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In what sense is speech quantal?

1

Bjorn Lindblom and Olle Engstrand
1

Two approaches to distinctive features
In the focus paper of this theme issue Stevens offers us a much longed for
synthesis of his work on the Quantal Theory of Speech (QTS). The earliest
statements of this theory were formulated in a series of papers on place of
articulation for stop and fricative consonants (Stevens 1968), pharyngeal con
sonants (Klatt and Stevens 1969) and apical and laminal articulations (Stevens
1973). A first attempt at a synthesis was presented in Stevens (1972). The
present overview represents a most welcome, considerable broadening and
deepening of his 1972 position.
The theory aims at giving an account of the factors that shape "the inventory
of acoustic and articulatory attributes that are used to signal distinctions in
language". Although clearly a theory of distinctive features, it differs in a

principled way from its seminal predecessors, Jakobson, Fant and Halle (1969)
and Chomsky and Halle (1968). Let us briefly examine that difference since it
is highly significant.
The Jakobson, Fant and Halle and Chomsky and Halle frameworks (hence
forth JFH and CHH) postulate features on the basis of cross-linguistic data on
sound contrasts. Their motivation for introducing a feature dimension is
empirical: A feature is introduced when it is needed to describe a phonological
opposition that occurs in language.
The QTS, on the other hand, takes steps towards deriving distinctive
features, rather than merely postulating them. This is an important distinction.
QTS aims at deducing features from knowledge relevant to, but nota bene
independent of, speech. In its present formulation the QTS develops its argu
ments mainly from acoustics. Unlike JFH and CHH it does not begin by asking:
"What are the features used in language?" Rather its point of departure is:
"What features should we expect to find granted certain assumptions about the
conditions that speech sounds are likely to develop under?" Introducing a
feature dimension in models like QTS is thus not a data-driven decision. Its
motivation is theoretical: A feature is introduced whenever theoretically de
fined criteria governing the selection of a phonological dimension are met.

107 - 1 2 1 In J of Phonetics 17, as a com mentary on Stevens, K N (1989): "O n th e
Q ua ntal Nature of Spee ch ", J of Ph onetics 17, 3-45.
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In the empirical approach the status of features is axiomatic. A question
such as "Where do features come from?" receives no answer from it. This is so
because the axiomatic approach is informed only by observed patterns of sound
contrast - that is by the data that a theory of distinctive features ought to
explain. Consequently it is a priori and in principle incapable of explaining
those very observations. Explanatory accounts must necessarily invoke infor
mation (explanans principles) independent of the facts observed (the ex
plananda) to avoid circularity and to count as genuine explanations.
In QTS, on the other hand, features are products of deductive derivations
and these derivations are independent of the observed phonological facts.
Consequently QTS is formally capable of explaining "where features come
from".
The distinction between axiomatically postulated and deductively derived
features helps us see more clearly how the QTS differs from traditional feature
frameworks. The QTS is an in-principle explanatory theory whereas, because
of the limitations built into their data-driven methodology, traditional frame
works can at best achieve descriptive adequacy. The QTS thus offers hopes for
a novel and more profound distinctive feature theory. No doubt such a goal
presupposes a broadly based, long-term research effort. It is nevertheless true
that the present version of QTS makes the following two points with particular
force: Distinctive feature theory can go beyond its present state of taxonomic
descriptivism. And physical phonetics must play a central role in such an
undertaking.
2

Acoustic stability and contrast

A fact that is central to the present formulation of the QTS as well as previous
ones is the existence of regions in the phonetic space where the relationship
between articulatory parameters and their acoustic consequences is non-mon
otonic. At points where relations of this sort hold, continuous variation along
an articulatory dimension results in non-continuous acoustic variation. Accord
ingly, although articulation changes gradually, a quantal acoustic jump is ob
served between one stable region (region I of Fig 1 in the focus paper) to
another stable region (region III) by way of a more unstable transitional region
(region II).
Acoustic stability plays a key role in the development of the QTS argument:
"Thus as the articulatory state undergoes a continuous sequence of maneuvers
toward and away from the target value, the acoustic parameter resulting from
this articulatory gesture may remain relatively stable over some part of this
sequence. Furthermore, the precision with which the target articulatory state
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is achieved may be rather lax." (p 5). This stability, it is assumed, is sometimes
enhanced in auditory processing.
One question raised by this treatment is: How stable is stable? Let us turn
to Figure 3 of the focus paper which shows that there are "stability regions" regions relatively insensitive to small variations in back cavity length (11) - at
11 5.5, 9.3 and 11.2 cm. However, note that the view that the diagram of Figure
3 presents of the relationship between articulation and acoustics is only one
among many other possible ones. It does not discuss stability in the context of
the total space of his Fig 2a model. It was constructed on the assumption that
the variations in 11 are matched by complementary changes in the length of the
front cavity (12) while total length (1) and constriction length (1e) remain
constant. But clearly we must assume that in natural speech articulatory impre
cision can occur not only in the control of back cavity length but along other
articulatory dimensions as well. Let us therefore examine the claims made on
the basis of Fig 3 with some supplementary information at hand.
Suppose that we use the idealization shown in Fig 2a and examine the
frequency of F2 and F3 when the length of the back cavity 11 2/3(1 - le) and
the length of the front cavity 12
1/3(1 - le). Since the front resonance of
interest is c/412 and the back resonance is c/2h it follows that these conditions
specify the point of intersection where F2 F3. Followi¥ Stevens we further
assume that the area of the back and front tubes is 3 cm and that that of the
2
constriction is 0.2 cm . How does the frequency of the intersection point vary
as a function of perturbations of constriction length? Overall vocal tract length
is assumed to be constant at 16 cm.
The result of the calculations is shown in Fig 1.2 Formant frequency is
plotted against the length of the constriction. In the top panel the concomitant
variations in back and front cavity lengths are shown. The lower curve shows
the value of F2 and F3 at intersection, that is under the condition of no coupling
2
between the back and the front cavities. When a constriction area of 0.2 cm is
introduced F2 will follow the lower curve and F3 the upper curve is displaced
upward by an amount specified by Eq (2) in the focus paper. Together the two
curves represent how, at their point of maximum proximity, F2 and F3 vary with
constriction length.
This proximity point is analogous to the corresponding points at 9.3 cm in
Fig 3 and at about 7 cm in Fig 4. For any given constriction length it is therefore
insensitive to small back cavity perturbations. It is therefore stable along this
=

=

=

=

2

We u se Roman numerals for th e figures of th is commentary and Arable for those of
the focu s paper.
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dimension. Note however that it is not stable in response to constriction length
variations. As can be seen from Fig I there is a shift. Is this shift substantial or
not from the viewpoint of the QTS? Since the rate of change of the lower
resonance in Fig I is determined by an equation that also describes how
formants vary in the non-stable regions we must conclude that it is substantial
also from the viewpoint of the QTS.
The information in Fig I would appear to tell us that acoustic stability is
observed as long as we examine variations along a single dimension, back cavity
length, but disappears when imprecision is introduced along other dimensions.
Our observation seems to be analogous to the comments that Stevens himself
makes on the effect of constriction size: "The exact location of the maximum
in F2 and the distance between the formants in this cluster of Fz, F3, and F4
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Figure I. Some properties of the vocal tract model of Figures 2a and 3 of the foc us pa per.
T he diagram shows the second and third formant freq uencies at the point of max imum
prox imity. This point is stable with respect to small perturbations of back cavity length when
back and front cavity lengths vary in a complementary fashion and the constriction length
remains fixed (Fig 3 of focus pa per). However, when all three dimensions vary as shown in
this diagram, formant shifts are seen to be substantial. For further detail s see text.
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depend on the length and cross-sectional area of the constriction between the
tongue dorsum and the hard palate." (p 15); and rounding: "The exact position
of the constriction for which a minimum of F2 is reached depends upon the size
of the opening at the radiating end of the tube and on the length and size of the
constriction." (p 17).
If correct, these considerations show that if the formant patterns at pro
ximity points are the ones that QTS selects as more highly valued the selection
criterion cannot be absolute acoustic stability. Attributes other than stability
seem necessary and are indeed also invoked.
One factor that Stevens uses - although in a rather indirect manner - is
contrast, that is the qualitative change that acoustic attributes undergo as an
articulatory parameter varies between type I and III regions: " ... the difference
in the acoustic pattern between regions I and III should not be regarded as
simply a matter of identifying two points on a scale of some acoustic parameter.
Rather, the acoustic attribute often undergoes a qualitative change as the
articulatory parameter moves through region II." (p 4); It is further stated:
"Region II can, in some sense, be considered as a threshold region such that as
the acoustic parameter changes through this region the auditory response shifts
from one type of pattern to another." (p 4 ). And: "...there is a significant
acoustic contrast between these two regions,..." (p 4, our italics).
Also significant is another closely related attribute: salience. One type of
stability region is identified by locating points of formant proximity. Formant
clustering is assumed to give the sound a special identity by virtue of the salience
of its spectral attributes. This is so because formant proximity "creates a more
prominent peak in the spectrum because of the mutual reinforcement of the
contribution of these formants to the vocal-tract transfer function." (p 16).
It is clear that Stevens sees stability, contrast and salience as different
aspects of the same phenomenon, viz non-monotonicity. However as we just
showed type I and III regions can be found that must be said to possess salience
and contrast without being perfectly stable (cf also above quotes from the focus
paper). Since no quantitative definition of stability, contrast or salience is given
there is a great deal of ambiguity as to how the selection criterion of the QTS
should be interpreted.
3

The cost of motor precision

Regions not strongly sensitive to articulatory perturbations are assumed to
offer advantages to speakers in the form of reduced demands for articulatory
precision. Implicit in this assumption is the idea that the motor system operates
within narrow margins and that avoiding small articulatory perturbations and
inaccuracies is physiologically "costly". It also implies that the cost of precision
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in non-stable regions is so high that acoustic stability points would indeed bring
about a significant benefit for motor control. Conversely, assuming that motor
precision is cheap we must conclude that stability regions lose some of their
motivation.
In the present context it is of interest to draw attention to a theory which
was much discussed in Uppsala in the seventies, the Theory of Local Linearity
(Gunnilstam 1974). This theory argues that there are regions in the phonetic
space where an acoustic effect is a montonic function of a given articulatory
dimension (cf Stevens's non-stable regions). Such regions are treated as highly
valued since they tend to facilitate a speaker's search for articulations as
sociated with a given intended acoustic result. Note that the QTS and the
Theory of Local Linearity makes the opposite assumptions about the cost of
articulatory imprecision. For the local linearity view to be supported the cost
of articulatory imprecision must be negligible.
Is there experimental evidence indicating what the cost of motor precision
for speech targets might be?
4

