
- 67 -

VOWEL SYSTEMS 

Louis ten Bosch 

1. INTRODUCTION 

In th:i.s paper we will deal w ith natural vowel systems and their structure 
in phonetic and, to some extent, phonological sense . We will discuss some 
of the literature with resp ect to vowel systems. In tbe last section we 
aim to give an introduction to the method that we are developing in ZWO 
project no 300-161-030: 'A model for the description of the structure of, 
and dynamics within vowel systems'. in order to find underlying generating 
principles of natural vowel systems and a way to actually generate those 
systems. 

1.1 Restr iction of the subject. 

The present topic deals with the distribution of vowels in languages, in 
other words, the structure of vowel systems of languages. Such a system, 
containing stationary oral vowels as well as diphthongs and nasal vowels, 
might be considered from different view points, such l ike phonetical or 
phonological ones. These views dif fer as to the level of inspection and 
abstraction. 
Our interest will focus on principles underlying the structure of 'natural1 
(or 'unmarked') vowel systems in general, and on the relation between those 
'natural' vowel systems and "actual' vowel systems. Natural vowel systems 
differ from actual vowel systems in containing the ,.underlying' vowel 
phonemes instead of the actual phonetic vowels (which may be allophones of 
an underlying phoneme). This distinction is relevant with respect to the 
possibility of describing firstly the structure of vowel systems without 
using language specific details. 
With respect to vowel distributions one may pose two que st ion s related to 
the abstraction level meant above. One question involves the explana
tion or prediction of the structure of unmarked vowel systems. For in
stance, which phonemes can be expected in a vowel system having five 
elements, regardless of language-specific phonetic phenomena. Another 
question involves the prediction of the existence and quality of (for 
instance) allophones while using knowledge of those phonetic phenomena . 

In this project an attempt is made to give an answer to both questions. Tne 
m�thod will be ba sed upon the use of extra-linguistic physiological and 
acoustic methods mainly. 
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Throughout this paper we will always deal with the oral 1 subsystem' of a 
vowel system, consisting of all oral stationary vowels, the schwa in
cluded. The vowel space is defined to contain all articulatorily possible 
realizations of vowellike sounds. A vowel system can therefore be interpre
ted (and we will use this interpretation) as a finite subset of the vowel 
space. 

1.2 Diversity and regularity in vowel systems 

Considering vowel systems of several.languages, one observes many typolo
gical differences. Of the quantitative differences, we mention the great 
diversity in the number of elements of a vowel system: some languages have 
very few vowels (less than four: e.g. some Eskimo and Arabic dialects), 
others have twelve vowels, or more (Dutch, Frisian). Crothers (1978) shows 
that many (about one fourth) of his sample languages have five vowels (fig 
1). 
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Vowel systems also differ qualitatively, for instance, /y/ belongs to the 
Dutch, Swedish and German vowel system, but English and the Romance 
languages Italian, Spanish and Portuguese do not have /y/. 
Of course, vowel systems show regularities, sometimes called (experimental) 
1 laws" or 1 universals'�, as well. For instance: /u/, /i/ and /a/ are 
elements of nearly all vowel systems. One sometimes constructs a "vowel 
tree" of a sample of languages: a hierarchical model in which the level of 
a vowel is determined by its frequency of occurrence in this sample. 
Crothers ( 1978 )  constructed a vowel tree belonging to a sample of 209 
languages (shown in fig 2), which suggests a sort of general vowel 
arrangement. For more peculiarities of vowel systems we refer to Crothers 
(1978) and Disner (1980, 1983) . 
We will focus our attention on the following question: Why do �owel systems 
have these particular properties, in other word s :  what are the rules (if 
any do exist) which describe vowel sy s tems? 
In the next section we will first deal with ideas and possible answers and 
methods as found in the literature. After that an introduction to our 
approach will be given. 
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1.3 Historical survey. Classifications 

In history, much research has been done on vowels, originally mainly 
descriptive with respect to physiolqgical properties. Already Hellwag 
(1781) giv es a classification o f  vowels, according to the pla c e  and d egree 
of art iculatory constriction. 
Since Hellwag many attempts have been mad e to give other classifications of 
vowels. Trubetzkoy (1929) classif ie s vowel systems t o  geometr�cal proper
ties o f  vowel configurations: /u, i,  a/ would then be triangular, /u, i, e, 
a.I quadrangular, and so on, in a space with j aw opening (he.ight) and tongue 
body position (backness) as coordinates. Even ''linear' (one-dimensional ) 
systems appeared in his classification ( fig. 3). 
In more recent years, when a ppropriate instruments ( spectr ogra ph, re cording 
apparatus, computer) became available, a differentiation by acoustic, 
rather than physiological p r operties b e came possible, but also purely 
phonolog ical classif i cations have b een perfected more and more (cf. Chomsky 
and Halle, 1968; Ladefoged, 1971). For surveys we refer to Ungeheuer (1962) 
and to J akobson and Waugh (1979). 

While c onsid ering several vowel systems one observes that its elements in 
general never lie near to each other in f ormant space, provided that there 
is no other type o f  opposition (like duration, nasality) b etween them. Many 
vowel systems are there f ore likely to o b ey rules with r espe ct to distri
bution in the formant space. In this paper we will d eal with some ideas 
from the literature conc erning this vowel distribution, and with a global 
set up f or our approach. This approach is based upon a method used by 
Liljencrants and Lindblom and uses two extra-linguistic presuppositions. 
In 1972, Lindblom and Liljencrants investigated for the first time numeric
ally the behaviour of a vowel system with respect to a particular 
(physically inspired) '·dispersion rule'. For N from 3 up to 12, they 
considered a set of N points , a ll to be placed within a (fixed) bounded 
formant space of dimension 2. They defined the acouatic contrast between 
two vowels as the squared (euclidean) distance between these vowels in the 
formant space. An appr opriate vowe l configuration was f ound by shifting all 
the vowels more or less systematically and in that way maximizing the 
acoustic contrast K of that configuration, K being an expression of the 
contrasts between all vowel pairs in the configuration in question . 

Acoustic contrast 
The principle of maximal contrast was introduced by Passy in 1890, and 
used, since that time, especially in a typological sense. Liljencrants 
and Lindb lom tried to sur pass the purely typological lev el by looking f or 
an underlying generating acoustic principle. ( Chomsky and Hall e (1968) and 
many others did the same in the phonologic al sense . )  
In recent years several improvements and adaptations have been proposed to 
refine this a c oust ic contrast principle (e.g. Lindblom, 1975; Crothers, 
1978; Lindb lom, 1981; Diener, 1983)� Some of these alternatives still only 
deal with distribution on the basis of acoustic contrast, other ones 
incorporate articulatory properties of vowels. Articulatory constraints do 
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a priori influence the position of vowels in vowel apace relative to each 
other: sound realizations are limited by physiological constraints. Liljen
crants and Lindblom suggested in the final discussion section of their 
paper that the vowel system of a language is determined by: (a) the number 
of monophthongs in the vowel system, and (b) the premiss that the overall 
acoustic contrast is maximal while the overall differences in articulatory 
positions are minimal. 

