals: /q/, /x/, and /v/; 11. Group K: Stops: /D/, /d/, It/, I'T/, Ik/, Iq/, Ibl.
and /r/. 12. Group L : the Consonants: /dz/, /q/, /k/.
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Table 2.

:ﬁ:ﬁ;e English Usage Arabic Usage pAl:g)x;e English Usage Arabic Usage
Pauses /AW/*  sOUnd, mOUse
/PA1/  before V-stops and Fricatives (Aa3 ) IAW1/* P oLk
/PA2/ same as /PA1/ (Pl ) /AH:/ S b J
/PA3/  between words, Sy S pbldl ) /An:/ Olas ¢ bl

before voiceless stops ¢ cAdSI oy ¢ ikl /Un:/ oyt
/PA4/  between clauses, sentences ( Jomdly AdSI ) /IX:/ s ¢ yard
/PAS/  same as PA4 (Jordl )

Voiced Fricatives

Short Vowels /VV/*  Vast, ValVe
/AE/ hAt, extrAct Sl (O (Bad) /DH1/  They, This
/TH/ slt, strandEd o e e (S /DH2/ word final, between vowels
/UH/*  fUll, 100k £ oo oo (Ao /ZZ/*  Zoo, phaSe AR
/AA/*  cAr, cOtton et [ZZ1/* 5 " ¢h
/EH/  End, extEnd Shoocw IZH/*  beiGe, pleaSure (MSA) 7 (7 ¢
/AO/ sOng, tAlk JZH2/* isst
IAX/ sUcceed, instrUct /ZH3/ IR
/An/* = o /ZH4/* NS
/In/* e o /ZHS/ bbb
/Un/* o= GHI/* i o
[1X/* Jo «<ie  /GH2 Eob b
JUX/* pe coab JANI/* Jose
IAAL* Ak JAN2/ Eot ot
IAH/ G Ao /AN3/ b \...h.;
Long Vowels Voiceless Fricatives
/AE:/ ol /FF/*  Fast, Foot I S S S
/TY/  See, pEOple S /FF1/*  Far i s
/EY/  grEAt /TH/*  tooTH, THin de s
[AY/*  skY, trY, guY N e ISS/*  teSt, See RO
/AY1/* -l /SS1/* bkl
IAY2/* PR IS1/* e o e o
IAA:/ ch s /SH/*  fiSH, SHip Jed cad e A
/OY/*  bOY, tOY /SH1/* i by
/UW1/* compUter sab /HH1/* Hat, He Xa s (s (o
/UW2/ tWO, fOOd o 5 0O /HH2/ Horn, Hope Lh
/OW/ gOne, snOW Lj /H1/* C C
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Allo- Allo-

phone English Usage Arabic Usage phone English Usage Arabic Usage
/H2/ z Voiced Stops
/H3/* A G tle (b /BB1/ 1B ol sl
JKH/* ¢ <t  /BB2/ Beast, Bee G b pl D oo oo
/WH/  WHig, White /BB3/ A (e sl
/B1/ e hd o
Affricatives ’_: ? e
/CH/  CHurch, CHina /B2 e B i
AH/  juDGe, inJured e Y Ol
JH1/ )\’._’ (isae) /DD1/ enD, coulD Wie
TH2/ C—' /DD2/ Down, Drain 3¢ s
Nasals /DD4/ e i
/MM/* Milk, Man fer et DAY B
IMM:/ s Ul (Ul (e .
/Ml/*/ o) oA 7
5 < u ‘ & ’
= e /DA3/ o
INM/ 2 b (Ogdly adl oo .
e o (Vs o u?-ev,w") /DA4/ Las o gl
/NN1/* thiN, earN R S B e
., /DAS/ pral oAl (W Sl
/NN2/  No, Normal ik ok

/ING/ N N N /IGG1/  Guest, Gift
aNger, straNger 3 sl (r o3 8 Jd sl
: B A A g JJ . /GG2/  Got, Goat