Sufficient contrast and lexical access

The QTS is based on the assumption that the factors shaping phonetic inven
tories originate in the behavior of speakers and listeners. By examining
speaker-listener interaction could we shed some further light on the role of
stability and contrast?
For a word to be correctly identified its phonetic shape must provide the
listener with cues sufficiently rich to keep it apart from competing word
candidates. Producing forms that are sufficiently rich perceptually could in
principle be achieved if their phonetic shapes were robustly constructed from
acoustically stable sound attributes relatively insensitive to articulatory impre
cision. Acoustic stability would be advantageous not only in lexical access but
would in addition reduce demands on the talker.
We shall assume that this is basically an argument that Stevens would
endorse and use to motivate the adoption of the acoustic stability criterion in
QTS. It is clearly in line with a long series of investigations in which Stevens
and collaborators have pursued their quest for phonetic invariance at the level
of the acoustic signal.
However, acoustic stability is not the only conceivable phonetic method for
keeping words perceptually distinct. We could also construe "perceptually
sufficiently rich" as follows. Simplifying let us assume that speech perception
is a product of two types of information: signal-driven and signal-independent
information. Language structure exhibits redundancy. Individual messages
exemplify this property in various ways. For instance, in a particular utterance
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the constituent units, say words or phonemes, typically show short-term varia
tions in predictability. As a result, a reduced pronunciation of the word "nine"
would stand a better chance of being correctly perceived in the context of "a
stitch in time saves .... " than in "the next word is .... ". Whenever such situations
occur, that is whenever reduced phonetic forms are successfully identified we
must conclude that, in spite of being "underarticulated", they were nevertheless
"perceptually sufficiently rich". On this view then speech signals will be ade
quate for lexical access as long as they are rich enough to match, in a com
plementary fashion, the listener's running access to signal-independent infor
mation. In principle, they need not show acoustic stability onlj minimal
phonetic elaboration along a continuum of over/underarticulation.
Note that in proposing this alternative interpretation of "perceptually
sufficiently rich" we make no assumption about the speaker's behavior and the
extent to which he adapts to the short-term informational needs of the speaking
4
situation. The claim is that the probability of recognizing a phonetic form,
equivalently its survival value in lexical access, is related to how rich it is in
explicit physical information and that the degree of physical explicitness mini
mally required is inversely related to the amount of signal-independent infor
mation available during processing. Since access to signal-independent infor
mation must be assumed to vary in a continuous fashion between rich and poor,
minimally or critically elaborated phonetic forms will by definition reflect these
fluctuations and exhibit continuous variation themselves.
5

The theory of adaptive dispersion

Let us return to the assumption that the factors shaping phonetic inventories
originate in the behavior of speakers and listeners. We have suggested above
that "acoustic stability" might be the constraint that governs the evolution of
phonetic systems and that biases the selection of functionally highly valued
speech sounds. We also considered an alternative selection mechanism, viz
"sufficient perceptual contrast".
"Perceptual contrast" has been explored in various investigations of
phonetic systems. Three studies explore the notion of "maximal perceptual
contrast". In Liljencrants and Lindblom (1972) a formant-based distance
metric was used to predict the phonetic values of vowel systems as a function
3
4

T his scenario comes close to Jakob son's view as ex pressed in e g his and Halle's
discussion of ellipsis and ex plicitness (Jakobson and Halle 1968 :413-414).
For some discussion of such listener- oriented b ehavior see for exa mple the means
end model proposed by Engstrand (1983) and th e discussions in H unnicutt (1986),
L ieb erman (1963) and Lindblom (1987).
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of inventory size. The predictions were successful in reflecting the patterns of
dispersion clearly evident in the typological data. Their major failure was that
in large systems too many high vowels were generated. In Undblom (1986) the
simulations were repeated with a psychoacoustica1ly better motivated distance
metric (Bladon and Undblom 1981). This revision led to some improvement
but problems with high vowels still remained. For instance, the 1986 model
treats highly favored seven-vowel systems such as Ii e e a:l 0 u/ as inferior to
less frequently observed inventories with Ii e e a u i iJI. A third study (Undblom
in press) combines the 1986 model with the results of experiments using Direct
Magnitude Estimation. The DME technique was used to compare subjects'
judgements of movement along the dimensions of jaw opening and anterior
posterior positioning of the tongue. The results indicated that jaw movements
appeared subjectively more extensive than tongue movements when displace
ments were equal in terms of physical measures (Undblom and Lubker 1985).
Those results were incorporated into the simulations and the optimization
criterion was revised to encompass also articulatory discriminability, the as
sumption now being that "vowels tend to evolve so as to both sound and feel
sufficiently different". An extremely close agreement with published typologi
cal data was achieved (Figure III).
In these three studies articulatory factors play a role in delimiting the
phonetic space of "possible vowels" (Undblom and Sundberg 1971) but beyond
that they are essentially neglected. There is a great deal of evidence (Undblom,
MacNeilage and Studdert-Kennedy forthcoming) indicating that they play an
important role and that they tend to counterbalance demands for perceptual
contrast. For lack of space let us mention only a single example due to
Maddieson (1984). The optimal five-vowel system is Ii e a 0 u/ not Ii e � 9 urI.
He suggests that a principle of "sufficient contrast" rather than maximal
contrast may underlie such patterns.
Recent work (Undblom, MacNeilage and Studdert-Kennedy forthcoming)
indicates that both vowel and consonant systems appear to be organized so as
to meet a demand for "sufficient contrast". This becomes clear once we begin
to examine the contents of phonetic systems in relation to inventory size. Fig
II exemplifies the results of sorting the consonant segments of the UPSID
5
database (Maddieson 1984) into three categories (4) Basic, Elaborated and
5

Segments wit h place, ma nner and source mecha nisms representing depa rtures
from more elementary articulations are classified as Elaborated. Elementary ges
tures form a group of Basic articulations. Sounds prod uced wit h comb inations of
Elaborated articulations are treated as C omplex.Baslc:b, m, d, e, u ... Elaborated:p',
6,}" t''!i, <t: q, pi, ,II e . C omplex : qh, .4 q� h t ...
.

.
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Complex articulations and then plotting the number of segments that a lan
guage uses in each category as a function of the total number of consonants in
that language. Fig II shows data from 47 languages taken from the Indo-Pacific
and the Afro-Asiatic language groups. We see how the number of Basic,
Elaborated and Complex segments is lawfully related to the size of the in
ventory. First Basic articulations are preferred, then Elaborated are invoked
in addition. Ultimately Complex segments are also brought into play.
This Size Principle makes sense if we assume that in small systems elemen
tary articulations achieve sufficient contrast whereas in larger systems demands
for greater intrasystemic distinctiveness cause additional dimensions (elabora60
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tions) to be recruited and combined to form complex segments. A Theory of
Adaptive Dispersion (TAD) receives support from data of this sort (Lindblom
and Maddieson 1988, Lindblom, MacNeilage and Studdert-Kennedy forth
coming). It suggests that the Size Principle combined with quantitative meas
ures of perceptual distinctiveness and articulatory complexity ought to go a long
way towards accounting for the contents of phonetic inventories.
6

Contrast: a systemic concept

Our initial analysis of the QTS argument leads us to put a great deal of more
emphasis on acoustic contrast than on acoustic stability. Our point is that
whenever type I and III regions are encountered in phonetic space they
represent qualitative differences suitable for signaling phonological distinc
tions. The preceding sections on lexical access and on TAD refer to a number
of results supporting the idea that "sufficient contrast" plays a role in shaping
sound systems. Thus both QTS and TAD can be said to select for "contrast".
The question arises whether the two frameworks interpret this notion in similar
or different ways. We shall make two points.
Suppose we were to select three formant patterns in Fig 3 having the
property that a function of their distances in the three-dimensional space
defined by the FI, F2 and F3 curves would be maximized, or at least larger than
a specific threshold value. Let us compute distance between formant patterns
i and j simply as
(I)
What points would then be selected? Since maximal differences in individual
formants tend to make dij large it is probable that favored combinations would
primarily recruit the patterns associated with the proximity points, that is the
formant values at 11 0.8, 5.5, 9.3 and 11.2 cm. Calculations confirm this
expectation. If we take this result to provide further indication that we should
not maintain a strict literal interpretation of acoustic stability we note a clear
parallel between QTS and TAD. They are similar in attaching importance to
the contrastive power of speech sounds.
However there is nevertheless a major difference in how the two theories
construe contrast. Wherever used by QTS, contrast is invoked "locally" as a
property characterizing type I and III regions in comparison with the immediate
vicinity of type II regions (point raised by Diehl in his theme issue commentary).
TAD, on the other hand, adopts a global or "systemic" definition.
Consider the treatment of place of articulation. Stevens argues, in the focus
paper as he has done before (Klatt and Stevens 1969), that, given the fact that
=
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consonants with a posterior point of articulation, e g velars and pharyngeals,
coincide with points of proximity and spectral prominence in the articulatory
acoustic nomograms, they offer stable type I and ill attributes. It is these
properties that make them highly valued and explain why they are selected in
phonetic inventories: "Again the basic property of a closely spaced pair of
formants is expected to be relatively insensititve to perturbations of the con
strictions position in this lower pharyngeal region." (p 18).
One difficulty with this argument is that it does not address the question
why languages with three places do not select triads consisting of velar, uvular
and pharyngeal places (Maddieson 1984). In order to deal with the "marked
nature" of these three-consonant systems the QTS needs to invoke additional
principles. Stevens is of course aware of this difficulty: " ... any given language
uses only a small subset of the possible combinations of features. A detailed
discussion of the principles that underlie the selection of this subset is outside
of the scope of this paper." (p 42) These considerations make it clear that the
QTS is a proposal for explaining the formation of sound systems in terms of
functional advantages that individual features and segments offer. The QTS is
a theory of individual phonetic targets.
Let us examine an optimization criterion explored within the TAD frame
work in a series of papers from Liljencrants and Lindblom ( 1972) on. It has the
following general form:
k

i-l

L j=l
L (l/(Dij)2

i=2

-

- > minimized

(2)

where Dij represents the distance between two arbitrary vowels i and j
drawn from the space and k is system size. The interpretations of Dij that have
been investigated need not concern us at this particular point. Let us note
instead that the general form of Eq (II) implies that that combination of Dij
values is selected that minimizes the value of the formula. In other words, the
criterion is not stated in terms of individual phonetic targets but in terms of all
possible pairs of contrast. The use of this collective condition will lead to an
optimization of the system, not of individual elements. The implication seems
to be that the contrastive properties of a given speech sound is not determined
by referring to its own attributes but is measured intra-systemically by relating
its properties to those of other segments. According to TAD then, contrast is
a systemic concept to be measured across the paradigm. TAD is a theory of
systems of phonetic targets.
This systemic point of view seems to be a consequence of basing lexical
access on "sufficient contrast" rather than on "acoustic stability". A phonetic

Ungul stics. Stockholm

12

Lindblom and Engstrand

form that is successfully recognized meets the condition of being "perceptually
sufficiently rich". Recognition is successful when the phonetic form wins over
all other interpretations competing in parallel and reduces the current cohort
to a unique member. Hence the recognition of a specific form can also be seen
as a systemic process in which the contrast between the stimulus form and all
other forms stored in the lexicon is being tested.
7

In what sense is speech quantal?

