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Overview

This investigation deals with pharyngeal articulation in general with a focus on its dynamic
aspects as observed in spoken contemporary Egyptian Arabic. PharS.ngeal articulation as a
linguistically distinct speech sounds is rarely used among the languages of the world. In
Arabic, however, the pharynx is frequently used to produce distinct phonemes both as primary
as well as secondary place of articulation, i.e., true pharyngeal and pharyngealized
consonants, respectively. When designing the present study we aimed to resolve the confusion
found in the literature concerning the phonetic description of pharyngeal and pharyngealized
articulation. The following is an overview of the scope of the present study. This book
comprises two parts which contain eight chapters. Part I includes an introductory chapter and

three other chapters describing various experiments we conducted to investigate several
aspects of pharyngeal articulation and coarticulation in Arabic. Part 2 comprises one chapter
which presents a model of pharyngeal articulation, two other chapters which report two
experiments intended to test the model and a final chapter for general discussion and a main
conclusion.

Chapter 1 provides a general introduction to the structure of Arabic language. We also
search for a definition of pharyngeal articulation and give a brief account on the anatomy and
physiology of the pharynx to substantiate that definition. In order to motivate the present
study, we state some phonetic and phonological observations concerning pharyngeal
articulation, nasalization and laryngealization. We relate, based on x-ray pictures available
from some previous studies, the peculiar shape of the tongue and the relatively unusually
large jaw opening associated with pharyngeal consonant production, to the complexity of
pharyngeal consonant production. Our main hypothesis is derived from some anecdotical
observations, both phonetic and phonological in nature, and are stated and are supported by
basic knowledge about the acoustics of pharyngeal articulation. The way pharyngeal
consonants are pronounced by bilingual speakers of Greek and Italian minorities in Egypt, by
non-native speakers learning Arabic as a second language and by young native children,
prompts us to examine the process of acquisition of pharyngeal consonants by native and non-
native speakers of Arabic. In addition some phonological observations such as vowel
lowering and vowel /a/ insertion before pharyngeal consonants are also stated. Perceptual
judgement, when listening to utterances containing pharyngeal consonant, indicates a
substantial degree of nasality associated with pharyngeal consonant production. One of the
aims of this study is to verify whether there exists a connection between nasal and pharyngeal
articulation.

We address the questions: is pharyngeal articulation simple or complex? Does pharyngeal
articulation involve only retraction of the tongue root in order to reduce the size of the
pharyngeal cavity as it is implicitly understood according to some previous studies? The
problem treated in the thesis are stated in Chapter I together with our formulated hypothesis.
A brief account on theories of coarticulation is also given in Chapter l.

Chapter 2 reports on the experiment we conducted to investigate the shape of the back
cavity during pharyngeal consonant production. We use a video registration of motion
pictures of the top view of the three pharyngeal compartments, i.e., naso-, oro- and laryngeo-
pharynx using the fiberoptic technique. The articulatory dynamics, associated with the
production of a set of consonants that take place in the back cavity of the vocal tract, were
monitored using a nasal fiberscope. The findings could provide a rigorous account on the
nature of interaction between nasal, pharyngeal and laryngeal articulation. Also, the results
revealed the mechanically complex process of pharyngeal consonant production which turned
out to be an activiry involving several other articulators than the tongue in their articulation.

Chapter 3 deals with the kinematics of the jaw trajectory. The movements of the mandible
and the lips were studied in order to determine whether there is any specific movement pattern
associated with the production of various pharyngeal consonants at different constriction
locations in the pharynx. It is commonly known that during the production of most of the oral
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consonants the primary gesture is that made by the tongue. The role of the jaw is considered
to be secondary in this case. The main question addressed in this chapter is whether the jaw is
involved in pharyngeal consonants production. The behavior of the jaw indicated that
pharyngeal consonants do involve the jaw in their production. Therefore we proceeded further
to investigate the acoustical aspects of pharyngeal articulation.

Chapter 4 is devoted to the acoustic characteristics of pharyngeal articulation, particularly
to provide support for the physiological and kinematics data collected and reported in the
previous chapters. Acoustic analysis was carried out on the same set of pharyngeal and
laryngeal consonants. The main findings show that the acoustic signal reflects, to a certain
extent, some of the physiological features characterizing pharyngeal consonant production
which were manifested as articulatory gestures. The acoustic and physiological data obtained
from our experiments and from other studies, enabled us to construct a model of pharyngeal
articulation.

Chapter 5 describes how we can dynamically model pharyngeal articulation to account for
pharyngeal coarticulation. The findings gathered from the series of experiments we conducted
were integrated in order to construct a dynamic model of pharyngeal coarticulation. The
model was tested first by examining its ability to account for the delay observed in the
acquisition of pharyngeal amiculation by native speakers, and second by examining the model
viability to predict the constraints on the distribution patterns in Colloquial Egyptian Arabic.
A delay in the acquisition time of this set of speech sounds may also occur due to the
excessive degree of jaw lowering which is a tedious act for children to acquire until a later
period of time. The pharyngeal consonants are mechanically complex segments and they exert
severe constraints on the co-occulrence restrictions among consonants in Arabic. This in turn
affects the entire structure of Arabic language on various levels.

Chapter 6 investigates the acquisition of pharyngeal consonant production by bilingual
children. Our previous findings on the characteristics of pharyngeal articulation gave rise to
the question whether native and non-native speakers of Arabic may encounter any difficulty
while acquiring pharyngeal consonants, and if so, why and in what way? We attempted to
capture a solution for that problem by explaining the effect of the complex pharyngeal
consonants on the development of the motor skills of native children in terms of the process of
acquisition of pharyngeal articulation.

Chapter 7 examines the phonotactics of Colloquial Egyptian Arabic. We focused on the
pharyngeal consonants distribution patterns and the type of restrictions imposed on this class
of speech sounds. It appeared clearly that the mechanical factor has a severe impact on the
production of the true pharyngeal consonants. The probable effect this factor might exert on
the surrounding consonants in a word, made it worthwhile to examine the distribution of this
class of speech sounds in relation to the overall structure of the language under investigation.
Thus, the distribution patterns of the pharyngeal consonants were stated in terms of a set of
rules governing the phonotactics of spoken Egyptian Arabic. The results of this investigation
pointed out the predominant effect of the mechanical constraints, rather than the perceptual
(acoustic) constraints, on shaping the overall structure of the entire language system.

A general conclusion is offered in Chapter 8. In this final chapter, the main findings we
obtained are discussed and gathered to support our definition of pharyngeal
articulation/coarticulation and the innovated phonetic classification of Arabic consonants we
offered. The limitations the present study suffered from are stated and some suggestions for
future research work evoked by our study are presented.
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Pharyngeal articulation

Abstract

This chapter deals with the definition of pharyngeal articulation and the phenomenon of
coarticulation particularly in Arabic. The literature on Arabic pharyngeal and
pharyngealized consonants is reviewed and critically discussed. The statement of the problem
concerning pharyngeal coarticulation is presented together with the main hypothesis which

motivated the present study.



CHAPTER 1

1.1. Introduction

1.1.1. The use of the pharynx in speech production

The vocal tract can be seen as a continuum where constrictions can take place at various
locations during the encoding process of speech production. Conventionally, the vocal tract,
when constricted at a given point, is divided into two compartments, i.e., front cavity and
back cavity. In languages which make use of more inferior places of articulation than the level
of the uvula, such as Arabic, the front cavity for uvular or velar sounds is mainly the area in
the oral cavity from the lips to the soft palate. The back cavity, then, comprises the area from
the level of the soft palate down to the surface of the laryngeal inlet, i.e., oro-pharyngealand
laryngeo-pharyngeal cavities. The back cavity is coupled to the nasal cavity via the
velopharyngeal port. The division of the vocal tract into front and back cavities is based on
acoustic manif'estations. When the major constriction is located in the front cavity the first two
formant frequencies in the spectrum are wide apart, e.9., as in high front vowels. These
formants are closer together when the major constriction occurs in the back cavity, e.g., low
back vowels (Klatt and Stevens, 1968). Figure 1.1 shows the shape of the vocal tract showing
the three divisions of the pharyngeal cavity, i.e., the nasopharynx, the oropharynx and the
laryngeopharynx and their relation to the oral cavity. .In natural speech communication, the
use of the pharynx as a primary place of articulation seems to be rarely involved in the
production of phonemically distinct speech sounds as consonants. ln a survey made on 317 of
the world languages, it was found that there are relatively few languages which include
pharyngeal consonants in their speech sound inventory (cf. UPSID, Maddieson, 1984).

For example, the sounds [f] and [h] which are phonetically described as voiced and
voiceless pharyngeal fricatives occur in only 2.5 o/o and 4 %o, respectively, among all
languages listed. Figure L2 shows data extracted from the UPSID phonetic database for
selected consonants, indicating the number of the languages which use them. It can be seen

that the number of languages using pharyngeal consonants in their inventory is far less than
the number of languages using consonants articulated in the oral cavity. There are only eight
languages containing the lower pharyngeal [f] in this database, i.e., Arabic, Ewe, lraqu,
Kabardian, Kurdish, Shilha, Somali and Tigre. There are 13 languages containing the
voiceless counterpart [h] and 54 languages containing one or more of the upper pharyngeals,
i.e., the uvular [q, X] or [r] in their speech sound inventory. Throughout this book the slashes

I l, conventionally used to demarcate phonemes, are interchangeably used to denote the same

as the square brackets [ ] which are used to demarcate allophonic realizations. It is beyond
the scope of this study to account for the variations of the phonemes due to contextual
differences. The class of pharyngeal speech sounds is particularly frequent in Semitic
languages such as Arabic (Al-Ani, 1970; Delattre, l97l; Ladefoged, 1975; Ghazeli, 1977;
Muy, 1979; Adamson, 1981; Elgendy, 1982) and Hebrew (Lauferand Condax,1972). These
sounds may also occur in language families unrelated to Arabic, e.g., Caucasian (see Catford,
1983).

"Pharyngeal" in usual phonetic terminology defines a region or a space in the vocal tract;
any gesture that impacts on that space can be said to have a pharyngeal component.
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Figure 1.1. The shape of the vocal tract showing the three divisions of the pharyngeal cavity,

i.e., the nasopharynx, the oropharynx and the laryngeopharynx.
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Figure 1.2. Some selected consonants representing various places of articulation in the vocal
tract and the number of languages which include them according to a speech sound inventory
(data extractedfrom the UPSID Phonetic Database which included 317 langwages of the

world, Maddieson, I 984 ).
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CHAPTER I

Pharyngeal articulation, whether used to produce consonants or vowels, is mainly ascribed
to either a reduction or expansion, to various degrees, in the pharyngeal cavity size. The
reduction in the pharyngeal cavity size can be achieved by an active manipulation of
pharyngeal muscles. If an articulator such as the tongue moves backward or forward in the
vocal tract, its movement will certainly affect the size of the pharynx. When the tongue body
is retracted, causing reduction in the pharynx size, the pharyngeal cavity size is passively
reduced since the pharyngeal muscles do not receive any neuromotor commands. The size of
the pharyngeal cavity can also be altered by movements of the velum or the larynx. The
degree of expansion or reduction depends on the direction of the movements of these two
articulators. If the velum is lowered, the length, and hence the volume, of the nasal portion of
the pharynx will be added to the rest of the pharyngeal cavity. Raising the larynx upward will
diminish the length and size of the pharynx.

1.1.2. Primary versus secondary pharyngeal articulation

In terms of phonetic classification notations, articulators can be involved in the production of
a sound in a variety of ways. When a major constriction is created by a given articulator, the
articulation is called primary. The articulation is secondary when a major constriction is
combined with another minor constriction. For example, a primary velar place of constriction
can be combined with a secondary labial constriction (lip rounding) to produce a labialized
velar sound. Accordingly, there are two major types of articulation in which the pharynx can
be involved, a primary and a secondary pharyngeal articulation. A primary pharyngeal place
of articulation, on one hand, exhibits a size reduction in the pharyngeal cavity with a major
constriction located in the pharynx. This type of pharyngeal articulation can be achieved
either actively or passively. The passive pharyngeal articulation can be achieved by
movements of articulators such as the root of the tongue when occupying part of the pharynx.
The place of constriction in the pharynx is considered as being primary as long as no other
parts of the tongue body are involved in a narrower constriction during the same moment.
This type of articulation is said to be a passive pharyngeal cavity size reduction because it is
only the tongue, not the pharynx, which is involved in the neuromotor process. If the
reduction is achieved by issuing neural commands directed to the pharyngeal muscles, thus
leading to a reduction in the cavity size by muscle contraction, the pharynx will be actively
involved in the articulation process. Accordingly, the speech planning is different and that
will have implications on our understanding of the general theory of speech production.

The other type of articulation which involves the pharynx is called "pharyngealization"
which is also known as "emphasis" in the phonetic literature, Pharyngealization is considered
a secondary articulation because it is an added constriction to a primary place of articulation
in another location in the vocal tract. Consider, for instance, a 'phonetic segment" which has

a rnajor constriction in the oral cavity, e .8., the apico-alveolar constriction of lN.If the tongue
is retracted and depressed, a reduction in the pharyngeal cavity size and an increase in the oral
cavity size will occur. This reduction will add a secondary place of consffiction to the major
place in the oral cavity. Pharyngealization can be attributable to either a vowel or a consonant
segment and it is in this case a secondary feature of articulation. A secondary articulation
implies, by definition, the co-occurrence of a primary constriction together with the secondary

constriction. The secondary constriction has always a lesser degree of stricture in the vocal

tThe term phonetic segment is used here in the sense of denoting a specific articulatory event which has a beginning
and an end of a time interval assigned to a phoneme. It has no phonological value such as a bundle of features
specified to a given phoneme, for instance.
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tract than that of the primary stricture and is usually created by articulators which are not
involved for the primary articulation is taking place (cf. Ladefoged, 1971, pp. 59). For
instance, when a consonant such as the velar stop /ls/ bears a secondary articulation, say, a
labial stricture, the consonant will be phonetically described as a labialized velar and it is
transcribed as /k*/. In this case the degree of constriction created by the back of the tongue
and the velum at the velar area should be greater than that of labial approximation. The
phoneme then is the combination of the velar and the labial articulatory gestures which occur
almost simultaneously.

In the case of pharyngeal consonant production, the reduction in the pharyngeal cavity
size is thought to be achieved by pulling the tongue root towards the posterior pharyngeal
wall (e.g., Delattre ,l97l; Ghazeli,1977). The acoustic effect resulting from such a vocal tract
configuration causes the first two resonance frequencies of the acoustic signal to approach

each other. Accordingly, phonetic segments which are characterized by such a formant
structure are defined as involving some degree of narrowing at a given point along the
pharynx.

However, whether the reduction in the pharyngeal cavity size during the production of
pharyngeai consonants is attained passively or actively is not a fully covered issue in the

current phonetic literature. It is taken for granted, nowadays, that pharyngeal articulation,
either prirnary or secondary, is achieved by bringing the tongue root closer to the posterior
pharyngeal wall. That is, the major articulator responsible for creating the stricture in the
pharynx, in both types of articulation, i.e., pharyngealization and true pharyngeal, is the

tongue. It is within the framework of the present study to set up a more precise definition of
speech sound categories involving the pharynx in their production.

1,1.2.1. Pharyngeal articulation in Arabic
Arabic, together with Amharic, Aramaic, Hebrew, and Tigrinya comprise the Semitic
language family. The speech sound inventory of each of these languages contains consonants

articulated in the pharynx or involving the pharynx in their production (cf. Maddieson, 1984).
The Arabic language received a great deal of attention by the medieval Arabic grammarians
since the beginning of the fourth Islamic century. One of the pioneering works which
presented an extensive description of different levels of Arabic grammar, is ascribed to
Sibawayh, a prominent linguist of the school of Basra. In his popular book "Al-Kitaab" (750
AD) a thorough description of the phonological system of Arabic was presented. Sibawayh is
the first to provide a fulI account on the phonetic classification of the speech sound inventory
of Arabic in general and on the pharyngeal and pharyngealized articulation in particular. His
classification was based on the place of articulation of each consonant relative to the throat
and the oral cavity. The classification also includes definitions of the manner of articulation
for consonants, as well as laryngeal activity in terms of presence or absence of voicing. He
has classified the speech sound inventory of Arabic (of his time) as having two main
categories, i.e., the sounds of the throat and those of the mouth. The set of throat sounds are

those consonants which are articulated in the back cavity while the rest of the inventory are

those sounds articulated at various points between the soft palate and the lips. The term
"Gutturals" is used in modern linguistics, often among phonologists, to describe the
pharyngeal, laryngeal and uvular consonants of Arabic (cf., e. g., Harrell, 1975; McCarthy,
19e1).

Sibawayh had defined three pairs of back consonants in terms of their place of articulation
in the throat. The pair l?, hl have their place of articulation farthest down in the throat. As for
the pair lt,hl their place of articulation is in the middle of the throat and finally lq, y, x/ have
their place iocated highest in the throat. In addition, his classification also made a distinction
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between voiced and unvoiced (voiceiess) sounds among pairs of consonants in Arabic. The
terms "mahmos" (hamas : to whisper) and'omaghor" (gahar : to speak loudly), indicate
voiceless and voiced, respectively. Thus, for instance, the sounds lf, y, y/ were classified as

voiced and ft:t, y, q,l as voiceless sounds of the throat.
In addition to the true pharyngeals, Sibawayh recognized that the set of the plain oral

consonants /t, dn s, zl have counterpafi pairs, which involve, in addition to their primary place
of articulation in the oral cavity, superimposed constriction in the pharynx. He differentiated
the sounds of the throat, i.e., pharyngeal and laryngeal consonants, from the pharyngealized
consonants. He gave the term "the covered sounds" to the pharyngealized consonants since,
he postulated, the contour of the tongue blade is covering (parallel or closer to) the surface of
the soft palate (being retracted) during their production. The comparison was made according
to the shape of the tongue during the plain set of oral dental consonants and that during the
sounds of the throat (i.e., pharyngeals). Sibawayh's definition, though not clear enough when
using more than 1000 years old semantic terms, still points out that pharyngealized
consonants involve only the tongue in their production and that the pharyngeal constriction
associated with these consonants is attained by retracting the back of the tongue in the throat.

It should be noted that Sibawayh's classical study of Arabic speech sounds influenced the
methods of describing Arabic language in modern phonetic research. Several linguists who
have started reviewing old Arabic literature in the beginning of the nineteenth century made
use of Sibawayh's studies (e.g., de Sacy, l8l0; Wallin, 1855; Briicke, 1860; Haupt 1890;
Sievers, 1901; Schaade, l9l1; Meinhof, l92l; Calzia,1924; Margais, 1948; Jakobson, 1957
(for a comprehensive review on the literature of emphatic sounds in Arabic see Giannini and
Pettorino, 1982). However, the approaches they used were mainly dependent on
impressionistic analyses based on auditory perception, especially to the unfamiliar Arabic
sounds such as pharyngeal and pharyngealized consonants. Nevertheless, little attention was
given to the fact that the Arabic language had passed through substantial historical
developments leading to a wider range of variations among different dialects of Arabic
language communities.

In the beginning of the nineteenth century several studies have been conducted by western
scholars which included a description of Arabic pharyngeal sounds. The term "mofaxxama"
which means "emphatic" was first introduced by de Sacy (1810) and it continued to be used
up till now by modern linguists (e.9., Jakobson, 1957). This term refers to a class of speech
sounds, namely, the set of dental consonants vis. /t, d, s, z/ which, in addition to their front
cavity affiliation, display a concavity and depression of the tongue body and a retraction of
the tongue dorsum toward the posterior wall of the pharynx (Ali and Daniloff, 1972). This
articulatory maneuver resuits in what traditionally is referred to as the "emphatic consonants
of Arabic". The terms "pharyngealization" and "velarization" are sometimes used to refer to
the same phenomena because of the similarities between the velum and the pharynx in terms
of their acoustic effect, i.e., back cavity affiliation (cf. Nasr, 1959; Catford, 1977, p. 193).

To summartze, it appears from the historical background mentioned above that there are

five true pharyngeal consonants in the phonetic systems of contemporary Arabic. Two
consonants articulated in the lower pharynx, i.e., ll, h/ and three consonants articulated in the
upper pharynx (oro-pharynx), i.e., lK, X, q/. From an acoustics point of view, pharyngeal
consonants are all considered to be fricatives (cf. IPA's consonants chart revised to 1993 and
updated 1996 as shown in IPA handbook,1999). However, in the Kiel convention of the
International Phonetic Association meeting (1993), the description of the pharyngeal
articulation was extended to include the voiced epiglottal fricative If], voiceless epiglottal
fricative [H] and epiglottal plosive [?]. As for the pharyngealized consonants, the symbol
which denotes the voiced pharyngeal fricative [t] was used as a diacritic mark replacing the
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traditional subscript dot to be a suporscript for the dental consonant when they are
pharyngealized, e.g., [dt] instead of t+]. Table l.l shows the set of the back consonants, i. e.,

the true pharyngeal consonants, the laryngeal consonants and emphatic (pharyngealized)
consonants as classified in the sound system of Egyptian Arabic (Elgendy, 1982). The uvular
consonants [r] and [X] are realized as allophones of the velar consonants [y] and [x] in the
emphatic environment, respectively.

1.2. Outlines of the structure of the Arabic language

Arabic is a peculiar language in terms of the way it is structured when compared to other
unrelated language families such as Germanic. There is a huge bulk of knowledge
accumulated on the western European languages which have had the merit of attracting the
vast majority of study programs in modern phonetic research. Much less is generally known
about Arabic, therefore, a brief description of the basics of the structure of Arabic is necessery

and also will help to furnish a ground for the present study.

Table 1.1. The back consonants in Arabic. V. and V.L. stand for voiced and voiceless
cons onants resp ectively.

Back Consonants

Larvneeal Pharyneeal Uvular Velar Pharvnsealized

V. V.L. V. V.L. V. V.L. V. V.L. V. V.L.
? h t h Y Y.O v x dt. zt

.9 I
T.S

Arabic word structure is based on a sequence of three or four consonantal elements
embedded in a set of vocalic patterns by which derivational forms are generated. The stem is
commonly referred to as the "root" of the word (Arabic: jazr) and it is denoted by the
mathematical symbol {. The inflectional constructions, on the other hand, are
paradigmatically obtained by adding prefixes, infixes or suffixes to the derived forms. There
are 70 theoretically possible combinations which can be yielded from the affixation process.

A combination of a root and a vowel pattem is called a "theme". The stem common to a set of
inflected forms may appear in several themes. Thus lkataH/ lkatteb-/ and /-kteb/ are all
themes of the stem of the verb root /k t b/. Adding the feminine pronoun morpheme {-ti}, for
instance, will generate /katabti/']ou (feminine) wrote"; lkattebtil "you (feminine) caused to
write" and /tikteb/ "she is writing". For a more detailed account on Colloquial Egyptian
Arabic (henceforth CEA) morphology see Aboul-Fetouh (1969). The morphological rules
governing the word in Arabic are highly systematic. The three types of affixationo i.e., suffix,
infix and prefix are used to generate different themes. Consider the example of the word
morpheme lktbl "to write" in Table 1.2.

The syntax of an Arabic sentence is strongly linked to the phonological manifestation of
the phonetic system. The final vowel in a word denotes which part of speech it is, i.e.,
whether it is a subject, an object or an adverb (see example in Table 1.3). The semantic unit is
embedded in the elements of the root itself. The serial order of the consonants presented in the

morpheme determines the basic meaning, i.e., the sememe. For instance {r-k-b, ./k-b-r, {U-r-
k, are roots in Arabic which have the basic meaning, to ride, to grow and to put down,
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respectively. The derivational and inflectional forms generated due to the insertion of specific
vocalic patterns are consistent in all of the words with only a few exceptions.

Table 1.2. The three types of affixation in Arabic, i.e., suffix, infix, and prefix used to generate
dffirent themes. (C) denotes any consonant; (O) denotes no vowel inserted in that position
(an emp4, slot); (.) denotes syllable boundary; and (-) denotes the place where a consonantal
element can be inserted while () denotes the place where a vowel can be inserted.

Root C,C,C Vocalic Pattern Word-morpheme English Gloss

k-t-b -&-&-

-o-i-

-o-o-

-r,r-i-
-E&-e-
-i-rere-

-nt-a-

?i-tn-r-
?i-to-i-
mre-o,-r-
mre-rere-i-

ma.-@,-a-nh

mn-A-r-nat
mn-@,-o-r,rt

mo-rere-re-aret

mostre-O-i-reret

?isti-fr-r;r-r;nt

kretrb
ko.tib

ko.tob

keretib
kreetreb

ki.treaeb

kret.treb

?ik,treteb

?ik.to.tib

mrek.teb

mr.kreretib
mek.trbreh
mrek.trebreret

mek.to.breet
mo.kreae.tr.baret

mos.trek.ti.brret

?is.tik.trere.brct

to write

was written

books

writer

he corresponded

a book

to cause to write

to register

was registered

desk

desks

library

libraries

documents

correspondences

register objects

registers

Table 1.3. Final vowel indicator to the word's part of speech in Arabic. The example shows
the word kitanb "a book" denoted by the verb root ^llr-*n "to write".

Vocalic Pattern Paradigm Lexrme

kitrerebon subject (agent)

kitereban object (antecedent)

kitrerebin adverb

l-8eE-on

r-8,&-&n
i-rea-in

1.3. Diglossia

The development that the Arabic language has undergone is manifested in the form of the
contemporary Arabic version as it is known today, i.e., Literary Standard Arabic, compared to
the classical version of the language. Several other dialectal variations have continued to co-
exist with the standard version.



GENERAL INTRODUCTION

The considerable amount of the documented work done on Arabic linguistics in the old
times enabled modern linguists to benefit from the massive data reported in several textbooks.
The interaction between the classical Arabic and the modern contemporary varieties of the
language is referred to as Diglossia (Ferguson, 1959;1978). For speech technology
applications, knowledge is needed about the differences found among the dialectal variants
and about the characteristics of the unified contemporary standard Arabic.

Table 1.4. Consonant inventory in the sound system of Colloquial Egtptian Arabic. V and VL

stand for voiced and voiceless consonnnt, respectively. The pharyngeal consonants are
classified as fricatives according to the IPA consonant chart.

Tahle 1.5, Short and long vowels in contemporary Egyptian Arabic.

1.4. Outlines of the phonology of Colloquial Egyptian Arabic

1.4.1. Speech sound system
Colloquial Egyptian Arabic has 28 consonant phonemes where fricatives are overriding the
stop consonants in number (see Table 1.4). This set includes the four emphatic consonants,
i.e., the pharyngealized apicals [dr, t' , z' , st1. Th. velar consonants [y, x] are realized as the
uvulars lv, Xlin an emphatic context, i.e., in the vicinity of any of the emphatic [dt, tt, ,t, .t].
The uvulars [r, X] are refered to as the upper pharyngeal consonants throughout this thesis.
The voicels uvular stop [q] is seldomly used in CEA speech and it is replaced in most of the

Stop Fricative Nasal Lateral Trill Glide
V VL V VL V V V V

Bilabial b m w
Labiodental f
Dental d t Z S n I

Alveolar r
Palatal t
Velar q k Y x
Uvular q K x
Pharyngeal I h
Glottal ? h
Emphatic ds tl tz sf

Short Vowel Lons Vowel

High

Mid
Low

Front Central Back Front Central Back

i ll tt uu

t J ee oo

& o && qo
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cases by the glottal stop [?]. The approximants (glides) Ll, w] are considered as vowels in the
Arabic phonetics literature, therefore, in our treatment of the consonant inventory in CEA we
do not focus on these two sounds as they behave not as typical consonants. The vowel system
consists of eight basic vowel phonemes: five long [ii, ee) &&, oo, uu] and three short le, &,
o/. The long vowels /ii, ee/ are phonologically reduced to the short vowel /e/, while /uu, oo/
are reduced to the short vowel /o/. These vowels, when they occur in a pharyngealized
(emphatic) environment, become centralized due to tongue depression and retraction.
Accordingly, two more short vowels, i.e, [i] and [o] and two long vowels, i.e., [ii] and [oo]
can be added to the 8 basic vowel as allophones. Table 1.4 lists the consonant phonemes as

found in the inventory of CEA, while Table 1.5 shows the distribution of long and short
vowels in terms of the tongue height and its horizontal position in the vocal tract. The low
back vowel [o] is an allophone of the low front vowel [re] while the high central vowel [i] is
the emphatic allophone of the high front vowel [i]. All these allophones are contextually
conditioned by the presence of an emphatic (pharyngealized) consonant in the word.

1.4.2, Stress and syllabic structure

The prosodic aspects of CEA which have relevance to the present study are stress, emphasis
as a suprasegmental feature, and phonetic segment quantit), €.9., distinctive vowel length,
geminating consonants, etc. Some of the prosodic aspects of CEA are briefly outlined below.

The stress assignment in Egyptian Arabic is correlated with the type of syllable and its
position in the word. There are five different syllable forms that can be found in the language.
Two short syllables, i.e., CV, CVC and three long syllables, i.e., CW, CVCC, and CWC. It
is not only the vowel which determines the length of the syllable but also the consonant,
especially in a cluster. The ultimate (final) syllable is always bearing the main stress if it is
long, i.e., CVV, CVCC or CVVC. If the ultimate syllable is short, CV or CVC, then the
antepenultimate is stressed and that requires that both the penultimate and the antepenultimate
syllables are short (e.g., /'ke.tr.bo/, /?itrkm.tr.bo/ where I denotes the sffess position). In the
remaining cases the penultimate syllable bears the main stress (cf. Harrell, 1957 and Harms,
1e81).

1.4.3. Quantity

Quantity is a phonological parameter which refers to the duration of a phonetic segment. The
actual duration of a phoneme is the time interval the speaker takes to produce that sound. In
Arabic, the duration of vowels as well as consonants is distinctive, i.e., it alters the meaning of
a word and it is always indicated with a double symbol. For example, a word as ldnnll "a
letter rlame" is contrastive with ldrlll "to inform". The vowel length is longer in the first
word while the consonant is longer in the second word.

1.4.4. Emphasis as a prosodic parameter

As mentioned earlier, Egyptian Arabic has a set of consonants traditionally known as the
emphatic or pharyngealized consonants, i.e., /dt, tr, z' , *'/. These consonants are phonetically
differentiated from their plain counterparts, i.e., /d, t, zo s/, by having a larger oral cavity and
a narrower pharyngeal cavity due to the retraction of the body and the root of the tongue

2 
The double vowel notation is used throughout this book to indicate long vowel.
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toward the posterior wall of the pharynx (Jakobson,1962: Al-Ani, 1970). It has been argued

that the feature of emphasis is not confined to a single segment, i.e., the emphatic consonant
alone, rather it is spreading to the surrounding segments, both consonants and vowels, thus the

acoustic characteristics of the whole utterance will be altered (Ali and Daniloff, 1972).

Several studies claimed that the emphasis spreads its phonetic information to the adjacent
segments in both directions regardless of the syllabic boundaries, i.e., anticipatory and carry-
over types of coarticulation (e.9., Lehn, 1963; Bonnot, 1977 1979; Ghazeli, 1977).
Consequently, the quality of the vowels and consonants surrounding the emphatic segment is

altered. This approach treats emphasis (pharyngealization) as a suprasegmental feature.
Hence, it looks at the nature of coarticulation from a different perspective, that is, involving
the timing of the speech utterance. There are several examples in CEA which support the

validity of this approach. For example, in words like /tso.fom/, /motr,fqm/, /tro.foo.mo./,
/mott.tom.ho/, the feature of emphasis due to the presence of the pharyngealized consonant
Itt l, covers the whole utterance. The effect even goes beyond the syllabic boundaries in both
directions.

In our study we take into account that when an emphatic segment (e.g., /dr/; is introduced
into an utterance the whole sequence of segments constituting the word will be emphatic. In
other words, emphasis is taken as a suprasegmental feature. Hence, emphasis
(pharyngealization) is considered to be a feature affecting the entire utterance in both
directions, i.e., carryover and anticipatory coarticulation. Therefore, the emphatic vowel /s/ is
included as one of the plain vowels constituting the sound system of CEA. Moreover, we

observed that lil has a similar effect on the vocalic element in some words as that observed

for the traditional emphatic consonants. For examples, words like /nsor/; lttarl,/hosrl,
lvortoml, lhsrsr.ll and /roffl display the pharyngealized back vowel lo/. Nevertheless, no
minimal pairs were found to be contrastive with the plain lrl inCEA (Elgendy, 1982).

1.5. The problem of defining pharyngeal articulation

In this section we critically review the studies dealing directly or indirectly with defining
pharyngeal articulation as primary or secondary articulation particularly in Arabic.

1.5.1. Pharyngeal articulation and pharyngealization in Arabic

According to the classification available in the literature, Arabic has seven consonants
articulated in the back cavity of the vocal tract. Table I .l shows the group of back consonants

in Arabic as classified into true pharyngeals, uvulars, pharyngealized consonants and

laryngeals.
The uvulars lv, X, ql are produced by constricting the oro-pharynx. This constriction

location can be achieved by bringing the tongue dorsum to approach the uwla. The voiced /f/
and its voiceless counterpart N have a major constriction in the laryngeo-pharynx at the level
of the fourth cervical vertebrae for a male speaker (see Figure 1.1). In addition, there are two
laryngeals l?, hl in which the major constriction occurs in the glottis itself. The most
commonly accepted phonetic description for the manner of articulation for pharyngeal
consonants in general is that they are fricatives. However, some views share our opinion
which consider pharyngeal consonants as approximant (e.9., Catford, 1965) since the degree

of constriction is more similar to a vowel than to a typical fricative consonant.

The Arabic phonemes /f, h/ which are produced in the laryngeo-pharyngeal region are

thought to have their major constriction, created by the tongue root, at about 3.5 cm above the

glottis as presented in the speech of an adult male Lebanese speaker (Klatt and Stevens, 1969;

l3
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Delattre, 7974; Ghazeli, 1977). The uvular consonants, which have their major constriction in
the oropharyngeal area, created by the tongue dorsum against the uvula, at about 6 cm from
the glottis, are included in the class of pharyngeal consonants because they share some
spectral properties with the lower pharyngeals. That is, they exhibit a higher Fl which is
relatively closer to F2 compared to oral consonants (Klatt and Stevens, 1969, p. 210).

The mechanism used for pharyngeal consonant production is yet far from being
established, especially that for the lower pharyngeals. There is still a controversy in the
literature regarding the role of the tongue root in forming the stricture in the pharynx. Even
the few experimental studies which investigated the physiology of pharyngeal articulation,
and which were based on lateral X-ray photography (e.9., Al-Ani, 1970; Delattre, l97l;
Ghazeli, 1977; Boff-Dkhissi, 1983), could not provide a clear description. It was claimed,
based on motion pictures obtained from these films, that the constriction required to produce
lll or lhl, for instance, is attained merely by active pulling of the tongue dorsum toward the
posterior wall of the pharynx. However, it is not sufficient to infer the mechanisms required
for creating the consfriction in the pharynx from lateral X-ray pictures alone, since using this
technique only makes it possible to monitor posterior wall forward displacement but not any
inward displacement of the lateral pharyngeal wall. However, what only can be seen in lateral
X-ray pictures is the anterior posterior distance. In Chapter 2, we attempt to account for this
problem.

Moreover, if the tongue dorsum is the active articulator used to create the constriction, as

it is commonly thought, how then can the difficulty encountered by non-native speakers
attempting to produce lower pharyngeal consonants be explained? In fact, when a non-native
speaker attempts to utter a word containing a lower pharyngeal consonant, the resultant sound
is usually not perceptually intelligible as a pharyngeal (Elgendy, 1992, for more details on this
issue see Chapter 6). It seems that pulling the back of the tongue backward alone is not
adequate to produce the Arabic pharyngeal consonants. Retracting the tongue root or tongue
dorsum is a universal articulatory gesture, e.g., production of low back vowels (cf.
Maddieson, 1984) which can be tackled by any speaker irrespective of its native language.

Arabic has also another set of speech sounds articulated in the front cavity, vis., lt, d, s, zl
which can be pharyngealized. Pharyngealization, as an added feature on these plain oral
consonants, is achieved by depressing the blade of the tongue downward and pulling its
dorsum backward so that it approaches the posterior pharyngeal wall. The resulting vocal tract
configuration (cf. Figure 1.7) is a larger front cavity, due to the concavity of the tongue blade,
and a narrower back cavity due to the retraction of the tongue body (Margais, 1948;
Abramson and Ferguson, 1962 (see Uldall, 1990, for an account on the X-ray film presented

in the Abramson and Ferguson study); Ali and Daniloff, 1974; Giannini and Pettorino, 1982).
This class of sounds is known in the literature as the "emphatic consonants of Arabic", i.e.,
/dt, tt, ,r, s'I (for an account on an early description of emphatic consonants by medieval
Arabic grammarians, see Jakobson, 1962).

1.5.2. Pharyngeal consonants in emphatic environment

In fact, a true pharyngeal consonant can occur in an emphatic (pharyngealized) environment.
For instance, in Egyptian Arabic the plain words lfr,drU "to be justice", lynazl "gas" and
lsr;nh/ "to melt" can be matched with the emphatics /todrol/ "muscle", lvooz'l 'to make
arrgry" and /stooh/ "to shout", respectively. This observation gives rise to the question
whether the resulting allophonic variation will be defined as a "pharyngealized pharyngeal" or
simply as an "extra" pharyngeal consonant? The problem is interesting because phonological
analysis requires phonetic treatment of secondary features of articulation. If a pharyngeal
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segment will carry an extra feature, say, "backness", such that when it is affected by the

feature of emphasis, then it is problematic to construct a phonological ruIe which is able to
account for the superimposed phonetic events, i.e., additional "backness".

From the viewpoint of phonetic description, the distinction between true pharyngeal and
pharyngealized consonants has been unclear. Meinhof (1921) speculated that the
"compressed" vowel onset observed in the vowel just following the emphatic consonant in
Arabic can be due to lowering of the epiglottis so that it covers the laryngeal inlet. Meinhof s

judgment on the state of the epiglottis was derived mainly from a mere observation made on

the acoustic effect induced by the emphatic consonant on the following vowel. That is, the

upward shift of the first formant and the downward shift of the second formant of the vowel
/a/ following an emphatic consonant compared to its plain counterpart. Calzia (1924, p. 59,
quoted in Giannini and Pettorino, 1982) also described the articulation of the Arabic
emphatics in a manner similar to Meinhof. He further stated that this sort of articulation is

accompanied by contraction of the pharyngeal muscles and retraction of the hyoid bone which
will cause a decrease in the pharyngeal cavity size.

One ancient study which mentioned the epiglottis and the arytenoids to be associated with
the production of the true pharyngeals lll and lh/,was made by Avisena(ca. 1010; p. 16) who
based his description on anatomical dissection and inspection of strength and size of muscles

of the larynx and the structure around it. However, none of the above-mentioned speculations

was empirically verified.
In a recent study, based on lateral X-ray pictures taken for an Iraqi speaker of Arabic, it

was demonstrated that the epiglottis is actively bending down during the pronunciation of the
lower pharyngeal consonants lf,hl (El-Haleeg 1985). Similar results were obtained from nine
Egyptian speakers uttering words containing lower pharyngeal consonants. The technique
used was fiberoptic video recording to monitor the top view of the upper and lower pharynx
(Elgendy, 1987). This study is reported at length in the following chapter.

Bilingual Arabic/Hebrew speakers also have shown similar activities of the epiglottis
during the production of the true pharyngeal consonants, emphatic consonants, i.e., /t*, dt, stn

,'l,aswellasthelow-backvowel la/(LauferandCondax, l98l;LauferandBaer, 1988).The
technique used to obtain the results reported in these studies was also fiberscopic video
recordings of the top view of the lower pharynx. Arabic words containing pharyngeal
consonants were used since these consonants vanished frorn modern Hebrew which only
conserved the emphatic set of consonants as those in Arabic.

The question whether the epiglottis plays an active role during speech production has been
of minor importance in phonetic research due to the fact that the epiglottis movement is
always associated with tongue root movements. For example during the production of low
back vowels, the root of the tongue is retracted and depressed on the floor of the mouth. The
epiglottis is passively pushed backward. That does not mean that it is receiving any neural
commands at that moment. If the epiglottis is proved to be actively participating in the
production of speech, particularly during pharyngeal segments, then the design of articulatory
models in general will need to undergo considerable changes. However, from a pure
physiological point of view, it is possible that the movement of the epiglottis can be
independent from that of the tongue, e. g., during swallowing (Bosma et al., 1986). This point
is discussed in more details in section 2.4.2 of Chapter 2.

L.6. The structure of the pharynx

The vocal tract conventionally is considered as a three-branch-tube, i.e., the front (oral), the

back (pharyngeal and laryngeal) and the nasal branch. The pharynx is a longitudinal
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cylindrical tube connecting the nasal and laryngeal cavities together. One part of the cylinder
is opened across the vertical axes facing the oral cavity. Figure l.l shows a schematic
drawing for the pharynx and its structure. The three compartments which comprise the
pharyngeal cavity are referred to as the naso-pharynx (hypopharynx), oro-pharynx and
laryngeo-pharynx (epipharynx). The naso-pharynx is linked to the oral and pharyngeal
compartments via the so-called velopharyngeal port. The pharynx can be constricted at
various points by the action of the superior, medial and inferior constrictor muscles. The
structure of the pharynx is connected to other muscles controlling activities of the tongue,
velum, hyoid, jaw and larynx (for more detailed description on the pharyngeal structure, see

Donner et al., (1985) and Bosma et al. (1986). Figure 1.4 shows the muscles of the pharynx
and their connections to other articulators.

Iirperi or c ffii,str iEt ()r'

Mi*ltll e Clon*tnr' tor:

Ilryrnhyotl

I nfrrrr:r Csrnrl rictrrr

triru Phrryq*us

Figure 1.4. The muscles of the pharynx.

1.7. Mechanism of pharyngeal articulation

There are a number of experimental studies which deal with the production of Arabic
pharyngeal consonants in various dialects. Their aim was to provide an account on the
mechanism controlling pharyngeal articulation. Some studies were conducted using acoustic
analysis methods (e.9., Klatt and Stevens, 1969; Al-Ani, 1970; Adamson, 1981; Elgendy,
1982; Norlin, 1983). Other studies used perceptual analysis (e.g., Muy, 1979; Alwan, 1989)
and some others used physiological methods such as X+ay,, EMG or kinematics registrations
(e.9., Delaffre, I97l; Ghazeli, lg17; Bladon and Al-Bamarni, 1982; Boff- Dekhissi, 1983;
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Elgendy, 1985; 1987; Kuriyagawa et a1., 1988; El-Halees; 1989; Ghali, 1989; Sakai etal.,
1995) or aerodynamic and acoustic measurements (Butcher and Ahmad, 1987 and Elgendy,
1993 (see Chapter 4 for the study of Elgendy, 1993)).

Some of these studies used the cineradiographic technique to obtain dynamic tracings of
the vocal tract outlines during the pronunciation of some words containing pharyngeal and
laryngeal consonants in Arabic. According to the lateral X-rays tracings of the vocal tract
outlines for one Lebanese speaker (Delattre, 1977) and one Tunisian speaker (Ghazeli, 1977),
it was noted that the tongue assumes a fixed pyramidal shape (resembling a inverted "V") at a
point close to the hard palate. Moreover, the hyoid bone and the larynx were observed to be
simultaneously elevated. The larynx is observed to ascend 1.3 cm in superior-anterior
excursion (Al-Ani, 1972). During pharyngeal and laryngeal consonants, the jaw displayed an

extreme degree of opening, i.e., up to 26 mm on average during ltl in initial position for some
speakers, compared to oral consonants (Elgendy, 1985.b).

1.8. Physiological and anatomical accounts on pharyngeal articulation

In this section some basic physiological and anatomical accounts related to pharyngeal
articulation in Arabic are discussed. These accounts are to be found mainly in the textbooks of
Zemlin (1968) and Hardcastle (1976).

1.8.1. The Pharynx

The pharyngeal wall is an immovable structure. It does not move away from any medial plane

or rotate around a fixed joint as does the jaw, for instance. However, the pharynx can be
constricted at various points and to various degrees. The structure of the pharyngeal wall is
firmly connected to the larynx, the velum and the mandible by a group of extrinsic muscles
(see Figure 1.4).

Several studies presented data showing that the pharynx can be subjected to narrowing or
expansion during speech production (e.9., Bell-Berti, l97l; Parush and Ostry, 1986; 1993).
There are a number of factors affecting the shape of the pharynx, some are due to mechanical
requirements and others are related to aerodynamic conditions. For instance, when any of the
pharyngeal muscles, i.e., inferior, medial, or superior constrictor, is activated, a corresponding
part of the pharyngeal wall will be constricted. The dilatation of the pharyngeal cavity can
normally be achieved by virtue of the increased inter-oral air pressure.

The link between various articulators due to the anatomical connection between the
muscles controlling their activities is strong. The movement of one articulator may be
coordinated with the combined action of one or more other articulators due to the synergy
among muscles performing the motor control commands. In the remaining part of this chapter
the anatomical relationship between various muscles and cartilages constituting the synergism
and antagonism, which possibly are involved in the mechanism of pharyngeal articulation,
will be discussed.

There is a group of muscles which control the shape of the pharyngeal cavity, namely, the
constrictor and the levator muscles. The constrictor muscles are the superior, medial and
inferior constrictor muscles that originate in the base of the skull, the hyoid bone, the larynx
and the lower jaw (see Figure 1.4). These muscles run semicircularly, forming the lateral and
posterior wall of the pharynx. During contraction, a forward and downward pull of the
pharynx rear wall induces reduction in its cavity size. The contraction of the levator muscles
occurs in particular in the lower pharynx, while the upper pharynx is passively compressed
(cf. Sonesson,1970).
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One of the muscles which affects the size of the velopharyngeal port is the
palatopharyngeus muscle which arises in the soft palate. Its fibers form the posterior pillar of
the isthmus of fauces (the port where oral and pharyngeal cavities communicate). This muscle
inserts in the lateral pharyngeal wall and the thyroid cartilage, the largest cartilage of the
larynx complex. The contraction of this muscle will cause the soft palate to be lowered if the
thyroid and the pharyngeal wall are fixed. If the soft palate is fixed, as a result of contraction
of an antagonist muscle, the thyroid will be raised, e.g,, during swallowing (Zemlin, 1968, p.
307). Accordingly, it can be expected that, if the larynx deliberately is raised, the
palatopharyngeus muscle should be passively pulling down the soft palate. This action will
lead to an opened velopharyngeal port, hence to a nasal-oral coupling of a certain degree
depending on the force of contraction applied on the palatopharyngeus muscle. It is unclear
whether it is the extrinsic laryngeal muscles or the palatopharyngeus muscle which are
activated so that the larynx is raised during swallowing.

The relationship between the state of the velopharyngeal port and the activities of the
pharyngeal muscles is supported by data coliected from physiological experiments. One of
these experiments (Fritzell, et al., 1974) demonstrated that low vowels showed greater
electromyographic (EMG) activities of the palatopharyngeus muscle compared to high
vowels. Moreover, low vowels were observed to exhibit narrowing of the pharynx which was
suggested to be a result of conffaction of the pharyngeal constrictor muscles (Parush and
Ortry, 1993).

Data on articulatory dynamics of the velum have been reported in a number of
experiments showing that the degree of velar elevation is different for different vowels and is
often related to vowel height or openness. That is, the velum has a higher position for high
vowels than for low vowels (Moll, 1962; Lubker, 1968; Seaver and Kuehn, 1980). The height
of the vowel is determined by the tongue position in the vocal tract. The degree of the
pharynx size depends on whether the tongue occupies more area in the oral cavity, hence
increasing the pharyngeai cavity size, or occupying more area in the pharyngeal cavity and
thus widening the oral cavity. Both cases have an impact on the acoustic output signal. One
explanation can be that vowels with low Fl (i.e., high vowels) are more sensitive to distortion
of F1 than are vowels with a high Fl. Thus to avoid that distortion, speakers may keep the
velum more elevated (John Ohala, personal communication).

Voicing and manner of articulation also seem to have an effect on the velum position.
Data presented on velic movement in French showed that velar height is greater for voiced
than for voiceiess consonants and that stop consonants are produced with a closed
velopharyngeal port (Benguerel et a1., 1977). Aerodynamic factors may also play a role in
determining the degree of velar height. The activities of the soft palate seem to be affected by
changes in inter-oral air pressure. Bell-Berti (1976) found that greater activity in the
sternohyoid and levator palatini, the muscle which control velum elevation, would lead to an
increase in pharyngeal cavity size, thus increasing its volume.

Furthermore, it was observed that the volume of pharyngeal cavity increased during the
occlusion period of voiced stops compared to that of voiceless stops in American English.
This increase in the volume was interpreted as a result of a mechanism aimed to cause a drop
in the supra-glottal air pressure in order to maintain the difference in the transglottal air-
pressure which is necessary for the continuation of glottal pulsing during the occlusion period
of the stop consonant (Kent and Moll, 1969; Perkell, 1969). Accordingly, it is reasonable to
correlate the range of velic movement with the point of constriction along the pharynx and its
distance away from the glottis. Based on the above-mentioned account, it seems that the
pharynx, in order to be actively involved in artiuclation, would interact with other articulators,
e.g., larynx, epiglottis, jaw and velum.
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1.8.2. The Tongue

The palatoglossus muscle is one of the extrinsic muscles of the tongue which arises from the

soft palate and inserts into the sides of the tongue. Upon contraction, it may depress the soft
palate, or, with the soft palate fixed, it may raise the sides and back of the tongue (Zemlin,
1968, p. 300). So,lowering the soft palate can be attained by activities of palatopharyngeus or
palatoglossus. Hence, a link can be established between elevating the back of the tongue and

lowering of the velum.
The Styloglossus muscle fibers run between the "styloid process" in front of the ear and

the tongue body. Contraction of the sryloglossus muscle causes the elevation of the tongue
upward. The vertical upward movement of the tongue body is carried out by the styloglossus
and the palatoglossus (only if the velum is fixed by the levator and tensor muscles), with the

longitudinalis inferior acting in synergism. The convex configuration of the tongue is
produced primarily by the hyoglossus which inserts into the lateral margins of the tongue.
When contracting in conjunction with the longitudinalis inferior muscle, it brings the back of
the tongue in contact with the soft palate That is, most probably, how the shape of the vocal
tract is formed during the production of velar and palatal stops (Hardcastle,1979, p. 105).

The principal action of the palatopharyngeus muscle is apparent during degiutition, where
its contraction guides the bolus into the lower pharynx. Because of the semicircular course of
the fibers, this muscle can also act as a sphincter to lower the soft palate and decrease the

distance between the posterior faucal pillars. The larynx also may be raised when this muscle
is contracted (Zemlin,1968, p. 300).

So, most probably the convex shape the tongue assumes during the production of the true
pharyngeal consonants as can be seen in the X-ray pictures (cf . Delattre , I97l; Ghazeli, 1977;
El-Halees, 1985; Ghali, 1989) can be due to activities of two muscles. These muscles are the
palatopharyngeus, which causes the tongue body to be curved outward and the styloglossus
muscle which raises the tongue upwards.

1.8.3. The Jaw

The lower jaw or the mandibie moves in both rotatory and tanslatory movement around the
mandibular condyle (see Figure 1.5). The muscles used to raise the mandible are the masseter,

the medial pterygoid and the temporalis. The muscles which lower the mandible are the
anterior belly of the digastric, mylohyoid, geniohyoid and the lateral pterygoid. The fibers of
the geniohyoid run between the mandible and the hyoid bone. When the mandible is fixed, the
geniohyoid (along with the lateral pterygoid, the anterior belly of the digastric and the

mylohyoid) pulls the hyoid bone upward and forward. This action causes both the tongue and

the larynx to be raised (Zemlir1 1986, p.294). When the hyoid bone is fixed, the mylohyoid
may depress the mandible.

The genioglossus muscle runs from the superior mental spine on posterior surface of the

mandibular symphysis. The lowermost fibers course posteriorly back to the anterior surface of
the hyoid bone. Besides its function as a muscle of the tongue, the genioglossus can also help
to elevate the hyoid bone (and thus the larynx) when the mandible is f,rxed. The jaw and the

tongue movements are coordinated due to the anatomical connection between them and

because the tongue is carried by the jaw. Movement of the tongue leads, in most cases, to
changes in the position of the hyoid bone (Zemlin, 1968, pp. 146-9).

However, during the speech of English speakers, EMG data showed activities of medial
pterygoid and superior lateral pterygoid associated with jaw elevation and activities of the
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inferior lateral pterygoid and anterior belly of the digastric during jaw depression (Tuller et
al., 1981).

The fibers of both the mylohyoid and the geniohyoid muscles connect the inner surface of
the mandible to the hyoid bone. The contraction of these muscles, with the mandible fixed,
elevates the hyoid bone and the tongue. With the hyoid bone in a fixed position, it may assist
in depressing the mandible (Zemlin, 1968, pp. 142-3). When the mandible is fixed, the
mylohyoid together with the posterior belly of the digastric, the stylohyoid and the medial
pharyngeal constrictor, helps bulge the tongue up and back for velars. The geniohyoid, when
the hyoid bone is fixed by other muscles, serves as antagonist to the thyrohyoid, tilting the
hyoid bone and the thyroid cartilage backward such as required for velar and uvular
consonants production.

The extrinsic muscles of the tongue which may indirectly contribute to pharyngeal
segment production as a secondary articulation are the genioglossus and the hyoglossus. The
genioglossus runs from the superior metal spina on the posterior surface of the mandible. The
lower most fibers course posteriorly back to the anterior surface of the hyoid bone. The
genioglossus may also help in elevating the hyoid bone, and thus the larynx, when the
mandible is fixed. Contraction of posterior fibers protrudes the tongue when the mandible is
fixed, e.g., during front consonants (Hardcastle, 1979,p. 107). The fibers of theposterior
belly of the digastric run between the mastoid process of the temporal bone and the hyoid
bone together with the stylohyoid muscle. Contraction of the digastric muscles (anterior and
posterior bellies) raises the hyoid bone. If the hyoid bone is fixed, it may assist in depressing
the mandible. Contraction of the anterior belly of the digastric alone draws the hyoid bone up
and forward, while contraction of the posterior belly draws the hyoid bone up and backward.
Both actions are important for the first and second stages of swallowing. If both bellies are
contracted, the hyoid bone is drawn directly upward, thus elevating the base of the tongue,
which during the oral phase of swallowing is pressed against the hard palate (Zemlin, 1968, p.

l4l). The greater cornua of the hyoid bone are included in the lateral pharyngeal wall
(Donner, Bosma and Robeftson, 1985). On the other hand, the body of the hyoid bone
attaches to the base of the tongue. Accordingly, it is expected that muscular activities
operating on the jaw and the hyoid bone may also affect the state of the tongue and vice versa.

1.8.4. The Larynx

Since the pharyngeal consonants are created at a very close distance from the glottis, it is
useful to give a brief account on the mechanism of the larlmx. The three main cartilages

constituting the larynx complex are the thyroid, cricoid and the arytenoid pair. The epiglottis
is attached to the thyroid by connective tissues. A11 these cartilages are connected together and

they interact while moving, depending on the activities performed, e.g., breathing,
swallowing, talking, etc. The muscles which approximate the arytenoids cartilages are the
oblique and the transverse fibers of the interarytenoids which run between the two arytenoids.
When these muscles contract, they adduct the vocal folds by bringing the apexes of the
arytenoids together. They also help the aryepiglottis muscle to close off the vestibule of the

larynx (Zemlin, 1969, pp. 151-153). The thyroarytenoid muscle, which runs between the

thyroid and the arytenoids cartilages, insefts in both the interarytenoid muscles and some of
its fibers into the posterior cricoarytenoid muscle. The contraction of this muscle will pull the
arytenoids upward to mount the cricoid cartilage.



GENERAL INTRODUCTION 2t

Figure 1.5. The mnscles controlling the movement of the mandible and the direction of their
action: (1) the Temporalis; (2) the external Pterygoid; (3) Masseter and internal Pterygoid;
(4) Digastric; (5) Infrahyoid.
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Figare 1.6. Schematic drawing represents the extrinsic laryngeal muscles and the direction of
their actions.
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This mechanism causes the vocal folds to be shortened in length and hence relaxed (Zemlin,
1969, pp. 148-155). It should be noted that the control of laryngeal muscles affects, to a great

extent, the activities of the vocal folds which in turn determine the properties of the source
signai. Figure 1.6 shows a schematic drawing which represents the extrinsic laryngeal
muscles and the direction of their actions.

f .8.5. Relation between laryngeal activities and jaw position

Some studies have reported that the voiced pharyngeal consonanl lll is characterized by a

remarkably low value of the fundamental frequency (Ohala,1972; Elgendy, 1982). Also, the
jaw position during the production of the pharyngeal consonants in particular has been shown
to be extremely lower than during non-pharyngeal (oral) consonants (Elgendy, 1985). It is
part of the present study to search for a physiological explanation to the characteristics of the

acoustic signal associated with the production of pharyngeal consonants and also to account

for the specific behavior of the jaw observed during pharyngeal articulation, i.e., extreme
degree of lowering.

There are some studies which point that interaction between laryngeal activities and the

direction of mandibular movement during speech is possible. For instance, the sternohyoid
muscle has been shown to be actively involved in lowering the fundamental frequency of
voice (F0), especially for speech utterances requiring lowering of the jaw and fixation of the

hyoid bone (Ohala and Hirose, 1969; Sawashima et a1., 1982; Kori et a1., 1990).
Jaw depressing probably involves fixation of the hyoid bone since the digastric muscle,

which is mainly responsible for opening the jaw, loops around the hyoid bone. The
contraction of the digastric muscle would tend to pull the hyoid bone upward if its movement
is not opposed by contraction of the sternohyoid muscle (see Figure 1.6). Activities of the

sternohyoid, revealed by EMG registrations, were inhibited during the closing phase of jaw
movement in the speech of a Japanese speaker uttering the word latan/ (Ohala and Hirose,
1969). Associating jaw lowering with a lower F0 can be taken as an explanation to the

observed variations in the intrinsic vowel fundamental frequency found in some languages,
i.e., open vowels have lower F0 than that for closed vowels.

However, some studies take these findings to support the "tongue-pu11" hypothesis
suggested by Lehiste (1970), Ohala (1973) and Ewan (1975). This hypothesis assumes that
the tongue, when elevated for the production of high vowels, pulls the hyoid bone and the
larynx upwards, so an increase of the vocal cord tension occurs leading to a higher F0, Ohala
(1973) claimed that there is a correlation between the tongue height and the degree of tension
in the vocal cords. According to his hypothesis, the elevation of the tongue (hence also the
jaw) duringlil for instance, will cause the hyoid bone and the larynx to be pulled upwards, as

they are connected to the tongue, resulting in an increase of the vocal cord tension and
consequently leading to a higher F0.

EMG activities of the cricothyroid muscle have been shown to be responsible for raising
F0 (Sawashima et a1., 1982; Vilkman et a1., 1989). Activities of the cricothyroid were also
associated with the production of segments which require the jaw to be more close
(Sawashima et al., 1982). In a study combining EMG, X-rays and anatomical methods,
Zet*er and Zenker (1960) established a relation between activities of the cricopharyngeal
muscle and shortening of the vocal folds. The cricopharyngeal muscle acts as an antagonist to
the cricothyroid muscle by which, with the larynx in a low position, the cricoid is rotated to
the front, causing the vocal foids to relax. These muscular activities are part of a functional
chain of muscles including the arytenoid-epiglottis, hyoid-mandible and inferior fibers of the
genioglossus-mandible which was observed to play a role in shortening the vocal folds
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(Zenker and Zenker, 1960). These muscles connect the jaw, the tongue, the hyoid and the

larynx, thus their activities are expected to interact.
Lower pitch was found to be associated also with lowering of the whole laryngeal

structure which in turn rnay pull on the hyoid bone (Honda et a1., 1993). This finding supports

the view that the control of fundamental frequency of voice may be attained not only by
horizontal (anterior-posterior) movements of the vocal fold but also by vertical movement of
the laryngeal cartilages (Ohala, t972). So it seems that there are more than one mechanism
which can be used to achieve shortening of the vocal folds as a phonetic goal.

The voiced pharyngeal consonants, i.e., ll, yl, are characterized by considerably lower
fundamental frequency (Elgendy, 1982; Alwan, 1986). The mandible during the lower
pharyngeal consonants /f, h/ assumes extreme degree of jaw lowering compared to that during
the production of the oral consonants (Elgendy, 1985). During the production of the

pharyngeal consonants, the larynx was found to be raised 1.3 cm relative to its rest position
(Al-Ani, 1972), All these features occur simultaneously during the production of a pharyngeal
consonant. To relate these characteristic articulatory gestures to a specific mechanism seems

to be difficult. It seems that in order to examine the association between lowering the jaw,
lowering F0 and raising the larynx, more specifications about the muscles involved are

required. Therefore, our investigation bears on the issue of predicting the muscles involved in
pharyngeal articulation.

The pharyngeal wall can be subjected to various degrees of displacement at different
points along the pharyngeal cavity. It has been demonstrated in a number of studies (Skolnick,
1970; Shprintzen et a1., 1974; Zagzebski, 1975; Ryan et al., 1976) that velum movements
interact with contraction of the upper portion of the lateral pharyngeal wall. Thus elevating
the velum may involve contraction of the superior constrictor muscles of the pharynx.
Moreover, these studies showed that the pharyngeal wall at various points was observed to
display different degrees of displacement depending on the mode of activity, i. e ., breathing,
blowing, swallowing or during the production of speech sounds. Though different
experimental methods have been used, the findings of these studies all indicate that muscular
activities of the pharynx are coordinated with activities of other moveable articulators, €.9.,
larynx, jaw, velum, tongue and lips.

From the above account on the muscles which might contribute synergistically in
controlling the movements of the tongue, the mandible, the hyoid bone and the larynx
complex, it can be speculated that the group of muscles which can be involved during
pharyngeal and laryngeal articulation is possible to be inferred. One way to achieve a better
understanding of the mechanism controlling pharyngeal segment production is by comparing
the shape of the back cavity of the vocal tract with the output acoustic signals associated with
their production. The present investigation is intended to study the dynamics of the velum, the

larynx and the jaw during the production of pharyngeal segments in order to provide such an

account.

1.9. Coarticulation

In this section we briefly discuss the problem of coarticulation in speech production and how
it can be related to pharyngeal articulation.

1.9.1. Sources of coarticulation

The vocal tract can be seen as a single non-homogeneous tube composed of three regions, i.e.,

nasal, oral and pharyngeal cavities, which are contiguously coupled together. The resonance
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modes of the air column within these cavities during speech production are sensitive to local
narrowing or expansion. All parts of the vocal tract contribute in varying degrees to each
mode, The shape of the tract is determined by the positions taken by various articulators such
as lips, tongue, jaw, velumand larynx dwing a given speech utterance.

Speech sounds are the products of a series of neuromuscular activities conducted by the
motor system in order to manipulate the movement of various articulators according to a
cognitive plan. The configuration of the vocal tract at a given moment in time will be the
output of the execution of a specific set of motor commands leading to what is referred to as

the articulatory gesture. Movement of the articulators may widen, constrict or elongate the
vocal tract which in turn will affect its volume and length. For instance, the length of the tract
increases when the larynx is lowered or the lips are protruded, while constricting the
pharyngeal muscles will decrease the volume of the pharynx.

Thus any modification of the overall configuration of the vocal tract causes changes in its
cross-section area and consequently alters its resonance frequencies. In normal speech
different mechanisms are used to create acoustic regulation, adjustment or adaptation to the
proper degree required to achieve optimal, or just enough, acoustic contrast among the
constituents of the speech signal flow. Acoustic modulation affects the auditory channel of
both listener and speaker during the process of speech communication and thus it represents
an imponant parameter in the study of speech.

To establish a comprehensive account of the production of various speech sound
categories, it is essential to find out about the magnitude of acoustical differences ascribed to
any particular articulatory variable. The nomograms published in the classical work
introduced by Stevens and House (1955) and Fant (1960) represent a complete description of
the acoustic properties correlated with various articulatory gestures in terms of the cross-
section areas and the associated formant frequencies. In natural speech, however, formant
frequencies are also determined by the interaction of dynamic movements of various
articulators (e.g., lips and tongue blade movement in the oral cavity; tongue root movement in
the lower or upper pharynx; vertical larynx movement, etc.). A typical case of such interaction
is that of pharyngeal aniculation. We assume that the changes in the shape and size of the
pharyngeal cavity depend highly on the movement of other articulators.

Since articulators have different masses and sizes, and the mass is correlated with inertial
factors, the time the muscles take to react to motor commands will vary among various
articulators. Muscles also have different sizes and hence vary in their speed of moving. Inertia
is the tendency of matter to remain at rest if at rest, or, if moving, to keep moving in the same

direction, unless affected by some outside force. Articulators would resist commencing
moving when muscle force is abruptly applied and resist slowing down or stopping when the
accelerating force is removed. When decelerating only frictional forces are remained. That is,
articulatory gestures may overlap in space and time because of these mechanical and inertial
constraints. The existence of such constraints certainly delimit the capacity of the motor
system.

The overlap in space and time between articulatory gestures in a sequence is called
coarticulation. This overlap may cause one of the sounds to lose some of its features, by
assimilating to a following or a preceding sound, or to acquire additional features borrowed
from any of the surrounding sounds in the utterance. It has been suggested that the co-
production of several articulatory gestures is possible as long as no conflict with the
surrounding sounds exists (Moll and Daniloff, 1968). Different articulatory gestures can be
used to produce similar acoustic output. This phenomenon has been demonstrated by Abbs

{1977) to which he referred as "motor equivalent". The motor equivalence principle indicates
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that the perceptual output is by and large the goal of the communicative message transmitted

from a speaker to a listener.
Coarticulation can originate from other sources than the variations in the timing resulting

from mechanical-inertial factors mentioned above. For instance, articulators can receive pre-
programmed neural commands to occur simultaneously. In such a case, the articulator
movements are often deliberately initiated far in advance of the sound intended for it.
Accordingly, some of the features of that sound will be smeared with the sounds occurring
prior to it. This phenomenon is known as anticipatory coarticulation (or right to left
coarticulation). An example of the anticipatory type of coarticulation is velum lowering long
before a nasal consonant occurs in an utterance. In American English, the velum was found to
be already lowered during the initial two consonants and following vowels in a /CCV\/N/
sequence (where N is a nasal consonant), This only occurs as iong as the CCVV part does not
include any sound which requires a complete closure of the velopharyngeal port e.g., /s/
(Moll and Daniloff, 1971).

On the other hand there are other cases where features of an initial sound in an utterance
are carried over to the following sounds as long as the features of that sound do not conflict
with the following sounds. This type of articulation is called carry-over coarticulation (or left
to right coarticulation) because the feature of the initial sound in a sequence is transferred to
the following segments and is blended with the featwes of those other segments. The fact that
some articulators coarticulate to a greater range than others on one hand, and the phonetic

context on the other, are two variables which are considered to be important for determining
the extent of coarticulation. Another variable can be that of speaking rate (e.g., Stevens and

House, 1963; Van Son, 1991).

The organs which are involved in the speech process are limited in terms of their
movements direction and speed. This fact causes the articulators to undergo certain
constraints of various types. Some of these constraints are mechanically-based limitations
applied on the articulator speed and range of movement, e.9., range ofjaw opening, rapidness

of tapping the tongue tip, the degree of extent of lip protrusion, etc. Due to these articulatory
constraints, three cases can arise which affect the cognitive process of normal speech

communication: l) The constraints are not realized by the speaker's cognitive plan and not
compensated for during performing speech. 2) The constraints affecting the articulators
movement are realizedby the speaker and still are inherently considered in the planning
scheme of articulation during language evolution. 3) The speaker is aware of the type and

range of constraints and compensates for that by avoiding or simplifying the conflicting
articulatory gestures when they are possible to occur in combination.

The first case seems to be unrealistic, since there are numerous evidences showing that
speakers do control most of their motor activities during speech production. For instance, the

speaker compensates for the effect resulting from conflicting gestures by applying
phonological processes such as assimilation, deletion, etc., to overcome the difficulty. That
the speaker is aware of the limitations of the speech system implies that the choice of
compatible successive constituents in the speech string is based on the aim to enhance the
perceptual contrast within the acoustic signal. Hence, the acoustic consequences of each

individual articulatory gesture are considered in the motor pianning as in the second case. The

third case is when the timing organizing the series of speech sound units is considered in the

articulatory and the motor planning prior to the production process of a speech utterance.

Timing realization in the cognitive plan phase is basic when considering coarticulation as

preplanned articulatory process. In order to define coarticulation in the pharynx, it is
necessary to examine these aspects which are related to the timing as well as the serial
ordering of speech sound constituents.
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Coarticulation as an existing phenomenon is a crucial issue in understanding the speech
motor control system. Coarticulation can be defined according to either one of the following
two views. The first view holds that coarticulation is considered as caused by mechanical-
inertial factors afflecting the articulator's dynamics by putting restrictions on the range and
speed of articulator movements. Accordingly, the sound system which a given language
makes use of, is built up of arbitrarily selected sound units which are bound to a specific set

of grammatical rules to enable verbal communication (e.g., Daniloff and Hammarberg, 1973).
The other view considers coarticulation as a pre-planned articulatory process operating in
such a way that the speaker is aware of the effect of interaction of the constituents of a speech
utterance. Sound units, according to that view, are selected to preserve the natural tendencies
and properties of the dynamical aspects of the motor system controlling articulators
movements. That is, the content of the articulatory plan is a well-defined set of dynamical
gestures controlled both in time and space. These two views are discussed in the following
section (see Fowler, l98l for a discussion on that topic).

1,9,2, Models of coarticulation

Any model of speech production represents an attempt to account for the control of speech
production mechanism as a whole, or any part of that mechanism. A complete model must
recognize, however, the interactions of respiratory, phonatory and vocal tract components
which govern the process of speech production. Moreover, a model should also consider other
processing levels such as the neuromotor level, the dynamics of muscular movements and the
dynamics of cavity size variations. A comprehensive model should also be compatible with
the knowledge concerning the perceptual constraints characterizing the human hearing
apparatus.

The current models which attempt to account for the coarticulatory observations all seem

to share the search for a basic unit of speech production. Some theories take the articulatory
syllable as the basic unit, e.g., Kozhevnikov and Chistovitch (1965). The syllable, roughly, is
any number of consonants and a vowel, whether long or short vowel. Accordingly a speech
utterance is a composite of one or more syllables strung together.