. 

1.4 Goals of this project 

Following the suggestion of Liljencrants and Lindblom (1972) we consider a 
combination of acoustic and articulatory properties of monophthongs, in 
order to find extra-linguistic generating principles of natural vowel 
systems. We will however not fully adopt the notion of 'articulatory 
contrast'' (see below: assumption 1 and paragraph 1. 6 ) .  This research should 
lead to a model that predicts the structure of a vowel system from the 
number of its elements. This pred�ction is not likely to be accurate in 
case of all existing languages - the interpretation of results must be 
found in a more probabilistic sense. The model can only generate vowel 
systems up to that abstraction level that is not involving 
language-specific details. 
To give a classification of natural vowel systems at a phonemic level to 
the number of the present vowel phonemes, and to verify the agreement of 
the probabilistic model results in case of a few particular languages (at 
this stage taking language-specific factors into account) will be the first 
goal of this project. We will make use of a vowel dispersion principle, 
modified and extended by implementation of articulatory principles 
(cf. Liljencrants and Lindblom, 1972: Di sner , 1983). 
The investigation how vowel transitions can be described while using a 
vowel distribution model is the second goal of the present project. Vowel 
transitions (e.g. diphthongs) can be seen as paths in the vowel space. 
Possibly diphthongs may be considered as solutions of problems with r��pect 
to searching '.shortest' or 'easiest'. paths in the vowel space (cf. Almeida 
et al., 1977; Goldstein, 1983). 

· 

1.5 Setting of the problem. Assumptions. 

In order to give an idea of rules acting on and properties of vowel systems 
we consider first a fe't! examples. These examples often lie between phone
tics and phonology. Theu we will put down two assumptions from which this 
project starts. 

I. Vowel harmony. 
The term vowel harmony (or synharmonism) is given to the phenomenon that 
vowels appearing in adjacent syllables (more exactly: in the same 
phonological word) may share certain phonological features, in other words, 
may (tend to) agree in articulation place, degree of constriction 
(especially in front/back position (Fischer-J/>rgensen, 1983)). Well known 
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examples are shown in German: all the Umlaut effects can be seen as conse
quences of vowel harmony (e.g. Jahr 4 jlihrlich, gut � gUtlich : /a/ --'> 
/e/ and /u/ --'> /y/ as consequence of the presence of the /i/ in the suffix 
"lich"). Similar examples are present, for instance, in most of the Turkish 
languages,

· in Finnish, in Korean, i,n many Af rican languages (cf. Jakobson 
and Waugh, 1979). 

II. Vowel shift (and permut�t ion). 
Other examples spow that in history, vowel� may shift or permutate their 
positions in a vocabulary, and, at the same time , in the vowel set. Vowel 
shifts were common in Western German ic : Old and Middle English, Dutch and 
German in the Middle Ages, and in many other languages; in some cases as a 
result of "interference" between more vowel systems (cf. Brosnahan, 1957; 
Prins, 1966; Schane, 1973; Jakobson and Waugh, 1979; Hoppenbrouwers, 1982; 
Ohala, 1983; Van Zanten and Van Heuven, 1984). 

III. Vowel reduction. 
Well kno'tim examples of vowel reduc tion are present in the aequences (Eng) 
comp�ting comp�tition, (Fr) f atigue -3> fatigue, (Du) prof�t -7 profg_tes, 
in which the underlined vow e l at the left side of 11 _,. " is reduced to the 
underlined v'1Wel at the right side of "� ". Reduced vowels are more 
centralized than their unre duced originals. 

Assumption 1 
These examples show the independence of v�nels in their behaviour as 
"entities'' in a vowel system (they still may shift from or iginal positions) 
on the one sid e and their dependence of their position in the vowel space 
wi.th respect to the whole vowel system (vowels may be pushed away by other 
adjacent vowels) on the other cide. They fu:::-ther snow that vowel systems 
are not nesessarily "stable' or fi:ted but support the :Ldea that vowel 
systems are subject to different tendenr.ies. So:ne of these tendenc.ies 
will be imposed by non-linguistic pr!nciples: the physiological principle 
of least articulatory effort in running speech and the perceptual princ iple 
of maximal ( or sufficient) c ont r ast. With respect to v owel phonemes one may 
expect that still the second principle holds: tte priuciple of maximal or 
sufficient acoustic contrast ::.c a paradign:"lti'.: oue. But, although a priori 
no principle of minimal a.rt:icule.tbry effort e:dst for underlying vowel 
phonemes (because this principle is o r ig inating from running speech con
straints), articulatory liruitaticna must be impo s ed on vowel phonemes 
too. This idea leads to the first a ssumr t ion : the articulatory effort per 
vowel iu a vowel system is minimal. 
The speech-originated principle of minimal action is recognized by numerous 
authors. Zipf introduced, in the thirties and forties, a psycho-biological 
theory of minimal articulatory action (cf. Zipf, 1949). This principle 
(or an adapted version) is often used with respect to coarticulation or 
assimilation effects in running speech (Ohala, 1983). 
Assumption l specifies the principle of 'minimal difference between 
articulation positions of vc;.1els pairwise', which is r educed from the 
principle of ':minimal articulatory effort' (Lindblom: articul atory 
'·synergy'·), to the principle of '·minimal articulatory effort per vowel':. 
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Assumption 2 
On the other hand, the perception of vowels and perceptual distinctions 
between them can to a high extent be related to the formant positions of 
vowels and differences between these positions, or to differences between 
vowel (bandfilter) spectra (Plomp, 1970; Klein, Plomp and Pols, 1973). 
Example II shows that vowels, if situated near to each other in the formant 
space, may exchange their positions in the vocabulary - and therefore also 
may be regarded as separate objects with respect to vowel distribution 
rules. A distribution principle controlling natural vowel systems deals 
doubtlessly with at least distribution with respect to formant frequencies 
or spe�tra in order to guarantee a clear perception (assumption 2). 
Assumption 2 implies a.relation between perceptual and acoustic differen
ces and requests (a) quantification of the acoustic distance between any 
two vowels, (b) an overall measure for vowel dispersion in a vowel system. 

Ooe can expect that while 'minimizing the articulatory effort�, speech 
utterances will more and more 'converge', which results in a (still to 
define) 'contraction' in the vowel space. This contraction will compete 
with the dispersion, the 'divergence' of the vowels, a consequence of 
conditions implied by a satisfactory perception Ca perception characterized 
by minimal confusion). In other words, assumptions 1 and 2 deal with 
opposite tendencies of vowel configurations in vowel space and therefore 
involve a sort of balance between them. We, in addition, should assume that 
compromise solutions do indeed exist after adjustment of the involved 
balance (a sort of paradigm statement, a meta-assumption). 