There seem to be at least two ways in which spoken language can be said to be
quantal. Let us illuminate them by considering how phonetic alphabets come
about and grow. Ladefoged ( 1987) draws attention to two "historic principles
on which the IPA is based:
1. There should be a separate letter for each distinctive sound; that is, for
each sound which, being used instead of another, in the same language, can
change the meaning of a word.
2. When any sound is found in several languages, the same sign should be
used in all. This applies also to similar shades of sound."
In other words, once the phonologically relevant sound units of a language
have been established the phonetic substance of these units can be compared
with the phonetic values used in other languages. As more and more languages
are examined phonologically and phonetically, a universal set of speech sounds
and phonetic dimensions will accumulate. As time goes by this procedure will
converge on an inventory that defines the universal phonetic alphabet.
It is remarkable that this procedure has so far identified a relatively small
number of places and manners of articulation and source mechanisms. The
practical success of IPA and feature frameworks such as the eHH system could
be seen as evidence for the view that the universal phonetic set from which
languages draw their sound inventories is indeedfinite. It seems to be this aspect
of the linguistic use of sound that is the target of the explanatory program of
the QTS.
It is instructive to take also an alternative view. Accordingly let it be
assumed that there is no such thing as a finite universal phonetic alphabet. The
impression of finiteness is an illusion created by the fact that (1) only a small
fraction of the world's languages have yet been analyzed in depth both phono
logically and in terms of quantitative phonetic measurements; and (2) that
descriptive needs force us to quantize phonetic sound shapes into a manageably
large set of phonetic symbols. We accordingly collapse physically distinct
phenomena under identical labels and invoke diacritics and "low-level"
phonetic rules to deal with cross-linguistic, gradual shifts of phonetic values.
On such a view then languages are indeed quantal at the phonological level but
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phonetically quantal only in a weaker sense. They are quantal in the sense that
they select their phonetic values from qualitatively distinct regions of sound
generated by interactions among place, manner and source mechanisms. But
they are non-quantal in that, within these subspaces, phonetic values can be
varied in innumerable ways to serve the language-specific demands for phono
logical contrasts. Two influential research programs provide evidence for the
latter somewhat weaker view of the quantal nature of speech: Jakobson's and
Ladefoged's.
In limiting their feature inventory to twelve dimensions JFH focused on the
quantal nature of speech at the phonological rather than the phonetic level. In
that framework the emphasis is clearly on the perceptually significant patterns
of possible sound contrast rather than on an exhaustive listing of the underlying
phonetic mechanisms. (Consider e g the several phonetic realizations posited
for the feature flat).
The research of Ladefoged does not provide direct evidence against the
assumption that phonetic alphabets are finite. However his work has been a
continual source of discoveries of new phonetic mechanisms. Currently he
proposes seventeen places of articulation (Ladefoged and Maddieson 1986).
He admits (Ladefoged 1987) that he does not know "how to know when two
sounds in different languages should be considered "very similar shades of
sound" (Principle 2). I do not know of any way in which such decisions can be
made on theoretical grounds. What seems an impossibly small or difficult
distinction for a foreigner to hear, is completely obvious to native speakers who
use it regularly in their language."
We conclude that the jakobsonian point of view does not require assuming
that universal phonetic alphabets are finite. Ladefoged has documented his
own stance on some of the issues raised by proponents of the QTS (Ladefoged
and Bhaskararao 1983). His interpretations of his own and other people's
evidence seem compatible with the weaker view of the quantal nature of speech
sketched here.
There is an application of TAD that sheds some light on the question why
languages seem to use only a small set of sound attributes. Let us return to
Figure III. Recall that the algorithm used generates the set of vowels that,
within the continuous space, maximizes intra-systemic discriminability. Note
that some points in the vowel space are favored in all systems (i a u . . ) whereas
others (ii,re ...) are never invoked. Without having to take an explicit stand on
the "finiteness issue" TAD apparently predicts a small number of phonetic
categories.
The relative "popularity" of each predicted symbol in Figure III reflects its
frequency of occurrence across typological databases (Crothers 1978, Maddie-
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Figure III. Left column: Most favored vowel systems observed in a corpus of over 200
languages (C rothers 1978). N umbers in parentheses indicate the frequency of occurrence
of the system in question. Right column: Predicted vowel inventories derived from quantita
tive simulations based on the assumption that "vowels tend to evolve so as to both sound
and feel sufficiently diff erent".
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son 1984) rather closely. But note that neither the popuplarity nor the unpopu
larity of the available qualities is due to any absolute virtue or shortcoming
inherent in their own composition. A given vowel's popularity is more a
question of its ability to do "team work" (cf the systemic nature of contrast).
Accordingly the results indicate that acoustic stability is not necessary for
predicting a small number of sound features and suggest an alternative hy
pothetical origin of quantal structure and the tendency for languages to use
only a small set of phonetic dimensions: Both quantal structure and "finiteness"
are consequences of a process that packs elements within an articulatorily
bounded space so as to optimize intra-systemic contrast. It can be shown that
6
this process is equivalent to the notion of "sufficient contrast".
8

Summary of Issues raised

In Figure 3 Stevens represents the vocal tract as a uniform tube of constant
length and with a single narrow constriction. The space of "possible articula
tions" that such a model defines is four-dimensional. It is described in terms of
(i) 11, the length of the back cavity; (ii) 12, the length of the front cavity; (iii) Ie,
the length of the constriction and (iv) AdA, the ratio of the cross-sectional areas
of the constriction and the uniform tube. Articulatory imprecision can be
thought of as a change of the values characterizing any given combination of
parameter values. The relationship between articulatory parameters and
acoustic result could be said to be perfectly stable if a given set of parameter
values proved insensitive to any perturbation of that set. In other words,
acoustic stability would obtain when the acoustic output remained the same in
spite of small changes in one, several or all of the four parameters. Stevens
illustrates points of stability with examples of complementary length changes
in the front and back cavities. Note that in these examples constriction length
and Ac/A are left unchanged. Our preceding analysis shows that when 11 and 12
as well as constriction length are modified, perfect stability does in fact disap
pear whereas formant proximity due to near coincidence of front and back
cavity resonances does not. As we mentioned earlier Stevens himself draws
attention to similar effects arising for instance from varying AdA or introducing
rounding: "...Fl varies monotonically with constriction position and constric
tion size for the configuration of Fig 7", that is for a configuration appropriate

6

I n the current version of TAD "sufficient contrast" makes the severity of articulatory
constraints dependent on inventory siz e and thus controls the articulatory b ounding
in an automatic b ut elastic manner (Lindblom, MacNeUage and Studdert-Kennedy,
forthcoming).
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for Iii or lei (p 12); "...When the cross-sectional area of the constriction is
increased or decreased, keeping the constriction position fixed at one of the
stable regions, the formants tend to change monotonically." (p 15). Neverthe
less, stability still seems to be the cornerstone of the basic claim of the paper:
"...articulatory and acoustic attributes that occur within the plateau-like regions
... are, in effect, the correlates of the distinctive features." (p 5).
We repeat and summarize the queries that our commentary has drawn
attention to: Are there points in the model space characterized by peifect
stability, i e points that remain stable no matter how many dimensions we
modify the associated articulations along? If yes, supplementary information is
needed since only partial stability seems to have been demonstrated so far. If
no, we must either find independent motivation for attributing a privileged
status to certain dimensions, e g front-back cavity perturbations, or we are
forced to conclude that stability is not the selection criterion we need to derive
favored sound categories. If it is not stability, then what is it? Could it be the
qualitative differences that according to Stevens accompany transitions from
type I to type III regions? If yes, are we then not talking about contrast rather
than stability?
As pointed out above, contrast is similar to the stability criterion in that it
tends to favor type I and III regions in the phonetic space. Unlike stability
however, contrast handles both unmarked segments not predicted by QTS (e
g labial and dental consonants) as well as marked vowels and consonants
derived by QTS but relatively disfavored in language (e g back unrounded
vowels, uvulars and pharyngeals). Rules governing the selection of subsets of
segments are clearly needed. Contrast is a systemic concept and can meet such
needs.
9

ConclUSions

Fig IV shows a spectrogram of the utterance I*pi:'ki:pl and a set of articulatory
curves derived from cineradiographic measurements (Engstrand 1983). This
diagram captures the essence of an intuition that underlies the QTS. On the
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one hand we see continuous articulatory motion, on the other there are clear
discrete acoustic segments. The non-monotonic relation between articulation
and acoustics is an idea that is central to the QTS and is here brought out in a
rather compelling manner?
The second example comes from prespeech vocalizations. During the sec
ond half of their first year children produce utterances with syllable-like
elements, so-called canonical babble: bababa, dedede ... There is little motiva
tion for assuming that such vocalizations are programmed as a string of discrete
consonant and vowel segments. Rather it is natural to see them as resulting
from a continuous alternation of opening and closing gestures that happen to
have non-monotonic acoustic consequences. The stop closures are obviously
excellent examples of stable plateau-like type I and III regions in the phonetic
space and would seem to offer another illustration of the non-monotonicity
that Stevens builds his QTS around.
We are led to the following conclusion. The all-inclusive acoustic possibili
ties for human sound production should not be seen as a single, continuous,
homogeneous space. A systematic and exhaustive mapping of articulatory and
phonatory parameters onto their acoustic consequences will identify numerous
disjunct subspaces each representing a set of qualitatively distinct sound at
tributes. Phonetic categories such as vowels, stops, voiceless fricatives etc are
selected from these subspaces. The QTS is solidly based on a theory of speech
that describes these non-linear relationships between acoustic and articula
tory-phonatory parameters. It claims that these regions of qualitatively distinct
sound attributes provide the raw materials for distinctive features. This aspect
of the QTS seems perfectly uncontroversial.
However, the QTS goes further. It maintains that sound properties are
selected from within these phonetic subspaces because they are stable. As
evident from our commentary we find that claim to be more controversial. In
our opinion, the issue that future research must address is: Are phonetic
attributes selected because they are stable or because they are sufficiently
different?
7

F or lack of space we will not recapitulate In full the argument proposed by Eng
strand (Engstrand 1983, cf also Engstrand In press) to ex plain why I pll did not ex
hibit the ex pected "I ook-ahed", anticipatory coa rticulation of the I II tongue position
during the I pl occlusion but showed a considerably more open tongue configura
tion. The point Is that unless the tongue constriction during I plls sufficiently
widened friction rather than aspiration would result. T his analysis Is ba sed on the ex
Istence of distinct regions for the prod uction of aspirative and fricative noise
(Stevens 197 1).
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The status of phonetic gestures 1
Bjorn Lindblom