Other models take the feature bundle specific to each phoneme, whether a consonant or a
vowel, as their basic unit of a speech utterance, e.g., Daniloff and Hammarberg (1973).
Feature bundles are also considered in some other models as the end product of a spatial
target the articulator seeks to reach from one moment to the other (MacNeilage, 1970). In this
model, the speech plan is organized in such a way that the articulators move from one
specified feature bundle to the next. The speech plan can fail due to, for instance, perturbation
factors such as an incompatible consonantal elements within the phoneme sequence. When
the execution of the plan fails at a given point along the utterance, the features are spread
through the string of phonemes constituting the ufierance. Transitional sounds result frorn the
abrupt changes in the spatial configuration of the vocal tract as due to successive motor
commands. In order to avoid these transitional sounds, the articulators, trying to
accommodate the conflicting specifications assigned for each target position, violate the
canonical form of the specified feature bundle, i.e., the phoneme. This will produce
allophonic variations of the intended canonical form as manifested in the output acoustic
signal. A representative of that view is the "feature spreading" model in which the phoneme is
considered as having a bundle of distinctive features, The features spread to the adjacent
phones as long as the features of that sound do not conflict with the features of the
surrounding phones (Keating, 1980). One crucial principle shared by these models is that they
take the extrinsic timing governing the speech organization as an assumption.
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However, there are other views which consider the speech planning as involving direct
control of the temporal organization of speech utterance at higher level of the speech

planning, i.e., intrinsic timing of articulatory events. For instance, Fowler (1981) suggested

that the two main classes of articulatory gestures, i.e., consonants and vowels are the products

of different, but coordinated, neuromuscular systems. In the co-production model proposed by
Fowler (1981), the temporal patterns of speech utterances are preplanned and the timing
parameter controlling various articulatory events within an utterance is issued internally. That

is, consonant and vowel sequences are co-produced in a co-ordinative manner (Fowler, 1981).

1.10. Statement of the problem

The present investigation deals with pharyngeal articulation in general with a focus on its
dynamic aspects as observed in spoken Egyptian Arabic. In Arabic, the pharynx is used to
produce distinct phonemes both as primary as well as secondary place of articulation. The
primary articulation produces the true pharyngeals while the secondary articulation produces
the pharyngealized consonants. This section outlines the problem of defining pharyngeal
articulation and coarticulation We attempt to provide an account on the nature of
coarticulation in the pharynx as exemplified in normal pharyngeal articulation in Arabic.

The pharyngealized consonants are produced by retracting the back of the tongue and

depressing its body downward in order to decrease the size of pharyngeal cavity. For this set

of sounds, the tongue is the major articulator used to create the constriction in the back cavity
of the vocal tract.

The true pharyngeal consonants, on the other hand, are attained, we assume, by a different
mechanism, since they are highly more difficult to produce than the pharyngealized
consonants. However, the phonetic description available in the literature on the true
pharyngeal consonants as a class of speech sounds is ambiguous and for the pharyngealized

consonants it is even bewildering (cf. for instance, Marcais (1948), Ali and Daniloff (1972),

Bonnot (1977), Giannini and Pettorino (1982), Al-Ani (1970) and Norlin (1987). The reason

for that confusion in describing the two different types of articulations is the similarities they
share regarding their spectral properties, i.e., the first and second formant frequencies are

closer to each other. It is implicitly understood from that description that the active articulator
which creates the stricture in the pharynx is the tongue dorsum. The reason for this belief is
the resemblance of the spectral distribution for low back vowels.

The auditory perceptual impression a trained ear can get when listening to words
containing true pharyngeal segment, suggests that also some degree of nasal coupling may
exist. By listening carefully to the intonation pattern of phrases containing a voiced
pharyngeal consonant, a remarkable drop of the F0 contour at the moment the pharyngeal
segment is produced can be realized. The acoustic signal shown on a sound spectrogram
associated with the production of a typical true pharyngeal consonant, €.9., /t/ compared to
that of the preceding vowel may indicate the presence of constriction in the larynx itself
(Elgendy, 1982). Figure 1.7 represents a wide band and an intensity spectrogram of a typical
true pharyngeal consonants /f/ as uttered by a native male Egyptian speaker of Arabic. Note
the lack of spectral energy in the high frequency region and the low fundamental frequency of
the voice as indicated by the wide separation between vertical striations (see also Figure 4.1

for F0 contour of some words contain the voiced pharyngeal consonant).
The anatomical connection of the pharynx with other parts of the vocal tract suggests that

the larynx, the hyoid bone, the velum and, probably, the lower jaw can be affected by the
active contraction of pharyngeal muscles.
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Figure 1.7. Wide band spectrogram (left) and an intensiry* spectrogram (right) for the u,ord
/baffred/ as uttered by a male Egyptian Arabic speaker. The horizontal lines indicate 1000

Hz division. The duration of the entire word is 720 ms.

What is evident is that the production of the true pharyngeal consonants, lll and /h/ for
instance, can not, by any means, be as simple as the production of, e.9., low back vowels, or
the pharyngealized (emphatic) consonants. Accordingly, it is reasonable to presume that the
pharynx can be actively involved in the production of such consonants. ln other words,
pharlmgeal articulation can be more complex than it is thought to be. ln support of this claim
we collected some observations obtained from various fields of linguistics, i.e., sound change,
speech pathology, language acquisition, second language learning, phonology and phonetics.

f.I0,1. Pharyngeal articulation and sound change

Pharyngeal consonants are difficult to produce by non-native speakers. lt also seems that
pharyngeal segment production is relatively complex even for native speakers. A general
observation which may support the notion of the complexity of pharyngeal articulation in
Arabic is the relatively long acquisition time native speakers need in order to master the
production of pharyngeal articulation in normal cases (cf. Omar,1913). Moreover, it is
possible to notice the difficulty non-native speakers exhibit in learning or trying to imitate the
production of pharyngeal consonants as novel sounds. Nevertheless, the occurrence of
pharyngeal consonants within the Arabic language seems not to be rare (cf., e.g., Tomiche,
1964; Mousa, 1912). For instance, the voiced pharyngeal /f/ is ranked among the five most
frequent consonants in Egyptian Arabic (Elgendy, 1993). In general, surveying the literature
shows that not much work has been done on pharyngeal articulation as a linguistically
significant sound unit. As we mentioned earlier, it is a fact that pharyngeal consonants were
observed to be rarely used in the sound inventories of languages of the world.

ln Egypt there are several linguistic cornmunities which are bilingual. They have been
created as a result of immigration from non-Arabic speaking countries to Egypt some hundred
years ago, e.9., Armenia, England, France, Italy, etc. A common phenomenon among the
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bilingual people of Greek and Italian origin in Egypt is the replacement of the pharyngeals /t,
h/ with a glottal stop and a voiceless velar fricative l?,x|, respectively. The same observation
holds true among the non-native speakers when they try to pronounce Arabic words
containing one or more of the lower pharyngeal sounds (Elgendy, 1992).It is often observed

that a non native speaker of Arabic would utter the proper noun l?a.}irmnd/ as laxmadl
substituting the lower pharyngeal lW by the velar sound lxl or in other cases by the voiceless
laryngeal fricative th/.lf the word contains the voicedpharyngeal /fi, the speakerreplaces it
with a glottal stop or simply prolongs the vowel following it. Moreover, a trained phonetician

who has Arabic as native language would feel the relatively greater effort when uttering a true
pharyngeal segment compared to, say, labial or dental segments. It is worth mentioning that in
modem Hebrew the lower pharyngeal consonants /t, h/, originally existing in all members of
Semitic language family, are replaced with the glottal stop and the voiceless laryngeal
fricative, respectively.

Besides the perceptual judgement of an experienced ear that would notice the presence of
some degree of nasalization accompanying pharyngeal consonant production, there are some

observations which point to a possible connection between nasal and pharyngeal articulation.
In some regional dialects in certain areas of the Arabian Gull e.g., contemporary Iraqi Arabic
of Baghdad, we observed that the voiced pharyngeal ltl ina word like /?oftio/ "he gave" is
replaced with a nasal consonant, i.€., the word will be pronounced as /?ontts/. The
explanation of such a relationship between nasal and pharyngeal articulation seems to be

difficult to reach. It is our intention to attempt to account for this possible connection between

nasal and pharyngeal articulations. The pharynx, being coupled to the nasal, oral and

laryngeal cavities, has a strong anatomical link with various articulators in the vocal tract. In
fact there are several observations which point to a possible interaction between nasal,

pharyngeal and laryngeal articulation and which are part of the motivation for the present

study.
One more observation which points out to a possible interaction between pharyngeal and

nasal articulation, is obtained from a speculation based on diachronic sound change
comparison. It has been speculated that a pharyngeal consonant can phonetically develop,
over a certain period of time, into a nasal sound (Hetzron, 1969). This speculation was

promoted by an observation made by P. Delattre on Arabic pharyngeals (see Hetzron, 1969).

Delattre observed that the X-ray pictures made for one Iraqi subject manifested a velic
lowering during the production of lower pharyngeals. Hetzron attempted to explain the non-
etymological lnl found at the end of an initial syllable in certain words in East Gurage, a

Semitic Ethiopic language, as a process of diachronic sound change passed through two
different stages. When the Cushites, tribes unrelated to Semitic language community living in
the east Sidomo area, first tried to learn the pharyngeal segments /t, h/ as novel sounds in
words imported from the Semitic language, the perceptual (acoustic) impression they received
was a nasalized laryngeal l?l or lhl.ln a later period of time, nasalization is induced by the

consonant on the following vowel which further decomposed into a combined vowel and

nasal consonant. This process of sound change can be represented by the phonological rule
below (V stands for any vowel, n for a nasal consonant, C for any consonant, - for
nasalization and # for a syllable onset):

# [f, h]+ V + C -+ #[f, h] + V + C + #n+ V + C

In general, vowel nasalization was observed in several languages to occur often in the

environment of laryngeal consonants (Matisoff, 1975). What makes a pharyngeal consonant
to be replaced with a nasal consonant? Is it because the aerodynamic requirements for a
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remote place of the constriction in the pharyngeal cavity are not severe enough to keep the
velopharyngeal port closed? Or is it purely a mechanical reason that causes the velum to be
lowered? In this study we attempt to answer these questions and to offer an account on the
possible link between the pharyngeal and nasal articulation.

1.10.2. Pharyngeal articulation in pathological speech

Pathologically, the pharynx and larynx can be manipulated to compensate for the inefficiency
of producing speech sounds articulated in the oral cavity. It has been demonstrated that
American (Trost, 1981) and Japanese (Honjow and Isshiki, l97l) children with a cleft palate

tend to substitute the target phoneme lkJ or ltlby a sound articulated in the pharynx. The cleft
palate patients usually suffer from excessive hypemasality. This defective articulation, which
is attained by pressing the back of the tongue against the posterior wall of the oro-pharynx,
was referred to as "unvoiced pharyngeal stop". In another study (Kawano et al., 1985), the
term "laryngeal fricative" was used to describe the same phenomenon observed for Japanese

cleft palate patients. A similar maneuver was also observed (Ericsson, 1987; p. 75) regarding
Swedish cleft-palate children. The term "supplementary pharyngeal noise" (coined by B.
Lindblom) was used by Ericsson to describe the superimposed pharyngeal fricative sound
concomitant with sounds produced at the ordinary place of articulation in the oral cavity.

Moreover, if the tongue was partially or totally excised from patients for medical reasons,
still speech is possible with the help of other articulators. It has been demonstrated that
compensatory articulation for total glossectomy is achieved by means of exaggerated use of
the jaw, pharynx and epiglottis (Morrish, 1984). In another study on the speech of American
English glossectomized speakers, the voiced velar stop /g/ was found to be compensated by a

pharyngeal constriction, with slight inward bulging of the retroglossal pharyngeal wall (Skelly
et al., 1971, p. 1l l). The acoustic result of the substituted sound resembles that of the German
glottal stop.

Another observation in which a relation between nasal and pharyngeal articulation can be
realized is taken from the area of language disorders. One of the most common speech defects
among the Egyptian patients of dyslalia is known as "pharyngeal sigmatism". Dyslalia as a

speech disorder is defined as the persistence of isolated phonological errors in a relatively late
period of language development. The defective segment the patient tends to produce is a

nasalized, pharyngealized dental fricative [Sr] instead of the normal phoneme, i. e., the plain
voiceless dental fricative [s] (Kotby and Barakah, 1979). For a normal Arabic speaker, only a

pharyngealized [sr] can be nasalized but not the plan [s].
It would be reasonable, then, to consider the above-mentioned observations from both

normal and pathological speech as indications of possible connections between
velopharyngeal orifice area and point of constriction along the pharynx. These observations
may also lead to the following question: What could be the common factor (if any) between
pharyngeal, laryngeal and nasal articulation? The present investigation attempts to offer an
answer to that question.

1.10.3. Jaw and pharynx interaction

Data on jaw dynamics associated with the production of pharyngeal consonants showed that
the mandible is assigned various degrees of elevation depending on the constriction iocation
in the pharyngeal cavity. That is, lll has a lower jaw position than lhl and the upper
pharyngeal lyl has a lower jaw position than lyl. The degree of elevation is shown to be
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depending on the position of the pharyngeal segment in the word. The jaw maintains its
assigned position for the pharyngeal segment even during the following vowel in intervocalic
position but not initially or finally in a word (Elgendy, 1985.b). Accordingly, it can be

assumed a priori that the constriction in the pharyngeal cavity is executed according to a more
complex program than just retracting the back of the tongue. The interaction between velic
and pharyngeal activities can be expected, since incomplete closure of the port during the

production of non-nasal consonants and vowels may produce coupling between the nasal

cavity and the rest of the vocal tract. The result is an excessive nasal emission of air
(hypernasality), which in turn will affect the acoustic qualiry of the intended speech segment.

l. I 0.4. Pharyngeal co-articulation

In defining pharyngeal co-articulation, it seems essential to consider the anatomical and

physiological links among other articulators interacting with pharyngeal movements. Bearing
in mind the acoustic and perceptual consequences of any neuromuscular activities pertaining
to the vocal system and the fact that not all articulators coarticulate in all contexts, it appears

unavoidable to examine the behavior of the pharynx in relation to other movable articulators.
Articulatory gestures overlap in space and time because of the contextual influence of
phonetic segments in a string on each other. This overlap gives rise to modifications of the

acoustic realization of a basic speech sound unit, i.e., a segment (whether a phoneme or a
syllable), depending on the phonetic context.

The pharyngeal wall is a fixed structure that does not move away from any medial plane
or rotate around a fixed joint as the jaw for instance. However, its structure is firmly
connected to the larynx, the velum and the lower jaw by a $oup of extrinsic muscles. It is an

accepted fact that the pharynx can be subjected to narrowing or expansion during speech
production for various reasons. When any of the pharyngeal constrictor muscles is active a

corresponding part of the pharyngeal wall will be constricted, while the dilatation of the
pharyngeal cavity can be achieved by virtue of the increased interoral air pressure.

The larynx and the lower jaw also are apt to interact with pharynx movements. The upper
and lower pharyngeal consonants include voiced as well as voiceless segments. The
mechanism of their production must consider the glottis shape required to generate vibration
of the vocal folds and/or to create the suitable frication noise at the source. Furthermore, data

on jaw displacement during the production of various pharyngeal consonants showed that the
voiced pharyngeal segments have a lower jaw position than their voiceless counterparts, e.g.,
It, :rlhave lower jaw position than /h, X/, respectively (Elgendy, 1985.b).

In addition, tongue height seems to influence the degree of constriction in the pharynx.
Several studies have presented measurements of lateral wall displacement at levels below the
hard palate showing more inward displacement for low-back vowels than for high-front
vowels (e.9., Kelsey et al., 1969; Minifie et a1., 1970; Parush et al., 1986). It has been

demonstrated that the degree of velar elevation, hence the size of pharyngeal stricture, varies
directly with tongue height for oral segments (Bjork, 1960; Lubker, 1968; Fritzell, 1969; Bell-
Berti and Hirose, 1975). These data may indicate that a relation can be established between
the constriction location across various points along the pharynx and the degree of velic
opening and/or active pharyngeal wall displacement during the production of various
pharyngeal segments. Pharyngeal coarticulation can be defined as the interaction between
pharyngeal activities and various other articulator movements due to anatomical links.
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1.11. Review of the literature on pharyngeal articulation in Arabic

In this section we critically review the research work made on pharyngeal articulation in
Arabic and reported in the literature. In these data we search for the points discussed in
section l.l0 below, mainly, nasality associated with pharyngeal consonant production, jaw
behavior, tongue shape and the epiglottis envolement.

1.11.1. Physiological data on pharyngeal consonants production

There are two main sources by which data on Arabicpharyngeal articulation can be obtained,
i.e., X-ray pictures for physiological data and acousticiperception data. This section deals with
the physiological study on pharyngeal articulation in Arabic while the acoustic/perceptual
studies will be reviewed in the next section. One of these sources is the one that makes use of
the cinefluorographic technique (X-rays motion pictures) to obtain pictures of the shape of
part or whole of the vocal tract. There are several studies which investigated the shape of the
vocal tract during the production of pharyngeal and/or pharyngealized consonants. Some of
these studies also included the laryngeal and uvular consonants among the sounds
investigated. A critical review of these studies is given below.

Tahle 1.6. Physiological studies dealing with pharyngeal articulation in Arabic. The table
shows the author name, publication year, number of speakers reported (sp), the version of
Arabic used by the speakers, the sounds examined in each experiment and the D)pe of the

technique used.

Authgr name, publicatign year sp .version sounds Techn],que

-.tr 
(194S) 1 -- X-rays

Abramson andFerguson(1962) 3 Syrian tt, dt, st, Zt X-rays
Ali and Daniloff (1972) 3 Iraqi tt, dt, st, zt X-rays
Bonnot (1977) I Saudi tt, dt, st, zt X-rays
Giannini and Pettorino (1982) I Iraqi tt, dt, st, zt X-rays
Al-Ani (1970)
Delaftre (1976)
Ghazeli (1977)
Wood (1979)
Boff-Dkhissi (1983)
Al-Bamerni (1983)
Elgendy (1987)
Ghali (1e89)
El-Halees (1989)
Sakai et al. (1995)

I Iraqi /f, h, v, y,?,h/ X-rays
I Lebanese /f, h, Y, X, q/ X-rays
I Tunisian /1,h, K, Xl
4 Egyptian vowels

X-rays
X-rays

I Moroccan ll,h, v, y,?,W X-rays
3 Iraqi ll,h, v, yl Transillumination
9 Egyptian /f, h, y, y,?,W Video Fiberscopy
I Egyptian lfl, N X-rays&Fiberscopy

X-raysI Iraqi fit
3 Egyptian ll/, frrl X-rays&Fiberscopy

The studies which oriented their approach to obtain lateral X-ray still pictures, i.e.,
Abramson and Ferguson (1962), Al-Ani (1971), Delattre (1976), Ghazeli (1977), Boff-
Dkhissi (1983) and El-Halees (1989), offered a cross section of the vocal tract in the sagittal
plane. The pictures obtained, though not indicative enough as to the exact way the
constriction in the pharyngeal cavity was achieved, did show the shape of the tongue in the
oral and the pharyngeal cavities. Some of them, i.e., Ghazeli (1977) and Boff-Dkhissi (1983),
could also show some degree of elevation of the larynx and the hyoid bone during the
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production of lower pharyugeal consonants. When these findings are added to results obtained
on the shape of the constriction from a top view of the tract, (such as our results reported in
Chapter 2), a better picture can be drawn for the profile of the back cavity associated with
pharyngeal articulation. Table 1.6 lists the physiological studies reported in the literature on

the Arabic pharyngeal and pharygealized articulation. The table shows the author name,

publication year, number of speakers reported, the version of Arabic used by the speaker, the

sounds examined and the technique used. The study reported by Sakai, Tanokuchi and

Fujiwara (1995) in an abstract, did not mention the version of Arabic their speaker used.

However upon inspecting the video film illustrating the experiment by the present author, we

noticed that the speakers were three male Eglptians3.
The studies by Margais (19a8), Abramson and Ferguson (1962), Ali and Daniloff (1972),

Bonnot (1977), Giannini and Pettorino (1982) and Al-Ani (1970), provide X-ray pictures of
the profile of the oral cavity to show the shape of the tongue during the production of the

pharyngealized consonants as realized in the speech of speakers representing various Arabic
dialects.

These studies showed only the upper part of the pharynx and the front cavity. All these

studies showed that the pharyngealized consonants in Arabic have in common a depressed

tongue blade and a retracted tongue root compared to their plain (non emphatic) counterpart,
i.e., the oral dental consonants lt, d, s, zl.

Figure 1.7 shows an X-ray picture and a tracing for the same picture of the shape of the

tongue in the vocal tract during the production of the pharyngealized consonant /dr/ as

produced by an Iraqi speaker, after Giannini and Pettorino (1982). In this figure it can be seen

that the body of the tongue is depressed and its root is retracted causing a narrower
pharyngeal cavity and larger oral cavity.

Lateral X-ray still-pictures (Ghazeli, 1977) showed that during the production of the true
lower pharyngeal segments /t, h/ the tongue-blade assumes a curved pyramidal shape

(inverted "V"). Two points of constriction were observed, one at the hard palate located 6

centimeters from the lips while the other is located 3-4 centimeters above the glottis at the

level of the epiglottis. The larynx was observed to ascend by approximately 9 mm relative to
the rest position (Ghazeli, 1971). However, it is unexpected to be able to infer, from merely a

lateral view, the exact mechanism by which the constriction in the lower portion of the

pharynx is achieved. In Ghazeli's study, the larynx and the hyoid bone were found to be

raised during pharyngeal consonant production. Although the tracings reported show no

velum lowering $t.271), no explanation was provided as to the tongue shape which resembles
an inverted o'V". If the only part of the tongue needed for creating the stricture in the lower
pharynx is its root, it is expected that the tongue blade is as flat and depressed as during low
back vowels. It should be noted that a similar shape was observed during swallowing
(Donner, 1985) as well for all Arabic speakers reported in the studies used X-ray technique,
e.g., Delattre (1971), Ghazeli (1977), Boff-Dkhissi (1983), Ghali, (1989) and Sakai et al.
(lees).

If the velum is not pulied downward in Ghazeli's data for the sole Tunisian Arabic speaker

that participated in his experiment, why then were the larynx and the hyoid bone observed to

be substantially raised upward? Ghazeli explained that the constriction in the lower pharynx is

achieved mainly hy the retraction of the root of the tongue and a slight inward displacement
of the posterior pharyngeal wall. Figure 1.8 (after Ghazeli, 1977) shows the shape of the

pharynx before the initiation of the /tl movement and the shape of the vocal tract during the

3 I am grateful to Professor Sakai of Kagawa medical school in Japan for providing me with a copy of the video film
describing his experiment,
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articulation of the pharyngeal consonant lll in llnnlil and lhl in the word lhr,a.lil .It can be
seen in that figure that the larynx is lifted upwards and from the constriction in the pharynx is
not clear whether it is achieved by retracting the tongue root or by active contraction of
pharyngeal muscles. It can also be seen that the jaw is opened during the production of these
consonants which is a common feature of vowel production. Consonants are usually
characterized by a closed jaw.

Figure 1.7. X-ray picture (top graph) and tracing for the same picture (bottom graph)

d.uring the production of the pharyngealized consonant /d'/ as produced by an lraqi speaker.

After Giannini and Pettorino (1982).

It seems that these physiological data share in common the same pyramidal shape
(inverted "V") observed to be assumed by the tongue during pharyngeal consonant
production. This observation supports the view, contrary to what is commonly believed, that
the tongue alone can not be the main articulator for creating the constriction in the lower
pharynx, The tongue, then, is expected to take an assimilated shape to the following or
preceding vowel instead of that peculiar convex shape (see e.g., Figure 1.8). The view that
pharyngeal articulation is attained solely by tongue root retraction also does not account for
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the substantial raising of the larynx as well as the hyoid bone during pharyngeal consonant
production.

Regarding the X-ray pictures published by Boff-Dkhissi (1983), see Figures 1.9 and l.l0
showing X-ray tracings of the shape of the vocal tract during the production of the pharyngeal
consonant lll in llnwnl , lhl in lhnwnl and lll in /yusrtinu/. The shape of the back cavity,
as shown by lateral pictures, does not indicate any lowering of the velum during lower
pharyngeal consonant production even in a nasal context (see Boff-Dkhissi, ibid., p.329,
Figure 41). However, it is unlikely that the traced pictures of Boff-Dkhissi reliably reflect the

state of the velopharyngeal port during pharyngeal articulation as shown in Figure 1.10. The
reason is that the pharyngeal consonant, if it presumably does not require an opened
velopharyngeal pofr, occurs prior to a nasal consonant. It is expected that the velopharyngeal
port will be opened to some degree at least because of the effect of the upcoming nasal

consonant.

The pictures reported in the study of Al-Ani (1970) do not show any velum lowering
during the lower pharyngeals either . However, the mandible is seen to be lowered to a large

degree. The lower part of the pharynx is not shown in his pictures. Figure 1.11 shows tracings
of the shape of the upper part of the vocal tract during the production of the pharyngeal
consonants /l/ in llnl and N in ftrnl as reported in Al-Ani (1970).

Figure 1.8, (A) The shape of the lower pharynx during the articulation of the pharyngeal
consonant /f/ in /fanli/(dotted line) and the shape of the pharynx before the initiation of the

/l/ movement (solid line). (B) The shape of the lower pharynx during the articulation of the

pharyngeal consonant /f/ in /faeli/ (dotted line) and /h/ in the word /hnali/ (solid line).

After Ghazeli (1977).

Delattre (1971) published tracings of the shape of the vocal tract during the production of
various back consonants in Iraqi Arabic which do not show any velum lowering either,
although it was mentioned in Hetzron (1969) that Delattre observed that one speaker of
Arabic from Iraq showed a degree of velum lowering during the production of the voiced
pharyngeal /t/ similar to that during nasal consonants. However, this remark is not consistent
with the tracing published in the later study reported by Delattre (1971). Figure 1.12 shows
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tracings of the shape of the vocal tract during the production of various Arabic back
consonants as uttered by a Lebanese speaker as reported by Delattre (1971).

The only available image which shows a lowered velum during the production of the
voiceless pharyngeal /tr/ (see Figure l.l3), is that reported in the study by El-Halees (1989).
Also Ghali (1989) published two X-ray pictures and two fiberscopic images of llland /h/ in
which the epiglottis are seen bending downwards.
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Figure L9. X-ray tracings of the shape
pharyngeal consonants: (A) /f/ in /frewr,,/;

of the vocal tract during the production of the
(B) /h/ in /hawn/. ,ffier BoffDkhissi (1983).

Figure 1.10. X-ray tracings of the shape of the vocal tract during the production of the
pharyngeal consonants /f/ in /yustfinu/. After BoffDkhissi (1983). Notice the closed
velopharyngeal port even in the context of a nasal consonant.

l)

ili!rir

B



CENERAL INTRODUCTION 37

Figure 1.11. Tracings of the shape of the upper part of the vocal tract during the production
of the pharyngeal consonants /f/ in /fa/ (solid line) and /h/ tn /hn/ (doned line). After Al-Ani
(1e70).

Figure 1.13 shows a xeroradiogram made for an Iraqi Arabic speaker during the
production of the pharyngeal lhl. It can be seen in that picture that the epiglottis makes a

complete closure with the back wall of the pharynx. It can also be seen in the same figure that
the velum is lowered and the epiglottis is bent downwards covering the top of the arytenoids.
Moreover, the shape of the tongue blade and root is similar to that shown in the X-ray pictures
of other studies mentioned above, which we believe, is the characteristic articulatory feature
for pharyngeal consonants. The back of the tongue was observed by El-Halees to be

additionally drawn backward 3 mm during emphatic ftttl and 1l mm during emphatic /t!i
relative to their non-emphatic cognates /t/, /h/, respectively.

Ghali (1989) investigated the shape of the pharynx during the production of the
pharyngeal consonants lll, lhl in Egyptian Arabic for one male speaker. He published two
pictures obtained using a still X-rays imaging technique for each of these two consonants. The
pictures show that the corniculate cartilages (the apexes of the artitenoyed cartilages) are 5
mm farther from the posterior pharyngeal wall for lhl than for lll md the distance between
this top and the epiglottis is 3 mm for lll compared to fli. This indicates that the size of
constriction for ft/ is smaller than that for /l/ and that the mandible is maybe lower for ftt/
that for /t/. Moreover, the position of the hyoid bone is also different in each caseo being
higher for N than for /t/. With the rising of the hyoid bone, the whole of the laryngeal
structure is also raised. The distance between the highest point of the hyoid and the lower
mandible is 9 mm for llland 7 mm for lhl. During the production of these two consonants, he
observed that the uvula lying very close to the extreme back of the tongue indicating that the

velopharyngeal port is substantially opened (ibid, p. 39). Fiberscopic images produced by
Ghali showed a considerably narrower opening between the posterior wall of the pharynx and
the top of the epiglottis during the production of /f/ (ibid, p. 43).
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Figure 1.12. Tracings of the shape of the vocal tract during the production of various Arabic
back consonants as uttered by a Lebanese speaker. After Delattre (1972), (the dot under the
letters h ond R indicate the voiceless pharyngeal /h/ and /r/ respectively).
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Figure 1.13. A xeroradiogram made for an lraqi Arabic speaker during the production of
pharyngeal /h/. The epiglottis (E) makes a complete closure with the backwall of the pharynx
(BW). H, Hyoid bone. After El-Halees (1985). (In the picture, the velum is seen to be in a
lowered position).

ln the study by Hess (1990) where she re-analyzed X-ray pictures obtained for two
Syrians and one Tunisian speakers from other studies, it was shown that the Arabic
pharyngeal consonants ltl, /h/ andthe emphatic consonants /st/ and lte I are distinguished by a
lowered tongue dorsum for the pharyngealized consonants while they share retraction of the
tongue root at the level of the epiglottis and raising of the larynx. However, no conclusion
was made by Hess as to the mechanism underlying the production of pharyngeal consonants.

Another study which stands in support of the findings obtained from the experiment
conducted by Elgendy(1987) is that of Sakai, Tanokuchi and Fujiwara (1995). ln their study,
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they used the same fiberoptic technique as that used in Elgendy's study (1987) as well as a
videofluoroscopy (X-ray motion pictures) for the same speakers uttering the same words in
trvo different recording sessions. Their method is more powerful since it compared the shape

of the back cavity from a top view with that from a lateral view. The data are collected from
three male speakers of Egyptian Arabic. Their fiberscopic observations showed that the
epiglottis leans on the top of the arytenoids in a similar way as that reported by Elgendy
(1987). They found that the velopharyngeal port was partially opened for two of the three
subjects during the voiced pharyngeal consonant and closed for all three subjects during the
voiceless pharyngeal consonant. Their findings also stand in support to the finding by
Elgendy (1987) regarding the state of the glottis associated with pharyngeal articulation. They
proposed that the Arabic pharyngeal should be described phonetically as a laryngeal fricative
since they also observed a constriction in the glottis itself. However, this point is discussed in
length in Chapter 2.

One study investigated the tongue profile during vowel production in several languages
including Arabic, i.e., Wood (1979). Wood, using an X-ray technique, studied the articulation
of vowels in Eglptian Arabic. Figure l.l4 shows sets of tongue profiles for tense-lax pairs by
an Egyptian male subject. There are four examples of each vowel, except for [i] where there
are 8 examples. In Wood's X-rays material, we can see that the tongue for the pharyngealized
Egyptian low back vowel is more depressed and retracted than in the non-pharyngealized
environment. We will use these findings to draw a more complete picture of the profile of the
vocal tract together with our findings on the shape of the pharyngeal cavity and jaw
movement which are reported on in Chapters 2 and 3.

l.ll.2. Acoustic and perceptual studies on Arabic pharyngeals

Next to the physiological data presented in the previous section we will present now the other
source providing data on pharyngeal aniculation in Arabic. There are several studies which
examined the acoustic and/or the perceptual correlates of pharyngeal consonant production,
i.e., Al-Ani (1967; 1970), Elgendy (1982), Adamson (1983), Norlin (1983), May (1979;
1981), Alwan (1986) and Butcher and Ahmad (1989).

Al-Ani (1969; 1970) studied the acoustic propenies of the pharyngeal consonants, among
other consonants and vowels, in Iraqi Arabic using spectrographic analysis. This study dealt
with all Arabic consonants and vowels in various contexts and provided values of the first
three formant frequencies as well as the duration. His spectrograms showed that the voiced
pharyngeal /t/, which was described as fricative, is realized as a pharyngeal stop in some of
the utterances examined.

Elgendy (1982), also using spectrographic analysis, examined the inventory of all
consonants in Egyptian Arabic as a function of various vocalic contexts. His study showed
that the voiced pharyngeal consonants are characterized by a drop of the fundamental
frequency compared to those for vowels. He concluded, based on the spectral properties, that
the pharyngeal consonants in Egyptian Arabic are approximants. Adamson (1983) studied the
pharyngeal consonants in Sudanese Arabic using spectrographic measurements and also
concluded that these consonants are approximants.

The study of May (1979;; l98l) investigated the perception of fricative consonants in
Egyptian Arabic. Her data included the pharyngeal consonants, the uvular consonants as well
as some of the front consonants. She concluded that fricative consonants in general are
perceived categorically and identified mainly by the first two resonance frequencies.
Moreover, voicing and segment duration are also important acoustic cues for discriminating
between various pharyngeal consonants.
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Figure 1.14. Sets of tongue pro/iles for tense-lax pairs by an Egyptian subject, (after Wood,

1e79).

Norlin's study (1983) was based on converting the FFT spectra to their critical band

spectra which were analyzed in terms of the spectral center of gravity and dispersion. The
point of measurement was the midpoint (25 milliseconds window) of each fricative consonant
found in Egyptian Arabic followed by each of the five long vowels lii, ee, oo, uu, rerel. This
method could reveal that lf/ is characterized by a weak intensity and has its center of gravity
in the lower frequency region. The voiceless counterpart /h/ has its center of gravity in the

center of the critical band spectrum, with a fairly steep slope in the lower ranges and a more
gradual slope in the higher frequencies. Furthermore, the results suggest that the pharyngeals
l9l and lhl are approximants, rather than fricatives.

Alwan (1986) derived an acoustical model representing the voiced /f/ and lvl ftom data

obtained by Klatt and Stevens (1969) on one speaker of Lebanese Arabic. She verifred the
generated synthetic stimuli representing various pharyngeal consonants by perceptual tests.

By determining the vaiues of the bandwidths of the formant frequencies of these consonants,
it was concluded that variations of the formant bandwidth are indicative to the perception of
pharyngeal consonants.

The study of Butcher and Ahmad (1987) dealt with the acoustic and aerodynamics of
pharyngeal consonants of lraqi speakers. The nasal and oral airflow were measured, using a

pneumotachograph system, during the production of lll and N in various vocalic contexts
and positions in the word. They concluded, based on the measurements obtained, that
pharyngeal consonants in lraqi Arabic are also approximants and are articulated in a region of
the vocal tract where true fricatives are very difficult to produce.
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The lack of constancy in defining pharyngeal articulation phonetically, motivated us to
examine some aspects, not yet explored, of the acoustic signals associated with these
consonants. We examined the interrelationship between the place of articulation, degree of
jaw height and the bandwidth of the first three formants frequencies. This study is reported in
Chapter 4.

1.11.3. The phonology of pharyngeal consonants in Arabic

The accounts provided so far in this chapter on the phonetic, i.e., articulatory and acoustic,
properties of pharyngeal and laryngeal consonants, give rise to certain questions about how a
phonological treatment of this class of speech sounds can be presented. One of the aspects of
the phonological system of a language is that which deals with the arrangement of the string
of phonemes and the inter-relationship among these constituents comprising morphemes. The
available phonological systems describing Arabic entail a specific phonological role of
laryngeal and pharyngeal consonants which tend to behave in a similar way. Furthermore, on
the morophophonological level, we also find evidence to the natural classification of the
Arabic consonants into two main subclasses, i.e., that of the front and back consonant groups.
The definite article morpheme in Arabic {?r1-} has two allomorphs. If the initial consonant in
the word to be adjoined to that morpheme is a back consonant, the allomorph is {?al-}. If the
word has a front consonant in the initial position, the lU is assimilated to that consonant. For
example, the word ltnmsl "srrl" becomes /?reJlems/ while the word/qsmor/ "moon" will be
/?alqomor/. The front consonants in that respect are the set of consonants which have their
place of articulation in the oral cavity, from the lips to the velum. The back consonants are

those articulated in the pharyngeal and laryngeal cavities and are referred to as the "guttural"
consonants.

McCarthy (1991; 1995) advocated the proposal of merging laryngeal, pharyngeal and
uvular consonants in one nafural class of speech sounds called "Gutturals", known by the
medieval Arabic grammarians as "hroof Al Halq" "the sounds of the throat", There are a

number of phenomena characterizing the effect of the Semitic "guttural" consonants on the
other consonants in a given phonetic environment. One of these phenomena is the effect of a
guttural consonant on the height of the vowel in its vicinity. Vowel's first and second
formants were observed to be approximated in the neighborhood of a pharyngeal consonant
(Elgendy, 1982).

Another phenomenon regarding the effect of pharyngeal articulation on syllable structure
is the preference of a guttural consonant to occupy syllable initial over final position in a word
(Mousa, 1972; Mrayati, 1987). Lower pharyngeal consonants tend not to form consonant
clusters with other pharyngeal consonants.

There are several examples where a low back vowel is inserted between two consonants
when either of the consonants is a pharyngeal consonant. This is also referred to as delaying
the articulation of lll following geminate consonants, which is attained by inserting a schwa
before l\/ or the tendency to de-geminate a cluster, i.e., separating the pharyngeal consonant
from the non-pharyngeal consonant by a vowel. In several Bedouin dialects in Arabia and
Egypt, insertion of a low back vowel lal before a guttural consonant has been observed
(Mitchell, 1960; Blanc, 1970; Al-Mozaini, 1981; De Jong, personal communication). This
phenomenon is known as the "gahawa syndrome". In a word containing a back consonant,
i.e., pharyngeal or laryngeal, as in the word lgahwal "coffee", a low vowel is inserted after
that consonant. The insertion of a schwa before the voiced pharyngeal /f/ when preceded by a

geminate consonant is referred to as articulatory delay of /ll as observed in the Bedouin
Arabic of the nomadic desert tribes living in Sinai - Egypt (De Jong, 1999). Articuiation
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deiay of lll also occurs in the Fayyumi dialect of Egyptian Arabic only after a voiced
singleton consonant. In this dialect an intrusive schwa is inserted before /f/ while an lil is
inserted after a geminate consonant (De Jong, 1999).

These observations may indicate that the production of pharyngeal consonants is not
mechanically as simpie as in the case of vowel production. By inserting a vowel prior to the
pharyngeal consonant, the transition to the consonant and from the vowel would ease the
production of lll. On sound spectrograms, the formant structure of the voiced pharyngeal /[/
shows a prolongation of the transition of the consonant to the vowel with a great deal of
coarticulation merging both consonant and vowel together (Elgendy, 1982).

Why do the so-called "guttural" consonants have that effect on the phonetic environment?
None of the previous studies could account for these phenomena, neither could they provide
an explanation for that behavior of this class of speech sounds. As an attempt to answer these
questions, we will elucidate later in this thesis, the role of temporal constraints in determining
the overall trajectory of the jaw moving from one segment to the other through the
constituents of a string of phonemes.

1.12. Scope ofthe present study

It appears from the above mentioned points that pharyngeal consonant production can be

more complex than what it is commonly thought to be. There are several reasons to think that
pharyngeal muscles may be involved actively in the production of pharyngeal consonants.

Several recent models emphasize the importance of considering dynamic articulatory
gestures rather than the steady-state (canonical) form of the phonetic segment. A standard
model of speech production must consider activities of all parts of the vocal tract from the
glottis to the lips. Since the pharynx constitutes more than half of the vocal tract length, it is
important to provide a better understanding of its physiological behavior during speech.
Certainly, that would improve the efficiency of the most commonly accepted current models
and would deepen our insight in the process of speech motor control. To dissolve the
presumed complex articulatory gestures associated with the production of pharyngeal
consonants into its basic components, it is necessary to determine which of these components
have linguistic value.

The present study was designed in order to l) investigate some aspects of the articulatory
dynamics associated with the production of various speech sounds articulated in the back
cavity of the vocal tract; 2) attempt to account for temporal organization controlling these
activities in terms of the effect of the motion on the structure of the pharyngeal cavity; and 3)
suggest an explanation for the peculiar mandibular behavior (i.e., Elgendy, 1985b) observed
during the production of the back consonants.

In the following chapters we present the data collected from convergent sources to
establish a lawful description of the underlying mechanism characterizing the production of
pharyngeal consonants in Arabic. Our aim is to approach a better understanding of the role of
the pharynx in speech production from a different perspective. That will enable us, we
believe, to construct a more realistic dynamical model of pharyngeal articulation and to
account for the nature of coarticulation in the pharynx which is more a cavity than a typical
articulator. Furthermore, the present study aims at attempting to provide a more precise
phonetic description and to shed more light on the nature of pharyngeal articulation in relation
to the other articulators involved. In the next chapter we will deal with the dynamics of the
pharyngeal cavity during the production of pharyngeal and laryngeal consonants using a
fiberscopic technique.
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Dynamic aspects of pharyngeal coarticulationl

Abstract

This study examines the dynamics of the back cavity structure during pharyngeal articulation.
Fiberoptic videoscopic registrations obtained from 9 speakers of Egtptian Arabic revealed

that the velopharyngeal port is open during the production of pharyngeal and laryngeal
consonants in non-nasal context. The degree of opening varied as a function of the
constriction location in the pharynx and the height of the vowel following the pharyngeal
consonant. A substantial displacement of the lateral and posterior pharyngeal walls has also

been observed to occur simultaneously with a downward bending of the epiglottis together
with a constriction in the larynx. The results suggest that the underlying mechanism used to
produce pharyngeal consonants involves fl more complex process than currently supposed.

The results further suggest that nasal, pharyngeal and laryngeal types of articulation interact
and that this interaction is conditioned by both aerodynamical snd mechanical constraints.

I Extended version of a paper presented at the ICSPL'92 in Banff, Canada (Elgendy, I 992).
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2.1. lntroduction

The description concerning the mechanism of pharyngeal consonant production is yet far
from established especially if the lower pharyngeal consonants are concerned. There is still a

controversy in the literature regarding the role of the tongue root in forming the stricture in
the pharynx. As we have seen in Chapter l, even the research made on the physiology of
pharyngeal articulation and based on lateral X-ray photography (e.g., Abramson and
Ferguson, 1962; Al-Ani, 1970; Delattre, l97l; Ghazeli, 1977; Boff-Dkhissi, 1983) could not
provide a clear description. It was infbrred from the fiIms reported on in these snrdies that the
constriction required to produce lll or lN, for instance, is affained merely by an active pull of
the tongue dorsum toward the posterior wall of the pharynx. However, it is not sufficient to
infer the nature of constriction in the pharynx from lateral X-ray pictures alone, since a

constriction made by the pharyngeal wall can only be seen from a tomographic or a top view
of the pharynx. Lateral X-ray pictures only show an excursion of the posterior wall toward the
anterior plan as well as tongue dorsum movements. Therefore, contraction of the lateral
pharyngeal wall cannot be excluded from being one of the muscular activities involved in the
production of pharyngeal consonants. It seems that just pulling the back of the tongue
backward is not adequate to produce the Arabic pharyngeals.

The pharynx, being coupled to the nasal, oral and laryngeal cavities, has a strong
anatomical link with various articulators in the vocal tract. As has been discussed in section
l.l0.l, there are several observations which suggest that the production of pharyngeal
consonants is complex. Moreover, these observations point to a possible interaction between
pharyngeal, laryngeal and nasal articulation. lt would be reasonable, then, to consider the
above-mentioned observations as indications of a possible connection between the
velopharyngeal orifice area and the point of constriction along the pharynx. These
observations may also lead to the following question: What could be the common factor, if
any, between pharyngeal, laryngeal and nasal articulation?

Data on jaw dynamics associated with the production of pharyngeal consonants showed
that the mandible is assigned various degrees of elevation, depending on the constriction
location in the pharyngeal cavity, e.9., ll, h/ require more displacement of the lower jaw than
that required for lvl or /X/. Furtherrnore, it has been found that the position of the pharyngeal
segment in the word also affects the degree of jaw displacement. The jaw maintains its
assigned position for pharyngeal segments even during the following vowel in intervocalic
position but not initially or finally in a word (Elgendy, 1985.b).

Accordingly, it can be assumed, a priori, that the constriction in the pharyngeal cavity is
executed according to a more complex program than the uni-dimensional muscular activity
(i.e., retracting the back of the tongue). On the other hand, the interaction between velic and
pharyngeal activities is expected, since incomplete closure of the port during the production
of various types of vowels as well as non-nasal consonants, may produce a coupling between
the nasal cavity and the rest of the vocal tract. The effects of this kind of articulatory
maneuver will result in an excessive nasal ernission of air, i.e., hypernasality, which in tum
will affect the acoustic quality of the intended speech segment.

The study we present in this chapter was designed to: l) investigate some aspects of the
articulatory dynamics associated with the production of various speech sounds articulated in
the back cavity of the vocal tract; 2) to attempt to account for the temporal organization
controlling these activities in terms of the effect of the motion on the shape of the pharyngeal
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cavity; and 3) to prospect an explanation for the observed mandibular behavior (i.e., Elgendy,
1985.b) during the production of the back consonants.

2.2. Experimental procedures

To examine the vertical excursion of the velum and the side-to-side displacement of the
lateral pharyngeal wall during the production of pharyngeal consonants, a wide-angle, Rhino-
Laryngeo Fiberscope (Olympus, type-B) was used (Figure 2.1.a). This technique has shown
satisfactory results in the field of speech research due to its ease of manipulation and the
relatively long time exposure which can be applied on the subject compared, for instance with
X-ray motion pictures (Miyazaki et al., 1975; Ushijima et a1., 1972). The recordings of the
present data took place in the Department of Phoniatrics and Logopedics of the Huddinge
University Hospital at Stockholm2.

2.2,1. Fiberscope: preparation and insertion

In order to observe velic movements as well as changes in the shape of the pharyngeal cavity,
three points were chosen as most appropriate for the best view in three separate sessions
(Figure 2.1.b). A professional video camera with a Hi-Fi microphone was connected to the

distal end of the fiberscope. Both audio and motion-picture channels were recorded on high
quality VHS-video tapes. Prior to the insertion of the scope, a 4Yo "lidocaine" surface
anesthesia was applied on the mucous membrane of the nasal cavity and on the inferior nasal
meatus of the subject.

The tip of the tube (Figure 2.1.b), was inserted through the nose of the subject and was
pushed through the inferior nasal meatus until it reached a position where the field of the

scope displayed both the levels of maximal elevation of the velum, i.e., fully closed during /s/
in isolation, and the lowest possible open position, i.e., rest position. From that position, with
the tip of the scope bent downward, it was possible to monitor the top view of the pharyngeal
cavity, the lateral walls of the nasopharynx and the nasal surface of the velum at various
degrees of elevation.

As soon as that position was determined, the tube was clamped at the nostril of the

subject. This position was kept unchanged throughout the recording session for each subject.

The second point of observation was chosen just above the top level of the epiglottis. This
position made it possible to observe the glottis, epiglottis, and lateral and posterior walls of
the laryngeo-pharynx. The root of the tongue, whenever it approached the posterior
pharyngeal wall, was also monitored. The distance between the tip of the lens and the glottis
was about 4 centimeters. The bending section was adjusted so that it was centralized in
relation to the glottis. The third point was taken beneath the epiglottis and just above the

arytenoids in order to observe the shape of the glottis.

2The 
author wishes to thank Bjom Fritzell for the useful suggestions and discussions and Per-Ake Lindestad for his

contributions to the medical and technical aspects of the data collection.
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Figure 2.1.a. The Rhino-Laryngeo Fiberscope used in the present experiment and its

components.

Figure 2,1.b. Schematic diagram for the set-Ltp used in the present experiment. The audio

signal was passed through a low pass filter and a beep signal is added before it is digitized in
the computer. The Levels l, 2 and 3 indicate the three points at which the pharyngeal cavity

was viewed b1, 17t optical lens at the two or three dffirent recording sessions.
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2.2.2. Subjects

Twelve Egyptian male speakers were asked to participate in the present experiment. All have

normal hearing as indicated by the audiometer. They had no apparent speech defects and had

no pathological speech history. Three subjects could not proceed with performing the

experiment due to inability to have the tube inserted in their nostril. That left only nine
subjects to represent the data reported here. The subject was seated on a dental armchair, with
his head leaned against a headstand in a fixed and comfortable position. The fiberoptic tube
was swabbed with alcohol and then was inserted carefully and slowly into the nostril of the

subject.
For two of the subjects, a third session took place to monitor the shape of the glottis at

level 3. The tube was connected to a VHS video camera and to a cold-light source (Figure
2.1.b). The view of the pharynx was monitored on-line on a television screen together with
the recorded audio signal of the speech samples. The recording session of each subject varied
between two to three hours including the preparation, practicing and mounting the setup parts.

2.2.3. Speech material

The words chosen as the speech material in the present experiment were selected to reflect the
articulatory dynamics of the back cavity of the vocal tract and to represent various points of
constriction in the upper and the lower pharynx. In order to examine the dlmamics of the
pharyngeal wall and the velum displacements as well as the tongue root movements, the

selected words contained plain and emphatic and nasal minimal pairs. Since the fiberscope
monitors the top view of the back cavity, the shape of the tongue root can be seen when it is
displaced toward the rear wall of the pharynx during pharyngeaiized words to compare it with
its plain cognate or words with a nasal consonant. The schematic representation below shows
the structure of the four sample word groups:

I l.cd w. cph Y.l; /.ct w. cph v./
z- /.cdv. cph vv. c' y./;/.ct v. cph vv. c' v./
3- /.cdy. cpn vv. c" v./; /.cr v cph.. coh v C.l
4- /.cdY c* cpn./; /.crv cNCh./

Ct = any pharyngealized (emphatic) consonant.
Cd = any of the plain counterpart to the emphatics, i.e., the dentals ls, z, d, tl.
Cph: a pharyngeal or laryngeal consonant.
C" = a nasal consonant , i,e,, lml or ln/.
V : any of the vowels hl, lal or lul.
Co: any oral consonant.
'o." : a syllable boundary.
',f ') - a word boundary.

Group I was used to examine the effect of the pharyngealizedlorul consonant on the
pharyngeal consonant. Group 2 intended to examine the effect of vowel length while group 3

examined the pharyngeal consonant length in either emphatic or plain phonetic context.
Group 4 examined the extent of nasal consooants and their effect on the pharyngeal
consonant.
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The speech material included both meaningful as well as nonsense Arabic words. They
represented the pharyngeal consonants in both emphatic and plain environments (Appendix
2.1). All 92 "words" including the nonsense words, were written in Arabic script on 7xl0 cm
cards. Arabic diacritic marks were added to each word to indicate various vowel qualities to
the subjects. The cards were randomized and were assigned a serial number for each token,
those numbers were later used as a reference number for the frames of the video tapes.

Three vowel environments were manipulated, i.e., high-front vowel /i/, high-back vowel
lul and low-front vowel lel . The meaningful words (minimal pairs) as well as the nonsense
words are given in Appendix2.l. The entire list of words was repeated at least twice by each
subject. During the recording, the cards were placed by the experimenter one by one at a
visible distance in front of the subject's eyes. This helped to regulate the speed of the word
flow.

Prior to the start of the actual experiment, each subject was asked to practice reading part
of the list of test words while he had the fiberoptic tube inserted in his nasal pathway. In a

pilot experiment using the same fiberscope, it was noticed that the subject got rid of the
feeling of discomfort only a few seconds after the insertion of the fiberoptic tube and that he

did not show any sign of annoyance or impatience having the tube inserted in his nose for a

relatively long period of time. This made it possible to choose a wide range of speech material
and to have the words repeated by each speaker more than once. The recording sessions for
each subject took place in two successive stages, i.e,, one for the velum viewpoint and the
other for the epiglottis and laryngeal viewpoints. For the two subjects who provided also a

view of the glottis a third session was made after a short break.

2.2,4. Data recording

The pictures obtained from each subject via the fiberoptic objective lens were recorded by a
professional video camera on a high quality VHS-video tape assigned for each subject. Each
video tape contained both a picture channel as well as an audio channel. The audio channel
was separated from the video tapes, for easier access when digitizing it into the computer and
to enable recording a beep signal required for synchronization purposes.

The audio signal, then, was recorded on a professional magnetic audio-tape to be used in
further spectrographic analysis. This step was preceded by filtering the signal in order to
eliminate noise frequencies higher than 7500 Hz which may be caused by the mechanical
parts of the sefup. Finally, the edited audio signal was digitally recorded into the computer
hard disk. Figure 2.2 shows a schematic drawing illustrating the area in the vocal tract
exposed to the light while the fiberscope is inserted in the nasal cavity to view the excursion
of the velum from its rest position.

2.2.5, Synchronizing

An eight-digit "timer-c1ock" showing the hour, minute, second and every hundredth of a
second was recorded on each of the video films in order to be able to synchronize the picture
frames with the audio signals. The time interval between each frame was l0 milliseconds.
However in the figures it is shown every 20 ms unless there was a noticeable change in the
movement occurring within this time interval.
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Figure 2.2, Schematic drawing shotving the vocal tract while the fiberscope is inserted in the

nasal cavity to view the excursion of the velumfrom its rest position. The bright spot indicates
the area viewed by the fiberoptic lens when the velum is maximally lowered (A), and fully
raised (B), respectively. Wen the velum is raised, the posterior pharyngeal wall can also be

seenfrom the topmost viewpoint when contracted.

Figure 2.3. Wide band spectrogram showing the waveform of the 4500 Hz beep signal used to

synchronize the picture obtained by the fiberscope for the pharynx with the acoustic wilve
associated with each word uttered by the speaker (in this example the word /mndaho/ was

spoken). The 250 ms long beep signal appeared always at the beginning of every sound Jile
which was one minute long.

5l
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A 4500 Hz (250 ms long) pure-tone "beep" signal was recorded on the audio channel of
the video tape signaling the onset of each minute of speech. Together with the timer, it was
possible to synchronize the pictures representing the articulatory events with the
corresponding acoustic signal shown on a sound spectrogram in the digital file. An additional
eight-digit-timer was also recorded on the audio channel of the video tape in order to follow
up with the serial order of the speech samples of each subject. Figure 2.3 shows a wide band
spectrogram showing the waveform of the 4500 Hz beep signal used to synchronize the
picture obtained by the fiberscope for the pharynx with the acoustic wave associated with
each word uttered by the speaker. The beep signal appeared always at the beginning of every
sound file which was 60 seconds long.

2.2,6, Data analysis

2.2.6.1. Film processing
Frame by frame scanning was made possible using a "motion picture analyzer" which
facilitated scanning the film slowly and precisely so that the selected frame is frozen at a point
corresponding well to the phonetic segment in question. After a thorough visual and auditory
inspection of the video tapes, a hard copy of a number of selected frames was obtained by
using a video copy-printer "Mitsubishi P-60B". Several hard copies obtained from the printer
were used for demonstration and presentation. The vast majority of the frame measurements
were made using the TV screen connected to the video player in the "Repro Enheten"
laboratory of Stockholm University.

2.2.6.2. Spectrographic analysis
The audio signals representing the speech material were digitized via an ND converter and
then stored on a computer hard disk in a number of separate files. Each file begins and ends

with the pure-tone "beep" signal. The time interval between each "beep" was 60 seconds
which corresponds to an interval equal to that indicated by the timer printed on the video film.

Wide-band spectrograms were made for each extracted test word using a computer
software package (Speech Lab. II, by GW Instruments). The motion picture frames
corresponding to each phonetic segment were determined by matching its spectrogram time
reading (relative to the time-onset, i.e., zero-time, of the speech file) with the timer-value
appearing on each image frame.

2.2.6.3. Data reduction procedures
The method used to measure from the video images velar height during the production of the
pharyngeal consonants was similar to that used by Ushijima and Sawashima (1972),
Benguerel et al. (1977.a) and Niimi et al. (1982). A grid with two perpendicular axes was
used as a measuring scale. The grid zero-point of the vertical axis was centered on the frame-
image in order to calibrate rear pharyngeal wall displacement and velum upward or downward
movements. The horizontal axis of the grid was placed at the bottom edge of the frame-image
to enable measuring the lateral pharyngeal wali displacement.

Velar height was measured in terms of the distance between two points along the vertical
axis drawn on that grid. The most elevated position the velum could reach for each speaker,
was considered as the maximum positive point on that axis. The position reached during the
production of the /sl sound in isolation, which nearly requires a complete ciosure being an

oral fricative consonant, was chosen to be representative for that maximum value. The lowest
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negative point was the one the velum assumed during rest position, i.e., quiet breathing
(Figure 2.4).

The displacement of the lateral wall of the nasopharynx toward the midsagiual plane at the
point below the velopharyngeal region was measured on a horizontal axis perpendicular to the

vertical axis. Two points at each side of the vertical central axis were taken to represent the

side-to-side distance (Figure 2.4). Velar height as well as pharyngeal wall displacement were
plotted also on a relative displacernent scale with a minimum of 0 and a maximum of l5 as a

function of time along each utterance. The same measuring unit was used for each subject.

The curves were time-aligned at the onset of the pharyngeal segment to compare various
points along the pharynx (Figure 2.4).

ffiffiM @ffi

Figure 2.4. Selected frames and their stylized drawing showing the velopharyngeal port (VP
Port) viewedfrom two dffirent points: the nasal cavity (1 and 2 to the left) and the lower part
of the pharynx at the level of the epiglottis (3 and 4 to the right). Velar height is measured as

the displacement along line YY': at rest position (1) and at the most elevated positionfor that
subject (2). The side to side displacement due to contraction of the lateral pharyngeal wall
(LPW) is measured on the XX' axis (2). The rest position of the epiglottis and of the posterior
pharyngeal wall (PPW) are determined along the YY' axis (j). The maximum accursion of the

epiglottis and the displacement due to contraction of the PPW are measured on the YY' axis
(a). The displacement due to contraction of LPW is measured on the ffi' axis (4).

2.3. Results

The present experiment provided some principal findings concerning the dynamics of the

velum and the lateral and posterior pharyngeal wall. Also, the state of the epiglottis and of the

larynx during the production of pharyngeal and laryngeal consonants in various phonetic
contexts could also be observed. The results are presented in terms of measurements of the

degree of displacement away from the rest position for various articulators. The
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measluements were drawn on the relative scale described above using the same calibrating
unit for all points of measurements.

2.3.1. The state of the velum

Data inspection revealed that the velum was lowered during the pharyngeal and laryngeal
consonants /f, h, h, ?/ even in the non-nasal context. The degree of velopharyngeal port
opening varied as a function of phonetic context. Thus indicating that the velopharyngeal port
was partially open for all the nine subjects. Figure 2.5 shows some characteristic frames per
phoneme representing the velopharyngeal port of three subjects during the production of the
word lsr,afr,l "a watch". Although the inspection of the films showed a limited degree of
inter-speaker variability, all subjects, however, manifested a more significant degree of
velopharyngeal port opening during the long consonant /tf/ when it occurred inter-
vocalically, e.g., in the word /sroftor/ "priced".

/s &n t nl
Figure 2.5. Characteristic frilmes per phoneme representing the shape of the velopharyngeal
port of three subjects (MS, top graph; MA middle graph and AA bottom graph) during the
production of the word /saafn/. The counter readings, appearing on the top of each frame
picture, correspond to the time on the spectrogram for the midpoint of the consonant /s/ and
the midpoint of the vowel /an/ preceding the pharyngeal segment (left column).
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The velopharyngeal opening during this word was wide enough to indicate an evident
nasal-oral coupling. It should be noted that the degree of velic lowering was found to be

affected by the presence of other consonants in the vicinity of lll , e.g.,lsl , lm/ , lnl . In a word
like /mrnh/ "giving", we did not observe changes in the velum position even during the final
pharyngeal segment N.That is, the velum for the frnal lh/ was almost in the same position as

that already assumed during nasal consonants.
During the upper pharyngeal consonants, i.e., the uvulars ly,yl, the velopharyngeal port

showed less degree of velic opening for all subjects. The emphatic (pharyngealized)
consonants did not have any significant effect on the degree of velic opening compared to that
displayed during their non-emphatic (plain) counterparts. During oral consonant production
the velopharyngeal port was observed to be considerably more closed than during pharyngeal
consonants.

Figure 2.6.a shows successive frames, selected at every noticeable change in the shape of
the upper pharynx, representing the shape of the velopharyngeal port as seen from the top
view of the nasal surface of the soft palate for Subject HA during the production of the
emphatic word lrsclsr I o'to dive".

Figure 2.6.b shows the displacement of the lateral pharyngeal wall and the velum height
during the same word as measured on a relative scale. It can be seen in that figure that the

displacement of the LPW and the rising of the velum are synchronizing to have the port
closed at certain point of time during the front consonant, i.e., the emphatic /se/. Figure 2.7
shows successive frames representing the shape of the port and the protrusion of the
Passavante ridge for Subject HH uttering the emphatic word /1oosr/ "private".

Figure 2.8.a shows successive frames of the velopharyngeal port for Subject AG uttering
the word lsr,nhr,l "a square". The time counter appearing at the top of each frame represents
the time reading at selected intervals (whenever any noticeable changes in the shape of the
port occur). It can be seen that the Passavante ridge (the notch just below the counter) appears
for that subject. In two of the subjects used in the present investigation the Passavante ridge
was presented to aid for closing the velopharyngeal port adequately. Figure 2.8.b shows the
displacement of the velum and of the lateral pharyngeal wall observed at the level of the
velum during the production of the word lsa,r'hnl uttered by the same Subject AG. The
curves, plotted in relative units, are aligned at the onset of the pharyngeal segment /h/. What
we clearly see in this figure is that the velum is much more lowered once the initiation of the
vowel prior to the pharyngeal consonant starts and then it moves upward gradually after the
offset of the pharyngeal consonant.

2.3.2. The state of the pharyngeal wall

During the production of consonants which require regulation of the velopharyngeal port
size, medial displacement of the lateral wall at the level of the velopharynx was observed
simultaneously with elevation of the velum. The control of that regulation seems to be
attained by a sphincter-like mechanism acting on the velum and the lateral walls. That is, the
constriction is achieved by simultaneous inward movement of the posterior wall and medial
movement of both sides of the lateral wall. Figure 2.9 shows selected numbers of successive
frames showing the shape of the velopharyngeal potr as seen from the top view of the nasal

surface of the soft palate.
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Figure 2.6.* Successiveframes (top graph) selected at every noticeable change of moventent

of the velum as seen.fro* the top view of the nasal surface of the soft palate for Subject HA

during the production of the emphatic word /raasr/.

-F vH + LPW

Time (ms)

100 200 300 400

W oo S

Figure 2.6,b, The displacement of the lateral pharyngeal wall (LPW) and the velum height
(VH) as measured on a relative scale during the same word /raasr/ uttered by Subject HA as

in Figure 2.6.a.
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The wide band spectrogram below shows the formant frequencies as well as the waveform of
the word lsnnlael uttered by Subject AZ. The frames in each column, labeled at the bottom
with A, B, C and D, correspond to the instances along the utterance as indicated on the
spectrogram by labels a, b, c and d. What can be observed in that figure is that the velum is
lowered during the initial sound lsl and then gradually starts to move up to its maximal height
toward the following vowel lnl tn that word. This may indicate a sign of anticipatory
coarticulation effect induced by the upcoming pharyngeal consonant due to contraction of
pharyngeal muscles.

Figure 2.7. Successive frames of the velopharyngeal port as seen from the top view of the

nasal surface of the soft palate for Subject HH during the production of the emphatic word
/raasr /.

The subjects reported on in the present experiment all seemed to use a similar mechanism
during the production of pharyngeal and laryngeal consonants in non-nasal context though to
various degrees. In some subjects (cf. for instance subject HH in Figwe 2.7),the Passavante
ridge was seen to protrude anteriorly to seal off the velopharyngeal port aided by the velum.

The posterior pharyngeal wall at inferior level, i.e., at the laryngeo-pharynx area, was
observed to move anteriorly thus diminishing the size of the constriction. The movement was
more apparent particularly for some subjects (cf. particularly subjects 6 and 9 in Figure 2.10).
Figure 2.10 shows three selected frames for each of the nine subjects used in the present

experiment. They show the shape of the lower portion of the pharynx at the level just above
the epiglottis. These three frames per subject each represent different midpoints in the first
syllable, the pharyngeal consonant and the final vowel lnl, along the word /srrtre/ as uttered
by each of the nine subjects.



s8 CHAPTER 2

Figure 2.8.a" Successiveframes selected at every noticeable change in movement of the velum

as seen from the top view of the nasal surface of the soft palate for subject AG during the

production of the word /sanhn/. The upper half of the frame shows the posterior pharyngeal

wall while the velum can be seen moving in the lower half. The first column to the left star* at
the top with the onset of the /s/. The second column from the left shows the maximum degree

of velum lowering, i.e., during the consonant /h/. The topframe of this column corresponds to

the point on the curve at the zero line in Figure 2.8.b.
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Figure 2.8.b. Displacement of the velum (V.H) ffilled circle) and of the lateral pharyngeal
wall (open circle) observed at the level of the velum during the production of the word
/saahn/ uttered by Subject AG. The curves, plotted in relative units, are aligned at the onset

of the pharyngeal segment /h/. (See Figure 2.8.a for correspondingframes in the video film).

2.3.3. The state of the epiglottis cartilage

Further inspection of the data showed that the epiglouis is actively moving, in particular,
during the production of those segments which have a major constriction located at inferior
regions of the pharynx, e.g.,/f, h/. During lfl, for instance, the epiglottis was observed
moving to lean on the top of the arytenoids cartilages, independently from the movement of
the tongue, closing off most of the distance between the root of the tongue and the posterior
wall of the lower pharynx.

Furthermore, we noticed, during the visual inspection of the spectrograms made for each
word, that the point at which the epiglottis showed maximal lowering on the video film occurs

consistently at the middle of the pharyngeal consonant duration. This observation may
indicate that the primary constriction is sought by the epiglottis, since the time it takes to
reach the point of maximum bending on the top of the arytenoids is almost equal to that taken
to retain its coherent position to the root of the tongue. Figure 2.1 I shows successive frames
of the lower part of the pharynx of Subject HA uttering the word /siihi/'omelt".

As for the upper pharyngeals, i.e., /y,y/, the epiglottis also displayed tilting on the

arytenoids but to a much lesser extent. Figure 2.12 shows successive frames of the
movements of the epiglottis, the displacement of the lateral walls of the oro-pharynx and the

anterior displacement of the posterior wall during the production of the emphatic word trsost /
o'to dive" as uttered by Subject AH.
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Figure 2,9. Selected successive frames showing the shape of velopharyngeal port os seen

from the top view of the nasal surface of the soft palate for subject AZ during the production
of the word /sanfn/. The bottom frames A, B, C and D in each column coruespond to the

instance along the utterance as indicated on the spectrogram by the labels a, b, c and d.
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Figure 2.10. Selected frames for each of the nine subjects used in the present experiment

showing the shape of the lower part of the pharynx at the level just above the epiglottis The

frames (fr'om left to right column) show the shape at three dffirent midpoints along the word
/saafre/, i.e., thefirst syllable, the pharyngeal segment /f/ and thefinal vowel /n/.
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Figure 2.11. Successive frames of the lower part of the pharym at a level just above the top
edge of the epiglottis of Subject HA. The frames show the movement of the epiglottis as well
as the inward movement of the lateral wall of the laryngeopharynx during the production of
the /ihi/ part of the word /siihil.

Figure 2.13 represents tracings of various displacements of the velum, the lateral
pharyngeal wall and the epiglottis during the production of the words /siifi/ "you (fm.) seek!"
vs. /sreref El "a clock" uttered by Subject HA. The tracings, which are plotted on a relative
scale, are aligned to the onset of the pharyngeal consonant /f/. Figure 2.14 rcpresents tracings
of the movement patterns for Subject MS during the words #/siiyi/ "a nonsense word" and

panel) as well as maximal bending of the epiglottis (bottom panel) occur at the middle of the
acoustic duration of the pharyngeal consonant. The displacement of the articulator movements
is shown even after the acoustic duration of the word is ended in order to show the point of
returning to the rest position. It can also be seen in that figure that the degree of velum
lowering as well as epiglottis bending is less than in the case of the lower pharyngeal
consonant /f/. These two figures can be used to illustrate that the contraction of pharyngeal
muscles occurs at the point of maximal displacement at both levels, i.e., the level of the
velopharyngeal port and the level of the epiglottis. These data cannot serve for cross-subject
comparisons since the vertical axes are not quantifiable in absolute terms. However, seven of
the nine subjects showed similar results regarding the timing of displacement indicating
muscles contraction.

3 
The symbol * denotes a nonsense word.
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s

Figure 2.12, Successive frames of the lower part of the pharynx at a level just above the

epiglottis of Subject AH. The frames represent the movement of the epiglouis as well as the

lateral walls of the laryngeopharynx during the production of the emphatic word /raasr/. The

last nvo frames represent the epiglottis rest position for that subject.

In general the velopharyngeal port was found to be partially opened for all the subjects
participating in the present experiment. However, these nine subjects showed various degrees

of velum elevation depending on the phonetic context as well as the form of the word
structure. Figure 2.15 represents bar charts showing the degree of velar height for each of the
nine subjects as a function of different places of articulation of the pharyngeal consonants in
the context of ltl and lal vowels. The measurernents, which are plotted on a relative scale, are

taken at the midpoint of each consonant. The effect of vowel height on the degree of
contraction of the pharyngeal wall as well as the bending of the epiglottis is noticeable. High
vowels influence the degree of velum lowering more than low vowels which have less
resistance to pharyngeal contraction. Figure 2.16 shows successive frames of the lower part of
the pharynx for Subject HH uttering the word isiifi/ (nonsense word). The arytenoids
cartilages can be seen moving anteriorly as the epiglottis starts to bend down approaching the
posterior pharyngeal wall indicating less degree of contraction compared to low vowel
context.
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Figure 2.13. Displacements of the velum (top graph), the lateral pharyngeal wall at the level
of the epiglottis (middle graph) and the epiglottis during the production of /snafa/ (filted
circle) and /siifi/ (empty circle) uttered by Subject HA. The curves, plotted in relative units,
are aligned at the onset of the pharyngeal segment /f/. The displacement of the articulators
movements is shown even after the acoustic duration of the word is ended in order to show
the point of returning to the rest position.
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Figure 2.14. Tracings of various displacement of the velum (top graph), the lateral
pharyngeal walls at the level just above the epiglottis (middle graph) and the epiglottis
(bottom graph) during the production of the minimal pairs /siiyi/ vs. /sanyn/ uttered by
Subject MS. All curyes are aligned to the onset of the pharyngeal segment /y/ and were
plotted on relative scale. The displacement of the articulator movements is shown even after
the acoustic duration of the word ts ended in order to show the point of returning to the rest
position.
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Figure 2.15. Bar charts representing velqr height for the nine speakers during various
consonants in two vowel environments /i, a/. The measurements, which are plotted on a

relative scale, were taken at the midpoint of each consonant. The order of the syllables on the
horizontal axis from left to right is as follows: /hi, ha, ti, f a, hi, h&, xi, w ni, na, bi, br,
si, sa/.

Figure 2.17 shows successive frames of the lower part of the pharynx during the word
lsr;nha,l uttered by Subject AG. The selected frames are those representing the shape of the
cavity at the transition boundaries NCYI, i.e., from the vowel la,l to the consonant N to the
final vowel /r/ again It can be seen in that figure that during the pharyngeal consonant the
epiglottis folds back with simultaneous contraction of the rear and lateral wall of the pharynx.