1.5 Discussion paragraph 

(a) An alternative assumption 1 may deal with the hypothesis that the 
articulatory changes in all (V,C)-strings, as actually realized in running 
speech) are to be minimized. The V' s are assumed to originate from the 
ideally predicted vowel 'archi' phonemes and are to be 'properly embedded' 
between (clusters of) consonants, that means: embedded such that the 
articulatory differences Cb � V and V � C8, with C0 and Ca defined as the 
neighbouring consonants just before and after V, are minimized. This 
approach involves more theoretical and practical difficulties than the 
present one. According to Lindblom (1981), the consonant system is 
important because its structure implies a mean articulation place and a 
mean constriction degree which influences the (mean) articulation place of 
vowels. In this project, however, we will not deal with consonant struc
tures. 

(b) In our approach, the articulatory difference with respect to the schwa 
is more important than other articulatory differences in the vowel system. 
Such a supposition might explain the phenomenon of vowel contrast reduction 
in running speech with respect to the schwa (cf. F. Koopmans-Van Beinum, 
1980, 1983). This implies in our approach that two, distinctly argumented 
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distribution rules should be used: one, perceptually based, ruling an 
overall (vowel, vowel)-dispersion, and a second, articulatorily based, 
ruling only the (vowel, schwa)-cootraction. The principle of minimal · · 

overall articulatory contrast (Lindblom and Liljencrants) is now replaced 
by an minimal overall [tense]/[ lax)· contrast, '·tenseness'· being an e�pres
sion in articulatoiy parameters. In this way articulatory effort can be 
considered as a special case of articulatory difference, namely, by 
defining the effort as the difference with a chosen '·neutral' tube. 
There is some support for this vision. In Crothers (1978) only 'fully 
phonemic vowels'' are considered (a full phoneme is defined .as 'a phoneme 
with a severe distributional restrict.ion' in terms of phonological, morpho
logical or lexical environment). According to Stevens and House (1963), 
tense vowels '·have substantially lower formant variances' than· 1ax ones in 
the coarticulation process. In other words: tense vowels are acoustically 
more invariant than lax ones, both compared to articulatory variance. This 
probably indicates that the emergence of [tense] and [lax] typed members of 
vowel systems, and [long] and [short] typed members with them, is related 
to the balance dealt with in the paradigm statement. 
The definition of the 1 schwa1 remains, for the time being, very vague. 
Whether it has to be considered as an independent phoneme, or as a reduced 
vowel originated from unreduced vowels cannot be determined in general; 

. �bis question will probably appear to be a language-�pecific one. In this 
project the schwa has only a meaning in the articulatory sense: it stands 
for the acoustic output of the 'neutral tube'·. which is reference tube in 
the calculation of the articulatory differences (see paragraph 2.3). 
For commentary on relations between vowel features and vowel systems we 
refer to Fischer-J6rgensen (1983). 

(c) We will not deal with nasalized vowels, mainly because there are less 
acoustic data of them, and secondly because it isn't quite clear how to 
handle them in an articulatory way. The acoustic impact of the nose cavi
ties is a more difficult subject. One of the findings in Crothers (1978) 
(the number of nasalized vowels is roughly equal to four tenth of the total 
number of vowels in many natural vowel systems) may be explained by the 
fact that the acoustic differences between nasalized vowels are smaller 
than between the non-nasalized counterparts, while the oral art iculatory 
difference between nasalized and non-nasalized vowels is negligible. 

· 

2. LITERATURE SURVEY 

In this section we will give a survey of the literature dealing with the 
relations between articulation and acoustics. This survey is specified to: 

(2.1) the relation between acoustic and articulatory properties of vowel 
systems> 
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high low 

Fig. 3 
Typology of vowel systems according 
to Trubetzkoy (1929). 
Top left: triangular system. 
Top right: quadrangular system. 
Bottom left: one-dimensional 
('linear') system. 



- 77 -

(2.2) mathematical models of the vocal tract, 
(2.3) articulatory effort, 
(2.4) acoustic difference. 

2.1 The relation between acoustic and articulatory properties of vowel 
systems 

Liljencrants and Lindblom (1972) cons'ider a vowel dispersion model, in 
which a (physically inspired) acoustic contrast is maximized. The vowel 
space is defined as the area bordered by a straight line and a parabola in 
the formant space, appropriately fitted to experimental data. Liljencrants 
and Lindblom evaluate the acoustic contrast K of a certain vowel system in 
the formant space in terms of a summation over all intervowel distances: 

(1) 

in which d(v1, v2) is the (euclidean) distance between the vowels Vi in the 
formant space. The summation is taken over all vowel pairs in the vowel 
system. (TI1ey identify vowels Vi with the points in the formant space of 
which the coordinates are expressed in mels in order to meet with a 
perceptually inspired acoustic distance. The first coordinate relies to 
the first formant frequency) the second coordinate to a weighted average of 
the second and third formant frequency.) 
For N = 3, 4, • • • •  , 12 they compute only one N-vowel system, for which K is 
minimal (or, in other words, the 'overall" intervowel acoustic distance 
maximal). The numerical results are compared with natural N-vowel systems, 
as recorded by Trubetzkoy (1929), Hockett (1955) and Sedlak (1969). Fig. 4 
shows an example of this comparison. 
By their method, important methodological and numerical limitations are 
imposed on the solutions. Most of them were already acknowledged by 
Liljencrants and Lindblom in their discussion paragraph: 
(a) the use of a fixed boundary of the vowel space in their model may 
influence the found configurations very unfavourably; 
(b) the dimensionality of the formant space is limited to 2; 
(c) actual existing languages show that the number of existing N-vowel 
systems increases with N (cf. Disner, 1980). Liljencrants and Lindblom 
simply calculate one solution for N = 3, 4, • • •  , 12, but it is not clear 
whether that particular N-point configuration is the unique minimizing 
solution of their problem, or not (and even whether uniqueness exists, or 
not)i 
(d) their results do not well account for the emergence of the so called 
"interior" vowels (cf. Crothers, 1978). In figure 5 is denoted the number 
of interior vowels versus the total number of vowels in a mean vowel 
systems according to the language sample in SPAP (the Stanford Phonological 
Archiving Project), as well as the model of Liljencrants and Lindblom 
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(1972} and the model of Crothers (1978). One may observe the differences 
between the models with respect to the interior vowels for N = 5, 6 and 7. 