Abstract
In this paper I shall argue (i) that speakers adaptively tune phonetic
gestures to the various needs of speaking situations (the plasticity of
phonetic gestures) and (ii) that languages make their selection of phonetic
gesture inventories under the strong influence of motor and perceptual
constraints that are language independent and in no way special to speech
(the functional adaptation of phonetic gestures). These points have impli
cations for a number issues on which the Motor Theory takes a stance. In
particular, the evidence reviewed challenges two assumptions that are
central to the Motor Theory - that of modularity and gestural invariance:
First, if phonetic gestures possess invariance at the level of motor com
mands and listeners are able to perceive such gestural invariance, why is
speech production nevertheless so often under output-oriented control?
Second, the Motor Theory assumes that speech perception is a biologically
specialized process that bypasses the auditory mechanisms responsible
for the processing of non-speeCh sounds. It also assumes that the motor
system for vocal tract control exhibits specialized adaptations. If so, why
do inventories of vowels and consonants nevertheless show evidence of
being optimized with respect to motoric and perceptual limitations that must
be regarded as biologically general and not at all special to speaking and
listening?
1

Introduction: The Invarlance and modularity issues

There are two aspects of phonetic gestures that merit special attention in the
context of the Motor Theory (Mf), (Liberman and Mattingly 1985). One
striking fact comes from observations of how speech is produced: A large body
of experimental evidence suggests that phonetic gestures are highly malleable
and adaptive. They exhibit plasticity.
The second point emerges from cross-linguistic data on how languages
select gestures to build segment inventories: Phonologies are 'quantal' in that
they use similar gestures drawn from a remarkably small universal set (Stevens
To appear in Mattingly, I and Studdert-Kennedy, M (ads): Modularity and the Motor
Theory of Speech Perception, Hillsdale, N J:LEA.
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1989). Moreover, in individual languages the selection of vowel and consonants
from this set is systematic and lawful. It is governed by certain 'implicational
laws' (Jakobson 1942, Undblom and Maddieson 1988).
As we try to explain why systems of phonetic gestures exhibit these quantal
and implicational properties we are led to argue that they are selected so as to
meet collectively a demand for 'sufficient perceptual contrast'. Developing this
point we shall suggest that phonetic gestures can be seen as adaptations to
constraints on motoric and perceptual mechanisms that are language inde
pendent and not special to speech.
The plasticity of phonetic gestures is a phenomenon that any theory aimed
at resolving the issue of phonetic invariance (Perkell and Klatt 1986) must
account for. The Mf addresses this issue by claiming that "the objects of speech
perception are the intended phonetic gestures of the speaker, represented in
the brain as invariant motor commands.. " (Uberman and Mattingly 1985:2).
And viewing phonetic gesture inventories as adaptations to non-special
input/output mechanisms poses another interesting problem for the Mf which
argues that both the production and the perception of speech are 'modular',
biologically specialized processes. Let us see where contrasting these views will
lead us.
2

The plasticity of phonetic gestures.

2.1

The MT model of speech production

Uberman and Mattingly (1985) take the following stance on the invariance
issue (pp 21- 23): "Phonetic perception is perception of gesture ... ". They
further state: " ... the invariant source of the phonetic percept is somewhere in
the processes by which the sounds of speech are produced." The authors
recognize the complexity and variability that phonetic gestures exhibit in
instrumental analyses but claim that "it is nonetheless clear that, despite such
variation, the gestures have a virtue that the acoustic cues lack: instances of a
particular gesture always have certain topological properties not shared by any
other gesture". They conclude (p 23): ".. the gestures do have characteristic
invariant properties, as the motor theory requires, though these must be seen,
not as peripheral movements, but as the more remote structures that control
the movements. These structures correspond to the speaker's intentions."
2.2

Vowel reduction

We can illustrate this theory of invariance with some examples of the so-called
undershoot phenomenon (Undblom 1963).
Figure 1 shows spectrograms of three English words containing one, two
and three syllables: muse, music, musically. The increase in word length is
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correlated with a shortening of the initial, stressed vowel. This durational
variation is associated with shifts in the extent to which mid-vowel formant
patterns approach a hypothetical "target". Note the extent of the F2 contour
which shows a clear dependence on vowel duration. The tongue, initially in a
palatal position, undershoots its velar lui target more and more as the vowel
becomes shorter. Note that these samples are all from syllables carrying lexical
main stress. Therefore we are justified in calling the phenomenon illustrated
in Fig 1 duration-dependent undershoot.
In conformity with the Liberman - Mattingly model of speech production
it seems possible to suggest that the undershoot effect is due to the spatial and
temporal overlap of adjacent "motor commands". The durational variations
induced by changing word length cause differences in timing of the motor
commands and, provided that the "time constants" of the articulators are
assumed not to change, the MT makes the correct prediction that, in a partic
ular context, reaching the target configuration of the stressed vowel is a
function of the duration of the vowel. Since undershoot is lawfully related to

1lll l t�t =ill:,l�r

---L'II I I� li t- �l l h

i

L
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Figure 1 Vowel reduction and "duratlon-dependent formant undershoot" (Lindblom 1963).
Spectrograms of three English words (from left to right): muse, music, musically. Note the
variation in the duration of the initial vowel and the associated changes in the frequency
contours of F2.
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the duration and the context of the vowel gestures, it is possible to claim that
something nonetheless remains invariant: the underlying intention, or 'Lautab
sicht' (Lindblom 1963). On this view of speech then, the task of the listener
becomes that of inferring the intended gestures from highly encoded and
indirect acoustic information.
For biomechanical reasons the simple undershoot model may still be said
to have a certain validity. However, there are complications. Mainly they arise
from the fact that in natural speech a speaker's intentions go far beyond that
of merely producing a sequence of invariant phonetic gestures. We begin to
see these complications as soon as we broaden the scope of our inquiry and
approach slightly more ecological speaking conditions than those normally
studied in our laboratories.
Apparently speakers are free to vary degree of undershoot somewhat
independently of vowel duration. This is evident from studies indicating, on the
one hand, that in fast speech articulatory and acoustic goals can be attained
despite short segment durations (Engstrand 1988, Gay 1978, Kuehn and Moll
1976), and on the other that reductions can occur despite adequate duration
(Nord 1986). How talkers go about varying degree of undershoot is not known.
One possibility is that deviations from duration-dependent undershoot might
be due to processes such as "over-" and "underarticulating" (cf discussion of
'clear speech' below). The observed deviations of duration-dependence ob
viously constitute an embarassment for the simplest version of the undershoot
model (Lindblom 1963). An improved model is clearly needed capable of
capturing the malleability of phonetic gestures.
2.3

Compensatory articulation

Speakers are in fact capable of reorganizing phonetic gestures so as to reach
constant acoustic and perceptual goals. This has been shown most clearly by
experiments on compensatory articulation in which atypical jaw positions are
induced by means of so-called "bite blocks" (Lindblom, Lubker and Gay 1979,
Lindblom, Lubker, Lyberg, Branderud and Holmgren 1987). The relative ease
with which speakers adapt to an unnatural bite block can be accounted for by
assuming that also normal speech motor control is intrinsically compensatory.
Although the bite block must be overcome by invoking rather extreme articu
lations the compensation occurs effortlessly since not only speech but motor
behavior in general is organized to be compensatory. For the sake of those who
take a dim view of bite block experiments and remain unconvinced by claims
that bite block speech tells us anything at all about normal speech let us examine
another case of compensation, but one found in a more ecological speaking
situation.
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Loud speech

Consider the control of vowel duration in loud speech. Speakers have been
shown to use larger jaw openings when speaking louder. The effect is inde
pendent of vowel identity and has been demonstrated for several languages
(Schulman 1989). Now this raises a problem for the production of loud vowel
duration in the following way. Recall the Extent of Movement Hypothesis
proposed by Fischer-Jorgensen (1964). It explains why, everything else being
equal, open vowels universally tend to be longer than close vowels. The main
effect is that in an open vowel occurring in a CVC environment the jaw moves
further than in a close vowel in the same context. Using a quantitative articu
latory model formalizing Fischer-Jorgensen's idea, I showed for libVbi/-utter
ances (Lindblom 1967) that owing to these differences in jaw movement the
release of the first fbi will occur more and more prematurely and the implosion
of the second fbi will be increasingly delayed as the degree of jaw opening for
the vowel is increased. In addition to supporting the Extent of Movement
Hypothesis these model experiments indicated that the effect can in fact be so
drastic that, unless the lip gestures for the fb/:s are reorganized to compensate
for the jaw movement, unacceptably large durational differences between open
and close vowels will result. The need for such compensation was indeed
substantiated by the lip and jaw measurements of the same study (Lindblom
1967, e g Fig I-A-14).
Since loud speech uses more open jaw positions the Extent of Movement
Hypothesis applies also to that style of speech. Experimental data (Schulman
1989, Lindblom 1987) show that the increased jaw openings of loud vowels are
compensated for by other articulators in order to make vowel durations of loud
and normal conditions more similar than they would have been without com
pensatory maneuvers.
2.5

Clear speech

We recently began a series of studies aiming at describing the acoustic proper
ties of clear speech. Presumably when people speak "more clearly" they do so
in an effort to become more intelligible. One issue is whether this speaking
style differs from more neutral speech mainly in that its signal-to-noise ratio is
better, or whether it also involves a reorganization of phonetic gestures and
acoustic patterns. There is evidence indicating that such reorganization does
indeed take place and can be rather extensive (Picheny, Durlach and Braida
1986, Uchanski, Durlach and Braida 1987).
We have preliminary data on American English vowels (Lindblom and
Moon 1988) produced in contexts that meet the following conditions: (i) The
vowels and their consonantal environments should be chosen so as to maximize
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large 'locus-to-target' distances, e g front vowels occurring in a labio-velar
environment: wheel, will, well, wail; (ii) The vowels should carry lexical main
stress; (iii) They should vary in duration. The latter two requirements were met
by making use of the so-called 'word length effect'. The length of the test words
was varied by adding -ing and -ingham to the CVC sequence under analysis
which produced series such as will, willing and Willingham etc. Subjects were
asked to read randomized lists of such tokens. Initially they were instructed to
adopt a comfortable tempo and vocal effort but received no specific instruc
tions otherwise. We refer to these speech samples as citation form speech (CF).
In the second half of the recordings they read similar lists but were now
explicitly told to "overarticulate" and to speak as clearly as possible, (CS lists).
Measurements were made of vowel duration and of formant frequencies at
points of minimum rate of change in the vowels and of the "locus" pattern of
the consonants.
Plots of formant frequencies versus vowel duration were prepared for all
the test items. The vowel formant patterns of both CF and CS samples were
found to exhibit duration-dependent undershoot. For both styles the data
points tended to cluster in ways that could be described in terms of exponential
curves similar to those used in Lindblom (1963). However there were signifi
cant differences. Overarticulated vowels were consistently of longer duration.
And for every vowel examined the CS undershoot curve was different from the
corresponding CF curve. These differences can be summarized by saying that
for each individual vowel the asymptotes of the exponentials tend to be located
much closer to the formant values observed for null-context environments such
as /h-d/. Plotting the data on an F 1iF2 vowel chart we observe that the CS vowel
space invokes values that are more peripheral and closer to the /h-d/ targets
than the CF tokens which are more context-sensitive and hence more central
ized in the formant space.
The analysis of the investigation from which these observations are taken
is still in progress (Moon forthcoming thesis). In the near future we expect to
be able to give a more comprehensive report on the robustness and generality
of the observed effects across a wide range of speakers and contexts. Neverthe
less, a trend fully compatible with previous work on CS acoustics (Picheny,
Durlach and Braida 1986, Uchanski, Durlach and Braida 1987) is evident in the
patterning of the data which so far suggest that not merely does it improve the
SIN ratio. Clear speech is a transform that tends to enhance the acoustic
contrast among vowel phonemes making their formant patterns less dependent
on context and more widely dispersed.
If our preliminary results are further corroborated we must ask: Why should
there be such a thing as clear speech? Why do talkers bother to make extensive
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adjustments of their phonetic gestures and the associated acoustic patterns? Is
it because, in so doing, they facilitate the listener's access to the distal objects
of perception: the underlying phonetic gestures (cf the Motor Theory)? Or is
it because they thereby make acoustically stable and salient properties of the
signal easier to identify (cf the Quantal Theory of Speech)? Or is it - as we
prefer to argue - because lexical access is based upon "sufficient contrast" (cf
the Theory of Adaptive Dispersion as presented below)?
2.6

Is invariance ne cessarily ph one tic?