Figure 2.18 shows the top view of the shape of the lower pharynx for Subject AG during
the production of the words lsr;rtal,/siiti/, /suutu/ and the emphatic word /ttooto/. fire
fourth frame from the left in each row indicates the midpoint of the pharyngeal segment as

detected from the spectrogram in each of the four words. We can see that the maximum
degree of epiglottis bending occurs consistently at that point represented by the fourth frame.
As for the high back vowel lul we observed that they showed no effect on the degree of velar
height of the pharyngeal consonant, maybe due to the inherent backing gesture it possesses,

i.e., nahow pharynx.
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Figure 2.16. Successive frames of the lower part of the pharynx at a level just above the

epiglottis of the Subject HH. The fromes represent the movement of the epiglottis as well as

the lateral wall of the laryngeopharynx during the production of the word /siifi/. The phonetic

symbols under theframes indicate the sound in the word.

2.3.4. The state of the glottis

It was possible to monitor the shape of the glottis from a closer view during various
pharyngeal, laryngeal and oral articulations in two of the subjects without initiating the gag

reflex to the epiglottis. The tip of the lens was inserted past the top edge of the epiglottis to

reach just above the top level of the arytenoids cartilages (Level 3 in Figure 2.1.b)
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Figure 2.17, Successive frames of the lower part of the pharynx at a level just above the top

edge of the epiglottis of Subject AG. The frames represent the movement of the epiglottis as

well as the lateral wall of the laryngeopharynx during the production of the final part of the

word /sanhn/.

That position made it possible to observe the shape of the glottis even below the blade of the
epiglottis when it bends down during the production of various pharyngeal consonants.

The shape of the glottis during pharyngeal and laryngeal consonants, compared to vowel
production, was found to be different indicating a constriction in the glottis itself. Figure 2.19
shows selected frames of the shape of the glottis during the production of Egyptian Arabic
vowels li, u, &, o/ as uttered by Subject AH in a sustained isolated context. lt can be seen that
the arytenoids cartilages are less approximated during the high vowels li, tt/ than during the
low vowels la, a/.

We noted a rnajor constriction at the glottis itself during the production of ll, h, h, ?/
which assumed different shapes depending on the consonant. Figure 2.20 shows the shape of
the velopharyngeai port and the corresponding point in time representing the shape of the
laryngeal constriction under the bending epiglottis during the production of the voiced
pharyngeal /l/, the voiceless pharyngeal lW, the voiceless laryngeal fricative lW and the low
back vowel /ol as uttered by Subject AG. The frames, although unavoidably extracted from
two different recording sessions but for the same subject, i.e., at the velum and the laryngeal
Ievel, represent the midpoint of the pharyngeal articulatory event. The inlet of the glottis
during lll, for instance, was covered to a great extent as a result of anterior-superior
movement of the arytenoids after they are medially approximated. During the voiceless /h/ the
vocal folds were brought together at the anterior angle and were wide apart at the posterior
base. The resultant shape was more like an equilateral triangle. The laryngeals /?, h/ displayed
the ordinary shape of the glottis as their IPA phonetic symbols indicate, i.e., l?l is a glottal
stop with a complete instantaneous closure of the glottis, while lhl is produced with partial
approximation of the vocal folds allowing friction. The points in time at which the frames
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were selected to show the velopharyngeal port are taken at the lowest level of displacement of
the velum as seen on the video tapes which readily correspond to the acoustic midpoint.

Regarding the state of the glottis for the upper pharyngeals lv, yl, it was not clear whether
a laryngeal constriction also accompanied their production. However, the striations on the

sound spectrograms for the voiced lyl werc farther apart than those during the surrounding
vowels. This can indicate that F0 level for lyl is lower than that for vowels maybe due to
some degree of contraction of the pharyngeal muscles.

In summary, all nine subjects that participated in the present experiment, and that all
represent one and the same Cairo Arabic dialect, all seem to use a similar mechanism to
achieve a constriction in the upper and lower pharynx during the production of pharyngeal
consonants. What was evident and common among all subjects is the active bending of the
epiglottis and the simultaneous pulling of the velum downward. However, these articulatory
gestures are manifested more for lower pharyngeal consonants than for those segments
occurring anteriorly in the back cavity of the vocal tract.

Figure 2.18. Top view of the shape of the lower pharynx during the production of the words:
A) /sr,nfar,l; B) /siifi/; C) /suufu/ and D) the emphatic /taafa/ as uttered by Subject AG. The

fourth frame from the left in each row indicates the midpoint of the pharyngeal segment in all
four words.
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Figare 2.19. The shape of the glottis during the Egyptian Arabic vowels /i, u, E, a/ uttered by
Subject AH in a sustained isolated context.

Figure 2.20. The shape of the velopharyngeal port at the lowest level the velum reached
(Level l, top row) and the corresponding point representing the shape of the laryngeal
constriction under the bending epiglottis and the displacement which the arytenoids assumed

(Level 3, bottom row) during: (A) the production of the voiced pharyngeal in /fafnfn/; (B)

the voiceless pharyngeal in /hahahn/; (C) the voiceless laryngeal fricative /hahnha/; (D)

low back vowel /a/ in sustained isolated form as uttered by Subject AG.

tfl thl Is]
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Figure 2.21. Scattergram representing the correlation between maximum level of velum

lowering and maximum degree of epiglottis bendingfor all9 speakers (2 repetitions) for three
vowel environments /a, i, u/. The data points are plotted on a relative scale.

During oral consonants the inward displacement of lateral and posterior pharyngeal walls at
the level of the velopharyngeal port was observed to occur concomitant with velum elevation.
This action suggests that the constriction that occurred is due to a sphinctric-like mechanism
(cf. for instance Figure 2.9). The constriction, either in the higher or lower pharynx, showed
inward displacement of the pharyngeal wall in all subjects. However, inter-speaker variability
was observed in particular dwing the contraction of the higher pharynx. The epiglottis was
seen to be actively involved, independently from the tongue movement, in creating the
constriction in the laryngeo-pharynx region for those consonants articulated in the lower
pharynx. Furthermore, the larynx itself was found to be constricted during the production of
both pharyngeal and laryngeal consonants to various degrees.

Al1 nine subjects who participated in the present investigation seem to use a similar
mechanism to produce pharyngeal and laryngeal consonants. Moreover, the maximal point of
velum lowering was found synchronized with the pulling of the epiglottis to a maximal
downward point of excursion. Figure 2.21 shows a scattergram representing the correlation
between maximum level of velum lowering and maximum degree of epiglottis bending for all

t4
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Figare 2.22. Scattergram representing the correlation between maximum degree of lateral
pharyngeal wall inward displacement at the level of the epiglottis and maximum degree of
epiglouis bending for all 9 speakers (2 repetitions) for the words /snafn/ and /siifi/. The

data points are plotted on a relative scale.

9 speakers and two repetitions of each word for three vowel environments. The data points are

plotted on a relative scale. The degree of displacement also varied as a function of the tongue
height, That is, the epiglottis, and hence the lateral pharyngeal wall at the epiglottis level,
showed more displacement dwing low front vowel lr,lthan during high front vowel /i/. This
relationship is illustrated in Figure 2.22 whtch shows a scattergram representing the
correlation between maximum degree of lateral pharyngeal wall inward displacement
(measured on a relative scale) and maximum degree of epiglottis bending for all 9 speakers (2

repetitions) for the words lsr,refr,land /siifi/.
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2.4. Discussion

2.4.1. Pharyngeal articulation and deglutition

The results of the present experiment showed that the velum is lowered during pharyngeal and
laryngeal articulation even in non-nasal context. In addition, the epiglottis is down folded on
the top of the arytenoids at the same time the velum is pulled down. The larynx is constricted
and the constriction seems to be achieved by approximating the arytenoids which move
substantially forward particularly during the voiced pharyngeal /f/. The lateral and posterior
pharyngeal walls showed medial and forward displacement, respectively.

According to lateral X-rays traces obtained for some Arabic speakers (Delattre (1971),

Ghazeli (1977), Boff-Dkhissi (1983) and El-Halees (1979), it can be seen that the tongue
assumes a fixed pyramidal shape (resembling a inverted "V") at a point closer to the hard
palate (cf. these data shown in Figures 1.8-1.13). The root of the tongue is retracted and is
closer to the posterior pharyngeal wall. Moreover, the hyoid bone and the larynx complex are

simultaneously eievated. The larynx was observed to ascend 1.3 cm in a superior-anterior
excursion (AI-Ani, 1972). Moreover, it has been demonstrated that during the production of
pharyngeal and laryngeal consonants the jaw displayed an extreme degree of lowering, i.e., up
to 26 mm initially during lll for some speakers, compared to oral consonants (Elgendy,
1985.b).

These summoned findings together with the findings obtained from the present
investigation indicate that the assumed configuration of the back cavity during the production
of the back consonants is forrned via complex movements of several articulators occurring
simultaneously. Therefore, it can be suggested that the configuration of pharyngeal structure
is subjected to severe constraints due to mechanical effects applied on these articulators. The
motion of the jaw, the tongue, the velum, the epiglottis and the larynx during pharyngeal
articulation (particularly that for lower pharyngeal consonants), points out a resemblance
between the mechanism used to achieve the constriction in the back cavity and that used
during swallowing.

In the remaining part of this section, an attempt to establish a relationship between the
mechanism controlling pharyngeal articulation and that controlling the normal swallowing
process will be made.

2.4.1.1. The shape of the vocal tract during swallowing
It is possible, from a physiological point of view, to move the epiglottis independently of the
tongue, e.g., rejecting foreign bodies getting inside the trachea or during swallowing. The
mechanism of swallowing involves three phases: oral, pharyngeal and esophageal. In the orai
phase, solely, tongue and jaw activities are used to form the bolus. Then elevation of the
larynx and backward movement of the tongue forces the food through the isthmus of fauces
into the pharynx where the pharyngeal phase starts (Bosma, 1986). In that phase, a

glossopalatal contact point is created. The tongue forms an inverted "V, shape to the tail of
the bolus (Sokol et a1., 1966). The bolus is pushed further down in the pharynx by contraction
of pharyngeal constrictor muscles in a descending sequence (Doty and Bosma, 1956).

It should be noted that the velum is lowered during the pharyngeal phase of the
swallowing process (Donner et a1., 1985; Smith et al., 1990). Donner et a1., 1985 describe the
pharyngeal phase of swallowing as foilows: The descending wave of pharyngeal peristalsis
begins. The hyoid bone and larynx start to elevate. The hyoid bone reaches its maximai
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upward and anterior position, and the larynx approaches the hyoid. As the larynx rises, the
laryngeal vestibule closes, and the epiglottis tilts downward. The contraction descending
through the superior and middle pharyngeal constrictors is seen as peristaltic wave in the
posterior pharyngeal wall. The soft palate still closes off the palatopharyngeal isthmus, but it
is no longer elevated. The larynx remains elevated and closed (p. 207).

In addition, laryngeal upward and forward movements as well as an ascending movement
of the hyoid bone are concomitant to pharyngeal wall contraction (Ramsey et al., 1955;
Bosma et al., 1986). Furthermore, contraction of the intrinsic laryngeal muscles occurs
simultaneously with adduction of the vocal cords and approximation of the arytenoids and
epiglottis (Logemann et al., I983). In the esophageal phase (final phase) the bolus is pushed
into the esophagus and no activities of lower pharyngeal muscles are observed (Donner et a1.,

1985; Bosma et al., 1986).
Shaker et al. (1991) demonstrated, by using frame-by-frame analysis of video endoscopic

recordings, that degiutitive laryngeal kinetics consisted of vocal fold adduction, associated
with transverse approximation of the arytenoids to the base of the epiglottis, followed by
laryngeal ascent and epiglottis descent.

In our present study the moment of velum lowering was synchronized with the down
folding of the epiglottis. One interpretation of this observed phenomena could be that opening
of the velopharyngeal port is caused by a passive action subjected on the soft palate. That is,
pulling of the velum, and subsequently opening the velopharyngeal port, seems to be due to
anatomical rather than aerodynamical constraints. The anatomical link between the organs
involved, the shape of the vocal tract and the timing controlling these organs movements, all
suggest that the velum is pulled downward due to a passive contraction of the soft palate
resulting from motor activities of the constrictor muscles as well as the aryepiglottic muscles.

It has been suggested that laryngeal and pharyngeal articulation can tolerate an opened
velopharyngeal port. This suggestion was based on the assumption that the constriction
associated with pharyngeal consonants is located in the lower portion of the pharyngeal cavity
and that does not require that the level of upstream air pressure built up is maintained on a
high level as required, for instance, by oral consonants (Ohala, 1974).

Our present data showed, however, that the velum is lowered at the same moment of
bending the epiglottis. According to the spectrographic measurements performed on the same

set of words used in the fiberoptic registrations, the maximal degree of lowering of the velum
was always found to occur in association with the midpoint of the pharyngeal segment.
Moreover, our data showed that the maximal excursion point of the epiglottis also occurs at
the point on the sound spectrogram showing the weakest region of spectral energy (cf. Figures
2.9 and 1.15). It foliows, that the most appropriate interpretation for velum lowering is that it
is pulled down in conjunction with bending of the epiglottis. The fact that there is no
necessary requirement to maintain a high level of upstream air pressure for pharyngeal
consonants does not give rise to the articulatory gesture, in this situation, to be more
complicated by adding an additional gesture, €.9., velum raising. Therefore, the velum is
pulled because the palatopharyngeus muscle is in action.

It is interesting to mention that a similar maneuver to that found during normal pharyngeal
articulation was reported concerning Japanese cleft-palate patients. In a study dealing with
evaluating the defective speech of a number of patients and the strategy they use to
compensate for the inefficiency to produce intelligible oral segments due to the oral-nasal
cleft, it was observed that backward movement of the epiglottis accompanied by a forward
and upward movement of the arytenoids occurred when these patients tried to achieve the
articulatory gesture required for Ll, s] sounds (Kawano et al., 1985). In general, sibilant
sounds usually require a higher level of interoral air pressure (cf. e.g., Mal6cot, 1969). Since
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creating a stricture in the palatoalveolar region or the oral cavity is not desired by cleft palate

patients, they are left with the rest of the vocal tract to make the constriction. Their aim is to
prevent the air venting through the cleft and into the nasal cavity. That they displayed similar
movements as in normal pharyngeal articulation, can be taken as support for the synergy of
the process and the group of muscles involved in it.

The present data suggest that it is not mainly the aerodynamic factor which is in play
during pharyngeal articulation rather it is the complex motor output resulting from a

mechanical system.

2.4.1.2, Mandible position and the shape of the tongue during swallowing
Dunng various stages of normal swallowing, the lower jaw assumes a closed position, i.e.,

closer to that of the clench position. However, during normal pharyngeal articulation the

mandible was found to be in open position, noticeably, in extreme lowered position compared

to that for oral consonant phonemes (Elgendy, 1985.b). In addition, it was deduced that the

mandible and the tongue were, unexpectedly, moving antagonistically to each other during
various pharyngeal and pharyngealized phonemes (Elgendy, 1985.b). The jaw position for
pharyngeal segments in the vicinity of low back emphatic vowel lol was found to be higher
than that in the vicinity of the mid back vowel /r/. Normally, the tongue contour for the low
back emphatic vowel ld, according to X-ray tracings obtained for Egyptian speakers (Wood,

1979), has a lower position than that for the mid back vowel lal (see Figure 1.14). Since the
jaw follows the movements of the tongue in the same direction, it was expected that the jaw
will have a lower position during lsl than during lnl. Accordingly, it was suggested that the

tongue and the jaw in that case undergo severe mechanical constraints (Elgendy, 1985.b).

This suggestion bears on the question whether the role of the jaw in forming the structure of
speech utterances is secondary or primary.

One explanation can be offered here to account for the excessively lowered jaw position
observed during the production of pharyngeal consonants, compared to that during
swallowing. That is, the jaw may be lowered in order to allow the regulation of the
pharyngeal cavity size required for various articulation types within a given utterance
(Elgendy, I985b). Keeping the jaw, and hence the tongue, in a high position as during
swallowing, will delimit the freedom of the tongue to anticipate for the upcoming phonemes

in a sequence.
As we mentioned earlier on, voiced pharyngeal segments are characterized by a markedly

lower fundamental frequency (Elgendy, 1982). However, some studies offered an explanation
to account for the relationship between jaw lowering and fundamental frequency regulation
(e.g., Ohala and Hirose, 19691; Sawashima et a1., 1982; Kori et al., 1990). These studies
argued that lowering the jaw would maintain relaxed vocal folds which will enable the glottis
to be opened for voicing and building up a turbulence of air in the glottal area. This
suggestion seems to be inadequate for explaining the behavior of the jaw during the
production of various pharyngeal consonants. This is because we found in the present study
that there is a substantial constriction in the larynx associated with pharyngeal articulation. In
the subsection below we attempt to offer another explanation to this problem.

As for the tongue, the shape it assumes during the pharyngeal phase of deglutition is
similar to that during lower pharyngeal consonants, i.e., an inverted "V" shape, but it is more
compressed due to the approximation of the jaws. From the above-mentioned account on the

mechanism of swallowing and for pharyngeal articulation, it can be seen that the shape of the

vocal tract is similar by and large, in both types of activities. It remains to discuss the
physiology of swallowing and the muscles involved in the deglutitive process in order to infer
the mechanism of pharyngeal articulation.
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2.4,1,3. The muscles involved in the pharyngeal phase of swallowing
The inferior pharyngeal constrictors are sometimes called the thyropharyngeal and
cricopharyngeal muscles due to the anatomical link with the thyroid and cricoid cartilage of
the larynx (Donner et al., 1985; Bosma et a1., 1986). Elidan et al. (1990) demonstrated, by
means of EMG measurements for the inferior pharyngeal constrictor and the cricopharyngeal
muscles during swallowing, that these muscles responded by a marked change in their activity
only during the act of swallowing and very slightly or not at all during breathing or phonation
for normal American speakers. However, they maintained that the inferior constrictor muscle
functions as part of the hypopharyngeal musculature that squeezes the bolus downward during
deglutition.

Donner et al. (1985) suggest that the muscles involved in the pharyngeal phase of
swallowing can be stated as follows. The tongue and the hyoid bone are moved maximally
upward and anteriorly by the action of the genioglossus, the posterior belly of the digastric,
styloglossus, stylohyoid, hyoglossus, thyrohyoid, anterior belly of the digastric, geniohyoid
and mylohyoid muscles. The base of the tongue approximates the length of the oral and the
pharyngeal palates by the action of the same set of muscles as above except the genioglossus.
The soft palate descends by the action of palatopharyngeus muscle. The larynx is raised and
constricted by the action of the thyrohyoid, aryepiglottic and intrinsic laryngeal muscles. The
peristaltic wave descends by the action of medial constrictor muscle. The epiglottis descends
and the larynx closes by the action of thyrohyoid, aryepiglottic and intrinsic laryngeal
muscles.

These are the muscles involved in the pharyngeal phase of normal deglutitive process
which also we consider as the muscles involved in the production of normal and pathological
pharyngeal articulation of speech sounds. The resemblance of vocal tract configuration during
these two functionally distinct processes, i.€., swallowing and pharyngeal articulation,
suggests that these muscles are acting in a synergistic fashion to constrict the back cavity at
various points for the pharyngeal consonant production as well as for the stages of
swallowing.

2.4.1.4. Mechanism of pharyngeal articulation
In the following, the anatomical relationship between various muscles and cartilages
participating in the synergism and antagonism conceming the mechanism of swallowing will
be stated. If the muscle activities involved in shaping the vocal tract during swallowing lead
to a similar shape found to be associated with pharyngeal articulation, the mechanism
producing pharyngeal consonants can be inferred.

The fibers of the posterior belly of the digastric run between the mastoid process of the
temporal bone and the hyoid bone together with the stylohyoid muscle. Contraction of the
(anterior and posterior) bellies raises the hyoid bone. If the hyoid bone is fixed, the digastric
muscles may assist in depressing the mandible. Contraction of the anterior belly of the
digastric draws the hyoid bone up and forward, while contraction of the posterior belly draws
the hyoid bone up and backward. Both actions are important for the first and second stages of
swallowing. If both bellies are contracted, the hyoid bone is drawn directly upward, thus
elevating the base of the tongue, which during the oral phase of swallowing is pressed against
the hard palate (Zemlin, 1968, p. lal).

Movements of the lateral pharyngeal wall may affect the position of the hyoid bone since
the greater cornua of the hyoid bone are included in the lateral pharyngeal wall, The body of
the hyoid bone is attached to the base of the tongue (Donner, Bosma and Robertson, 1985).
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During swallowing the epiglottis is bent downwards to prevent the food and foreign
bodies to enter the trachea. The shortening of the aryepiglottic folds, as appearing on the

cinefluorographic pictures during the pharyngeal phase of swallowing, is presumably caused
by contraction of aryepiglottic muscles. The contraction of the aryepiglottic muscles may
contribute to depress the epiglottis downward as suggested by Saunders et al. (1951).

The muscles which approximate the arytenoids cartilages are the oblique fibers of the
interarytenoids which run between the two arytenoids. When these muscles contract they
adduct the vocal folds by bringing the apexes of the arytenoids together. It also helps the

aryepiglottic muscle to close off the vestibule of the larynx. On the other hand, the
thyroarytenoid muscle, which runs between the thyroid and the arytenoids cartilages, inserts
in both the interarytenoid muscles and some of its fibers into the cricoarytenoid muscle.
However, the conffaction of this muscle will pull the arytenoids upward to mount the cricoid
cartilage. This movement will cause the vocal folds to be shortened and relaxed (Zemlin,
1968, pp. 148-155). But what causes the pitch to be lowered during the voiced pharyngeal /f/
for instance?

It seems that there are also other mechanisms which cause lowering F0. For instance, the

sternohyoid muscle has been shown to be actively involved in lowering the fundamental
frequency during speech specially for those articulatory activities which require fixation of
the hyoid bone as well as lowering of the jaw (Ohala and Hirose, 1969; Sawashima et al.,
1982; Kori et a1., 1990). The shape of the glottis assumed during the lower pharyngeal
consonants (cf. Figure 2.20) indicates that the arytenoids are approximated and tilted upward
and forward suggesting a low fundamental frequency of voicing. This observation is
supported by results obtained from acoustic analyses which showed that the voiced
pharyngeal consonant ll/ is characterized by a remarkably low fundamental frequency
(Elgendy, 1982). Moreover, the larynx and the hyoid bone are raised (cf. Ghazeli, 1977). Jaw
opening was found to be extremely large during the production of lower pharyngeal
consonants compared to oral consonants (Elgendy, 1985a and also cf. Chapter 3). The muscle
which is mainly responsible for opening the jaw during speech is the digastric, specifically the
anterior belly of it, which is anatomically connected to the hyoid bone (Tuller et al. 1981). If
the movement of the digastric is not opposed by the sternohyoid muscle, jaw lowering
probably involves fixation of the hyoid bone since the digastric muscle loops around the
hyoid bone and would tend to pull it upward when it contracts as suggested by Ohala and
Hirose (1969).

The cricothyroid muscle has been shown to contribute in raising F0 (Sawashima et a1.,

1982; Vilkman et al., 1989). Moreover, the activities of the cricothyroid were also associated
with the production of phonetic segments which require a closing jaw (Sawashima et a1.,

1982). These findings may indicate that raising the F0 can be associated with closing of the
jaw. It was demonstrated that a lower pitch was associated with lowering of the larynx
complex, accordingly, lowering the larynx may pull on the hyoid bone (Honda et al., 1993).

How, then, can we explain the observed open jaw and raising of the larynx and the hyoid
bone during pharyngeal consonants and in the same time F0 is lowered? Zenker and Zenker
(1960) showed that the crico-pharyngeus (i.e., the inferior pharyngeal constrictor muscle)
plays an important role in shortening the vocal folds. Their study demonstrated, by means of
combined X-ray and EMG methods, that activities of a specific group of muscles called the
"functional chain" point to a certain mechanism which we believe it is similar to that used
during pharyngeal articulation. These muscles of the functional chain connect the arytenoids
to the epiglottis (i.e., the aryepiglottic, which fold the epigiottis down), the hyoid to the
mandible (i.e., the geniohyoid muscle which upon contraction assists in elevating the larynx
and/or depressing the lower jaw, Zemlin 1968, p. 293\ and the inferior fibers of the
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genioglossus to the mandible. These muscles bring the arytenoids and the cricoid upwards and
forwards approximating the arytenoids, bend down the epiglottis, and lower the mandible.
Accordingly the vocal folds become shorter resulting in a lower F0, the larynx complex and
the hyoid bone are raised optimally and the jaw is fixed in a low position. This group of
coordinated muscular activities is operating in an antagonistic way. Figure 2.23 shows the
muscles involved in the so-called functional chain and the relationship among these muscles
as suggested by Zenker and Zenker (ibid.).
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Figure 2.2i, Thefunctional chain ns proposed by Zenker and Zenker (1960). The activities of
the muscles connecting these organs bring the arytenoids and the cricoid upwards and

forwards by which the vocal folds become shorter. The larynx complex and the hyoid bone

are raised optimally while the jaw is lowered. The direction of movements influencing the

organs are indicated by letter A-D while the muscles connection are indicated by the number
1-5.
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The mandible during pharyngeal articulation was observed to be in a fixed position, this
position varied depending on the point of constriction in the pharynx and the position of the
pharyngeal segment in the word, i.e., initially, intervocalically or finally in a word (Elgendy,
1985). It is possible that the characteristically low jaw position is not to serve the pharyngeal
constriction as such but to produce the flared vocal tract shape that gives a high Fl (J. Ohala,
personal communication). If, presumably, the tongue also is in fixed position, as it appeared

on X-ray pictures (Delattre, l97l; Ghazeli, 1977; Boff-Dkhissi, 1983 and El-Halees, 1979),

then the motor commands are directed to the muscles which will cause the larynx and the

hyoid bone to be raised and the epiglottis to be folded downwards. This mechanism will pull
on the velum so that it is lowered.

It was observed that the jaw has a higher position during uvular consonants than that
during lower pharyngeal consonants. In addition, uwlar consonants have higher F0 value than
the lower pharyngeal consonants. Voiceless upper and lower pharyngeal consonants have a
higher jaw position than their voiced counterparts (Elgendy, 1993). Accordingly, the jaw is
used to regulate the size of constriction and as a result the level of F0 is changed.

It was noted that when a pharyngeal consonant occurs in an emphatic environment, i.e.,

becomes extra pharyngealized, a higher jaw position than in case of the plain pharyngeals
occurred. Normally pharyngealized consonants and vowels have a more depressed and
retracted tongue, hence a narrower pharyngeal cavity.

It is suggested, accordingly, that the jaw is used to adjust the size of the constriction in the
pharynx and that this will have an effect on the level of F0 for voiced pharyngeal consonants.
As for uwlar consonants, the jaw movement is coordinated with that of the tongue to reach
the uvula. In this case the role of the jaw in shaping the constriction may be a passive one.

Regarding the laryngeal consonants /h, ?l,we suggest that these consonants do not involve
the jaw directly in their articulation, rather, the jaw is lowered because of an assimilation
purpose with the vocalic context required to shape the glottis. Accordingly, the interaction
between laryngeal and nasal articulation is based, in this case, more on aerodynamic factors
which can tolerate the velopharyngeal port if it is kept opened as suggested by Ohala (1974).

2.4.1.5. The synergies of pharyngeal articulation and deglutition

From the above account on the muscles that might contribute to controlling the movements of
the tongue, the mandible, the hyoid bone and the larynx complex in a synergistic fashion
during swallowing, it can be speculated that the group of muscles involved during pharyngeal
articulation can be inferred. The mechanism used in the production of pharyngeal consonants
seems to be based on the same neural paths used during the pharyngeal phase of swallowing,
though differs in a certain respect namely that of the complete closing of the jaw and the
optimal deg ee of laryngeal ascending.

However, that the larynx is not optimally raised during pharyngeal segment production,
compared to that during swallowing, is because there are antagonistic and synergistic forces
operating simultaneously during the process of pharyngeal articulation. That is, the larynx
complex and the hyoid bone are raised optimally while the so-calIed functional chain (Zenker
wtdZenker, 1960) is acting antagonistically to this movement (see Figure 2.23). The result is
a reduction of the degree of larynx-hyoid chain raising and jaw lowering in order to be able to
control the shape of the glottis for the laryngeal gesture necessary for contextual
requirements, i.e., consonant and vowel sequences. The velum is pulled down because the
contraction of the pharyngeal constrictor muscles will pull on the palatopharyngeus muscle.
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Based on the physiological findings discussed in the above paragraphs, the physiological
effects in terms of mechanical constrains acting on the process of controlling pharyngeal
segment production, seemingly can then be realized.

2.4.1.6, Innervation of swallowing

Since dry swallowing is a possible process in human, that is, a person can initiate the
swallowing voluntarily as well as a reflexive process, the motor system of swallowing is
possible to be borrowed, partially or completely, for the purpose of speech production.

The motor cranial nerves involved in deglutition are trigeminal (V), facial (VII),
glossopharyngeal (IX), vagus (X), and hypoglossal (XID. All intrinsic muscles of the
pharynx, larynx, and soft palate other than the tensor veli palatini receive motor fibers from
the glossopharyngeal and vagus nerves; the tensor is innervated by the trigeminal nerve. The
mylohyoid nervs, which is a branch of the inferior alveolar nerve, innervates the mylohyoid
muscle as well as the anterior belly of the digastric (Donner et al., 1985). The mylohyoid
nerye is a branch of a branch of hypoglossal nerye.

Moreover, Dodds (1989) stated the motor nerves involved in the swallowing process to be
the facial nerve VII for innervating the muscles of the face. Muscles of mastication are
innervated by mandibular nerve V3. Intrinsic muscles of the tongue are innervated by
hypoglossal nerve XII. Extrinsic muscles of the tongue are innervated by ansa cervicalis C1-
C2. Intrinsic laryngeai muscles, palate, pharynx and esophagus muscles are innervated by
vagal nerve X. The hyoid bone and the extrinsic laryngeal muscles are innervated by V3, VII
and C I-CZ. Taking into account the above mentioned information about the innervation of the
organs involved in swallowing, it is plausible to realize that the pharynx, the larynx complex,
the jaw and the tongue are neurally chained together giving rise to a possible interaction
among their motor activities. Therefore, in Section 2.4.2 below an attempt will be made to
account phonetically for the interaction between pharyngeal, laryngeal and nasal articulation.

2.4.2. Interaction between pharyngeal, laryngeal and nasal articulation

In this subsection we discuss how pharyngeal, laryngeal and nasal articulation can be related
together in the light of the findings obtained from the present study.

2.4.2.1, Velopharyngeal port opening and closing gestures
The findings obtained from the experiment reported on here demonstrated that the mechanism
used in the production of pharyngeal consonants is complex. The velopharyngeal port is
opened to various degrees, even in non-nasal context, depending on the point of constriction
in the pharynx and the phonetic context. The present results concerning the state of the velum
during the production of laryngeal and pharyngeal consonants as uttered by Egyptian Arabic
speakers, are consistent with previously reported investigations on velopharyngeal port size
during the production of pharyngeal and laryngeal consonants. For instance, it has been
demonstrated, using transillumination technique, that the velopharyngeal port was opened
during the production of various pharyngeal consonants uttered by Kurdish and Iraqi-Arabic
speakers (Bladon and Al-Bamemi, 1982).

Velar height during speech production seems to be sensitive to the position of the tongue
and to the state of the giottis or even affect the shape of the pharynx. In American English, for
instance, the velum has a higher position for high vowels than for low vowels (Moll, 1962;
Lubker, 1968; Seaver and Kuehn, 1980). Moreover, velar height in French was found to be



DYNAMIC ASPECTS OF PHARYNGEAL COARTICULATION 81

greater for voiced than for voiceless consonants and that stop consonants were found to be

produced with a closed velopharyngeal port (Benguerel et al.,1977a). Bell-Berti (1976) found
that greater activity in the sternohyoid and levator palatini, the muscles which control velum
elevation, would lead to an increase in pharyngeal cavity size. Accordingly, it is reasonable to
correlate velic movements with the point of constriction along the pharynx and its distance
from the glottis.

It also seems that activities of the velum can be related to changes in upstream air
pressure. The volume of the pharyngeal cavity was observed to increase during the occlusion
period of voiced stops compared to that of voiceless stops in American English. That was
interpreted as a result of a mechanism aimed to cause a drop in the supraglottal air pressure in
order to maintain the difference in the transglottal-pressure necessary for the continuation of
glottal pulsing during the occlusion period of the stop consonant (Kent and Moll, 1969;
Perkell, 1969).

Despite the above account which points out the correlation between velopharyngeal port
size and the level of the upstream air pressure, pharyngeal articulation seems to be an

exception. The degree of epiglottis bending covering a great deal of the laryngeal cavity
indicates that the residue of air pressure propagating in the rest of the pharyngeal and oral
cavity is not crucial for the correct perception of the pharyngeal consonant. Therefore, we
argue that velum lowering during pharyngeal articulation in Arabic is due to, mainly,
mechanical effects.

2.4,2,2. Laryngeal constriction and bending of the epiglottis
The set of upper and lower pharyngeal consonants include voiced as well as voiceless
segments. The mechanism of their production must consider the glottis shape required to
generate vibration of the vocal folds andior to create the suitable friction noise at the source.
Data on jaw displacement during the production of various pharyngeal consonants showed
that the voiced pharyngeal segments have a lower jaw position than their voiceless
counterparts, e.9., /fl and /r/ assume lower jaw position than lhl and lyl, respectively
(Elgendy, 1985b).

It seems that the movement of the epiglottis is reciprocal to that of the velum but the effect
of that movement on shaping the tract is reversed. That is, the epiglottis folds downwards,
towards the arytenoids to cover the glottis, decreasing the constriction size in the pharynx,
while the velum moves downwards, increasing the size of the velopharyugeal orifice. It was
noticed that the overall displacement is less in the case of lfl in the vicinity of the high vowel
lil than in the vicinity of the low vowel /a/ (cf. Figures 2.13 and2.l4). Maybe this is because

the production of /i/ is more sensitive to changes in the degree of nasal-oral coupling than low
vowels which can tolerate a ceftain degree of velic opening without violating the
characteristic features required for its production (Moll, 1962\.

The downward pull may be caused mainly by the aryepiglottic muscle which also causes

lateral displacement of the epiglottis. The way the epiglottis moves, as seen in our video
films, suggests that the thyroepiglottis muscle or simply inhibition of the aryepiglottic muscle
is responsible for the posterior-inferior movement observed (H. Hirose, personal
communication).

It has been demonstrated that speakers of Hebrew displayed independent activities of the
epiglottis during the production of both the true pharyngeal consonants, emphatic consonants
as well as low-back vowel lal (Laufer and Condax, l98l;Laufer and Baer, 1988). However,
the finding of the present experiment concerning the active involvement of the epiglottis
during the production of emphatic sounds for Egyptian Arabic speakers is inconsistent with



82 CHAPTER 2

their results reported on Hebrew and Palestinian Arabic speakers. The emphatics, i.e.,
pharyngealized consonants, showed in our present experiment a well closed velopharyngeal
port compared to the true lower pharyngeal and laryngeal consonants for all subjects though
to various degrees (cf., e. g., Figures 2.6 and 2.7). Bilingual Arabic/Hebrew speakers also
have shown similar activities of the epiglottis during the production of the true pharyngeal
consonants, emphatic consonants, i.e., /tl, dt, s' , ,'1, as well as the low-back vowel lal (Laufer
and Condax, 1981; Laufer and Baer, 1988). The technique used to obtain the results in these
srudies was also fiberscopic video recordings of the top view of the lower pharynx. Arabic
words containing pharyngeal consonants were used since these consonants vanished from
modern Hebrew which only conserved the emphatic set of consonants as those in Arabic.
However, that these speakers displayed epiglottis bending even during the emphatic
consonants, which have their primary place of articulation in the oral cavity, can be due to
excessive retraction of the root of the tongue by these speakers and not by active bending of
the epiglottis itself.

Our findings are supported by a later study which combined fiberscopic and X-rays
techniques (Sakai et al., 1995). Their observation based on data obtained for three Egyptian
Arabic speakers, showed that the epiglottis leans on the top of the arytenoids together with
constriction in the glottis. These observations lead these authors to propose that Arabic
pharyngeal consonants should phonetically be described as "laryngeal fricatives", since they
involve a constriction in the larynx itself. This finding also stands in support to the results
obtained by Elgendy (1987) regarding the state of the glottis. However, we reject the
definition of these consonants as laryngeal fricatives because they display active pharyngeal
wall contraction.

2.4.2.3, Pharyngeal wall displacement
The interaction between velum movements and the upper portion of lateral pharyngeal walls
was demonstrated in a number of studies (e.9., Skolnick (1970); Shprintzen et al. 097a);
Zagzebski (1975); Ryan et al. (1976)). In their studies, the pharyngeal wall at various points
was shown to display different degrees of displacement depending on the mode of activity,
i.e., breathing, blowing, swallowing or during the production of speech sounds. Though
different experimental methods have been used, these findings indicate that muscular
activities of the pharynx are coordinated with activities of other movable articulators, e.g.,
larynx, jaw, velum, tongue, lips, etc.

Several studies have presented measurements of lateral wall displacement at levels below
the hard palate showing more inward displacement for low-back vowels than for high-front
vowels (e.g., Kelsey et a1., 1969; Minifie et al., 1970; Parush et a1., 1986), Furthermore, it has

been demonstrated that the degree of velar elevation varied directly with oral cavity point of
constriction for oral segments (Bjork, 1960; Lubker, 1968; Fritzell, 1969; Bell-Berti and
Hirose, 1975). Consequently a relation can be established benveen the constriction location
across various points in the pharynx and the degree of velic opening during the production of
various pharyngeal segments, since it has been shown in the present investigation that the
velum assumes different degrees of elevation depending on the location of the constriction in
the pharynx. In other words, phonetic segments which have a constriction located at a
superior level in the pharynx, €.8., ly,yl, display a greater amount of velar height, while those
segments articulated further down in the pharymx, e.g., /1,h,?,W, display a lower degree of
velar height (cf. Figures 2.13 andZ.l4).

However, the degree of velar depression seems to be correlated with the degree of tension
of the pharyngeal constrictor muscles due to the contraction of the palatopharyngeus, since it
varied according to the point of the constriction along the pharynx. That is, the velum is fixed
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during the contraction of pharyngeal constrictor muscles for the lower and upper pharyngeal

consonants. This contraction will pull the velum downward due to its connection with the

palatopharyngeus muscle. The velum is lowered during the production of laryngeal
consonants due to the lack of aerodynamic requirements as we suggested earlier.

2.4.3. Explaining inter-speaker variability
The observed inter-speaker variability reflected differences such as the protrusion of the

Passavante ridge in two subjects, various degrees of velar elevation, or epiglottis down
folding among all subjects. This variability could be due to the rate by which the speech items

were uttered by each subject or due to the distance between the lens and the focus point in the

cavity caused by idiosyncrasies of length and size of the vocal tract. It can also be due to the

subject's degree of contraction force of the muscles used to shut the velopharyngeal port or to

bend the epiglottis down in the same phonetic context.
That all subjects seem to use a similar mechanism to achieve the constriction in the

pharynx for pharyngeal consonants, can be used as support to the assumption that coupling
between nasal and pharyngeal cavities is conditioned by mechanical rather than by acoustic

constraints since the aerodynamic requirement will allow more degrees of freedom for the

subjects to display inter- and intra- speaker variability.
The present findings suggest that the interaction between nasal and pharyngeal articulation

can be considered, then, as a motor process conditioned by the effect of mechanical
constraints operating on the velum and the pharyngeal wa1l. However, the interaction between

velopharyngeal port opening and the constriction in the glottis observed during laryngeal
consonants is conditioned by aerodynamic constraints as was suggested by Ohala (1974).

During the production of the laryngeal consonants, all articulators, except the larynx complex,
are free to anticipate for the ensuing phonemes in the utterance. The velum is lowered during
laryngeal consonants because there is no aerodynamic demand needed to have the
velopharyngeal port closed.

2,4.4. True pharyngeal consonants
We argue, based on the present findings, that pharyngeal articulation in Arabic does not
involve the tongue as a primary articulator. This claim is supported when considering the

following results from other studies. The production of the lower pharyngeal consonants, the

true pharyngeals in our term, involves elevation of the larynx, actually 13 and 11 mm during
lll and /h{ respectively, and simultaneous raising of the hyoid bone (cf. e.g., Delattre, 1977;
Ghazeli, 1977). The fixed mandible position assumed during the pharyngeal consonant in
intervocalic position (Elgendy, 1985.b) is coarticulated, we suggest, with the active bending
of the epiglottis. Accordingly, we reject the idea that the tongue root is the primarily
articulator involved in the production of the true pharyngeal consonants. We further argue that
if the tongue is actively involved in this mechanism, it will follow that the transition of jaw
movement from the pharyngeal consonant to the following vowel will start earlier in
anticipation which is not the case here (cf. Elgendy, 1985b). When the epiglottis is released,

the mandible is able to start moving to the target position for the following segment.

Probably, the muscles controlling the movements of the mandible also receive neuromotor
commands to position the jaw in various positions needed to regulate the temporal aspects of
the utterance. We funher discuss this point in more details in Chapter 3.

2.4.5. The shape of the glottis during pharyngeal articulation
That the F0 contour for the voiced pharyngeal /f/ was found to display a markedly lower
value (Elgeudy, 1982) is justified by the shape of the glottis during the production of that
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sound as the finding of the present study shows. In addition, that F0 for /f/ is significantly
lower than that for the low front vowel lal, wggests that the production of /f/ is not attained
by the same mechanism as low-back vowels in general. As far as the timing of the movement
is concerned, lowering the velum starts at a fixed time prior to the onset of the pharyngeal
segment. It can be suggested, then, that the constriction in the glottis is achieved by a similar
mechanism as that used during swallowing.

Al-Ani (1979) reported that one of the Iraqi speakers used in his experiment has, as the
most common allophone of the lower pharyngeal consonant, a voiceless pharyngeal stop, not
a voiced approximant lll as in the case of Egyptian Arabic speakers. This can be used as

additional evidence to support the finding obtained by the present experiment concerning the
presence of a constriction at the glottis itself (cf. Section 2.3.4). Since the shape of the
constriction created by contraction of the pharyngeal wall together with bending of the
epiglottis for Egyptian Arabic speakers indicates that closing the glottis completely to produce
a stop is more apt to occur than to release the stricture to produce a fricative.

This finding may also explain why the spectral energy is weakened in the regions above
the second formant (see Figure 1.I.b after Elgendy, 1982). Figure 2.9 includes a sound
spectrogram of the utterance /srerte/, where the lack of the energy in the higher frequency
regions in the spectrum during the pharyngeal segment can be seen. This reduction in the
spectral energy may be due to the small size of the constriction created further down in the
pharynx as a result of the epiglottis active bending. Folding the epiglottis downward, in tum,
will cause lowering of the velum. This movement will not be counteracted since it is not
affecting the acoustic characteristics of pharyngeal segments due to its remote place from the
velopharyngeal port.

2.4,6. Cleft palate speech and pharyngeal articulation

Cleft palate patients have been shown to use pharyngeal articulation as a substitute to the
defective oral consonants due to the oral-nasal coupling they suffer from. These patients used
the pharynx and the larynx in a similar way as normal pharyngeal articulation (cf. e.g.,
Honjow and Isshiki,l971; Kawano et a1., 1985; Ericsson, 1987). One possible explanation of
this phenomenon is that the articulatory goal the cleft palate patients are seeking to achieve is
to create another constriction in order to reduce the volume of the inter-oral air flow aiming at
preventing the air escaping through the cleft. Since retracting the back of the tongue toward
the posterior wall of the pharynx is not enough to achieve a complete gesture, the patient
manipulates the glottis instead, which will cause the displacement of the epiglottis downwards
in synergy with raising and forwarding of the arytenoids (as in the case in swallowing for
instance).

The velopharyngeal port needs not to be shut at this instant, since the acoustic impedance
created due to this mechanism is not high enough. The root of the tongue is manipulated to
create the constriction in the pharynx to meet the aerodynamic requirements needed for such
sounds. It can be suggested that the mechanism used to produce pharyngeal articulation in
both normal and pathological speech as well as swallowing are based on the same synergy of
the same set of muscles which control the pharynx, the larynx complex, the velum, the jaw
and the tongue.

2.4.7. Summary

In summary it can be suggested that segments which have a constriction at inferior regions in
the pharynx will have more nasal coupling than those in superior regions, hence, they may
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reflect a greater degree of nasalization. However, such conclusion cannot firmly be made until
extensive aerodynamic and acoustic verification has been made.

The interaction between nasal and pharyngeal articulation can be realized when taking
into consideration the connection between the soft palate and the lateral and posterior
pharyngeal walls in terms of the activities of the palatopharyngeus muscle. This muscle acts

to decrease the distance between the pillars of the "isthmus of fauces" (the port through which
the oral cavity communicates with the nasal and pharyngeal cavities), hence, the velum is
pulled down. The force used to prevent the velum to be raised to its uppermost level as the

articulatory gesture requires, being a non-nasal segment, can be best described as a sort of
mechanical constraint leading to a coarticulatory effect. That is, the velum is pulled down due

to the anatomical connection with the pharyngeal muscles.

ln addition, the jaw position was found to be assigned to different degrees of elevation as a

function of the constriction location in the upper and lower pharynx. Moreover, this location
is maintained even during the vowel following the pharyngeal segment (Elgendy, 1985).

These two facts can also contribute to defining the nature of the mechanical constraints acting
on the velic movements, since the movement of the jaw and the tongue, being carried by the

mandible, will effect the amount of inter-oral air pressure which in tum will alter the status of
the velum. On the other hand, the aerodynamic requirements, necessary for causing the

velopharyngeal port to be closed, will be less severe when the constriction occurs in the
pharynx. That is because lowering the velum to a certain degree will not effect the level of air
pressrue associated with constricting inferior regions in the vocal tract that is necessary for
building up the pressure behind the stricture needed for producing turbulant noise in the
pharynx.

It can be argued, then, that the possible interaction between nasal, pharyngeal and
laryngeal articulation is conditioned by both aerodynamic and mechanical constraints.
Nevertheless, in case of the pharyngeal consonants of CEA it is the mechanical factor which
is prevailing over the aerodynamic one.

2.5. Conclusion

The present study showed that the pharyngeal and laryngeal segments are produced with an

open velopharyngeal port in the non-nasal context, though not as high a degree of opening is

achieved as in the case of nasal segments. The degree of velar height during the production of
this class of speech sounds varied as a function of the constriction location in the back cavity
of the vocal tract as well as the structure of vocalic pattern. The active involvement of the

epiglottis in the production of lower pharyngeals can be seen as a factor which determines the
extent of the velic movements. The temporal p'attems controlling such movements are

significantly interacting and are synchronized. The lateral pharyngeal walls also have been
shown to be actively involved in shaping the back cavity and the size of the constriction in the
pharynx.

From an articulatory phonetic description point of view, the pharyngeal consonants of
Egyptian Arabic should be considered as epiglotto-pharyngeal. The type and the degree of
constriction observed in the pharynx suggest that these sounds are approximants and not
fricatives as they are commonly described in the literature. We further investigate this point in
Chapter 4. The extent of the nasal pharyngeal coupling should also be considered and re-
evaluated by examining the effect resulting from such coupling on the acoustic signal
associated with pharyngeal and laryngeal segrnent production.

The present data can offer one suggestion for the development of an articulatory model of
speech. That is, the production of the pharyngeal segments seems to be programmed as a
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eoordineted strusture so that movements of lips, tongucn velum, epiglottis, larynx and jow
occur in a highly synchronous pattern. In Chapter 3 we exarnine the dpamics of the jaw
during the production of pharyngeal eonsonants.
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Appendix 2.1

List of the test words used in the present experiment. The emphatic environment is
represented in bold letters.

l. Words including the lower pharyngeal segments /t/ and lhl in both plain and emphatic
environments, the long vowel occurs in two different phonetic environments, i.e., before and
after the pharyngeal segment.

/titiidi/ vs. /srifidV
/siit/ vs. /sriiti/
/ tnl r,r;h/ vs. /tlof uomo/
/sa,rllc,/vs. /stoofu/
isotoodi/ vs. /srofoodil, /soofo/
itiihidil vs. /trihiino/
isrehmbo/ vs. /srohuofo/
/snr;hslvs. /stouhu/
/sohoori/ vs. /srohooni/, /sooho/

2. Words including the upper pharyngeal segments /",X! which are velarized when they occur
in the plain (non pharyngealized) environment:

/tiyiibi/ vs. /tiriizt il, / st iivi/
I taoynnba/ vs. /turoodto/
lsa;eynlvs. /stoono/
/tuyuun/ vs. /turuusru/, /sruuru/
/tixiibi/ vs. /tti26iin o,l, /sliiyil
I trlxa,ar,rs/ vs. /d 

ro26oumo/

lsnrlxr,/vs. /sroolu/
/toxoono/ vs. /ttoTgoodo/

3. Words including the dental stop /di as a reference to oral articulation:
/bidiino/ vs. /ttidiifo/
/bedaalo/ vs. /fodr olo? ol
/rodoodo/ vs. /rodroodo/

4. Words including the laryngeals /?, h/:
/ti?iisi/ vs. /be?srsto/

/ tr,? r;nwi/ vs. /tto?uoto/
ito?oolo/ vs. /tto?ooso/

/ tthiini / vs. /tihiisri/
I tnha,nnil vs. /ttoh uu ro/
/zohooro/ vs. /zrohooro/
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5. Words including intervocalic geminate pharyngeal consonants (hlalso induces emphasis in
some words):

/seffaf/ vs. /sottor/
/sehhaf/ vs. /sohhor/
lznynbl vs. /rqrrob/
/sexxaf/ vs. /$o2g2gost/

6. Words including a nasal segment (lql also induces emphasis in some words):

llr;mllvs. /qomt/
llr;mh/ vs. /qomh/
/maenf/ vs. /maniv'-

/?omt/ vs. /?omh/

7. Tri-syllabic nonsense words with the structure /CV.CV.CV/ where C is one of the
pharyngeal, velar or laryngeal consonants, e.g., /t, h, K, x, ?, h/ and V is any of the li, n ul
vowels. This yields l8 tokens, together with the above-mentioned 73, a total of 9l test words
were used.

/tatetre/, /titif i/, /tufutu/
lhr,hnhn l, fhihihil, /?ruhuhu/
I Yrera;v a l, YtYtYt/, I :r.:lrurrul
I xaxexr, l, I xixixil, /xuxuxu/
l?n? n?al, l?i?i?il, /?u?u?u/

lhr,hr,hn l, /hihihi/, /truhuhr.r/



Jaw contribution to the timing control of pharyngeal
consonant productionl

Abstract

Jaw kinematics associated with pharyngeal consonant production in Arabic CtWCz
utterances were registered. The results revealed that teruporal perturbation due to the effect

of the biomechanical constraints characterizing this class of speech sounds, is internally
compensated for by a strategy adapted by the speaker aiming to control inter-consonantal
timing. That is, the degree of adjustment in vowel duration is mainly dependent on the

inherent relative degree of jaw height of the surrounding consonants comprising the word.

The present findings suggest that 1) the jaw is actively involved in the production process of,

not only oral consonants, but also pharyngeal consonants; 2) temporal re-organization in the

utterance that is required due to the presence of a pharyngeal consonant, is mainly controlled
by the jaw. Based on these findings we propose that the jaw, as an articulatory parameter,

can be actively integrated in the frameworks of current articulatory modeling of speech as the

articulator which tackles some aspects of temporal specifications of syllable structure.
Moreover, the present findings suggest that physiological constraints afficting the
mechanical system governing the vocal apparatus are centrally taken into account in the

preplanning scheme of the articulatory process.

I Substantially extended and revised version of a paper presented at FONETIK'92, Griteborg, Sweden (Elgendy,
1992\.
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3.1. Introduction

In this chapter we examine jaw kinematics associated with pharyngeal articulation. The aim is
to find out whether the jaw has a direct contribution in pharyngeal consonant production and
whether its movement is coordinated with that of the other articulators during consonant
production, particularly pharyngeals.

3.1.1. The role of the jaw in speech production

In recent models of speech production, attempts have been made to account for the overlap
found among the articulatory movements during various speech sounds in a sequence. These
coarticulatory effects, which can be spatial and/or temporal in nature, imply the necessity of
defining invariant and discrete units serving as input to the system of speech processing. The
fact that speech articulators, e.9., the lips, the tongue, the velum, the larynx, and the jaw,
interact in a highly coordinated way, requires specifications of the sensory-motor activities
and their acoustic consequences during the process of speech production.

The view that the jaw plays a secondary role in the motor control system of the speech
production is commonplace in current phonetic trends. This view holds that the lower jaw is
passively involved in the articulatory plan of speech neuromotor activities. That is, the jaw is
merely used to aid the tongue or the lips to reach various constriction points in the oral (front)
cavity for consonants or to accommodate the height which the tongue seeks to reach during
various vowel articulations.

However, in some recent studies, attempts have been made to emphasize the primary role
of the jaw in the timing control of syllable structure, e.g., Tuller, Kelso and Harris (1982);
Macchi (1985; 1988); Edwards and Harris (1990); Beckman, Edwards and Fletcher (1992).

ln a study investigating the acoustic consequences of tongue, lips, larynx, and jaw
movements in Swedish, it was argued that jaw displacement, when keeping the tongue
contour invariant with respect to the jaw, is inversely proportional to the pharyngeal cavity
size and that the degree of the constriction of the pharynx is dependent on the degree of the
jaw opening (Lindblom and Sundberg, l97l). The model presented by Lindblom and
Sundberg suggests that the tongue is causing the jaw to play a role in altering the size of the
pharyngeal caviry during vowel articulation. That is, moving the tongue backwards and
downwards will bring its root to occupy part of the pharyngeal cavity hence reducing the
pharynx volume. This tongue movement will cause the jaw to be lowered proportionally to
the degree of the tongue depression and retraction.

According to the view of Lindblom and Sundberg (1971), we understand that the jaw is
passively involved in shaping the pharynx and that the tongue is the major articulator
responsible for various types of articulation whether a consonant or a vowel is involved. The
jaw in that model is considered merely as indirectly assisting the tongue to be placed
accurately at positions required for vowels as well as consonants. That is, the tongue, being
carried by the jaw due to a mechanical link will cause the jaw to follow its movement in the
same direction. ln other words, the tongue movement dominates that of the jaw. Reported
experiments using induced perturbation on jaw movements support that view. When a bite-
block was inserted between the jaws to prevent the mandible from moving with the tongue in
the same direction, the tongue still could reach its target position for high vowels (Lindblom,
Lubker and Gay 1979; Gay, Lindblom and Lubker 1981). Compensating for the perturbation
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applied on the jaw by excessive tongue raising to achieve a lingual target is not evidence that
the muscles which elevate the jaw do not receive neural commands; nor does that mean that
the tongue is the only active articulator used to produce high vowels and the mandible just
follows its movement.

Phonetic segments for which a reduction in the pharyngeal cavity size is involved in their
production, whether vowels or consonants, are produced either by an active or by a passive

way. By retracting the tongue body backward and downward, so that it fills a part of the

cavity of the pharynx, the reduction in the pharyngeal volume is passive. As a result, the
pharyngeal cavity will be decreased in size with an equivalent increase in size of the oral
cavity compared to the neutral shape of the tract. The active way the pharynx can be used to
produce such speech sound segments, would be by means of another more complex
mechanism, such as that during the production of pharyngeal consonants, i.e., by contraction
of the pharyngeal walls. As we have demonstrated earlier in Chapter 2, the pharynx can be

actively constricted at various points along its length to produce varieties of speech sounds.

The study of Elgendy (1985.b) demonstrated that the jaw plays an even more distinct role
during speech production, particularly, during the complex articulation of pharyngeal
consonants in Egyptian Arabic. The findings from this study indicate that the jaw undergoes a

severe restriction, prohibiting it from anticipating to the upcoming phonemes in the utterance
before completing the gesture for the pharyngeal consonant. The jaw, by adapting different
heights for the pharyngeal consonant, could compensate for the time delay caused by the

mechanical constraints due to the complexity of the pharyngeal consonant. The mandible has

been shown to possess an extreme degree ofjaw opening during the initial lll or /tr/in a word
(up to 28 mm for some speakers). In addition, the jaw opening for these pharyngeal
consonants is always greater than for vowels. When an emphatic consonant, i.e., ltr /, ld\ /, lst I ,

lztl,is introduced in the utterance, the vowel lnl becomes a pharyngealized /o/ and its
features spread around to all segments. According to X-ray pictures (Wood, 1979), the profile
of the tongue during the Egyptian Arabic low vowel /o/ has a lower and a more retracted
position than lal(see also Figure 1.14). However, the jaw displayed a higher position (less

opened) during lo/than during /r/. This indicates that the tongue movement is independent of
the jaw movement during the production of pharyngeal consonants. We interpreted this
observation as a co-ordination between the conflicted direction of movements of jaw and
tongue. That is in disagreement with current articulatory models which take the jaw as the
articulator which accommodates the tongue position during the production of all types of
phonetic segments (e.9., Lindblom, 1983; Keating et al., 1994).

Irr chapter 2 we have demonstrated that the production of the true pharyngeal consonants
in Egyptian Arabic is characterized by a complex mechanism involving the control of
coordinated activities of the pharynx, the epiglottis and the larynx. The findings by Elgendy
(1985.b; 1999) suggest that the resulting coarticulatory effect causes the jaw to sustain certain
mechanical constraints which are as exacting as those for sibilants like lsl in terms of the
degree of jaw opening. These mechanical constraints were realized as an antagonistic
movement of the jaw to the tongue movement, temporal reorganization of the syllable
containing a pharyngeal consonant and extreme degree of jaw lowering associated with a

pharyngeal consonant. That is, the synergies involved in controlling the production of
pharyngeal consonants restrict the jaw and the tongue from anticipating the articulation of the
upcoming segments until the motor command is completely executed.

3.1.1.1. Jaw height, sonority and speech development
Within the framework of some studies dealing with modeling infant's early speech
development, it was suggested that speech production includes a stage where segmental units'
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"Content" are inserted into the syllable structure "Frame". The frame and content notions
correspond to the closing cycle of the mandible as related to consonant production and to the
opening cycle as related to vowel production respectively (MacNeilage, Studdert-Kenedy and
Lindblom, 1985; MacNeilage, 1987; MacNeilage and Davis, 1990). The syllable can be
described as the interface between the segmental and the suprasegmental levels of speech
production. At the prosodic level, the syllable is regarded as serving three functions: a
rhythmic organization unit, a reference point for the intonation contour and a marker for
semantic values. At the segmental level the syllable serves as a structured repository
controlling the serial position of individual segments (MacNeilage and Davis, 1990).

The term sonorant refers to the degree of saliency ascribed to a phonetic segment.
Sonority as an acoustic cue is usually associated with the jaw opening phase, i.e., with vowel
production. Obstruent consonants, on the other hand, are associated with the closing phase of
the jaw cycle and hence they are the least sonorant segments. It has been argued (Lindblom,
1983) that the degree of sonority 

-as 
a phonological parameter- can be correlated with the

degree of jaw opening associated with various phonetic segments. So vowels are more
sonorant than consonants since they are known to possess a lower jaw position while
consonants possess high jaw position. Lindblom (1983) presented the hypothesis that:
"Segments that are more dfficult to coarticulate show up in positions remote from each other,
whereas more compatible sounds tend to be relatively more adjacent to the syllable",(gt.
24t).

Accordingly, Lindblom speculates that consonants with high jaw position, e.g., /s, d/, will
coarticulate less readily with open vowels so that they tend not to co-occur adjacent to each
other. Segments with lower jaw position, e.g., /1, w, rl, are more compatible to coarticulate
with vowels, hence, they tend to co-occur adjacent to the vowel of a given syllable
(Lindblom, 1983). Keating (1983), commenting on the study by Lindblom (1983), presented

counter evidence to Lindblom's proposal on the relationship between jaw height and degree
of sonority of the speech segment. The data she presented suggest that the jaw can produce
segments in a variety of orders by accommodating those few segments that require a high jaw
position while coarticuiating with other segments. Keating's data on American English were
in support of other findings on the Fijian language published by Condax (1980).

However, in a later study reported on by Keating, Lindblom, Lubker and Kreiman

Ogg4)2, they investigated the variability in jaw height for segments in American English and
Swedish VCV utterances. In this study, a unified view concerning the role of the jaw in
syllable organization was presented. They maintained the opinion that consonants
accommodate the jaw height associated with vowel production. These results showed to be

inconsistent with findings reported by Elgendy (1985.b; 1999) on Egyptian Arabic regarding
all consonants in general and pharyngeal consonants in particular.

Jaw movements certainly affect the timing relationship over speech utterances, since the
distance the mandible travels from one point to another within its cycle, determines the time
lapse taken by the jaw. Temporal organization of speech utterances containing various
articulatory events is a crucial, though still uncovered, issue in current phonetic research. The
temporal pattern of a syllable is affected by several parameters, e.9., phonetic segment
duration, stress assignmento tone, as well as paralinguistic parameters such as rate and style of

' In Muy 1984 the first three authors of that study collected data at Stockholm University from five Swedes and five
Americans on jaw movements. Although, the author of the present study was asked to collect the same set of items
for one Egyptian Arabic speaker as part of that experiment, the data on the Arabic items by this speaker from Cairo
were not included in the report they published in 1994. Therefore, a part of the present investigation is replicating the
same set of items collected for the study of Keating et al. (1984) even with rnore speakers of Cairo Arabic included.
The same subject used for Keating's experiment aiso participated in the present experiment.
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speaking. The interrelationship between these parameters is governed by the "timing" factor.
However, still contradictions exist in phonetic literature among the views accounting for this
problem.

Lindblom (1963) viewed speech timing as the specification of a schedule for the

sequential execution of invariant motor patterns. He posited that the shorter duration of an

unstressed syllable relative to a stressed syllable, just as that of a fast-tempo syllable relative
to a slow-tempo syllable, is produced by scheduling the motor plans more closely together in
time. The vowel reduction, characteristic of an unstressed syllable, then falls out simply as a

by-product of executing the motor plan for the next segment before the articulatory goal
(canonical form) of the vowel command is achieved. However, this model predicts that,
whatever the stress and tempo specifications of a syllable of some duration are, the velocity of
articulator movements into and out of the vowel will be constant (a characteristic of a purely
mechanical system) and so will the movement amplitude of muscle force. Several studies
provide data which point out that neither of these two predictions has proved true, e.g., Tuller,
Kelso and Harris (1982), (see also the literature reviewed in Ostry et a1., 1983), Edwards,
Beckman and Fletcher (1991) for American English, Ltifqvist (1991) for Swedish and

American English, van Son and Pols (1990), (1992) for Dutch; Sock and Lrifqvist, (1995) for
the Aku language.

Acoustic vowel reduction, whether due to contextual, rate, or style factors, is correlated
with phonetic segment duration which in turn affects the spectral properties of the phonetic
segments usually manifested as formants undershoot of the vowel. Lindblom (1963)
maintains that the degree of vowel reduction is a product of a mechanical system based on the

mass-spring principle which implies automatic recalculation of the spectral properties of the

vowel canonical form. However, several studies presented counter evidence showing that a

speaker in a fast mode can reduce segment duration and stil1 preserve formant values similar
to that during slow or conversational speech, (e.g., Kuehn and Moll (1976), Gay (1978), Flege
(1988) for American English, Nord (1975,1986) for Swedish, Schouten and Pols (1979), van

Son and Pols (1992) for Dutch).

3.1.1.2. Jaw height and prosody
The degree of jaw height seems also to be related to some prosodic parameters, 0.9., stress,

syllabic boundaries, syllable structure, etc. Some investigators observed that lexical stress

contrasts were accompanied by differences in displacement and velocity of the jaw, e.g.,
Mermelstein (1973); Kiritani and Hirose (1979) for English, and Condax (1979) for the Frjian
language. Moreover, stress and rhythm contrasts in English are correlated with differences in
jaw position and the pattem ofjaw movement velocity (Stone, 1981). Edwards, Beckman and

Fujimura (1984) presented evidence that the jaw may behave independently from other
segmentally determined aspects of articulation. Macchi (1988) attempted to relate different
types of phonological categories, e.g., syllable structure, with articulatory parameters for lip
and jaw height. The syllable structure contrasts (e.9., syllable-initial lpl versus syllable-final
/p/) were realized by jaw height differences, without any lip articulator difference. That is, the
jaw assumed different positions depending on syllable structure, i.e., low target position for
syllable-final position, a higher one for syllable-initial position and a still higher one for the
geminate or long case.

3.1.1.3. The jaw and articulatory modeling of speech
Incorporating the jaw as an active articulator in current articulatory models may add
complications to the representation systems these models are based on. For instance, the
distinctive feature theory (Jakobson, Fant and Halle, l95l), as illustrated within the generative
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phonology framework in the Sound Patterns of English (SPE) (Chomsky and Halle, 1968),
makes use of binary opposition features as its base of representation. In SPE the features
"high" vs. "low" and "front" vs. "back" refer mainly to tongue height on the vertical plain or
its anterior/posterior excursions on the horizontal plain ranging from the rest position to a
more centralized position on the vowels plain, i.e., the schwa. SPE defines velar, uvular and
pharyngeal consonants in terms of movements of the body of the tongue from the neutral
reference point by the features high, low and back (Chomsky and Halle, 1968, p. 305). This
may be appropriate for vowel representation, however, both pharyngeal as well as

pharyngealized consonants of Arabic were assigned the feature [+low] and [+S4sk] as well.
These sets of consonants were treated within the notation system of distinctive feature

theory by assigning the oppositions "grave vs. acute" as primary features and the "flat vs.
plain" as secondary features (cf, Jakobson, Fant and Halle, 1951" p. 34).Some studies,
however, argued for a need to improve the feature geometry skeleton concerning, in
particular, pharyngeal consonants, e.g., Kinkade {1967) and Hayward and Hayward (1989).
Trigo (1991) proposed new additional features such as [+LL] for "Lower Larynx" and

[+ATR] for "Advanced Tongue Root" to be combined in a single feature such as

[texpanded/constricted pharynx] .

The generative theory (Chomsky and Halle, 1968) attracted a number of researchers who
attempted to extend the theory's framework to cover a universal phonetic perspective.
However, to achieve that goal, Ladefoged (197l, p. 68), for instance, called for more
flexibility regarding the adequacy of the binary feature oppositions, especially, for vowels.
Ladefoged cited the example of the binary feature [+High] as insufficient to describe the
English vowels le, e, a, u/ in terms of their height alone, since each constriction of these
vowels has a different distance relative to the giottis, therefore, their acoustic correlates are

different. Enhancing the representation system can be attained by considering more than the
height and fronting parameters included in the vowel's bundle of features to determine a
phonologically natural class; a ternary-feature oppositions as a solution was offered by
Ladefoged (1995).

The jaw, as a phonological parameter, is not directly implemented in any of the current
articulatory models of speech production. For example, the popular task dynamics model
(Saltzman and Kelso, 1986; and the "gestural phonology" of Browman and Goldstein, 1985;
1990; 1994), implements the lips, the tongue body, the tongue tip, the velum, and the larynx
(but not the mandible or the epigiottis) as members in their gestural score. The task dynamics
model takes the "articulatory gesture", an abstract characterization of coordinated task-
directed movements of various articulators, as the basic input unit for an articulatory score to
define utterance parameters in terms of a coproductive articulatory plan. Neither the jaw, the
pharyngeal wall nor the epiglottis are incorporated as independent articulators in the
Browman and Goldstein model.

However, the production of the true pharyngeal consonants in Egyptian Arabic has been
shown to be characterized by a complex mechanism involving the control of coordinated
activities of the pharynx, the epiglottis and the larynx (Elgendy, 1987). It was observed during
the production of these pharyngeal consonants that a sphinctric contraction of the pharyngeal
wall at the point of constriction occurs simultaneously with the upward movement of the
larynx and the hyoid bone. This is accompanied by a constriction in the glottis and active
bending of the epiglottis towards the arytenoids. The timing of this epiglottal movement is

synchronized with a downward pull of the velum (cf. section 2.ll).
Moreover, substantial evidence has been reported on showing that the jaw is actively

involved in the production process for consonants in Arabic (cf. Elgendy, 1994). The above-
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mentioned findings reported on by Elgendy (1985; 1,987; 1999) give rise to the question

whether or not the jaw plays any primary role in speech production.
Ladefoged (1995) suggested that incorporating the jaw in the tiers schedule of the task

dynamic model of Browman and Goldstein would be useful. For certain sounds such as the

sibilants group, e.g., lsl, Ladefoged argues that the jaw would be the primary articulator which
should be specified since these sounds require that the upper and lower incisors, coherent to
the upper and lower jaws, must be closed together as demonstrated by Shadle (1991). Jaw

approximation is the only feature that determines the group of sibilant sounds as a

phonoiogically naturai class. It is plausible that the lower jaw participates actively in some of
the consonants articulation, but are the pharyngeal consonants included? We offer an answer

to that question at the end of this chapter.

3.1.2. Jaw dynamics and pharyngeal articulation in Arabic

More recently, a growing body of research work had been reported that is focusing on jaw
dynamics associated with consonant production in Arabic, particularly with the pharyngeal
consonants. Some studies advocated the active role of the jaw in consonant production
including the pharyngeals, e.g., Elgendy (1985; 1994; 1995), Lee, Beckman and Jackson
(1994) and Lee (1996). Other studies argued against the involvement of the jaw in consonant
production, i.e., Willerman (1995). The problem seems to raise some critics which were
disputing and rejecting the idea of the jaw's direct involvement in Arabic pharyngeal and
laryngeal consonant production, a.8., Goldstein (1994), McCarthy (1994) and Nolan (1995).

Other studies dealt with jaw displacement values associated with consonants and vowels in,
among other languages, Arabic, to examine the role of the jaw in syllable organization, i.e.,
Rhardisse and Sock (1991), Jomma and Abry 0994), and Rhardisse and Abry (1995). In the

following a critical review will be given of these studies and a discussion will be presented of
the results they offered.

3.1.2.1. The role of the jaw in Arabic consonant production
The findings of Elgendy (1985, 1994, 1995; 1999) showed that the mandible assumes
different positions for consonants depending on the point of constriction in the back cavity.
The papers of Lee, Beckman and Jackson (1994) and Lee (1996) centered on investigating the
jaw movements during the production of strident fricative consonants in Arabic, French and
Korean. The Arabic test words used were I?VCVI in the context of the long vowels /ii, uu,
aeel. They divided the consonants used into the orals /b, t, s, .[, k, q/ and the "gutturals" /y, y,
h, ?1. The voiced pharyngeal ll/ was not included in their investigation. They found a strong
correlation between jaw height values for most of the pharyngeal and the laryngeal
consonants and the values of the neighboring vowels. Their result supports the idea of the
generally secondary role of the jaw in tongue and lip raising for oral consonants but it
suggests that the jaw is actively involved in the production of pharyngeal and laryngeal
consonants. Accordingly, they suggested that "Articulatory Phonology" (Browman and
Goldstein, 1986) should be enriched to allow for the jaw height to be specified directly in an
aerodynamically crucial task for the feature "strident". However, in their papers no
explanation was provided as to how the jaw is actively participating in the production of
pharyngeal and laryngeal consonants in Arabic. In our current study an attempt is given to
account for this problem.