Predictions of vowel systems on the basis of perceptual contrast often 
lead to systems with relatively many 'high vowels', i.e. vowels with low 
Ft (Lindblom, 1975i cf. Terbeek, 1977). Such systems are very uncommon. 
Some improvement .is attained by re-scaling of the axes of the formant space 
(cf. Lindblom in his later work; Ladefoged, 1975; Chomsky and Halle, 1968). 
Following the discuss ion in Disner (1983): r. ( • • •  ) the proper re-scaling 
factors, based on a thorough understanding of perceptual mechanisms, remain 
to be discovered' • 

Disner (1980), evaluating several types of vowel systems, evenly spaced as 
well as "lacking11 one or more vowels, claims that the great majority of the 
defective natural vowel systems obeys a vowel dispersion rule with respect 
to the remaining vowel space. 

Lindblom (1975) suggests an alternative interpretation of the terms in 
formula (1), namely to consider them as confusion probabilities. (This 
idea is based upon data from Nooteboom (1968) and Pola, Tromp and Plomp 
(1973). They find a relationship between intervowel confusion probabilities 
and the acoustic distance between vowels.) Lindbloms modification leads to 
an alternative, namely to replace maximalization of the overall acoustic 
contrast by minimalization of the (over.all) confusion, or by diagonali
zation of confusion matrices. In this case the concept of acoustic contrast 
may, of course, be asynnnetrical (this means that dF(v1, v2) and dF(v2, v1), 
where dF stands for the acoustic distance between v1 and vz, may be un
equal). 
An alternative is to use a theory of information transfer: rather then 
the more static principle concerning dispersion of vowel formant positions. 
Appropriate vowel systems are those systems that satisfy the condition of 
containing maximal information in the sense of the communication theory. 
For a historical introduction to this theory we refer to Shannon {1949). 

In fact Lindblom (1975) uses another type of generating model for vowel 
systems: from a given N-vowel system a ''following" (N+l)-vowel system is 
constructed by looking at favourite zones for the (N+l)th vowel, but still 
his method only uses acoustic contrast and has the disadvantage of being 
less flexible. Our model is profoundly different from his one, not using 
generating concepts of Lindbloms type. If one tries to predict vowel 
hierarchy, this type of generating conc epts may be very useful. 

In Lindblom 0 97 5, 197 9), the strict principle of ''maximal'; acoustic 
contrast is left in favour of a more flexible principle of "sufficient'' 
acoustic contrast. As observed in Disner (1983), such a principle tends to 
be unfalsifiable, especially if it is not specified further. The problem 
of the somewhat greater tolerance of vowel positions in smaller vowel 
systems plays here an important role. 
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Number of interior vowels vs, total number of vowels 
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The number of interior vowels is plotted versus the total 
number of vowels, according to the SPAP language sample (�), 
Crother''s model (4), and Liljencrants'· and Lindblom' s model (.o). 
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Crother s ( 1 9 7 8 )  d ea l s  w i t h  a pos s ib l e  c l a s s i f ic a t ion of natura l vow e l  
s y s tems u s i ng t h e  d i s t i nc t i o n  b e tween per ipher a l  ( ex t e r io r )  and i n t e r i o r  
v ow e l s  ( c f ,  f ig .  5 ) . H i s  pape r ,  b a s ed on work o f  Trube t zkoy ( 1 9 2 9 )  and 
Hocke t t  ( 1 9 5 5 ) , g iv e s  a mor e  phono l og i c a l approach to vow e l  s y s t ems , 
r e su l t ing i n  a l i s t  of 1 un iv er s a l s 1  ( ex p e r iment a l  d a t a ) , sa t i sf i e d  by 
( nearly) al l l anguag e s  in the S t anf o r d  sampl e S PAP , t h e  S t anf ord Ph ono l og i
c a l  Archiv ing Pr o j e c t .  S ome of them are (we only ment i on the ma in o ne s ) : 

l .  Nearly ev ery ex i s t i ns v ow e l  sy s t em c on t a ins /a/ , / i i :  / u/ .  
( D i sne r ( 1 9 8 0 )  g ive s an a l t er na t iv e  and mor e spe c if i e d  ranking / i/ 1  /a/ -7 
l e/ , / of -?- / u/ , a f t e r  hav ing insp e c t ed 3 1 7  l anguage s . ) 
2 .  Languag e s  w i t h  exa c t ly f iv e  ex t e r i o r  v owe l s  prev a i l  among a l l  l ang uages 
( 5 5  out of 209 ' · s amp l e1 '  l a nguag e s  hav e f iv e  ex t e r ior v owe l s , c f . f ig .  1 ) .  
3 .  Abou t one f our th o f  the samp l e  l anguag e s  ha s more than one int e r i o r  
vowe l .  { Th e  schwa i e  only taken into a c c ount by Crot h e r s  if i t  r e pre s ent s 
an ,. ind e pendent phoneme" , rather th.an ' only a neut ral'  vowel) . 
4 .  A part i c u l a r  vowe l h i erarchy , c f .  f ig 2 .  
5 .  In a nat ural v ow e l  sy s t em ,  the numb e r  of na s a l s  neve r  ex c e e d s  the 
number of ora l v ow e l s .  
6 .  Nearly h a l f  of the s amp l e l anguag e s has l ong/ short oppo s i t i on. 
7 .  Def e c t iv e  s y s t ems ( '  unba l anced ' v owe l sy s tems m i s s ing one o r  mor e  
exterior v owe l s , such a s  / a ,  i i  u ,  o /  o r  / a :.  e ,  i ,  u/ ) make about 1 5  
per c ent o f  a l l  vowe l sy s tems (Di sner ,  1 980 ) . 

The s e  ex per iment a l  d a t a  s t i l l  rem a i n  t o  be f ound e d  theor e t i c a l ly , b u t  are 
useful to check w i t h  a model  wh i c h  pr e t end s to gene rate natural vowe l 
sy s t em 8  ( perhaps we mu s t  ex clude the point s 4 ,  5 a nd 6 :  4 b e cause i t  f a l l s  
out s ide our method o l og ic a l  rang e (we d o  not u s e  Lind b l om'· a genera t i ng 
c oncept s ) , a nd 5 and 6 be cause they i nv o lv e  more phone t i c  f eatures t ha n  are 
c ov ered by the art i culatory or a cou s t ic conce pts  used by us so f a r ) . 
One shoul d , of c our s e , be careful in d e r iv ing c o nc l u s i on s  from a c ompar i son 
b e tween nume r i c a l  r e eul t a  o f  a mod e l  and g l obal ( f i e l d )  data in l i t erat ure : 
the s pe c i f i c a t i on s  of v owe l sy s t em s  in nat ural l anguag e s ,  a s  d e s c r ibed in 
phono log ica l d a t a  l ibraries such as the U CLA Ph onol og ic a l  S tand a rd Invento
ry Datab a se ( UPS ID) and S PAP are , a c ou s t i c a l ly , rather poor . However , 
phonolog i cs l / ph onet i c  d a t a  a s  r e c o rd ed in Madd i e aon ( 1 984) and Ruh l en 
( 1 97 6 )  w i l l  be u s e ful t o  f ind sy s t emat i c  p a t t erns in v owel sy s t �m s . 