/NN3/ s
, /GG3/  peG, anGer
/N1/* 0o« pai ((aasmis) Voiceless Stops
/NN1:/ (RPN /PP/ Pay, triP
IN1:/ b /TT1/  tesTs, iTs b
INY/ Joms o0 K o /TT2/  streeT, Two T R C )
/TT3/ ovas Ny gl
Resonants ..
/TT4/ o
/WW/  We, Warrant Ary 9 ) .
WW-/ ’ n /T1/ b
: 3
/WW1/ ey T2 .
3 AR 3
e /T3 i
/RR1/  Read, Ray (4asnis po) by oy ,
.., /T4/ ohi b
/RR2/ bRown, Crane JUFE R
) T, /T5/ bl ¢ i (dlataa)
/RR3/ (‘*’.“:“)C‘) Cndy) ) 6y . .
) . ) /KK1/  Cute, Clown S LIS o d o d
/LL/*  Like, heLLo Jdd o dd ’ . .
e . - /KK2/ tasK, speakK [P U PR
/LL1/* S e ,
) /KK3/  Quick |
{EL/ littLE, angLE Sl wdlt 3 J) .
‘ /KK4/ e
/YY1/ compUter, cUte (PR A
.. i /KKS5/ s
/YY2/ Yes, YoYo R T ..
. /QQ1/ A
/IYY3/ b by ook .
1QQ2/ 3
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Allo- . . Allo- . .
phone English Usage Arabic Usage phone English Usage Arabic Usage
1QQ3/ K] IAZ/ s
1QQ4/ S faZ/ e
1QQs/ S R I THE A W) /1Q/ T
/EE1/ How iy (&lp) /UQ/ eSS T
/{EE2/ 1219 IAQ/ v
/EE3/ el faQ/ Jei ¢ i
/EEA4/ o /AL/ & o
/EES/ i /AKH/ i
/aKH/ e
R-Controlled Vowels JAGH/ bil s
/ER1/ lettER /aGH/ PP E I
/ER2/ bURn, bIRd * These allophones are actually Diphthongs.
/OR/ fORtune, stORe * These allophones can be doubled.
/AR/ alARm, fARm Mo le 2.1. Pauses
/YR/  clEAR, hEAR o , ,
’ Short pauses appear in Arabic words before cer-
/XR/" hAIR, repAIR tain consonants, mainly to allow a transition period
/UR/ 58 «osh for the articulators to take their new positions espe-
. cially in vowel-consonants sequences. Pauses also
/AR1/ e b . .
appear in some geminated utterances, between sylla-
/IR1/ 8y 3y ble patterns, and between words and sentences.
JIR2/ " /PA1/ and /PA2/ are usually used in geminated utter-
S ances like the voiced stop /BB/ in Abba Ui .
Pharyngealed Controlled There are five syllable patterns in Arabic; CV,
) CVV, CVC, CVVC, and CVCC, where C stands for
118/ hai aax a consonant, V stands for a short vowel, and VV
/US/ oad stands for a long vowel. /PA2/ normally appears
IAS/ G between such syllable patterns. /PA3/ and /PA4/
"_ come between words. /PA3/ occurs before/after
/aS/ et ( pead conjunctions as Wa  , and /PA4/ appears before
1D/ Gy s« conjunctions, while /PA4/, and /PAS/ appear
' between clauses and sentences.
/UD/ s
/AD/ Oliad 2.2. Short Vowels
faDf < The regular Arabic short allophone vowels are
1T/ il el /AE/, /IH/, and /UH/. The /AA/ is the short allo-
- hones of /a/ which usually appears after a pharyn-
JUT/ b phor :
c—'—hf' s gealized letter of group B and after /1/ in Aflah [19].
IATI il When a group A emphatic consonant is vowelized
group p
/aT/ ol with /a/ the short vowel /AH/ may be used. /AA1/is
"z . . used when the unpharyngealized vowel /a/ precedes
/ e o an unvoweled pharyngealized letter of groups A
IUZ/ ru:.; or B.

The Arabian Journal for Science and Engineering, Volume 16, Number 4B.
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When a short vowel is located between two nasal
sounds as /m/ and /n/, it is likely to be nasalized
(8, 27]. The nasalized versions of /a/, /i/, and /u/ are
/{An/, /In/, and /Un/ respectively. Finally /IX/ and
/UX/ are pharyngealized versions of the vowels /i/
and /u/ respectively.

2.3. Long Vowels

The regular Arabic long allophones are /AE:/,
/1Y/, and /UW2/. The length of a long vowel is
normally equal to two short vowels. In general,
longer vowel allophones can be constructed by
multiple of short allophones. /AA:/ is the long allo-
phone of /a/ which usually appears after a pharyn-
gealized letter of group B and after /1/ in Allah [19].

Similarly, /AH:/, /An:/, /In:/, and /Un:/ are
the long versions of /AH/, /An/, /In/, and /Un/
respectively.

The allophones /AY/, /AY1/, /AY2/, /OY/,
/UW1/, /AW/, /AW1/ are actually two concatenated
vowels in which the articulators move from one posi-
tion to another. These vowels are called Diphthongs
and they do not have corresponding English or Arabic
phonemes. The allophones /AY2/ and /AY1/ appear
when the phoneme /a/ comes before an unvoweled
Ya'a . Similarly, /AW/ and /AW1/ appear when
the phoneme /a/ precedes an unvoweled Waw, .
The allophone /OW/ can be used for the vowel /u/
after a consonant of group A or B. Finally, the case
of pharyngealized /i:/ is represented by the allophone
1IX/.

2.4. Voiced Stops

/b/ has 6 allophones. /BB1/ and /BB2/, the normal
unvoweled and voweled versions, are similar to their
Engligh counter parts. However, in Arabic /BB1/
appears usually before voiceless fricatives. /BB3/, a
clearly aspirated version Muqalqal, comes as word
final or as the closing sound of syllables. /B1/, /B2/,
and /B3/ are the pharyngealized versions of the
previous three allophones, occurring if there is a
consonant of groups A or B in the same syllable. The
allophones of /d/ are almost the same as their counter
parts in English, however, here too a new allophone
is introduced which correspond to the unvoweled
Mugqalqal version of the /d/. Finally, Dhad /D/ is
represented by three allophones for voweled cases
and two allophones for the unvoweled versions.