In the study of Willerman(1994; 1995) the jaw displacements for various oral as well as

pharyngeal consonants and vowels in Arabic were measured. The study aimed to determine
whether the open jaw (typical only for vowels) associated with pharyngeal consonants was
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due to coarticulation with a following low vowel or to an intrinsic open jaw target for
pharyngeal consonants. Two pharyngeals /f, h/ and two coronals /s, 1/ were investigated in
word initial position followed by one of the three long vowels /ii, uu, aal. Jaw movements
were traced and the position of the jaw at a midpoint (acoustically determined on the
spectrogram and on the waveform display) of the initial consonant and vowel in the word.
The lowest jaw points, whenever occurring, were not considered. Speech material was read by
three subjects in both loud and normal variants. Willerman concluded that the great degree of
jaw displacement associated with pharyngeal consonants is due to the jaw accommodating the
tongue position required for open vowels.

The design of the experiment reported on in Willerman's study seems to suffer from
weaknesses in several points. For example, no consideration was given to the pharyngeal
consonant occurring intervocallically in CVCVC words. The degree of jaw height is also
determined by the position of the pharyngeal consonant in the word (Elgendy, 1985.a).
Moreover, only jaw height at the acoustic midpoint of the segment was measured and not at

the point of the maximal value ofjaw displacement. The point at the maximal lowering value
of the jaw within the speech utterance is crucial for reflecting interrelationship between the
peak velocity of the jaw movement and its displacement (cf. e.g., Ostry, Keller and Parush,
1983). In addition to these drawbacks in Willerman's work, the tables do not show whether
the pooled mean values of different vowels are behaving differently in different consonant
environments. Although it was mentioned in that study that the pharyngeal consonants are

characterized by a complex mechanism, no reference was mentioned to support this fact. The
experimenter took for granted that the tongue is the major articulator used to achieve the
constriction in the pharyngeal cavity. The findings of Elgendy (1987) pointed at the secondary
role of the tongue in pharyngeal consonant production. Therefore, we had paid proper
attention to all these points in the design of our own experiment reported on later in this
chapter.

The studies of Lee, Beckman and Jackson (1994) and Lee (1996) as well as that of
Willerman (1995) share, more or less, the same results. However, the interpretation and the
conclusion which the investigators draws for the data presented are in conflict. In general, Lee
et al.'s experiment is better controlled than that of Willerman when considering the design
and the range of item tokens used in both experiments. The former used Arabic /?VCV/ test
items which give a realistic representation of the Arabic word structure. The speech sampies
used in Willerman's study included mixed tokens of both CWC (monosyllabic) as well as

CVCV (bisyllabic) structures. The control of that experiment ignored the fact that bisyllabic
words in Arabic have the second syllable bearing the main stress. That affects both vowel and
consonant duration, hence, the degree of jaw displacement will vary. We found jaw
displacement to be sensitive to the position of the pharyngeal segment and the number of
syllables in the word (Elgendy, 1985.b). Therefore, using a mixed word sample of different
word structures will result in misleading and inaccurate results regarding the degree ofjaw
height for consonants. However, both the studies by Willennan and Lee et al. support the
finding of Elgendy (1985) regarding the extreme degree of jaw lowering associated with
pharyngeal consonants.

Commenting on the paper by Lee (1996), Nolan (1995) argued against the direct
involvement of the jaw in the production of laryngeal and pharyngeal consonants in Arabic.
The point Nolan made against the claim in Lee's paper is the way the data on jaw
displacement were interpreted regarding the jaw participation in pharyngeal consonants as a
movement rather than as a gesture. Gestures, using the Articulatory Phonology term, can be
inferred from a movement and are not necessarily to be taken as an indication that the
articulator movement is an active one. However, Nolan's disagreement stems from the claim
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that the jaw lowering observed by Lee during pharyngeals is passive since that lowering is as

great, or greater, in the context of open vowels. A similar argument was offered also by
Willerman (1995).

McCarthy (1994) proposed to ascribe the place feature [pharyngeal] to the Semitic
"guttural" set of consonants to be branched out from a "Place Node" which includes both oral
and pharyngeal consonants. By doing so, he attempted to solve the problem of the pharyngeal

and laryngeal consonants as having no single major articulator in common as claimed by
Sagey (1986) in the articulator-based feature geometry framework. Instead, McCarthy
ascribed the pharyngeals and laryngeals to unspecified articulators and assigned the features

describing them to an orosensory pattern as a place feature rather than an active articulator.
McCarthy adapted the orosensory patterns of constriction offered by Perkell (1980) who
considers that distinctive features may involve sensory feedback for these sounds which have

no direct contact with the surface of the vocal tract at a definable place. It follows, that for
McCarthy the place feature for the Semitic "guttural" consonants covers anywhere in the
pharyngeal and laryngeal cavities from the glottis to the level of the oropharyngeal region.

Goldstein (1994), in reply to the paper by McCarthy (199a) in the same volume, also

disagreed about incorporating the jaw directly in the task dynamics model. However, he

proposed the feature [radical] to be added together with the feature fpharyngeal] proposed by
McCarthy to describe the pharyngeals. Goldstein postulates that the upper and lower
pharyngeals ly, y, h, f/ actively retract the tongue root.

3.1.2.2. The role of the jaw in Arabic prosody
Some other concurrent studies also dealt with jaw behavior during various types of Arabic
utterances, e.E., Rhardisse and Sock, (1991), Jomaa and Abry (1993), Rhardisse and Abry
(1995). Jomaa and Abry (1993) examined the role of the jaw phasing in determining the
phonological length (duration) of short vs. long consonant or vowel. Jaw phasing denotes an

opening cycle for vowels and a closing cycle for consonants in contrasting segment quantity
in IYCCI vs. /VVC/ utterances in Tunisian and Kuwaiti Arabic at slow and fast rates of
speaking. Their results showed that contrasts, at conversational rate, depend on differences in
the cycle between the jaw's two lowering onsets. At fast rate, the same result holds true only
for some speakers. In the jaw closing gesture, the quantity contrast was best reflected by the

velocity profile. They concluded that the peak velocity cycle of the jaw, as a carrier rhythrnic
articulator, reflect best the quantity contrast, i.e., long vs. short vowel.

From a different perspective, Rhardisse and Abry (1995) also investigated the role of the
jaw as a syllable organizer in Arabic to support Lindblom's hypothesis (1983) which draws a

correlation between adherence of consonants to vowel nucleus and mandibular height. They
used material obtained from French and Moroccan Arabic speakers to deterrnine the degree of
"coarticulatability" (their term) of various segments. They presented data on jaw height values

for the consonants lsl, lll and the vowels lil, lal. They took the normalized jaw height values

for/s/ as a measure of ranking the segment's coarticulatory resistance. Their results showed
that lslhas most variability while the vowel /a/ is the least variable (see Figure 2, p. 558). The

lateral lll and the high vowel lil are intermediate between lsl and lal.They excluded the so

called set of Arabic "gutfural" consonants /?, h, h, t, X, q, lc/ from their investigation since, to
quote: ..... these consonants were considered by Lee, Beckman and Jaclrson (1994) as the

most "coarticulatable" among the rest of the consonant inventory in Arabic. However, we
argue that considering the pharyngeal consonants as most tolerant to accommodate jaw height
for vowels particularly low open vowels, is a premature judgement on a more sophisticated
control system which should be looked upon from a wider prospect. Rhardisse and Abry
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( 1995) reported that lsl has the most variable in terms of its jaw height. These findings seem

to disagree with other findings on the same issue, e.g., Keating (1983).
Elgendy (1993) demonstrated that the co-occulrence restrictions governing the Arabic

phonotactic rules is based on hierarchical ranking order in terms of the inherent degree of
consonant's jaw height. That gave rise to the idea that the role of the jaw in consonant
production could go even beyond the segment, i.e., organizing the temporal patterns
goveming syllables (Elgendy, 1994).

Frisch, Broe and Pierrehumbert (1995) introduced a model of similarity to account for the
co-occurrence restrictions found in the verbal root morphemes of Arabic. They argued that the
OCP-Place (Obligatory Contour Principle introduced by Leben, 1973) is a phonological reflex
of a cognitive universal, i.e., similarity. They demonstrated that the pattern of co-occurrence
restrictions across the lexicon of Arabic reflects both co-occurrence restrictions between
similar consonants and an overrepresentation of highly dissimilar consonants. However, the
authors might disagree with the assessment that 'no explanation' was offered in their paper
for the observed phenomena in Arabic phonotactics. One of the goals of the present study is
to shed some light on the role of the jaw in shaping Arabic language word structure (see

Chapter 7).

3.1.3. Hypothesis

From the above-mentioned account on the problem concerning the jaw's direct contribution in
consonants production, it seems that the jaw's active participation as a primary articulator
during speech is still an uncovered issue. It is unclear whether the jaw moves independently
from the tongue during vowel and consonant production. Is the jaw movement coordinated
with that of the other articulators during consonant production, particularly pharyngeals? The
constrictor muscles, which constitute the body of the pharyngeal tube, originate in the
pharynx, the hyoid bone and the lower jaw. Accordingly, it can be assumed -a priori- that the
mandible movement is coordinated with the contraction of the pharyngeal muscles as well as

with the tongue movement. If this assumption is valid, then the nature of this coordination
may be that the mandible will be assigned different heights relevant to the constriction
locations occurring in the pharyngeal cavities, i.e., lower and upper pharynx, the position of
the pharyngeal consonant in the word and syllable structure.

3.2. Experimental procedures

3.2.1. Setup for jaw kinematics registrations

Data on three movement-components vis. the mandible, the upper-lip and the lower-lip were
collected from six Egyptian Arabic male speakers. The measuring system (Movetrack; see

Branderud, 1985) used in the present experiment gives the movement of each articulator in
two-dimensional tracings, i.e., for horizontal and vertical movements. Two transmitter coils
were connected to a transmitter module, which contains two crystal-controlled frequency
synthesizers that generate two sine waves with a considerable stability in frequency and
amplitude. The distance from the rest position due to the movement of each articulator away
from the transmitter coil is received via a coil fastened to a fxed point of that articulator. The
first coil was attached to the upper-lip near the'overmilion" border and the second coil to a
corresponding point on the lower-lip. The third coil was attached to the mandible just under



IAW CONTRIBUTION OF THE TIMING CONTROL

the lower incisors on the lower gum. Figure 3.1.a shows a schematic drawing representing the

setup used in the present experiment. The photos in Figure 3.1.b show three of the eight
subjects (Subjects GS, HS, RZ) with the helmet mounted over their head and connected to the

modular system.

3.2,2. Speech material

The meaningful words used in this experiment were Egyptian Arabic minimal pairs (see

Appendixes 3.1 and 3.2) mainly of a monosyllabic form /C,WCr/, where C, is /s/, lt/, /dl, or
lzl and C, is either a plain pharyngeal consonaqt i.e., lll, N, velars lyl,lxl or an emphatic
(pharyngealized) consonant l{1, hrl,ldtl,or /zrl. Some words were of a form /C,V.C2VV.
C3V./ with the second syllable always bearing the main stress. The tri-syllabic words were
used when a monosyllabic member of a minimal pair could not be found in the lexicon. The V
stands for any of the vowels lil,lnl, lul or the emphatic lsl. The long vowel W is always
stressed in all sample words.

Transmitter Coils

\id o-,

il: :i

FM Tape Recorder

Receiver modules

Mingograph

calibration module Transmitter module

Receiver Coils
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3,7.a. Schematic diagram showing the setup used in the present experiment.
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The sample words, which were written in Arabic orthography on cards, were embedded in a
constant carrier sentence: "noto? ......" (he uttered ....). All cards were randomized and each
card was given a serial number to enable the sample words to be regrouped into similar sets.

Six repetitions of each set of words were obtained from each subject. A dummy phrase was
included to separate the sets from each other and to break the monotony of the speech flow of
reading the word lists.

Figure 3.1.b. Three of the eight subjects who provided the data in the present experiment with
the setup used to obtain the jaw trajectories. The modules system, the transmitters and the
data storage devices are shown to the side of the subject while he is seated in the recording
booth.

3.2.3. Data registration and reduction

After the experimenter (the author) connected the wires of the transducers from the modular
device onto the lips and the mandible of the subject as well as from the helmet on the
subject's head, the subject was seated on a chair in a sound treated booth. A unidirectional
professional microphone was placed 30 cm in front of the subject's mouth.

An assistant was presenting the cards one by one in a steady tempo to the subject inside
the booth. The experimenter controlled the setup and the activities of the subject from outside
the recording booth through a window. A calibration device was used to signal the peak
amplitude of the movement tracings and to facilitate the scaling of movement tracings. A
calibration tone was recorded on the magnetic tape of the FM recorder, both before the
subject started reading the words as well as at the end of each repetition of the word list. The
clenched position as well as the maximal jaw lowering points were determined for each
subject as the extreme points to his jaw displacement range. A mingograph was used to obtain
a hard copy of all registrations of the movement tracings. The movement tracings of the jaw,
and of the upper and the lower lips were recorded on a 16-track professional tape-recorder
"Ampex" in each recording session per subject.

The synchronized output tracks for each movement component were written out, together
with the audio signal, on a mingograph paper roll. The values of jaw displacement were first
calibrated and then averaged across each subject token and later across all subjects. A zero-
line for each recorded signal was determined with reference to the "clenched" position of the
teeth. The iabio-muscular component of lip separation was attained by subtracting the Y-
dimension of the upper-lip from that of the lower-iip for those words which involve a labial
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gesture. Calibration was made for each subject. The averaging over word repetition was made

for all test words for each subject. All data points for each subject were pooled and the

standard deviation was calculated for each corresponding word of all subjects. Figure 3.1.c

shows sound wave forms, and horizontal (x) and vertical (y) directions of movement tracings
of the jaw trajectory during the production of the test words lzr,all and lznezl as uttered by
speaker R[.

+:ri::,:'f ir,.l:rii'&f ,,... ,''-**r .-.:'i='iat4::qi;,iir*di'|tttlt .'; ,.:5'4! ,u

Figure 3.1.c. Sound waveforms, horizontal (x) and vertical (y) directions of movement
tracings of the jaw trajectory during the words /zanf/ (left) and /zanz/ (right) as uttered by
speaker RI.

3.2.4. Experimental design

The design of the present experiment aimed to test various variables which are thought to
affect the dynamics of the jaw. For this purpose, five experiments, each using a specific set of
test words, were conducted. Some of the word items were used in more than one experiment.
Eight subjects were participating in the present study to provide the data on jaw dynamics. All
the subjects were native monolingual male Egyptian Arabic speakers who studied Swedish
during their stay in Sweden. All the eight speakers represented the same dialectal region in
Egypt, i.e., Cairo or Alexandria Arabic. None of the subjects showed any sign of speech

defects. They were all graduate students at Stockholm University for periods between one and

five years. None of these subjects had served in any of the phonetic experiments before. None
of the participants in these experiments displayed any severe hearing problems as the

audiograms made by the author for each subject had shown. Only one subject participated in
the first experiment (experiment I). In experiments II and III, three other subjects together
with the same subject from experiment I participated in providing the data. In three subjects

used in experiment IV and the one used in experiment V were also different.
For the first experiment only one speaker was used to provide the data on the inherent jaw

height for all the consonants found in the speech sound inventory of colloquial Egyptian
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Arabic (CEA). The vowel context examined in this experiment was the low back vowel lal
and its pharyngealized counterpart /o/. Inherent jaw displacement for each individual segment
was examined for all consonants in CEA, i.e., /f, h, h, ?, \, H, X, {, x, g, k, 1o r, w, y, -[, ffi,
b, f, n, d, t, z, s/. The four plain dental consonants /d, t, z, sl appear as the pharyngealized
apicals /dr, tr, zt, st/ in an emphatic environment. Two positions within the same vocalic
contexts were studied, i.e., lCanl, l?r,Ca,l as well as their emphatic environments /Coo/ and
l?oCol (see Appendix 3.1). The glottal stop in the beginning of the syllable is obligatorily
inserted since no syllable starting with a vowel is permitted in Arabic.

Experiments II to V were designed to examine the jaw movements specifically during
pharyngeal articulation. The list of words in AppendixS.2 was used in all these experiments.
In the second experiment four speakers were used to provide the data in different recording
sessions, one session per subject. Three more speakers together with the subject from the first
experiment provided the data on jaw dynamics registrations for various consonants and
vowels. In this experiment the kinematics concerning the displacements of the jaw, departing
from an extreme high position, e.g., from an initial lsl or lzl to a second consonant across the
low back vowel lnl, were examined. The selected consonants /f, h, y, x, k, d, z, sl
represented various places of articulation, examined in the final position. Four repetitions of
entire list of the test words (see appendix 3.2) were obtained from each of the four subjects.
This yielded32 tokens per subject.

Experiment III was intended to examine the effect of the position of the pharyngeal
consonant in the word on the degree of jaw lowering as a function of vowel height or
backing/fronting in /CrVVCz/ words. When either one of the consonants lll and lhl
representing lower and upper pharyngeal articulation, was in initial position, the froni
consonant lzl, representing the most close jaw position to the clenched, was in the final
position, and vice versa. Four vowel contexts were considered, i.e., lal, lil, /u/ or the
emphatic vowel /o/. When a test word started with a pharyngeal consonant, one of the oral
front consonants, mostly one of the dentals ls, z, t, d/, occupied the final position of the
monosyllabic word, and vice versa. This pattern yielded the words lfr;rlzl, lfooz\/, /t[iz/,
lluzrl, lf:uuzl, /zr;r.l/, /s$oof/, lziill, lz;ttufl, etc. For each set of test words four repetitions
were obtained from each of the four subjects (see appendix 3.2 for a list of these words and
their English gloss).

Experiment IV examined the effect of the vocalic context on the degree of jaw height of
both consonant ltl and the surrounding vowels when the voiced pharyngeal consonant lll
occupies intervocalic position. Three vowel contexts were used, i.e., la,l, hl, /u/. When the
pharyngeal consonant lf/ occurred in initial, medial or final position in a word, the other
consonant in /CWC/ words was either /sl or ldl.ln addition, the effect of consonant quantity
in /CVC.CV/ words, i.e., geminate consonant in a cluster, on jaw height was also examined.
This required that the word is composed of two syllables, e.g., isif.fi/, /srf .fred/, /sof.fod/,
in which the second syllable always bore the main stress. Four repetitions of the full list of the
sample words were collected from each of the four subjects in this experiment (see appendix
3.2 for a list of these words and their English gloss).

Experiment V, examined the effect of the inherent vowel jaw height on the preceding or
following consonant's degree ofjaw height. The consonants lll, N, l?1, [h/, lyl, lx/, lbl,lnJ,
It/, ldl and lslwere selected in final position in lCtYYCzl items. These words were examined
in the context of four vowels, r.e.,lnl, lil, lul, lsl.The velars ly, xl become the uwlars lv, yl
in the vicinity of the low back emphatic vowel iol. The initial consonant is always an lsl
while the second consonant is any one of the members of that set. One subject, not having
been used in any of the previous experiments, served to provide the data for this experiment.
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Five repetitions of the entire list were recorded for that subject (see appendix 3.2 for a list of
these words and their English gloss).

3.3. Results

3.3.1. Experiment I: inherent jaw height for consonants

Figure 3.2 shows a column graph comparing the inherent jaw height for all Arabic consonants

in the plain environments lCnl; l?aCnl and the emphatic environments /Co/; /?oCo/. The
data are averaged over four repetitions of each test item for the one speaker participating in
experiment I. The values of jaw height are plotted based on a descending order of the
consonant in the initial position. Figures 3.3 and 3.4 show, in addition to the same data in
Figure 3.2for consonant, the degree of jaw height for the preceding or following vowel.
Figure 3.3 shows the inherent jaw height for all Arabic consonants in initial position and the

following vowel in the plain environment lCr,land emphatic environment lCo/. Figure 3.4

shows the inherent jaw height for all Arabic consonants in medial position and the

surrounding vowels in the plain environment l?r.C-a,l and emphatic environment /?oCo/. C in
both figures stands for any one of the members of the consonant inventory of CEA.

In Figure 3.2, rt can be seen that the true pharyngeal consonants /t/ and lhl, compared to
all other consonants, constitute a class of sounds in terms of the extreme degree of jaw
lowering. The jaw height especially for /fl is so great as to stand out from its immediate
neighbors. The laryngeals l?, N have less jaw opening than the pharyngeals lll and hl,
however, their jaw height is still much lower than that of the uvulars. We found that the
voiced and voiceless pharyngeal consonants possess the highest degree ofjaw lowering which
is an exffeme low jaw position compared to oral consonants. The laryngeals, though they do

not seem to involve the jaw in their articulation, also belong to a high degree ofjaw lowering.
However, they are always ranked below the pharyngeal consonants /fl and ftl.

One-way ANOVA tests on jaw height for each constituent in the four word types /Cnl,
l?aCnl, lCsl and l?sCo,l showed that there are significant differences existing among the

consonants of each word type (p < 0.001). A Tukey post hoc test on consonant jaw height
revealed that the consonants can be divided into four distinct groups: /f , h, h, ?l; ll, x, g, W;
ll, t, w, y, b, m/ and lf, n,.[, d, t, s, z/ where the second, and third group are partially
overlapping. Another ANOVA test revealed that the consonant jaw height effected the vowels
lal and lo/ jaw height significantly, specially the unstressed vowels, i.e., the second syllable
in l?a.Cal words. For lr,lin, lCr,r,l, p : 0.039, and for the initial lal in l?go.Cal, p = 0.018,

while p < 0.001 for the fnal lnl in the same word. As for lsl in /C?ao/, it was found that p:
0.02l.Inl?sCsl,p:0.077 forthefust/o/, andp<0.001 forthe frnal/sl. Notethatthefirst
vowel always bears the main stress in both l?r.Ca,l and /?qCs/. In the rank order of
consonants with higher jaw position than the pharyngeals and the laryngeals comes the group

of uvulars lyl, lfl (i.e., velars in the emphatic environment) first, then the liquids lll and h/,
and with a lesser degree of jaw opening the approximants ljl, lwl. The velars lx, y, k/, the
palatal [/ and the bilabials lbl, /m/ possess a higher jaw position in that order, respectively,
compared to the back consonants, i.e., pharyngeals, laryngeals and uvulars. The least
displacement was found for the dentals /t, d, s, zl . The rank order of all consonants together is
as follows: /f, h, h, ?o y, X, k, g, l, r, w, m, j, n, b, J, f, t, d, s, z/. Figure 3.2 shows the
values in millimeters of each individual consonant jaw height when it occurs initially in lCYl
syllables.
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Figure 3.2. Inherent jaw height for all Arabic consonants in the plain enyironment lCal;
/?rCn/ (top graph) and emphatic environment lCal; /?aCa/ (bottom graph) for initial and
intermediate positions. The values of jaw height are plotted based on a descending order of
the consonant in the initial position. The data are averaged over four repetitions of each test
itemfor one speaker. (Experiment I).
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Figure 3.3. Inherent jaw heightfor all Arabic consonants in initial position and thefollowing
vowel in the plain environment /Cn/ (left graph), and emphatic environment /Ca/ (right
graph) The data are averaged over four repetitions of each test item for one speaker.
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/?aCa/ (right graph). The data are averaged over four repetitions of each test item for one
speaker. (Experiment I).
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However, when the jaw height is measured for each consonant occurring in intervocalic
position, i.e.,l?YCYl, the ranking takes the following order: ll,h,?,h,y, X, g, k, l, r, w, m,
b, y, f, fl, _[, d, t, s, zl.

Regarding the effect of the emphatic environment, i.e., consonants in the vicinity of the

low back vowel lol, on the inherent jaw height for various consonant types, the rank order for
each consonant in initial position in lCosl syllables was as follows: /f, h, h, ?, H, w, l, g, 1, r,
y, m, .[, k, tr, f , b, s, t, z, d/. When the consonant occurs intervocalically, i.e., /?oCo/, the

rank order is as follows: /f, h, ?, h, v, X, r, g, ffi, l, b, y, k, w, .f, n, f , d, t, z, s/. It is
plausible that the lower pharyngeal consonants always come at the top of the hierarchy
despite the vocalic context and despite the position of the consonant in the syllable. The
pharyngeals are followed by the laryngeals lT,hlwhich interchange their places in some cases

but still maintain their rank order right after the lower pharyngeals for that speaker.

In summary, the present results showed that pharyngeal consonants posses an extreme
inherent degree ofjaw height. The back consonants in general are characterized by possessing

considerably lower degree of jaw position ascribed to the consonant compared to other
consonants in an identical vowel environment. Coronal consonants also are characterized by
having least degree of jaw opening while the lateral and palatal consonants come in an
intermediate level of jaw height. This seems to be adequate for categorization of consonants
in terms of their place of articulation, since pharyngeals and coronals are the furthest limit of
opening and closing points in the vocal tract.

3.3.2. Experiment II: classilication of consonants jaw height

ln the second experiment, the jaw trajectory, departing from the highest position, i.e., from the
consonant lsl or lzl across the low back vowel lal to a second consonant with various places

of articulation, was examined. In other words, the aim was to examine the excursion of the
jaw from an extreme position of raising through lnlto another variable iower position. Figure
3.5 shows the degree of jaw height of various consonants and the vowel lnl in lC@nCzl
words for each of the four subjects who participated in this experiment. The initial consonant
Cr is eitherone of the dental fricatives lsl or lzl representingthe extreme high jawposition,
while Cz, which occurs in the final position, is either one of the consonants lll, lhl, lyl, lxl,
lW,ldl, lsl,lzl. This yielded the words lznntl,lznnW,lzaayl,lsnrlxl*,lsnnk/*,lsnndl,
lznnzl*, /seres/* (* denotes nonsense words). Appendix 3.2 shows the English gloss of these
words. The average values of jaw height for the consonant and the preceding lnl and their
standard deviation (SD) values are shown in Table 3.1.

We found that the degree ofjaw opening varies as a function of the place of the consonant
depending on its constriction location in the vocal tract. That is, the lower the constriction
location the higher is the degree ofjaw opening. This is true, at least, as far as the pharyngeal
consonants are concerned. For instance, the pharyngeal consonants lll and /Itlhave the largest
jaw opening among all other consonants in CEA. The velar consonants lyl, /x/ and/k/ showed
less degree ofjaw opening compared to the pharyngeals, however, they still are more opened
than the front consonants lsl,ldl,lzl.

In order to verifu the results statistically, a non-parametric Mann-Whitney U-test for
related samples was performed on differences in jaw height between each consonants and the
preceding vowel lnl. The test showed a high significant difference between all consonants
and the vowel lnl (p < 0.001 in all cases).
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Figure 3.5. Segment jaw height in millimeters averaged over four repetitions for each of the

four subjects participating in the present experiment in C&eCz words, where C r is either one

of the dental consonants /s/ or /z/ representing extreme high jaw position, departing to a
second consonant Cz with various places of articulation across the back vowel
/a/.(Experiment II).
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Furthermore, the data points from all speakers and all the four repetitions per word were
statistically analyzed, so a total of 16 tokens for each consonant were measured. A one-way
ANOVA test showed a highly significant difference between the eight different consonants

$ < 0.001) in terms of the consonant jaw height. A Tukey post hoc test showed that there are

no significant differences found within each of the following three groups of consonants: {/t/,
lhlj; Uyl, lx/, lkl} and {/s/, ldl, lzl}.

Tahle 3.1. Jaw height in millimeters averaged over four speakers and four repetitions for
various consonants as well for the preceding vowel /n/, plus the associated Standard
Deviation (SD) for each mean value.

Jaw Height f
Consonant mean 17.9

sD 4.82

& mean 15.8

sD 4.61

16.8 12.5

2.74 3.68

15.1 15.5

3.15 4.67

12.4 10.4 5.5

4.52 3.64 1.76

14.7 ts.z 13.2

5.52 4.72 5.28

4.7 4.0

t.79 1.37

12.6 13.6

4.48 4.15

Any other combination of consonants turned out to be significantly different, e.9., {lN, /yl}
and lN,/x/) showed a significant difference (p < 0.01), while any other combination showed
a highly significant difference (p < 0.001). This can be taken as an indication that there exists
a significant difference between the jaw height of those three groups of consonants as distinct
categories. lt can be argued that the vowel lanl jaw height, as seen in Figure 3.5, is
influenced by the jaw height of the following consonant, €.9., the lnr,lpreceding ifl is lower
than the lanl preceding ld/.

Figure 3.6 shows scattergrams representing the correlation between jaw height of the
consonants /l/, lhl, ly/,lxl and the preceding back vowel lnl. Figure 3.7 shows scattergrams
representing the correlation between jaw height of the consonants lW, ld/, lz/,isl and the
preceding long back vowel lanl.ln these two figures, consonant jaw height is plotted on the
horizontal axis while vowel jaw height is plotted on the vertical axis.

lf jaw height for consonants and vowels are related, it is possible to use one measure to
predict the other. We take the slope of the regression line in each scatter diagram as the
measure of the degree of vowel jaw height inclination to coarticulate with the consonant jaw
height. When the line, which represents the best linear fit to the data points of each consonant,
has a slope zero, i.e., a horizontal line, the vowel jaw height is said to be only dependent on
the jaw height of the consonant. A line with the slope of I (tan 45o) represents a perfect
positive correlation which indicates that the vowel's jaw height is totally dependent on the
consonant's jaw height. ln other words, the vowel accommodates the jaw opening for the
consonant. A verticai line would denote total independence of the consonants on the vowel
jaw height. The closer the points on the scattergram are to the line, the stronger is the
relationship between the consonant and the vowel jaw height.

Looking at the slope of regression lines in Figures 3.6 and 3.'7, we can see that the
pharyngeals have nearly a perfect correlation, less for the velars and almost a vertical line
(suggesting no correlation) in the case of coronals. That supports our earlier prediction that
the extreme degree of jaw opening associated with pharyngeal consonants is due a
characteristic inherent feature of the consonant itself and not due to a coarticulatory effect
caused by the low back vowel lal. Corcnals, which require precise positioning of the jaw in



ll0 CHAPTER 3

order to place the tongue in contact with the alveolar ridge or with the teeth, involve the jaw
of their production. Table 3.2 shows the regression line equation (Y: b X * a) where the
slope (6) and Iintercept (a) are calculated for various consonants.

Moreover, another way of studying the variability of the jaw height of consonants and
vowels, is by calculating the standard deviations. In Table 3.1 of the jaw height of the vowels
was greater than of the consonants as shown. In all consonant-vowel lnl pairs, the standard

deviation of the ln/ is higher than of the following consonant, except of the /fl of which the

standard deviation was approximately similar to that of the preceding vowel lal . Overuil we
see that the lower the jaw (either for a consonant or a vowel) the higher the standard
deviation.
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fro* thefour speakers withfour repetittons of each test item are grouped. (Experiment II).
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In order to determine whether the variability in jaw height for the pharyngeal compared to
the preceding vowel lal was due to variability between the four speakers (inter-speaker
variability) or within each speaker (intra-speaker variability), we calculated the standard
deviation between and within the speakers for both pharyngeal segments /f/ and lhl.In case of
the lll-lalpair the standard deviation between the speakers was 4.4 for lnl while it was 4.5
for /t/. The mean standard deviation within each speaker was 2.7 for both /al and /fl for the
same word. In case of the other pharyngeal, the lhl-lal pair, the standard deviation among
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speakers was 3.1for lnl while it was 2.6 for h/. The mean standard deviation within each

speaker was 1.5 for lal whlle it was 1.3 for lhl,for the same word. A higher inter-speaker
variability can be due to, for instance, variations in the size and the mass of the individual
jaws (and thus variations in the range ofjaw movement). In this case, a lower phoneme would
show a larger standard deviation. On the other hand, intra-speaker variability can be due to
instability of the jaw height as a target position for vowels.

Table 3.2. Regression line equation: A: b X + a) v'here the slope (b) and Y intercept (a) are
c al culated for various cons onants.

Consonant Regression equation:

Y=bX+a
Correlation coeffi cient r

ttt

N
lvl
lxl
tkl
tdt
lz/
lsl

f(x):0.95 x -1.18
(x):1.12x-3.65
(x) : 1.2 x+ 0.4

f(x):1.2x+1.8
f(x):l.I2x+4.61
f(x):-0.56x+59.18
f(x):-1.57x+32.3
f(x): - l.l x -27.02

0.98

0.97

0.91

0.93

0.86

0.22

0.52

0.37

The higher standard deviations found among various tokens of the vowel lnl jaw height
compared to the consonant in, say, /sr,r,h/, cannot be explained by biophysical (mechanical)
reasons alone. The higher variations in lr,ljaw height, especially within the data of a single
speaker, suggest that lal has a less stable target jaw position, although lhl is shown to be
lower in average than /al.

3.3.3. Experiment III: position effect on jaw displacement

In experiment III we examined the effect of the position of the voiced pharyngeal /t/ or the
velar lyl on the degree of jaw displacement when they occupy syllable onset/offset as a

function of various vowel contexts. The pairs llYYzl,lyYYzl in the three different vowel
environments, i.e., lnl,lil, lul,were compared to their minimal pairs cognates lzYYll,
lzYYyl in the same vocalic environments, respectively. The aim was to examine the effect of
the vowel height on the degree ofjaw opening as a function of the constriction location in the
pharynx, i.e., lower pharynx lll or upper pharynx /y/. Figure 3.8 shows the degree of jaw
height of the voiced pharyngeal and the voiced velar segments when they occur in the initial
or in the final position in lCtYYCzl words. Figure 3.9 shows scattergrams representing the
correlation between jaw height of the consonants /t/ and lyl and the preceding/following
vowels lil, lal, /r:/. The results revealed that the pharyngeal consonant /t/ in initial position
for each respective vowel context lil,lnl or lu/ always possesses the highest degree ofjaw
opening, i.e., the jaw is most lowered.

A three-way ANOVA test was performed on all sets of data points. Three factors were
considered, i.e., Consonant type (/t/ and lyf; Position (initial or final); and Vocalic context
(lil , lr,l , iul). The data points of all four speakers and all four repetitions were pooled, thus 16
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tokens per word were considered in the test. The results of the ANOVA test showed that all
involved factors are significant. The lll jaw position is significantly lower than that for /yi
(p<0.001). Both consonants are lower in initial position than in final position (p < 0.01). The

lll andlyljaw position in the vicinity of lnl are significantly lower than in the vicinity of lil
and lul (p < 0.001). In the vicinity of lil their jaw height is equally high as in the vicinity of
tu/.

3.3.4. Experiment IV: effect of pharyngeal consonant on vowel jaw height

The fourth experiment was intended to investigate the effect of the position that the
pharyngeal segment /f/ occupies, i.e., initial, medial, final, or geminate, on the degree ofjaw
height for the vowels lnl, lil, /u/. Also, we aimed to examine the effect of the position of the

consonant /t/ itself on its degree ofjaw height.
Table 3.3 shows the mean value averaged over four speakers and four repetitions and the

standard deviation of /fljaw height in four positions, i.e., initial, medial, final and geminate

cluster, in the vicinity of the three vowels lal,lt/ or lul contexts. The results showed that jaw
position for lll in initial position is lower than in medial, geminate or final positions in all
vowel contexts. Table 3.4 shows the mean value averaged over four speakers and four
repetitions of the jaw height of the vowel preceding or following lfl.In the case of lll in
initial, medial or geminate position, the vowel is following the lll, and in case of lll in final
position the vowel is preceding it.

Figure 3.10 shows segment jaw height for bisyllabic words containing the pharyngeal

consonant lll in intervocalic position in the three vowel contexts lal, lil, /u/. Table 3.3 shows

that also lll jaw height is lower in final position than the preceding high vowels lil, lu/. The
position of lll in the vicinity of the low vowel /re/ showed no significant effect on the jaw
height of the /f/ itself. However, the position /t/ had significant effect on the vowel /al jaw
height.

Table 3,3. The mean /f/ jaw height in millimeters averaged over four speakers and four
repetitions in the four positions, i.e., initial, medial, final and geminate and the three vowel

contexts. The standard deviation is shown between brackets.

Vowel context initial final medial geminate

113

&
i
u

te.7 (4.3)

r4.3 (2.7)
17.9 (4.8\

r2.e (2.r)
18.0 (4.56)

11.4 (2.0e)
17.4 (4.3)

r2.3 (2.3)

11.0 (3.1)15.0 (4.s) r4.4 (3.2) e.0 (4.00)

Table 3.4. The mean jaw height in millimeters
repetitions of the vowel preceding or following
between brackets.

averaged over four speakers and four
the/f/. The standard deviation is shown

gem.(initial V)

&
i
u

16.6 (s.1) ls.8 (4.7) 12.0 (2.8s)

e.6 (2.2) 10.8 (2.1) 8.0 (1.42)

e.8 (3.7) 6.4 (3.1) 6.8 (2.81)

r 1.5 (2.85)

e.0 (l.s)
7.6 (2.2)

9.4Average 12.0 11.0 8.9
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Figure 3.8. Mean jaw hetght in millimeters averaged over the four repetitions and the four
subjects participating in the present experiment and the standard deviation of the consonants
/f/ and /y/ in syllable margins alternating betvveen initial andfinal positions with consonant
/z/ in three vowel contexts /i/, /n/, /u/. (Experiment III).
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Figure 3.10. Segment jaw height in millimeters averaged over four speakers and four
repetitions for bisyllabic words containing the pharyngeal consonant /f/ in intervocalic
pasition in the various vowel contexts and lengths. (Experiment IV).

An ANOVA test was performed on consonant jaw height with two factors considered: the
position of the consonant (initial, medial singleton, medial geminate cluster, final) as well as

the vocalic context (lnl, hl, /u/). Both position and vocalic context rurned out to give a highly
significant effect (p < 0.001). The interaction between Position and Context was found to be
not significant (p : 0.94). Tukey post hoc test showed that the difference between the jaw
height of the consonant in the three positions and geminate is highly significant (p < 0.001).
The ANOVA test also showed that when the three vocalic contexts were split up, only in lu/
context a significant effect of the position could be found. The /t/ jaw position was
significantly higher in medial and geminate positions compared to initial position (see Table
3.3). Recall that in Egyptian Arabic geminate consonants only occur in syllable final position
or at word boundaries. The lal was significantly higher in medial singleton and geminate
compared to the lnl in initial and final positions.

3.3.5. Experiment V: Effect of inherent vowel jaw height on consonants
The fifth experiment dealt with the effect of three categories of consonants, i.e., the
pharyngeal consonants lll,lhl, the velars lyl, lxl as well as the oral consonants ln,b, t, s/, on
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3.3.5. Experiment Y: Effect of inherent vowel jaw height on consonants
The fifth experiment dealt with the effect of three categories of consonants, i.e., the
pharyngeal consonants /fl , N, the velars lyl, lx/ as well as the oral consonants /n, b, t, s/, on
the degree of jaw height when they occur finally in /C,VVCr/ words. In these words C, is
either one of the members of this set while C, is always the plain dental /s/ or its
pharyngealized apical /st/ lwith the exception of one word lznlt "announce"). This
permutation enabled examining the effect of the initial consonant departing from an extreme
high jaw position to a second consonant which has an extremely high jaw position or from a
high jaw position to another high position across the vowel. Four vocalic environments were
considered, i.e., ltl, /u/, lnl and the emphatic /o/.

Figure 3.1 I shows a plot of the jaw height values of the pharyngeal consonants /fi, /h/, the
velars lyl, /xl, and the sibilant lsl in relation to the vowel contexts |il, lu/. lal andthe
emphatic low back vowel /o/. Figure 3.12 shows a scattergram representing thecorrelation
between jaw height of the consonants lll,lyl,lbl, ln/, /dl and/s/and the preceding vowels /i/,
lnl, lul combined. The data points, collected from four speakers with four repetitions of each

test word, are grouped.

The results showed that consonant and vowel jaw height interchangeably affect each

other. Jaw displacements, in general, are greater for consonants in the low vowel context than

in the high vowel context (Figure 3.1 1). The pharyngeals have always the lowest jaw position
(more jaw opening) among all consonants in identical vocalic context. Jaw position for velars
and uvulars are higher than pharyngeals and lower than front consonants. Table 3.5 shows the
mean value of jaw height for various consonants in the vicinity of different vocalic contexts.
Table 3.6 shows the vowel jaw height in the vicinity of various consonant types, i.e., lll, N,
ly/, lx/, lsl, /d/ (velars become uvularized,i.e.,lyl, /yl in the emphatic context).

20

18

16

14

12

10
I
6

4

2

0

Consonant Type

Figure 3.11. Plot of the jaw height values in millimeters averaged over four speakers and

four repetitions of the phatyngeal consonants /f/, /h/, the velars /y/, /x/ and the dental /s/ in
initial position as afunction of the vowels /i/, /u/, /n/, /a/ contexts. (Experiment V).
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Consonant Jaw Height (mm)

Figure 3.12. Scattergram represent[ng the correlation between jaw height in millimeters of
the consonants /f/, /y/, /b/, /n/, /d/, /s/ (plotted on the x-axis) and the preceding vowels /i/,
/a/, /u/ combined (plotted on the y-axis). The data points, collected from four speakers with
four repetitions of each test word, are grouped. (Experiment V).

The R2 value for each regression line as well as the y intercept are given for each consonant
shown in Figure 3.12 are given below:

/tl: Y: 0.99 x - 3-1, R2 : 0.58

lYl Y: 1.45 x - 4.5, R2:0-61
lbl: Y : 2.4x - 1 1.3, R2 : 0.81

ld/: Y: l'8 x, R2 : 0'49

ln/: Y:2.47 x - 3.3, R2 : 0.85

lsl Y: 6.8 x - 3.4,* : 0.27

Table 3.5. Consonant jaw height in millimeters averaged over four speakers and four
repetitions for various consonants in the vicinity of dffirent vocalic contexts.

Vowel t h y X lsl or ld/

tr2s
tr
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The results showed that consonant and vowel jaw height interchangeably affect each other.
Jaw displacements, in general, are greater for consonants in the low vowel context than in the

high vowel context (Figure 3. I I ). The pharyngeals have always the lowest jaw position (more
jaw opening) among all consonants in identical vocalic context. Jaw position for velars and

uvulars are higher than pharyngeals and lower than front consonants. Table 3.5 shows the

mean value of jaw height for various consonants in the vicinity of different vocalic contexts.

Table 3.6 shows the vowel jaw height in the vicinity of various consonant types, i.e., lll, lh/,

lyl, lx/, lsl , ld/ (velars become uvularized, t.e., lvl, lyl in the emphatic context).

Tahle 3,6. Vowel jaw height in millimeters averaged over four speakers and four repetitions
in the vicinity of various consanant Apes.

Consonant

ll9

t
h
H

x
lsl or /d/

15.8

16.6

r 6.9

16.3

13.7

13.8

I 1.8

9.2

9.7

7.7

5.1 6.3

5.7 8.7

5.0 4.7

4.0 4.0
3.8 2.6

An ANOVA test was performed on the consonant jaw height, as a function of two factors:
Consonant Type: lll, lyl, lxJ, lsl, ldl and Vocalic Context: lE, o, i, u/. In the vicinity of the

emphatic vowel ls,l the velars become the uvulars lyl, lyl.The results showed that both
Consonant Type and Vocalic Context did have a significant effect on the consonant degree of
jaw height (p < 0.001 in both cases). In addition, the interaction between Consonant and

Vocalic Context was significant (F : 6822, p < 0.001). The ANOVA test also showed that the

vowel jaw position was significantly influenced by the vowel and consonant contexts alike
(both had p < 0.001), and also the interaction between vowel and consonant context (F :
9391, p < 0.001). The higher F value for the vowel jaw height compared to that of the

consonant jaw height, under influence of the interaction, indicates more influence of the
different consonants on the separate vowels, than the other way around.

3.3.6. Summary of the results

The main findings obtained from the present experiments can be summarized as follows:
l. During the production of pharyngeal cousonants the distance between the upper jaw and

the mandible varies as a function of the constriction location in the pharyngeal cavities. ln
other words, the more inferior the constriction location is, the lower is the mandible, i.e.,
lower pharyngeals has lower jaw position than upper pharyngeals.

2. Pharyngeal consonants have always the lowest jaw position among all other consonants
in Arabic. However, the mandible position during the production of pharyngealized
consonants is higher than that during the plain (non-pharyngealized) consonants, i.e., it
manifests less degree of displacement relative to the rest position. For instance, during the

sequence llnl the jaw displacement was greater than that during ltol. That is, when the
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tongue moves downwards during /fo/, as the secondary feature of emphasis implies, the jaw
moves upwards. Naturally emphatic /a/ requies lower tongue position than plain lnl in
Egyptian Arabic (cf. Wood , 1979, mentioned in section 1.9). One explanation is that the jaw
has to move up antagonistically with the tongue movement, maybe in order to regulate the
size of the stricture at the lower pharynx so that it can be adequate to produee a perceptually
accepted segment.

3. The displacement of the mandible is greater when the pharyngeal segment occurs in
initial or final position than when it occurs in medial (intervocalic) position. This can be taken
to indicate that the jaw needs to reach its target position in a shorter time when the pharyngeal
segment occurs between two vowels than when it occurs initially or finally in a word. Maybe
this mechanism is used in order for the articulatory gesture to be fully executed, since moving
directly toward the target position for the vowel will affect the size of the constriction. The
test items used in the present experiment were either monosyllabic or bi-syllabic words.
Arabic bi-syllabic words are found to be longer in duration than the monosyllabic words (cf.
Elgendy, 1982).

4. The present data showed that the extent of jaw displacement is correlated with the
position of the pharyngeal segment and the number of syllables in the word.

3.4. Discussion

Two main questions dealing with the jaw were addressed earlier in this chapter. The first
question concerns the direct participation of the jaw in consonant production. The second
question argues if vowels accommodate jaw position for consonants, or whether the reverse is
true. We have demonstrated in the present chapter that the jaw contributes to the production
of not only oral but also pharyngeal consonants. We also have shown that the jaw opening for
pharyngeal consonants is greater than for low vowels and that the extreme degree of opening
is due to the pharyngeal consonants and not to coarticulation with low back vowels. The
present results also showed that pharyngeals have a lower jaw position even in the vicinity of
high vowels, i.e., lil, lwl compared to other oral and velar consonants.

Nolan (1995), commenting on the paper by Lee (1995), took the greater jaw displacement
observed for Arabic pharyngeal consonants in the context of open voweis, as support for his
claim against Lee's interpretation of the data that there is jaw involvement in the pharyngeal
consonant production. If this degree ofjaw displacement for consonants is taken as a result of
the effect of the vowel height on the consonant place, why then was the jaw still found in our
data to be lowered during /fl and lhl even in the vicinity of the high front vowel /i/? The jaw
would be expected, according to Lindblom (1983), Keating et al. (1994) and Nolan (1995), to
accommodate the vowel /i/ position and hence will move as high (or even higher) as the high
vowel position required. We do not see that this is the case here, rather the jaw still maintains
a much lower position in the neighborhood of lil and /ui. This fact can be taken as an
indication of the jaw striving to keep the target position for the pharyngeal segment as low as

possible. The partial decrease in the inherent level of lowering can be due to the presence of
the high vowel which induces a coarticulatory effect on the pharyngeal consonant. High
vowels are nornally produced with raised jaw. StiU pharyngeals have lower level in any
position than high vowels.

The effect of the context on the degree of jaw opening for pharyngeal consonants is
noticeable. For a pharyngeal consonant in initial or final position, the jaw moves to an
extreme low position. During the pharyngeal consonant in an intermediate position, the
degree ofjaw lowering is less compared to the other two positions and it is much influenced
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by the height of the vowel itself. The position assigned to the mandible is specified and it is
maintained even during the following vowel as soon as it reaches its target position for the

pharyngeal segment when it occurs in the intervocalic position in bisyllabic words (Elgendy,

1985; 1999). The degree and range of this mandibular coarticulatory effect seems to be

correlated with the type of syllabic structure of the utterance (Elgendy, ibid.).
If the jaw, during pharyngeal consonant production, is not involved, hence, is free to

position itself for an upcoming vowel in anticipation, why then was the jaw position for
vowels higher than that for back consonants in general and pharyngeals in particular? The
answer to that question can be approach when taking into account our findings reported
earlier (cf. Elgendy, 1992 and section 2.8), The jaw position is fixed during the pharyngeal
consonants production, due to biomechanical constraints induced on the jaw and the tongue.

Hence, the tongue is not free to move earlier to prepare for the following vowel segment so it
remains in the same position proportionally to the pharyngeal consonant jaw position
(Eigendy, 1987). We found that the jaw is always in a lower position during pharyngeal
consonant than any vowel regardless the vowel's height. It was demonstrated in the present

investigation that the jaw displacement associated with vowels and consonants are

interchangeably influencing one another. That is, the jaw and tongue synergies are

coordinated so that the target position of constituent segments can be under controi. The jaw
aids the tongue to achieve its target position for vowels and the tongue accommodates the jaw
position needed for consonant production.

Our present findings showed that the jaw has a higher position in the emphatic
environment than in the plain environment during pharyngeai consonants production. The
emphasis gesture (pharyngealization) is characterized by tongue-body depression and
retraction of the tongue root (cf. 1.5.1), thus it is expected that the jaw will be in a lower
position during emphatic consonants. Since this is not the case, this fact is taken as an

indication of the conflicted direction of jaw and tongue movements, which suggests that the
jaw movement can go independently to that of the tongue. That is true, at least as far as the
production of pharyngeal consonants is concerned. One possible interpretation of this finding
is that the jaw is shifted upwards hence the tongue can occupy more room in the pharynx as

the emphatic feature requires. The upward movement of the jaw is necessary in order to
regulate the size of the pharyngeal constriction required for making the complex pharyngeal
segment production perceptually intelligible.

Gay et al. (1981), restraining the jaw by placing a bite-block between the jaws,
demonstrated that the tongue can compensate readily, though in an exaggerated manner, for
the constraint applied on the jaw movement so that it still can achieve nearly its position to
create the constriction for high vowels. If speakers can produce high vowels with an open jaw,
why are high vowels normally produced with raised mandible? By adapting Lindblom views,
the answer to that question would be that the speaker is seeking a less costly synergistic
movement to control the utterance (Lindblom, 1983). However, we found the speakers
provided the data in our experiment lower their jaw during pharyngeals more than during the

following vowel, regardless the height of that vowel (low vs. high vowel). Would not that be
a costly and less economical speech effort? In fact, speakers have no other choice than to
lower the jaw to an extreme position because the mechanical perturbation applied on various
articulators requires that (cf. Elgendy, 1992).

Willerman's (1995) interpretation of the extreme low jaw position, found for the
pharyngeal consonant in her data, as due to the speaker intention to anticipate for the
following low vowel, seems to be incorrect. The same criticism leveled above at Nolan's
interpretation of jaw height for pharyngeals also applies to Willerman's interpretation of her
data. The typical jaw position for oral consonants is closed but not so for pharyngeal

t2l
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consonants as our data revealed. Both Nolan and Willernan (ibid.) claim that the pharyngeal
consonant and the vowel lal have an identical degree of jaw height. However, their
interpretation does not explain why the jaw was found lower for /f/ than for lnl for all of our
speakers? It should be mentioned that Willerman's data concerning the pharyngeals jaw
position having more opening than the following vowel, are consistent with the findings from
the present study. However, optimizing the articulation of pharyngeals by exffemely lowering
the jaw is based on a remedy of mechanical constraints effects aiming to achieve a perceptual
goal rather than on trading off the economy of a speech gesture. That is, the jaw movement is
preplanned to adjust the constriction size and to compensate for the time delay caused by
these constraints.

The conclusion, drawn by Keating et aI. (1994) which considers that the effect of the
consonant on the vowel jaw height is less than the effect of the vowel on the consonant jaw
height, becomes less persuasive when CVC (not only VCV) utterances are also examined and
when excluding the lhl (which only involves the larynx not the jaw) from their data. Arabic
laryngeal consonants were found not to be involving the jaw in their production (Elgendy,
1987). The tongue and the jaw are free to be positioned in any place along the vocal tract, e.g.,
for anticipating a following vowel. However, still, our data showed that the jaw opening for
these two consonants, i.e., the larygneals, to be greater than that for all other consonants
except the pharyngeals. The laryngeals lW and l?/ are only involving the larynx in their
production. Therefore, they are not expected to be influencing the jaw movement to a

considerable extent. It can be suggested that the lower position we observed for these two
consonants is due to some degree of coarticulation with the low back vowel /al. The lower
pharyngeal consonants /t, h/ probably involve the tongue as a secondary articulator (cf.
Elgendy, 1,992), while the rest of the consonants in Arabic (except l?,h, ffi, b, ff involve the
tongue as a primary articulator in their production. However, such claim needs further
investigation, e.8., EMG registration of lingual muscles during pharyngeal and
pharyngealized articulations. Our present results seem to stand in support to Keating's (1983)
views regarding the jaw accommodation to some consonant place. However, our findings
stand in disagreement with Keating et al.'s (1989) proposal that consonants are readily
coarticulated more with vowels than the other way around.

McCarthy's (1994) proposal to ascribe the place feature [pharyngeal] to the laryngeal as

well as pharyngeal would be erroneous in the light of our present findings. McCarthy's
grouping of the uvular, the pharyngeal and the laryngeal consonants as a phonologically
distinct nafural class, i.e., the "Gutturals", would encounter some serious problems by
adapting the orosensory pattern solution (Perkell, 1980) for a "Place" feature. The uvular
consonants, in fact, have contact between the tongue and the uvula; the lower pharyngeal
consonants have contact to a certain degree between the epiglottis and the larynx (cf. Elgendy,
1982;1985.b; 1999). The classification of the group of guttural consonants as a natural class,
as proposed by McCarthy, presupposes that the members of this set of consonants, i.e.,
laryngeals, pharyngeals, uvulars and velars, should have in common certain physical basis. As
our results revealed in Chapter 2 and this chapter, nothing was found to show that these
consonants share certain physical basis.

Goldstein's (1994) proposal of the feature [radical] to be added to the feature [pharyngeal]
proposed by McCarthy to describe the pharyngeals seems also to be inadequate. Goldstein
postulates that the upper and lower pharyngeals /1, y, h,ll actively retract the tongue root.
Apparently, this proposal of Goldstein would make the problem even more complicated,
taking into account that the lower pharyngeal consonants primarily involve the epiglottis, the
larynx complex and the pharyngeal wall in their production, as noted by Elgendy (1987;
reez).
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Both McCarthy's and Goldstein's proposals are expressed within the framework of the

distinctive feature theory (Jakobson et a1., l95l). Distinctive feature theory is based onactive
involvement of articulators during speech production. This theory has defined place features

in terms of the "active articulator" participating in shaping the vocal tract for a given
phoneme. For instance, the feature flabial] for the lips, [coronal] for the tongue tip or blade,

[dorsal] for tongue body and [pharyngeal] for gutturals, etc. The aroused conflict regarding
the guttural group of consonants stems from the fact that there are several different active
articulators involved in the gutturals production. The laryngeals involve only the glottis, the
pharyngeals involve coordinated activities of the larynx, the epiglottis, the pharyngeal wall
and the jaw while the uvulars involve the body of the tongue and its root (cf. Chapter 2 and
this chapter). The activities of these organs during speech may have acoustical impact on the
phonetic quality of these phonemes.

The lower jaw has both a translation and a rotation movement component during speech

(Edward, 1985 and Ostry and Munhall,1994). Ostry et al. (1996) suggested that there are two
main elements needed for modeling jaw movements, i.e.. seven muscle groups and three

kinematics degrees of freedom, These three degrees of freedom are: sagittal plane jaw
rotation, horizontal jaw translation, and hyoid bone vertical translation. According to that
model, neural control signals to individual muscles affecting jaw movements are coordinated
to achieve independent changes in the values of the system's three degrees of freedom. Ostry
et al. (ibid.) suggest that coarticulatory overlapping observed in running speech is due to
sequential control signals, muscle properties, and dynamics. Accordingly, it seems likely that
the jaw can move independently from the tongue movement such as we observed during the
production of pharyngeal consonants.

3.5. Conclusion

The present study demonstrated that the degree of jaw displacement depends both on the
location of the point of constriction in the oral and pharyngeal cavity as well as on the
position of the pharyngeal consonant in the word. Moreover, the mandible has been shown to
play a predictable role in the adjustment of the constriction size and location along the
pharynx. The degree ofjaw displacement is inversely proportional to the constriction location
in the back cavity, i.e., greater displacement was observed for the pharyngeals than for
uvulars and velars and various oral consonants.

Furthermore, the mandible has been shown to play a significant role in controlling the

constriction in the upper and lower pharynx during the production of speech phonetic
segments articulated in the back cavity of the vocal tract. The jaw is assigned a specific
position depending on the location of the constriction in the pharynx. This position varies as a

function of the vocalic pattern, the syllabic structure and the presence of a secondary place of
articulation (emphasis) supenmposed on the primary place of articulation of a pharyngeal
segment. In addition, the mandibular activities during the production of pharyngeal segments

have been shown to be predictable in terms of the extent of displacement which is influenced
by the position of the pharyngeal segment in the word.

ln the light of the present findings, it is suggested that the jaw as an articulatory parameter

should be implemented in the phonological system of Egyptian Arabic at least in as far as the
production of pharyngeal and pharyngealized consonants is concerned.

Based on our present findings, consonants in Arabic can be classified into categories in
terms of their inherent degree of jaw height relative to the clenched position in identical
vocalic environment. That suggests that jaw movements as an articulatory parameter can be
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actively integrated in the current articulatory models of speech (e.g., task dynamics model,
Saltzrnan et a1., 1989; Browman and Goldstein, 1992). Our findings further suggest that any
model seeking a universal framework of presentation would be reinforced when considering
the jaw as an articulator which handles temporal specifications of syllable structure.
Furthermore, the results suggest that physiological constraints affecting the mechanical
system governing the vocal apparatus are centrally taken into account while planning the
articulatory process.

In the following Chapter 4, we deal with the characteristics of the acoustic signals
associated with the production of various pharyngeal and oral consonants.
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Appendix 3.1.

List of words used in the jaw displacement for all the consonants in Egyptian Arabic. The

utterances are pronounced after the clenched position was made preceding every word. Since

Egyptian Arabic has no open syllable, it is natural to introduce a glottal stop /?/ in VCV
utterances.

Plain CVV Plain VCV Emphatic CW Emphatic VCV
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lfr,nl
lhr,r,l
lhr,r,l
l?nal
lqaal
lyanl
lxe,al
lgnnl
lknnl
llr,r,l
hanl
lwnnl
lyanl
lmr,nl
lbr,nl
lfnn/
lnnr,/
ldr,n/
Itanl
lznal
lsr,e,l

lafr,l
lr,hr,l
lr,hnl
ln?nl
lr,qr/
/nynl
lnxnl
lagal
lnknl
la,la,l

laral
lnwnl
lnynl
la,mnl
lrebnl
lafal
lannl
lndr/
lr;tnl
l*z*l
lasnl

llorsl
it..osl

lhss/
l?ssl
lqoa/

lsors/

lyool
lgtol
lkss/
lloo/
koisl

lwss/
lyoo/
lmss/
lboial

lfool
lnors/

idroo/
Itrool
lzt so/

/stoo/

lslol
lrrhsl

lohs/
lo?o/
loqd
lsYol
lsxa/
lagd
/oko/
lolsl
lsrs/
lowsl
/oyol
lsmo/
/obsl
lsfd
lsns/
lodra,l

lottsl
lsztsl
/qsrs/
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Appendix 3.2.

List of the Arabic test words and their approximate English gloss used in the experiments I-V,
* denotes a nonsense words while (i) stands for imperative masculineform.

Experiment II

lzngoll to announce lzanhl to push away

lznayl to vanish /srerex/*

lsr,nU* lsnnd/ to dominate
lznazl* /sreas/*

Experiment III.

/fiizl* ltrrzt /*
/futz/ want (i)
lyaaz/ gas /ywze / he annoyed

lyiizel annoy (i) /yuusr/ dive (i)
lznnll he announced /stao!/ he lost his way
lziif/ announce (i) lzuull*
lzanyl he vanished lziiyl*
lnmyl escape (i)

Experiment fV

lsnnfn/ a watch /srettred/ he caused happiness

/siffi/* /siifi/*
/sotuud/ a proper name /toffod/ she sets

For the words used in Experiment V see next page.
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Experiment V

Test word gloss Test word gloss

lsnr;fl he announced /sraot/ he lost the way

lzilt/ announce (i) /suut/t

lsnndl he dominated /s$oodr/ an alphabet letter

lsrenh/ it melted

lsiih/ melt (i)
lsney/ a coin

/siiy/ design (i)
lsnnx/*
lsiixl metal bar

isiid/ master

lsna,bl he left
/siib/ leave (i)
lsr;e?l he drove

lsii?l insult (i)
lsr;e,W*

isiih/*
lsnen/*

lsnnt/*
/siit/*

/srooh/ he shouted

/suuh/*
lstoovl a sergent

/suuy/*
/seoo1/*

/suux/*

/suud/ black (plural)

/sroob/ he hit
/suub/*
/stoo?/*
/suu?/ a market

/srooh/*
/suuh/*
/sroon/ he maintained

/seoott/*

/suut/*

/siini an alphabet letter /sruun/ maintain (i)





Acoustic attributes of articulatory dynamics in the

pharynx.'

Abstract

The experiment reported on in this chapter investigated to what extent the acoustic correlates

of the articulatory dynamics are nrunifested in the speech signal associated with the

production oJ'various pharyngeal consonants in Egyptian Arabic words. Spectrographic

analyses showed that the dffirence between the values of first and second formant
frequencies indicates the location of the constriction in the pharyngeal cavilyn relative to the

glottis. The nasal coupling observed during the production of pharyngeal consondnts as well
as the following lal vowel is maniJested by a significant damping of F 1-amplitude (Al ) in the

acoustic signal. This acoustic fact was supported also by aerodynamic measurements on

nasal airflow, oral airflow and interoral air pressure. The consticted larSnx, caused by

tilting of the arytenoids anteriot'ly and the active bending of the epiglottis downwards

associated with the production of pharyngeal consonants, can explain the markedly low,

fundamental frequency of the voiced pharyngeal segment and the weak energy found in the

high region of the spectrum, respectively. In addition, mandibular adjustments were reflected

as a compensatorT effect on the duration of the vowel adjacent to the pharyngeal consonant.

rExtended version of a paper presented at the ICPLA'93, Helsinki, Finland (Elgendy, 1994).
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4.1. Introduction

The vocal tract can be seen as a longitudinal tube open at one end at the lips and closed at the
glottis with one branch connecting the nasal cavity with the rest of the vocal tract. The
consonant class of speech sounds has a constriction located at some point in the vocal tract.
The degree of the constriction in the oral or pharyngeal cavities deterrnines whether a sound is
a fricative or an approximant. Approximant sounds have greater size of constriction, but less

than that for vowels, compared to fricative sounds (cf., e.g., Catford, 1965; 1977). Some
studies stated that Arabic pharyngeal consonants should be described as approximants since
they possess vowel-like spectral properties (Adamson, 1981; Elgendy, 1982 and Chapter 2).
The production of pharyngeal consonants, as we have shown earlier in Chapter 2, is
characterized by a contraction of the pharyngeal wall, a laryngeal constriction accompanied
by an active epiglottis bending, and a partial velum lowering. In Chapter 3, we showed that
the jaw displayed an extreme degree of lowering during the production of such consonants.
The kinematics data obtained on the jaw trajectories during various pharyngeal and non-
pharyngeal articulations, suggest that the jaw plays a role in controlling the size of the
constriction in the pharynx as well as in temporal pattern adjustment. The aim of the present
study is to examine to what extent the articulatory dynamics, characterizing pharyngeal
consonant production, are reflected as acoustic cues presented in the speech signal associated
with the production of these consonants.

Acoustically, formant frequencies associated with upper and lower pharyngeal consonants
are affiliated to the back cavity resonance. According to a Helmholz resonator, the resonance
frequency for the laryngeo-pharyngeal area as a back cavity, determines the second formant.
The front-cavity resonance is responsible for the first and the third formant frequencies. For
the uvular area, the first formant is a Helmholtz resonance while F2 and F4 are front cavity
resonancea and F3 is a back-cavity resonance (Klatt and Stevens, 1969; Alwan, 1986). The
constriction for the lower phayrngeals /f, h/ is located about 4 cm from the glottis while it is 7
cm for the upper pharyngeals ly, fl.The larynx is raised about 1.3 cm during the production
of lflas seen on lateral X-ray pictures (Al-Ani, l970.a; Ghazeli, 1977).It should be noted that
there is another minor constriction at the palatal region in the oral cavity due to the pyramidal
shape the tongue is assumed to take during the production of lower pharyngeals (Delattre,
I91l; Ghazeli, 1977). Aerodynamics also can affect the size of the pharynx. When the air is
exited at the glottis, the accumulated pressure will force the tissues of the pharyngeal wall to
be compressed away from the sagittal plain which in turn will expand its volume (Ohala,
1972). This is valid only if there is a downstream closure, e.9., as exists during an oral stop.

The 28 consonant phonemes in Colloquial Egyptian Arabic (CEA) can be classified as

front versus back consonants (see section 1.4). Our reason to adapt such a classification of
consonants into front versus back is based on a morphological analysis (Aboul-Fetouh, 1969)
and on phonological observations (Harrell, 1962) and is also supported by acoustic data
obtained from various acoustic studies on Arabic, a.8., Alwan (1986). There are eight vowels
in CEA; five long lid^, ee, &re, oo, uu/ and three short /i, e, ol. The long vowels lii/ and leel
are merged together to comprise the short vowel le/ as it appears in a short closed syllable,
e.g., CVCVC. The long back vowels loo/ and/uu/ are also merged into the short vowel lo/ in
short closed syllables (Lehn, 1963; Drozodik, 1973; Elgendy, 1982; Norlin, 1987). The values
of the first, second and third formant frequencies of the long and short vowels in the null
context (in isolation) averaged over three male speakers are given in Table 4.I, after Elgendy
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(1982). These values are used for comparison of the formant values of vowels in various
contexts which are provided later in this chapter.

Table 4.1. The values in Hertz for the first three formant Jiequencies of the Egyptian Arabic
long and short vowels in isolation (averaged across 3 male speakers) after Elgendy ( 1982).

Long Vowels Shon Vowels

l3l

ao
618 429

1568 1163

2642 2476

There is a wide range of phonetic variations among pharyngeal speech sounds as a
phonological class. It is a fact that there are various allophonic realizations of back consonants
which can be found in different contemporary Arabic dialects. For instance, the voiced
pharyngeal /f/ is realized in some cases as a pharyngeal stop in Iraqi Arabic (Al-Ani, 1970.b).

In Sudanese Arabic it is realized as an approximant for some speakers and as a stop for some
others representing the same regional dialect (Adamson, l98l). Elgendy (1982) reported
acoustic data which suggest that pharyngeal consonants in Egyptian Arabic are also
approximants and they are characterized by unusually long transitions towards the following
vowel. The velar consonants iyl and /x/ show an upward shift in the Fl value and a decrease
in the F2 value when they occur in the context of back vowels. These consonants are realized
as uvulars only in the pharyngealized environment, i.e., in the vicinity of the emphatic vowel
lol.

In the present experiment we attempted to determine the acoustic correlates which reflect
the complex articulatory gestures associated with pharyngeal consonant production.
According to the available physiological data obtained from our study reported in Chapters 2
and 3, the dynamic aspects of these gestures are represented by velum lowering (nasalization);
pharyngeal wall displacement (active pharynx contraction); glottal constriction
(laryngealization); and jaw displacement (whether there is any indication of compensatory
lengthening/shortening of the acoustic duration). It should be noted that the ffeatment of these
pararneters in the present experiment is limited and awaiting for more extensive study in the
future, i.e., covering more consonant manners and places, and rnore subjects.

4.2. Background

Moving the place of constriction within the vocal tract alters the volumetric relationships
between front and back cavities. The front cavity is the vocal tract volume anterior to the
point of major constriction of the vocal tract. The back cavity is the volume posterior to the
constriction. The first formant (Fl) is sensitive to changes in the pharyngeal volume. As the
place of major constriction is moving towards the front of the mouth, the back cavity enlarges
and the first formant gradually decreases in frequency. F2 is sensitive to changes in the front
(oral) cavity. Moving the place of constriction toward the front of the mouth increases the
frequency of F2. Formant three (F3) is usually determined by interactions of volumes along
the length of the vocal tract and higher order resonance. Hence the physical resonator
analogies are not easily specified.

ii ee

Fl 240 388

F2 2150 2207

F3 2900 278t

oouue
419 350 426
896 670 1894
2473 2350 2618

(tr<l)

650
r930
2496
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The location and the degree of the constriction also affects formant structure and spectral
pattern. When the constriction is located near the front of the mouth, a tight constriction
serves to additionally decrease F1. Thus, changes in the degree of constriction by elevating
arrd lowering the tongue tip will influence the frequency locations of both Fl andF2.

Lowering the velum leads to coupling between the nasal cavity and the oral and
pharyngeal cavities. In acoustic terms, the main effect resulting from this articulatory
movement on the sound wave manifests itself as an increase of the first formant frequency
accompanied with a reduction of its amplitude and an increase in its bandwidth compared to
Fl in the non-nasal (oral) articulation (House and Stevens, 1956; Stevens et al., 1985). When
the vocal tract is constricted at some point to produce a consonant, an antiresonance is created
due to the decreased energy in a certain frequency range. These resonances and
antiresonances may cancel one another if they are close to each other. They may also appear
as two resonances if a narrow antiresonance occurs in the midpoint of a broad resonance.
When the port connecting the nasal cavity with the oral and pharyngeal cavities is opened, the
tract becomes longer, hence, it responds more to lower frequencies. During nasal consonants
lm, n, g/ a so-called nasal murrnur (formant) is to be found within the range of 200-300 Hz.
The farther the constriction is located from the glottis the higher the nasal formant is
(Fujimura, 1962).

On the other hand, elongating the tract by adding the nasal branch will decrease the
bandwidth of the first formant frequency and that will cause damping in its propagation. Nasal
sounds are weak in intensity due to the losses of energy absorbed by the soft tissues forming
the pharyngeal and nasal cavities and also due to the irregular shape of the pharyngeal-nasal
tube. This is why nasals, especially nasal vowels, generally have large bandwidths. It was
found that this nasal formant is sufficient to serve as a perceptual cue for listeners to identify
nasal sounds (Mermelstein, 1977). The transition from a nasal sound to a vowel is also an

important acoustic cue for perception of the consonant's place (Mal6cot, 1970). In the present

investigation we search for these features in the acoustic signal produced by pharyngeal
articulation.