Crother s ( 1 9 7 8 )  in t roduc e s  an a d a p t ed v er s i on o f  the L i l j encran t s  and 
L indb l om mod e l : a ' c o i n1 mode l , in whi c h  vowe l s  i ns id e  the v owe l  space are 
c ons idered as hav ing hard core s ,  with minimized overa l l  p e r im e t e r  o f  t h e  
obta i ned c on f igurat ion . Th i s  method shows s ome imp:rovement , e spe c i a l ly w i th 
r e s p e c t to the eme rging o f  i n t er i o r  v owe l s ,  c ompared w i t h  the m e thod of 
L i l j e n c r ant s and L i nd b l om ( f i g . 5 ) . 

Quant .al Theory 
The 'Quant a l  Th eory ' in i t s  o r i g inal f orm ( S t evens , 1 9 7 2 )  s t a t e s  that a l l  
phoneme s c a n  b� p r i n c ip a l l y  f ound in th o s e  art icu l a t ory regions ( " pla-
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teau s " )  in wh ich t h e  a c ou s t i c  d i f f erenc e s , a s  not ic e d  by the aud i t o ry 
sy s t em ,  ar e r e l a t iv e ly sma l l  c ompared t o  t h e  art i c u l a t ory d i f f e r enc e s .  
S t ev en s  exempl i f ie s  th i s  s t a t ement by means o f  a ( two- ) t ub e  mod e l  and 
cons ider ing change s of the f o rmant frequen c i e s  r e s ul t ing from p er t urba t i ons 
of the t ube shape . The Quant a l  Theory p red i c t s  f ixe d po s i t i o n s  in t he v owe l 
spa c e  f o r  t h e  v er t ex v owe l s  / i / ,  / a/ and / u/ , which are t h e r e f o r e  nam ed 
'quan t a l ' . S ince · 1 982 this theory ha s b een mod i f ied t o  one , s t a t ing ' tha t 
some non-quantal v owe l s  are more or l e s s  evenly d i s t r ib u t e d  b e tween the 
quant a l  v owe l s  in a vowel sy s tem' ( Di s ri e r ,  1 983 ) . A mod i f i c a t i on o f  the 
o rig inal the ory is p r e sent e d  by P isoni ( 1 97 6 ) ; the l at t e r  s t a t e s  that the 
vowe l s  / u/ , / i/ and / a/ are a r t i cu l a t o ry more s t abl e  than o the r v owe l s ,  
j u s t  b e c au s e  o f  t h e i r  spe c i f i c  a r t i cu l a t ory p r of i l e .  

One may sugg e s t  that t h e  Quanta l Theory can f igure a s  t h e or e t i c a l  back
gr ound i n  our p r oj e c t  a s  w e l l .  Howev er , i t  w i l l  b e  d i f f i c ul t t o  d e a l  
with i t s  s t a t ement s (wh ich r ema in r a th e r  vague) and there f o r e  d iff i cu l t  t o  
operat iona l iz e  S t evens'  c onc ept of ' · r e l at iv e '  s t ab i l ity o f  phoneme s .  
Furthermor e ,  the c l a im o f  a c ou s t i c  s t ab i l i ty o f  t h e  v e r t ex v owe l s  l a cks 
c onv inc i ng p r oo f s  ( Di sner , 1 983 ) . For a di s cu s si on on the l ink b e tween 
art i c u l a t o ry variab i l i ty .  ar t i cu l a t o ry cons t ra in t s  and t h e  impo s e d  v owe l 
shif t s  we r e fer t o  Gold s t e i n  ( 1 983 ) . 

L e t  us c on s id e r an. a c t ua l  vowe l s y s t em in which the l o ng/ s h ort oppo s i t i on 
p l ay s a r o l e in o rd er t o  see wha t s o r t  o f  prob l em s  we may m e e t . As a n  
exampl e w e  c on s id e r  the Dutch mono ph t h ong sy s tem :  / a ,  e ,  o ,  6,  i ,  y ,  u , �, 
c ,  �,  I ,  al and the s chwa . 
In this s y s tem ,  the vowe l pair s / o/ -/ o/ , 1 6/ -/ oe. / ,  / a / -/a;,/ , / e/ -/ I/ a r e  
gener a l ly r e c ognized a s  l ong- shor t opponent s .  The phon o l o g i c a l  d e s c r i p t i ons 
of t h i s  par t ic u l ar sy s t em use opp o s i t ions l ike t e ns e / l ax ,  l ong/ short , t o  be 
abl e  t o  c l a s s ify v owe l s  a s  ev e nt u a l ly being each o t h e r s  c ounte r part s 
( cf .  Boo i j , 1 981 ) . In g enera l , t h e  per c e p t u a l  d if f erence b e tw e en v ow e l s  v1 
and v2 i s  of c ou r s e  not only re l ie d  t o  the d if f erence b e tween f ormant 
pos i t ions of v1 and v2 1 but i s  a l s o  de pend ent on the dur a t ion ,  t en s ene s s  o r  
o ther phono l o g i c a l  f eatures o f  v1 a nd v 2 . B e c a u s e  o f  th i s ,  not a l l  t h e  
a coust i c  d i f f e r ence s  b e tween v owe l s  (aa members o f  a vowe l sy s t em) shoul d  
b e  we igh t e d  equ a l ly .  I t  may theref ore b e  c onve n i en t  t o  l im i t  t h e  imp a c t  o f  
a v owe l d i s tr ibut ion rule t o  vow e l  pair s o r  v owe l classes , a f t e r  hav i ng 
intr oduc ed an equ iva l enc e r e l a t i on on B v ow e l  sy s t em .  

2 . 2  ¥� t hema t ic a l  mode l s  of the v o c a l  t r a c t . 

We w i l l r eview our v o cal t ra c t  mod e l  c on c e r n ing t h e  math ema t i c a l  r e l at i on 
b e tween art i cul a tory and a c ou s t i c / percept ua l c oncept s .  
Th e v o i c e  produ c t i on mechan i sm ·  c a n  b e  mode l l ed a s  cons i s t i ng o f  a pow e r  
sourc e ( l ung s ,  mu s c l e s ) , a v ib r a t o r  ( the g l ot ti s ) , a r e s ona t o r  (ma inly ora l  
and n a s a l  c av i t i e s ) . and a r ad ia t or ( ope ning a t  t h e  end o f  t h e  v o c a l  
tra c t ) . Al l of them a r e  phy s ica l ly c ou p l e d . I n  t h i s  proj e c t  w e  ma inly deal 
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with the r e s ona tor par t . 