2.5. Voiceless Stops

The Arabic voiceless stops as /t/ and /k/ are
basically similar to the English counterparts. However,

The Arabian Journal for Science and Engineering, Volume 16, Number 4B.

additional allophones are introduced to account for
the coarticulations caused especially by the back
consonants. /TT4/ is similar to /TT1/ but it is more
aspirated. /TT3/ is similar to /TT2/ but it is more
pharyngealized. On the other hand, Ta'a /T/ is
represented by an unvoweled and three voweled
allophones.

Similarly, Qaf /q/ is represented in the table by
five allophones. For example, /q/ in Qeel -3
is acoustically different from /q/ in Qoomo since the
vowel in the first case is articulated in the front of the
mouth and in the latter is articulated in the back.
The first three allophones of /k/ are quite similar to
their English versions. /KK4/, on the other hand, is
introduced to represent the unvoweled version after
a letter of groups A or B. /KKS5/ appears as a starting
sound of syllables when it is followed by a letter of
group A or B. /EE1/ and /EE2/ are closing Hamzah
/E/ sound with /EE2/ after a pharyngealized vowel.
/EE3/, /[EE4/, and /EES/ represent initial cases of /E/.

2.6. Voiced Fricatives

The Arabic voiced fricatives have basically one
acoustic version and are relatively easy to isolate.
However, the table contains at least two versions for
each which differ mainly in their duration. For
example, /AN1/ may be used as closing sound of a
syllable or the first sound in gemination, while /AN2/
may then be used for the second voweled part of the
gemination. An exception to this is /AN3/ which
sometimes occurs if there is an emphatic consonant
in the same syllable.

2.7. Voiceless Fricatives

The voiceless fricatives allophones of the pho-
nemes /f/, /6©/, Is/, /y/, and /h/ are identical to their
English counterparts. The longer version can be
obtained by doubling the same phoneme. The allo-
phone /SH1/ is used if the phoneme /[/ comes
unvoweled in the same syllable with a consonant of
groups A or B. The Sadh /S/ allophones, /S1/ and
/82/, are almost acoustically the same but differ only
in the duration. The two allophones of /x/ also differ
in the same way. /H/ may be used as the closing
sound of syllables or first sound in geminations.
/H1/ may be used as the closing sound of syllables
containing consonants of groups A or B. /H2/ is the
regular voweled allophone. /H3/ is acoustically
different because of the lip rounding in anticipation
of the vowel /u/.
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2.8. Affricatives

The only Arabic affricative is the Geem /dz/ which
has three acoustically different allophones, /JH2/
occurs in word final, /JH1/ in gemination, while /JH/
is the normally used allophone for the voweled letter.

2.9. Nasals

Nasals are produced by completely blocking the
oral cavity and allowing the air to pass through the
nasal cavity. The table of the nasal allophones
contains several new members; /MM:/ which is a
version of /m/ that appears especially in gemination.
/NM/ is a nasal sound between /n/ and /m/. /M/ and
/M:/ are short and long pharyngealized versions
of /m/ /n/ is characterized by its relatively large
numbers of allophones. /NN1/ and /N1/ is the normal
allophone and its pharyngealized version respectively.
/NN2/ and /NN3/ appear before the pharyngealized
/u/ vowel and the regular /u/ vowel (short or long)
respectively. /NN:/ is the long version of /NN1/
occurs if an unvoweled /n/ comes before group E.
/NG/ when an unvoweled /n/ comes before /k/, /q/,
or /dz/. Finally, /NN4/ before group I. Longer
allophones as /NN:/ and /N1:/ may be obtained
by doubling their short versions.

2.10. R-Colored

The R-colored table of allophones reflects the
coarticulation effect of /r/ on its preceding vowels.
In Arabic, the R-coloring occurs only when an
unvoweled Ra’a /r/ comes after a voweled consonant.
Accordingly, the new members in this table account
for the different combinations of the Arabic vowels
and /r/.

2.11. Resonants

Resonants (semivowels) have similar acoustic
characteristics to vowels because they are formed on
an open tract, like vowels, and they are also highly
resonant, like them. The Arabic resonants are
basically the same as in Engligh except for a few
new allophonic versions. /WW:/ appears when a
geminated Waw /w/ comes after an unvoweled Waw.
/WW?2/ is a pharyngealized version which occurs
when /w/ exists with an empbhatic letter in the same
syllable. /rr3/ is the emphatic version of /r/. /LL1/ is
an emphatic version of /1/ as in Allah.

Finally, /YY3/ is the pharyngealized allophone of
/yl.
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2.12. Pharyngeal Controlled

Similar to the above R-colored allophones, these
speech segments reflect the coarticulation effect of
the emphatic and pharyngeal consonants of groups A
and B on its preceding vowels. Each of these
segments is basically a VC cluster where C is an
emphatic or pharyngeal consonant of groups A and
B, and V is a pharyngealized short vowel. For each
consonant, four segments are presented; one with
pharyngealized /a/, another with a pharyngealized
/i/, a third with pharyngealized /u/, and the last one
comes with a semi pharyngealized /a/ which normally
appears after a non-pharyngealized consonant or /a/
short vowel.

The pharyngealization of the consonants /x/, /L/,
and /vy/ is less pronounced when they are in the
neighborhood of /u/ and /i/ and can be ignored with
minor perceptual effect, especially in classical
Arabic language. Hence, the pharyngeal controlled
segments for these three consonants are presented
with the vowel /a/ only.