The extreme degree of jaw lowering associated with the pharyngeal consonants production
(cf. Chapter 3) may affect the temporal aspects of an utterance. The distance the mandible has

to travel along various constriction locations within the vocal tract affects the timing of the
utterance. When comparing the acoustic duration of two identical words which differ only in
the presence of a pharyngeal consonant, the effect of the jaw opening can be reflected on the
acoustic signal as a difference in duration. The present experiment tests the above-mentioned
factors as acoustic parameters affecting these speech signals containing a pharyngeal
consonant.

4.3. Experimental procedures

In order to examine whether or not the articulatory activities associated with pharyngeal
consonant production can be manifested acoustically in the speech sound wave,
spectrographic measurements were conducted on comparable word samples containing either
pharyngeal or non-pharyngeal consonants.
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4.3.1. Speech material

The speech material used comprised three sets representing various places and manners of
articulation. Each set has the target consonant appearing in initial, medial or final position in
the word. The sample words were selected in such a way to enable examining the effect of
four phonetic parameters: quantity, i.e., phonemic length, voicing distinction, manner of
articulation and place of articulation.

In order to examine the effect of a pharyngeal consonant on the following or preceding
vowel length, words of monosyllabic forms CTVVC, or C,VC2C2 and bisyllabic form
CTVC2VC3 were chosen. Three sets were prepared to contain the test items. In the first set (see

List I in Appendix 4.1), the consonants /f/ and /l/ were elected to represent pharyngeal and

oral consonants, respectively. Each has two pairs, one for the pharyngeal and the other for the
non-pharyngeal consonant. These two consonants appeared in either initial or final position in
C,reaeC,. When C, is either /fl orlll,C, is one of the consonants /y, x, g, k, d, t, z, sl and
vice versa. This set was designed in order to examine the effect of the position of the
pharyngeal segment on the acoustic vowel duration of the following vowel lnl and to
compare it with that of /ll as a function of the place and manner of articulation of the other
consonant. In the second and third sets (see list II in Appendix 4.1), C,VC2C, and C,VC2VC3
words contain the pharyngeal segment in initial, medial or final position occurring before or
after the short vowel lal. When a/f/ occurs in one position the other two consonants were
either /U or lsl. That enabled us to examine the effect of word structure and position of the
pharyngeal segment, i.e., ltl, on vowel duration. In order to be able to draw a comprehensive
conclusion more varieties of consonants other than lll and lll should also be examined as well
as various vowel contexts beside /a/.

To examine the acoustic properties of the pharyngeal segments, an LPC analysis was
performed on all word tokens containing the voiced pharyngeal approximant" lf/ in all
positions. The data reported on in this paper are based only on the context with the low vowel
lnl.

To keep the symmetry among the words chosen to make minimal pairs, some nonsense
words were used. The meaningful cognates for these nonsense words were also included in
the list and were arranged to be uttered prior to each meaningful word (see Appendix 4.1). For
instance the nonsense word lfnnt/* will be listed prior to lfnr,d/ "he came back". The reason
of this was that the nonsense word, which is new to the speaker, will be pronounced with an

identical prosodic pattern to that of the real meaningful word. The test items were written in
Arabic orthography on a card per word. Diacritical marks were added to the written words to
denote various vowel qualities since vowels in written Arabic are only distinguished by these

marks. The cards were randomized and were given a serial number according to the random
order.

4.3.2. Recordings

The recordings were made in the anechoic chamber of the phonetics laboratory of Stockholm
University at different sessions. Nine Egyptian male speakers (AK, GD, IH, OS, EY, YM,
FA, OG, AD) representing Alexandria and Cairo Egyptian Arabic provided the data. The
subjects age varied between 28 and 33 years and they were all graduate students who lived in
Sweden for periods varying between one month and two years. They reported no speech
defect or hearing problem, as was indicated by a tone audiogram made for each participant
and a preliminary evaluation of their speech.
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None of these speakers had previous experience to serve as a subject in any phonetic
experiment and they were different from the nine subjects used in the experiments reported in
Chapters 2 and 3. The subject was seated on a comfortable chair in front of a professional
microphone placed 25 cm in front of his mouth. The subject was instructed to read the word
written on the card in a moderate steady speed. Three repetitions of all sets were recorded for
each subject and the flnal repetition was used for the analysis. A short phrase was inserted
between each set to break the monotony of the speech flow of the words.

Figure 4.1. Layout of an edited window of the X-Waves DSP prograru showing (fi'om top to
bottom) panels of the waveform, wide-band spectrogranl, intensity curve, envelope, F0
contour and word and segntent labels. The words shown (from left to right) /fnnd/, /danf/,
/frat/, lnr,f/, /fr,ng/, /ganf/, /fnnH were uttered by speaker IH. A time indicator
appears on the top of each panel shou,irtg the elapsed time of the sourtd waveform in each file.

The audio signals were recorded on a digital audiotape (DAT) and were stored in the
memory of a HP computer for further acoustic analysis. The sampling frequency was 22 kHZ
quantized at 16 bits. A DSP software package, "ESPS" by Entropic Research Laboratory for
speech analysis and editing, was used to perform acoustic analyses on the collected sample
words. Figure 4.1 represents the layout of edited windows of the "X-Waves DSP" program
(ESPS) showing the wavefbrm, wide-band spectrogram, intensity curve, envelope, F0 contour
and segment and word labels. The graph displays the words llnr,dl, /danf/ , lfnr:t/, ltr,ntl,
llangl,/gr,nl/, /fr;aU which were uttered by speaker IH. For the results concerning
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consonants and vowels duration measurements only five (AK, GD, IH, OG, OS) out of the

nine speakers are reported in this chapter.

4.3.3. Data analysis

The duration of the consonant and the following/preceding vowel was measured on the
spectrogram which was made for each token item. A label was assigned for each segment's
onset and offset. To determine the boundaries between various phonetic segments in the
sound wave, the intensity curve, the envelope curve and the wide-band spectrogram were

used. The segmentation criteria for determining these boundaries of the pharyngeal segment
and of the following or preceding vowel were the F0 changes, increaseldecrease in the
amplitude of the envelop, and onset of a regular interval in the wave form for the vowel. The
synchronized panels of these windows enabled us to determine the boundaries by hand. A text
file output is printed showing the values in ms at each segment boundary. A home made
program was developed to automatically compute the duration in ms of each segment from
the text file with the values of all segment boundaries. This is done by subtracting the value at

a given boundary from the value at the preceding label boundary.
LPC (Linear Prediction Coding) spectra were measured at four different points on the

acoustic signal of each test word and then averaged across repetitions and speakers. These
four measurements points were the midpoint of the voiced consonants /f/ and /U, the
transition midpoint to the following or preceding vowel /al, the vowel midpoint and the
transition from the vowel to the second consonant. Throughout this chapter these points of
measurements are referred to as "the four points of measurements". The bandwidth in Hz and
formant amplitude in dB were also measured for the same four points in order to determined
whether an effect of nasal coupling exists due to the velic lowering observed during the
production of pharyngeal segments. The values of the first three formant frequencies, their
bandwidths as well as the fundamental frequency contour in Hz of the whole utterance were
measured. In addition, the amplitude in dB was calculated for the peak resonance frequencies
of the voiced pharyngeal lll and the voiced lateral lU for comparison. It should be noted that
both these consonants have a vowel-like formant pattem on the sound spectrogram (cf. Figure
4.3). These values were compared to the values obtained for the low back vowel lal in
isolation as repofred in Elgendy (1982). The LPC spectra were measured using a speech
analysis package (Sound Scope by GW Instrument). Figure 4.2 shows a window of the
"Sound Scope" program used to measure various acoustic parameters, o.8., FFT spectrum,
LPC, amplitude and bandwidth of the formant frequencies and the waveform. Although LPC-
computed bandwidths are notoriously unreliable since its computation is based on the
assumption that the speech signal has no zeros. Actually the zeros are there due to glottal
source and the vocal tract responses in nasal and unvoiced sounds. However, we feel save to
use LPC analysis for preliminarily calculate the bandwidth of the vowels adjacent to the
voiced pharyngeal consonant.

The F0 values at the sarne four points in time mentioned earlier were extracted from the
intonation contour generated by the X-Waves program. The purpose was to find out whether
the constriction in the glottis associated with the production of the voiced pharyngeal
consonant /fl, as we have demonstrated in Chapter 2, is manifest as a decrease in the F0 value
during that consonant compared to the vowel and to front consonants.
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4.4. Results and discussion

csapreR 4

4.4.1. Fundamental frequency for lll and lU

The fundamental frequency (F0) for the voiced pharyngeal lll, as a representative of
pharyngeal consonants, as well as the voiced lateral /l/, as a representative of the oral
consonants, was measured in Hz. In order to account for the constricted glottis observed
during the production of the pharyngeal consonant the values of F0 of these two consonants
were compared (Elgendy, 1992). The values of F0 obtained for each speaker were nornahzed
by calculating its average to correct for individual differences. Table 4.2 shows the values of
the voice fundamental frequency (averaged across the average of each of the nine speakers)
associated with the production of the consonants /f/ and /l/ measured at various points in
C,reeC, words. The standard deviation value (SD) given in the table is the standard deviation
over the values of the tokens of the nine speakers as an indication of the variability across
subjects. The results, as sumrnanzed in Table 4.2, reveal that the average F0 for /f/ was as low
as 97 Hz in initial position and in the vicinity of the back vowel lal (averaged across all the
nine male speakers used in the present study). The average value of F0 for the vowel lnl next
to ltl was foundto be l32Hz. The average F0 forthe lateral consonant /ll was 109 Hz and
130 Hz for the following vowel lnl.

Figure 4.2. The window of the Sound Scope program used to measure various acoustic
parametet's showing the values of FFT spectrunl, LPC, amplitude and bandw,idth of the

formant ft'equencies and the wat,eform. The measured paranteters are listed in the w,indow, to
the righr.
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tE
Figure 4.3. Wide-band spectrograms for the words /fnsnl/ (total duration is 725 ms) and
/snfnl/ (total duration is 695 ms) as uttered by speaker (AK).Horizontal lines indicarc lAa)
Hz.

Table 4.2. The values of the voice fundamental frequency in Hz (averaged across the at,erage
of each of the nine speakers) associated with the production of the consonants /f/ and /l/
measured at various points in C,rnC, words. The standard deviation (SD) is also shown for
each position. The value of probability "p" between/f/ and /l/ is given next to each F0 value
to the right of each column.

mid /f/
mid lll
p=
/l/ -+ la/
lU + lal
p=
mid lal ot lf/
mid lel of lU
p-

Initial (SD)

e7 (6.1)
109 (10.s)
0.0
113 (11.8)
118 (r4.0)
4.062
t32 (t6.4)
130 (19.8)
o.o92

Final (SD)
123 (13.s)

130 (20.6)

0.0
131 (16.4)
132 (tg.r)
0.086
127 (18.6)
127 (19.5)
o.621

The physiological data obtained from a previous study (Elgendy, 1992.b; also cf. Chapter
2) showed that during the production of lll, a laryngeal constriction, expressed in terms of
epiglottis bending, goes together with an approximation of the arytenoids which move
anteriorly towards the thyroid cartilage. These movements were accompanied by a

constriction of the lateral pharyngeal wall and an upward lifting of the whole laryngeal
complex. As a result, the vocal cords are relaxed, suggesting a lower rate of vocal cords
vibration. The present findings on the value of the F0 during pharyngeal consonant confirm
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the substantial drop of the fundamental frequency for the voiced pharyngeal segment /f/
compared to, for instance, the F0 value for N or even for the low vowel /r/.

The F0 value for /l/ in word final position was 123 Hz (see Table 4.2), thus higher than
for the /fi occurring in initial position. However, this difference may be due to a final rising of
the intonation contour associated with the test words being uttered in isolation, since it also
happens in /ll. Despite this rising intonation pattern at the end of the utterance, the F0 in final
/f/ was still significantly lower than for /V in final position (p < 0.001). A three way ANOVA
test was performed on the F0 values (averaged over the nine speakers) as the dependent factor
as possibly effected by the following factors: the consonarfilll or lll; the position (initial or
final); the four measured points in the word, i.e., midpoint lll or lll, transition to the lnl,
midpoint /n/, transition to Cr; and the eight consonants of C2. The F0 value was found to be

highly significantly different between the four measured points in the word (p < 0.0) and
therefore each of the four measured points was statistically analyzed separately further on. As
the position turned out to be effecting as well, the initial and the final positions were also
analyzed separately.

It was found that the difference between the midpoints of lll andlU is highly significant
(p<0.0) in both initial and final positions. The F0 of the transition from ifl andlll to lnland at

the midpoint of the vowel lnl was not significantly different between the words with /f/ and
/l/. Neither was an effect found of the eight consonants on the value of F0. Figure 4.4 shows

the fundamental frequencies measured at four points along the utterances /frreC2l,llnrCrl
where C, is the combination of the consonants /x, y, k, g, t, d, s, zl. The points taken were at

mid C,, mid transition to the following lnl, mid vowel /nl and the transition midpoint to
various consonants C2 (N = 144 for each of the measured points in the word). As for the F0
for /tl in intervocalic position in /CVCVC/ words (cf. the spectrogram to the left in Figure
4.3), the average fundamental frequency was found to be 104.5 Hz (SD = 13.3).

fre lre

Figure 4.4. Fundamental fi'equencies and the standard deviations measured at the four points
nxentioned above along the utterances /fanCr/, AaeCr/ where C, is the combination of the

consonants /x, y, k, g, t, d, s, z/.
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Our findings regarding the value of the
pharyngeal /f/ indeed manifest the glottal
production as we have discussed in Chapter 2.
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fundamental frequency (F0) for the voiced
constriction associated with this consonant
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4.4.2. Formants frequencies

The formant frequencies as well as the formant bandwidths for lfl, /ll and the low-back vowel
lal were measured in Hz via the LPC spectra. Tables 4.3a and 4.3b show the values of Fl, F2

and F3 as well as (F2-Fl ) measured as a function of the place of articulation in the vocal tract,
i.e. lll vs.lU. Figure 4.5 shows the LPC spectrum as measured at the midpoint of the vowel
/re/ following the pharyngeal consonant lf/ in the waveform associated with the production in
the word lzntr.U as uttered by speaker OG. The peak amplitude values (A1, A2, ,A3) in dB
(measured on the vertical axis) of the first three resonance frequencies are indicated by Fl,F2
and F3 (measured on the horizontal axis). It can be seen in that figure that the amplitude of the
first formant frequency is lower than that of the second formant indicating a nasal pharyngeal
coupling.

Normally, first formant amplitude is the greatest among all other formants in case of oral
consonants. Figure 4.6 shows the LPC spectrum as measured at a midpoint on the transition
between the vowel lrl and the final consonant lU inthe waveforrn representing the word
/zafnV as uttered by speaker OG. It can be noticed in this figure that the amplitude of the
first formant is highest again. This indicates that the possible degree of nasality associated
with the pharyngeal consonant (cf. Figure 4.5) does not exceed the first portion of the vowel.

Figure 4.7 shows F1, F2, and the difference between their values as a function of various
places in the utterance. Formant data for initial and final positions of the lll and/l/ in the word
(listed in Tables 4.3a and 4.3b) are plotted in the same Figure 4.7 since ANOVA test showed
no significant effect of the position in the word on the formant frequencies values.

Table 4.3a. The values of the first threeformantfrequencies Fl, F2, F3 in Hz (averaged
across nine speakers) associated with the production of the consonants /f/ and /l/ measured
at the four points mentioned above in C,naC2 words. The values of the standard deviation
(SD) are given berween brackets next to each value of formant frequency. The value of
probabilirs,^ "p" betrveen /f/ and /l/ is given next to each formant value to the right of each
column.

F2 F3F1

mid lf/
mid /1/

/l/ + lnl
lU -+ ln/
lal + /tl
/n/ + /U

/tl-+ lCrl
lLl + /C,l

78e (s0)

347 (ss)
723 (sO)

499 (33\
616 (39)

s59 (21)

488 (63)

462 (s7)

1389 (91)

164r (64)
14e4 (68)

1698 (s2)

164s (60)

1724 (s0)
1701 (119)

173s (128)

0.0

0.009

2326 (t3O)

2689 (149)
2396 (l l8)
2s79 (68)
246t (tO6)
2ss3 (78)

2496 (141)

2537 (ttg)

0.0

0.0

0.035

0.0

0.0

0.0

0.00.0

0.0

0.0
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A three way ANOVA test was performed with the following factors: the consonant /f/ or
/ll: the position (initial or final); the four measured points in the word (midpoint ltl or Al,
transition to the /n/, midpoint lnl, transition to C2); and the eight different consonants of Cr.
The four measured points of the words /fr,r.Crl and /lereC2l combined were different with
respect to the formant frequencies (p < 0.0) for Fl, F2, F3, and (F2-Fl). Neither a significant
effect of the position in the word, nor of the C2 consonants on the formant frequency value for
Fl, F2 and F3 was found. The difference between the formant frequency values for the four
measured points in the word was highly significant (p < 0.0). Therefore each point was
statistically analyzed separately further on.

Tahle 4.3b. The values of (F2-Fl) in Hz (averaged across nine speakers) associated with the
production of the consonants /f/ and /l/ measured at the four points mentioned above in
C ,lr,nCz words, The values of the standard deviation (SD) are given between brackets next to
each subtt'acted value. The value of probability "p" between/f/ and /l/ is given next to each

formant value to the right of each column.

F2-Fl p=
mid /f/
mid lU
/ll + /re/ transition
/U + /a/ transition

lnl -+ /l/
/al + lU
Transition lll + /Crl
Transition lll -+ lCrl

Four separate ANOVA tests were made for the four measured places in the word
(midpoint lfl or /l/, transition to the lnl, midpoint laol, and transition to C2) separately, to
examine the differences between lll and A/midpoints with respect to the formant frequencies,
the effect of ltl and lU on the transition, vowel, and even the transition of the lal to the second
consonant. Substantial differences were found between the midpoints of lf/ and lll. The
differences were still noticeable in the transition to the vowel, in the vowel, and even in the
transition from the vowel to C, (see appendix 4.2 for the formant frequency values for the
eight separate C2 consonant transitions from the preceding or following vowel).

The difference in Hz between the second and the first formant frequencies can be used as

a factor to determine the point of constriction in the vocal tract, i.e., front vs. back cavities
(Fant, 1965; Ladefoged,7975). The measured values of the first two formant frequencies
showed that Fl increases for consonants which have their primary constriction in the back
cavity of the vocal tract. Figure 4.8 shows the difference between the values of F2 and Fl as a

function of various consonant places. The point of measurement was taken at the transition
midpoint from/to the vowel lal in C,rreC, words where C, is /f/ while Q is one of the
consonants /x, y, k, g, t, d, s, zl. For the pharyngeals/f/ and lh/ in the final position, C, was
lsl.lt can be seen in Figure 4.8 that the difference betweenF2 and F1 indicates that the greater
the jaw displacement, for instance during lf, h/, the closer Fl and F2 are together. On the
other hand, consonants which have a central degree of jaw displacement, e.g., lxl, lyl (cf .

Chapter 3), also show a closer distance between the first two formants.

601 (9s) 0.0

129s (78) 0.0

771(et) 0.0
1200 (67) 0.0

1029 (87) 0.0

1r6s (61) 0.0
t2t3 (1s7) 0.0

1273 (163) 0.009
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Figure 4.5. LPC spectrum measured at the midpoint of the vowel /a/ following the
pharyngeal consonant /f/ in the waveform associated with the production of the word /zafal/
as uttered by speaker OG. The peak amplitude values (A1, A2, A3) in dB (measured on the
vertical axis) of the first three resonance frequencies are indicated by Fl, F2 and F3
(measured on the horizontal axis).

Figure 4.6. LPC spectrum measured at a midpoint on the transition between the vowel /a/
and thefinal consonant /l/ in the waveform represents the word /zatnl/ as uttered by speaker

OG. The peak amplitude values (Al, A2, A3) in dB (measured on the vertical axis) of thefirst
three resonancefrequencies are indicated by FI, F2 and F3 (measured on the horizontal
axis).
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Segments which have the least degree of jaw displacement, e.g., /s/ and lzl have a greater
distance between Fl and F2, compared to the pharyngeals. A Tukey post hoc test showed a
significant difference between the lower and higher oral consonants: l) lxl , lyl, and 2) k, g, t,
d, s, zl with respect to the distance between F1 and F2 and also between the lower
pharyngeals lTr, f/.

May (1981) investigated the categorical perception of fricative consonants in Egyptian
Arabic. Her data included the pharyngeal consonants as members of the fricatives. She
concluded that fricative consonants in general are perceived categorically and are identified
mainly by the first two resonance frequencies. Moreover, voicing and segment duration are

also important acoustic cues for discriminating between various pharyngeal consonants. It
follows that the difference we observed in the present study between the first and second
formant frequencies for pharyngeal consonants is apparently crucial for perceptual
identification of these consonants.

These results may suggest that pharyngeal consonants favor to co-occur with the class of
consonants which have a distinct range of jaw displacement, that is, consonants which are
different from that degree ofjaw displacement than the pharyngeals possess. That Fl and F2
are closer to each other can also be considered as a factor which determines the degree of
constriction in the pharyngeal cavity. However, more data is needed, for instance, on the
overall inventory of the consonant values of FI and F2 before establishing these observations
as a fact.

4.4.3. Fl amplitude and bandwidth

The amplitude of the first formant for lll, /V, which were considered as approximants since
they showed formant-like spectra, wfls measured midway the consonant as well as at the onset
of the adjacent lnl vowel (cf. Tables 4.4a and 4.4b). Figure 4.9 represents the difference
between the first formant amplitude (Al) and the second formant amplitude (A2) in dB for
minimal pairs of initial ltl or lll afi final lll or lll averaged over various consonants in
CTVVCa words and over the nine male speakers.

It can be seen in Figure 4.9 that the intensity of the first formant during lll is maintained
as lower than that of the second formant during the initial consonant and continued through a

greatportion of the followingvowel lna,l. The opposite hold true for /l/. When the final
consonant in the syllable is /f/ (bottom graph of Figure 4.9), the difference between the first
two formants increases toward a negative value. This can be taken as an indication of the
degree of the nasal-oral coupling during pharyngeal consonants.

Figure 4.10 shows the bandwidths (81,82, 83) of the first three formants for minimal
pairs of initial and final lfl or lll averuged over various consonants in CTVVCz words. In this
figure, it can be seen that bandwidth of the first formant (Bl) is larger in the pharyngeal
context, i.e., ltl compared to the oral lU context, in the same vowel environment. This can be
taken as a sing of nasal leakage due to partial opening of the velopharyngeal port. This effect
is less regarding the bandwidths of the second and third formants (cf. Figrre 4.10).

A three way ANOVA test was performed on both the formant amplitude and bandwidth
data with the following factors: the consonant lf/ or ll/; the position (initial or final); the four
measnred points in the word (midpoint lf/ u /l/, nansition to the la,l, midpoint irl, transition
to Cz); and the eight different consonants of Cz.
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Figure 4.7. Fl (top graph), F2 (middle graph) and the dffirence between their values
(bottom graph) and the standard deviations as a function of various places in the utterance.
When the C 1 is /f/ or /l/, C2 is one of the consonnnts /x, y, k, g, t, d, s, z/ and visa versa.
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reS &Z

Figure 4.8. The diffirence betw,een the values of F2 and Fl and the standard deviations as a

function of various consonant places. For /f/ and /h/ in the final position, C, was lsl.

Table 4.4.a. The values of the amplitude in dB of the first three formants (averaged across the
nine speakers and across I consonants) associated with the production of the consonants /f/
and /l/ measured at the four points mentioned above in C,aaC, words. The standard
deviation (SD) values are given between brackets as well as the values of the probability "p"
between/f/ and /l/.

AI p= A2 p= (A2-Al)

NFt*{

trr
I

C\
lrr

mid /f/
mid /U

lll + lal
/U -+ lal
lal + /l/
lnl + lU

/ll+ lCrl
lll + lC,l

s4.s (6.3) 0.042 s6.2 (6.s) 0.0

49.6 (s.l) 4O.4 (7.6)

s9.6 (s.0) 0.037 61.0 (s.0) 0.0
s7.7 (4.7) 56.r (s.s)
6r.2 (3.1) 0.830 62.r (4.s) 4.2

60.e (3.e) se.6 (4.0)

s6.0 (s.8) 0.647 s6.1 (6.s)

s6.0 (5.r) 54.e (6.3)

-r.7 (4.3) 0.0

9.2 (s.4)

-1.4 (4.1) 0.0

t.6 (4.4)

-0.9 (3.8) 0.004

r.3 (4.2)

0.106 -0.2 (5.3) 0.09s
1.2 (s.0)
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Figure 4,9. The dffirence between the first formant amplitude (Al ) and second formant
amplitude (A2) in dB and the standard deviations for minimal pairs of initial /f/ or /l/ (top
graph) and final /f/ or lll (bottom graph) averaged over various consonants in C jWC2 words
and over 9 male speakers
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Table 4.4.b. The values of the bandwidth in Hz of the first three formants (averaged across
the nine speakers and across I consonants) associated with the production of the consonants
/f/ and fl/ measured at various points in C,aaC, words: mid /f/, /l/, the transitionfrom /f/ or
/l/ to /n/ and midpoint of /n/. The standard deviation (SD) values are given between brackets
as well as the values of the probabiliry "p" betrveen/f/ and /l/.

B2 p= 83 p-B1

mid /f/
mid lU
lfl + /r/ transition

lU + /re/ transition

ln/ + /l/
lnl + lU
Transition lfl -+/Crl
Transition lU + lC,l

223 (98)
184 (1 14)

t49 (76)

e8 (42)
113 (39)

113 (40)

1ls (s6)

2s2 (106)

83 (36)

r4s (ss)

70 (24)
111 (34)

7s (20)

105 (62)

89 (40)

0.0

0.0

0.0

.07

0.0 342 (174) .417

321(19r)
0.0 288 (107) .057

260 (96)

.499 320 (132)

278 (1 10)

.219 319 (1s6) .240
t22(6D 288 (137)

.022

Neither a significant effect of the position in the word, nor of the C, consonants on the
formant amplitudes A1, A2, difference between Al and A2, and bandwidth Bl,B2, and B3
was found. The four measured points of the words were found to be different with respect to
the formant amplitudes Al A.2, difference between Al and A2, and bandwidth Bl, 82, and
83 (p < 0.0) and therefore each of the four measured points were statistically analyzed
separately.

Four ANOVA tests were performed separately for the four measured places in the word
(midpoint lf/ or /[/, transition to the /e/, midpoint lal, and transition to Cr), to examine the
differences between lll and /l/ midpoints with respect to the formant amplitudes and
bandwidth, as well as the effect of /l/ and lllon the transition, vowel, and even the transition
of the lnl to the other consonant. Significant differences between the midpoints of lf/ and lll
were found with respect to A1, A2, difference between ,A,2 and Al, and Bl and 82 (see also
Table 4.4). The only parameter which is not effected was the bandwidth of the third formant
(B3). Most differences were still significant in the transition to the vowel and even in the
vowel, with respect to the difference between the amplitude of the first and second formant
(p<0.005) and the bandwidth of the first formant (p < 0.0).

The decrease of the intensity amplitude (A1) and the increase of the bandwidth (B1) of the
first formant for lll as well as for a considerable part of the following vowel (see Figures 4.5
and 4.6) compared to that in the non-pharyngeal context, e.g., lll (see Table 4.4), can be taken
as an indication of the presence of pharyngeal-nasal coupling. The drop in the F1 amplitude,
which typically has the highest value of intensity among other formant frequencies, and the
increase of its bandwidth usually are considered as an acoustic correlation of nasalization
(Fujimora, 1962; Fant, 1965; Kurowski, et a1., 1987). Accordingly, the airflow and the
interoral air pressure will be altered due to the presence of such an articulatory gesture.

Pharyngeal consonants are characterized by a weak spectral energy at regions higher than
the second formant as appeared on sound spectrograms (Elgendy, 7982; see Figure 4.3 as an

example showing a typical /f/). This finding may be justified in the light of our observation
concerning the active posterior-inferior displacement of the epiglottis towards the laryngeal
inlet which is consfficted during the production of /l/ (ct. Chapter 2).
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Figure 4JA. The bandwidths (Bl,82, 83) af the first three formants and the standard
deviations, averaged across the nine speakers, for minimal pairs of initial and final /l/ or /l/
with various consonants in C .VVC, words.
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The epiglottis, being close from the base of the tongue, when bending causes narrowing of the
vallecular cavity. Accordingly, the air{low and the interoral air pressure will change due the
resulting configuration, i.e., the assumed position of the epiglottis will prevent the complete
propagation of the sound wave. In the following section we present a brief account to support
this idea.

4.4.3.1. Nasal and oral airflow of pharyngeal consonants in Egyptian Arabic
The intensity level and the bandwidth range of the first formant determine the degree of nasal-
pharyngeal coupling. The airflow escaping from the pharyngeal and oral cavities through the

nasal cavity, thus reducing the amount of air pressure in the vocal tract, can be measured
aerodynamically. To support our preliminary spectrographic findings, we refer to results from
some aerodynamics studies made on Arabic pharyngeals.

There are three studies, that provide some data on the aerodynamics associated with
pharyngeal consonant production in Arabic, i.e., Ghazeli (1977), Al-Bamerni (1983), and
Butcher and Ahmad (1987). In Ghazeli's study no information was given as to the method or
the technique he used to obtain the values on the nasal airflow associated with the production
of lll and /h/. The airflow rate reported by Ghazeli for the voiceless pharyngeal lhl was 44
liters/minute (equal to 733 cm3/s;. The value of flow rate for lt/ and /h/ was 0.002
liters/minute (3.3 cm'/s; which is the same as the average flow rate measured during the
production of lsl compared to the airflow of the nasal consonants which is 8-15 liters/minute
(133-25A cm3/si. Ghazeli reported that no leakage of airflow through the velopharyngeal port
to the nasal cavity was observed. However, this cannot be an indication to the height of the
velum.

Al-Bamemi (1983) measured nasal and oral airflow as well as estimating the opening
degree of velopharyngeal port during various oral, nasal, pharyngeal and laryngeal
articulations. His study investigated several languages including Arabic and Kurdish which
also contains pharyngeal consonants. Al-Bamemi's study did not report any quantitative
measurements for the nasal or oral airflow. However, it showed that the velum is lowered to
various degrees during the production of pharyngeal and laryngeal consonants in one Iraqi
Arabic speaker and one native Kurdish from Iraq even in non-nasal context.

In a more comprehensive study, Butcher and Ahmad (1987) dealt with the acoustics and

aerodynamics of pharyngeal consonant production as exemplified in the speech of three native
speakers of Iraqi Arabic. Using a pneumotachograph system, the nasal and oral airflow were
measured during the production of /fl and lhl in various vocalic contexts and positions in the
word. The mean maximum flow rate they found for lW in initial position was 595 cm3/s and

640 cm3/s in final position. Regarding the voiced pharyngeal ltl, the oral airflow rate in initial
position was on average 125 cm3/s. In final position the rate observed showed a gradual
decline from a mean of 155 cm3/s at the end of the preceding vowel.

According to Stevens (1971), the values of airflow rates (volume velocity) are within the
range of 200-500 cm3/s for typical voiceless fricative sounds and 100-200 cm3/s for voiced
fricatives. Catford (1977) reported more exact values, e.g., for voiceless fricatives, the rate is
330 cm3/s while for voiced fricatives it is 240 cm3/s. The voiceless and voiced approximants
would have the values 494 cm3ls and}4} cm3/s, respectively. By adapting these values, it will
tum out to be that Arabic pharyngeal consonants should be classified as approximants and not
as fricatives as they are usually described.

Airflow (Un) or volume velocity measured in cm3/second and interoral air pressure (p0)

measured in cm HrO can be used as an indication to show the difference between manner of
articulation, i.e., the degree of friction due to the constriction size in the vocal tract. In terrns
of the velopharyngeal orifice area, it was found that an area of around 20 mm2 is adequate to
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indicate a degree of perceivednasalization in the speech signal (Bjdrk, 1961; Nylan, 1961;

Isshiki et al., 1968). Moreover, Subtelny et al. (19641' 1972) demonstrated that an anterior
posterior dimension of the velopharyngeal port between 0.5 - 3.0 mm has an effect on the

intelligibility of speech signal. The degree of velum lowering for pharyngeals compared to
nasal, as our findings reported in Chapter 2 showed, can be in the range that surmounts 3 mm.
Taking into account this observation, it is safe to consider that the velopharyngeal pofr is
allowing some degree of nasal airflow during pharyngeal articulation. This amount is

adequate to cause the decrease in the amplitude in the Fl and to increase its bandwidth (cf.
Section 4.4.3).

4.4.4. The duration of the vowel in the vicinity of a pharyngeal consonant

In order to find out whether the degree of jaw height associated with pharyngeals is reflected
on the acoustic signal, we examined the acoustic duration of the low back vowel in different
consonantal contexts. Therefore, we measured the duration of the back vowel /nl as a

function of the place of articulation of the preceding and following lll or lll in identical
phonetic contexts.

Table 4.7 shows the duration in ms for vowel lnl in some CrnwC, words in various
consonantal environments. Figure 4.1 I shows the duration in ms of the short vowel /r/
following lll in initial position or preceding /\lin medial or final position, and the long vowel
larl following or preceding lll in bi-syllabic words. These vowels always bear the main
stress except in /lesref/ which has the main stress on the first vowel. The data are averaged

over five repetitions for each of the five speakers participated in the present experiment. It can

be seen in Figure 4.1 I that the duration of the short vowel lnl after the initial /f/ is longer than

before medial lll in CTVC4VC, words, e.g., /fresreU vs. /sefal/ for all of the five speakers. It
also can be seen that the duration of the vowel lal is longer when it occurs finally than
medially in C,VQVC, words for four of the speakers.

Wilcoxon signed-ranks test showed that the duration of the vowel after the lfl in initial
position is significantly longer than that of the duration of the vowel before lll in medial
position (p = 0.0+3). Moreover, the duration of the vowel before lll in final position is longer
than the duration of the vowel before /ll in medial position (p = 0.080). No significant
differences are found between the vowel length of the vowel after the initial /tl or before the
final lfl. To illustrate this effect we plotted the individual data for each speaker which is
shown in Figure 4.1 1. The same observation holds true that the duration of the long vowel
/nn/ following /fl in /mrefreed/ which was found to be longer than that in /mcderef/ for
three of the speakers and which had the same length for one speaker. It seems that the
pharyngeal consonant has a lengthening effect on the following vowel and a shortening effect
on the preceding vowel. Wilcoxon signed-ranks test showed that the duration of the vowel
after the lfl in medial position is longer than that of the duration of the vowel before lll in
final position (p = 0.068).

Figure 4.12.a shows the effect of the position of the pharyngeal consonant /f/ (initial or
final) and of various consonant places lt, d, x, y, k, g, s, / on the long vowel /erl duration
in /C,rereCrl words. It can be seen in Figure 4.13.a that the duration of the long vowel leel,
when a pharyngeal consonant occurs in the initial position, decreases as a function of the

degree of jaw displacement, e.9., lfnng/vs. /geref I and /freres/ vs. /sref/. We do not see

this consistent relationship with the velars, maybe due to the fact that two back consonants are

not allowed to co-occur in the same word. It is interesting that the words which are not
consistently in agreement with this rule are all meaningless words, i.e., /kryl, lynef/,
lfnnx/, /xnnfl, lfnr,kl, A:r;nll.Although llnr;sl is also a nonsense word, it still shows the
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same effect on vowel duration, maybe because the inherent stability of the sibilant lsl jaw
height. A Wilcoxon signed-ranks test showed that the vowels after the lfl in initial position
are longer than before lfl in final position in ltnr;sl vs. /saeatl (p = 0.043) and llr;r;zl vs.
lznall (p = 0.0+3), the other word pairs show no significant difference of the vowel length
before or after /f/.

I faesel El saeSel El lasaei

ih

Speaker

H mederet

Figure 4.11. The duration in ms of the short vowel /a/ following /l/ in initial position or
preceding /f/ in medial position or final position (top graph), and the long vowel /ne/
(bottom graph) following or preceding /Y in bisyllabic words. These vowels always bear the
main srress except in /lnsaf/. The data are averaged over five repetitions for each of the five
speakers.
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ih og

speaker

Figure 4.12.a. The ffict of the pasitian of the pharyngeal consonant /f/ and of various
consonantplaces /t, d, x, y, k, g, s, z/ onthelongvowel /a,a/ durationin/GnnCz/words.
The data are averaged overfive repetitionsfor each of thefive speakers.
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Figure 4.12,h. The effect of the position of the consonant/l/ and of various consonant places
/t, d, x, y, k, g, s, z/ on the long vowel /nn/ duration in /Crca,Cz/ words. The data are
averaged overfive repetitionsfor each of theJive speakers.
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un HH

Figure 4.13. Long vowel /e,n/ duration in ms as a function of the consonants /d, t, g, k, z, s,

y, */ in initial position with /f/ or /l/ in final position. The data are averoged over five
speakers and five repetitions.

Table 4.7. The duration in ms for vowel /r/ in some C p{2 words with C , or C2 being either
the pharyngeal /f/ or the lateral /l/.

C,IC, /lr;a,C./ llnr.C.,l /C,ir,ref/ /C,ral/
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a
E

tro

E

o

$$ EE UU EH EE

d 184

t 110
g 195

k 171

z 234

s 199

y 207

x 194

2m 298
182 272

181 273

195 283

180 265

168 261

r89 2s6
t94 267

250
22t
229

224
271

276

267

229

Recall, as we mentioned earlier in Chapter 3, that pharyngeal consonants possess the
greatest degree of jaw lowering compared to any of the oral consonants. The time interval
between the point of constriction for, e.9., /l/, and that for the following consonant should be

shorter when the pharyngeal consonant occurs initially in the CTVVC3 words. This is due to
the mandibular coarticulation observed during the execution of a pharyngeal syllable, e.g.,

/fa/ (Elgendy, 1985.a) which is realized as adaptation of the following vowel to the jaw
position of the preceding pharyngeal consonant. This coarticulatory effect is a result of the

mechanical constraints which cause the gesture in the lower pharynx to be complex.

Figure 4.12.b shows the effect of the position of the consonant lll and of various

consonant places lt, d, x, y, k, g, s, z/ on the long vowel lr;r,lduration in /C,reeC2l words.

The data are averaged over five repetitions for each of the five speakers. It can be seen in that

figure that the effect of the lateral I/ is almost the opposite of that caused by the pharyngeal

consonant on the vowel duration. That is true for most of the cases and for most of the



t54 cHaprrn 4

speakers. A Wilcoxon signed-ranks test shows that the vowels after the lll in initial position
are longer than before lfl in final position in llr,r,d/ vs. /drereV (p = 0.0+3\,llr;rlt/ vs. ltr;a,U
(p=0.08),llnnx/ vs./xrerell (p= 0.08), llnr,g/ vs./gerll (p= 0.043)and/laerk/vs.
lka,r,V. The other word pairs show no significant differences of the vowel length before or
after lU.

In general, the duration of the vowel lnl, whether long or short, when followed by a
pharyngeal consonant, e.g., lCrr,r,.f/ was found to be longer than that when it is preceded by a

pharyngeal consonant, i.e., llr;r,C=/. Depending on the level of departure, i.e., low, central or
high position of the jaw, to a second consonant with different level of jaw opening, the vowel
lpl dvation is adjusted. The mandibular coarticulation associated with the production of a
pharyngeal segment will require that the complex articulatory gesture of the initial pharyngeal
segment must first be fully executed (lowering of the epiglottis, contracting the lateral
pharyngeal wall and constricting the glottis). Since these compounded gestures are not
necessarily some properties of the following segments, i.e., NCl, a rapid adaptation to the
temporal requirements is necessary. This effect is illustrated in Figure4.13 which shows the
long vowel lnnl duration as a function of the consonants /d, t, g, k, z, s, y, il in initial
position with /f/ or lU in final position. The data are averaged over five speakers and five
repetitions. It can be seen that the pharyngeal consonant generally has a shortening effect on
the preceding low vowel compared to the lateral lU in an identical phonetic context. The
duration of the vowel seems to be influenced by the inter-consonantal overall degree of jaw
lowering. To overcome the drawbacks in the design of our current experiment, it would have
been more convincing to use true minimal sets where the phonemic composition of the
syllables was identical except for a target and control consonants in the same position. We
intend to have this point as a new assignment for future research.

4.5. Conclusion

The present investigation dealt with the acoustic attributes of pharyngeal articulation. The
results showed that the articulatory dynamics characterizing pharyngeal consonants are
manifested in the acoustic signal associated with their production, though to a certain extent.
A pharyngeal consonant is a complex articulatory gesture. This complexity is reflected on
various aspects of the acoustic signal propagating during their production. Certain articulatory
parameters can be defined in acoustic terrns by measuring their values. The main acoustic
parameters involved are the difference between the first two formants, Fl-amplitude (Al) and
its bandwidth, F0 and vowel duration. These values correspond to the constriction location in
the pharynx, to the degree of nasalization, to the laryngealization, and to the degree of jaw
opening, respectively.

In terms of the phonetic classification, pharyngeal consonants should be described
acoustically as approximants and not as fricatives. This is supported by data obtained from
aerodynamic measurements on nasal airflow, oral airflow and interoral air pressure. The
markedly low fundamental frequency of the voiced pharyngeal consonant and the weak
energy found in the high region of its spectrum can be ascribed to the constricted glottis,
caused by tilting of the arytenoids anteriorly and the active bending of the epiglottis
downwards, coordinated with raising of the larynx, respectively. In addition, the observed
compensatory effect induced on the duration of the vowel adjacent to the pharyngeal
consonant is realized as the adjustments of the degree of jaw opening as we demonstrated in
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Chapter 3. Our findings about duration, though preliminary and limited, should be interpreted
in the light of the previous findings we obtained from the experiments reported in Chapter 2
and 3 which is verified by the results on phonotactics and acquisition presented in Chapters 6

and7.
It remains to support the present findings by searching for the perceptual correlation and

also to collect further acoustic data from female speakers before a final conclusion can be

made. The findings might be further attested via other methods, e.9., perceptual evaluation,
aerodynamic measurements of wider varieties of speech samples and more speakers, etc. In
the next chapter, we make use of these data defining pharyngeal articulation to discuss the
construction of a dynamical model of pharyngeal consonant production.
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Appendix 4.1.

List I: C;VVC2 words and their English g/oss which contain /f/ or /l/ in initial or final
position and one of the consonants: /y/, /x/, /g/, /lc/, /d/, h/, /z/, /s/ inthe other position.The
"*" symbol denotes a nonsense word.

Initial
Pharyngeal Consonant

Final Initial
Oral Consonant

Final

fard '"he came back" dreref "necessity" lead * drerel "letter name"
frret * taef * hret * taael *

frereg "ivory" graf "became hungry" lreaeg * greal "explored"

frerek * kreref * lrek "shewed" krrel "measured"

ters *

frcy*
faax *

s&ref "fit"
yraf *

xreef *

lacs * s€e&l "flow"
lmy* yaeel *

leex * xreEl "uncle"

List II: Bisyllabic words and their English gloss (first syllable is carrying main stress) and

CVCC words.

/f/ Initial /t/ Medial /f/ Final

CTVC2VC3 /faesreV "honey" lznfaV "got upset" llnsaf/"bumed"
clvc2vvc3 lmrefrered/ "appointment" lmr,dr;nfl*
CrVC,Cr /lr,zV "isolation" lsatV "coughing" llresf/ "burning"
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Appendix 4.2.

The yalues in Hz of the first three formant fi"equency F I , F2, F3 as weil as the values of (F2-

F I ) for the eight separate C., consonant transitions fr"ont the preceding or the following vowel.

MP stands for "midpoint" ; T stands for "transition" . The values of the standard deviation
are given betv,een brackets beneath eac'h value of'.fbrmant Jrequency.

Toke

n

IIIMP AIMP fr-nlT A-nlT /n/(t) lr.l0) lcrl(t) lc.,lQ)

trrd
lard

t57

freet

lert

taeg
laeg
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hrek

F2
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F3

F1

F2

F2.F1

F3

F1
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F1
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1373
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fras
lrrs

frax
leeex

F2

F2-F1

F3

FI

F2

F2-FI

F3

F1

F2

Fz.FI

F3

FI

F2

F2.F1

F3

797

(123)

1353

(e3)

557

(t42)

2353

(1 86)

790

(l0r)

1362

(1 l6)

573

(1 r8)

2340

(166)

'775

(104)

1364

(e8)

s89

(t2e)

2296

(193)

'195

(106)

1333

(127)

537

(137)

2289

3s9

(71)

1643

(r00)

r284

(ee)

2685

(167)

314

(s2)

1654

(e7)

l 340

(12r)
)1)\

(173)

338

(55)

1629

(137)

t292

(l3s)

2700

(232)

341

(st1

t&5
(144)

1344

(158)

2666

736

(87)

1496

(r0s)

760

(l4e)

2436

(223)

723

(78)

1494

(148)

771

(162)

2386

(l l3)

738

(68)

145?

(t2e)

714

(ls2)

7377

(177)

737

(70)

1468

(t32)

731

(r32)

2403

502

(38)

t70l
(108)

1199

(1 17)

2593

(168)

s00

(4e)

1707

(e0)

1207

(118)

2600

(127)

503

(46)

1678

(123)

tt75
(143)

2579

(126')

513

(311

1681

(102)

l 169

(121)

25?7

607

(46)

1652

(146)

1045

(t76)

2464

(r34)

624

(M)

1640

(ls3)

r0l5
(176)

2491

(127)

643

(52)

1606

(ls6)

9U
(l 83)

2391

(138)

639

(s2)

t6t2
(1ss)

973

(180)

242s

548

(30)

1725

(t02)

tt17
(1 ls)

2558

(172)

554

(36)

1737

(1 1s)

I 183

(137)

2594

(132)

574

(s2)

1706

(1s8)

tt32
(re6)

2537

(r32)

568

(40)

1706

(108)

I 138

(136)

2526

433

(4s)

t628

(l le)

r 195

(128)

2570

(134)

479

(61)

1654

(r01)

I 175

(140)

2526

(1s6)

556

(6e1

1579

(121)

1023

(l4s)

241,8

(201)

561

(72)

1618

(1 16)

1057

(r68)

2401

403

(36)

l66l
(e6)

1259

(10e)

26t9

( ls2)

462

(47)

1692

(r 11)

1229

(136)

2591

(165)

528

(54)

l6l5
(l 1e)

1087

(l3e)

2503

(lee)

523

(6e)

1660

(134)

tl3'l
(173)

248t

feay
l**y

123 136 173 133 r78 165 187 1



PART 2

TOWARDS MODELING PHARYNGEAL ARTICULATION





Dynamical modeling of pharyngeal articulationr

Abstract

The results obtained from the series of experiments on the dynamics of various articulators
reported on in the previous chapters, showed that the mechanism underlying the production

of pharyngeal consonants in Egtptian Arabic involves interactive synchronized gestures. The

movement components of these gestures are gathered in order to be used as the ingredients

for constructing a dynamical model of pharyngeal articulation. A global model based on the

available physiological and acoustical data was developed to account for the mechanism

underlying the use of the pharynx in speech production and to examine the nature of
coarticulation in the back cavity of the vocal tract. Some aspects of that model's ability to

predict the properties of the natural system are discussed.

rExtended form ofa paper presented at ICPhS'95 in Stockholm (Elgendy, 1995).
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5.1. Introduction

In current phonetic research, several models have been constructed in order to account for the
observed behavior of various articulators and of the resulting speech output. One of the
purposes of constructing such models is to attempt to predict the properties of the natural
system controlling the process of speech production. Speech has been proved to be a dynamic
and context-conditioned process at all levels. Articulatory dynamics involve coordinated
movements of the articulators expressed in space and tirne. The qtrestion whether timing
control over a speech utterance is issued externally or intemally, i.e., included in the motor
program, is still a matter of debate. One view considers timing as only manifested by
actualizing the speech utterance which appears as a result of the overlap of various
articulatory gestures (cf. Daniloff and Hammarberg,l9T3; Hammarberg, 1976). An opposing
view considers speech timing as a pre-planned articulatory process which is intrinsic to the
motor control system (cf. e.g., Fowler, 1980; 1981; Whalen, 1990).

A reliable model of speech production must consider, however, activities of all parts of the
vocal tract as an indivisible continuum, as well as activities of the respiratory system. The
nasal, orai and laryngeal portions of the pharynx together constitute more than half of the
vocal tract length. Therefore, it is important to obtain an exhaustive account on the physiology
of the pharynx during speech. Nevertheless, not much work has been done on defining the
specific properties of pharyngeal articulation (cf. Chapter l). Understanding the mechanism
underlying distinctive pharyngeal speech sounds would increase the efficiency of current
articulatory models. Most of these models are designed mainly for language systems lacking
pharyngeal phonemes in their speech sound inventories. lt is expected, then, that modeling
pharyngeal articulation would improve our insight into the process of speech motor control.

ln general an authentic model of speech production must entail the following components:
1- A cognitive component which has the ability to recognize, store and retrieve input signals
and provide rules for the output as well as means to compare input and output.
Z- An auditory-perceptual component, which enables linking distinctive articulatory events to
the acoustic cues, found in the resulting speech signal.
3- A phonological cornponent which enables using sounds contrastively and which matches
distinctions of adult language.
4- A neuromotor component for planning and executing articulatory movements.

Such a model should have certain properties which are essential in order for that model to
be representative and to function properly. Accordingly, the model should allow the
prediction of the sensory input timing and should allow to unite time-onset from rest position
or starting off with a preceding or ensuing unit. lt should also allow more than one unit to be
executed simultaneously (i.e., co-productivity) and should be able to explain the timing
compensatory effect due to overlapping of articulatory gestures. Moreover, an important
property of the model is to accept expansion or compression of both spatial and temporal
parameters (the so called over- and undershoot of target position and shortening/lengthening
of phonetic segment duration).

ln terms of a motor control system, muscles can work together or act opposite to each
other. A given motor action is executed by a main muscle, usually referred to as a protagonist.
The activity of a protagonist muscle can be counteracted by the action of an antagonist
muscle. The output of the sum of these two actions leads to place an organ in a specific
position or to set it to function in a desired way. However, a group of muscles can also work
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together in a combined or correlated action to achieve a motor goal. The group of muscles

which act in conjunction together are called synergistic muscies. A model of speech
production should allow these neuromuscular activities, i.e., antagonism and synergisnr, to
occur simultaneously. In addition, the model must be sensitive to contextual effects due to the

interaction of such motor commands.
Any model of speech production must consider phonological realizations on both the

segmental and the suprasegmental levels of analysis. At the segmental level the model should
be able to handle phonological processes such as assimilation, deletion, metathesis, insertion,
etc. At the suprasegmental Ievel, i.e., rhythmic aspects affecting temporal patterning, stress

assignments, intonation contour reflected as variations in F0, etc., the model should have
flexibility for incorporating these prosodic aspects which control speech sound units in a

sequence.

The above-mentioned properties of an articulatory model were taken into account while
integrating the components we found necessary to develop a model of pharyngeal consonants
production. These components comprise: l) dynamic aspects of the activities in the
pharyngeal cavity and the other connected articulators due to anatomical links, e.g., larynx,
velum, tongue, etc.; 2) jaw dynamics expressed in terms of the mandible trajectories rnoving
from one point to another during pharyngeal articulation; and 3) the timing interrelationship
among these articulators which are involved in pharyngeal articulation. Characterizing these

articulatory activities, as phonetic incidences affecting the phonology of pharyngeal segments
in particular, is essential in order to delineate the desired articulatory model. The kind of
model we are aiming to develop is based mainly on the fact that the pharynx is not a movable
articulator, such as the tongue, the velum or the jaw. Therefore it is essential to consider other
articulators which are found to be involved in pharyngeal articulation. In this chapter we only
sketch a hypothetical model for pharyngeal articulation bearing in mind that it can be tested in
the future via an articulatory synthesizer as described in the work of, for example,
Mermelstein (1973) and Boersma (1998).

5.1.1. Modeling pharyngeal articulation

The following is a premise which furnishes the ground for modeling pharyngeal articulation.
Anatomically, the structure of the pharynx is firmly linked to various other articulators (see

Chapter 2). The size and form of the pharyngeal cavity is determined by active contraction of
the pharyngeal muscles and/or displacement of several other connected articulators. The
pharynx muscular activities interact with several other muscles controlling the movements of
these articulators. To dynamically model an articulator's activity during speech production, it
requires examining its timing interrelationship with other articulators and the coordination of
the movements resulting from the muscular activities involved,

The interaction among articulator movements implies specifuing the onset and the offset
of each articulatory gesture in relation to other gestures in succession. Organization of time
intervals of a series of phonemes reflects some realizations which can be phonologically
stated in the form of rules. For instance, to produce a speech utterance, say the word hr;nkl
"crying", the time onset of the bilabial gesture should be specified in relation to the duration
of the entire sequence. The offset of the initial segment determines the onset of the following
phonetic segment, i. e., the long open vowel laal, and at the same time determines the length
of the transitional period connecting these two gestures together. The onset of the final
gesture, i.e., the consonant /k/, also is preceded by a transitional time interval which is
presumably specified according to a conceptual plan. The bilabial gesture for lbl would cause

the lips, maybe in cooperation with the lower jaw, to approach each other. The tongue is not
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actively involved in this phase of production, however, during the following segment laal it
shouid be positioned at a lower level. This lingual movement is probably aided by the jaw in
order to open the mouth. Finally, the tongue has to move upwards and backwards so it
achieves a point of contact at the velar area to produce the lglsound. If the initial sound is the
pharyngeal lfl, to yield llangl "ivory", the temporal plan would be different and would
require modification in the coordination measures. Although neither lbl nor /f/ primarily
involve the tongue body in their production, the effect on the following vowel is different in
each case. We argued in chapter 3 that the entire duration of the utterance containing a
pharyngeal consonant is previously determined.

Experimental phonetic research at the acoustical or perceptual level, mainly provides
descriptions of the regularities found in the sound pattems comprising a language sound
system. Phonological analysis, on the other hand, further states the changes of the timing
values which occur when the phonetic content is altered to lbegl or lbr,r,dl, for instance. We
presumably consider that these phonetic parameters are premises for the construction of
preverbal linguistic message (cf. for instance Levelt, 1989). A phonological representation of
speech utterances specifies the rules describing this temporal relationship among the utterance
constituents. Varying the timing relationship affecting the properties of each phonetic segment
at various levels, will result in a deviation of the articulator from the assigned phonetic target,
i.e., over- and undershooting. Linguistic analysis seeks description of language structure by
elucidating the regularities found in the sound pattems on various levels. Stating these
regularities, by means of empirical phonetic analysis, makes it possible to construct models of
speech production.

This process of timing specification can also be deliberately decided by the speaker, for
instance it is possible to produce a several seconds long /s/. By triggering motor commands to
maintain the assigned muscular movements involved in the designated articulatory plan, the
speaker achieves the intended specific target position of one or more articulators for a certain
time interval. This view is supported by the fact that vowel duration varies phonemically in
many languageso e.9., Arabic, and a consonant can become geminated, i.e., doubled in
duration. Varying the duration of a phonetic segment in order to alter the meaning implies that
the speaker has the ability to control the length of the time interval between successive motor
commands. Any normal speaker has the ability to vary speech rate, i.e., fast, slow or other
variants of either rate. This implies that the speaker can preplan the speech utterance and can
control the timing relationship among motor commands during speech flow. This fact can be
taken as self-evidence to support the view that timing programming is issued at a high level of
motor planning. Part of these regularities during the speech process can also be due to
unconscious planning, e.g., pitch variations, or an undesired consequence of an intended
activity, e.g., increased pitch as a result of increased intensity.

However, speech sounds are not discrete entities strung together, rather they are srnoothly
concatenated and very difficult to segment into clear-cut boundaries (cf. Section 1.9). The
case of pharyngeal consonant production is different in that active pharyngeal articulation is
attained by contracting the pharyngeal muscles. This activity yields narrowing in the cavity at
a point colrespording to the place of the muscle involved. The complexity of the pharyngeal
segment, as we have suggested in Chapter 2, causes coarticulatory blockage (cf. Chapter 3).
That is, the presence of a pharyngeal consonant in a word will prohibit producing the
following phoneme in anticipation, thus seizing time overlap of the gesture of the pharyngeal
consonant that first has to be fully executed. This coarticulation abolition mainly affects the
temporal pattern in that it perturbs the length of the following phonetic segment. However,
our results showed that this temporal perturbation was tackied by compensatory adjustment of
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the vowel duration. Therefore, modeling pharyngeal consonant production requires
incorporating timing parameters as a coherent part of the model that we propose.

5.2. The Model

There is a variety of methods for modeling natural speech sounds to enable various

applications, e.g., synthetic speech generation. One of these methods is acoustic modeling,

which is often accompanied by a perceptual test to veriff the acoustic cues in the speech

signal. Another is articulatory modeling in which the midsagittal plane of the vocal tract

outline is traced during the production of various isolated phonemes to represent the

movement patterns for the articulators (cf. e.g., Henke, 1966; Mermelstein, 1973).

Acoustic modeling requires obtaining information about the acoustic signal associated

with the speech sound being modeled. Formant frequency trajectories, fundamental frequency

of voicing, RMS amplitude, phoneme duration and aerodynamic measurements are primary
acoustic parameters often used for acoustic modeling. In chapter 4, we obtained values of
some of these parameters which characterize the articulation of the pharyngeal segment. This
information is presented in this chapter as a preliminary foundation toward a more complete
acoustic model of pharyngeal consonant production which is considered as an extension of the

present study. The available acoustic cues on pharyngeal consonants are adequate to derive
algorithms to enable simulating the natural sounds. However, the development of a complete
acoustic model and the perceptual evaluation of that model are intended for future work. We
found that these acoustic data are an essential component for the development of the intended
articulatory model.

The dynamic articulatory model of pharyngeal consonant production we are seeking for is
basically an integration of our findings concerning the shape of the pharyngeal cavity at

various points. The way the model is presented in this chapter is more a "scheme" or "a
conceptual sketch" rather than a typical model. For that purpose we obtained, by means of
fiberoptic videosocpy, a top view of the pharynx at different constriction locations, the shape

of the glottis and the movement pattern of the epiglottis together with the displacement of the

root of the tongue (see Chapter 2). Also, we traced jaw trajectories associated with utterances

containing pharyngeal consonants which were matched with the acoustic duration of similar
utterances to determine the range of timing relationships of the utterance constituents. The
shape of the other parts of the tongue body is inferred or deduced from the X-ray pictures
available in the literature of other previous studies (see 1.1 1).

A global picture of the cognitive, the articulatory (phonetic) and the motor planning prior
to the initiation of verbal linguistic messages is given in Figure 5.1 to illustrate the steps a

speaker takes towards a spoken output. The block diagram shown in Figure 5.1 represents the

processes by which a speaker cognitively performs a communicative intention for transmitting
a verbal message to a listener. These steps comprise three main plans: a cognitive plan, i.e., a
"concapt", an articulatory plan and a motor plan. The eilipses, curved corner rectangles and

rectangles represent distinct levels of processing. These steps are discussed below. The
development of the model's modules is based on current views describing strategies
controlling motor programs of speech production (cf., e.g., Levelt, 1989). In the following
sections our model for generating an Arabic word in general, and a pharyngeal consonant in
particular, is presented.

l6s
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Figure 5,1. Schematic diagram showing the global model by which an Arabic word
containing a pharyngeal consonant can be gmerated. The concept is producing a word that
contains a pharyngeal segment. At the articalatory plan the jaw height for the consonants in
the string is determined. The default strategt (Strategt I) will be selected to prevoil the
application of prosodic parameter values. Strategt 2 is used to handle the effect of the
presence of a pharyngeal consonant in the utterance. The speech output is the product of the
motor plan, which is looped into motor and sensory channels.

5.2.1. The cognitive plan: the (Concept"

The "Concept" is any preverbal linguistic message which the speaker intends to construct
aiming to produce a spoken word or a sentence. In this stage and in order to produce, for
instance, any Arabic word, the word must be fust selected from the lexicon. Arabic words are

made up, in most cases, of three consonantal elements. However, a small number of words are

made of four or even five consonants. A finite set of vocalic patterns is available to be
inserted within the consonant chain to generate various inflectional and derivational patterns.

The vocalic pattern, as a morpheme, usually contains a specific semantic value. Therefore,
after the word is retrieved from the lexicon, its content is a composite of two elements, a

consonantal pattern and a vocalic pattern (see section 1.2 for an overview on word stucture in
Arabic).

A vocalic pattern, i.e., l=$l=!2=12 is inserted into a given consonantal pattern, i.e., lCr -
Cz - C:1. Traditionally, the consonantal pattern is called the'toot" (Arabic'Jazr"). However,
we introduce here new terms to analogously denote the relationship between vowels and
consonants in Arabic and which we found more adequate to formulate our hypothesis. We

2 The symbots =, - 8nd I denote a consonant position, a vowel position and a word boundary, respectively.
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refer to the consonantal pattern as a "mortise" and to the vocalic pattern as a'otenon'n. These

terms are derived from our observations on the nature of the structure of Arabic morphology.

For example, the vocalic pattern l=6=6=l (a tenon) can be interlocked with the
consonantal pattern lk-t-bl (a mortise) to yieid the word lkntrbl which means "he wrote".
Similarly, l=i=66=l when tenoned on the mortise lf-t-bl, will yield the noun llitnnbl
"blaming". The derivational constructions, on the other hand, are paradigmatically obtained
by adding prefixes, infixes or suffixes to the derived forms. For instance the tri-consonantal
mortise lk-t-bl can be used to generate /kr;tr,bl "he wrote"; ikotib/ "it was written"; /kotob/
"books"; lkr:ttlbl "to cause to write"; lkr;rltibl "a writer"; lkaetnb/ "he corresponded"
Itokaateb I "she is corresponding", etc.

As it was mentioned with more details in 1.2, there are five types of syllabic-pattern in
Egyptian Arabic, i.e., CV, CVV, CVC, CWC and CVCC. A consonant cluster can be either a
pair of non-identical consonants or a geminate long consonant. Syllables with initial vowel
actually still start with a consonant, namely a glottal stop. Syllabic boundaries are located to
the left of each consonant starting from the rightmost side moving to the beginning of the
word, e.g., /?is.tik.tereb./, presuming that every syllable should contain a vowel. There is a
strong correlation between syllabic structure, stress assignment and nucleus vowel duration in
Egyptian Arabic. In addition, vowel length is phonemic in Arabic, e.9., lsr;gedl"to dominate"
vs. isreddl "to block". The nature of Arabic word structure and the degree of compensatory
lengthening or shortening exerted more on vowels than on consonants, strongly suggests that
consonants are more "stable" than vowels in terms of their duration. Thus, in our view,
consonants are considered as "landmarks" linked together by vowels. Vowels, on the other
hand, being more flexible articulatory events than consonants, can tolerate greater amounts of
compression or expansion. Accordingly, vowels are issued to preserve isochronic intervals
between consonants in the syllable. They also can manage various coarticulatory effects
resulting from the overlapping of successive segments due to inertial and mechanical
constraints. It is appropriate, then, to take the syllable as the basic unit of motor programming
in Arabic. For an account on this point generally see the work by Kozhevnikov and

Chistovich (1965).

5.2.1.1. Arabic word structure in relation to pharyngeal articulation
In Egyptian Arabic the stress patterns are also highly predictable (see 1.4.2). Stress

assignment depends, to a great extent, on whether the syllable is long or short, as well as on
its position in the word (Harms, 1981; Guindy, 1987). We found it appropriate that the
consonant inventory in Arabic can be categorized into three distinct classes depending on the

consonant's relative degree of jaw height, i.e., low, central and high This classification takes

the front consonants as high because they have relatively high jaw position compared to the

class of central which have more degree ofjaw opening. The low class of consonants includes
all back consonants, i.e., uvulars, pharyngeals and laryngeals, since they displayed the greatest

degree ofjaw opening among all other consonants (cf. section3.3.2).
As a general observation, two pharyngeai consonants tend not to co-occur in one and the

same root morpheme. We predict, based upon the results obtained from the experiment
reported in Chapter 3, that pharyngeals as back consonants, and labials and coronals as front

t A tenon defined as a projecting part cut on the end ofa piece ofwood, etc.n for insertion into a corresponding hole

shaped to fit into it (a mortise) in another piece to make a joint or to receive a lock (Webster Dictionary). We use this

analogy to point out to the ability of the speaker to control the interconsonantal timing relationship among word

constifuents.
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consonants would favor to occupy initial position in the syllable, particularly in /CrVCzC:/
words. That is, the class of consonants which have highest and lowest degree of jaw opening,
respectively, occupy more often syllable onset. The laterals and glides, which have a central
degree of jaw displacement, would favor syllable final or medial position. Moreover, we
hypothesized that the consonants which are permitted to form a cluster with a pharyngeal
segment in a /CrVCzCsl sequence, for instance, imply the co-occurrence of an initial
consonant with a distinct range of jaw displacement. That is, if the pharyngeal consonant
cluster has a high consonant in the second position, then the initial consonant should not also
be a high consonant. The clustered consonant will merge with a pharyngeal consonant in the
final position. Accordingly, we formalized the prediction that pharyngeal segments favor to
occupy syllable margins rather than medial position in a syllable.

We further suggested that pharyngeal consonants accommodate the mandible position in
order to preserve the temporal pattern organizing word structure. This assumption was
motivated by the observation we stated in Chapter 3 concerning the jaw trajectory of the
vowel in the vicinity of a pharyngeal consonant. We found that the vowel adapts the jaw
position assigned to the pharyngeal consonant in medial position and not in initial or final
position (cf. Elgendy, 1985). Some other views, e.g., Lindblom (1983); Keating et ai. (1989),
consider the jaw as the articulator accommodating the tongue position during vowels as well
as consonants. We argue, however, that the behavior observed of the jaw during pharyngeal
articulation suggests that the jaw plays an important role in the temporal domain of processing
a syllable.

That the jaw accommodates the position of the pharyngeal consonant, not of the vowel,
fuither suggests that the temporal pattem goveming syllable structure is controlled by the jaw.
We further suggested that this requirement when fulfilled, depends significantly on the choice
of compatible consonants in the vicinity of a pharyngeal segment. A compatible consonant
would be the one which has an inherent jaw height not as extremely low as that of the
pharyngeal consonant. That is, compatibility is expressed in terms of the jaw overall
trajectories associated with the consonantal composite. The duration of the vowel adjacent to
the pharyngeal consonant has a compensatory relationship with other segments in the word as

a function of the distance the jaw has to travel between various target positions along the
utterance. The target in this case is the temporal interrelationship between syilables.

ln order to illustrate how the proposed model generates a word containing a pharyngeal
consonant, let us consider the following example. If the mortise ll-l-ml, which bears the basic
semantic unit "knowing", is selected from the lexicon and the tenon l=p6=i=l is insefied into
it, the word lfnr.lim/ "a scientist" will be the concept input to the articulatory plan. The tenon
is recalled from the morpho-semantic storage since the vocalic pattern partially provides the
grammatical meaning of the word. Notice that in Arabic the sequences lf-m-ll and ll-m-tl
exist, while sequences such as lm-f-ll, ll-f-ml or lm-l-fl do not. This could be due to an
accidental gap since words like lb-t-U, ll-t-bl or lb-l-f l, which have also in common a

bilabial consonant possessing similar inherent jaw height, also exist.

5.2.2. The articulatory plan

The next level of the model is the articulatory planning. At that level, the organization of the
speech utterance constituents, i.e., consonants and vowels in succession, will require a process
of phonological decoding. The decoding process implies translating a coded message (the
phonetic string) into an ordinary, executable set of motor commands (articulatory gestures).

We assume, since the higher level planning considers the seriai order of the lexical Arabic
word and the temporal relationship among its constituents (consonants and vowels), that these
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parameters are coded in the cognitive plan. Phonological specifications of a given lexical item
(a word) will be retrieved from the lexicon and then translated into codes, i.e., a set of
phonetic features. The code is a set of neuro-motor signals representing the content of a
phonetic plan. On the other hand, phonological encoding is the process of converting a

linguistic message into its original constituents (phonetic features).

At the "Articulatory Plan", the jaw height for the consonants in the morpheme string is
determined. Strategy 1 (the default) will be selected to overcome the application of prosodic
parameters values. An articulatory plan must be available to decode the phonological rules
before the motor plan can be executed (cf. Figure 5.1). At this stage of high level planning,
the speech sound pattem is designed already as a series of consonants and vowels in a specific
order comprising lexical and morpho-semantic items. Thus, the input for the articulatory plan
takes the word as the minimal unit for phonological parameter applications. We need an

alternative strategy 2 for pharyngeals for the following reasons:

In Chapter 3, we investigated jaw movement associated with pharyngeal segment
production. We concluded that the resulting coarticulatory effect due to the complex
articulatory pharyngeal gestures causes the jaw to sustain certain biomechanical constraints.
These constraints were realized as an antagonism of the jaw movement to the tongue
movement as well as a temporal reorganization of the syllable containing pharyngeal segment.
That is, the synergies involved in controlling the production of pharyngeal segments restrict
the jaw and the tongue from anticipating the articulation of the upcoming segments until the
motor command for issuing the pharyngeal segment is completely executed. Thus, temporal
perturbation occurred. As a consequence, vowels are found to accommodate the mandible
position assigned to the pharyngeal segment when that pharyngeal segment occurs in inter-
vocalic position but not initially or finally in a word. Furthermore, the degree ofjaw lowering
is greater for monosyllabic than for tri-syllabic words. The results revealed that temporal
perturbation due to the effect of the biomechanical constraints characterizing this class of
speech sounds is internally compensated for by a strategy adapted by the speaker aiming to
control inter-consonantal timing. That is, the degree of adjustment in vowel duration is mainly
dependent on the inherent relative degree of jaw height of the surrounding consonants
comprising the word.

We also observed that, eventually, vowels revert to their inherent position right after the
gestures for pharyngeal segment are completed when the consonant occurs in initial position.
When the pharyngeal consonant occurs in inter-vocalic position, the height of the jaw
assigned to the consonant is maintained even during the preceding and following vowels.
These observations give rise to the assumption which considers the jaw as the articulator
which controls the timing relationship between various phonemes and syllables. Seemingly,
the articulators seek a rhythmic pattern among successive syllables. We took these findings to
suggest that the jaw is involved in regulating the timing demands to organize the temporal
aspects of syllables.

Pharyngeal consonants prevent the anticipation of the ensuing segment to take place
before the execution of pharyngeal features is completed. That, in turn, would have a

perturbation effect on the temporal pattern. Hence, two articulatory strategies are presumably
needed to control the timing organization.

The main strategy I, i.e., the defaulr, will fail to manage the existence of a pharyngeal
segment in the utterance since it assumes that all consonants are apt to equally coarticulate
with the coherent vowel(s). Accordingly, a secondary strategy (strategy 2) is proposed to
tackle the inevitable temporal re-adjustments due to the constraints, imposed on the jaw and
the tongue, characterizing the pharyngeal segment production.
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The degree of re-adjustment in vowel duration, in case the final segrnent in a CVC is the
only pharyngeal segment in the syllable, will depend on the degree of coarticulation between
the first consonant and the following vowel. This is because the first consonant, in this case a
non-pharyngeal, will allow the anticipation of the vowel. When the initial consonant is a
pharyngeal, the vowel coarticulates only with the second consonant. Hence, strategy II wiil
determine the degree of re-adjustment according to the degree of jaw height of the non-
pharyngeal consonant The second strategy is necessary to enable the speaker to apply the
compensatory lengthening or shortening on the vowel when encountering a pharyngeal
consonant.