G lottal  spe c t rwn ( source spectrum) . 
The g l o t t a l  spe c t rum may be cons idered a s  i nput spe c trum of the resona t o r ,  
t h e  n-t uhe . The ove ra l l  pre s s ure  spe c trum env e l ope ha s a n  exponen t i a l  decay 
of abou t  12 d B / o c tave ( cf .  Fl anagan , 1 958 ;  Bove s i  1 984). The g l ot t a l  
inc i ta t ion of  the · t ube may be  t ran sl ated ma themat ically  int o 'l inear 
c oupl ing' • 

Res ona tor . 
In thi s pr oj e c t  the resonator (vocal t ra c t) i s  repres ented by a n- tube (a 
tube cons i s t ing of n coupled s t ra ight cyl inder s of equal l ength) ,  rather 
than by e l ectrical  c i r cu i t s , or  other mod e l s .  Thi s  ch oice make s it c l earer 
h ow to d ef ine articulat ory diff erenc e s  a s  a funct ion of the tube shape 
var iation,  and makes it e a s ier to put a l ink t o  a nother proj e c t  of which 
the �-tube wa s the centra l theme (ZWO proj e c t  no . 17-21-0S J Van Dijk/ 
Bond er ) . Moreover , the n- tube i s  a genera l ly accepte d  model  i n  l i terat ure . 
The tube i .wi th or w i thout damping ( and s omet imes cons idered t ogether w i th 
ext ra cavi t i e s ,  mod e l l ing the nos e) , is we l l  sui te d  f or s tra ight f orward 
ca lculat ions  (Fl anagan , 1 9 58 ; Landau and Lif schi tz J 1 95 9 ;  Flanagan, 1 97 2 ;  
Ata l  e t  a l . ,  1 97 8 i  But ler and Wak i t a ,  1 98 2 ;  Bonder , 1983a ; Mil enkovic , 
1984) . 

The t ube t ransformat ion and the out put spectrum. 
Th e tube t ransformation f ormu l a  d e s c r ib e s  the relat ion between the source 
spec trfun and the out put s p e c trum of the tub e  in  terms o f  phys ic a l  quant i
fiers  determining the tube ( shape , l ength , damping) ( the t ube  parame ter s) .  
The tu.be tran s f orma t i on can be expre s s ed i n  t erms o f  the tube p.ar amet.e r s  by 
means of the Web s ter d i fferent ial  equat ion ( Ungeheuer , 1 96 2) . The inverse 
t ransforma ti on , i . e �  the c a lc u l a t i on of  t ube  parameter s from the t ub e  
transformat i o n ,  is f ar more diff icul t to  descr ibe and i s  of ten t r eated 
numeric a l ly . Some of the l i terature used in this  proj e c t  d ea ls w i th the 
c omputat i onal a spec t s  of the inver s e  tube t ransf ormation when us ing l a rge 
computer faci l i t ie s  ( cf .  At a l  et a l . , 1 978) . 
The tube  ou tput spectrum depend s on the tube input ( g l o t t a l  output) 
spec trum, the t ube  transf orma t i on ,  and the radiat i on at  the l ip s  and t h e  
n.ose . For t h e  t ime b e ing , only the  tube t ransforma t i on i s  empha sized . 

Internal spec trum ( co ch l ear spec trum) . 
For c ompl e t i o n  we ment ion the 1 inner ear t r ansformat ion' with the incoming 
external sound spe c trum a s  i t s  input and the ' \ interna l )  c och lear spec trum'' 
a a  i t s  ou t put . We dea l with s impl e  transf ormat i on s  simulat ing the f a r  more 
c ompl icated inner ear transforma t i on ( by u s i ng l ogari thmic s c a l i ng ,  f or 
ins tance) ,  but ignore aspe c t s  c onc erning band s ensi t iv i ty or spectral 
r e s o l u t i on o f  the ear . I t  seems p l aus i b l e  that percept ual d if f erenc e s  a.re 
s t rongly  connec ted with interna l spe c t ra l d i f f e r ences . 
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Whi l e  a r t iculat ory d i ff er enc e s  are mea sured from the sha p e s  of d i f f erent 
n-t ube s ,  a c ou s t i c  d if f e r enc e s  are mea s ured f rom the b ehav iour o f  the lube 
transformat ion . In this way we introduc e an e igenv a l u e  prob l em rather t h an 
a re s onance prob l em .  

2 . 3 Art i c u l a tory e f f or t . Our cho i c e . 

S everal m e t h od s  are ava i l a b l e  t o  quant ify the concept o f  art iculat o ry 
d i f f erenc e ,  wh i ch , a s  s a i d  abov e ,  imp l ie s  t he q uant i f i c a t ion of 
a r t i c u l at ory e f f ort . Differenc e s  in vowe l l ike s ounds are mainly d u e  t o  two 
parame t er s :  the po s i t ion o f  the t ongue body and the protrus ion at the 
l ip s  (Booij , 1 981 ) .  Al ready Lindb l om and Sundberg ( 1 969 , 1 971 ) deal w i th 
the l owe r  j aw/ t ongu e body p r ot agoni s t  p r in c ipl e ,  wh i ch impl i e s  a 
corr e l at i on between j aw open ing and d eg re e  of constr i c t i on in the v o ca l  
t ra c t  by the tongue . Lindb l om (19 7 5 )  and Har shman et a l .  ( 1 97 7 )  both d e a l  
with t ongue shap es • t h e  f o rmer d e f i n e s  a type o f  pos i t i onal c ont ra s t  o f  the 
t ongue body (a po l a r  mode l ) , the lat ter d ea l s  with t ongue shape s u s i ng 
pr inc i pa l  c omponent ana ly s i s .  The polar ar t i culat i on mod e l  may b e c ome p a r t  
of a u s e f u l  a l terna t iv e  f o r  the pre sent qua l if icat i on o f  d i ff e r enc e s  
between vo c a l  t ra c t  shape s . L i ndb l om ( 1 981 ) sugge s t s  an improved v e r s ion o f  
h i s 1 97 5  mod e l , rel a t ing the mean art iculation p l a c e  of consonant s with 
that o f  vowe l s .  Cha r pent i er ( 1 984) r e s t r i c t s  the numbe r  of ar t i c u l a t ory 
parame t e r s  by u s i ng p arame t e r s  wh ich spe c i fy the tube shape g l oba l ly ,  
i n st ea d  o f  i nd e pendent segment diamet e r s  of a t ube . 
Our d e f i n i t ion of art i c ul a t ory c on t ra s t  w i l l  b e  d i r e c t l y  r e l a t e d  t o  dif fer
enc e s  b e tween the shape o f  two n-t ube s .  Bond er ( 1 983a.) d e f ines the art i
c ul atory contra s t  of a n-tube S = ( S 1 , S2 , • • •  , Sn) w i th a n-t ube S' • 

( S' 1 ,  S1 2 ,  • •  , , S' n) t o  be 
n- 1 ? dA2 ( s ;  S' ) n i�l ( ( S i+ 1 / S i ) - ( S' i+1 / S' i ) ) - • ( 2) 

Th i s  f ormul a f igures a s  s t ar t ing point in our mod e l .  The f ormul a  r e l a te s  
indirec t ly the min imizat i on o f  t ub e  shape d if f  erenc e a  w i th re spe c t t o  the 
s t r a igh t tube with the minimizat ion of the "vo c a l  tract o pen ing d egree" 
S0/ S 1 . Al t ernat ive s are impl i e d  by s ome id eas found in Li ndb l om ( 1 97 5) or 
Fuj imura ( 1 984) ; they promo t e  c ons i d er a t ion o f  s e parate pos i t ions o f  
art icul a tory organs . Th e s e  an.d Cha r p en t i er '· s i d e a s  c an f o r  inst anc e b e  met 
with by introducing a we igh t e d  s um i n  f ormu l a  { 2) . 