3. PRONUNCIATION RULES

The pronunciation of the classical Arabic language
is very structured and follows well established rules.
In fact, this unique characteristic enables millions of
non-Arabic speaking people to read Qur’an fluently,
and in many cases even better than native Arabs,
whose speech could actually be influenced by their
dialect.

As mentioned in the introduction, there are
several levels of rules that need to be developed and
implemented for a successful text-to-speech system.
These rules include: lexicon lookup; breathing rules;
prosodic rules; pronunciation rules; and the synthesis
model rules.

In this study we will consider only the pronuncia-
tion rules. These rules are responsible for converting
a fully diacritized text to a string of allophones. The
rules given here are purely phonetic rules which do
not require morphological information, for example
the rules related to pronunciation of the initial Hamza
are not included since they depend on whether the
word is noun or verb, and on the form of the verb.

The pronunciation rules are divided into two
subgroups;

1. Letter to sound rules: which convert the text into
an abstract ASCII string, called a phonemic
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transcript, corresponding to the way the text is
actually pronounced. This group includes also
rules for parsing the text into syllable patterns.

2. Allophone selection rules: which resolve further
the cases where the sound distinction can not be
effected by the phonemic description alone; e.g.
the short vowel sound /a/ when it comes after the
/b/ consonant sounds dramatically different
when it comes, emphasized, after an emphatic
consonant as /T/ b .

A computer program which implements some of
the following pronunciation rules, called Salpha
(Software for Arabic Language PHonetic Analysis),
was presented in [4]. The following set of rules
governs consonant/vowel combinations, usage of
short and long vowels, effect of emphasizing and
pharyngealization, pronunciation of /1/ in the particu-
larization, rules for word final aspiration, Tanween
and Ghonna rules, rules for conversion, suppression
and assimilation, and rules for combining words.
The presented set of rules can generate the allo-
phone string correctly of about 98% of any fully
diacritized Arabic text.

Before stating the rules, we will introduce first
some notations to describe these rules. The notations
were proposed in [26] to describe the English
pronunciation rules. The notations were further
refined in this study and adapted for the wider scope
of the Arabic language framework.

The symbolic language presented here provided a
shorthand for otherwise lengthy descriptive state-
ments; it also helped in discovering many exceptions,
and ambiguities, provided a systematic procedure for
classifying the rules, and revealed the rules of
interaction and nesting properties.

Each rule has the form:
D < C[B]A.

Using the Arabic right-to-left convention, the
meaning is that the character string B, occurring
with right context A and left context C becomes D.
A rule may also be specified in the form

D < C[x]A, x€X

which is now read “for any character string x of the
set X, occurring with right context A and left context
C becomes D”.

Some special symbols are also defined to denote
classes of strings or punctuations. A list of these
symbols is shown in the table below.

The Arabian Journal for Science and Engineering, Volume 16, Number 4B.

For example, a typical rule is
@a—@d (1)

#, X consonant, a consonant element of a specific
set.
##  two or more consonants.
$, Y vowel, a vowel element of a specific set.
$$ two or more short vowels, or a long vowel.
@ A stop at an end of a single breath utterance.
- A pause between words.
, — End of a syllable.
) A geminated consonant.
same as <.
any diacritics.
nunation (a suffix of an, in, or un).
Fat’ha (short vowel /a/).
Kasra (short vowel /i/).
Damma (short vowel /u/).

!

[ = g

I‘\I

Now, let <S§> be the set of all Arabic characters
and diacritics, and let <P> be the set of all Arabic
language allophones. Define {S} as the set of all
ordered finite strings whose elements are in <S$>,
and define {P} as the set of all ordered strings whose
elements are in <P>.

Two elementary operations are defined on a string
S, insertion of a consonant/diacritic and deletion of a
consonant/diacritic. A Text Rule (TR), is a letter-
to-sound rule consisting of a finite number of
elementary operations such that:

1. for every S1€{S}, there exists S2€{S}.

2. TR[S1] = 82 (the Rule TR operates on the
string S1, and produces S2).

3. TR[S2] = S2.

A mapping from {S} to the set {P} is called an
Allophone Selection Rule (AR), if AR[S]=P.

Two text rules, Rl and R2, are said to be
Independent if

RI[R2[S1]] = R2[R1[S1]].

Thus if two rules are independent, the result is
invariant to the order of their applications.

A text rule R2 is said to Precede R1 if:

R1[R2[S]] # R2[R1[S]]
and R2[R1[R2[S]]] = R1[R2]S]].

This relation implies that R2 must operate first on
the text.
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3.1. Letter-to-Sound Rules

The rules are listed below according to their

preceding order. Independent rules are listed in
arbitrary order.

1.

October 1991

Read one utterance of the text with diacritics. We
assume full diacritics are available. Whenever
Hamza /E/ is to be pronounced it is clearly indi-
cated. Elidable Hamza and Alif are written with
no diacritics, e.g. Baab, Fasber,

oy

pmE

. If a consonant is modified by a Fat’ha, the sign of

/a/ vowel, and the next letter is unvoweled Ya’a ¢
/y/ in a word-final position, the /y/ letter is con-
verted to an Alif, e.g.

Wi o ks

TN # T ] — #

. If an unvoweled Waw /w/ comes before Alif in

a word final position, Alif shall be deleted, e.g.