How do we account for the variance of phonetic gestures that we observe in
compensatory articulations, in loud speech and clear speech? No doubt pro
ponents of the MTwould set their hopes to future research demonstrating how
the speech system succeeds in computing a family of gestures that, in spite of
substantial surface variability, topologically share certain unique properties
and nevertheless manage to remain motorically invariant.
However, faced with a rather impressive body of evidence on the plasticity
of motor gestures in general and phonetic gestures in particular we are easily
persuaded by an alternative vision according to which invariants will ultimately
have to be defined in terms of the purpose and primary ecological function of
the gestures, namely lexical access, comprehension and social interaction. On
this view phonetic gestures should not be expected to be motorically invariant
since they are merely adpative and malleable means to more global com
municative ends.
Why then are we looking for phonetic invariance? Is it not needed for
satisfactory lexical access? Here is a summary of an argument that leads us to
conclude that in principle it is indeed dispensable.
We begin by noting that the structure of all languages exhibits redundancy
and that the perception of speech is the product of two types of information:
signal-driven and signal-independent information. As a consequence of redun
dancy the words and phonemes of individual utterances show short-term
2
variations in predictability. Consider the following two utterances :
A A stitch in time saves

B. The next word is

A reduced, articulatorily simplified pronunciation of "nine" would stand a
better chance of being correctly identified in A than in B. Whether reduced or
not, any phonetic form that is correctly identified would, by definition, be
2

In my choice of these examples I am Indebted to Ueberrnan (1963).
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perceptually adequate (sufficiently rich). From the viewpoint of lexical access
such a form can be said to exhibit sufficient perceptual contrast.
These considerations lead us to conclude that phonetic invariance is not
necessarily essential for lexical access. Speech signals will be adequate for
lexical access as long as they are rich enough to match, in a complementary
fashion, the listener's running access to signal-independent information. Ac
cording to this theory then, the critical condition that phonetic gestures must
meet, is that they be perceptually sufficiently contrastive.
2.7

Coarticulation

With the idea of "sufficient perceptual contrast" in mind let us take a new look
at some well-known measurements often referred to in discussions of con
sonant-vowel coarticulation. Early work on the acoustic patterns of synthetic
speech led Haskins researchers to conclude that the objects of speech percep
tion were not to be found at the acoustic surface but might be sought in
upstream invariant motor processes. In 1966 hman published his spectro
graphic measurements on VICV2 sequences. His results give a vivid demon
stration of massive coarticulation effects and seem, at least at first glance, to
lend strong support to the Haskins idea "that there is simply no way to define
a phonetic category in purely acoustic terms".
To make this point we reproduce one of Ohman's diagrams in Fig 2, an
illustration as good as any of the observation that "place information for a given
consonant is carried by a rising transition in one vowel context and a falling
transtion in another (Liberman, Delattre, Cooper and Gerstman 1954)."
However, although admittedly complex, do acoustic patterns of this kind
really justify the conclusion that there is simply no way to define a phonetic
category in purely acoustic terms? Let us replot the hman data as shown in Fig
3.
The data points pertain to F2 and F3 of the CV2-boundary (x- and r.-axes)
and to F2 of the V2 vowel (z-axis) and are from his Tables II and IV (Ohman
1966) We see a three-dimensional view of three "clouds" that correspond to
samples of Vlbv2, VldV2 and VlgV2 utterances respectively and that, in spite
of all the vowel-consonant coarticulation, do not overlap and hence are "suffi
ciently distinct" from each other.
The implication of this result is this: If we make the reasonable assumption
that perception has access to (at least) these three parameters of the VCV
utterances, the information available in the acoustic signal should be sufficient
to disambiguate the place of the consonants. Needless to say, the three dimen
sions selected here do not by any means exhaust the signal attributes that might
carry place information. One obvious omission is the spectral dynamics of the
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stop releases. Spectra for fbi would be relatively weak and flat whereas those
for Idl and Igj would show distinct stronger energy concentrations of mainly
front cavity dependence (Stevens 1968). Adding such dimensions to the con
sonant space would be an effective means of further increasing the separation
of the three "clouds" and thus enhancing their distinctiveness. Please note the
following.
Given the preceding analysis, unlike proponents of the Mf we do not need
to postulate that a specialized mechanism evolved to handle coarticulation in
CV syllables. Phonetic categories are "polymorphous" phenomena (Kluender,
Diehl and Killeen 1987) that, if sufficiently contrastive perceptually, do the job
of differentating lexical items from each other. Their polymorphous nature and
the notion of sufficient contrast imply that there is no single necessary or
sufficient cue that must always be present for category membership.
This analysis is supported by work on speech perception by animals. Most
recently Kluender, Diehl and Killeen (1987) have demonstrated the ability of
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Figure 2 Formant transitions and consonant-vowel coarticulation. Stylized second-formant
transitions observed in VCV utterances. The symbols at transition endpoints Identify the
following and preceding contexts respectively (adapted from hman 1966).
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Japanese quail to learn to discriminate place in stop consonants and to gener
alize their judgements to new vowel contexts. These birds are also capable of
using cues for voicing, vowel height and sex of talker (Kluender and Diehl
1987). These findings strongly suggest that quail perform well on the discrimi
nation tasks, not because they are equipped with a specialized processor for
speech, but because they are able to exploit the stimulus properties and because
these properties are acoustically sufficiently rich.
3.

The linguistic selection of phonetic gesture Inventories:
Adaptation to non-specialized Input/output constraints.

It is appears reasonable to assume that the factors that shape the vowel and
consonant inventories of the languages of the world originate in the interactive
behavior of speakers and listeners. What is the nature of the selection criteria
that might govern the evolution of phonetic systems?
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Figure 3 A three-dimensional representation of formant measurements at CV-boundary of
VCV sequences (hman 1966). The "clouds" of the diagram includes all the data in Tables"
and IV of the hman (1966) article. X-axis: Second formant at CV-boundary. V-axis: Third
formant at CV-boundary. Z-axis: Second formant in final vowel.
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The Quantal Theory of Speech (Stevens 1989) hypothesizes that languages
tend to seek out regions of high acoustic and auditory stability in the universal
phonetic space and that these regions represent the physical correlates of the
distinctive features of phonological systems. Both talker-oriented and listener
oriented factors motivate the choice of acoustic stability as a basis for selec
tions.
An alternative theory, the Theory of Adaptive Dispersion (Lindblom,
MacNeilage and Studdert-Kennedy forthcoming), shares with the Quantal
Theory the assumption that the factors shaping phonetic inventories originate
in on-line speaker-listener interactions but differs in that it explores the con
sequences of adopting another selection criterion, namely sufficient perceptual
contrast. Some of the results obtained within that paradigm bear on the present
discussion.
3.1

Perceptual contrast

Let us first look at dispersion and the notion of perceptual contrast. Typological
studies of vowel systems (Crothers 1978, Maddieson 1984) show that the most
favored inventories are drawn from a small subset of the total set of observed
qualities. The data of Table I are from Crothers (1978).
It is evident that languages favor peripheral vowels and that there is a
tendency to use many more sonority (open/close) contrasts than chromaticity
(front/back and rounded/unrounded) contrasts.

Table I. Most favored vowel systems observed I n a corpus of over 200 languages (Crothers
1978).

INVENTORY SIZE

VOWEL QUAUTIES

NO O F LG'S

3
4
4
5
5
6
6
7
7
9

la u
la Ut
la u +
la u t:)
I a u ttI a u t:>+
la Ut::>e
la u e o+()
la u t':>e o
la u t�e o+()

23
13
9
55
5
29
7
14
11
7
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Suppose we approach these observations from the following point of view:
If vowe ls syste ms we re se e n as adaptations to the universal auditory constraints of
human he aring what would they be like? This is essentially the question that we

have addressed in a number of studies. Here is a brief summary some of the
results.
Three studies explore the notion of "maximal perceptual contrast". In
Uljencrants and Undblom (1972) a formant-based distance metric was used to
quantify the notion of perceptual contrast and to predict the phonetic values
of vowel systems as a function of inventory size. The predictions were successful
in reflecting the patterns of dispersion clearly evident in the typological data.
Their major failure was that in large systems too many high vowels were
generated.
In Undblom (1986) the simulations were repeated with a psychoacousti
cally better motivated distance metric (Bladon and Undblom 1981). This
revision led to clear improvements implying that as our description of the
auditory constraints becomes better so will our predictions. A third study
(Undblom in press) combines the 1986 model with the results of experiments
using Direct Magnitude Estimation. The DME technique was used to compare
subjects' judgements of movement along the dimensions of jaw opening and
anterior-posterior positioning of the tongue. The results indicated that jaw
movements appeared subjectively more extensive than tongue movements
although displacements were equal in terms of physical measures (Undblom
and Lubker 1985). Incorporating those results into the simulations we revised
the optimization criterion to encompass also articulatory discriminability,
departing from the assumption that vowels tend to evolve so as to both sound
and feel sufficiently different.

Table II. P redicted vowel systems derived from quantitative simulations based on the
assumption that vowels tend to evolve so as both sound and fe el su ff iciently di fferent
(adapted from L indblom, M acNeilage and Studdert-Kennedy forthcoming).

INVENTORY SIZE
3
4
5
6
7
9

VOWEL QUAUTIES
la u
I a UE
la UEO
la u E")-t:t
I a UE �-Y-y
I a UE a. e o ..y. i)
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Evaluating the results two things should be noted. The probability of
selecting a correct system by pure chance is less than 10-3 irrespective of system
size. The predictions are perfect if we measure agreement between model and
data in terms of the the number of sonority and chromaticity contrasts. Bearing
these points in mind we see from Table II that the simulations achieve an
extremely close agreement with the typological data.
3.2

Adaptive dispersion

In the three studies reviewed above articulatory factors play a role in delimiting
the phonetic space of "possible vowels" (Lindblom and Sundberg 1971) but
beyond that they are essentially neglected. There is a great deal of evidence
(Lindblom, MacNeilage and Studdert-Kennedy forthcoming) indicating that
articulation plays an important role and that production constraints tend to
counterbalance demands for perceptual contrast. For lack of space let us
mention a single example due to Maddieson (1984). The optimal five-vowel
system is Ii e a 0 u/ not Ii e f! !J u�. He suggests that a principle of "sufficient
contrast" rather than maximal contrast may underlie such patterns.