2 . 4  Acou s t i c  d i ff erenc e .  Our ch o ic e .  

Tne a c ou s t i c  d if f er ence o f  v owe l s  c ould b e  ev a luated in two ba s ic a l ly 
d i f f ersnt way s ; 
- by u s i ng the f o rmant po s i t ions of vowe l s ,  
- by u s ing whole spe c t r a  o f  v owe l s .  
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Gray and Marke l ( 1 9 7 6 )  g iv e  a s ummary o f  p os s ib l e  expre s s ions f or the 
d if f erenc e be tween v owe l spec tra . S om e  o f  them a r e  based on a s sumpt ions 
concerning the frequency d i s t r ibut i �n s  in speech s igna l s .  For the t ime 
being ,  howeve r ,  we use a d e f ini t i on inv o lv i ng the s e cond type : 

dF2 (v1 ,  v z )  .., i�l ( l og F i , v1 - l og F i , v2 ) 2 ( 3 )  

in wh ich log d e no t e s  the natural l og ar i thm ,  and F i , v · s t and s f or the 
fr equency o f  the i th  f ormant of the Jth vow e l . 1 
Compared w i t h  other type s  o f  d i f f erences th i s  cho ic e  w i l l  make i t  s l ight l y  
e a s ier t o  relate  mod e l  re su l t s  w ith av a i l ab l e  d ata in l i terat ure , b e cause 
many phonet ic v owe l d a t a  ( if they do exi s t )  are g iven in t e rms o f  f ormant 
f requenc i e s  only . The logari thm i s  u s ed t o  s imul at e  the l og- l ike f requency 
perc e p t i on .  In the cour s e  of this  proj e ct we w i l l  u s e  more advanc e d .  
spec tra l instead o f  f ormant expres s ions t o  d e f ine the acou s t ic intervow e l  
d i s t anc e ,  i f  ne c e s sary .  Then a l so spec i f i c  knowledge of t h e  tube' s i nput 
s pe c trum ( the g l o t t a l  spectrum) i s . neede d .  

3 .  SURVEY OF POSS IBLE METHODS IN TH I S  PROJECT 

Thi s  chapter i s  a rather pre l iminary one . In thi s  pha s e  of the proj e c t  
s everal po s s ib l e  me thod s  wi l l  be i nv e s t ig ated . We w i l l  theref or e  only 
sket ch the out l ine s o f  a solu t ion . 

In o rd er t o  cons t ru c t  a c omputer mode l  that l ink s the a c ous t ic a nd art icul
a t o ry p ropert i e s  o f  nat ural vow e l  s y s tems ,  one has two option s :  
1 .  t o  d e a l  f ir s t ly w i th the set  o f  pos s ib l e  t ub e s ,  and then w i th t he 
c a l cu l a t ion inv olving the t ub e  transforma t ion f onnul a  and the e igenfrequen
c i e s  o f  the tube (Web sters equat ion) , 
2 . t o  d ea l  f i r s t ly with  the f ormant spac e ,  and t hen w i t h  the ca lculat i on 
involving the tube  parameter s .  

Opt ion 1 ha s the advantage o f  b e i ng theore t ic a l l y  very c l e ar .  On the o ther 
hand , i t  may s t i l l  invo lv e numer ica l d i f f ic ul t ie s  and i t s  impl ementat ion 
w i l l  be rather c ompl icated . 
O p t i on 2 h a s  the advant ag e of  l ay i ng an accent on the a c oust ic o u t pu t  of 
the tube but nee d s  addi t i onal c on s t ra int s .  

I f  n ,  the number of t ub e  s egment s ,  i s  sma l l  ( n  :5.. 4), t he d i f f erenc e s  
be tween both opt ions ar e l ikely t o  b e  qui t e  ins ignif i c ant . For t h e  t ime 
be ing we choose o p t i on 2 in order t o  get quickly an idea o f  the b e hav iour 
of the mod e l . Th i s  means that v owe l s y s t ems w i l l  be chosen at f ir s t . 
S ev era l method s are avai l ab l e  to  s earch f or ( sub ) opt ima l VO".Jel sy s t ems or 
cla s s e s  of such sy s tems : 
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a .  One could s imply c ons ider a great number of v owe l sy stems a t  random and 
eva luat e  them (monte c ar l o  method ) , 
b .  One cou ld s t ar t . f r om one v OT...,e l  sy s tem and then s hift the vowe l s  in an 
appropr iate way such that Q ,  a s t i l l  t o  be spe� i f ie d  ' qua l i ty f actor'  that 
has t o  be opt imiz ed , increa s e s  during this proc e s s ,  
c .  One may combine the s e  method s and u s e  me thod s such l ike ' stoch a s t i c  
cool ing' . This  means that , in t h e  s t art ing phase o f  the search ,  several 
randomly chosen vowe l sys tems are evalu ated , but that during the s earch ing 
pro c e s s  the dependence o f  the cho i c e  of vowe l sy s tems increa se s .  At l a s t 
the proce ss  w i l l  be highly c on s truc t iv e .  Such a method i s  used by B r id l e  
and Moore ( 1 983 ) .  
Method c .  comb ines the advant age s of th� meth od s a .  and b .  ( For a 
sy s t emat ic comment on the�e and other s ea rch algori thms we refer t o  Knuth,  
1 973 . )  

3 . 1  The mathemat ic a l  a nd methodo logical �ode l 

From now on, d (wi t h  subscript A or F ,  indicat ing l!_rt iculatory or acoust ic 
(formant ) ) deno t e s  a d i s t ance or ttdifference" and Q d eno t e s  the f ina l 
( "_g_ua l i ty " )  parame t e r  of a v owe l sy stem ( to be opt imized ) .  