EFHPEYSY

~ N

9 (—A[|]J; .

. If a long vowel comes before the definite article

then the long vowel is reduced to a short vowel,
e.g.

T

T VS IR TR DI AU

DT T[] L ekl ek

. If the last consonant of a sentence or utterance

is Ta’a /t/ in the form L, it is converted to
/h/ _» regardless of its diacritic, e.g.

@as ... —@d 1]

The last consonant of a sentence or utterance is

pronounced unvoweled. This rule applies regard-
less of the diacritic of the letter except if the last

10.

11.

M. Elshafei Ahmed

letter’s diacritic is the suffix “an”. In this case
the stop should be with a normal long Fat'ha
vowel, e.g.

@ —#—@[ 2 # Lol e

@#—@rd1#  Ja<}a

If the definite article comes at the beginning of a
sentence or a new utterance, the Hamza “.” shall
be pronounced with Fat’ha. However, if the
definite article comes after another word or con-
junction (Was/) the Hamza will be elided, e.g.

L #[@

...#d_',A<—...#[JT]3"

. If the definite article precedes a consonant

which is pronounced roughly in the same articu-
lation area as Lam /1/ or behind the upper teeth
(the Shamsi letters, group F), the letter Lam is
elided, and the next letter is geminated, e.g.

S PR EST
(X)X [T xXEF

If the definite article precedes a consonant
which is not Shamsi (called Qamari, group G),
the letter Lam will be unvoweled, e.g.

iy el

XJd .. e—x[d]T xEG

The Tanween diacritics (indicating a “un”, “in”,
or “an” suffix) should be replaced by explicit
suffixes, i.e. a short vowel sign and an unvoweled
/n/, e.g.

To—# . T 1#

TOLH# L T #
If the letter Ba’a /b/ comes after an unvoweled

Noon /n/, the letter /n/ is usually converted to
the letter Meem /m/.

S S 0]. .
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12.

13.

14.

15.

16.

17.

18.
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If an unvoweled /n/ precedes a voweled Ra’a /r/,
then the /n/ sound is elided and /r/ is geminated,

e.g.
£ . .
slresh o
3())(—5)’\[0]

If an unvoweled /n/ precedes a voweled Lam /1/,
then the /n/ letter is elided and Lam is geminated,

e.g.
d..(—dd.
U YO DR A VS

If an unvoweled /D/ precedes Ta’a /T/, /D/ is
converted to unvoweled /T/, e.g.

J_bl(—,.h_a 51
S(bye—Sb o]

If an unvoweled /D/ (/d/), precedes a voweled
/t/, the /D/ (/d/) and /t/ are replaced by a gemi-
nated /T/ (/t/), e.g.

$(b)<—$[adb]...rﬁﬁ<—r:‘.:é.§f
S(a)(—s‘.‘a[a]...r;}ie‘.faj

If a middle word starts with an Afif (without
Hamza and not part of the definite article) this
Alif is elided. The next consonant will be
unvoweled, e.g.

Ly <Ll

CHSH#H L~ H#NTSHE
If a letter is geminated, it is split into two conso-
nants; the first one is unvoweled, while the
second consonant is voweled according to the
sign of the gemination (Tashdeed), e.g.

$X T X ... 8 (x)

The consonant /L/ appears in the glorious name
of Aliah. If the glorious name of Allah is preceded
by the vowel /i/, then the regular consonant /1/
should be used in the glorious name.

19.

20.

21.

22.

No more than two consonants can occur together,
whether within a single word or at the end of
one word and the beginning of the next word. If
such a situation occurs (three unvoweled conso-
nants in sequence) a “helping vowel” is intro-
duced between the first consonant and the second
consonant. If the last vowel before the first con-
sonant is Fat'ha, the helping vowel is short Kas’ra.
Conversely, if the last vowel before the first
consonant is Kasra, the helping vowel is Fat’ha.
Similarly, if the last vowel before the first con-
sonant is Damma, the helping vowel is Damma,

e.g.

L HELH e L [#EH = e e i
B H e L[ FHF ] S@ el

B S N L2 S R R R NE T

Arabic text breaks down into only five syllable
patterns; CV, CVV, CVVC, CVC, and CVCC.
Each voweled consonant occurs at the beginning
of a new syllable. Each geminated letter occurs
at the end of a syllable and starts a new syllable.
Each syllable contains only one short or one
long vowel.

(In Qur’anic recitation there are a number of
prolonged syllables, e.g. CVVVV, CVVVVC,
and CVVVVVVC. The CVVVV replaces CVV
if it precedes a Hamza. The CVVVVVVC re-
places CVVC in the middle of words or sentences,
and CVVVVC may replace CVVC at the end of
an utterance. Other rules for prolonging the
CVYV and CVVC syllables can be deduced from

[24]).

If /h/ in the form « comes in a word final
position in a CV syllable and before a CV or CVV
syllable, the short vowel of /h/ is converted to a
long vowel by insertion of a proper long vowel
letter such as Alif, Waw, or Ya'a, e.g.
» Fh e Gl
TSH#F TYY a8 #F T Y]

If Hamza /E/ comes as the initial and final conso-
nant in a CVC or CVVC syllable, the syllable is
replaced by CVV syllable, i.e. the closing Hamza
will be elided, e.g.