Although the block diagram of our model includes a parallel path, both strategies are
previously linked to the block which determines the value of jaw height. This parallel path
should be taken as a single scheme for motor programming which takes into account each
consonant and vowel's special requirements. The re-adjustment is necessarily to be handled
by another strategy than the default because temporal perturbation induced by the pharyngeal
consonant is not the norm rather it is a special case. Another solution to the problem is to
avoid having two pharyngeal segments in one and the same syllable, which we predicted
earlier (see section 3.4). The prediction was based on the idea that the distance which the jaw
has to travel from one position to another along the word is the total time interval comprising
the utterance. Thus, two pharyngeal consonants in a string require that the jaw should travel
two times to an extreme open position which violates the temporal pattern of the word. In
both cases the value of jaw height for both pharyngeal and non-pharyngeal consonants must
be conceptualized earlier. This is essential to maintain fixed intervals among syllables of the
word, i.e., a unitary syllable length.

Arabic syllables are presumably characterized by having an underlying fixed length. In
order to keep a unitary syllable length, it is necessary that the duration of each syllable is
calculated as the combined duration of a consonant and a vowel. Hence, jaw height must be
determined for each consonant in the word since the total duration of the utterance will
depend, to a great extent, on the trajectory of the jaw moving from one consonant constriction
location to the next across vowels. Vowels, on the other hand, will occupy the intervals
between consonants. Thus, they serve to secure the timing regulations needed to overcome the
coarticulatory effects.

The module responsible for "intra-syllable timing" determines the degree of adjustment
for segment duration (mainly for the vowel). The timing among various syllables in a word
will be controlled by the "inter-syllable timing" module. The temporal pattern which governs
the inter-relationship between syllables will be the end product of this process.

Next, prosodic parameters as intonation contour and stress assignment rules will be
applied on the sound pattern. Recall (see Section 1.4) that in Egyptian Arabic stress position is
correlated with the duration of the syllable and its position in the word. The application of
other factors affecting the rate and style of speech also pertains to this stage of phonological
decoding. As soon as the articulatory plan is discharged, it is fed into an articulatory buffer
before the motor plan can be commenced.

5.2.3. The motor plan

The third phase of the process of producing a speech utterance is the planning of the motor
commands which are executed by means of neuromuscular activities. This step leads to the
actual speech ouput in its physical form. The motor plan contains a sequence of items for the
execution of the content of the articulatory plan. The system of the control of motor
commands is based on the looped proprioceptive feedback which is linked to the sensory
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system. This loop is important for error correction and sensing the precision of achieving the

articulatory goal as a point of contact or of vocal tract configuration attainment.
Auditory and tactile feedback are linked to the sensory input channel and are available as

an indicator for approval of the motor plan being partially executed as well as a buffer for the

content of the short term memory. The "Speech Output" is the product of the motor plan
which is looped into the auditory and tactile feedback channels which allow a link with the

sensory channel to further confirm the accomplishment of the speech output successfully.

5.3. Dynamic modeling of pharyngeal articulation

The phonetic systems of some languages make use of the pharynx as a primary and/or
secondary place of articulation. Pharyngeal articulation implies that the major constriction
during the production of a speech segment is located in the back cavity of the vocal tract. The

back cavity can be seen as a composite of three contiguous divisions: nasal, oral and laryngeal
portions of the pharynx. On the other hand, the pharynx can also be involved in the production
of oral segments as a secondary place of articulation, i. e., pharyngealization. In Arabic, the
pharynx is used to produce distinct speech sound units both as primary and as secondary place

of articulation. The pharyngeal consonants, i.e., lower pharyngeals /f, h/ and upper
pharyngeals /q, 6, Xl have the pharynx as their primary place of articulation. The
pharyngealized consonants, on the other hand, use the pharynx as a secondary place of
articulation with a major constriction in the oral cavity.

Rest position

Figure 5.2, Schematic diagrams representing the shape of the vocal tract (nasal, pharyngeal
and oral cavities) during rest position (left diagram); the production of the lower pharyngeal
consonant /f/ (middle diagram); and the shape of the tract during the producton of the voiced
uvular /v/ (right diagram). For more details see text below.

In chapter 4 we have shown that Arabic has two consonants articulated in the laryngeal
pharynx area, i.e., the true lower pharyngeal consonants /t, h/. There are also two velar
fricative consonants, i.e., the voiced lyl and the voiceless lxl, afiiculated in the oral
pharyngeal region. These two sounds are realized as uvulars ly, Xl in an emphatic
environment, i.e., when they become pharyngealized. The uvulars are classified under the

t7l
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group of pharyngeals due to their resemblance to /t, h/ regarding their acoustic properties.
The true pharyngeal consonants can also occur in an emphatic environment, e.g., /tredd/ "to
count" vs. /fodrd'l "to bite". The acoustic characteristics of these consonants in the emphatic
environment are different from those in the plain environment. In addition, the effect of
pharyngealization, i.e., emphasis, on the quality of the surrounding vowels is plausible (cf.
section 4.5).

The mechanism underlying the production of lower pharyngeals in Arabic was until
recently not established and it was often supposed to be the same mechanism as used to
describe the pharyngealized (emphatic) consonants, i.e., retraction of the tongue root
accompanied with depression of the tongue blade. Therefore, the model proposed in this
chapter is an attempt to deepen our insight about the motor control system underlying the use

of the pharynx in speech communication.
From an articulatory viewpoint, the production of the true pharyngeal consonants in

Egyptian Arabic involves sphinctric contraction of the pharyngeal wall at the level of the
constriction point which occurs simultaneously with an upward movement of the larynx and
of the hyoid bone. This is accompanied by constricting the glottis and by an active bending of
the epiglottis towards the top of the arytenoids cartilages. The timing of the epiglottis down
folding movemeflt was found to be synchronized with a downward pull of the velum (cf.
Chapter 2), Figure 5.2 shows a schematic diagrams representing the shape of the vocal tract
(nasal, pharyngeai and oral cavities) during rest position, the production of the lower
pharyngeal consonant lll , arrd during the production of the voiced uvular lyl . The posterior
pharyngeal wall (PPW) is displaced inward at the level of the epiglottis for /f/ and at the level
of the velum for lyl. The larynx is raised, the epiglottis is down folded and the tongue has a

inverted "V" shape for lll. The jaw is considerably lowered during /f/ while the dorsum of the
tongue is approaching the soft palate during lyl. The light gray filled forms in Figure 5.2
indicate the jaw and the upper and lower incisors.

In Chapter 4, we have demonstrated, by using acoustic analyses, that the excessive degree
ofjaw lowering associated with pharyngeal segment production, compared to oral segments,
is reflected as a compensatory shortening effect on vowel duration. The degree of
readjustment depends on the position of the pharyngeal segment in the word and on the
relative degree of jaw height of the consonant embracing the vowel at the syllable margin.
That is, low vowels are longer when preceded than when followed by a pharyngeal consonant
(cf. Chapter 4). Furthermore, the degree of contextual overlapping between segments in non-
pharyngeal environment is much greater than in the pharyngeal context. Accordingly, it was
assumed that the jaw plays a significant role in organizing the time interval among syllable's
constituents and the syllables comprising a word in Arabic.

The movement patterns of the pharyngeal wall, the velum, the larynx, and the jaw, which
were obtained for the purpose of constructing a model of pharyngeal segment production, are
reported in chapters 2 and 3. However, our accumulated data under hand, are not sufficient for
building up a comprehensive articulatory model. Therefore, all available data from the
literature on Arabic pharyngeal articulation are summoned in the following sections and are
subsequently incorporated in the proposed model. The physiological, acoustical, perceptual
and aerodynamic studies which previously dealt with pharyngeal articulation in Arabic
together with our data are briefly listed in the following sections. However, the proposed
model is to be considered hypothetical until clearly defined input and output values are put
under testing by the specified control parameters.
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5.4. Vocal tract configuration for pharyngeal consonants

During the production of the true lower pharyngeal consonants lf, hl, the tongue-blade
assumes a curved pyramidal shape as seen in lateral X-ray still-pictures published in several
papers. This shape created two points of constriction, one at the hard palate located 6

centimeters from the lips, while the other is located 3-4 centimeters at the level of the

epiglottis. Also, the larynx was observed to ascend by approximately 9 mm relative to the rest

position. The larynx and the hyoid bone were found to be raised during pharyngeal
consonant's production (cf. Chapters I and 2).

We argued in Chapter 2 that the tongue is not the main articulator used for creating the

constriction in the lower pharynx, as it is commonly believed. This claim is supported by the

fact that the tongue takes the inverted "V" shape instead of an assimilated shape to the

following or preceding vowel because the tongue had undergone mechanical constraints.

As our data have shown in Chapter 2, the mechanism used to produce pharyngeal
consonants is similar to that of normal swallowing. Hence, the vocal tract configuration
associated with pharyngeal consonants production is considered to involve the tongue as a

secondary articulator. The tongue, due to certain biomechanical constraints, assumes a shape

which yields these two secondary constricted points. This shape, we suggested in Chapter 2, is
a characteristic articulatory feature for lower pharyngeal consonants. The back of the tongue
was observed to be drawn backward 3 mm during emphatic /I'r\ I and 1l mm during emphatic
/!r/ relative to their non-emphatic cognates /ll, /h/, respectively. This observation can be
taken as additional evidence to support our claim that the major constriction associated with
the pharyngeal consonants is achieved by contraction of the pharyngeal wall and not by
retracting the tongue root. If the retraction of the tongue root is an inherent feature of
pharyngeals, the tongue would not retract more for an emphatic pharyngeal as was observed.

In Chapter 2, we have demonstrated that the velum is lowered during lower pharyngeal
consonants production, even in the non-nasal context. In addition, we found that the
velopharyngeal port size varies as a function of the place of constriction in the pharynx and
that the degree of velum lowering is correlated with the constriction iocation in the back
cavity. The pharyngeal consonants /ll, /h/ and the emphatic consonants /sr/ and ltrl are
distinguished by a lowered tongue dorsum for the pharyngealized consonants while they share

retraction of the tongue root at the level of the epiglottis and raising of the larynx.
Pharyngealized consonants in Arabic are having in common a depressed tongue blade and a
retracted tongue root compared to their plain (non emphatic) counterpart, i.e., the oral dental
consonants /t, d, s, z/ (see Section 1.5).

As for the epiglottis, we found that it makes a narrow gap with the back wall of the
pharynx due to its bending downwards covering the top of the arytenoids accompanied with
constriction in the glottis itself (cf. Chapter 2). So far, the shape of the vocal tract during the
production of pharyngeal consonants in Arabic can be iliustrated upon first approximation.
However, it remains to state the temporal dynamic aspects of that shape in terms of the
interaction among the articulators involved in the production of various utterances containing
a pharyngeal consonant.

5.4.f. Dynamics of pharyngeal articulation

The dynamics of the articulators involved in the production of Egyptian Arabic pharyngeal
consonants comprises two components: the shape of the back cavity and the jaw trajectory.
The back cavity contains the velum, the larynx complex, the epiglottis and the pharyngeal
wall.
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5.4.1.1. Shape change in the hack cavity
Our results (Chapter 2) showed that the production of pharyngeal consonants is characterized
by 1) an opened velopharyngeal port to a limited degree even in non-nasal context, 2) inwards
displacement of lateral and posterior pharyngeal walls, 3) active bending of the epiglottis, 4)
simultaneous posterior-inferior tilting of the arytenoids cartilage accompanying the ascending
of the larynx. The degree of velum elevation was found to be depending on the point of
constriction along the pharynx as well as vowel height. In addition, the down folding of the
epiglottis cartilage occurs at the same time with the contraction of the posterior and lateral
pharyngeal walls in a sphinctric action (cf. Chapter ?).

5.4.1.2. Jaw Dynamics
The degree of jaw displacement was found to be depending on the location of the points of
constriction in the oral and pharyngeal cavity as well as the position of the pharyngeal
consonant in the word. Moreover, the mandible has been shown to play a predictable role in
the adjustment of the constriction size and location along the pharynx. The degree of jaw
displacement is inversely proportional to the constriction location in the back cavity, i.e.,
greater displacement was observed for the lower pharyngeals compared to the upper
pharyngeals and to various oral consonants (cf. Chapter 3). These findings are taken into
account when constructing a dynamical model.

5.5. Components integration

Based on the physiological data collected on the pharyngeal segment production which are

summarized above, the shape of the vocal tract during the pharyngeal consonant can be
drawn. Figure 5.2 shows the target configuration for the true lower pharyngeal consonant /t/
and the uvular (upper pharyngeal) /y/. The presented configuration assumes that in the case of
the lower pharyngeals, the tongue shape is convex and its root is retracted toward the posterior
wall of the pharynx and that its dorsum is approaching the soft palate in the case of the uvular
sound. The larynx is raised and the epiglottis is bent covering the inlet of the glottis. The
mandible is lowered more during the lower pharyngeal consonant and to a lesser extent during
the uvular consonant compared to non-pharyngeal consonants, e.9., orals. As it was
mentioned earlier, the velum is pulled down leaving the velopharyngeal port partially opened.
In the drawing, the pharyngeal wall appears in the lateral view to be constricted at the level of
the epiglottis for lower pharyngeals and at the level of the velum for the uvulars. It should be
noted that the constriction, as we mentioned in Chapter 2, results from the sphincteral action
of the lower constrictor muscles. That is, the shape of the constriction would not appear as it
is seen in a lateral view but rather as an oval shape.

It can be assumed that pharyngeal consonant duration is resistive to substantial
compensatory modif,rcations. The synergies involved in controlling the production of
pharyngeal segments restrict the jaw and other articulators to anticipate the articulation of the

coming segments until the motor command is fully executed. That can be determined
according to the time the epiglottis needs to descend and then to ascend back to the rest
position. The midpoint of the pharyngeal consonant duration is half way in time of the
epiglottis excursion (cf. Chapter 2). During this time the jaw position is locked with reference
to the onset of the pharyngeal segment (cf. Chapter 3). The compensatory lengthening or
shortening, essential for preserving the temporal relations between the syllables constituting
the entire speech utterance is then applicable to the vowel and to other non-pharyngeal
consonants.
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When a pharyngeal segment occurs in a word there are three possible cases: 1) The initial
consonant is a pharyngeal: the jaw will be assigned a position for the pharyngeal consonant
and it will maintain this position during the time interval the mechanical constraints are

applied before it moves to the target position for the following vowel. The amount of reducing
vowel duration will depend on the type of the following consonant, i.e., whether it possesses a

low, central or high degree of jaw displacement. This is essential to maintain the intrinsic
temporal relation between segments and syllables.

2) The final consonant in a word is a pharyngeal segment: the duration of the preceding
vowel is preplanned and modified depending on the type of initial consonant since the

duration of the pharyngeal consonant is stable and is not subject to coarticulatory
compensatory shortening or lengthening.

3) The pharyngeal consonant occurs in intervocalic position in a word, thus the word
should contain two or more syllables: the preplanning of the whole word temporal paftem will
consider the coarticulatory effect induced by the pharyngeal consonant on the mandible
displacement.

There is one more instance where the pharyngeal consonant occurs in the second or the
third position in an utterance, i.e., CrVCzCr words. In such a case, the degree of jaw
displacement for the cluster will be determined according to the consonant clustering with the
pharyngeal consonant. Adjusting the timing between the syllable constituents comprising the
entire utterance will depend on the sum of the jaw displacements for each consonant.

The articulatory events can be represented in the form of a "score" illustrating the
movement patterns of various articulators (see Figure 5.3). The interaction and the
coordination between the articulators will determine the total configuration of the vocal tract
as a function of time in successive time intervals. The articulatory score at a certain moment,
accordingly, is the addition of the trajectories of the articulators involved at that moment (see,

e.g., Browman and Goldstein, 1989). Figures 5.3 and 5.4 represent the articulatory score for
the Arabic words /trds/ "[entil" and /sretrat/ "hours", respectively. The articuiatory
parameters are the jaw and lower lip where the zero line indicates the clench position. The
tongue blade and the tongue root are the only points on the tongue contour used for modeling
pharyngeal articulation. The rest position for the tongue is indicated by the zero line. The
velum moves from a low position during rest to a higher position during the occlusion of the
velopharyngeal port, thus it has only a positive direction relative to the rest position, i.e. quiet
breathing. The point of maximum excursion is that when the velopharyngeal port is fully
sealed off, e.g., during a dental stop. The iateral pharyngeal wall (LPW) has only a negative
value relative to the rest position since no expansion of the wall is expected in the case of
pharyngeal articulation. The posterior pharyngeal wall performs only an inward displacement,
therefore, when the lower constrictor muscles are active, the direction of the epiglottis also
has only a negative value. Its excursion line starts from the point on the base of the tongue and
ends at the lowest point on the top of the arytenoids. The glottis size is zero when the vocal
folds are completely adducted.

For instance, for the purpose of articulatory synthesis, the input to the system will be the
ingredients of the articulatory score in terms of neuromuscular activities. The interactive
combination of the articulatory gestures for a given utterance constitutes the elements of
speech output. The intrinsic duration of each segment is preplanned in relation to factors such
as the total number of syllables, speech style and rate, etc., and is executed according to the
overall duration of the entire intended utterance. Figure 5.5 illustrates this concept of
coarticulation effect exerted on a string of phonemes building up the syllable(s). ln that figure
a schematic drawing showing the coarticulation principle controiling the utterance temporal
pattem is presented. The planning phase considers the effect of the mechanical constraints
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exerted by the pharyngeal segment and reflected on the execution phase. Ad is the shortening
factor due to coarticulation. Sr and Sz are syllable I and syllable 2, respectively; Crph stands
for a pharyngeal consonant while Co stands for oral consonants in this example. The duration
dr is assumed to be equal to dr' in the case of pharyngeal consonant due to the blocking of
anticipatory coartiuclation. As for oral consonants Co, both rypes of coarticulation are

allowed.
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Tongue Blade

Tongue Root

velum point
of closure

VeIum
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d
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Figure 5.3. Schematic diagram representing the articulatory score for the word /fnds/.
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Figure 5.4. Schematic diagram representing the articalatory scorefor the word /safaat/.

5.6. Modeling

Modeling pharyngeal consonants can be done either at the acoustic or the articulatory level
depending on the purpose of application. For synthesis-by-rule applications, acoustic
modeling is required, while for articulatory synthesis, defining articulatory gestures and their
interaction are required. The acoustic components required for modeling pharyngeal
consonants are presented below.
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In Chapters 3 and 4, we demonstrated that the pharyngeal consonant accommodates the
mandible position in order to preserve the temporal pattern organizing word structure. The
way this requirement is fulfilled depends significantly on the choice of compatible consonants
in the vicinity of a pharyngeal segment in terms of jaw trajectories associated with the
consonantal composite. The duration of the vowel adjacent to the pharyngeal consonant has a
compensatory interrelation with the other phonetic segments in the word as a function of the
distance the jaw has to travel between various target positions along the speech utterance.

Coarticulation Principle

St

Crph \rr Cz"

Sz

Cro Vr

rnputString iffiErrffi Wwlw
nherent Segment Duration It ds

fd=dr+d2+d3 fd=dr+d2+d3 F)
F)

oq
I

Input Parameteres: voice source + aerodynamics + articulatory gestures

I

Temporal organization

i
Prosodv

L/T--
-/- 

..-*---

Coarticulation effect
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X
(D
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MechanicaliAcoustical (
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Strategy U

perceptual) constraints

I

I
Strategy ItuI

Output Strine I

i

I

ffik
d'r d'z d':

f d'= dr'+ d'2 + d'3

Figure 5.5. Schematic drawing showing the coarticulation prtnciple controlling the utterance
temporal pattern for CVC syllables St and Sz with either an initial pharyngeal consonants
Ctph Qeft hand side) or an oral initial consonant Co (right hand side).

The phonetic goal in this case is the temporal interrelationship between syllables. The results
obtained on the degree ofjaw height of various consonants in CEA (cf. Chapter 3) showed
that consonants can be classified into three distinct groups, i.e., low; central; and high. "Low"
represents the class of consonants which have a low inherent jaw position, e.g., pharyngeal
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and laryngeal consonants. " Central" is the class of velar, lateral and palatal consonants. The

"ltigh" class of consonants involves labials, labiodentals and coronals.

Figure 5.6 illustrates some hypothetical sequences in CrVCzCg words as a function of the

inherent jaw height of various consonants in Arabic. The ideal sequence will be that which
has a combination of one of each class. This is because they are grouped in terms of their
inherent degree of jaw height. However, low consonants are not expected to occur often in
final position. The second preferred sequence contains two members which belong to an

identical class while the least preferred sequence is that which is composed of three identical
/ow consonants. When a low consonant occurs in a final position with a central and a high
consonant in the initial and medial positions, respectively, this will be the least preferred
sequence according to our hypothesis. The reason is that a pharyngeal consonant in final
position will conflict with the following initial consonant of a syllable at the syllabic or word
boundaries. We speculate thatlow consonants, according to the assumption we offer, will tend
not to occur in medial or final position in C rVC:VC: or CrVCzCr words. It follows that low
consonants will occur more frequently in initiai position than medial or final position. The
reverse would be expected for central consonants.

Figure 5.6. Hypothetical sequences in CVCC words as a function of the inherent jaw height
of various consonants in Arabic. "Low" represents the class of consonants which have a low
inherent jaw height, e.g., pharyngeals and laryngeals, while "Central" is the class of velar,
lateral and palatal consonants. The "High" class of consonants involves the oral consonants.

The * symbol denotes the level of preference of co-occurrence, i.e., *** medns highest
preference, etc.

Figure 5.7 shows a template matrix that manifests the principle of distribution preferences

on a sequence of consonants under the influence of the complexity of pharyngeal articulation.

Hypothetical Sequences in ICYCCI Words

Initial vowel Medial Final Preference

C1 V C6 CH *'r*

CHVCLCs**

C6VCsCl*

CL V CL CL (not preferred)

1: Low Consonant: Central Consonant
: High Consonant

V - Vowel
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The idealized matrices in that figure represent the co-occurrence restrictions affecting the

sequential order of Arabic consonants. In that figure, Low rcpresents the back consonants, i.e.,

laryngeals, pharyngeals and uwlars. Central represents the velars, lateral, glides and palatal.
High represents the coronals and bilabials. The shaded areas indicate the most preferred co-
occurrences. The blank areas indicate the highly restricted co-occurrences. The vertical axis
represents the second consonant position while the horizontal axis represents the third
consonant position in CTVCzVC3 words. The choice of the consonants in a sequence
containing a pharyngeal consonant is based on the assumption that the jaw is the articulator
which organizes the temporal pattern of a given speech utterance.

C, Low C, Central C, High

C2

Lou'

Central

High

Central

C3

High Central High

C3

Central High

C3

Figure 5.7. Idealized matrices representing the hypothetical co-occurrence preferences
affecting the sequential order of Arabic consonants in CtVCzCt or C tVCtVCs words. "Low"
represents the back consonants, i.e., laryngeals, pharyngeals and uvulars. "Cenlral"
represents the velars, lateral, glides and palatal. "High" represents the coronals and
bilabials. The shaded areas indicate the most preferred co-occurrences while the blank Areas
indicate the highly restricted co-occurrences.

5.6.1. Acoustic modeling of pharyngeal articulation

We also examined in this thesis whether some of the articulatory activities associated with
pharyngeal articulation are manifested in the sound wave associated with pharyngeal
consonants (see Chapter 4). Therefore, spectrographic analyses were performed on speech

samples representing Egyptian Arabic words containing pharyngeal consonants in the low-
back vowel environment. LPC spectrao formant amplitude and bandwidth, F0 contour, and
segment duration were measured. Acoustic parameters involved in the production of
pharyngeal consonants are stated and incorporated in a preliminary acoustical model outlined
in the following section. This acoustical model can be used to define the speech output in
Figure 5.1.

5.6.2. Nasal and oral airflow during pharyngeals

The data obtained on the aerodynamics of pharyngeal consonants production in Arabic were
summarized in Section 4.4.3.1 . The rate of oral airflow observed for the voiced pharyngeal /f/
is 125 cm'/s while for the voiceless pharyngeal /h/ is 733 cm3/s. The mean maximum flow
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rate found for lh/in initial position was 595 cm'/s and 640 cm'/s in final position. Regarding
the voiced pharyngeal /f/, the oral airflow rate in initial position was on average 125 cm3/s.In
final position the rate observed showed a gradual decline from a mean of 155 cm'/s at the end

of the preceding vowel. As for the nasal airllow associated with the pharyngeal consonants, a

value of 240 cm'/s for initial N anda minimal value when /t/ occurs in final position. These
values of nasal and oral airflow can be used to determine the size and the length of the

constriction in the vocal tract when constructing an acoustical model.
Airflow (Vo) and inter-oral air pressure (po) can indicate the manner of articulation. A

velopharyngeal orifice of around 20mm2 area is adequate to indicate a degree of perceived
nasalization in the speech utterance. Moreover, an anterior posterior distance ranging between
0.5 - 3.0 mm in the velopharyngeal port has an effect on the intelligibility of speech signal as

nasalized. Accordingly, we conclude based on the measurement we obtained in the
experiment reported in Chapter 2,that the pharyngeal consonants in Arabic can be considered
as having some degree of nasalization.

5.6.3. Acoustic and perceptual cues of pharyngeals

Defining the configuration of the vocal tract associated with the production of pharyngeal
consonants is essential for the acoustic modeling. The constriction for the lower phayrngeals
lf,hl is located about 4 cm from the glottis while it is 7 cm for the upper pharyngeals ly, yl.
The larynx is raised about 1.3 cm during the production of /l/ as seen on lateral X-ray.
Another minor constriction was observed at the palatal region in the oral cavity 6 cm from the
lips. This second constriction obviously is created due to the pyramidal shape the tongue
assumed during the production of lower pharyngeals. Figure 5.8 shows an idealized acoustic
model for the voiced pharyngeal approximants /f/, lyl. This model is adapted from the model
proposed by Klatt and Stevens (1969) and Alwan (1986). The addition of the nasal branch is
based on our finding concerning the state of the velopharyngeal port (cf. Chapter2). The total
length of the tract is considered to be l7 cm. Lb, Lm, Lf denote the length in cm of the back,
the middle and the front cavities, respectively. Ln denotes the length of the nasal cavity. Lc
denotes the length in cm of the constriction at various points of the vocal tract. The cross
section area in cm'of each cavity is also shown.

First formant frequency associated with pharyngeal consonants is used as an acoustic cue
for the perceptual distinction between lower pharyngeals and upper pharyngeals. The second
formant frequency, as a front cavity resonance, is used for discriminating the emphatic
(pharyngealized) consonants from their plain (non-emphatic) cognates. Moreover, the
narrower the constriction in the pharynx the higher is Fl. The onset value of the first formant
frequency (Fl), unlike the second formant (F2), is essential for perceptually discriminating
between synthetic acoustic stimuli representing the voiced pharyngeal lfl and the voiced
uvular /r/ consonants. Moreover, when widening the bandwidth of Fl, the percentage of
uvular responses was increased and the naturalness of the uwlar stimuli was enhanced,
whereas widening the bandwidth for /S/ substantially decreases the number of pharyngeal
responses. Increasing the bandwidth of F2 had no effect on the percent identification of the
pharyngeal or on the naturalness of the synthetic stimuli (Alwan, 1989).

The first two resonance frequencies seem to be important for the auditory identification of
pharyngeal consonants. However, listeners tend to use also voicing, together with segment
duration, as acoustic cues for perceiving and discriminating between various pharyngeal
consonants (May, 1 98 I ).

The voiced pharyngeal /t/ is characterized by a weak intensity and has its center of gravity
in the lower frequency region. The voiceless counterpart /trl has the center of gravity in the
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center of the critical band spectrum, with a fairly steep slope in the lower ranges and a more
gradual slope in the higher frequencies (Norlin, 1983). A typical pharyngeal consonant
duration is about 200 ms for the voiced /f/ (including the creak part) and 180 ms for the
voiceless N . The uvular lvl has an average duration of 168 ms while its voiceless counterpart
lfl has an average duration of 149 ms (Elgendy, 1982).

5.6.4. Acoustic affiliations of the articulatory dynamics for pharyngeal consonant
production

In Chapter 4, we studied some of the acoustic properties of the pharyngeal segments in
Arabic. The results suggested that it is possible to relate, to a certain extent, the articulatory
dynamics associated with the production of pharyngeal consonants to tho spectral properties
attributed to their acoustic signal. The difference between the values of first and second
formant frequencies can indicate the constriction location in the back cavity. Fl-amplitude
(A1) measured at the midpoint of the voiced pharyngeal consonant as well as in the following
vowel showed significant damping which can be due to the nasal coupling observed during its
production.

The fundamental frequency (F0) of the voiced pharyngeals is markedly low, due to the
tilting of the arytenoids. Moreover, the weak energy found in the high region of the spectrum
of the pharyngeal segment can be attributed to the active bending of the epiglottis towards the
arytenoids. In addition, mandibular adjustments were reflected as a compensatory effect on
the duration of the vowel adjacent to the pharyngeal consonant. That is, the vowel duration
was longer, when the pharyngeal segment occurred initially in CVCC words, than when it
occurred post-vocalically. Acoustic parameters effected during the production of pharyngeal
consonants (see Chapter 4) were stated and the values obtained were incorporated in the
articulatory model sketched below.

5.7. Towards acoustic modeling of pharyngeal consonants

From the above-mentioned data, the acoustic properties of pharyngeal articulation in Arabic
can be established, though, to a limited degree. The parameters which are considered to be
involved in the production of pharyngeal consonants are articulator movements, acoustic
correlates, and nasal and oral airflow. The lower pharyngeal consonants involve a complex
dynamical movement pattem in the back cavity.

The larynx is raised, the epiglottis is folded down and the velum is pulled downward. ln
the idealized description we present, the voiced pharyngeal and uvular consonants are taken as

representatives to pharyngeal articulation in general.

In Figure 5.8, the cross section area of the back cavity in case of the lower pharyngeal
consonant is I cm2 and the rniddle cavity is 3 cm2 while the front cavity is 2 cm2. For the

uvular consonant the back cavity is 2 cm2 and the front cavity is 5 cm2 (cf. Klatt and Stevens,
1969). In order to obtain more precise values for acoustic cues associated with pharyngeal
articulation, the experiment reported in Chapter 4 should be extended. An acoustical model
representing pharyngeal articulation can also be developed using the parameters shown in
Figures 5.2 and 5.3 by means of, e.g., formant synthesizer. A verification perceptual test is
then needed to examine the quality and viability of the generated synthetic stimuli.
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5.8. Concluding remarks

In this chapter we presented a design of a global model for generating an Arabic word
containing a pharyngeal consonant. The model integrates various components that can be used

for the pu{pose of constructing acoustic and articulatory models. These components are based

on the results obtained from several experiments conducted in the present study. In addition,
an idealized representation of a stationary description of components for acoustic and

articulatory modeling is also proposed. This global model presupposes that well specified
aspects of the lexical item are available for execution from high-level planning down to the

level of motor commands.

Lb=3cm Lm: 6 cm Lf :6 cm

Lcl:1cm LcZ: 1 cm

Lc:1cm

Figure 5.8. Idealized acoustic models for the voiced pharyngeal approximants /f/, /r/. The

total length of the tract is 17 cm. Lb, Lm, Lf denote the length in cm of the back, the middle
and the front cavities, respectively. Ln denotes the length of the nasal cavity. Lc denotes the

length in cm of the constriction at various points of the vocal tract. The cross section area in
cm2 of each cavity is also shown.
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On the one hand, the positions permitted for the pharyngeal consonant to be occupied in
the sound pattern indicate that the effect resulting from the mechanical constraints is
controlled via a specific strategy. On the other hand, the selection of temporally compatible
segments to co-occur with pharyngeal consonants in a word indicates that "timing" is issued
internally, i.e., at a high level in the cognitive plan. It is suggested then, that long-term
feedback is essential for most of the stages of the speech motor control. The model's
implications lend support to the view which considers coarticulation, both anticipatory as well
as canJr over processes, as a pre-planned articulatory process. It is also useful to test the
model's ability to account for auditory perception and the speech motor commands adaptation
to peripheral contexts. The model should also be re-evaluated in the light of other models of
coarticulation to examine its validity to account for a universal framework of phonetic and
phonological descriptions.

Our model, though hypothetical, sheds some light on the nature of coarticulation in the
pharynx and can be used to provide implications on improving articulatory models of speech

in general. It also suggests that models of speech production constructed for the purpose of
articulatory synthesis must consider motor activities in the pharyngeal cavity together with
activities of other articulators as an integrated coordinated structure.

5.9. Testing the model

Once the components needed for articulatory or acoustic modeling are integrated, it remains
to be tested. The validity of an articulatory model can be attested by examining its ability to
predict the properties of the natural system, Model testing can be achieved by several
methods. Articulatory synthesis, e.g., Boersma (1998), can be one method to test an idealized
model and we hope to get future opporfunities to actually run such tests. The synthesizer can
generate an acoustic signal as an output based on the values of articulatory parameters
summarized above and then the signal can be evaluated perceptually. This can be achieved by
comparing spectrographically the simulated speech signal representing the pharyngeal
segments by the natural signal.

However, in the present thesis we have chosen different methods to test our model,
namely, that of the acquisition of pharyngeal consonants and of the phonotactics. We thought
that these two phonological aspects are crucial issues for speech research.

The phonetic development of pharyngeal articulation is investigated and is reported on in
Chapter 6. We hypothesize that the acquisition of the back consonants, i.e., pharyngeals,
laryngeals and uvulars, will have a gradual emergence in the speech of children. The
assumption is that the consonants which have highest degree of jaw lowering will be learned
latest. This is motivated by the fact that learning to lower the mandible to an extreme position
(e.9., as low as 26 mm for lll in initial position compared to only 7 mm for most of the oral
consonants) will require that the child will start producing those consonants which have less
jaw opening and substitute the lll for instance with the consonant which shares some of the
acoustic and or perceptual properties of that sound 8.9., o glottal stop or a low vowel.

The present idealized model was also tested by stating the distribution patterns of
pharyngeal consonants with respect to all other consonants as manifested in the rules
governing the phonotactics of spoken Egyptian Arabic word structure. It is expected that the
restrictions on the pharyngeal consonant distribution will be severe. The keyword, which
explains this type of restrictions, will be the inherent degree of jaw height pertaining to each

consonant, as a determinant of mechanical constraints caused by the highly complex
pharyngeal segment. This is reported on in Chapter 7.
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For future work it remains to study the perceptual cues and to investigate the acoustic
characteristics of pharyngeal consonants for females as well as for children to determine the
changes of the acoustic cues relative to the male voices reported on in the present

investigation.
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The acquisition of pharyngeal articulation

Abstract

The aim of this investigation was to test one ospect of our model that we proposed in Chapter

5 and that we designed to generate pharyngeal consonants, namely, the acquisition of
pharyngeal articulation. Young children and adults performed an imitation test to examine

the acquisition process of pharyngeal articulation in the speech of bilingual Arabic-English,
Arabic-Swedish children born and living in USA or Sweden and monolingual Swedish adults
to examine their ability to produce pharyngeal consonants as new sounds.

The results revealed that the acquisition of pharyngeal consonants by bilingual children

has a gradual emergence which is correlated with the relative degree of inherent jaw height

associated with each consonant. That is, within the same phonetic class of speech sounds, the

consonant which has a greater inherent jaw height was acquired later than the consonant
which has a lesser degree of jaw height. The non-native adults on the other hand, showed a
tendency to substitute lower pharyngeal consonants by sounds with less degree of jaw
opening. This suggests that the biornechanical constraints, which induce complexity
characterizing the articulation of pharyngeal consonants, have considerable impact on the

pro c e s s of ac quisition.
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6.1. Introduction

This chapter reports on the acquisition of the production of a set of speech sounds articulated
in the back cavity of the vocal tract. The process of acquisition was examined in the speech of
three different groups: 1) native bilingual children; 2) non-native adults acquiring Arabic as a
second language (L2) and 3) adults who are novice to Arabic language. The consonants
investigated are the Egyptian Arabic laryngeals [h, ?1, the pharyngeals ll, hl and the velars /y,
xl.

In the previous chapters, we have demonstrated that the mechanism underlying the
production of the back consonants, i.e., /1, h, h, ?, y, x/ have in common a great degree of
jaw lowering. The articulation of lower pharyngeals /t, h/ is characterized by contraction of
the lateral and posterior pharyngeal walls, substantial velic lowering, active bending of the
epiglottis cartilage towards the laryngeal inlet, larynx elevation, a constricted glottis and an

excessive degree of jaw lowering. All these phonetic features are concomitant articulatory
gestures of the pharyngeal consonant production. The degree of these activities varies as a
function of the constriction location in the pharynx and seems to exert a coarticulatory effect
on other articulators, i.e., the lower jaw.

In addition, the mandible has been shown to play a predictable role in the adjustrnents of
the constriction in the pharynx for various pharyngeal and laryngeal articulations by assuming
different positions depending on the point of constriction in the pharynx. The laryngeals /h,?l
share the excessive degree of jaw lowering with the lower pharyngeals although they showed
no sign of involvement of any other articulator in their production except the larynx. It was
suggested in Chapter 3 that a great degree of jaw opening is due to an assimilation process
with low vowels in the case of laryngeal consonants and due to certain mechanical constraints
imposed on the phonetic segments comprising the word in the case of pharyngeal consonants.
The rest of the members of the back consonants, i.e., the velars and uvulars /x, y, X, sl
involve the dorsum of the tongue in their production and a lesser degree of active pharyngeal
constriction. However, uvular and velar sounds also showed a greater degree ofjaw lowering
compared to that of oral consonants, although they still showed higher jaw position than lower
pharyngeal and laryngeal consonants (cf. Chapters 2 and 3).

Pharyngeal articulation is used, in certain pathological cases, in the speech of speakers

belonging to languages which do not contain pharyngeal consonants in their phonetic system.
For instance, it has been demonstrated (Kawano et al., 1985) that Japanese cleft-palate
patients with velopharyngeal incompetence showed similar articulatory gestures concerning
the epiglottis and the larynx when trying to produce oral sounds such as l| and lsl. Moreover,
American (Trost, 1981) and Swedish (Ericsson, 1987) cleft-palate patients also were observed
to manipulate the pharynx and/or the larynx to compensate for the deficiency of producing
correct dental and alveolar sounds. The reason for the cleft palate patients to adapt such
manoeuvres could be due to aerodynamic requirements. These patients are aiming to control
the level and rate of interoral airflow. However, that specific combination of la4mgeal and
epiglottal activities occurring simultaneously with velum lowering is most probably due to a

mechanical factor which is referred to as the functional chain (Zenker and Zenker, 1960; cf.
Chapter 2).

Such findings may point out the effect of mechanical constraints on the control of
activities in the pharyngeal and laryngeal cavities. How are cleft palate speakers, who have no
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phonemic pharyngeal consonants in their speech sound system, able to acquire that
mechanism used by native Arabs to produce pharyngeal consonants? Do they use an innate

reflexive system to manipulate the pharyngealllaryngeal movements to overcome their
disorder of producing intelligible oral consonants? We suggested in Chapter 2 that the

mechanism used to produce normal and pathological pharyngeal articulation is similar to that
used during normal deglutition process. These two mechanisms differ only, we speculate, in
that the jaw is extremely open during pharyngeal articulation and is closed during swallowing.
This may suggest that any speaker, despite her/his native language, would be able to produce
a pharyngeal consonant. However, that does not seem to be the case.

6.1.1. Adults

An anecdotal example to illustrate this problem is taken from the way a person, who is a non
native to Arabic, writes words containing pharyngeal sounds. For instance, when listening to
the proper name l?r,bmnd/, it is often written by a person with another language background
unrelated to Arabic, as "Aschmed" or "Achmed", i.c., replacing lhl with the letters "sch" or
"ch". In this case the sound which is auditorily closer to the original sound is the velar lxl
which is denoted by these letters. Note that velars require a higher jaw position than that
observed for lower pharyngeal consonants. Another interesting observation is that concerning
a phonological problem encountered by a bilingual minority of Greek origin who are born and

are living in Egypt. The way they pronounce words containing a pharyngeal consonant can be
interpreted as reflecting a sotr of perceptual confusion. The voiceless pharyngeal lhl, for
instance, is substituted by the velar sound lxl, as in, for example, the word l?r.hmndl, which
is pronounced as l?nxnedl. Words which contain the voiced counterpart lower pharyngeal
such as the proper noun llr'lil would be pronounced as l?r.lil. Both Greek and Egyptian
Arabic languages have velar sounds, only Greek lacks pharyngeal consonants.

Moreover, a common error often made by speakers belonging to the Germanic language
family when trying to pronounce Arabic words containing a pharyngeal consonant, is a

substitution of the voiceless pharyngeal N by a strong variety of the laryngeal fricative /h/.
The same sound in some other cases is substituted by a voiceless velar lxl. The voiced
pharyngeal lfl is substituted by either a glottal stop, by a prolongation of the vowel
preceding/following that consonant in the original word, or by a complete omission of lll
when it occurs initially or finally in a word. It is likely that non-native speakers of Arabic
confuse various pharyngeal sounds perceptually, since they all share similar acoustic effect,
i.e., lowering of Fl and raising of F2. The approximation of the first two formant frequencies

characterizes consonants with a constriction in the back cavity. However, that they substitute

the voiced pharyngeal lll by a glottal stop l?1, cannot be perceptually motivated since these
two sounds do not share any acoustic properfy. As for substituting the voiceless pharyngeal
lh/ by a velar /xl, it can be due to a perceptual effect, but why is it also substituted by the
laryngeal fricative lW in some other cases? It follows, that this phenomenon is possibly due to

a mechanical reason.
That bilingual Eglptians (e.g., Greek and Italian) are also exposed to these sounds daily,

and still cannot master the production of pharyngeal consonants, cannot be due to a lack of
perceptual input alone. Probably bilingual children in Egypt receive less input of Arabic than

of their mother tongue if both of their parents are bilingual. The non-native novice may not be

able to produce a pharyngeal consonant correctly due to insufficient perceptual input.
However, why chose these speakers specifically laryngeal and velar sounds as substitutions?
We attempt to provide answer to this question in this chapter.
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6.1.2. Children

The anatomical development of certain parts of the vocal tract in children, particularly the
pharynx, is one of the factors which should be considered when studying the process of
acquiring pharyngeal consonant production. The pharynx takes a considerable time before it
reaches a mature shape (Buhr, 1980; Lieberman, t975). It is expected that the child will
develop her/his auditory channel normally and will thus perceive various pharyngeal sounds
before the pharyngeal cavity stmcture is fully matured.

Another factor which can be considered to be in effect during the acquisition process is
that of the Arabic morphology. Word formation in Arabic is often linked to vocalic and
consonantal pattems in which a semantic element is embedded at the same time (cf. Chapter
1.9). Prosodic pararneters can also be an additional factor which is affecting the acquisition of
phonology. The child may need to learn the rules for controlling the temporal patterns and
placement of the stress prior to manipulating the jaw to reach an extreme degree of lowering.
We demonstrated in Chapter 3, that the jaw height for a pharyngeal consonant in a series
varies according to its position in the syllable(s) of an utterance.

6.1.3. Hypothesis

The hypothesis we address in the present study is that the acquisition of the back consonants,
i.e., larymgeals, pharyngeals, uvulars, and velars has a gradual emergence in the speech of
children. It is assumed that the consonant which has highest degree of jaw lowering will be
acquired latest. That implies that the greater the inherent degree of jaw opening the longer is
the acquisition time. Accordingly, the lower pharyngeal consonants will be among the latest
sounds, within the same phonetic class, i.e., lower pharyngeals, laryngeals, or uwlars, to be
learned by the child. This is motivated by our finding mentioned in Chapter 3 that lower
pharyngeal consonants posses an excessive degree ofjaw lowering (e.g., as low as 26 mm for
lll in initial position compared to only 7 mm in average for most of the oral consonants). This
extreme lowering of the jaw was found to have a coarticulatory effect on syllable structure.
Therefore, we hypothesize that learning to lower the mandible to an extreme position will
require that the child will start by learning to produce those consonants which have less jaw
opening and gradually ends up by learning those consonants with more jaw opening. It is
presumed that lf/, for instance, will be substituted by a consonant which shares some of the
acoustic and/orpercepnral properties of that sound andhas less degree ofjaw opening, E.E.,d
glottal stop or a low vowel, until the motor skills necessarily for adapting the complex
mechanism of pharyngeal articulation will be completely achieved by the child.

6.2. Background

The only available systematic study, to the best of our knowledge, which investigated the
acquisition of the Arabic phonological system is that of Omar (1973). Omar investigated the
acquisition of the phonology, the morphology as well as the syntax of Egyptian Arabic by
native children. The 37 children she studied had an age ranging from approximately six
months to 15 years. Their utterances were recorded on tapes and phonetically transcribed.
Smaller children were recorded in dialogue situations and free conversation. Comprehension
and imitation tests were administered to children up to age 7. She found the four children
under age two and half included in her study too young to be tested.
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The Omar study (ibid.) showed that the pharyngeal consonants are acquired relatively late

compared to the vowels and the oral consonants. Table 6.1 shows the acquisition time of
Egyptian Arabic consonants as observed by Omar (1973). The voiced velar lyl for instance,

was found to be acquired not before the age of two years and six months (henceforth, 2;6
years). The voiceless pharyngeal lhl never appears in the child sound inventory before age

3;0. The acquisition of the voiced counterpart lll, in medial position, requires at least 4;0
years and takes even until 4;6 years to be acquired in initial position, a process which is
developed much later than any of the oral consonants (except lrl and lql, see Table 6.1). Omar
(ibid.) reported that even after that age (4;6) still mispronunciation of the voiced pharyngeal
/t/ occurs in the speech of some of the children she investigated. This sound was found to be

substituted mainly by a glottal stop /?/. She also found similar substitutions until 13 years of
age.

However, Omar study did not focus on the nature of substituted sounds for the back
consonants. The imitation tests she used consisted of 18 sentences which were designed
mainly to elicit as many individual phonemes as possible (Omar, 1973, p 65).Each model
sentence was intended to test several phoneme consonants in the child's speech
simultaneously. Our study focuses on pharyngeal, laryngeal and uvular consonants as a set

and examines in particular the effect of the consonant's position in the test word. We also
gave more attention to the sound(s) that were substituted for each target phoneme. Our study
also surpasses that of Omar in that we conducted a spectrographic analysis on the collected
material from all the children. Accordingly our results are more accurate in regard to acoustic

attributes of the phoneme than Ornar's data which were based on impressionistic auditory
judgement.

In a language which is unrelated to Arabic, such as Dutch, the velar sound /x/ is also
acquired at a relatively late age, just as in Egyptian Arabic. For instance, in word initial
position /x/ emerges from age 2;0 until it is fully acquired at the age of 2;1 1. In final position,
it is emerging at age 1;9 and realized as correctly acquired at 2;2 (Beers, 1995). These

findings may give an indication as to the difficulty of producing sounds involving the back
cavity in their articulation. Complex sounds may pose additional labour on the child's
learning process of phonology. We presume that there are several factors that affect the order
and the rate of the acquisition of the phonological system. For instance mastering the

movements of articulators, the ability of recognizing the acoustic clues of phonemes, and the
frequency of the social use of the word, all are factors which determine the order of phoneme

acquisition. Thus, by studying the effects of such factors on the acquisition process, the stages

of phonological developments can be realized.

6.2.1. Phonological development

We hypothesized previously in Chapter 5 that, generally, the acquisition of pharyngeal
consonants in Egyptian Arabic by children is expected to be fully achieved at a later period
than that needed for most of the oral consonants. The hypothesis cited is based on our findings
that during the production of pharyngeal consonants the jaw displayed an extreme degree of
lowering compared to other non-pharyngeal consonants. Moreover, when the tongue has to
move down to create the configuration required for the emphatic low back vowel /t/, the jaw
displays a rise of its position while the tongue supposedly moves downwards, i.e., in opposite
direction to the jaw movement (cf. Chapter 3). Accordingly, we concluded that the tongue and
the jaw can move in a opposite direction to each other, thus the jaw does not necessarily have

to follow the tongue in its movements.
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Table 6.1. The acquisition time of Egltptian Arabic consonants as observed by Omar (1973).

The age of the child is given in (years;months) indicating the time at which the target
consonant is realized as being acquired correctly as in adult speech.

Target Consonant Age (vears;months)

lbl, lml, lw/, lyl, l?1, thl
Itl, ld,/, lsl, lzl, lnJ, lkJ

lfl,lll,lx/,lgl
lvl
tht

nrl, lstl, lztl, lttl, ldtl
tjt
ly, fil
hl
lql

1;5

2;A

2;3

2;6

3;0

3;6

4:0

4;6

5;0

6:6

These two features, i.e., excessive jaw lowering and conflicted direction between the jaw
and the tongue movements, which seem to be peculiar to Arabic, characterize pharyngeal
consonant articulation. It seems likely that these two fearures combined, do not exist in the
motor system in languages such as Swedish or English which belong to the Germanic
language family. Jaw lowering for English and Swedish has a maximum value of up till 7 mm
for adult speakers (cf. Keating et al., 1994). Ohala et al. (1968) found the value of 17.8 mm.
average for the English vowel [re] jaw height. Thus, studying the acquisition process by
bilingual children in languages which have unrelated phonologies, e.g., Arabic and Swedish
or English, can provide us with more precise information on the emergence of the pharyngeal

consonants since the acquisition process presumably will be stretched over a longer period of
time.

6.2.1.1. Lexical acquisition
We argued (section 5.2) that in Arabic retrieval of a lexical item requires predefining of the
inherent degree of jaw opening of the sequence of consonants comprising a word. Surveying
the literature, only very few studies dealing with the phonological development of bilingual
children can be found. Most studies on language development of bilingual children focus on
morpho-syntactic and lexical development (see De Houwer, 1990 for an overview). For
example, Volterra and Taeschner (1978) studied two German-Italian children longitudinally
and concluded that three stages can be established in their development. These stages are:
stage I in which a system of one lexicon with words from both languages is developed; in
stage II, two lexicons but one syntax are developed and finally in stage III, hvo lexicons with
two syntactical systems are emerging. Concerning the separation of phonology, the authors
connect this to the separation in the lexical development in stage II. Thus, they claim that
initially there is one phonological system containing the two phonological systems from both
languages, which separates as soon as the child starts to use two lexical systems. In stage I,
only one phonology and one lexicon are used by bilinguals. Volterra and Taeschner (ibid.)
observed that in stage I, the two children studied seemed to avoid the use of synonyms.
Synonyms, which are also referred to as "translation equivalents" or "doublets", are defined
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as different phonetic forms which have the same meaning in both languages such as German

and Italian.
Celce-Murcia (1978) found avoidance of equivalents in the vocabulary of her 2;4 years

old French-English daughter. For example, the child produced "couteau", but not "knife", and

"home" but not "maison", although she knew the meaning of these words in both languages.

Once the child becomes able to produce 65 to 85 words (Taeschner, 1983), she/he enters stage

II. In this stage the child is able to produce synonyms from both languages. Clark (1987) used

these observations to support the notion of "Principal of Contrast" which predicts an absence

of synonymy in early lexical development. This principle states that all children, whether
monolingual or bilingual, use just one form to express one meaning until they have a

vocabulary of about 150 words.
However, in some other studies no evidence was found for avoidance of synonyms. Quay

(1995) studied a Spanish-English bilingual girl from birth until 1;10 years old with diary
reports and weekly video recordings and found synonyms from the moment she started to
produce words at 1;0 years. Pearson et al. (1995) studied the vocabularies of 27 English-
Spanish bilinguals based on parental reports using the "MacArthur Communicative
Development Inventory". On average, about 30% of the words were synonyms of children at

both stage I (lexicon of less than 92 words) and stage II (lexicon of more than 92 words),
although only in stage I samples without any synonyms were found. A sudden rise in
percentage of synonyms (around 60%) was found for children with lexicons of over 500

words. In the present experiment we selected words being mainly common verbs and only
few nouns.

6.2.1.2. Phonology acquisition
There are very few studies specifically dealing with phonological development of bilingual
children. Schnitzer and Krasinsky (1994; 1996) investigated the acquisition of Spanish and

English phonologies by trvo bilingual brothers. The main question they addressed was to find
out whether the acquisition of both phonological systems of bilingual children starts with an

initial state in which both systems are combined or that both systems are acquired
simultaneously. Their two case-studies showed contrasting results leading to the conclusion
that both strategies are possible, at least as far as consonant production is concerned.

Tse and Ingram (1987) studied a girl learning trvo dialects of Cantonese (differing mainly
in phonology) and concluded that she used just one lexicon during the period studied between
l;7 and 2;8 years. Vogel (1975) studied an English-Romanian child at 2;0 years and found
few differences between the segmental inventories of the words from both languages. She

concluded that the child used only one phonological system. Ingram (1981) pointed out that
English and Romanian are relatively similar in consonant inventory as well as in their syllable
structure. He str.rdied the phonological development of a bilingual ltalian/English child (Italian
is more multisyllabic and contains more open syllables than English) of 2;0 years of age, and

concluded that this child used two separate phonological systems at that age.

So far, no studies have been reported on the duration of acquisition time for phonology of
bilinguals compared to monolinguals. However, Ingram (ibid.) developed a tool for
describing articulation, i.e., the so-called Articulation Score (AS). Basically, AS indicates that
a more frequently produced phoneme receives more points, hence wins a higher AS than a

rarely produced phoneme. An AS of 50 is typical for a two-year-old monolingual. The

bilingual child he studied, scored an AS of 68 points for ltalian and only 36 points for
English, thus indicating a faster phonological development for Italian than for English. The

child also had a larger lexicon for Italian than for English. The child studied by Vogel (1975)
had an AS score of 40 for English and 46 for Romanian, slightly less than monolinguals. The
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number of subjects investigated, however, is too small to conclude that bilingual children
acquire their two phonological systems later than the monolingual children acquire just a

single system. Also, up till now, no report could be found on studies which are longitudinally
conducted on the acquisition of two phonologies of unrelated languages such as

Arabic/Swedish or Arabic/English.

6,2.1.3. Arabic children with two unrelated phonologies
In order to test our hypothesis stated above, we conducted an experiment using non-native
speakers of Arabic as well as bilingual native speakers who do not live in Egypt. The reason
for that was to find out how the interference of a second non-related language will effect the
acquisition of pharyngeal articulation.

The phonological systems of language families unrelated to Arabic are often quite
different such as in the case of, for instance, Swedish and English. In the speech of bilingual
children of languages with highly different phonological systems, a delay in the acquisition
time of the production of speech sounds, compared to monolingual children, can be expected.
This delay can be due to increased cognitive activities since bilingual children need to cope
with a larger speech sound inventory and a larger set of phonological rules. Accordingly, it
can be expected that the production of pharyngeal consonants, which are complex, will be
acquired in a later stage by bilingual children than by monolingual children.

The present study was intended to investigate the acquisition of the production of the back
consonants, i.e., /f, h, y, x, h, ?l by bilingual Arabic-English and Arabic-Swedish children.
The results from this part of the study are compared with the results obtained from a second
experiment on native Swedish adults. The Swedish adults were either novice to Arabic or
acquiring Arabic as a second language (L2learners). Both groups were asked to imitate the
same list of Arabic words as that used by bilingual children. The subjects, novice to Arabic
language, were used to test systematically the observation as to the substitution of lll by l?1,

and lhl by lxl or by N. The adults who studied Arabic as a second language were used to test
whether they can manage the complexity of pharyngeal articulation. The aim of the study is to
examine the effect of the anatomical and the physiological factors, in terms of the complexity
of articulatory gestures associated with pharyngeal consonants, on the development of this
class of sounds in the speech of bilingual children.

6.3. Experimental procedures

6.3.1, Subjects

Two main groups of informants participated in the imitation test used in the present
investigation. The first group includes ten bilingual children (group "BLC") (Table 6.3), and
the other includes native monolingual adults (group "SwAdN") (Table 6.4). The child group
comprises bilingual children born and living in Sweden or USA. At least one of each child's
parents in the child group is a native speaker of Arabic who moved to USA or Sweden as an

adult.
The adults group comprises two subgroups (Table 6.4), one represents native Swedish

adults (SwAdL2) who have been learning Arabic as a second language for various periods of
time. The other subgroup consists of Swedish adults (SwAdN) who never in their entire life
were exposed to the Arabic language. One of the adults in the second group has American
English as his mother tongue, but he lived in Sweden for more than 35 years.
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The material used in the present investigation was collected from these groups of
informants using an imitation test. The bilingual Arabic/English and Arabic/Swedish speaking

children were between l;10 and 11;3 years of age (group BLC). The Swedish adults acquiring
Arabic as a second language (group SwAdL2) were between 30 and 38 years of age. The
monolingual Swedish adults (group SwAdN) were between26 and 44 years of age. None of
the subjects had speech defects or showed apparent hearing problems.

The ten children from group BLC were all raised bilingually with Arabic as the dominant
language in the first years of living. The parents were native speakers of Egyptian Arabic,
although in some cases only one of the parents was a native speaker of Egyptian Arabicr. Four
children were born and raised in USA and six children in Sweden. All children were exposed

to both English and Swedish, especially at school and with their peer group or during
watching the local TV programs.

Table 6.3 shows an overview of all 10 children from group BLC. The parents of the
children living in the US used to speak Arabic at home with each other and, naturally, with
their children as well. All children who were born and living in Sweden had one of the parents

being a native Swede, they used both languages at home.

Table 6.4 shows the six second language learners from group SwAdL2 who were students

learning Arabic at various levels at evening schools. Three of them have been studying Arabic
for more than seven years; they master Arabic with a good level of competence. Three other
students have been studying Arabic for five terms (being nearly two years in time). None of
three native monolingual Swedes from group SwAdN was previously exposed to any Arabic
language.

Details of the ten bilingual children (Group BLC) that were used to collect the data from
the imitation test at different ages as well as the second language spoken by the child beside

Arabic, i.e., English or Swedish are shown in Table 6.3. These age periods (henceforth A.P.)
refers only to time division in years according to the age of the child and does not imply any

indication to a presupposition of same or similar mechanism used by the child.

6.3,2, Recordings

The recordings from the children were made in separate sessions per subject. A professional
tape recorder (Marantz) was used with a professional unidirectional clip-microphone
(Sennheiser S-30) fastened to a headset mounted on the head of the subject so that the
microphone is placed 15 cm from the subject's mouth in a fixed position. During the
recording session, which took place always in the child's house with one of the parents
around, a HiFi audio magnetic tapo was used to store the speech material obtained from each

child. The child was insffucted to repeat the words s/he hears.

For the adults the recordings took place in the anechoic chamber of the phonetic
laboratory of Stockholm University. Each adult subject was instructed to repeat the words
which she/he heard via a headphone while seated on a chair in the recording room. The
experimenter (the author) monitored the subject from a closed circuit video camera inside the

recording room that was connected to a TV monitor outside the room. The list of words which
was pre-recorded on a DAT tape was played from a DAT player with a 10 seconds interval
between each recorded token in order to give enough time for the subject to repeat the original

' lt was brought to my attention by John Ohala that whether there were two Arabic-speaking parents or just one

could, one would suppose, make a big difference. We intend for future work to identiff these subjects and to give a

report as to whether there is any discemible effect from this factor.
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word. All the recorded material collected from both the children and the adults groups were
recorded on DAT recorder and then digitized into a computer hard disk for further
spectrographic analysis.

Table 6.2. The groups and number of informants that participated in the imitation test. The

child group consists of Bilingual Children (BLC). The adults group has two subgroups: the
monolingual Swedish who learn Arabic AS a second language (Group SwAdL2) and the
monolingual Swedish who are novice to Arabic language (Group SwAdN).

Bilinsual Children Non Native Adults
Group BLC Group SwAdL2 Group SwAdN

10 (5 females) 3 (one female) 3 (one female)

Table 6.3. List of the ten bilingual children (Group BLC) that were used to collect the data

from the imitatiott test at dffirent ages. The table shows the age period (A.P.) representing
the age group of each two children, the child's initials, the child's age at time of recording
and the second language spoken by that child, besides Arabic.

Ase neriod Initials Ase at recordins 2nd Language

A.P I
1-2 years

HE l:8 American Enelish

KA 1;l I Swedish

A.P. II
2-3 years

FA ?.< Swedish

HS 2:6 Swedish

A.P. M
3-4 years

NTh 3;3 American Enslish

MS 3; lo Swedish

A.P. IV
4-5 years

MZ 4:l American Ensl sh

MTh 4:7 American Ensl sh

A.P. V
5-7 years

LT 5;4 Swedish

SMS 6:6 Swedish

Table 6.4. List of the six monolingual Swedish adults performing the imitation test. The
participants of the two subgroups, i.€., the group learning Arabic as a second language
(Group SwAdL2) and the novices to the Arabic group (Group SwAdN) are listed together with
their initials, where as also the time they have been learning Arabic as a second language is
indicated, plus their age and gender.

Adults Group Initials Time learning Arabic Age Gender

SwAdL2
LR 7 years 38 Male

UM 4 years 31 Female

UP 5 years 36 Male

SwAdN
JS 0 26 Female

PBr 0 46 Male

PBa 0 40 Male



THE ACQUISITION OF PHARYNGEAL ARTICULATION

6.3.3. Material

All children and adult subjects performed the test of imitating words, which were either
recorded previously on a magnetic tape or in some cases (for the youngest children) were read

by the present author. An imitation task was chosen since in this way the same data could be
collected from all subjects, even from the non-native adults from group SwAdN, who had no
previous experience with Arabic. Also, since we were mainly interested in the ability of the

speakers to produce phonetically correct pharyngeal sounds, rather than to know whether they
acquired the sounds in their phonological system, an imitation task seemed to be acceptable.

Table 6,5, List of the Arabic words used in the mimicking experiment by the Sw,edish children
and the adult subjects. Each word cantains one of the back consonants, i.e., /f, h, ?, h, y, x/
or the orals /s, d/. The consonant appears in initial position in the vicinity- of three vowel
environments, i.e., /a, i, u/. The sample words with the target consonant appearing in medial
or final position occur only in the context of the low vowel /a/ in both plain and emphatic
environments. A monosyllabic ward with a final /h/ was not found.

In the same recording session and after the imitation test, samples of spontaneous Arabic
speech (e.9., to describe different animals) were collected from each child in order to compare
any word containing back consonants with the equivalent words of the imitation task. Table
6.5 shows the list of the Arabic words containing back consonants used in the mimicking
experiment by children and adults subjects. Each word contains one of the back consonants,
i.e., /t, h, ?, h, y, x/ or the orals ls, d/. The consonant appears in initial position in the vicinity
of three vowel environments, i.e., ln, i, u/. The sample words with the target consonant
appearing in medial or final positions only occur in the context of the low vowel /re/ in both
plain and emphatic environments. The 41 words were repeated at least two times successively
by each of the participants in the experiment. Additional bi-syllabic words contain the
laryngeal and the pharyngeals in initial or medial position were also used, i.e., l?nler;m/,
Itnlr:m/, ft:rr,lr:m/, {ofleh/, lfntr,l* , but they were not included in statistical tests.
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Target
Sound

Initial MediaI Final
EE II uu plain emphatic

I trrd tiid fuud safrd sotod zr;al
h hered hiid huut srhrb sohob srehh

? Tr,a,d ?iid ?uut sr?re1 so?ot zr??

h hrret hiin huun zr,hnl zohor Not found

v yrereb yeeb yuul zryr,b z(JJ6(It rEYY

x xrerel xeel xuun SEXEN soxob baexx

s/d sreaed siid suud sodd sodod sodd
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6.3.4. Data Analysis

The entire material collected from the three groups of speakers was transcribed phonetically
by the author and the position of the intended consonant (target phoneme) was located and

transcribed phonetically as narrowly as possible. This was necessary to identify on the
spectrogram these target phonemes which are still under development in the child speech and
which do not reflect their actual acoustic properties in the mature system. All target words
selected from the recorded speech material were digitised and stored on a computer hard disk
for further spectrographic analysis. During the course of spectrographic analysis, each set of
mimicked words were scrolled on the monitor of the computer and the values of the acoustic
parameters were written down, i.e., formant frequencies, voicing, friction noise, etc.

All target consonants in the words imitated by the bilingual Arabic-American children
were judged by the present author. The sarne material was later verified by three native
Arabic speakers who have experience with the speech and language of young children. The

task given to them was to evaluate how close the pronunciation of the children of the target
consonant in each word is to the adult example. After these three natives had listened to the

tapes containing the recorded words of the children, their results of judgement were compared
to that of the experimenter (the author). The agreement was neariy 90 Vo, therefore the scores

made by the author were used for further processing.

In addition, all the recorded words were digitised onto a computer hard disk. The target
sound was first located on the spectrogram, then the formant frequencies of voiced
consonants, e.g., ll, yl, or the friction noise in case of the voiceless fricatives, ft, h, m/, or the
glottal stop were compared to idealized parameters describing the same consonant (see

Elgendy, 1982 and also Chapter 4). A speech analysis package (Sound scope by GW
Instrument) was used to obtain the values of these acoustic pararneters. The spectral
properties of the target phoneme in each test word were measured in order to determine their
acoustic cues and to compare it with the speech of the mature phonetic system of Arabic
native adults. The results of this imitation test of the two main groups were also compared to
the sole study available on the acquisition of Egyptian Arabic native monolingual children,
i.e., that of Omar (1973). Table 6.6 shows the acoustic parameters checked in each target
phoneme acoustic signal as it appears on the spectrograms taken from the speech of children
and adults.

Table 6.6. Acoustic parameters checked in the target phoneme acoustic signal as they appear
on the spectrograms taken fro* the speech of children and adults. The signs represent the
absence or presence ofthe feature.

Consonant feature

volcmg
noise range

F1

F2

F3

+
+
+

+

+

+
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6.4. Results

First the data obtained from the imitation task and that of the spontaneous speech were

compared. None of the participants of the two groups BLC and SwL2A showed noticeable
differences between the two types of speech with respect to specific consonants being
acquired or not. Therefore, only the results of the imitation task are reported in this chapter.

Although spontaneous speech often provides additional phonetic information compared to

citation speech, we preferred to choose speech material which reflects best the mechanical
aspects of pharyngeal consonant production, i.e., imitated words in isolation which contain
one of the back consonant in various positions. The criteria of how /I/ and the other speech

sounds were segmented from adjacent vowels on the spectrograms are the same as that used

in the experiment described in Chapter 4.

6.4.1. Children

Table 6.7 shows the results of the imitation test for Arabic words containing one of the
pharyngeal and laryngeal consonants as uttered by the bilingual children (Group BLC). The
number of realizations of the substitute sound at various age periods, i.e., from age period I to
age period V, are listed. That is, 2 tokens per child except /h/ which were five words. The
target sound is one of the pharyngeal or laryngeal consonants in initial, medial or final
position. The actual realizations per child of the substitute sound at various age periods are

listed in Appendix 6.1.a (laryngeal and pharyngeal consonants) and Appendix 6.1.b (uvular,
velar and dental consonants).

To test statistically the results obtained from the child group BLC, the absolute number of
correctly produced phonemes out of the total number of tokens per consonant (/t, h, ?, h/)
was counted. An ANOVA test, appropriate for an unbalanced design, has been performed on
this data as a dependent factor. The following independent factors were considered: the five
age periods (l-V), the four consonants /f, h, ?, h/) and the interaction between these factors. A
Tukey post-hoc test on the age periods showed that age period I was significantly different
from all other age periods except age period IL Age period II differed significantly from age

period V, while also age period IV differed significantly from age period V. Age periods III
and V were not significantly different.

These results indicate that the younger children could not correctly produce as many
pharyngeals and laryngeals as the elder children did. The consonants differed significantly
from each other (p . O.OO1), as well as the age periods (p < 0.001). A Tukey post-hoc test
performed on the consonants revealed that the (ll/ and lhl were not significantly different
from each other (p : 0.567) as well as the l7/ and lh/ (p: 0.982). The other combinations
were significantly different (p < 0.002), indicating that the laryngeals and pharyngeals are

acquired as two separate groups. The laryngeals are acquired before the pharyngeals. The
interaction between the age periods and the consonants was just not significant (p : 0.052).
When pooling lll and /hl to one group "pharyngeals", and l?/ and lhl to one group
"laryngeals" a higher significance was found for the interaction (p < 0.003) indicating a
stronger effect of the age for the pharyngeals then for the laryngeals.

The results obtained from the children (group BLC) showed that the acquisition of the
voiced pharyngeal approximant /flhas a gradual emergence in the child speech. In A.P. I both
children could not pronounce any of the lower pharyngeal consonants. They omitted the
sound when it occurred initially in a word or connected the preceding and following vowels
when /fl occurred intervocalically by prolonging the initial vowel. In A.P. II, sometimes a

glottal stop is used instead of lll and later, in A.P. III, sometimes a voiceless pharyngeal
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fricative /h/ is used until finally it is definitely established as lll (the target phoneme) at the
age of 7;7-8;1 years. Figure 6.1 shows wide band spectrograms representing the gradual
emergence of the voiced pharyngeal consonant lll in the word /fnlr,m/ as uttered by a two
years old child; a 3;2 years old child; a 4;2 years old child; and a male native Egyptian adult.
In this figure, the two years old child just omitted the initial /t/ consonant (A), while the 3;2
years old child has some degree of friction in the place of the target consonant with a locus
pointing out to a constriction located at the inferior part of the pharynx (B). The 4;2 child
already showed a more clear pattern of formants (C) compared to the spectrum of the mature
consonant as an approximant (D).

Table 6.7, The results of the imitation test for Arabic words containing one of the pharyngeal
and laryngeal consonants as uttered by the bilingual children (Group BLC). The number of
real[zations of the substitute sound at various age periods (A.P), i.e., from A.P. I to A.P. V,

are listed. The target sound (TS) is either one of the pharyngeal or laryngeal consonants in
initial, medial or final position. The letter "v" indicates a substitute vowel the child replaced
with the target sound when it occurs in intervocalic position or when the child omits the
target sound in the word initial or final position. Two of the tokens of the A.P. YI and of the
A.P. V could not be identiJied.