The mapping from the set  of ( phy s iologically appropriate)  tubes T t o  the 
formant spa c e  F is d e t e rmined by the tube t rans f  onnat ion formul a end can b e  
c on s id ered a s  a repre s entat ion of the mapp ing from 1' to the vowe l 
spa c e .  The former mapping plays an important = o l e  in ca lcula t i on s  
involving a c ous t ic properties  of t ub e s  ( cf .  Ungehecer � 1 96 2 ;  Flanagan, 
1 97 2 ;  Marke l and Gray , 1 97 6 ;  At a l  et a l . ,  1 97 3 ;  But l e =  an� Wski t a ,  1 982 ; 
Bonder , 1 983a ; Charpent ier , 1 984) . In genera l ,  the mapping i s  not 
one-t o- one . Uniquenes s  can be saved by cons ider ing addit iona l c ond i t ions 
such l ik e  (4)  or ( 5 )  ( B onder ) 1 983 ) : 

"dA( [ t ] , neut ra l tube ) i a  m i n imal "  

" opening degree o f  [ t J  i a  minima l:r  

(4) 

(5) 

These c ond i t ions a r e  aY.ampl e s  o f  con s t rc ints  which re s t r i c t  the nUlllber of 
d egrees of f reedom in the set T of tubes [ t J  that �re all mapped ont o the 
same po int i n  the formant s pace . 

3 . 2  ProgratnI11ing pha s e  

Wh i l e  progranuning the vo�e l sy s t em g enera t ion mode l ,  w e  iatend t o  make the 
f o l l ow i ng s t ep s :  

S t e p  I .  
Firs t ly ,  s ev eral parameters  tha t are important w i t h  respect  t o  the f o l l owed 
method hav e t o  b e  cho s en:  the  number of tube s e gments ( n) , the 
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d im ens i ona l i ty of t h e  f ormant apa c e , the boundary o f  the f ormant spa c e , the 
expre s s i on s  d A ,  dF and the qua l ity f a c t or Q .  Q i s  some func t ion whi ch 
inv o lves unordered v owe l pa ir s (v1 , yz ) and t ube pai r s  ( S 1 , S 2 ) , l ike 

Q = 2; dF (v1 , v 2 ) /  1; dA( S1 , S 2 )  
v .  v·. 

1 l 
A f ew express i ons f or Q hav e been eva luated now . Unt i l  now the _  most 
a ppropr i a t e  one is unknown . 

Remarks 
- if n is c h o s en equal t o  4 ,  t h e  tube t r a n s f orma t i on t ak e s  a s impl e  form 
( B ond e r ,  1 98 3 a ) . In t h i s programming pha s e  n = 4 w i l l  be used . Ev entu a l ly 
we w i l l  t es t  t he program f or h igher v a lu e s  of n and s imultaneously re s t r ict 
t h e  numb e r  of inde pendent shape parame t e r s  to about s ix ;  
- the d imens i ona l i ty o f  the f ormant apace ( the number of f ormant 
fr equenc i e s  inv o lved in t h e  c a l cu l a t i ons ) , i s  now cho s en equa l to 2 to make 
an approp r i a t e  l ink to B onder ( 1 983�) i 
- the b ound ary o f  the f ormant space i s  ind uced by the b ound ary o f  the s e t  
o f  approp r i a t e  t ub e s  ( th e  boundar i e s  a r e  mut ua l ly depend ent) , 
- extra c ond i t i on s  c an be f o rmu l a t e d  in order t o  guarantee the exi s t ence of 
the inv e rs e  t ub e  t rans f orma t i on ,  such as t h o s e  g iven by expressi on s  (4)  
or ( 5 ) . 

S tep I I .  
S e cond ly , N ,  t h e  number o f  vow e l s  in v owel sy s tems ,  i s  chosen , a f t e r  having 
d e f ined a g r i d  in the formant spa c e .  The se N po int s C v owe l s' · )  are p l a c ed 
a t  random en g r i d  pos i t i ons . 
dF and dA are c ompu ted f or a l l  vow e l  p a i r s  f igur ing in the cho s en vow e l  
conf igura t i on i  whi c h  imp l i e s  a n  exp ress ion f or d F •  d A  and Q w i th r e sp e c t  t o  
t h e  v ow e l  sy s t em i t s e1 £ .  Thi s  i a  done f or a i : l arge number'  of N-v owe l 
sy s t ems (mont e car l o  method) . Th i s  l ar g e  number ( b e ing in the orde r  of 
1 0000 f or N = 4 but inc r e a s ing w i th N)  should repre sent a r e l i ab l e  s amp l e  
of a l l  p os s ib l e  vowel conf igurat ions in t he formant s p a c e  using t h e  d efined 
gr id in that spac e .  In t h i s  way severa l o p t ima l and sub- op t ima l v ow e l  
systems w i l l  b e  f o und ( op t ima l w ith r e spe c t  t o  Q) . Th i s  '' s ampl e'· method 
w i l l  be f o l l owed by a more cons truc t ive s e arch meth od , such a s  a t r e e  
s truc t ure ana l y s i s  ( branch a n d  bound method)  or a comb inat i on o f  s everal 
me thod s .  In thi s  way i t  is  po ssib l e  t o  examine more ex t en s iv i l y  a 
re l a t iv e ly sma l l  number of v ow e l  sy s t ems that were l abe l l ed a s  
·' intere s t ing•: by t h e  mon t e  c a r l o  me thod . On the other h and , i t  r emai n s  
p o ssib l e  t o  k e e p  t r a c e  o f  t h e  s ub-op t ima l v owe l sy s t em s . 

In t h i s s e a rch m e th od Q i s  u s ed a s  a parame ter that b a s  t o  be opt imi zed 
wh i l e  s ea r c h ing , in o t h e r  word s ,  Q i nduc es an o pt ima l ity st rategy . Favoura
bl e conf igurat i ons a r e  tho s e  which sat i s fy c ert a i n  c ond i t i ons on Q ,  dF 
and/ or dA• 
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The s e  c ond i t ions are t o  be found by examining the resul ts of the pres ent 
mod e l  when the expr e s s ions for  dA> dF , Q are changed . 

Final r ema rk 
The mod e l  that we intend t o  u s e  in our approach i s  not e st ab l i s hed yet . 
U l t ima t e l y ,  the expres s i ons f o r  dF , dA and Q may need sub s tant i a l  cha nge s .  
Of cour s e ,  one could try t o  enl arge the number o f  the s ampl e of N-point 
c onf igura t ions , involve more than two formant frequenc i e s , or  t ake n ( the 
number o f  tube segment s )  larger than 4 .  Sub s t ant i a l  improvement s m igh t be 
a t t a ined by s l igh t  mod i f i c a t i ons i n  the optima l i za t i on procedure . During 
the pre l imi nary pha s e  o f  this  proj e c t ,  a l l  the s e  pos s ibi l it ie s  mus t  hav e 
our attent i on .  
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