~YY-...<~—...~[i]Yl~
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3.2. Allophone Selection Rules

Next we apply rules which further convert the
abstract transcription into allophone strings. The
rules are again arranged in a precedence order.
Independent rules, as in the text rules, may be
rearranged. The allophone rules basically reflect the
coarticulation effects. For example, semivowels/
vowels interaction, pharyngealization, stops/stops
interaction, emphatic/vowels and vowel/emphatic
interaction, the anticipatory effect of /u/ which
causes the consonant preceding it to be pronounced
with rounded lips; change of /n/ by group E and I;
R-controlled vowels, and nasalization of vowels.

The simplest way to implement these rules is by
direct mapping look up tables. The dominant factor
in consonant selection is its syllabic position as the
first, second, or third consonant in a syllable. The
allophones of a consonant are categorized here into
over 22 possible variants as follows:

(C1) Before the /a/ vowel.

(C2) Before the /i/ vowel.

(C3) Before the /u/ vowel.

(C4) Unvoweled short, as in CVCC syllable.

(C5) Unvoweled devoiced in a closing sound of a
syllable before group {J,K}.

(C6) Unvoweled long in a closing sound of a
syllable NOT before group {J,K}.

(C7) Emphasized (pharyngealized) before an
emphasized /a/ vowel.

(C8) Emphasized (pharyngealized) before an
emphasized /i/ vowel.

(C9) Emphasized (pharyngealized) before an
emphasized /u/ vowel.

(C10) Emphasized (pharyngealized)
short as in CVCC syllables.

(C11) Emphasized (pharyngealized) unvoweled in a
closing sound of a syllable before group
{J,K}.

(C12) Emphasized (pharyngealized) long in a closing
sound of a syllable and NOT before group
{J,K}.

(C13) In a VC cluster with a short /a/ vowel after a
non emphatic consonant.

(C14) In a VC cluster with a short /i/ vowel after a
non emphatic consonant.

(C15) In a VC cluster with a short /u/ vowel after a
non emphatic consonant.

(C16) In a VC cluster with a short /a/ vowel after a
consonant of group A.

(C17) In a VC cluster with a short /a/ vowel after a
consonant of group B.

unvoweled
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(C18) In a VC cluster with a short /i/ vowel after an
emphatic consonant.

(C19) In a VC cluster with a short /u/ vowel after an
emphatic consonant.

(C20) Special cases.

(C20) Special cases.

A table is constructed wherein the allophone entries
are selected from the available consonant’s allo-
phones, as depicted in Table 1. For example, the
table entries for the phoneme /b/ will be:

C1 C2 3 C4 Cs C6

/BB2/ /BB2/ /BB2/ /BB1/ /BB1/ /BB3/
c7 C8 9 Cl10 C11 C12

/B2/ /B2/ /B2/ /B1/ /Bl/ /B3/

C13 Cl4 C15

/AE/ /BB1/ /IH//BB1/ /UH//BB1/

C16 C17 C18 C19
/AA//B1/ /AH//B1/ /IX//B1/ /UX//B1/
C20 C21

Similarly we construct a table for vowels:

(V1) /a/ short regular /AE/.

(V2) /il short regular /IH/.

(V3) /u/ short regular /UH/.

(V4) /a/ short transient /AA1/.

(V5) /a/ short emphasized /AH/ after group A.
(V6) /a/ short emphasized /AA/ after group B.
(V7) /i/ short emphasized /IX/.

(V8) /u/ short emphasized /UX/.

(V9) /a/ short nasalized /An/.

(V10) /i/ short nasalized /In/.

(V11) /u/ short nasalized /Un/.

(V12) /a/ long regular /AE:/.

(V13) /i/ long regular /1Y/.

(V14) /u/ long regular /UW2/.

(V15) /a/ long emphasized /AH:/ after group A.
(V16) /a/ long emphasized /AA:/ after group B.
(V17) /i/ long emphasized /IX:/.

(V18) /u/ long emphasized /UX:/.

(V19) /a/ long nasalized /An:/.

(V20) /i/ long nasalized /In:/.

(V21) /u/ long nasalized /Un:/.

3.2.1. Consonant Rules for Classical Arabic

1. In the CV, CVVC, or CVV syllables, the initial
consonant of the syllables is replaced by the
allophone C1, C2, or C3, depending on whether
the following vowel is /a/, /i/, or /u/, respectively.
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/HHI/ e« —p = — =[] ¢la

/HH2/ e — 3 — L [a]<la

2. In the CVC or CVCC syllables, if any of the

closing consonants is emphatic of group A, then
initial consonant of the syllable is replaced by the
allophone C7, C8, or C9 depending on whether
the following vowel is /a/, /i/, or /u/, respectively.
In all other cases, the initial consonant of the
syllables is replaced by the allophone C1, C2, or
C3, depending on whether the following vowel is
/al, /i/, or /u/, respectively.

MMl ~J 5 =0 [pledya

. In a CVC, CVVC, and CVCC syllables, if the
initial consonant is of group {A, B}, the VC
cluster is replaced by C17, C18, or C19 depending
on whether the preceding vowel is /a/, /i/, or /u/,
respectively.