CONSONANT SYSTEMS WITH:
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Figure 4 Inventory size as a determinant of the contents of obstruent systems. Small
inventories invoke Basic articulations. medium systems Basic and Elaborated segments and
large inventories recruit Basic. Elaborated as well as Complex articulations. Data from the
UPSID database (Maddleson 1984)
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Recent work (Lindblom, MacNeilage and Studdert-Kennedy forthcoming)
indicates that both vowel and consonant systems appear to be organized so as
to meet a demand for "sufficient contrast". This becomes clear once we begin
to examine the contents of phonetic systems in relation to inventory size.
Our source of information is the UPSID database (Maddieson 1984) which
contains typological data on the segment inventories of 317 languages. Figure
4 exemplifies the results of sorting the consonant segments ofUPSID into three
categories Basic, Elaborated and Complex articulations and then plotting the
number of segments that a language uses in each category as a function of the
3
total number of consonants in that language . Figure 4 shows a histogram plot
describing the distribution of obstruents in the UPSID corpus. The diagram
tells us that the contents of UPSID inventories is determined by inventory size.
First they invoke Basic articulations, then Basic and Elaborated and ultimately
all three types including the Complex.
This Size Principle makes sense if we assume that in small systems elemen
tary articulations achieve sufficient contrast whereas in larger systems demands
for greater intra-systemic distinctiveness cause additional dimensions
(elaborations) to be recruited and combined to form complex segments. Data
of this sort lend support to the Theory of Adaptive Dispersion (Lindblom and
Maddieson 1988, Lindblom, MacNeilage and Studdert-Kennedy forthcoming)
and suggest that the Size Principle combined with quantitative measures of
perceptual distinctiveness and articulatory complexity ought to go a long way
towards accounting for the contents of phonetic inventories.
The conclusions relevant to the present context are as follows. The results
are compatible with claiming that inventories of phonetic gestures are selected
so as to optimize both the distinctiveness and the pronounceability of individual
segments. Phonetic gestures can thus be seen as adaptations to motoric and
perceptual constraints that are language independent and in no way special to
speech. Facts about the way humans respond to psycho-physical, non-speech
stimuli are sufficient to enable us to predict with good accuracy the essential
contents of vowel inventories in a large number of languages. If human speech
perception is a biologically specialized process that bypasses non-speech hear-

3

Elaborated articulations are place, source and manner mechanisms that can be
seen as elaborated versions of more elementary, or Basic, articulations. Segments
containing combinations of Elaborated articulations are classified as Complex.
Basic: b, m, t, i, a ...
Elaborated: p', "
b, n, l,e ...
i, 1 , mb, , q,
"
0
N
H,.j · ,h-.. T ....,
Co mplex: q , '1! q,

P, cf.
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·t' ...
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ing, why do vowel system patterns show such clear adaptations to auditory
constrants not special to speech?
4

4.1

Conclusions
Plasticity and invariance

Our interpretations are in agreement with the MT in that the distal object of
speech perception is the speaker's intention. However, we differ by claiming
that a speaker's intentions go beyond the production of phonetic gestures. We
see the gestures as no more than a variable and adaptive means to the more
global ecologically more primary ends of speech acts: lexical access, compre
hension and social interaction. On this view phonetic gestures are not strong
candidates for the invariant units of speech. In fact, we argue that phonetic
invariance is not necessary at all for adequate lexical access since successful
speech understanding presupposes gestures that are sufficiently contrastive but
not necessarily physically constant.
4.2

Modularity and phonological adaptations

Assuming that speech perception is modular and operates by by-passing the
general-purpose mechanisms of auditory perception we face the question: Why
are the fossilized gestures of phonological inventories so well adapted to
biological properties of production and perception not special to speech?
There appears to be a clear problem here for the MT
Consider also the quantal and implicational nature of sound structure, that
is the fact that languages tend to use similar gestures drawn from a very limited
universal set and that the subsets they select show a strongly hiercharchical
organization internally. How does the MT acount for such facts?
One possibility would be to suggest that all of these properties reflect the
way that the 'speech-processing module' works. We might assume that the
module accepts only a limited number of gestures and that it somehow imposes
an implicational structure on phonological systems. If so we are led to ask: How
did the speech-processing module get that way in the first place? It seems clear
that if, at an early stage of the game, we claim that 'speech is special' we shall
a priori deprive ourselves of all opportunities to provide performance-based
explanations of phonological facts. Consequently we are forced to conclude
that suggesting that the quantal and implicational organization of sound sys
tems reflects the way that the 'speech-processing module' works is a solution
that completely begs the question on an issue that must be regarded as central
to linguistic theory.
.
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4.3

Speech evolution

Admittedly, postulating biologically specialized systems for the production and
perception of speech - as the MT does - appears not only reasonable but
necessary in the light of a great deal of evidence. Claiming that linguistic
perception does not, in some sense, presuppose specialized neural architecture
would clearly be counter-factual. Why then, have we pursued a line of reasoning
that consistently sets out to deny the existence of such specializations? The
answer is that denying the existence of specializations is not the expression of
a belief or a conviction. It simply reflects a methodological strategy.
As we compare spoken language with the input and output structures
underlying its use we note that the motoric and perceptual mechanisms were
in place long before language entered the stage. An initial task on the agenda
of an evolutionary research program on spoken language would therefore seem
to be to investigate how the newcomers, speech and language, could aquire
some of their properties by adapting to the phylogenetically older structures,
rather than the other way around. The question would be: If language were
seen as a set of adaptations to the constraints of early man's vocal, auditory and
cognitive systems what would it be like?
The MT reverses this query completely responding instead to: If speech
production and speech perception were seen as adaptations to language what
would they be like? Cf. the following statements: " ... adaptations of the motor
system for controlling the organs of the vocal tract took precedence in the
evolution of speech. These adaptations made it possible, not only to produce
phonetic gestures, but also to coarticulate them so that they could be produced
rapidly. A perceiving system, specialized to take account of the complex
acoustic consequences, developed concomitantly." (Uberman and Mattingly
1985:7).
Perhaps Uberman and Mattingly are right in saying that their theory "is
neither logically meaningless nor biologically unthinkable" (Liberman and
Mattingly 1985:3). Once evolved, language could conceivably continue to
develop in co-evolution with the input/output mechanisms.
But this approach has a methodological problem. How do we go about
reconstructing the path of development towards specialization and uniqueness
without running the risk of prejudging the issue? One possible answer - the
one favored here - is that we can minimize this risk if, in attempting to derive
language from non-language, we first make the most of the non-special mech
anisms.
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On the Notion of "Possible Speech Sound,,
Bjorn Lindblom

Abstract
Constructing universal phonetic alphabets phoneticians make the tacit
assumption that such an enterprise will ultimately converge on a set of
phonetic dimensions that is finite and manageable in size. In the present
paper we critically examine that assumption. While the practical success

o.

of the IPA and distinctive feature frameworks appears to provide empirical
motivation for it, phonetics has yet justify it on independent theoretical
grounds. Attention is also drawn to a related difficulty that emerges when a
definition of the notion of "possible speech sound" is sought. Specifications
offered by phonetic alphabets and feature systems take the following form:
A possible speech sound is a combination of sound attributes that can be
drawn from the universal set identified by phonetic theory. Since this set is
developed from observations of speech sounds in the first place, any
speech sound definition derived from it would be circular. A solution to the
problems of finiteness and circularity can in principle be found but pre
suposes a departure from traditional paradigms. It consists in adopting the
goal of deriving "possible speech sounds" from the "total sound-producing
potential" of the human vocal tract. This approach - the anthropophonic
perspective of Gafford - leads to a focusing of phonetic research efforts
on the constraints that operate in the evolutionary selection of speech
sounds. In the final section of the paper a preliminary examination of some
such hypothetical constraints is made. We conclude that, not only is
anthropophonic-deductive phonetics theoretically justified and necessary,
it is indeed feasible and offers a whole range of productive research
opportunities.

Paper presented at a conference held in Ann Arbor. Michigan on May 1 -3. 1 989 In
honor of J C Catford. It has been submitted to a Journal of Phonetics theme Issue:
P S Seddor (ed) : Linguistic Approaches to Phonetics. to appear as Volume 1 8
(1 990).
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1.

Introduction: Stating the issues

1.1

The anthropophonic perspective

I would like to address a fundamental problem in phonetics, the definition of
the notion of "possible speech sound". In choosing this topic I adopt what Ian
Catford calls the anthropophonic perspective on human vocal sound produc
tion (Catford 1977). The term anthropophonics refers, not only to the sounds
and sound patterns used in language, but represents "the study of the total
sound-producing potential of man".
Although as phoneticians we are mainly interested in the linguistic uses of
sound, one of my main points is that, unless phonetics broadens the scope of
its inquiry as Catford suggests, the definition of its most fundamental subject
matter, namely speech sounds, will inevitably be circular. In Catford's own
words (p 1): "... in order to cope efficiently with the vocal sounds that constitute
the sound-systems of particular languages, phonetics must proceed from the
most general possible consideration of the human sound-producing potential.
Only thus can it be prepared to categorize and, in some sense, to explain not
only the sounds used as the manifestation of all known languages, but also those
of languages yet unstudied as well as 'pre-language' sounds of infants and the
whole range of deviant sounds encountered in pathological speech".
1.2

Are phonetic alphabets finite?

To illustrate Catford's point of view let us begin by considering how phonetic
alphabets are constructed. Ladefoged (1987) draws attention to two "historic
principles". The first says that:
"There should be a separate letter for each distinctive sound; that is, for
each sound which, being used instead of another, in the same language,
can change the meaning of a word".
Within languages there should ideally be one symbol per phoneme. The
second principle states that:
"When any sound is found in several languages, the same sign should be
used in all. This applies also to very similar shades of sound."
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Across languages there should basically be one symbol per sound. In other
words, once the phonologically relevant sound units of a language have been
established, the phonetic substance of these can be compared with the phonetic
values used in other languages. As more and more languages are examined a
universal set of phonetic dimensions will accumulate. As time goes by this
procedure will converge on an inventory that defines the universal phonetic
alphabet.
If correct, this account suggests that the process of constructing phonetic
alphabets is based on the following tacit assumption:
(1)

The universal phonetic set from which languages draw their sound
inventories is finite.