TS Realization A.P. I A.P. II A.P. ilI A.P. ru A.P. V

i t 0 0 3 4 9

? I 3
a
J 5 2

v lt 7
1
J

n
J

h 0 2 3 Not identified Not identified

h h 0 0 6 2 10

h 5 9 2 7 0

x 0 I 2 0 0

v 7 0 0 1 0

? 0 2 2 2 2

? ? 3 9 8 l0 r0

0 I 1 2 0 0

v 7 0 0 0 0

h I 2 2 2 2

h h 6 10 t0 l0 r0

v 4 0 0 0 0
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Table 6.8 illustrates the gradual emergence in different age periods of various target
phonemes and the associated approximate acquisition time as realized in the speech of
bilingual children (Group BLC). When /f/ occurred in medial position, it is replaced by
prolonging the preceding vowel while maintaining the total length of the heard word (see

Appendix 6.1.a). The word becomes longer than in the case of just omitting the pharyngeal

consonant from the word, e.g., /setrel/ would be pronounced as lsnr,r.ll. In the case when
thechildsubstitutes lllbyanl?l,theforceofarticulationoftheglottalstopisnotasstrongas
produced by adults. Even the voiceless pharyngeal lhl is not produced with a firm constriction
as in the adult speech (cf. Figure 6.2). Figure 6.2 shows wide band spectrograms showing the

voiced pharyngeal consonant lll in the word lliid/ as uttered by an 8;1 years old Arabic
Swedish girl and a spectrogram of the word lhnlr-mluttered by a 3;l years old child, the age

where the emergence of the voiceless pharyngeal lhl can already be realized as definitely
established for that child. It can be seen in Figure 6.2 that the initial lll in the word /fiid/ for
this child is more like a creak as indicated by the wide separation between the striations on the

spectrograrn. The adult token has a more formant like pattern for the same consonant (cf.
Figure 6.1-D).

Table 6.8. The gradual emergence in dffirent age periods of various target phonemes and
the associated approximate acquisition time as realized in the speech of bilingual children
(Group BLC). The shaded areas indicate the target phoneme at the age period (A.P.) v,here it
is fully acquired. The substitute phonemes are also stated prior to tl'te target phoneme.
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Target
Sound

A.P. I
1-2 years

A.P. II
2-3 years

A.P. ilI
3-4 years

A.P. IV
4-5 years

A.P. V
5-7 years

l?l
tht

lx/
thl
lvl
fit

liiri l.''r

iil ;ii,'
l?1, lw
vowel

Y
vowel

t?l

thl
lxl

iirirl ;il:::iil,ii:lli:
j:i:a: i::ili::il;::::iil :i:ti: : : it | ;:

lgl
ht

l'] I
ht
lxl
th/

i',,.:,..r.'',:..,,.,-lY/'' I

nt

t?t

tw
lxl
th/
lvl
.r$*iri:

Figure 6.3 shows wide band spectrograms representing the word iJotlreh/ as uttered by a
native adult speaker and a 3;1 1 child. The cursors indicate the place of the target phoneme /t/,
which is seen as friction in the child pronunciation, thus substituting the voiced consonant for
a voiceless one. Note in that figure in the left panel that the place indicating the substitute
sound of the voiced pharyngeal consonant is closer to a fricative than to an approximant as it
appear in the adult speech (left panel). Figure 6.4 shows wide band spectrograms representing

the nonsense utterance /tatrtr/ as produced by an adult native speaker (left) and a 4;7 years

old child (right). It can be seen in that figure that the pharyngeal consonant is still not
completely developed in the speech of that child. The constriction is not as low in the pharynx
as in the adult speech (left panel) while F0 is already low for the pharyngeal part as indicated
by the convex pattern of the formnats.
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C

Figure 6.1. Wide band spectrograms representing the
pharyngeal consonant /f/ in the word /falnm/ as uttered
3;2 years old child; (Q a;2 years old child; (D) a male
vertical lines indicate 100 ms time interval.

gradual emergence of the yoiced

b1t: (A) a two years old child; (B)
native Egyptian adult. The dotted



THE ACQUISITION OF PHARYNGEAL ARTICULATION

/riid/ /hrelrcm/

Figure 6.2. Wide band spectrograms representing the voiced pharyngeal consonant /f/ in the
word /fiid/ as uttered by an 8;l years old bilingual Arabic Swedish girl (left). The

spectrogram to the right represents the word /hnlnm/ uttered by a 3;1 ))ears old boy, the age

where the emergence of the voiceless pharyngeal /h/ can already be realized as defi.nitely
establishedfor that child. The dotted vertical lines indicate 100 ms time interval.

Compare for instance the tenth harmonic in the child waveform for the vowel portion and

that of the place where /t/ is supposed to occur. Figure 6.5 shows wide band spectrograms
representing the words l?r.laom/and /telrem/ as uttered by an adult native speaker and a 5;2
years old child. It can be seen in these figures that the child is mainly producing the voiced
pharyngeal approximant as a prolongation of the vowel following the consonant while slightly
increasing the degree of constriction in the pharynx at the moment the pharyngeal consonant

should occur. Note that the entire length of the word l?nlreml is shorter for the child
compared to the adult example which may indicate that the child omits the consonant. Also
the word is heard as shorter in duration compared to the adult version. In the case of lfnlnm/
we speculate that the child created a constriction in the pharyrx closer to that of the aduli
speaker as indicated on the spectrogram by what can be the beginning of the formants of the

following vowel. However, the child, though at age 5;2, still does not have the pharyngeal
consonant realized as totally approximant rather it is more like the voiceless /trl,
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$ o t I reh/ lS o t I nhl

Figure 6.3. Wide band spectrograms representing the word /foflah / as uttered by a native
adult speaker (left) and a 3;ll child (right). The cursors indicate the place of the target
phoneme /l/, which is seen as frication noise in the child pronunciation, thus substituting the
voiced consonant by a voiceless one. The dotted vertical lines show separation of 100 ms time
intervals.

l\ n tre t*l
Figure 6.4. Wide band spectrograms representing the nonsense utterance /fnfnfa/ as
produced by an adult native speaker (left1 and a 4;7 years old child (right). The dotted
vertical lines show separation of 100 ms time intervals.

t\
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adult child
(A) /?retrm/

adult child
(B) /tretrem/

Figure 6.5. Wide band spectograms representing the words /?nlnm/ (A) and /falnm/
(B) as uttered by an adult native male speaker (left hand side of panels) and a 5;2 years old
child (right hand side of panels). The dottedvertical lines show separation of 100 ms time

intervals.

The voiceless pharyngeal fricative started to emerge as a lar5mgeal fricative /h/ before it
is definitely established as lh/ at the age of 3; 1 among all the children under investigation (cf.

Figure 6.2). This result is similar to that of Omar (1973, p. 55) concerning native monolingual
children living in Egypt. The laryngeal sounds l?,hlwere acquired by the child at the age I;6
at the earliest. The voiceless velar /x/ was observed in the speech of some children at the age

of 2;4 while the voiced /y/ was observed at the age of 4;7.It was generally observed in the

speech of the two children representing the age period I (l;8 and l;11) of acquisition of
pharyngeal sounds, that they tend to avoid using or repeating words containing these sounds.

For instance, when asking the child to count from one to ten, the child starts with /wreehed/
meaning lwr,r,hedl o'one" but in 88% of the cases the child skips the count of /srebf a/
"seven" and /toJoro/ "terf', which contain the lll sounds. It is interesting to mention that,

according to Omar {1973), children who were born and are living in Egypt showed a shorter

acquisition time (4;6 in average). It should be noted that the pharyngeal consonants lll and lhl
are among the latest consonants to be acquired by native Egyptian monolingual children
living in Egypt (cf. Omar, ibid.).

The phonetic quality of the velar class of sounds, as produced by bilingual children,
differs from that of the adult speech. The voiced velar is always realized as less trilled than

the voiced velar of the adult.
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Target lll reahzation
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Figure 6.6.a. The percentage of occurrences of the target consonants /1, h/ and the substitute
sounds as realized in the five stages of the acquisition process of bilingual child group (BLC).

The letter "v" indicates the interpolation of the vowel before or after the target sound or the
omission of the target sound in initial orfinal positionfrom the word by the children.
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Target l?l realization
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Figare 6.6.b. The percentage of occurrences of the target consonants /h, ?/ and the substitute
sounds as realized in the five age periods of the acquisition process of bilingual children
(group BLC). The letter "v" indicates the interpolation of the vowel before or after the target
sound or the omission of the target sound in initial or final position from the word by the
children.
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The voiceless velar differs from that of the adult consonant in the amount of friction noise,
maybe due to a weaker contact between the back of the tongue and the velum, which it seems

to be more advanced towards the hard palate. The formant-like pattern characterizing the
velar sounds indicate that the place of contact at the soft palate is more fronted than it is
usually.

The children's glottal stop in a word initial position as seen on the spectrograms (Figure
6.5), up till the age of 3, seems to have less firm contact of the vocal folds during the
adduction phase. This is indicated by the partial continuation of the vowel formants preceding

the l?l sounds when it occurs initially in a word (cf. Figure 6.5). The voiceless la4mgeal /h/ is
also produced with less force compared to that of the native adults speech.

Figures 6.6.a and 6.6.b show the percentage of occurrences of the target consonants /t, h,
h, ?/ and the substitute sounds as realized in the five age periods of the acquisition process of
bilingual children (group BLC). It can be seen in Figure 6.6.a that the voice pharyngeal
consonants /t/ starts out from a vowel to a glottal stop before it is fully realized as a

pharyngeal. The voiceless pharyngeal ihl tend to have abrupt development from a vowel to an

approximant pharyngeal. Figure 6.6.b shows that the voiceless laryngeal consonant /h/ is
realized as fully acquired already by age period II. The /h/ substitutes the glottal stop during
all periods to some extends which indicate that the glottal stop takes longer time than /h/
before it is realized as a mature phoneme.

6.4.2. Adults

The same analysis procedure as in the child group was used to obtain the data from the non-
native adults. The results for both SwL2A and SwAdn groups, showed that only one of them

could produce perceptually intelligible lower pharyngeal consonants, i.e., ll, hl. The actual

realizations of the substitute sounds are listed in Appendix 6.2.a (laryngeal and pharyngeal
consonants) and Appendix 6.2.b (uvular, velar and dental consonants). In these appendixes
the initials of each informant are listed below each of the two subgroups, i.e., SwAdL2 and

SwAdN. The data from the adults group presented in this chapter is limited to what is
adequate to help for the comparison with the children data in order to examine if there is any

resemblance in the production of the set of sounds investigated between these groups. The
target sound is either one of the velar consonants ly, x/ in initial, medial or final positions and
uvular consonants ly, yl or the dental ldl in f,rnal position in both emphatic and plain
environment. However, one speaker who has been studying Arabic for several years was able
to produce some tokens of the lower pharyngeals correctly. This may point out the role of
perception in learning the articulation of these complex sounds. The non-native adults also
were observed to substitute the voiced lll by a glottal stop if the consonant occurred initially.
When /f/ occurs intervocalically they tend to prolong the following vowel exactly as the
native child does at the early stages of acquisition of the same sound. The voiceless fricative
/h/ is substituted by the uvular lyl or a strong version of the laryngeal fricative /h/. This is
also similar to the mechanism used by the native children in earlier age periods.

The laryngeals l?, hl and the velars lx, yl were produced as sounds with acoustic
properties close enough to the target consonant to be perceived as the originals. The non-
native production of laryngeals is softer with less firm adduction of the glottis in the case of
the glottal stop and with less friction during the production of the voiceless laryngeal fricative.
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Although some of the adults group L2A have been studying Arabic for several years they
did not show noticeable difference in the way they produce the lower pharyngeal consonants,

compared to the SwA speakers with the exception of one speaker who studied Arabic for a

eight years.

6.5. Discussion

It has been shown in the previous chapters that the production of the pharyngeal consonants

requires an extreme degree of jaw displacement. The jaw, in the case of the lower pharlmgeals

lf, hl, in the initial position, goes as low as 26 mm for lll and 19 mm for lhl. The jaw
displacement for l?,h/ is 16 mm on average and for lx, y/ it is 13 mm relative to the clench
position (cf. Chapter 3.6). The constriction for N rs felt higher up in the pharynx than that for
fit.

The upper pharyngeals seem to require a less complex process of articulation than the
lower pharyngeals since a shorter time was needed to be fully acquired by the children. On the

other hand the non-native adults seem to use a different mechanism which is not adequate to
the one used by the native speakers since they were unable to produce an intelligible lll or lhl
in most of the cases under investigation. The mechanism underlying the production of the true
pharyngeal consonants /f, h, y, x/ is rather complex. Contraction of the lateral and posterior
pharyngeal walls, substantial velopharyngeal opening, active bending of the epiglottis
cartilage towards the laryngeal inlet, laqmx elevation and constricted glottis are concomitant
articulatory gestures of the pharyngeal consonant production. The degree of these activities
varies as a function of the location of the constriction in the pharynx, i.e., upper or lower
pharynx (Elgendy, 1992). Obviously pulling the tongue dorsum alone in the direction of the
posterior wall of the pharynx is not enough to cause the required constriction in the pharynx
necessarily for producing such consonants. Retracting the tongue in order to narrow the
pharynx at a given point is possible for any speaker who can produce a low back vowel (as in
Swedish and English). Pharyngeal consonant production is attained by using more than
tongue dorsum to create the constriction in the pharynx. This claim is supported by the fact
that the non-native speakers of Arabic that we studied were not able to produce a completely
correct pharyngeal consonant. It was demonstrated in Chapter 2 that the production of
pharyngeal consonants involves downward bending of the epiglottis towards the arytenoids.
In addition, the target position assigned to the mandible during the production of pharyngeal
consonants was maintained even during the following vowel (cf. Chapter 3.4). This can

suggest that the epiglottis has to be released first from its target position before the jaw will be

able to follow the movement of the tongue toward the following target position, i.e., for the
following vowel or consonant (in case of a consonant cluster).

Moreover, the tongue seems to move antagonistically to the mandible, i.e., the jaw is
manipulated in order to adjust the degree and the location of the constriction in the pharynx. A
mechanism for which a native acquiring Arabic needs 4-7 years to learn. On the other hand,

the non-native adult seems to be unable to realise that mechanisrn since her/his innate system
(English or Swedish) does not have such an articulatory manoeuvre as to move the jaw in
antagonism with the tongue.

The results of the present study showed that the native language acquisition time of the

back consonants varies as a function of the relative degree of jaw height. It seems that the
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child first acquires those consonants which require less degree of jaw displacement before
she/he achieves the production of that sound with greatest displacement, e.9., lll (see Table
6.8). In early age periods, lower pharyngeals /f , hl are gradually emerging, at different
periods of the child age, as consonants with less degree of jaw displacements, i.e., l?l for lll
and /bl or lxl for lhl . The lower pharl.ngeals /tr, f/ are fully acquired at the age of 3;5 and 7;0
years, respectively. We observed one case of a child of 8 years of age who lives in the USA
and of which both parents are Egyptian-American and still did not develop a correct lll. The
acquisition time for lll reported by Omar (1973) for native monolingual children, i.e., born
and living in Egypt, is about 4.6 years. Omar (ibid, p. 56) pointed out that /f/ when occurring
medially in a word, is acquired earlier than when it occurs initially. We demonstrated in
Chapter 3, that the degree of jaw height for lll in medial position is less than that when it
occurs in initial or final position.

Although major anatomical changes of the vocal tract may occur within the first year of
life (Kent, 1992), it is assumed that reshaping of the tract does not reach its completion until
some time between the third and ninth birthday (Buhr, 1980; Lieberman, 1975). One of the
most important anatomical changes which takes place during this period is the descending of
the larynx and of the hyoid bone, thus enlarging the pharynx size and giving the lower jaw
more mobiliry to move to a lower level. It might be that this reshaping of the pharynx needs to
be completed before the lll can be produced correctly. Furtherrnore, the mechanical
complexity of pharyngeal sounds can cause a relatively late acquisition time of the pharyngeal
consonants. This complexity requires a well-trained coordinated muscular skill which seems

to be involved in the production of pharyngeals and enhanced by more frequent perceptual
input. Moreover, it has been shown in Chapter 2that for this class of speech sounds, different
structures and muscles are involved, e.g., that of the pharynx and of the epiglottis, compared
to most of the other consonants. This would lead to a relatively small amount of experience
with the production of these sounds which is needed to learn the motor coordination required
to build up the phonological structures in Arabic speech.

That non-native adults produced similar substitute sounds as those in the early age periods
of the native child's life, may indicate that a similar mechanism was used in both cases.

However, both adult groups could never produce perceptually intelligible lower pharyngeals,

i.e., /f, h/ with the exception of one rnore trained speaker. The laryngeals l?1, /h/ were always
as that of the natives and the upper pharyngeals /x, y/ were produced as sounds close enough
to the originals to be perceived as such. Although some of the adults have been studying
Arabic for several years, no noticeable improvement in the way they produce lower
pharyngeals under the course of learning was observed. Since the sounds they produced are
l?l and /x/ instead of lll and /h/ respectively, it seems that they simply pull the tongue root
toward the posterior pharyngeal wall to achieve a constriction, thus resulting in producing a
velar or a uvular sound.

This mechanism, which is adapted from their inherited phonetic system, i.e. Swedish or
English, lacks the extreme degree of jaw displacement which characterizes the production of
pharyngeal consonants in Arabic. Despite the fact that they were able to distinguish
perceptually between the members of this class of consonants as a test of minimal pair2 words
showed, they were unable to manipulate the pharynx as required, probably due to interference
of an already acquired phonological system and phonetic experience. This would prevent the

: Each of the adult non-native speakers participating in the present experiment was asked to perform a perceptual test

to find out whether s/he could disfinguish between the pharyngeal, laryngeal and velar sounds. They were asked to

tell whether they heard two different sounds or the same for each minimal pair of words.
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articulatory gesture to be executed according to the perceptual image of the sound segment.

The native children could, however, achieve successful production, though in a gradually
emerging fashion while taking longer time than in monolingual cases. There might be also

some other language-specific features which are properties of the phonetic system of Arabic,
e.9., prosodic, syllabic structure, etc., which aided the children to manipulate the pharynx and

the jaw according to the required sffategy,
The substitution of the lower pharyngeal consonants by either prolonging the preceding

vowel or by a glottal stop by native children at the early age periods of acquisition is exactly
what non-native adult speakers did. This may suggest that the process of developing the

production of such consonants by adults, based on perceptual mapping, is stopped at some age

period since they are unable to acquire the sound even after considerable time of learning
Arabic as a second language. It can be expected that their ability to produce intelligible
pharyngeal consonants will be improved if they are instructed to increase the degree of the
jaw opening and to keep the tongue body upwards as required for the lower pharyngeals. In a
pilot experiment3, we observed that the quality of the sound in question improved to a

noticeable extent after these instructions. This fact also can be used as additional evidence that
these L2 leamers are able to distinguish the intended and the produced segments perceptually.

Bilingual language communities in Egypt substitute the lower pharyngeals lll and lW by
l?l andix/ respectively. In spite of the fact that they are exposed to the overall inventory of
the sound system of Colloquial Egyptian Arabic since their early childhood, it can be

expected that this is not because of a perceptual constraint, rather it is due to some other
factors, such as the interference of the two phonological systems.

Although Cleft palate patients, e.g., Swedish (Ericsson, 1987), Japanese (Kawano et al.,

1985) or American English (Trost, 1981) do not have any pharyngeal consonants in their non-
pathological phoneme inventories, they tend to manipulate the pharynx, the larynx and/or the

epiglottis to compensate for the deficiency of producing those speech sounds which require
disconnected coupling between nasal and oral cavities. The fact that cleft palate speakers use

the pharyngeal and laryngeal cavities as a substitute of the deformed oral cavity suggests that
the mechanism used by the non-native speaker ignores the aerodlmamic parameter, which is
realized by the cleft palate patients.

The articulatory model proposed in Chapter 5 underscores the importance of consonant's
jaw height as a primary phonological parameter by which one of two articulatory strategies

will be chosen. The delay in the acquisition time may be due to the availability of two
strategies operating the temporal organization within and between the syllables of the
utterance in the mature system.

6.6. Conclusion

In summary, the acquisition of the pharyngeal articulation by native children, as indicated by
our present results showed a gradual emergence of the pharyngeal consonants. The
substitution varies from omission or avoidance of the target pharyngeal consonant to the use

of another consonant which shares some of the acoustic properties of the target sound. The

true lower pharyngeal consonants tend to take a considerably longer amount of time before
they are fully acquired which stands in agreement with the results reported by Omar (1973).

'A gum spacer with various heights was put in between the speaker's jaws while uttering Arabic words containing

pharyngeal consonants.
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The upper pharyngeal consonantsl e.g., velars and uvulars, seem to require a less complex
process of articulation than the lower pharyngeals since they needed shorter time to be fully
acquired. For velars and uwlars, the tongue is the major articulator and the partial contraction
of the upper pharyngeal muscles is considered to be minor. On the other hand the non-native
adults seem to use a certain mechanism which is not adequate to the one used by the native
speakers. These findings suggest that the mechanical constraints induced by the complexity of
pharyngeal consonant production can be a hinder for novice speakers of Arabic to master
pharyngeal articulati on.

In the next chapter, we attempt to demonstrate how the mechanical factor which was
found to influence the process of acquisition of pharyngeal consonants, will also contribute in
determining the structure of word formation in terms of the inherent jaw height of the
consonants in a sequence.
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Appendix 6.7,a.
The results of the imitation test for Arabic words containing one of the pharyngeal and
laryngeal consondnts as uttered by thel0 bilingual children (Group BLC), The initials of each

child are listed according to the children age group starting from age period I to age period
V. The target sound (TS) is either one of the pharyngeal or laryngeal consonqnts in initial,
medial or final position. The substitute sound is listed next to the target consonant for each

speaker. The letter "v" indicates the interpolation of the vowels before and after the target
sound or when the child omits the target soundfrom the word initial orfinal position.
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A.P. I A.P. II A.P. III A.P. IV A.P. V
Subiect's initials

TS Word HE KA FA HS NT MS MZ MT LT SM

T ferd v v ? V v t ? f t t
tiid v ?

oI v ? ? 7 f rl
I f

tuud v v ? v ? h ? ? i ?

setred v v v v h t v t f f
sotod v v v v h e

I V f oI t
zr,nf v v v v v v v ? ? v

h hered V v h h h h h h h h

hiid v h h h h x h h h h

huut v v h h h x h h h h

sahab v h h h h h h h h h

sohob v h h h h h h h h h

sahh h h x h h h v h h h

? ?read v v ?
.l
I ? ? ? ? ? ?

?iid ? ? ? ? ? ? ? 7 ? ?

?uut v ? ? ? ? ? ? ? ? ?

sr?al v v ? ? ? v ? ? ? ?

so?ot v v ?
.)
1 ? v ? 7 ? ?

za?? v v v ? ? ? ? ? ? ?

h hrret v h h h h h h h h h

hiin v h h h h h h h h h

huun v h h h h h h h h h

znhnl v h h h h h h h h h

zohor h h h h h h h h h h
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Appendix 6.1.b.

The results of the imitation test for Arabic words containing one of the velar or dental
consonants as uttered by thel} bilingual children (Group BLC). The initials of each child are
listed according to the children age group starting from age period I to age period V. The

target sound (TS) is either one of the velar consonants /y, x/ in initial, medial or final
position. /d/ only appear in medial and final positions. The substitute sound is listed next to
the target consonantfor each speaker. The letter "v" indicates the interpolation of the vowels

before and after the target sound or when the child omits the target sound from the word
initial or final position.

A.P. I A.P. II A.P. III A.P. IV A.P. V
Subiec 's initia ls

TS Word HE KA FA HS NT MS MZ MT LT SM

Y vrereb x k x q Y Y x Y Y Y

veeb x x x q Y Y Y Y Y Y

vuul x x x x Y Y x Y Y x
zrvr,b k x Y Y Y Y Y Y Y Y

zgvor v x x H V V x. Y B Y

rEYY v x v x x Y Y x Y Y

x xaerl x k x x x x x x x x

xeel x x x x x x x x x x

xuun x x x x x x x x x x

SSXEN k x x x x x x x x x

soyob V E K K x x x x x x

brexx k x x x x x x x x x

d srrd d t d d d d d d d d

siid d t d d d d d d d d

suud d t d d d d d d d d

scdd d d d d d d d d d d

sodod d d d d d d d d d d

sodd d d d d d d d d d d
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Appendix 6.2.a.

The results of the imitation test for Arabic words containing one of the pharyngeal or
laryngeal consonants as uttered by the Swedish adult speakers. The initials of each informant

are listed below each of the tw'o subgroups, i.e., Arabic learner (SwAdL2) and novice
(SwAdN). The target sound (TS) is either one of the pharyngeal or laryngeal consonants in

initial, medial or final position. The letter "v" indicotes a substitute vowel the speaker used

before or after the target sound or when the subject omits the target sound fro* the word
initial orfinal position in both emphatic and plain environment.

Adult qrouDs SwAdL2 SwAdN

Initials LR UM UP JS PBr PBa

TS Word Taroet sorrnd realization

f trred t ? ? ? ? Y

fiid ? ? ? ? ? Y

fuud ? ? ? ? ? Y

seted f Y ? Y ? Y

sofod f Y ? Y ? Y

zr,nt f Y h Y ? Y

h hrered h h x x h h

hiid h h h x h h

huut h h Y x h x
srehab h h h x h x
sohob h h h x h x
sehh h x x x h h

? ?ard ? ? ? ? ? 7

?iid ? ? ? ? ? ?

?uut ? ? ? ? ? ?

sa?re1 ? V ? ? ? ?

so?ot ? Y ? ? ? 7

zt?? ? V V ? Y ?

h hrct h h h h h h
hiin h h h h h h

huun h h h h h h

zr,hnl h h h h h h
zohor h h h h h h
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Appendix 6.2.b.

The results of the imitation test for Arabic words containing one of the velar or dental
consonants as uttered by the Swedish adult speakers. The initials of each informant are listed

belo,,* each of the two subgroups, i.e., Arabic learner (SwAdL2) and novice (SwAdN). The

target sound (TS) is either one of the velar consonants /y, x/ in initial, medial or final
positions or dental /d/ in medial orfinal position in both emphatic and plain environment.

Adult sroups SwAdL2 SwAdN
Initials LR UM UP JS PBr PBa

TS Wnrd Targef sorrnd realization

Y YreEb Y Y Y Y Y x

Y eeb Y Y Y Y Y Y

Yuul Y Y Y Y Y Y

zrya,b Y x Y x Y x
zoJJor H g x x Y x
rEYY Y Y Y x x x

x xrrel x x x x x x

xeel x x x x x x

xuun x x x x x x

s&x&n x x x x x x

soxob x x x x x x

brxx x x x x x x

d srred d d d d d d

siid d d d d d d

suud d d d d d d

scdd d d d d d d

sodod d d d d d d

sodd d d d d d d



Phonetic basis of Arabic phonotacticsl

Abstract

The organization of consonant phonemes in Egyptian Arabic was investigated. The frequency
of occurrence.for each consonant in initial, medial, and final positions in CWC, CVCVC,

and CVCC words were counted from matrices containing all permissible combinations. The

results revealed thnt consonants in a given sequence are generally selected according to their
compatibility to preserve the temporal aspects of syllable structure. The relationship between

positions of consonant in a sequence depends, to a great extent, on their relative degree of
inherent jaw height. The physiological constraints affecting segments involving the plwrynx in
their production, have a sever"e impact on the overall distribution patterns. The results did
point out the predominant ffict the biomechanical factor has over the acousticallperceptu"al

factors on the observed phonotactics patterns. The results further suggest that physical
constraints as a determining factor of the structure of human language should be considered

in improving methods of constructing articulatory models of speech.

t Substantially extended version of a paper presented at Eurospeech93 Berlin, (Elgendy, 1993.b).
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7.1. Introduction

In this chapter we argue that the effect of biophysical constraints on the order of phonemes in
a string is an oversimplified issue in the phonetic research. We demonstrate that by stating the
phonotactics rules governing pharyngeal consonant distribution in Egyptian Arabic. The
scope of the present study concerns the phonotactics patterns of C,VVC2, C1VC2VC, and
CrVC2C3 Arabic words. This will suffice, in our opinion, to improve the solution to the
problem concerning the way of mechanical properties of the vocal system effect shaping
human language.

7.1,1. Universal aspects of phonological structure

There are numerous factors involved in determining the universal aspects of phonological
structures of human language. Phonological pattems observed in different language families
suggest that human beings tend to make use of certain phonotactics rules which are highly
constrained in terms of the patterns of phoneme arrangements in sound sequences. Some of
these factors are based on the fact that all human beings share physical and biological
characteristics such as the anatomy of the brain, the hearing organs and the overall
configuration of the vocal tract.

The way phonemes are organized to constitute sequences of consonants and vowels in
normal speech, is determined by several conditions, e.8., mechanical, acoustical/perceptual,
neuromuscular, historical (i.e., sound change), etc. Mechanical factors can be described as

constraints on the production mechanism due to biophysical properties of the system
controlling the motor activities shaping the vocal tract. Anatomical connections between
various articulators and the neuromuscular constraints on the nervous system put restrictions
on the rate or direction of movement when various articulators, such as the tongue, the jaw or
the velum, interact. On the other hand, acoustical factors which contribute in forming the
structure of human language can be exemplified in terms of aerodynamic constraints. Such
constraints affect the articulatory/auditory system and exert demands on the selection of
acoustic signals combined with the need to meet the requirements arising from limitations of
the perceptual capabilities of the auditory system.

Several studies have attempted to account for the distribution patterns of phonemes

observed in the languages of the world. Explanations for acoustic and physiological facts
characterizing speech can be found in the way speech sound units are strung together. For
example, it was argued (Stevens, 1972; Ohala 1980) that phonetic segments are combined to
form syllables and morphemes according to their relative magnitude of acoustic modulation.
The modulation between acoustic signals can be measured in terms of values of formant
frequencies, relative amplitude associated with each resonance frequency, overall spectral
energy or source dynamics, i.o., envelope periodicity (cf. Plomp, 1984). For instance, a

combination of a consonant and a vowel, which is the most common sequence found in
languages, represents a typical string which characterizes a maximal acoustic modulation.
That is, the degree of spectral similarity/dissimilarity of the acoustic signal will determine the
viability of two segments to co-occur adjacent to or in the vicinity of each other.

On the other hand, languages select only a limited subset of phonemes from the logically
permissible combinations to comprise the inventories of their sound system. Observations
made on the phonologies of varieties of language families point out that this selection is not
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random. The nature of phonotactics rules which can be derived from the sequential order
underlying phonological systems reflects the common ground which languages share to set

severe restrictions on the arrangements of phonemes. The main purpose of these restrictions is

to enhance the efficiency of the speech communication process among human. Some studies

which investigated the segment inventories of various languages suggest that the choice of
certain sound sequences is conditioned by perceptual and acoustical limitations characterizing
the process of speech production (Liljencrants and Lindblom, 1972; Ohala and Riordan,
t979).

7 .1.2. Co-occurrence restrictions

Restrictions on sound sequences range from absolute prohibition to relative infrequency of
occurrence (Bell, 1971: Greenberg, 1978). Phonotactic constraints can be of different types
and of different magnitudes. For instance, constraints can be on segment position in the

syllable, e.9., some phonetic segments occur initially but not finally in a given syllable.
Constraints can also be on the position of the entire syllable in the word or on segment

clusters that contain different classes of speech sound units, e.g., obstruents, liquids, glides,
etc. For instance, a stop consonant will form clusters with bilabials and velars more frequently
than with laterals. This observation is found in the phonologies of languages such as Breton,
Danish, English, German, modern Greek and Norwegian (Bell, l97l).

Secondary articulation, e.9., labialization, velarization, pharyngealization, etc., effecting
the articulatory/acoustic properties of phonemes can also be subject to distribution
restrictions. Palatalization, for instance, is not preferred to occur on dentals, alveolars or
palatals, while labialization tends not to accompany labial consonants. Data sampled from 197

languages (Crothers et al, 1979) revealed that labialization, i.e., adding lip rounding to the
phoneme primary place of articulation, is predominant on velars in the majority of languages

which allow phonemic labialization. Another study (Ruhlen, 1975) found that out of 700
compiled languages, 48 allow labialization on labials, 26 on dentals, 16 on alveolars, 43 on
palatals, 3 18 on velars, 107 on uvulars and 26 on pharyngeals and glottals. This observation
may indicate that labialization as a secondary feature tends to be suitable to accompany these
phonetic segments which have less resistance to jaw lowering, i.e., velars and uvulars involve
the back of the tongue while dental, labial and maybe pharyngeal consonants will require that
the jaw is actively involved in their production.

A common phonotactics universal is the tendency to disfavor consonant clusters in
general. In addition, consonant clusters occur more frequently in initial position than in final
position in a given word (Bell and Hooper, 1978; Greenberg, 1978). Syllable type, i.e., open

syllable CVV vs. closed syllable CVC, can also be subjected to phonotactics constraints. It
was shown (Malmberg, 1963) that in Swedish, open syllables are favored to closed syllables;
an observation which seems to be common among many other languages.

Constraints can also be on sequences of a consonant and a vowel. For example, front
vowels infrequently occur in conjunction with a dental, alveolar or palatal consonant. In
addition, labial or labialized consonants rarely occur with rounded vowels. The occurrence of
low vowels in a sequence of velar consonants outnumbers that of other consonants (Crothers

et al. 1979).
There are several accounts which attempt to find explanations for the observed

phonological patterns in terms of the co-occurrence restrictions exhibited in different
languages. Three of the most accepted hypotheses found in the literature, in which attempts
have been made to account for the universal sequential constraints, are briefly stated below:

2t9
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A) Featural contrast hypothesis: The featural contrast hypothesis makes use of the
distinctive feature theory (Jakobson, Fant and Halle, 1952) in that the constituents of binary
oppositions will fall in the same class of phonemic similarities, hence they are apt not to co-
occur in the same sequence. This hypothesis defines the contrast between successive
phonemes as the number of features by which two consonants differ from each other (Saporta,
1955). However, according to this hypothesis, it would be difflcult to account for the already
existing interaction of a given phoneme with the surrounding phonemes in a string. Connected
speech is characterized by interaction between articulatory gestures constituting a given
speech utterance, i.e., coarticulation. The distinctive feature theory is based on the presence or
absence of a bundle of features described in acoustic terms. These bundles of features are

ascribed to each individual phoneme and are supposed to be unique to each phonetic segment.
The shortcoming of the featural contrast hypothesis is that it does not consider the overlap

found in the acoustic signal due to coarticulation which characterizes speech. When the
bundles of features are successively added to each other in a stream of phonemes, the
segment, then, has to lose its uniqueness in relation to the successive segments in order to
allow that interaction, i.e., coartiuclation.

B) Articulatory features: Some other studies have attempted to provide an explanation for
the constraints on phoneme sequences on physiological grounds. Malmberg (1963) postulated
that the simple structure found in sound sequences at syllable final position is due to the
gradual weakening of the muscular activities as the utterance gets longer. Diver (1975) used a
featural framework to account for the phonotactics skewing found among stop consonants.
The feature [mobile] was ascribed, for instance, to the stops and the feature [stable] for the
fricatives. In this way segments which are "stable" will occur less frequently with segments
which are "mobile". The drawback of such a hypothesis is that the stability or the mobility of
an articulator, e.9., the tongue, can vary from one instance to another as a function of phonetic
context.

C) Strength vs. Sonority hierarchies: Strength hierarchy is an articulatory convention that
classifies phonetic segments in terms of their force of articulation. The hypothesis based on
the strength hierarchy assumes that segments as well as syllables are rank-ordered according
to their "strength/weakness" (e.g.,Lass, 1984; Hock, 1986; 1991). Accordingly, segment
categories can be put on a scale of articulatory force ranging from low to high, i.e., vowels,
glides, liquids, nasals, voiced continuants, voiceless continuants, voiced stops, and voiceless
stops, respectively. Diagram 7.1 represents the relationship between the strength/sonority
hierarchy in terms of the dichotomy found between vowels and consonants. The hierarchical
relationship found among segments is determined according to the rank which the segment
will be assigned. This hypothesis is based on observations found in the sound systems of
different languages which are derived mainly from articulatory strength in the acoustic sense
(Hooper, 1972). Obviously, this classification of rank-order does not offer an adequate
explanation to the observed phenomena in terms of their force of articulation, as the term
indicates, but rather in their degree of acoustic saliency.

On the other hand the "sonority hierarchy" as advocated by Hankamer and Aissen (1974),
is almost the same as the strength hierarchy, but in a reversed order. Sonority is an acoustic
term, which refers to the degree of acoustic saliency in the speech waveform. The hypotheses
discussed by Hankamer and Aissen (ibid.) assumed that segments are rank-ordered according
to the degree of sonority they posses (Diagram 7.1). This sonority also is derived from
acoustic parameters such as acoustic energy, which might be correlated with intensity,
tonality, audibility, etc. It was noted that vowels are the most sonorous segments since they
always (apart from syllabic consonants), occupy the syllable nucleus. The obstruents were
considered to be the least sonorous segment since they tend to occupy the margins of the
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syllable. Liquids and glides, being less sonorous than vowels but more sonorous than
obstruents tend to occupy positions in the syllable closer to the vowel (Heffner, 1960).

However, there was no clear physical parameter presented by which the hierarchical
characteristics can be defined.

Diagram 7.1. The relation between the strengthlsonorit..t hierarc'hy in terms of the dichotomy

found between vowels and consonants.

Sonority and segmental strength are commonly assumed to be two reciprocal expressions

for the same observed phenomenon as far as language structure is concerned. However, there
are some speech sound classes which are not compatible with that assumption, e.g., the class

of laryngeal consonants. Some laryngeal consonants such as /?l and /hlare considered to have

both a low degree of consonantal strength as well as a low degree of sonority.
Nevertheless, there are some experimental studies attempting to provide a phonetic basis

for the hierarchy of segmental distribution. Some studies speculated that the physiological
properties of the speech production mechanism can be used as a ground for explaining
sequential constraints (e.9., Fujimura and Lovin, 1977; Browman and Goldstein, 1988). Other
studies took advantage of that notion and claimed that the sonority hierarchy can be correlated
with the degree of jaw opening and that the hierarchical nature of the phonotactics constraints
might be ascribable to a given consonant's natural "propensity" (tendency) to coafticulate
with vowels (Lindblom, 1979; I 983).

Lindblom (1983) explained the observed tendency of consonants with a relatively open
jaw in Swedish to occur more frequently closer to the vowels, as the natural propensity of the
consonant to accommodate the vowel jaw height. That is, according to Lindblom, consonant
production is dominated by the vowel's natural properties to have an open jaw in order to
reach a higher level of acoustic saliency. Accordingly, vowels are always produced with an

open jaw while consonants are characterized by a closed jaw, hence, consonants are less

sonorant as phonetic segments than vowels. Lindblom's hypothesis is based on the acoustic
definition offered by Ladefoged (1975, p.264) which classifies vowels as sounds having a

comparatively large amount of acoustic energy. However, Keating (1983) provided counter
evidence obtained from American English on the jaw height of various consonants and
concluded that virtually any segment order can be accommodated by the jaw. We concluded
in Chapter 3 that an extreme degree of jaw opening can also be a characteristic feature of
consonants, i.e., pharyngeal consonants. Hence we see that the hypothesis offered by
Lindblom (ibid.) which categorizes consonants and vowels into closed and open jaw,
respectively, is not valid at least as far as pharyngeal consonant production is concerned.
Thus, reducing its viability to account for this phenomenon in a universal framework of
presentation.

221

Obstruents =+ Nasals = Approximants +Vowels

(-) sonority

(+) strength

( + ) sonority

( - ) strength



))) CHAPTER 7

In order to put speech sounds on a scale classifying them into different phonetic
categories, this acoustic energy should be measured quantitatively. Acoustic energy for a

given speech sound is difficult to quantify and varies considerably across speakers and
languages (Stevens, 1989), hence, it is uncertain to incorporate a well-defined phonetic value
into the linguistically motivated sonority accounts.

In this chapter we address the following questions: are there any restrictions on the
distribution of pharyngeal consonants as phonetically complex segments? What is the nature
of these restrictions (if any)? Are these limitations, if found, governed by acoustical or
biomechanical constraints? We aim to provide an explanation to the phenomena observed
regarding pharyngeal articulation, rather than to confine our investigation to stating just
phonotactics facts as other approaches did (Greenberg, 1950; Harrell, 1957: Tomiche, 1964:
Aboul-Fetouh, 1969; Mousa, 1972; Mrayati, 1987). These studies will be reviewed in the next
section.

In order to find out what type of restrictions the set of pharyngeal and laryngeal
consonants are subjected to, we will first state the distribution patterns of the overall
phonotactics system. Second, we will specify the patterns which are confined to this set of
consonants as speech sounds as a function of the consonant inherent degree of jaw lowering.
The available data on the physiological properties of these consonants and the associated
acoustic attributes are considered when we attempt to account for these pattems.

7.2. Background

In this section we provide a brief account on the
phonotactics with a focus on pharyngeal consonants.

previous research work on Arabic

7.2.1. Phonotactics of pharyngeal consonants

In the previous chapters we have demonstrated that the mechanism involved in the production
of pharyngeal consonants is highly complex. Pharyngeal wall displacement, velic lowering,
larynx raising, active posterio-inferior movement of the epiglottis and a constricted glottis are

concomitant articulatory gestures of the pharyngeal consonants. The constriction size in the
upper and lower pharynx is adjusted seemingly by the mandible. The degree of jaw
displacement, which is extreme, is inversely proportional to the location of the constriction in
the pharynx. That is, pharyngeal and laryngeal consonants are produced with an opened jaw
sirnilar to that associated with low vowels. We also demonstrated in Chapter 4 that segments
produced with a constricted pharynx are acoustically characterized by having the first two
formant frequencies closer to each other, a weak energy in higher regions of the spectrum and
a markedly low fundamental frequency. The model proposed in Chapter 5, stated that the jaw
trajectory is the factor which will determine the interconsonantal path in which the temporal
aspects of a string of phonemes will be determined. One way to examine that assumption is to
investigate the patterning by which consonants are organized and permitted in a word. There
are few studies which deal with Arabic phonotactics in particular. Some of them, which
mainly had phonological or morphological analysis framework, are summaized below.

Greenberg (1950) studied the patterning of root morphernes in Semitic. He presented
tables showing the co-occurrences of the first, second and third consonantal elements in the
trilateral verb root in classical Arabic. In his tables (pp. l6a-66), it can be seen that the
restriction on the co-occurrences of the so-called guttural consonants, i.e., laryngeals and
pharyngeals, is severe. That is, laryngeal and pharyngeal consonants tend not to occur
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together in the same verb roots. Accordingly, Greenberg used this fact to classify this set of
consonants as a natural class of speech sounds. However, no phonetic explanation was offered
by Greenberg's study as to the causes of this phenomenon.

In a study of Egyptian Colloquial Arabic (ECA) phonology, Harrell (1957) dealt with
some aspects of the phonotactics of that language. He stated the types of clusters permitted in
ECA on a phonological level. Although his main interest was focused on the permissible
clusters in terms of the consonant's manner of articulation, the results of his scanning could
reveal similar observations as that of Greenberg (1950) concerning the distribution of
pharyngeal and laryngeal consonant. The tables presented by Hanell (ibid.) stating consonant

clusters showed no presence of such consonants to occur next to each other, i.e., no
pharyngeal consonants appear together in the roots.

In a general study comprising phonological, morphological and syntactic analysis of the

spoken Arabic of Cairo, Tomiche (1964) calculated the frequency of occurrences of the

consonants inventory of Egyptian Arabic found in a specific spoken text. The author tape-

recorded a verse of popular folk songs recited by one native speaker. The recorded material
showed that the total number of consonant and vowel phonemes was 10,010 out of which
6052 consonants were found in both plain and emphatic (pharyngealized) contexts. The
number of pharyngeal consonant phonemes /f, h/ was found to be 461 which is 7.6lVo of the
total number of consonants counted in the sample text. The laryngeals l?/ and lhl occur in
9.67a of the total consonants and velars occur in 2.327o of the total number of consonants

counted. The highest score a consonant reached was that for lll which occurred in 8.027o of
the total number of consonants; /m/ 4.22Vo; lnl 3.507o, ldl 2.44%o, ltl3.18%o, /bl 3.037a. Table
7.1 shows the percentage and the frequency of occurrence of various consonants categories as

a function of their place of articulation of the total of 10,010 phonemes counted.
Tomiche's study gives a good indication of the frequency of using pharyngeal and

laryngeal consonants in Arabic word structure. Arabic pharyngeal consonants, though
complex phonetically, tend to be frequently used in constructing words in that language as the
percentages mentioned above show.

Table 7,1. The percentage of the fi equency of occurrences ofvarious consonant categories as

a functiott of their place of articulation. The total number of vowel and consonant phonemes

is 10,010 divided as 6,052 consonants and 3,958 vowels (afterTomiche 1964).

Place of articulation Frequencyofoccurrence Percentageofoccurrence
Labials
Labiodentals
Dento-alveolars
Prepalatals
Postpalatals
Velars
Pharyngeals
Laryngeals
TOTAL

tt27
t73
2309
879
371
r4t
461
s91

6,052

t8.62
2.8s
38.35
t4.52
6.r3
2.32
7.61

9.60
l00Vo

The study of Aboul-Fetouh (1969) on the morphology of CEA, briefly stated a tabulation
of the possible sequences of radicals in a tri-consonantal root, i.e., Cr-C2-C3. In the two tables
published in this work, the phonemes were grouped on the basis of the density of the non-
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occurrences of the successive C, and C2. It was observed that C, and C, are never identical
and that they cannot be two successive labial, dental stops, dental fricatives, or velars. As for
C2 and C3 in the same root morpheme, the table showed that consonants in the second and
third positions may be identical except the velar lgl and the laryngeal lhl (Table XVIb,
appendix A in his book). Although Aboul-Fetouh's phonotactics analyses was not as

extensive as that of Greenberg (1950), it showed, however, that similar consonants tend not to
co-occur in the same root morpheme in Arabic. However, neither of these studies gave an
explanation to this observation.

Mousa (1912) computed the frequency of occurrence of all entries found in the classical
Arabic dictionary "Al-Sihah", one of the largest and most used Arabic dictionaries today. By
checking the counts published in Mousa' study we noticed that the number of occurrence of
the back consonants, i.e., pharyngeals, laryngeals and velars in initial position in the tri-
consonantal morphemes override the same consonants in the medial position. We found the
reverse to be true concerning the front consonant, e.9., dentals.

Mrayati (1987) published statistical results obtained from computer based calculations of
the frequency of occurrence of the consonantal structure of the roots in Classical Arabic as

stated in the five most used Arabic dictionaries. Also Mrayati' study (ibid.) revealed that the
lower pharyngeal consonants are among the consonants which have a relatively high
frequency of occurrence. For instance, the pharyngeals /fl and /h/ showed 5.02Vo and 3.63Vo

occurrence, respectively, which are nearly the same if compared to hl andlU which showed
7.9% and 6.l2Vo, respectively (p. 98). Some other consonants are less frequently used
compared to these consonants, e.9., dental consonants. The laterals lrl andlU have the highest
frequency of occurrences among all consonants in Arabic. Moreover, this study showed that
the lower pharyngeal consonants occur more frequently in initial and final positions than in
medial position. Mrayati's study shares many of the findings found in the investigation
conducted by Mousa (1972).

The study by Elgendy (1993), extended and reported in this chapter, showed that the
number of occurrences of pharyngeals as back consonants is balanced with that of front
consonants. The place of articulation, expressed in terms of the degree of the jaw lowering of
the consonant, is the factor which determines this inter-relationship. The consonants were
classified into three different classes, i.e., low, central and high.

Frisch, Broe, and Pierrehumbert (1995) presented a model of Arabic co-occurrence
restrictions as a case study of universal phonotactics in general. They suggested that
phonological knowledge is not based on an autonomous system, i.e., a system which is self
governed or functioning independently without control by other elements. Rather, phonology
is embedded in the more general cognitive functions of classification and category learning.
Their study demonstrated that the similarity found among various consonant places in Arabic
is a major factor in determining the co-occurrence of certain consonants in a sequence. This
implies that the choice of two or more successive consonants is conditioned by how dissimilar
they are in terms of their phonetic values.

All the above-mentioned studies which dealt with Arabic phonotactics, point out to the
peculiarity of the distribution patterns of pharyngeal and laryngeal consonants in terms of
their preference of syllable initial rather than medial position. However, none of these studies
provided any phonetic explanation to that phenomenon. In Chapter 3 we have demonstrated
that the mandible displayed various degrees of lowering depending on the position of the
pharyngeal consonant in the utterance as well as its place of aniculation. From these findings,
we inferred that pharyngeal articulation which is a highly complex phonetic gesture, has a
severe impact on the structure of Arabic words in general and that the jaw is the main
articulator which organizes the temporal aspect of the syllable structure.
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7.2.2. The phonology of pharyngeal consonants in Arabic

The accounts provided in the previous chapters of this book on the phonetic, i.e., articulatory
and acoustic, properties of pharyngeal and laryngeal consonants give rise to certain questions

about how phonological treatment of this class of speech sounds can be presented. One of the

aspects of the phonological system of a language deals with the arrangement of strings of
phonemes and the inter-relationship among these constituents comprising morphemes. The
available phonological system describing Arabic entails a specific phonological role of
laryngeal and pharyngeal consonants which tend to behave in a similar way.

McCarthy (1991; 1994) advocated the proposal of merging laryngeal, pharyngeal and

uvular Arabic consonants in one natural class of speech sounds called "Gutturals". The same

set of sounds are known by the rnedieval Arabic grammarians as "hroof Al Halq" "ths sounds

of the throat" as opposed to "the sounds of the mouth" (cf. Avisena, ca 1000). We see this
classification of the Arabic consonants into front and back as appropriate for the presentation
method in our present study. There are a number of phenomena characterizing the effect of
the Semitic "guttural" consonants on the other consonants in a given phonetic environment.
One phenomenon is the effect of a guttural consonant on the height of the vowel in its
vicinity. Vowel's first and second formants were observed to be approximated in the
neighborhood of a pharyngeal consonant (Elgendy, 1982; see also Chapter 4). Another
phenomenon is that regarding the effect of pharyngeal articulation on syllable structure.
Guttural consonants seem to prefer occupying syllable initial over final position in a word (cf.

Mousa, 1972; Mrayati, 1987; Elgendy, 1993).

Moreover, there are sevoral phonological remarks which make the articulation of lf/
peculiar. When a pharyngeal consonant occurs right after a syllable ending with a consonant,

the cluster is broken by inserting a schwa in between the two consonants, e.g., lge;nbl +
lfnh/ will be /geabafdi/ "he brought Ali". De-gemination of a cluster by vowel insertion is

also commonly observed when a pharyngeal consonant follows right after the boundary of a
syllable ending with a geminate consonant. In several Bedouin dialects in the Arabian Gulf as

well as Egypt, insertion of a back vowel lal after a guttural consonant has been observed
(Mitchell, 1960; Blanc, 1970; Al-Mozainy, 1981; Woidich, personal communication). This
phenomenon is known as "gahawa syndrome". If a word contains a back consonant, i.€.,
pharyngeal or laryngeal, as in the word lgahwal"coffee", a low back vowel is inserted after
that consonant. The insertion of a schwa before the voiced pharyngeal /f/, when preceded by a
geminate consonant, is referred to as articulatory delay of lfl as observed in the Bedouin
Arabic of the nomadic desert tribes living in Sinai - Egypt (De Jong, 1999). An articulation
delay of /t/ also occurs in Fayyumi dialect of Egyptian Arabic only after a voiced singleton
consonant. In this dialect an intrusive schwa (added without etymological justification) is

inserted before /t/ while an ltl is inserted after a geminate consonant (De Jong, 1996).
It is interesting to mention that on sound specfrograms, the formant sffucture of the voiced

pharyngeal /t/ shows a prolongation of the consonant's transition to the vowel with a great
deal of co-articulatory effect merging both consonant and vowel together (Elgendy, 1982 and

Chapter 4). 'Why the so-called "guttural" consonant has that effect on phonetic environment?
None of the previous studies attempted to account for these phenomena, neither did they
provide an explanation to that phonological observation. We attempt in this chapter to answer

these questions and to elucidate the role of temporal constraints in determining the overall
trajectory of the lower jaw moving from one consonantal segment to the other throughout the

constituents of a phoneme string.
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7.3. Hypotheses

The aim of the present investigation is to examine the effect of the complex articulatory
gesture characterizing the production of pharyngeal consonants - as a mechanical factor - on
the consonantal distribution found in contemporary Egyptian Arabic and to state to which
extent the restrictions on sound sequences can be related merely to biomechanical rather than
to acoustical or perceptual constraints.

Based on the model sketched previously in Chapter 5, it was hypothesized that the
mechanical complexity encountered during the production of pharyngeal consonants in
Arabic has severe restrictions on the distribution patterns found in that language. Namely, the
co-occurrence of other consonants with the pharyngeal consonant in a word will be
determined according to the relative degree of jaw height associated with each consonant in a

sequence comprising the word. That is, pharyngeal consonants due to their excessive degree

of jaw opening will be minimally utilized in certain positions within the Arabic word. It is
also expected that the restrictions on phoneme arrangements are severe in terms of the
inherent degree of jaw height of each consonant in the inventory. We also attempt in this
chapter to provide a phonetic explanation for the phonological observations concerning the
back consonants as a class of speech sounds in Arabic.

7.4.Data analysis

Previous studies which dealt with Arabic phonotactics, e.g., Greenberg (1950), Mousa (1972)
and Mrayati (1986), used various dictionaries of written Classical Arabic to count the
frequency of occurrence of both consonants and vowels. These studies investigated the verb
root morphemes which have four basic forms, bi-; tri-; quadri- and penti-consonantal
elements. The total number of root morphemes found in Arabic dictionaries, which are several
hundred years old, is 17,347 (Mrayati, 1986). It is expected that some of these roots are not
used as frequently as in the old times. However they still provide a good picture about the

structure of Arabic morphology. The bi-lateral roots are never verbs or nouns but rather
prepositions, articles or adverbs. The tri- and quadri-consonantal roots are mainly verbs and
nouns by which most of the derivational forms are attained (cf. Aboul-Fetouh, 1969; Mrayati,
1986).

In the present study we used a spoken version of the Arabic language (see section 7.5.1
below) since we are investigating one of the dynamic aspects, i.e., the effect of jaw opening
on the distribution pattern of consonants, in particular those of pharyngeals. In addition, this
method will lead to a more realistic description of the contemporary version of Arabic in its
spoken form. For enhancing our method, we have chosen a dictionary of Colloquial Egyptian
as a guide to further verify our scanning results.

There are three basic word forms in Arabic, i.e., CVVC, CVCVC and CVCC. All words
scanned were in isolated form as these three forms imply. The Arabic CVCVC word form
mainly indicates a verb in the past tense third person masculine which also denotes the
predicate form. Nouns which bear the same form usually are derived from the root verb
morpheme. For example, the word /rr,trbl which means "to write" and also "he wrote" has

the entry {k t b} if it is looked up in any Arabic dictionary. The CVCC form usually is
derived from the CVCVC forms and indicates the noun category. The CVVC word form
indicates both nouns and verbs (see section 1.2). The scanning of the words in its verbal
(pronounced) form was made according to the author's Alexandria dialect.
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7.4.1. Consonants arrangement in the Matrix

The 2l consonants comprising the consonant inventory of Colloquial Egyptian Arabic (CEA)
were presented in a template matrix for each consonant. Figure 7.1 shows the template for the

matrix used to count the frequency of occurrence for each consonant in the sound inventory of
Egyptian Arabic in C1reC2C3 and C,reC2rC, words. Each matrix has a label, hence we call
that consonant label "the matrix consonant" which is one of the consonants used in CEA.

Figure 7.1. Template matrix used to count the frequency of occurrences for each consonant in
the sound inventory of Egyptian Arabic in C,nCrC, and C,r.CrnC jwords. C, in the template
shown is the matrix consonant in initial position, C, is the medial position shown in the

vertical axis and C, is the third consonant in final position shown in the horizontal axis. The

filled cell indicates the word /kntnb/ assuming that C, is /t/. The consonants are rank
ordered as a function of their inherent jaw height, i.e.,from right to left /s/ has the least
degree of jaw lowering whereas /f/ has the lowest jaw position contpared to all other
consonants. The matrix is divided into three equal divisions showing the grouping of the

consonants into Low, Central or High categories in terms of their inherent degree of jaw
height.

c.
Jaw opening

+

+

o)
C

G,E
o-o
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The matrix consonant can either be C,, C2 or C3. When the matrix consonant is C,, the
second consonant C, is shown on the vertical axis while the third consonant C3 is shown on
the horizontal axis. When the matrix consonant is C2, C1 is shown on the vertical axis and C3

is shown on the horizontal axis and so on. C2 in the template shown in Figure 7.1 is the matrix
consonant in medial position, C, is the initial position shown on the vertical axis and C, is the
third consonant in final position shown on the horizontal axis. The label can carry any
consonant in various positions. The same matrix template is also used to count the frequency
of occurrence for CTVVC2 words. Only C,VVC2 words were examined in the context of all
existing vowels in CEA, i.e., /ii, ee, &&, oo, utt/.

The consonants in the matrix are always rank ordered as a function of their inherent jaw
height, i.e., from right to left on the horizontal axes or from bottom up on the vertical axes, the
consonant /s/ has the least degree of jaw lowering whereas /f/ has the lowest jaw position
compared to all other consonants (cf. Chapter 3). The matrix is subdivided into nine equal
divisions indicating the grouping of the consonants to Low, Central or High categories in
terrns of their inherent degree of jaw height as suggested earlier in Chapter 3.

The jaw displacement from highest to lowest was found to be in the following order: ll, h,
?, h, y, X, g, k, r, l, m, w, j, b, f, n, .[, d, t, z, s/. That is, the pharyngeal consonant lll
showed the lowest jaw position while the dental consonant /s/ showed the highest jaw
position. Three distinct classes were considered: the first class includes the back consonants
/f, h, ?, h, y, x, {, g, kl as having the highest degree of jaw displacement relative to the
clench position, the second class includes the central consonants /r, l, w, m, b, fl as having a

mid-degree of jaw displacement and the third class includes the high consonants /n, t, d, t, z,
s/ as having the lowest degree of jaw displacement. We focused on the co-occurrence
restrictions on the pharyngeal, laryngeal and nasal consonants in all CrVVC2, CTVC2VC, and
C,VC2C3 word forms. Clusters which contain any of these sounds were counted and compared
to other consonants in various vowel contexts. Table 7.2 shows the total number of theoretical
occurrences in CVVC, CVCVC and CVCC words associated with each matrix.

Table 7.2. Total number of theoretical occurcences in C1WC2, ClEC2eCj and C,aCrC,
words associated with each matrix. W stands for any of the five long vow,els lii, ee, &&, oo,
uul. The emphatic counterparts are included.

Syllable structure Permutations Total

crvvc2
C,rCreC,
C,rC, C,
Total

2l(cr)x5(w)x21
2r (cr) xzt (c)x21
2r (c1) xzt (c?)x21

(cr) 2,205
(c3) 9,261
(c:) 9,261

20,727

The 21 consonants were scanned in the context of six different vowel phonemes, i.e., five
long /ii, ee) &&) oo, uu/ in C,VVC, words and the plain short low vowel /e/. The emphatic
counterpafi lo/ appears as a result of the presence of an emphatic consonant in the word.
Accordingly, the total theoretically permissible combinations exist are 20,72J items which
were presented in 2l matrices. This number is obtained as follows: C,VVC, words comprise
(21 X 2l) consonants (initial and final positions) X 5 (long vowels); + C,VCTVC, and
CrVC2C3 words comprise (21) X (21) X (21) consonants (initial, medial, final positions) X 3

(short vowels).
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It follows that there will be three realizations of each filled cell depending on the matrix's
label and the consonant's position. For instance, when the matrix representing the consonant
/f/ has a word, say, /fnzll, the same word will appear also in the matrix labeled lz/ n which
/z/ occurs in medial position, and once more in the matrix labeled /1/ when /V is occurring in
final position.

7.4.2. Special cases in the consonants inventory of CEA

There are several specific cases conceming certain consonants which we considered while
scanning words in CEA. They are summarized below. The voiceless uvular stop ld is

diachronically changed to be substituted by a glottal stop in CEA. However, we included that
phoneme only when the consonants were analyzed according to their manner of articulation.
This was done by including /ql and excluding /j/ in order to maintain a symmetrical division
of the matrix, r.e.,7 consonants in each consonant type group to yield 21 consonants in total.
It should be mentioned that the sound lql is still used only in a very few words in
contemporary Egyptian Arabis. When a word containing a glottal stop /?/, which is originally
a lqf , is found, it was stated as le .

The count of the four emphatic consonants /st, z', tt, dt/, when occurring, were added in the

same cell with their non-emphatic counterparts. That means when a word like /fredd/ "he

counted" and /todfd I "he bite" are encountered they will be counted as 2 and placed in the

matrix labeled lll and the cell which has /d/ in both second and third positions. In fact, in
CEA there are rnore than those four consonants which have a similar effect on the
surrounding consonants, e.g., lr,b, ml as it was mentioned earlier in Chapter 4. When a word
was found both in plain as well as in emphatic form, its cell was fed by a value of two. The
voiceless laryngeal /h/ appears usually at the end of nouns to denote a feminine form, e.g.,

l?od l"a male cat" and i?ourah/ "a female cat". The lhl is usually dropped in citation speech

in CEA, therefore it is expected that the count of the frequency of occurrence of that
consonant will not be significantly high.

The glides lwl andlj/ are categorized as vowels in the traditional descriptive system of
Arabic language. These two consonants, which are classified as glides (approximants)
according to the modem notation, were considered in the present study as consonants. They
were included in the matrices only when the consonants were analyzed in terms of their
degree ofjaw height. However, lj/ was excluded when the matrices were statistically analyzed
in terms of the consonants manner of articulation in order to maintain equal subgroups of
seven consonants in each group. Onomatopoeic words such as lkrhh/ "to cough" /b&xx./ "to
splash", /tagg/ "to srnash" etc., were also included in the words counted since they are used

by the speakers of CEA despite the fact that such words may not be included in any entry of
Arabic dictionaries. Some phonological rules such as assimilation, which affects words like
ifreds/ "lentils" becoming /fretsi, were not considered; only the unassimilated words were
counted. Whenever the symbol lyl appears in any table or figure it stands for the glide [j].

In Arabic the emphatic consonants are symbolically denoted by another letter than the
plain consonant. On the other hand, vowels when they become emphatic due to the spreading

of the feature of emphasis from an emphatic consonant have no special letter. Therefore, in
the present study the phonetic value of both the consonants and vowels regardless of their
symbolic notation were considered. In addition to the four traditional emphatic consonants,

the voiced liquid consonant lrl adds emphasis on the surrounding phonetic consonants in the

word. Words which are homophones, e,g., lmnnn/ "who/offer" and /sredd/ "to block/a dam"
were counted only once despite the fact that these words bear two different meanings. Some
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CVCC forms which are derived from CVCVC words to generate nouns are well formed but
not used. Such words, e.g., /gr,lnsl and /grels/ were not counted in the matrix.

7.5. Analysis procedures

7.5.1. Corpus

The data used in the present investigation were collected via a systematic scanning for the
permissible combinations found in spoken Egyptian Arabic. The scanning process was done
via examining the viability of the three combined consonants: matrix label consonant, vertical
cell consonant and horizontal cell consonant for each consonant in the inventory. To the best
of the author's knowledge, there is not any statistical database showing the distribution pattem
of Egyptian Arabic. The only systematic study we found dealing with the actual counts of
consonant in classical Arabic is that of Mousa (1972). For the data presented here the
scanning was performed by the present author who is a native speaker of Alexandria dialect of
Arabic. In order to control the total number of all words, specially those which contain any of
the pharyngeal, laryngeal or nasal consonants, a dictionary of contemporary Egyptian Arabic
(Spiro, 1980) was used. This dictionary was used to check all entries found. It should be noted
that no Arabic dictionary including pronunciation is available. For a more recent dictionary of
CEA see the one by M. Hinds and El-S. Badawi, published by Librairie du Liban (Manfred
Woidich, personal communication).

The word forms examined were CVCC, CVCVC and CVVC. Only CVVC words were
counted in the environment of all the five long vowels /ii, ee, &&, oo, uu/. As for CVCVC and
CVCC forms, they were examined only in the short vowel /re/ environment. It should be
noted that the plurality of Arabic morphemes do incorporate the low vowel ln/ (cf. Mousa,
1972). After feeding the matrices with the consonants according to the selected vocalic
pattern, a calculation of the each total count was made by a computer program and then stated
as the frequency of occurrence of the given consonant in a certain position. After feeding the
matrices with the permissible co-occurrences, the percentage of frequency of occurrence for
each individual consonant was calculated. Bar charts were made and the distribution of
various consonants as a function of vowel contexts were plotted (cf. Figures 7.3-7.8 which are
discussed in section 7.6).

7 .5,2. Statistical analysis

The scanning yielded 5 matrices for the CVVC words for each of the five long vowels (see

appendix 7.1). In addition, 6 matrices for each consonant, three for the CVCC words and three
for CVCVC words were scanned (see for instance Figure 7.2). Each matrix was divided into
three equal divisions per position in the word containing three consonant categories, i.e.,low,
central and high consonants. The total number of filled cells in each division of the nine
divisions was counted.

Several ANOVA tests were performed to cornpare the frequency of occurrence of each
group of consonants as classified according to its inherent jaw height category , i.e., low,
central, high, ar,d occurring in each position of the word (initial, medial, i.e,, second
consonant, final). The total frequency of occurrence in each of the nine divisions (7 X7 cells)
within the matrix (see Figure 7.1 and the illustration in Figure 5.6 in Chapter 5) compared to
the other remaining eight divisions within the same matrix was also statistically tested.
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Figure 7.2. The matrices representing the distribution of the permissible co-occurrences with
the consonant /f/ in C ,aQC t (left column) and C ,nC z&C t ftight column) words. The top row
represents the co-occurrences of that consondnt alternating in the initial (top row,), the medial
(middle row) or final (bottoru row) position in the viciniry of the vowel lnl. Each shaded cell
shows the value of I if only the plain consonant occurs and of 2 Jbr emphatic occurrences.
The total number of occurrences is shown in the box at the lower right of each matrix.
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That is, the interaction between consonant jaw height and consonant position was
examined. For instance, to test with which category of consonants the low consonants in
initial position tend to co-occur, the jaw height categories containing the other consonants,
t.e., central and high in both medial and final positions were compared (see Figure 7.1).

To test our hypothetical "idealized matrices" (see Figure 5.6 in Chapter 5) the count of
each one of the nine divisions were matched with the count in other divisions to find out
which of the consonant categories co-occur most frequently together. For example, if the
count in, say, C, high and C, central is the highest among other divisions in one of the matrix
label, we would like to know in which of other divisions C, co-occur. Moreover, the
interaction between the consonant's jaw height categories in medial and in final positions
were also analyzed. The factors which showed a significant effect were further analyzed using
a Tukey post hoc test in order to find out which jaw height category/ies caused the significant
difference(s).

In order to examine the effect of the manner of articulation on the distribution patterns,
three manner divisions were also used, narnely, stops, fricatives and others. The group
"others" comprises the approximants, laterals, nasals and glides. The glide ljl, which did not
show any noticeable occurrences, was eliminated while the lqlwas included in the statistical
analysis in order to have three equal divisions, i.e., three groups each containing seven
consonants.

7.6. Results

We start first by presenting the results obtained for the monosyllabic words in the context of
the five long vowels. The frequency of occurrence of each consonant in C,VVCT words,
where VV is one of the long vowels li:J^, ee, oo, uu, &&, oe/, was calculated (see Appendix
7.1). To separate the effect of vowel height, i.e., /ii, ee, oo, uu/ vs lnn, oo/, on the
distribution pattern and for the reason of comparison with the short vowel context words, we

selected the results of the distribution patterns in C,rereC, words. In addition, the results of
words with short vowel context, i.e., C,rCrC, and C,reC2reC, words, are also presented. The
statistical results of the tests performed on all data found are discussed at the last section of
this chapter. Appendixes 7.1 and 7.2 show the matrices representing the distribution of the
permissible co-occurrences with all consonants in various positions in CVVC words as a
function of vocalic environment, i.e., 5 long vowels (Appendix 7.2).The matrices in these two
appendixes are discussed below.

7.6.1, Long vowels context

The effect of vowel duration on the distribution patterns of consonants can be examined by
comparing the data on the pooled five long vowels with that on the long low vowel lnal
alone, as well as in the context of the short low vowel /n/ in C,reC2C, and C,reC2rC3 words.
It can be seen in Appendix 7 .l that the occurrences of all consonants in the vicinity of the low
back vowels /rem, oo/ outnumber, to a great extent, their occurrences with the rest of the other
vowels, i.e., li, e, o, u/. That is, the majority of the permitted CVVC words are those which
have an open vowel context.

Figure 7.2 shows the matrices representing the distribution of the permissible co-
occurrences for the matrix labeled lll as it occurs in various positions, i.e., initial, medial,
final, in C,eCrC3 and C,reCrreC, words. The count in each matrix as well as the total number
of occurrences are given to the right of each matrix.
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The matrices of the rest of the consonants in the context of lnl are shown in Appendix7.2.
They are discussed below. It can be noticed in Figure 7.2 that the category of low consonants

is almost absent in the vicinity of another low consonant. That is, laryngeals, pharyngeals,
uvulars and velars, do not tend to co-occur with each other in the sarne root in all positions
and in all word forms.

Figures 7.3 shows the percentage of the frequency of occurence of all consonants in
CTVVC2 words in the context of all the five long vowels pooled. The number of occurrences
was normalized to l}OVo per consonant in order to reflect the ratio between initial to final
positions. Table 7.3, which is associated with the bar chart in Figure 7.3, shows the frequency
of occurrence for each consonant in initial and final positions in C,VVC, words and the total
occurrence of each consonant.

Table 7.i. Total nuntber of occurrence of all consonants (initial, final and total) in C1WC2

words pooled over allfit,e long vow,els.

tcv vc/ trinitial Ifinal I

h y x g k q r l mw y b f n J d t z s

Consonant Type

Figure 7.3. Percentage of the frequenclt of occurrence of all initial and final consonants in
C tWC2 words pooled over all five long vowels.

Figure 7.4 shows the percentage of the frequency of occurrence of all the consonants in
C,raC, words in initial and final positions. Table 7.4 shows the total frequency of occurrence
of all consonants in the context of the back vowel lnal alone, i.e., in C,re reC, words.
Comparing Figures 7.3 and 7.4, it can be seen that the low and high consonants, unlike the

VVC t h ? h Y x g k q r I m w v b f n
"t

d t z S

mitial 27 33 3 t3 24 t7 27 t7 21 t5 t4 l3 2 I 28 22 2t 39 35 35 30 46

linal l6 22 4 6 6 7 6 4 t7 42 50 4T 2 I 34 28 42 20 43 31 23 38

fotal 43 55 7 l9 30 24 33 2t 38 57 64 54 4 2 62 s0 63 59 78 66 53 84
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central consonants, ocsur more often in initial position than in final position. It can also be
realized from those figures that the distribution pattem is not much affected by the height of
the vowel but rather by the jaw height of the consonants (cf. also Appendix 7.1). It can also be
observed that the co-occurrence of a low with another low consonant and a central with
another central consonant is less frequent than a high with another high consonant regardless
of the height of the vowel connecting them.