JAY2) e~ G [ ] go o
/AQ/(—)[‘_B_’]V.p<—,2..'o
. In the CVC, CVVC, and CVCC syllables, if the
initial consonant is NOT of group {A, B}, the
VC cluster is replaced by C13, Cl14, or CI15
depending on whether the preceding vowel is /a/,
/i/, or /u/, respectively.
/AE//BBl/ [ -]l
TAY1 =G [ ] o ¢ i
. The closing consonant of a syllable is replaced by
C6. However, if there is one or more emphatic

consonant in the same syllable, it is replaced by
Cl12.

[BB3] (—[g]d;ﬂe;_i_f

B3] —[w]szpe v

3.2.2. Consonant Rules for Modern Standard Arabic

1. In a CV or CVYV syllable comes after a consonant

of group A, the initial consonant of the syllable is
replaced by the allophone C7, C8, or C9 depend-
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ing on whether the following vowel is /a/, /i/, or
/u/, respectively. Otherwise, the initial consonant
of the syllables is replaced by the allophone C1,
C2, or C3, depending on whether the following
vowel is /a/, /i/, or /u/, respectively.

B2l et ——[o]— = o«

/IBB2/ 2o ——ofo]—=8«lis

. If a CVC, CVVC, or CVCC syllable comes after

an unvoweled consonant of group A, or at least
one of its closing consonants is an emphatic from
groups { A, B}, then the initial consonant of the
syllable is replaced by the allophone C7, C8, or
C9 depending on whether the following vowel is
/al, /1/, or /u/, respectively. In all other cases, the
initial consonant of these syllables is replaced
by the allophone C1, C2, or C3, depending on
whether the following vowel is /a/, /i/, or /u/,
respectively.

/B2/<——4.;b—.b;[..,]<—u;:

/B2l e—2— ,— , o[ o] n

. In a CVC, CVVC, and CVCC syllables, if the

initial consonant is of group {A, B} or empha-
sized, the VC cluster is replaced by C16, C18, or
C19 depending on whether the preceding vowel is
/al, 1i/, or /u/, respectively. Otherwise, the VC
cluster is replaced by C13, C14, or C15 depending
on whether the preceding vowel is /a/, /i/, or /u/,
respectively.

IAA/ Bl e[ n]o ~— = o — Sl

JAE/ IBBl/ o[ o] o

. If the closing consonant of a syllable does not

precede a consonant of group {J,K}, it is
replaced by C6. However, if there is one or more
emphatic consonant in the same syllable, it is
replaced by Cl12.

/BB3/ [ w])—mr e wp
[P=lmw = s

/AA/ /B3 — IAA/ /B1/ Jg

. If the closing consonant of a syllable precedes a

consonant of group {J, K}, it is replaced by CS.
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However, if there is one or more emphatic conso-
nant in the same syllable, it is replaced by C11.

/BBl [ =] g = e

Bl [ o]dL o il

3.2.3. Some Vowel Rules
1. In the CV (CVV) syllables, if the initial consonant

is of group A, then the vowel is represented by
the allophones V5, V7, or V8, respectively (V15,
V17, or V18, respectively) depending on whether
the vowel is /a/, /i/, or /u/, respectively.

IAH: « .. J—[==]e < N

JAH/ — ... J—[=1d < Jb3

. In the CV (CVV) syllables, if the initial consonant
is of group B or positionally emphasized, then the
vowel is represented by the allophones V6, V7, or
V8, respectively (V16, V17, or V18, respectively)
depending on whether the vowel is /a/, /i/, or /u/,
respectively.

IAA — .. . o—[=1,<u)

IAAY oo —[==]p b

. In the CV (CVV) syllables, if the initial consonant
is NOT of group {A, B} and is NOT positionally
emphasized, then the vowel is represented by the
allophones V1, V2, or V3, respectively (V12,
V13, or V14, respectively) depending on whether
the vowel is /a/, /i/, or /u/, respectively.

JAE/ e~ —p — —p = [ =] o < g

IAE: « .. ——p —[—=] e dsbe

. In the CVVC syllables, if the initial consonant is
of group A, then the long vowel is represented by
two short allophones, the first one is represented
by V5, V7, or V8 respectively depending on
whether the vowel is /a/, /i/, or /u/, respectively.
The second vowel is determined by the VC
cluster of the closing consonant.

JAH/ « , [ =] 0 « Ao

/IX/(—J?[_,]‘;%—;},S

5.
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In the CVVC syllables, if the initial consonant is
of group B or positionally emphasized, then the
long vowel is represented by two short allophones
V6, V7, or V8, respectively depending on
whether the vowel is /a/, /i/, or /u/, respectively.
The second vowel is determined by the VC
cluster of the closing consonant.

JUX/ 3 L1 L)f < Jgb
In the CVVC syllables, if the initial consonant is
NOT of group {A, B}, and is NOT positionally
emphasized, the vowel is represented by two
short allophones; the first one is the allophones
V1, V2, or V3, respectively depending on
whether the vowel is /a/, /i/, or /u/, respectively.

The second is determined by the VC cluster of the
closing consonant.

[AE/ p o[ =] plu
JUH/ - o L[ Lo oy

In the CVCC syllables, the vowel is determined
by the VC cluster as discussed before.

IAYY Q[ =] ¢ i

IAQ/ [ d=]r < o

3.2.4. Exceptions

1.