The practical success of the IPA and of Distinctive Feature (DF) frame
works could be seen as evidence in favor of the finiteness assumption. But is
such a conclusion really justified? There seems to be little discussion of this
issue in the literature. Neither the 1987 remarks by Ladefoged nor the materials
published in preparation of the 1989 IPA Convention (JIPA vol 18:2) pay any
attention to the issue although several contributions make firm recommenda
tions that the theoretical bases underlying the alphabet be made the main focus
of the convention. For the sake of argument consider also an alternative
viewpoint.
In their writings de Saussure and Jakobson preferred not to define sound
units in absolute terms. Recall Saussure's "Dans la langue il n'y a que des
differences" and Jakobson's "Phonemes denote mere otherness". They empha
sized distinctiveness as a shaping force and implied that, as long as speech
sounds remain distinct, we should expect their absolute physical characteristics
to be selected in a variety of ways (FIG 1).
Pursuing such a view further we might suggest that cross-linguistically
phonetic properties are not located at a finite number of points in universal
phonetic space but form continuous distributions. An extreme version might
claim that the impression of finiteness is an illusion created by the fact that (i)
only a very small fraction of the world's languages has yet been analyzed both
phonologically and phonetically in a reasonably comprehensive manner and
that (ii) descriptive needs force us to quantize sound into a manageably large
set of phonetic symbols. From this viewpoint the notion of a finite universal
alphabet would be a taxonomic epiphenomenon. This belief also predicts that
the accumulation of more data will eventually make the IPA and various DF
frameworks unmanageable and ultimately bring about their collapse.
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'Are phonetic alphabets finite?' is a question that we cannot resolve at this
point in time. It requires empirical and theoretical answers that we are not
ready to present yet. However, it is nevertheless important to raise such an
issue, since it is clear that the finiteness of phonetic alphabets is a working
assumption that has not received much explicit attention so far in the history
of phonetics. It seems to have been taken for granted no doubt for reasons
having to do more with practical convenience and descriptive necessity than
with the existence of theoretical justification. Note that this is an issue that
could not be resolved just by collecting more data alone. "A finite set of
phonetic categories works so far for a very large number of languages!" is an
important observation but it indicates only partial success since it leaves the
theoretical task of explaining why phonetic alphabets are finite (or non-finite)
still untouched on the agenda.

Figure 1. The "systemic" view. The diagram shows the all-inclusive phonetic space as a
circle. It attempts to capture an idea traditionally favored by many linguists such as de
Saussure and Jakobson: While intrasystemic distinctiveness among speech sounds re-
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We are thus led to ask: What does a theoretical justification of the finiteness
assumption look like in principle? And this is where the anthropophonic
approach advocated by Catford comes in. We shall return to show how, after
raising another related issue.
1.3

Circularity in the definition of speech sounds

What is a speech sound? Although phonetics is the study of speech sounds,
textbooks do not normally present a standard definition. If phoneticians were
to suggest one, their formulations would no doubt differ. But only superficially,
since it is hard to imagine that reference to a universal specificational frame
work - forged by extensive phonological and phonetic analyses - would not be
a strong common theme.
Suppose that we come across some data from a newly discovered language.
The universal framework would normally be expected to survive exposure to
such new facts and a correct classification of the contrasts observed ought to
be provided. However, occasionally a sound system will be encountered that
exploits dimensions not yet accomodated by available classificatory systems. In
due course appropriate modifications would be introduced to handle the new
phonetic mechanisms. Basically this appears to be how systems of universal
phonetic categorization come about.
Accordingly it might be proposed that a possible speech sound could be
defined as follows:
(2)

A speech sound is a combination of sound attributes that can be drawn
(according to certain rules) from a set of universal properties specified
by phonetic theory.

In view of the recent interest in 'feature geometries' (Ladefoged and Halle
1988 and references cited therein) such a formulation might at first seem fairly
uncontroversial. However, this type of definition gives rise to serious problems.
First of all, it presupposes that ultimately universal alphabets will indeed
converge on a finite set of dimensions. Thus the validity of the definition in (2)
- and related ones derivable from current work on alphabets and feature
systems - hinges upon the correctness of the finiteness assumption. As we
pointed out, this assumption needs to be explicitly recognized and given
theoretical justification. We also stated that establishing its correctness, or
refuting it, is not just a matter of collecting more data but will also involve
gaining a theoretical understanding of why phonetic alphabets are finite (or
non-finite).
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A second problem associated with the proposed definition is that it is
circular in the following sense. We saw that the emergence of phonetic taxono
mies is informed by primary phonological and phonetic data (cf the principles
reviewed by Ladefoged). In other words, the input to the construction of a
classificatory system - be it an alphabet of IFA-type or a DF system - is speech
sounds. If, when asked to define speech sounds in general terms, we invoke a
framework that was developed on the basis of speech sound observations in the
first place, would we not be guilty of adopting a circular procedure? Yes, in
fact, the definition in (2) comes close to saying that "a speech sound is a sound
that occurs as a speech sound in a given language".
Concluding that phonetics, the study of speech sounds, currently offers
definitions of its very subject matter that do not avoid circularity, may at first
seem like an implausible result. The reader might suggest that under such
circumstances one's first duty should be to look for improvements of (2) that
successfully deal with the circularity charge, or to spot a logical flaw and some
misrepresentation somewhere in the preceding reasoning. However, a distinc
tion will be introduced in the next section that will clarify the situation and will
convince us that there is no logical flaw or misrepresentation. Rather the
conclusion will be reinforced. It will also make clear that, if explanatory goals
are to be taken seriously in phonetics, the only remedy is to recognize the
relevance and urgency of the anthropophonic program.
1.4

Proposal for a solution: The deductive approach

Let us compare two approaches to DF. First consider the proposals of Jakob
son, Fant and Halle (JFH) and Chomsky and Halle (CHH). Although these
frameworks show significant differences, for our present purposes we shall
2
group them together. The question that they both attempt to address is this:
"What are the features that languages use for phonological contrast?" As we
concluded, the input to the construction of DF frameworks is primary phono
logical and phonetic facts collected from a great number of languages.
Now contrast JFH and CHH with the approach taken by Stevens ( 1972,
1989) in his Quantal Theory of Speech (QTS). Our interpretation of QTS is as
follows. Stevens begins by asking: What features should we expect to find
granted certain assumptions about the conditions under which speech sounds
2

We choose these systems because they have the status of classics In the field. Re
vised and more up to date and frameworks (see Keating (1 986) for a review) share
the basic approach exemplified by JFH and CHH and could therefore have been
selected equally well.
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are used? The starting point is, not the primary linguistic observations but a
theory describing how the acoustic patterns generated by the human vocal
sound production system depend on production parameters. A key idea under
lying QTS is that languages tend to seek out regions in the phonetic space that
remain stable in the face of articulatory imprecision. Whether the QTS will be
successful in deriving a set of features whose descriptive scope will be adequate
for linguistic theory remains to be seen and will not be further discussed here.
As we place the two approaches side by side we realize that they exhibit
important differences. The features of the JFH/CHH approach are motivated
primarily by the linguistic data. The frameworks are postulated axiomatically
to handle the observed facts. In the QTS features are derived deductively from
independently established knowledge: the acoustic theory of speech produc
tion.
The research program implicit in the JFH/CHH approach exemplifies an
axiomatic, data-driven approach to sound structure (where data-driven means
empirically motivated). It is aimed at presenting a general taxonomic system
ideally compatible with all known relevant facts.
It is important to note the following built-in limitation: Even if it were
completely successful in making such a taxonomy available, this approach
would not have an acceptable answer to the question: "Where do features come
from?" To say that "They come from the data!" is not satisfactory since it is
non-explanatory.
The QTS puts its focus on investigating the constraints under which speech
sounds are used. It represents a deductive approach which is not directly driven
by the primary language-specific facts. In response to the question: "Where do
features come from?" it does indeed provide an answer. Approximately: "Fea
tures arise from an interaction between physical constraints and certain
functional conditions favoring the stability of sound attributes."
Returning to the circularity and finiteness issues, we see that the QTS
provides an in-principle solution to both problems. Its starting point is inde
pendent of the primary linguistic data and therefore cannot become guilty of
circularity. Whether a finite number of stable points in the phonetic space will
be identified or not remains to be worked out. In the present context the
important point is that it is because of its non-axiomatic approach that the QTS
makes an answer to the finitenes issue available in principle.
2.

Constraints on possible speech sounds

We are now in a better position to appreciate the full theoretical significance
of Catford's plea for an anthropophonically based theory of speech sounds. In
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broad strokes, the conceptualization should be as schematically depicted in
FIG 2.
From this vantage point our focus becomes directed towards the constraints
responsible for the selection of linguistically relevant sound substance. In the
next section let us briefly consider what these constraints might be and how
they might be investigated.
2.1

Speech and non-speech sounds

A striking fact about speech sounds is that, all the phonetic diversity revealed
by cross-language comparisons notwithstanding, they inhabit only a limited
region of the total anthropophonic space (cf Chafe 1970:25). To substantiate
that claim let us contemplate the range of vocal sounds and gestures that our
speaking apparatus is in principle capable of producing.
The versatility of the human vocal tract was recognized by Bell (1867:46-50)
who wanted to demonstrate the generality of his "visible speech" notation and

ANTHROPOPHONIC SPACE

"The Total Sound.Producing
Potential orMan"

l
SELECTION

CONSTRAINTS

POSSIBLE SPEECH SOUNDS

Figure 2.RoIe of anthropophonics in the definition of possible speech sounds.
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who applied it to a wide range of "interjectional and inarticulate utterances"
including various vegetative and emotionally colored noises.
Pike (1943) devotes separate chapters to Marginal Sounds and to Non
Speech Sounds and remarks (p 32) that regrettably in books on phonetics these
phenomena have not been given "treatment to indicate their importance for
and bearing upon phonetic theory". Pike wrote those lines before Chomsky
(1957) convinced linguists that they should give up trying to come up with
"discovery procedures". In retrospect Pike's concern seems to have been to
avoid being data-driven (in the sense of our previous discussion) and have an
independently motivated system sufficiently general so as to easily accomodate
new uncharted sound systems a priori.
A broader view that also goes beyond the conventional meaning of the term
'phonologically relevant' is expressed in the writings of Laver who maintains
(1980) that phonetic frameworks must allow us to characterize the voice
qualities and articulatory settings ('bases of articulation' in classical phonetics)
that are systematically used by the members of a given speech community to
signal group membership and are governed by language-specific socio-prag
matic rules. To describe the mechanisms that a speaker can combine to vary
his voice quality Laver proposes a system that recognizes no less than 32 basic
phonatory and supralaryngeal settings.
The rich variety of human vocal gesture and sound is further underlined by
examples such as the following:
*
emotional and physiological modulations of speech, e g the effects
of various psychiatric conditions, as well as esthetic, ritual and culture
specific uses of the vocal organs, all amply illustrated in La Vive Voix
(F6nagy 1983) and La Voix, Maintenant et Ai/leurs (MAche and Poche
1985);
*
cognitive modulations ranging from "propositional" to "automatic"
speech modes (cf Fig 7.2 in Bates (1979) redrawn from Van Lancker
(1975»;
*
the phonetic correlates of social variables: situation, age, sex, per
sonality, class etc (Hudson 1980, Scherer and Giles 1979);
*
mouth sounds (Newman 1980) and conversational onomatopoeia
(Nordberg 1987);
*
articulatory 'acrobatics', i e extreme use of degrees of freedom:
twirling the tongue etc;
* vegetative noises (accompanying chewing, coughing, groaning,
laughing, panting, retching, sucking, swallowing, yawning etc);
*
crying (Michelsson 1986);
*
ventriloquism (Huizinga 1932);
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*