Table 7.4, Total nuntber of occurrence of all consonants (initial, final, and total) in C,anC,
words pooled over long vowels.

lnaC f h Y x g k q r I m b f n
"t

d t s dL

nitial 11 l3 I l t2 9 10 5 4 4 1l 1l 1 15 ll 9 t1 l1
.inal 4 8 J

.a
J 5 2 7 14 t7 16 15 10 13 I t7 10 16 8

Iotal 15 2l l1 t0 17 11 t7 19 21 20 26 21 20 23 28 19 33 t9

lCtnr.Czl Er initial rf inal

1 00%

80%

6O"/"

4Oo/"

20o/"

o%

qrlm

Consonant Type

Figure 7.4. Percentage of the frequency of occurrence of all initial and final consonants in

C,naC, words. Table 7.4 which is associated with the bar chart, shou,s the total number of
occurrences for each consonant in initial or final position and their calculated total in both
positions.
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7.6.2. Short vowel context

Tuming to the effect of a shorter vocalic distance between two or three successive

consonants, it can be observed (Appendix 7 .2) that the pattem is still highly similar to that of
the long vowel context. Appendix 7.2 shows all2I matrices representing the distribution of
the permissible co-occurrences for each consonant in various positions in C,reC2C3 and

C,aC2reC3 words. Each consonant is given a label shown in the left uppermost corner of each

figure. The distribution pattems found for C,reCreC, and C,reC2C3 words showed that all low
consonants /f, h, ?, h, y, x, g, U do not occur in one and the same syllable. Moreover,lll and
/h/ never co-occur in the same root morpheme.

Figures 7.5 and 7.6 show bar charts representing the percentage of occurrence of all
consonants in C,reC2C3 and C,aC2aC3 respectively. The values of these occurrences in initial,
medial and final positions are shown in Tables 7.5 and 7.6. As a general observation, no
systematic arrangements were found among different sound classes in terms of 'sonority'
scale. For example, the obstruents ls, z, d, b, m, k, h/, which are the least sonorous, showed

higher scores in inter-vocalic position than in syllable initial and final positions in both
C,reCrreC3 and C,aCrC3 words (see also Appendix 7.2 for the matrices representing the
distribution of these consonants). Although it is also true that the laterals /1, r/ do have a
higher score in inter-vocalic position, the glide /w/, which is also more sonorous than the
obstruents, does not.

Table 7.5. Total number of occurrence of all consonants (initial, medial,ftnal and total) in
C pC2C j words.

C,rCrC. Initial Medial Final Total

t
h
?

h

Y
x
g
k
q
r
I

m
w

v
b
f
n

J
d
t
z
s

54
63
23
49
L7

34
42
27
50
134
82

80
62
57
86
79
40
79
80
82

60
84

56
77

57
34
40
55

49
48
54
72
60
43
61

5

67

79
113

79
66
53

4
108

69
60
1l
1

9
23
25

31

56
140

106

111

25

56
76
75

5l
75

t02
79
39

9r

179
200
9t
84
66
tt2
116

106

160
346
248
234
148

ll8
229
233
204
233
248
214
t43
283
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One can observe that the two extreme consonant's categories, in terms of degree of jaw
height, i.e., the true pharyngeals /1, h/ and the coronals /s, z, t, d/, seem to be distributed in a
similar fashion. That is, the frequency of occurrences in the medial position of the low
consonants are always less than that of the initial position, with the exception of lglwhere the
difference in frequency becomes reversed all the way till the end of the central consonants.
The order is reversed again during most of the high consonants. With the exception of lhl and
ljl,it can be observed that the relationship between final and medial positions is almost the
opposite of initial to medial positions (Figure 7.6 bottom) which shows the same data after
eliminating /?,h, rv, j/ which do not behave as proper consonants in Arabic as we mentioned
earlier in 7 .4.1.

Table 7,6.Total number of occurrence of all consonants (initial, medial,final ond total) in
C,nCraC, w,ords.

C,reC Initial Medial Final Total

It seems that there is strong tendency that for a given consonant when it occurs more
frequently in initial position, the same consonant's occurrences are reduced with an equivalent
amount in final position. This holds true for the low and the high consonants, while it is the
reverse for central consonants (cf. Figures 7.5 and 7.6). This may indicate that the Arabic
language structure is based on an arrangement of consonants such that they preserve a

temporal pattern, since, as we demonstrated in Chapter 3, jaw height will determine the
temporal interval between successive consonants.

2r3
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0
0
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Figure 7.5, Percentage of the frequency of occurrence of all initial, medial and final
consonants in C 1{ 2C, words (top) and the same data with /?, h, vt, j/ eliminated (bottom).
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Figure 7.6. Percentage of the fi'equency of occurrence of all initial, medial and final
consonants in C ,aCrnC, words (top) and the same data with /?, h, w, j/ eliminated (bouom).
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By eliminating the /?,h, w, j/ from the diagram, it can be seen that the symmetry that the

central consonants behave in an opposite way to the high and low ones (bottom graph in
Figures 7.5 and 7.6) appears more clearly. The symmetry is even more perfect for the
distribution of the monosyllabic words with short low back vowel, i.e., C,reCrCr.

As for the laryngeal 17, h./, it seems that these two consonants have a special status in the

phontactics pattem. They do not behave like any other consonant in that they occur
considerably less in tinal position and they also do not seem to follow the same pattern as low
consonant.

This finding can be explained by considering that the laryngeals do not have a specific
relation to the jaw, such as the pharyngeal, the uvular or the velar consonants. Accordingly,
they can be expected to behave in a different way from the rest of the low category of
consonants. As for the glides /w, j/, it seems that they do not have the same status in the

colloquial version of Arabic compared to the classical, since they are normally used to form
diphthongs. In colloquial Egyptian Arabic the diphthongs are simplified via an assimilation
process to yield a long vowel instead. That the low and the high consonant categories behave

similarly, unlike the central group of consonants, also indicates that the organization of
consonants in a string depends mainly on a biomechanical factor rather than an

acoustic/perceptual factor. That is, the consonant arrangements to form words in Arabic are

basically depending on the inherent degree ofjaw height of each consonant.

That the Arabic language is designed in a way to consider the relative degree of jaw height

for each individual consonant implies that the temporal organization is mainly depending on

interconsonantal relations. The distribution patterns as we present them, show a strong

tendency for having the consonants arranged in a way to control a unitary length of words.

That is, the two extreme consonants categories, i.e., low and high, have rnore occurrences in
initial position but not in final position compared to the central category, which is a strong

indication that tri-consonantal words should have one member of each group as a candidate to

form a grammatically accepted word.
It can also be observed that there seems to be a tuming point in terms of the degree of jaw

height at which a specific consonant separate each consonant category, i.e., lyl and /n/, while
the initial occurrences raised up at lbl and step down once more after ln/. That is, the ratio
between the initial to the final positions is reversed at the point denoting the central
consonants which represent the point where the final occurrences step down at /9, n/ (see

Figures 7.5 and7.6).
Figure 7.11 represents the distribution of all permissible occurrences in initial, rnedial and

final positions with /h/ , ltl, /s/ representing low, central and high consonants, respectively,
when they occur in initial, medial or final position in C,reC2rC3 words. By examining the
matrices of these three consonants (Appendix 7.2), it can be seen that there is almost no

cluster formed with a back consonant in initial or final position, i.e., at the syllable margins. In
other words, the presence of alow consonant (i.e., pharyngeal, laryngeal or uvular) in the

second position in C,eCrreC, words will restrict the co-occulTence of any other low
consonant in the syllable margins. Note that /h/ has the lowest jaw position in relation to all
other consonants except /f/ which has even lower jaw position.

On the other hand, /s/, which has the highest jaw position among all consonants, allows
both low and central consonants, but not extremely high consonants, to occur in initial
position. Two members of either the lov,or the central consonants sets are not preferred to co-

occur simultaneously in C,rsreC3 words (Appendix 7.1). The restrictions are severe for a high
consonant to occur in initial position in those words (cf. Appendix 7.2). The middle part of
Figure 7.11 represents the distribution of all permissible occurrences with hl in CrerrC3
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words. It can be noticed that there is almost no sequence (rreCr) permitted in the matrix where
a central consonant is in initial position while both low and high consonants are pernitted to
co-occur in initial and final positions.

Looking at Figure 7.ll it can be seen that the sequential constraints affect those
consonants which are not compatible in terms of their degree of jaw displacement. In other
words, their is a substantial tendency for those consonants which do not fall into the same
distinct range of jaw displacement to co-occur in the vicinity of each other, regardless of their
degree of sonority. It should be noted that, according to the results obtained from the present
investigation, /h, r, s/ can be considered as roughly representative of the members of their
categories , t.e., low, cenffal, high, respectively.

7.6.3. Manner of articulation

Figures 7 .7 
" 7 .8 and I .9 show the percentage of total frequency of all consonants in C,mC2,

C,reCrC, and C,eCraeC, words respectively, grouped according to their manner of
articulation. Despite the fact that the consonants are arranged within each manner group also
according to their inherent degree of jaw height, still no systematic relation can be found
among these manner categories. The only relation is the one found within each category and
not among the three categories, i.9., the same as the arrangement of the consonant in terms of
their ascending order of jaw height (cf. Figures 7 .7 ,7.8 and 7.9).

lCaeCl lminiti"l rfinat

100%

80%

600/o

4O/o

20%

v/,

? sk q bd t

Stops

o
trtt
($

oo
o
o-

hxflzsf
Fricatives

y r I mwy n

Others

Consonant Mannar

Figure 7.7. Percentage of total fi'equency of occurrence of all consonants in C,anC, words
as afunction of manner of articulation.
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Figure 7,8. Percentage of total frequency of occurrence of all consonatxts in C ,nCrC j words
as afunction of manner of articulation.
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Figures 7 .lO.a and 7.10.b show lOOTo stacked columns which compare the percentage of
each consonant category and manner as a function of three different positions, i.e., initial,
medial, final in various word forms. It can be seen in these two figures that the relationship
between the consonants position in terms of their jaw height is more consistent than when
they are arranged in terms of their manner of articulation. It can also be seen in Figure 7.lD.a
that collectively both low and high consonants prefer to occur in initial position compared to
the central consonants which occur more frequently in final position. It is less plausible to see

any systematic relation in the amount of occurrences in terms of the consonants manner of
articulation (cf. Figure 7.10.b).

7.6.4. Pharyngeal consonants in relation to other consonants

The results furthermore revealed that pharyngeal consonants favor occupying the syllable
initial position rather than the medial or final positions (Figure 7.lO.a consonant category
lov,). Pharyngeals and coronals, which belong to the highest and lowest range of jaw
displacement, respectively, favor initial position in C,reCrC3 context, while laterals and glides,
which pertained to a central range of jaw displacement, favor syllable final or medial position
(cf. AppendixT.2).

As a general observation, the low back vowel lal was found to be the most frequent
among all other vowels to occur in the vicinity of any consonant in a word. The frequency of
occurrence of any consonant forming a syllable with vowel /e/ outnumbers that of the same

consonant with other vowels (Appendix 7.1). This observation may be used as an indication
to the nature of the temporal organization of the syllable in terms of the degree of jaw
displacement. Vowel /e/ requires more displacement than the high vowels /i, u/ and therefore
allows more time for the syllables to cover a wider range of articulatory space in the vocal
tract as different points of constriction locations. It should be noted that low vowels are longer
than high vowels in Egyptian Arabic (Elgendy, 1985.b).

The present results also revealed that pharyngeal consonants favor occupying syllable
onsets or offsets, particularly initial position, rather than medial position. It was observed that
two pharyngeal consonants are rare to occur in the same trilateral root, e.g., words as /frhad/
or /fixis/ are not permitted. Pharyngeals and dentals which have the highest and lowest degree
of jaw displacement, respectively, favor the initial position in C,reC2C, context (see Figure
7.10.a). Laterals, glides, bilabials and interdentals which have a central degree of jaw
displacement, on the other hand, favor syllable final or medial position. Moreover, the
consonants which are permitted to form a cluster with a pharyngeal consonant in a C,cC2C,
sequence require the co-occurrence of a third consonant with a distinct range of jaw
displacement. For example, when any of the low consonants /f, h, ?, h, x, y/ occurs in the
second position in a C,eCrC, word, i.e., C,, the other two consonantal elements more
frequently are one of the members of the other two classes, i.e., ly , r , l, ffi, w, b, f/ or /n, J, d,
t, z, sl.

The results showed that fricative consonanm (ft/ is included) tend to co-occur rnore with
stops and nasals but not with other fricatives. It can also be seen in Figure 7.10.b that
"fricatives" tend to occur in initial position. "Stops" do not show any specific tendency to
occur with any of the other group while "others" occur most frequently in final position.

The nasals lm, n/ form clusters almost only with themselves, i.e., geminate l-mml or l-wtl,
if they occur in second position in C,rCrC, words (Appendix 7.2). The counts of lm, nl
increase when they occur finally in the same C,aC2C3. If C, is a back consonant, then Q
mainly is front consonant, and the vice versa.
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Figure 7.10.* 100% stacked column compares the percentage of each consonant category
(low, central, high) as a function of three dffirent positions, i.e., initial, medial, Jinal in
various wordforms.
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Figure 7.10.b. 100% stacked column compares the percentage
(stops, fricatives, others) as afunction of three dffirent positions,
various wordforms.
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The central consonant lrl, which has the highest frequency of occurrence among all
consonants, showed an interesting phenomenon: if C, is not a lou, or a high consonant, i.e.,
central, then there almost is no cluster found in the matrix in that area (cf. Appendix 7.2).

Regarding /s/, which displayed the least degree of jaw displacement, the distribution
showed that when C, is a low or a central consonant, and /s/ is in the second consonantal
position, then C3 is mainly a central consonant.It lsl occupies the final position in CrreC2C3

words the matrix showed that C, is /ow when Cois centr"al.lt can be seen that there is a clear
correlation between the co-occurrence of the consonant and its relative degree of jaw
displacement. The C,VQs, words are typical examples of such a correlation. The greater the

degree of jaw displacement C, has, the smaller the degree of jaw displacernent for C2 is (cf.

Appendix 7.2).
Table7.1l showsthemannerof articulationcategories,i.e., stops,fricatives,others,of

the consonants combined with the low consonant lll in initial, medial and final position in
C,reC2reC, words. It can be seen that an initial /ti tends to prefer to co-occur with stops in
medial position and others in final position. The score decreases when the stops are further
away from the pharyngeal consonant, i.e., final lfl and stops are in the initial position. The
reverse is true when /f/ occurs in the initial position together with srops in the medial position
(cf. Table 7.lI). This finding may indicate that pharyngeal consonants need more space to be

articulated in the vicinity of other consonants. Stops are more resistive to duration
modification, a requirement for the production of pharyngeal consonants (cf. Chapter 3). On

the other hand fricatives tolerate more modification in their length, that is why they tend to
occur more frequently before /fl than after it.

7.6.5. Statistical results

The data obtained from the present study were tested statistically. ANOVA and Tukey post

hoc tests were performed on both the jaw height as well as manner data. The results of each

test are presented below.

7 .6.5.1. Jaw height classiflrcation
Tables 7.7 and 7.8 show the average numbers of filled cells for each consonant jaw height
category (high, central,l6vt) as a function of the position of the consonant (initial, medial,
final) in C,cC2C, and C,rCrreC, words, respectively. The consonant's jaw height and its
position in the word, for instance the /aw consonants in initial position, are shown in italic.
The average is calculated over the seven consonants of that specific category.

In Figures 7.12 and 7.13 the results of the ANOVA and Tukey post hoc tests are

schematically shown for the low,the central and thehigh consonants in C,rC2C3 and

CraC2nC. words, respectively. Both figures show schematic diagrams representing the
statistical results of the frequency of occurrence of various consonant categories, i.e., low,
central, highin C,cC2C, or C,reCrreC3 words in initial, medial and final position. The square
indicates the target consonant, while the filled circles with dark shade show the highest
significance of occurrences and the light shaded circles show less significant levels of
occurrence. The values of the absolute frequency of occurrences are shown inside each circle.
The connecting curves indicate the significance level between the connected circles denoted
by the number of asterisks. The higher the number of asterisks the higher is the significance
level. The letters NS mean that no significance was found.

Figures 7.12 and 7.13 show C,aC,C3 and C,aCraC, words, respectively. For each word
position one template is shown, in initial, medial and final positions. In each template the
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three jaw height categories, i.e., low, central, high, are shown at the vertical axes, while the
position is shown at the horizontal axes.

It can be seen in Figures 7.12 and 7.13 that if a low consonant is in initial position, the
medial and the final consonants in the same word are highly significantly (p € 0.001) more
often high or central than low. Again, when a low consonant is in medial position, the high
and central consonants occur significantly more often thanlow,consonants in initial and final
position. If the /ow consonants are in final position, significantly more often highconsonants
occur than low in initial position, and more often central thanlow in final position. Overall, it
is clear that if a low consonant occurs in a word, it is not likely that another low consonant is
produced in the same word (cf. Figure 7.13).

AscanbeseeninFiguresT.l2and 7.13,the central andthe highconsonantshavenot
such restrictions to co-occur twice or even three times in the same word, i.e., a word can have
two, or even all the three, consonantal elements pertaining to the set of highor central
consonants. [n many cases if a high or central consonant was studied at a specific position in
the word, no significant difference between the three jaw heights at the two other positions in
the word was found.

7 .6.5.2. Manner of articulation classifi cation
In order to account for the findings obtained in Chapter 4 that the acoustic duration of the
vowel af\er lll is shorter when followed by a stop but not a fricative, we decided to examine
the consonant distribution as a function of the manner of articulation as well.

In Tables 7.9 and 7.10, the average number of filled cells for each consonant manner
category (fricative, stop, other) as a function of the position of the consonant (initial, medial,
final) in C,reC2C3 words and C,rC2reC3 respectively, is shown.

140
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129 126

Iinitial
s medial

Efinal
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0120oo
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Figure 7.11. The ft"equency of occurrences of /h/, /r/, h/, representing the low, central, high
categories of consonants, respectively, as a Junction of inherent jaw height in initial, medial

and final positions in C,e,CraeCrwords.
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Tables 7.7-7.8. Average numbers offilted cells per consonant iaw height category, i. e-, low,

central, high, and position, i.e., initial, medial, finat in CfiCzCs and CfiCzeCtwords.

CrcCtCs CfiCzeCt

7,47

Initial Medial Final

low

high 7.1 high 7.1

cent 8.3 cent 8.1

low l.l low t.2

Initial Medial Final

high 6.8

low

high 4.9

cent 4.8 cent 6.3

low 1.3 Iow 1.6

Initial Medial Final

high 4.4 high 3.2

low
cent 3.2 cent 4.0

low t.2 low t.7

Initial lVledial Final

central
high 5.5 high 6.r

cent 5.2 cent 6.4

low 4.7 low 2.9

Initial Medial Final

high 8.9
central

high 7.3

cent 4.9 cent 10.8

low 8.3 low 3.9

Initial Medial Final

high 9.8 high 7.t
centralcent 3.2 cent t0.2

low 8,0 low 6.3

Initial Medial Final

high high 6.3 high 7.2

cent 9.6 cent 10.9

low 6.7 low 4,8

Initial Medial Final

high 6.2 high high 7.6

cent 5.4 cent 8.6

low 7.3 low 2.7

Initial Medial Final

high 6.9 high 7,4 high

cent 5.9 cent 8.1

low 7.2 low 4.5

Initial Medial Final

low

high 7.1 high 7.3

cent 6.7 cent 7.5

low 2.t low 1.0

Initial Medial Final

high 6.2

low

high 5.3

cent 3.4 cent 6.3

low 2.4 low 0.4

Initial Medial Final

high 4.6 high 4.4

low
cent 3.5 cent 4.3

low 1.1 low 0.1

lnitial Medial Final

central
high 4,9 high 4.9

cent 3.7 cent 4.4

low 3.4 low 2.8

Initial Medial Final

high 7.4
central

high 8.1

cent 3.6 cent 6.2

Iow 6.8 low 3.4

Initial Medial Final

high 7.9 high 8.1

centralcent 4.3 cent 6.1

low 7.9 low 5.8

Initial Medial Final

high high 5.1 high 6.9

cent 7.4 cent 8.3

low 6.3 low 3.8

Initial Medial Final

high 5.2 high high 6.8

cent 5.0 cent 7.4

low 7.0 low 3.1

Initial Medial Final

high 6.6 high 6.5 high

cent 4.7 cent 7.9

low 7.6 low 4.6
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Tables 7.9-7.10. Average numbers oJJilled cells per consondnt manner category and position

in the word in C ,aC rC t and C ,aC rr,C, words.

C,reCrC, C,rcCraC,

Initial Medial Final

fric stop 6.9 stop 7.3

fric 5.4 fric 5.r

oth 8.8 oth 8.8

Initial Medial Final
stoP 5.3 fric stop 4.8

fric 5.5 fric 6.3

oth 5.7 oth 7.2

Initial Medial Final

stop I 5.1 stop 3.8 fric
fric I 5.1 fric 6.1

oth 5.3 oth 5.5

Initial Medial Final
stop stop 4.2 stop 4.7

fric 5.3 fric 4.9

oth 7.8 oth 7.7

Initial Medial Final
stop 4.3 stop stoP 6.6

fric 6.9 fric 3.7

oth 6.7 oth 7.7

Initial Medial Final
stop 4.6 stoP 6.5 stoP

fric 7.2 fric 4.5

oth 6.1 oth 6.8

Initial Medial Final
oth stop 6.7 stop 5.9

fric 7.4 fric 5.5

oth 5.1 oth 7.9

Initial Medial Final
stop 7.4 oth st 6.6

fric 8.6 fr 5.3

oth 5.1 oth 9.2

Initial Medial Final
stop 7.4 stop 7.7 oth

fric 9,1 fric 7.2

oth 7.6 oth 9.?

Initial Medial Final

stop
stop 3.8 Stop 4.7

fric 5.6 Fric 4.9

oth 6.8 oth 7.7

Initial Medial Final

stop 5.t
stop

stop 5.1

fric 6.5 fric 4.5

oth 8.1 oth 8.8

Initial Medial Final

stop 4.6 stop 5.2

stopfric 7.2 Fric 5.6

oth ?.0 oth 8.1

Initial Medial Final

fric
stop 6.6 Stop 7.2

Fric 4.7 Fric 4.4

Oth 8.6 oth 8.3

initisl Medial Final

stop 5.6

fric
Stop 5.5

fric 4.8 Fric 4.1

oth 7.2 oth 7.9

Initial Medial Finel

stop 4.6 stop 4.4

fricfric 4.7 Fric 4.4

oth 5.9 oth 6.2

Initial Medial Final

oth
stop 7.9 Stop 6.9

Fric 7.4 Fric 5.8

oth 4.7 Oth 7.3

Initial Mediel Final

stop 7.2

oth
St 8.1

fric E.5 Fr 6.0

oth 4.6 Oth 6.3

Initial Medial Final

stop 7.3 stop 8.4
othfric 8.3 fric 7.9

oth 7.2 oth 6.4
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Table 7.11. The manner of articulation categories (stops, fricatives, others) of the consonants

combined with the low consonant/f/ in initial, medial andfinal position in CfiCznCtword*
St., Fr., and Oth. stands for stops, fricatives and others, respectively.

initial medial final
fit st. t9 st. t6

Fr. l3 Fr. t2
oth. l5 oth. 19

initial medial final
st. l3 fit St. 1l
Fr. 10 Fr. 7

oth. 10 oth. 15

initial medial final
st. ll st. 19 fit
Fr. t5 Fr. l0
oth. 22 Oth. l9

The jaw height of the consonant and its position in the word, for instance the fricatives rn
initial position, are shown in italic. The average is calculated over the seven consonants of
that specific category. Figures 7.14 and7.15 show schematic diagrams representing the

statistical results of the frequency of occurrences of various consonant manner, i.e., slops,

fricatives, others in CrreCzCr and CrECzrC3 words in initial, medial and final position. The
square indicates the target consonant while the filled circles with dark shade show the highest
significance of occurrence and the light shaded circles show less significant levels of
occturence. The values of the absolute frequency of occurrences are shown inside each circle.
The connecting curves indicate the significance level between the connected circles denoted

by the number of asterisks. The higher the number of asterisks the higher is the significance
level. The letters NS mean that no significance was found.

The results of the ANOVA test showed that stops have the highest significance level when
co-occurring with others in medial and final positions. To a lesser extent, they co-occur with
fricatives also in medial and final positions. Stops also have significant tendency to co-occur
with other stops and others in final position.

Fricatives, on the other hand, have only one high level of significance when they co-occur
in initial position with others in final position (cf. Figtre 7.14). As for the others category, no
co-occurrences of noticeable significance were found (cf. Figure 7.14). This holds for both
CfiCzCt and CrreCziEC: words.

7.7. Discussion

In the light of the above-mentioned findings, it seems that the distribution restrictions acting
on consonants articulated in the back cavity of the vocal tract ignore some of the well defined
acoustical determinants, e.g., sonority, in favor of other factors such as the length of the
distance the jaw has to travel from a pharyngeal constriction to another constriction located
more anterior in the vocal tract.
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Figure 7.12. Diagrams representing the statistical results of the frequency of occurrence of
various consonant categories, i.e., low, central, high in CfiCzCt words in initial, medial and

final position. The square indicates the target consonant while the filled circles with dark
shade show the highest significance of occurrences and the light shaded circles show less

significant levels of occurrence. The values of the absolute frequency of occuruences are
shown inside each circle. The connecting curves indicate the significance level benueen the
connected circles denoted by the number of asterisks. The higher the number of asterislcs the
higher is the significance level, i.e., * 50.05; +* <0.01; *** <0.005; !r+** < 0.001. NS
means that no significance was found.
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Figure 7.13. Diagrams representing the statistical results of the frequency of occuruence of
various consonant categories, i.e., low, central, high in Cfi,CzeCt words in inilial, medial
andfinal position. The square indicates the target consonant while thefilled circles with dark
shade show the highest signiJicance of occurrences and the light shaded circles show less

significant levels of occurrence. The values of the absolute frequency of occurrences are
shown inside each circle. The connecting curves indicate the significance level between the

connected circles denoted by the number of asterisla. The higher the number of asterisks the

higher is the significance level, i.e., * <0.05; ** < 0.01' *** 50.005; ++*!t' < 0.001. NS

means that no significance was found.

2sr



252 CHAPTER 7

Figure 7.14. Diagrams representing the statistical results of the frequency of occurrence of
various consonants manner, i.e., Stops, Fricatives, Others in CVCC words in inilial, medial

andfinal position. The square indicates the target consonant while thefilled circles with dark
shade show the highest significance of occurrences and the light shaded circles show less

significant levels of occurrence. The values of the absolute frequency of occurrences are

shown inside each circle. The connecting curves indicate the significance level between the

connected circles denoted by the number of asterisks. The higher the number of asterisks the

higher is the significance level, i.e., * <0.05; *t'( 0.01; *** 50.005; **** < 0.001. NS

means that no signiJicance was found.
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Figure 7.15. Diagrams representing the statistical results of the frequency of occurrence of
various consonants manner, i.e., Stops, Fricatives, Others in CVCVC words in initial, medial
andfinal position. The square indicates the target consonant while thefilled circles with dark
shade show the highest significance of occurrences and the light shaded circles show less

significant levels of occurrence. The values of the absolute frequency of occurrences are

shown inside each circle. The connecting curves indicate the significance level between the

connected circles denoted by the number of asterisles. The higher the number of asterislcs the

higher is the significance level, i.e., * <0.05; ** 50,01; *{'{' < 0.005; **t* < 0.001. NS

means that no significance was found.
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The inter-dependence of selections observed over the classes lf , h, ?, h, x, y, g, k/ and lj,
r, l, m, w, b, fl, for instance, can be used as evidence for such mechanical effects.

Greenberg (1956), Mousa (1972) and Mrayati (1986) investigated written entries in
dictionaries of Classical Arabic. Most probably this method is representing the written form
rather than the spoken form of the Arabic words. In the present investigation we examined the
presently existing spoken words as they appear in the contemporary version of Arabic, i. e.,

Egyptian Colloquial Arabic. Although we obtained similar results as to the distribution
pattems of pharyngeal consonants, the method used in our study is more expressive and has a
greater indicative power. That is, when searching for pieces of evidence to support our
hypothesis which is exemplified in the model we proposed in Chapter 5. Namely, the
existence of pharyngeal consonants in Arabic do have a severe impact, in terms of the effect
of biomechanical constraints, on the structure of the language.

Our present results revealed that pharyngeal consonants favor occupying syllable onsets
and offsets, in particular initial position, rather than medial position. In addition, the same two
pharyngeal consonants are very rare to co-occur in the same root morpheme. Pharyngeals and
dentals which have the highest and lowest degree of jaw displacement, respectively, favor the
initial position in C,eCrC3 and C,reCreC3 contexts, while laterals and glides which have a

central degree of jaw displacement favor syllable final or medial position. Moreover, the
consonants permitted to form a cluster with a pharyngeal consonant in a C,reC2C3 and a

CrcC2rC3 sequence imply the co-occurrence of a third consonant with a distinct range of jaw
displacement.

As it has been mentioned earlier (cf. Chapter 3), our results showed that vowels
accommodate the jaw position assigned to the pharyngeal consonant when it occurs in
intervocalic position, but not initially in a word. Pharyngeals require an extreme degree ofjaw
lowering compared to other consonants. That degree is greater word initially than
intervocalically (cf. Section 3.7), which might explain why pharyngeals favor occupying the
initial position. Moreover, we noticed that two pharyngeal consonants never co-occur in the
same syllable. It can be speculated, accordingly, that the reason is that the co-occurrence of
two pharyngeal consonants will violate the temporal pattern since the jaw has to travel a
longer distance between the two consonants. This may also lead to exhausting the speaker
production effort. The preference of initial over intervocalic position can be justified when
considering the strong correlation found between stress, syllabic pattem and nucleus vowel
duration in Arabic (see section 1.4).

Arabic low vowels are inherently longer than high vowels which may be attributed to the
distance the tongue has to travel from the position of the consonant to the place of articulation
of the adjacent vowel, and may also be due to the longer distance the jaw has to move with
the tongue from the rest position to the position required for the constriction for the high
vowels (Elgendy, 1985.b). This explains why the occurrences of low vowels override those of
all other high vowels (cf. Appendix 7.1). A relation can also be drawn between phonetic
segment duration and fundamental frequency. F0 values for high front vowels in Egyptian
Arabic are consistently higher than for low vowels, even higher than for high back vowels
(Elgendy, 1985.a). Arabic voiced pharyngeal lll and uvular lul are characterized by a

markedly low F0 compared to other voiced oral consonants (ibid.). A syllable that contains a

pharyngeal consonant is longer than a syllable that contains an oral consonant in the vicinity
of the same vowel (Elgendy, 1985.b). This relative reduction in vowel duration may be
correlated with a greater amount of expiratory energy, thus a higher F0, i.e., the shorter the
vowel the higher is F0.

Duration is an implicit parameter of coarticulation. Coarticulation is usually described in
terms of the spatial effects on articulator motion (e.g., shortening or lengthening of phonetic
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segment) or the degree of acoustic effects (e.9., formant undershoot). The duration of longer
coarticulation effects may relate to how fast articulator muscles can contract or expect to
behave. If the phones are assigned an "inherent" base duration related to their length in
"neutral" phonetic contexts, durational deviations may be attributed to coarticulation. When
the motor commands seek a specific temporal pattern for a sequence that contains a

pharyngeal consonant, the control of time intervals between segments, as an articulatory
target, can be attained by either one of two ways: I ) increasing the articulators speed, to cope
with longer utterances if the segment occurs intervocalically, hence, the jaw and other
articulators involved have to move faster; or 2) select the following consonant so that its
target position is reachable in a shorter time (to compensate for the delay due to greater jaw
displacement). High consonants were found to favor initial rather than medial position while
laterals prefer medial position. The higher frequency of occurrence found for low, and high
consonants in initial position and of central consonants in final position can be expected, since
this will keep the symmetry of the bulk of morphemes in the lexicon in terms of the consonant
inherent jaw height (see Figure 7.10.a and 7.10.b)

The interdependency among consonant positions in a sequence can be realized when the
degree of adaptation to jaw height is considered. It seems reasonable to correlate the jaw
position with the selection of pharyngeal consonants in combination with other none
pharyngeal consonants on a temporal (timing) rather than on an acoustic (spectral) basis.
However, the findings of the present study cannot preclude the effect of the acoustic factor
but they do point out the predominant effect of the mechanical constraints on the phonotactics
pattems.

We demonstrated (cf. Chapter 3) that the degree of jaw displacement varies as a function
of the location of the constriction occurring in the pharyngeal cavities, i.e., upper and lower
pharyngeal cavities. In other words, the more inferior the constriction location, the lower is
the mandible. In addition, the movement of the mandible at the onset of a pharyngeal or
pharyngealized consonant showed mandibular coarticulation, i.e., the target position the
mandible has to reach during the articulation of pharyngeal or pharyngealized consonants is
locked even during the following vowel (cf. Chapter 3).

The active bending of the epiglottis downwards and the simultaneous lateral contraction of
the pharyngeal walls (Elgendy, 1987; cf. also Chapter 2) and the rising of the larynx (Delattre,
l97l) observed during the production of the pharyngeal consonants can account for the choice
of clusters of consonants having a distinct degree of jaw displacement. One explanation can
be that the distance the jaw has to cover from the instance where the constriction begins in the
pharynx to the following constriction point along the vocal tract must be short enough so that
it compensates for the delay in time caused by the coarticulatory effect exerted on the
mandible. Probably, neither the tongue nor the jaw can be engaged in the execution of the
following articulatory gestures until the epiglottis has returned to its rest position, i.e., at the
offset of the pharyngeal consonant.

The programming of the speech sound sequence should allow a large enough amount of
acoustic modulation among phonetic segments in order to be perceptually distinct (Kawasaki,
1979: Ohala 1984). If this pararneter is not considered, when linking the pharyngeal
consonant with other phonetic segments in a sequence, the temporal organization over the
whole phonetic utterance will be perturbed. This linkage is necessary in order to compensate
for the forceful mechanical constraints due to the mandibular coarticulation exhibited (cf.
Chapter 2). That is, the high score of the frequency of occurrence of the low vowel lnl
compared to the high vowels and the preference of the pharyngeal consonants -which have
highest degree of jaw displacement - to occur initially in a syllable give better control on the
temporal organization of the sound sequence. As it was mentioned earlier, the stress
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assignment in Arabic is strongly correlated with the syllable length and the type of its
structure (cf. Harrell,1957; Aboul-Fetouh, 1969; Khalafallah,1969; Harms, 1981).

The present survey emphasizes the predominance of the mechanical factor over the
acoustic factor when selecting segments in a sequence. The physiological constraints
encountered when producing speech segments involving the pharynx in their production is
compensated for by the choice of combinations of phonetic consonants which are compatible
in terms of their temporal aspects. The distribution patterns observed for the pharyngeal
consonants seem to be severely constrained by physical limitations of the production system
of speech.

In summary, the present study of the phonotactics of Arabic revealed that mechanical
constraints affecting pharyngeal articulation (cf. Chapter 2) exert severe restrictions on the
distribution of the pharyngeal consonants. These restrictions were exemplified in the
preference of certain positions of a pharyngeal consonant in a word. That is, pharyngeal
consonants favor occupying syllable margins, i.e., initial and final positions, rather than
medial position. In addition, the presence of a pharyngeal consonant in C,reC2C3 and
C,rCrrC3 words implies the co-occurrence of another consonant which possesses a distinct
degree of jaw displacement, e.9., ll, rl . For example, ltl occurs 597o in initial position and
177o in medial position while irl (which requires 8 mm of jaw displacement) occurs 23Vo

initially and 37To in medial position. Since the jaw has to maintain its target position assigned
for the pharyngeal consonant and the following vowel, such findings point out to the role the
jaw plays in controlling the temporal pattem of the syllable.

7.8. Conclusion

We demonstrated in this chapter that the severe bio-mechanical constraints exerted on
pharyngeal consonant production have a prevailing effect on the construction of the entire
production system of the Arabic language. Consonants in a given sequence are selected
according to their compatibility to preserve the temporal aspects of the syllable structure. That
is, the organization of consonants in a sequence depends, to a great extent, on their relative
degree of jaw height. The co-occurrence of different consonants in a word is based on the
consonant's inherent degree of jaw height. The word length can be expressed as the trajectory
the jaw takes from one consonant to the next along the word (cf. Section 3.5).
The hypothetical model we designed in Chapter 5 claimed the ability to predict the severe
restrictions on the distribution of pharyngeal consonants. One of the components of that model
is a high level module for estimating jaw height for each element of the consonantal pattern
(cf. Figure 5.1). Thus, the present results we obtained on the distribution patterns of Arabic
consonants suggest that the degree of jaw height for each consonant in the sequence is
determined prior to the listing of timing instructions for the entire utterance. That is, the
timing controlling the relationship between the speech utterance constituents is preplanned.
We proposed a hypothetical ideal sequence of consonants in CVCC words as a function of the
inherent jaw height of various consonant categories in Arabic (cf. Figure 5.7). This stylized
presentation was derived from the data collected and stated in Chapters 2, 3 and 4 (cf. Figure
5.5). The present study on the phonotactics patterns apparently agrees to a great extent with
that prediction.

Moreover, our model can provide an explanation for the tendency we observed of
pharyngeal consonants to favor initial or final rather than medial position in a word. The
temporal specifications in the model are highly restricted and a pharyngeal consonant in
medial position will demand that the execution of the motor plan must be reset (cf. Figure
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5.1). This is justified by the present finding that two pharyngeal consonants do not co-occur in
one and the same consonantal pattern (cf. AppendixT.2). Recall that the pharyngeal consonant
possesses an extreme degree of jaw lowering. Furthermore, the plurality of the vocalic
patterns used in the Arabic language was found to be based on the low vowel lal.l-ow vowels
are more susceptible to coarticulate with pharyngeal consonants.

Taking into account the acoustic consequences of the articulatory dynamics associated
with pharyngeal consonant production, our present results do suggest that biomechanical
constraints can be considered as an additional factor which determines the structure of human
language. Probably, more precise knowledge about these constraints is needed for improving
methods of constructing articulatory models of speech intended for articulatory synthesis.
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Legendfor Appendix 7.1. (page 259)

cHnpren 7

The matrices representing the distribution of the permissible co-occurrences for each
consonant in various positions in C 1WC2 words where W stands for any one of the five long
vowels /ii, ee, &&, oo, utt/.

General legendfor Append.ix 7.2. (pages 260-281)

The matrices representing the distribution of the permissible co-occurrences for each
consonant in various positions in CpC,Cj (left column) and CpC2a,Cj (right column)
words. The consonant occurs in initial position (top matrix), medial position (middle matrix)
and final position (bottom matrix). The count in each matrix as well as the total number of
occurrences are given to the bottom right of each matrix. The matrix label for C 1, C2, or C j is
shown in the uppermost left top of eachfigure.
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General discussron and conclusion

Abstract

The main findings of the present study, which were presented in the previous chapters, are
summarized and discussed in this Jinal chapter. Some of the implications of the results
obtained, as well as some of the limitations of the present study, are stated. A brief account on

futureworkrelated to the main topic of the thesis is presented.
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8.1. Introduction

The current study was intended to investigate pharyngeal articulation in normal speech as

exemplified in Egyptian Arabic. For that purpose, we designed a series of experiments
reported in chapters 2, 3, 4, 6, and 7. Using diversified methods, the study examined the
movement patterns of various articulators and their acoustic consequences during the
production of pharyngeal consonants. Numerous research questions were posited in Chapter
1, which we took as motivation to conduct the experiments included in this study. The most
primary of these questions are: l) Is the current definition of pharyngeal articulation precise

enough? 2) What is the relationship between pharyngeal and nasal articulation?; what is the

nature of coarticulation in the pharynx? And the most crucial question in our investigation: 3)

Is the jaw actively involved in the production of consonants, particularly for pharyngeal
consonants?

We also attempted to explain why pharyngeal consonants are rarely used in the sound
inventories of the world languages. We also tried to provide answers to other questions such
as why the jaw is open (a typical feature for vowels) during pharyngeal consonants as seen in
published x-ray pictures (cf. Chapter l)? Why do non-native speakers, when mimicking
Arabic words, apparently have difficulty in producing intelligible pharyngeal consonants and
why do native children take more time to acquire the production of pharyngeal consonants

compared to oral consonants? What causes the pharyngeal and the laryngeal consonants to
behave phonologically similar as one sound class?

A11 these questions required that we also study the dynamic aspect of pharyngeal
coflsonant production. The answers that our present study offered to these questions are

summarized and briefly discussed in the following sections.

8.2. Defining pharyngeal articulation in Arabic

In the present study diverse methods were unavoidably used to obtain empirical data on the

use of the pharynx in speech production and to study the coarticulatory effects due to the
presence of a pharyngeal consonant in a variety of phonetic contexts. Pharyngeal consonants
have always been described as phonetically complex speech sounds, although no data

verifying or explaining this claim can be found - to the best of our knowledge - in the

literature. The present study, however, offers a thorough and illustrative explanation to that
complexity. We stated in Chapter 2 that the intricacy of pharyngeal articulation is due to the

involvement of coordinated activities of several articulators. We found several articulatory
gestures to be occurring simultaneously during the production of pharyngeal consonants. The
present study offered several interesting findings concerning the phonetics and phonology of
pharyngeal consonants in Arabic.

Speech scientists and linguists dealing with articulatory modeling take for granted that the
production of Arabic pharyngeal consonants is solely attained by retracting the tongue root
into the pharyngeal cavity. This phonetic description seemed to be inadequate to explain the

claimed complexity as well as the observations we collected (see discussion in Chapter l) to
motivate conducting the present investigation. We provided evidence, using the results of the

experiments we reported in Chapters 2 and 3, to account for the origin of this complexity.
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Moreover, the present study focused on the phenomena of coarticulation specifically to
account for these motor activities involving the pharynx to produce speech sounds. In that
respect, we view the pharynx as a peculiar structure in the sense that it is a non-rigid
resonating cavity and not a typical movable articulator such as the lips, the tongue, the velum,
the larynx or the jaw. It is expected that the coarticulation involving the pharynx would be

different from, say, the lips with the jaw or the velum with the tongue. It is a fact, supported
by our present findings, that the pharynx is mechanically connected to most of the movable
articulators, used to produce speech. Therefore, we hypothesized earlier (cf. Chapter 1) that
the nature of the coarticulatory process involving the pharynx as a place of articulation will
require the coordination of the movement of several other articulators. This hypothesis was

based on the anatomical certainty that the pharynx is linked to several other parts of the vocal
tract more than the lips to the tongue or the jaw to the velum, for instance. One of the central
tasks of speech research, on one hand, is to explain the process of coarticulation, i.e., the

overlapping between articulatory gestures in space and time. On the other hand, modeling
coarticulation requires definition of its temporal extent, i.e., carryover and anticipatory types
of coarticulation. Therefore, we examined the timing relationship between these various
articulators in order to determine how the pharynx is used to produce distinct speech sounds.
The findings concerning this issue will be discussed in the following subsection.

8.2.1. Dynamic aspects of pharyngeal coarticulation

Several phonological observations indicated that there might be a connection between
laryngeal, pharyngeal and nasal articulations. What type of relation could this be? Why is
pharyngeal articulation used as a substitute to some oral consonants by cleft palate patients
(suffering from hypernasality) whose native languages lack pharyngeal consonants, €.9.,
American English, Japanese and Swedish? (cf. Chapters I and 2).

In terms of the dynamic aspects of pharyngeal articulation, it appeared that the process of
pharyngeal consonant production involves the interaction of several articulators (cf. Chapter
2). These articulators are the velum, the epiglottis, the larynx complex and the jaw, which
were observed to be highly synchronous in their activities during the production of a

pharyngeal consonant. Accordingly, we defined the true pharyngeal consonants as epiglottal
pharyngeal approximants. The epiglottal component, manifested as a downward bending of
the epiglottis, contains two subcomponents, i.e., a constricted glottis and a raised larynx. The
pharyngeal component involves the active contraction of pharyngeal muscles (cf. Chapter 2

and Figures 5.3 and 5.4) which leads to a constricted lower pharynx at the level of the
epiglottis. We consider the true pharyngeal consonants to be approximants rather than
fricatives (as they are cornmonly described) because the degree of constriction is less than that
for proper fricative consonants as aerodynamic data has shown (cf. Section 4.4.3.1). This
phonetic definition, though concise, is adequate to explain why pharyngeal consonants are

thought to be intricate phonemes. That definition may furtheffnore explains why pharyngeal
articulation is rarely used in the languages of the worlds. The speech of languages of the
world tends to make use of simple sounds rather than of complex sounds (cf. Section 1.1).

In addition to the complexity of pharyngeal consonants, in terms of the number of
articulators involved, the speaker needs to learn how to move the jaw simultaneously with the
tongue in two opposite directions. One case is that of producing a pharyngeal consonant in an

emphatic (pharyngealized) environment. The speaker needs also to learn how to lower the jaw
to an extreme position (24 millimeters on average in initial position), which is a quite large
degree of opening compared to oral consonants and even to low vowels (cf. Chapter 3).

28s
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The complex pharyngeal gestures require that the speaker first learns how to lower the jaw
to that unusual (excessive) position without losing control over the utterance temporal pattern.

Second, the speaker should leam how to manipulate the tongue muscles to form the particular
shape (as an inverted V) while the jaw is maintained open. Third how to constrict and elevate
the larynx as well as the hyoid bone. This mechanism is achieved by using the neurologically-
based anatomical functional chain, explained in Section 2.4.1.5. The remaining gestures, a

prerequisite for pharyngeal consonants, are active contraction of the pharyngeal constrictor
muscles at the level of the epiglottis and contraction of the muscles connecting the epiglottis
and arytenoids. These movements affect the length and tension of the vocal folds.
Comparably, these activities are attained through using the same group of muscles as in the
pharyngeal phase of normal swallowing. The resulting sound due to all these interactive and
coordinated movements is a pharyngeal consonant (cf. Section 2.4.1).

Although any speaker knows how to manipulate this so called "functional chain" during
the pharyngeal phase of swallowing, still s/he needs to learn how to open the jaw to an
extreme position while the group of muscles involved in this chain are together in action. The
jaw is completely closed during the pharyngeal phase of normal deglutition and the tongue
presses against the hard palate (try dry swallowing for example). We speculated (in Chapter
6) that the untrained non-native speakers of Arabic encounter tremendous difficulty to
produce correct pharyngeal consonants because they cannot switch to these complex
articulatory gestures while keeping the jaw opened to a great degree. Aiso the bilingual native
children take a considerable amount of time to leam these sounds because they need to leam
first the same gesture for swallowing with an opened jaw. The group of muscles involved
during the pharyngeal phase of swallowing, i.e., the functional chain, seems to be similar to
that used during the production of lower pharyngeal consonants. We further speculate that the
shape of the tongue assumed, as well as the state of the larynx complex including bending of
the epiglottis during pharyngeals, are due to the action of this chain of muscles. Cleft palate
patients from different language communities other than Arabic (cf. Section 2.4.6), use
pharyngeal articulation as an alien substitute because it allows communication with a part of
the nasal cavity and also creates a controllable constriction in the pharynx. The cleft palate

speakers also exhibited a similar action of the larynx-epiglottis movements as well as showed
similar tongue shape to that during normal pharyngeal articulation. These two articulatory
gestures are used by these patients as a solution to avoid the leakage of the airflow through the
nose due to the cleft in the roof of the mouth. However, EMG measurements are needed in
order to obtain data to veriff the above-mentioned assumptions.

We studied the dynamics of the pharyngeal structure during the production of consonants
articulated in the back cavity of the vocal tract via fiberscopic video-imaging regestration.
The results showed that the production of pharyngeal consonants is characterized by 1) an

opened velopharyngeal port even in non-nasal context, 2) inward displacement of lateral and
posterior pharyngeal wall, 3) active bending of the epiglottis, 4) simultaneous posterior-
anterior tilting of the arytenoids accompanying the ascending of the larynx. The degree of
velum elevation was found to be sensitive to the constriction location as well as to tongue
height. In addition, the down folding of the epiglottis cartilage is synchronized with the
sphincteral contraction of the pharyngeal wall (cf. Chapter 2). These findings contribute a

good deal to account for several phonological and phonetic observations which we stated
earlier in section 1.10. The interaction we found between the nasal and the pharyngeal cavities
is mechanically grounded. That can be verified when considering the anatomical connecfion
between various pharyngeal muscles that cause the velum to be pulled down, hence leading to
an open velopharyngeal port.
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8.2.f .1. The secondary role of the tongue during pharyngeal articulation
We argued in Chapter 2 against the view which considers the tongue as the main articulator
used for creating the constriction in the lower pharynx during pharyngeal consonant
production, as it is commonly believed. Our view regards the tongue as playing a secondary

role in pharyngeal consonant production. This argument is supported by the fact that during
pharyngeal consonants the tongue takes that peculiar shape instead of an assimilated shape to
the following or preceding vowel. The reason, we claimed, is because the tongue undergoes

mechanical constraints stemming from its connection to the hyoid bone and the mandible
which both are connected to the larynx complex. We also have demonstrated (cf. Chapter 2),
by measuring the degree of displacement (inward contraction) of the pharyngeal wall, that the

pharynx is actively consfricted during the production of pharyngeal consonants. It seems that
the common denominator among all the available physiological data is that the tongue is
assuming the pyramidal shape (inverted "V") and that the larynx and the hyoid bone are

substantially raised upwards while the epiglottis is bend backward. Recall that a similar
maneuver was reported to be used by Japanese cleft palate patients. This indicates that
pharyngeal articulation is achieved by similar mechanism to that used during the pharyngeal
phase of swallowing. With the jaw open, as during the lower pharyngeal consonants, the
tongue assurnes the inverted V shape, maybe aiming to get in contact with the roof of the

mouth such as during the pharyngeal phase of swallowing.
Based on our data (Chapter 2), we inferred that the mechanism used to produce

pharyngeal consonants is similar to that during the pharyngeal phase of normal swallowing.
Hence, the vocal tract configuration associated with pharyngeal consonant production is

considered to involve the tongue as a secondary articulator. Due to certain biomechanical
constraints, the tongue assumes that shape which yields two secondary constricted points, one

closer to the mid of the hard palate and the other at the level of the epiglottis (see Section
l.1l). These two constriction locations are expected to have an effect on the acoustic
parameters characterizing the speech signal associated with pharyngeai consonants. This
shape, as we suggested in Chapter 2, is a characteristic articulatory gesture for pharyngeal
consonants. The tongue was observed to be additionally drawn backward during pharyngeal
consonants in a pharyngealized environment (cf. Section 5.4). This observation can be taken
as an added evidence to support our claim that the major constriction associated with the
pharyngeal consonant is achieved by contraction of the pharyngeal wall and not by tongue
root retraction. The tongue would not retract more for an "emphatic pharyngeal" if the
retraction of the tongue root is an inherent feature of the true pharyngeal consonants.

8.2.1.2. The secondary role of the pharynx during emphatic consonants
We also have demonstrated that the mechanism underlying the production of true pharyngeal
consonants in Arabic is different from that used to produce pharyngealized consonants (cf.
Chapter 2). Several previous studies showed that the tongue is the main articulator during
pharyngealized consonants. Howevern the tongue is stiff and arches upwards during the
production of true pharyngeal consonants, indicating its secondary role in narrowing the
pharynx. The emphatic (pharyngealized) coronal consonants /sr, zr, t', dr/ are distinguished
from the true pharyngeal consonants /t/ and lhl by a lowered tongue dorsum. They share
reffaction of the tongue root at the level of the epiglottis which is deliberate only in the case of
emphatic consonants. As for the epiglottis, we found that during the true pharyngeals it comes
very close to the posterior wall of the pharynx and that it bends downward thus covering the
top of the arytenoids. These activities are accompanied with a constriction in the glottis itself
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(cf. Chapter 2). Nevertheless, we argue that neither velum lowering nor laryngeal constriction
is a characteristic of pharyngealized consonants in Arabic.

Regarding the manner of articulation of the true pharyngeal consonants, our results
suggest that the makeup of the constriction we found in the lower pharynx is not adequate to
produce enough friction to consider these sounds as fricatives, hence they are considered as

approximants. However, to establish a more precise definition, further investigation is needed,

e.g., EMG combined with X-ray motion picture or MR[. The pharyngealized consonants /sr

;'7;;- r;1- ."rriO..ed as fricative sibilants The impact of the secondary pharyngeal feature
induced by retracting the root of the tongue does not change its acoustic clues, rather it effects

only the spectral properties of the surrounding vowels.

8.3. Acoustic affiliations of pharyngeal articulation dynamics

In Chapter 4, we investigated some of the acoustic properties of the pharyngeal consonants in
Arabic words recorded from some 9 native speakers. The results showed that it is possible to
relate, to a certain extent, the articulatory dynamics characterizing pharyngeal consonants to
the spectral clues attributed to their acoustic signal. The significant damping of Fl-amplitude
and the increase of its bandwidth measured at the midpoint of the voiced pharyngeal
consonant as well as the foliowing vowel, pointed to the nasal coupling observed during its
production. The difference between the values of first and second formant frequencies for the

voiced pharyngeal consonant and the following vowel can indicate the constriction location of
the consonant in the back cavity.

We found the fundamental frequency of the voiced pharyngeals to be markedly low,
which can be ascribed to the constriction of the glottis. Moreover, the weak energy found in
the high region of the spectrum of the pharyngeal consonant can be attributed to the active
bending of the epiglottis towards the arytenoids. In addition, mandibular adjustments were
reflected as a compensatory effect on the duration of the vowel adjacent to the pharyngeal
consonant. We found that all the values of these acoustic parameters can be defined in order
to be incorporated in any articulatory model such as that described in Chapter 5. These
findings are also taken as supportive evidence to validate our main hypothesis that the
production of pharyngeal consonants involves several articulators and as a verification of the

complexity of pharyngeal consonants. However, further extensive investigation of the
acoustics and perception of pharyngeal articulation with more subjects including female
speakers is needed before a comprehensive account can be given about this issue.

8.4. Jaw contribution to pharyngeal consonant production

The results obtained from the jaw kinematics experiment with 6 native speakers reported in
Chapter 3 on the jaw movement provide additional support to the interpretation we offered
about the consequence of the mechanical perturbation on the structure of Arabic language.
We concluded that the resulting coarticulatory effect, due to the compounded articulatory
pharyngeal gestures, causes the jaw to sustain certain mechanical constraints. These

constraints are realized as antagonism of the jaw movement to the tongue movement and

temporal reorganization of the syllable containing pharyngeal consonant. That is, the
synergies involved in controlling the production of pharyngeal consonants restrict the jaw and
the tongue from anticipating the articulation of the upcoming phonemes until the motor
command for issuing the pharyngeal consonant is completely executed. This articulatory
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maneuver causes restrictions on the distribution of pharyngeal consonants to diffuse over the

arrangement patterns of the rest of the consonants.
We also suggested that the classification of Arabic consonant inventory into categories

can be made according to the degree of inherent jaw height associated with each individual
consonant. Thus, Arabic consonants can be classified into high, central and low, in terms of
their degree ofjaw height. This suggestion was supported by our results on the co-occulrence
restrictions in Egyptian Arabic. There exists a hierarchical classification which starts from
extreme low position for the pharyngeal consonants and ends with the highest position for the

sibilant consonants. The type of co-occurrence restrictions we observed showed that
consonants in Arabic do fall into categories according to their degree of jaw height, i.e.,
degree of opening, exactly as do vowels in the traditional classification system. These results

indicate that the path the jaw, and hence the tongue, takes to move from one location for a

consonant to another within the utterance, will determine the overall duration of the utterance.

Since we found Arabic consonants to be arranged in a sequence based on that relation, we
take this piece of evidence to suggest that the timing control of a speech utterance is taken
into consideration in the high level planning scheme (centrally in the brain) prior to actual

speech is produced.

8.5. Modeling pharyngeal articulation

In Chapter 5, we presented a hypothetical model that describes the cognitive and motor
processing of any given Arabic utterance containing a pharyngeal consonant. The model
design was based on our findings regarding the dynamics of the back cavity and the jaw
movements. Moreover, acoustic and articulatory parameters were described and presented as

components that can be used in constructing a dynamic model for pharyngeal articulation.
ln the global model (see Figure 5.1), we proposed two main strategies inferred from the

particular curves characterizing the trajectories which the jaw passes through during
pharyngeal articulation. These strategies were derived from the results obtained from the

experiments reported in Chapters 2 and 3 on the dynamics of the back cavity as well as the
jaw. The first strategy (a default) allows anticipatory coarticulation to take place in utterances
that do not contain a pharyngeal consonant. The second strategy is used to handle the
temporal perturbation that occurs due to the presence of a pharyngeal consonant. This
perfurbation was found to prevent the jaw anticipation for the upcoming phoneme before the
gesture of the pharyngeal consonant is terminated. As a result, consonants in the same string
are selected in terms of their inherent degree of jaw height in order to compensate for the

temporal perturbation that occurs. This indicates that the speaker does not have to slow down
or to speed up the movement of the articulator to compensate for the delay due to the
perturbation effect caused by pharyngeal consonants. The choice of a compatible consonant in
terms of inherent jaw height, as our results in Chapter 7 showed, supports our hypothesis that
the timing is issued centrally. The path the jaw has to go through is adequately realized in the

high level articulatory plan. This bears additional counter evidence against the existence of
the so-called "proportional timing" during speech (cf. Chapter 3).

Our model predicts that consonants in a sequence are compatible in terms of their jaw
height in order to maintain a unitary length of the morpheme which may be a characteristic
feature of Arabic words. Results obtained from the experiments reported in Chapter 3 showed
that vowels are found to accommodate the mandible position assigned to the pharyngeal
consonant. Furthermore, the degree of jaw lowering is greater, i.e., more open, for mono-
syllabic than for bi- or tri-syllabic words. All these results were verified and supported by the
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study we conducted in Chapter 7 which investigated the phonotactics patterns of the
consonant inventory in Egyptian Arabic of the three main types, i.e., CVVC, CVCVC,
CVCC. We took these findings to suggest that the jaw is involved in regulating the timing
demands to organize the temporal aspects of syllables. We suggested that the timing pattem is
preplanned because the Arabic language considers an inherent jaw height for each consonant
while arranging the phonemes in a sequence to constitute a morpheme (cf. Chapter 7). During
the execution of an utterance, the degree of jaw opening for each consonant, which is
determined prior to the listing of timing instructions, will be subjected to modification
according to the demand of the temporal pattern (syllable structure, stress position, etc.), and
according to the presence or the absence of a pharyngeal consonant in the utterance and its
position in the word (cf. Chapter 3).

The syllable, as we have demonstrated in the present investigationo is affected by the open

and closing phase of the jaw in the sense that consonants as well as vowels are not specified
to either open or closed jaw but rather to the temporal specifications of the syllable. That is, in
our opinion, the jaw cycle in the open phase will require a subsequent closing phase in order
to enhance the contrastive perceptual saliency, thus affecting the overall duration of the

syllable. Unlike other views, e.g., Lindblom (1983) and Keating et al. (1989), we suppose that
the interrelationship between vowel jaw height and consonant jaw height is determined by the
timing organization of the syllable's constituents. Both vowels and consonants are subjected

to a shortening or lengthening effect depending on the degree of flexibility of the phoneme in
terrns of its acoustic length. In that respect, vowels are considered to be more flexible
phonetic segments than consonants so they can undergo a greater degree of
lengtheningishortening effects. Our results strongly suggest that the opened jaw is not
necessarily a characterizing feature of vowels only, but also of pharyngeal consonants.
However, further investigation is needed in order to make these assumptions eligible.

Our results on the acquisition of pharyngeal articulation also support this idea (cf. Chapter
6). These results revealed that the acquisition of pharyngeal consonants by l0 bilingual
shildren has a gradual emergence which is correlated with the relative degree of inherent jaw
height associated with each consonant. That is, within the same phonetic class of speech
sounds, the consonant which has a greater inherent jaw opening was acquired later than the

consonant which has a lesser degree of jaw opening. The 6 non-native adults on the other
hand, showed a tendency to substitute lower pharyngeal consonants by sounds with less
degree of jaw opening within the same phonetic class. This suggests that the biomechanical
constraints which induce complexity charactertzing the articulation of pharyngeal consonants
have a considerable impact on the process of acquisition, another aspect which our
hypothetical model also could predict.

8.6. Co-occurrence restrictions affecting pharyngeal consonants

We have shown that pharyngeal consonants are distinguished by being subjected to severe
bio-mechanical constraints which cause a considerable amount of temporal perturbation on
the speech utterance (cf. Chapters 2 and 3). In order to adapt to these perturbations the speaker
uses a secondary strategy to control inter-consonantal timing (cf. Chapter 4). In Chapter 7 we
have demonstrated that the co-occurrence restrictions governing the Arabic phonotactic rules
are based on a hierarchical ranking order depending on the inherent degree of consonant's jaw
height. Accordingly, we classified the consonants in Arabic into three distinct categories, i.e.,

high, central and Iow.
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We further suggested that the mandible accommodates the position of the pharyngeal

consonant in order to preserve the temporal pattern organizing word structure. This
assumption was motivated by the observation presented in Chapter 3 concerning the jaw
trajectory of the vowel in the vicinity of a pharyngeal consonant. We found that the vowel
adapts the jaw position assigned to the pharyngeal consonant in medial position and not in
initial or final position. That the jaw accommodates the pharyngeal consonant position, and

not the vowel position, suggests that the temporal pattern governing the syllable(s) is

controlled by the jaw. The way this requirement is fulfilled depends significantly on the
choice of compatible consonants in the vicinity of a pharyngeal consonant in terms of jaw
opening associated with the consonantal composite. The duration of the vowel adjacent to the
pharyngeal consonant has a compensatory interrelationship with other phonemes in the word
as a function of the overall distance the jaw has to travel between various levels along the

utterance. The target is to preserve certain temporal pattem among syllables. Recall that the

frequency of occurrences of pharyngeal consonants in Arabic is high, although they are rarely
used in the languages of the world.

We found that the jaw opening for pharyngeal consonants is greater than for low back
vowels. This evidence supports our hypothesis stated earlier in Chapter 3 that the extreme jaw
lowering associated with pharyngeal consonant production is a result of biomechanical
constraints and should not be seen as a coarticulatory effect induced on the consonant from
the preceding or following low vowel. Our results also show that pharyngeal consonants have
lower jaw position even in the vicinity of high vowels, i.e., lil, ht/. If this extreme degree of
jaw displacement for pharyngeal consonants is taken as a result of the effect of the vowel
height on the consonant height, why then was the jaw still found to be lowered during lll and
lh/ even in the vicinity of the high vowel /r/ (cf. Figwe 3.5)?

8.7. General conclusion

The present study offers a more precise definition of pharyngeal articulation in general and

sheds some light on the nature of coarticulation in the pharynx. It also offers an innovated
phonetic classification of Arabic consonants. We classified Arabic consonants in terms of
their inherent degree of jaw height, relative to the clench position, as low, central, and high.
Jaw movements as an articulatory parameter are not actively integrated in the framework of
current articulatory models of speech (e.g., task dynamics model). Our results suggest that the
efficiency of these models can possibly be improved once the jaw activities are linked in their
score of articulatory gestures. The results further suggest that any model seeking a universal
framework of presentation should consider the jaw as an articulator that handles temporal
specifications of syllable structure. One important implication attributable to the presert study
is that physiological constraints affecting the biomechanical system governing the vocal
apparatus are centrally taken into account whiie planning the articulatory process.

8.8. Future research

The present study suffers from certain limitations regarding the scope of the investigated
topics dealing with pharyngeal articulation. Perceptual evaluation of the acoustic clues of the
speech signal associated with the production of pharyngeal consonants is one aspect which
should be taken into consideration as future research work.
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Moreover, in the present study only male voices were used, therefore, more experiments
are needed in order to test female voices for comparison. Our present findings indicated that
the elevation of the larynx body, which in turn affects the length of the vocal tract and the
state of the glottis, which determines the level of the fundamental frequency, are characteristic
features of pharyngeal articulation. Replicating our pilot study of aerodynamics of pharyngeal
articulation (cf. Chapter 4) with more subjects and a wider range of test material would be
worthwhile. It is also useful to extend the investigation on pharyngeal articulation to involve
other Arabic dialects and various speech styles.

A phonological analysis for back consonants, in particular pharyngeals in Arabic, is a

prerequisite for the verification of the phonetic description of this class of consonants.
Therefore, it is essential to conduct comprehensive phonological and morphophonemic
analyses of pharyngeal consonants. Investigation of pharyngeal articulation beyond the word
level can be an important topic for future work. It will also be necessary to examine other
languages of the world which use pharyngeal articulation, aiming towards a universal account
on the use of the pharynx in speech production.

In the present study, we offered various articulatory as well as acoustic components for the
purpose of dynamic modeling of pharyngeal consonant production. Articulatory synthesis is

one method which can be used to test articulatory models. Our findings conceming the
physiological representation of the pharynx and the related articulators involved in the
pharyngeal articulation were adequate to predict the muscles that contributed to produce
pharyngeal consonants. It can be useful, thus, to conduct an EMG study to examine the
articulatory parameters in terms of the muscles involved in pharyngeal articulation. This is
needed for synthesizing Arabic speech, particularly for utterances containing pharyngeal
consonants. Our results obtained from the various experiments conducted in this project can
be considered as an entrance to a wider filed of exploration of Arabic phonetics in general and
pharyngeal phonetics in particular from a different perspective.
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Summary

Aspects of pharyngeal coarticulation

The aim of this study is to investigate the mechanism underlying the production of various
pharyngeal consonants in Arabic and to account for the nature of coarticulation in the
pharynx. The phonetic system of the Arabic language makes extensive use of the pharynx
both as primary and secondary place of articulation. A series of experiments were desigrred to

examine the dynamics of various articulators and their acoustic consequences associated with
a set of speech sounds produced in the back cavity of the vocal tract.

Data collected using fiberscopic monitoring of the top view of the pharynx revealed that
the production of the pharyngeal consonants is characterized by a complex mechanism
involving the control of coordinated activities of the pharyngeal wall, the epiglottis and the

larynx.
Data on jaw kinematics obtained by means of electromagnetic coil registrations of the

lips and the mandible excursions suggested that the coarticulatory effects resulting from the

cornplexity of the pharyngeal consonant cause the jaw and the tongue to undergo certain
mechanical constraints. Jaw displacement associated with pharyngeal consonant production
was found to be considerably larger, especially for the lower pharyngeal consonants /t, h/
compared to, for instance, oral consonants in the same vowel context. The complexity has a

delaying effect on the anticipation of the production of the phonetic segment(s) following the
pharyngeal consonant. That is, the synergy involved in controlling the production of the
pharyngeal consonant resfficts the jaw and other articulators to anticipate the articulation of
the upcoming segrnents until the associated motor commands for the pharyngeal consonant
are fully executed. Acoustic measurements revealed that this mechanical effect is mainly
realized as a temporal re-organization of the syllable(s) within the Arabic word. These
findings suggest that the compensatory effect on the vowel duration required to preserve a

unitary syllable length, a characteristic prosodic feature in Arabic, is achieved by the jaw.
Accordingly, we suggest that the jaw is used to control the temporal aspect of syllable
stnrcture and it should be incorporated in any articulatory model.

Based on the data gathered from these experiments, a hypothetical model of pharyngeal
consonant production is proposed. The model was tested by examining its abiliry to predict
the phonotactic patterns governing Arabic word structure. The model could provide an
explanation for most restrictions found in the distribution patterns of pharyngeal consonants.
Moreover, the model could also account for the delay observed during the process of
acquisition of pharyngeal articulation in terms of the inherent degree of jaw displacement for
various pharyngeal consonants. The main results of the present study lend support to the
views which consider coarticulation as a pre-planned articulatory process and "timing" to be
issued internally, i.e., at a higher level of the cognitive planning in the brain.





Samenvatting

Aspecten van faryngale coarticulatie

Doel van dit onderzoek is om enerzijds de mechanismen te onderzoeken die verantwoordelijk
zijn voor de productie van de verschillende faryngale klanken in het Arabisch en om
anderzijds een bijdrage te leveren aan het mechanisme van coarticulatie in de farynx
(keelholte). Binnen het fonetische systeem van de Arabische taal wordt de farynx intensief
gebruikt, zowel ais primaire en als secundaire plaats van articulatie. We hebben een serie

experimenten uitgevoerd om de dynamiek van de verschillende articulatoren, alsook de

akoestische eigenschappen daarvan, te onderzoeken voor een serie spraakklanken die alle
geproduceerd worden in het achterste gedeelte van het mond-keelkanaal. Uit fiberscopische
opnamen van het bovenste gedeelte van de farynx bleek dat de productie van faryngale
consonanten wordt gekarakteriseerd door een complex controlemechanisme van
gecoordineerde activiteiten van de keelwand, de epiglottis en de larynx.

Data werden verkregen van de kinematica van de onderkaak, via het registreren (via
elektromagnetische spoeltjes) van de bewegingen van de lippen en van de kaak. Deze data

suggereren dat de coarticulatorische effecten, als resultaat van de complexiteit van de

faryngale consonant, ervoor zorgen dat de kaak en de tong aan bepaalde mechanische
beperkingen onderhevig zljn. Kaakbewegingen die worden geassocieerd met de productie van

een faryngale klank bleken vooral voor de lagere faryngale consonanten /t, h/ aanzienlijk
groter te zijn dan b.v. voor orale consonanten in dezelfde klinkeromgeving. De complexiteit
van deze beweging heeft een vertragend effect op het anticiperen op de productie van
klanksegmenten die volgen op de faryngale klank. Dat wil zeggen dat de slmergie die nodig is

voor het regelen van de productie van faryngale klanken ervoor zorgt dat het anticiperen door
de kaak en door andere articulatoren op de articulatie van volgende klanksegmenten
belemmerd wordt totdat de betreffende motorcommando's voor het faryngale klanksegment
volledig zijn uitgevoerd. Akoestische metingen laten zien dat dit mechanische effect leidt tot
een temporele reorganisatie van de lettergre(e)p(en) in een woord. Deze bevindingen
suggereren dat het compenserende effect op de klinkerduur, dat vereist is om het
karakteristieke prosodische kenmerk van het Arabisch van een vaste lettergreepduur te

bewerkstelligen, wordt verkregen via de kaak. Dienovereenkomstig suggereren wrj dat de

onderkaak, als bestuurder van de temporele eigenschappen van de lettergreepstructuur een

onderdeel zou moeten zijn van ieder articulatiemodel.
Op basis van de experimenteel verzamelde data wordt een model voorgesteld voor de

productie van faryngale klanken. Dit model wordt getest door te onderzoeken in hoeverre het

de fonotactische patronen van de Arabische woordstructuur kan voorspellen. Het model bleek
een verklaring te kunnen leveren voor de meeste restricties die werden gevonden in de

distributiepatronen van faryngale klanken in Arabische woorden. Daarenboven bood het
model ook een verklaring voor de vertraging die wordt waargenomen in het proces van
verwerving van faryngale articulatie, meer specifiek in termen van de vereiste inherente mate
van kaakbeweging voor verschillende faryngale consonanten. De implicaties van het
voorgestelde model ondersteunen de visie dat coarticulatie een vooraf bepaald ('pre-planned')
articulatieproces is en dat 'timing' intern wordt aangestuurd, met andere woorden via een

proces van hogere cognitieve planning in de hersenen.
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