If a guttural letter of group E comes after an
unvoweled Noon /n/, the allophone /NN1/ should
be used for the /n/ sound.

NNI/ .. 2i"[o]2p e bl o

INN1/ « ..

LAl o]e el

If an unvoweled Noon /n/, comes before a letter
of group I, the allophone /NN3/ should be used
for the /n/ sound.

INN3/ . o= [3] = !

INN3/ | o= 0] 2

. If an unvoweled Noon /n/, comes before a letter

of group L, the allophone /NG/ should be used
for the /n/ sound.
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/NG/(—...C—[C)].;‘_;(—C)’:!-E

4. If an unvoweled Noon /n/, comes before a Ya’a/y/,
the allophone /NY/ should be used for the /n/
sound.

INY = T [0]=p e Joms oo

5. If an unvoweled Noon /n/, comes before letter /b/
or /m/, the allophone /NM/ should be used for
the /n/ sound.

INM/ = e T[] p o o

INM/— . o7 [o]=pecl om

EXAMPLE
= e A
s el A = 13
Cake Lo SLSY G
LS a1
e
e Uy e

*_’;(_C;)—)?_A_.’__'.J_J?r—w?g

@f——,c T =, T =0

—J_'ﬂ—.,_.f—g;,A_,¢—d.._._,A._'“;,.
@é—d — =725 - =

A&_,-<-A;d—;_',~—b?‘—d;é—;d—;t
@s=~d — —¢

—ded - Lo -0 - 2, Ty ey S
@r_', e

B e Tt [t PRy N Tt
@p—d - =5

- Semse = J=¢ - =d - J=¢
@e—d - g p=d - T T2
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/BB2/ /EH/ /SS/ /PA2/ IMM/ /TH/ /LL/ /PA1/ /LL/
/AE:/ /PA2/ /HH1/ /IR1/ /PA1/ /RR3/ /AA/ /H3/
/PA2/ IMM/ /AE:/ /PA1/ /NN1/ /IR1/ /PA1/ /RR3/
/AA/ /PA2/ /H1/ /TH:/ /IMM/ /PASI/.

/EE4/ /1Q/ /PA2/ /RR3/ /AA/ /EE2/ /PA3/ /BB2/
/EH/ ISS/ /IPA2/ /IMM/ /IH/ /PA3/ /RR3/ /AA/ /B3/
/PA1/ /BB2/ /EH/ /PA2/ /KK1/ /AE/ /LL/ /PA1/
/LL/ /AE/ /PA2/ /ZH3/ /TY/ /PA3/ /KH/ /AA/
/PA2/ J/LL/ /aQ/ /PAS/ /PAS/.

/KH/ /AA/ /PA2/ /LL/ /AE/ /PA1/ /QQ2/ /AH/
/LL1/ /PA3/ /EE4/ /IH/ /NN1/ /PA2/ /SS/ /AE:/
/PA2/ /NN1/ /AE/ /PA3/ /IMM/ /In/ /NN1/ /PA4/
/AN1/ /AE/ /PA2/ /LL1/ /aQ/ /PAS/.

/EE4/ /1Q/ /PA2/ IRR3/ /AA/ /EE2/ /PA3/ IWW/
/AE/ /PA3/ /RR3/ /AA/ /B3/ /PAl/ /BB2/ /UH/
/PA2/ /KK1/ /AE/ /LL/ /PAl/ /EE3/ /AE/ /KK2/
/PA3/ /RR3/ /AA/ IM1/ /PAS/.

/EE3/ /AE/ /LL/ /PA1/ /LL/ /AE/ /PA2/ /ZH3/ /TY/
/PA3/ /AN2/ /AE/ /LL/ /PAl/ /LL/ /AE/ /PA2/
MM/ /AE/ /PA3/ /BB2/ /EH/ /LL/ /PA2/ /QQ2/
/AH/ /PA2/ /LL/ /AE/ IMM/ /PAS/.

/AN2/ [AE/ /LL/ /PAl/ /LL/ /AE/ /PA2/ /IMM/
/AE/ /LL/ /PA2/ /EE4/ /EH/ /NN4/ /PA2/ /SS/
/AE:/ /[PA2/ INN1/ /AE/ /PA3/ IMM/ /AE/ /PA3/
/LL/ /AE/ IMM/ /PA3/ /YY2/ /AE/ /AN1/ /PA2/
/LL/ /AE/ IMM/.

4. CONCLUSION

The paper describes a combined Arabic/English
allophone set and a comprehensive set of Arabic
pronunciation rules based on a proposed allophone
set. This work represents the basic skeleton of an
effort to construct an allophone based Arabic text-
to-speech system by rules. One of the important
missing blocks is the implementation of the Arabic
prosodic rules. However, much work is still needed
on Arabic to deduce its prosodic rules. Another
drawback of our experimental system is its LPC
synthetic model. A formant based model is currently
being developed with a much wider frequency spec-
trum to replace the LPC model. Another major
difficulty is the need for a fully diacritized text.
Unfortunately, most modern written Arabic, as in
books and newspapers, has very limited diacritics.
Automatic vowelization of unrestricted Arabic text
requires a comprehensive morphology, syntax, and
semantic analyzer; a challenging task for the 90s.
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