compensatory articulations, in normal as well as pathological speech,
as produced by e g glossectomized persons (Alme and Engstrand 1989,
Morrish 1988);
*
singing styles, e g yoyking and kOlning (Johnson, Sundberg and
Willbrand 1983).
A few of these factors are superimposed on the stream of speech rather
automatically and are normally beyond the speaker's control (age, sex etc).
However, the imitation of a wide range of voice variation that certain people
are capable of, shows that, if appropriately controlled, the individual sound
producing mechanism can in principle be made to cover a range of interspeaker
phenomena going way beyond its normal use. Experienced phoniatrists are
known to be able to imitate common voice disorders (Fritzell, personal com
munication) which span a rich panoply of perceptual parameters: unstable
pitch and quality, diplophonia, steady/sonorous, breathy, creaky (vocal fry),
tense (hyperfunctional), lax (hypofunctional) and rough voice quality (dimen
sions experimentally established by Hammarberg ( 1986».
We are led to conclude then that, with respect to linguistic norms and target
values, speech underexploits the neuromechanical degrees of freedom in
principle available. What does that fact tell us? Apparently that rather severe
constraints govern the selection of linguistic-phonetic values. What are those
constraints? Elsewhere (Lindblom 1983) I have argued that this 'fastidious' use
of the anthropophonic space arises because - in the biologist's sense of the term
- speech is adaptive. It does not use stronger effects than necessary. It is usually
no more elaborated than dictated by the needs of the listener and the situation.
Compared with swallowing, chewing, coughing etc which put the machinery
available to speech to work for different functions, normal speech is a physio
logical pianissimo.

2.2

Systemic co-occurrence constraints

Next we shall tum to what might be called systemic co-occurrence restrictions.
Suppose we were able to to make an estimate of the number of different
consonant segments that occur in the languages of the world. A rough count
based on the 317 languages of the UCLA Phonological Segment Inventory
Database (UPSID, Maddieson 1984) gives a figure somewhat larger than 500.
From the same source we learn that the favored size of a consonant inventory
is around 20-25.
In how many ways can we choose random sets of k elements from a total set
of n units? Let k = 23 and n = 500. The expression giving the answer is:
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n!/(n-k)!*k! or 5OO!/(500-23)!*23!

which produces a rather formidable number with more than 40 digits.
Repeating the procedure for the UPSID vowels, with k = 5 and n = 200, we
obtain a figure with more than 10 digits.
If, with this combinatorial exercise at the back of our minds, we return to
the inventories listed in UPSID one cannot help being struck, not by their
diversity, but by their uniformity. Take a typical example. The probability of
picking say /i e a 0 u/ by pure chance from the universal set is extremely small.
It is 1/ 10 A 9. Nevertheless this vowel pattern occurs again and again across
languages.
What we see in the typological facts is that strong systemic co-occurrence
restrictions are operative in the selection of both vowel and consonant inven
tories. What are those restrictions?
2.3

Stability or contrast?

It would seem justified to assume that the constraints that delimit possible
speech sounds ought to be sought in the 'on-line' behavior of speakers and
listeners. How do current phonetic theories describe speaker-listener interac
tions? That question leads straight to a classical problem in theoretical and
applied phonetics, the invariance issue (Perkell and Klatt 1986).
There have recently been several theoretical proposals, some that explicitly
assume that invariance IS to be found in the signal and some that say that it IS
NOT in the signal. The Motor Theory (MT) (Liberman and Mattingly 1985),
the Direct Realism (DR) account (Fowler 1986) and the Quantal Theory of
Speech (QTS) exemplify the first category. They differ in terms of the level at
which signal invariance is expected to be identified: gestural in the case of MT
and DR, acoustic/auditory in QTS. The second group of theories contains the
Hyper&Hypo (H&H) Theory, an account of the invariance problem that I and
my colleagues have tried to formulate over the years (Lindblom 1989).
In Stevens' work we see a close link between acoustic and auditory stability,
the hypothesized constraint governing the selection of speech sounds, and the
the role that signal invariance plays in lexical access. Stevens' argument seems
to be that lexical access is based upon the extraction of signal invariants. To
facilitate recognition of lexical elements their phonetic shape should ideally be
constructed from signal properties that exhibit minimum variability, that is,
from acoustic attributes that tend to remain stable and insensitive to articula
tory perturbations arising from reductions, coarticulation etc. Since perceptual
processing presupposes signal invariants, inventories of features and segments
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can be seen as adaptations to that condition. Hence acoustic stability constrains
the selection of possible speech sounds.
In work on the H&H theory I have been persuaded by evidence showing
that lexical access is not driven by signal information alone. The signal is
modulated by signal-independent information. To exemplify: Pronouncing
"Less'n twenty" produces an acoustic stimulus that is a possible response to
"How many came to the lecture?", or to "What was your homework assign
ment?" Given one of those questions a listener has no difficulty perceiving the
intended meaning although there may be no physical signal information dis
ambiguating the two interpretations. Hence looking for physical invariance
would be an unrewarding task in these cases. Secondly, there is evidence that
speakers adapt to the short-term variations of the amount of signal-com
plementary information available during perceptual processing (Lieberman
1963). Consider the two sentences: (a) "A stitch in time saves
" and (b)
"The next word is
". A reduced pronunciation of "nine" appears more
likely to be heard correctly in (a) where it is highly predictable than in (b) where
it competes with a rather unlimited set of possibilities. Such observations
suggest a view of lexical access that differs from that implied by Stevens in his
QTS: Signal constancy is not necessarily what lexical access requires, only
acoustic information sufficient to distinguish the stimulus word from compet
ing candidates. Evidence of this type has led us to hypothesize that it is
sufficient contrast rather than signal invariance that the speaker controls.
__

__

2.4

On-line control of sufficient contrast

Recent work by Seung-Jae Moon and myself provides data compatible with the
notion of sufficient contrast (Moon and Lindblom 1989). We asked five Amer
ican English subjects to read lists containing test words with syllables selected
for maximum F2 locus-target distances: wheel, will, well, wail. It is known that
in English stressed vowel duration tends to decrease as a function of increasing
word length. To generate a suitable range of vowel durations we placed the test
syllables in the initial stressed position of words one, two and three syllables
long, e g well, welling, Wellingby. The lists were first read without specific
instructions. The subjects were free to choose their own comfortable rates and
vocal efforts. From each subject we also obtained repetitions of each vowel in
a 'null context' /h-dl environment. Then we asked them to "overarticulate" the
test words, that is to produce them "as clearly as possible". Measurements of
formant frequencies and vowel duration were made for both styles. The data
were examined with respect to the presence and degree of duration-dependent
undershoot, that is the displacement of formant frequencies away from ideal
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targets towards the values of the adjacent segments. Undershoot was found to
be present in the speech of all speakers (FIG 3). The degree of undershoot
varied with vowel, talker and speaking style.
Of special interest in the present context is the following fact. Although for
the 'clear speech' condition vowel formants exhibited undershoot, vowel for
mants were in general closer to their 'null context' target values than were the
corresponding measurements for citation forms (FIG 4). These findings show
that the clear-speech transform is not merely a citation-form rendering spoken
at a slower tempo and/or with a better signal/noise ratio. It is an actively

Figure 3.Duration-dependent undershoot. Second formant frequency plotted as function
of vowel duration for the test syllable will produced by five male speakers in two speaking
styles: clear speech and citation form. (Adapted from Moon and Undblom 1 989)
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reorganized pattern. This reorganization has the effect of expanding the vowel
space making the clear-speech samples more peripheral - hence, we presume,
more distinctive - than the citation-form tokens. We tentatively take the
acoustic formant measurments to indicate that speakers have the ability to
adapt their phonetic gestures in response to the demands of the speaking
situation. They are, as it were, able to control, on-line, intrasystemic distinc
tiveness.
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Perceptual contrast

There is a great deal of evidence indicating that perceptual contrast and
similarity play a significant role in shaping sound patterns (Diehl and Kluender
1989). I and my colleagues have had some success in supporting that claim in
our analyses of vowel systems (Undblom 1986) which show a strong preference
for sonority contrasts over chromaticity (rounding and backness) oppositions
(Crothers 1978, Maddieson 1984). This curious bias is evident not only in vowel
inventories but is paralleled in historical vowel shifts (Labov 1981), tense-lax
quality alternations (Laferriere 1981), diphthong trajectories (Edstrom 1971)
and pre-speech vocalizations and early speech (Buhr 1980, Bickley 1984,
Holmgren, Undblom, Aurelius, JaIling, and Zetterstrom 1986, MacNeilage
and Davis, in press). Against the background of several computational experi
ments in which vowel systems were simulated it appears possible to suggest a
quantitative and independently motivated explanation for these asymmetries:
They are due to the interaction between a dispersion (perceptual contrast)
principle and the idiosyncratic shape of the universal vowel space (Undblom
and Engstrand 1989).
The vowel data reviewed above can be used with relative ease to argue that
there are perceptual constraints on possible speech sounds that deserve to be
explored and quantified. But what about consonants? And how do we go about
the task of extending the quantitative measures developed for vowels to all
kinds of other speech sounds?
Ohala (1980) questioned the extrapolation of the vowel system results to
consonants. If a principle of perceptual contrast were assumed to apply also to
consonants, he asked, why do not seven-consonant systems contain highly
differentiated segments such as : [I k' ts 1 m r t]? We have addressed this
problem elsewhere (Lindblom and Maddieson 1988) showing that the size of
the inventory is an important determinant of its phonetic content and that
sufficient rather than maximal contrast is likely to be the selection constraint.
The role of perceptual constraints emerges also from an analysis of the
obstruents and sonorants of UPSID (Maddieson 1984). We defined obstruents
as stops, fricatives, affricates, ejectives and clicks and included r-sounds, ap
proximants and nasals among sonorants. We then plotted the number of
obstruents (and separately the complementary number of sonorants) that a
given language uses as a function of its total inventory size. We were able to
obtain accurate descriptions of the data points by means of straight lines
(Undblom in press, a).
The correlation coefficients (r-values) in Table 1 are generally high indi
cating that the lines summarize the data reasonably well. The intercepts (1values) cluster around zero. The slopes (k-values) have an average of 0.7.
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Before interpreting these findings let us note about UPSID that the number
of different obstruents and different sonorants exceeds the largest inventory by
a very wide margin. Consequently it would be theoretically possible to construct
a consonant system as large as the largest inventory that consisted of only
obstruents, or of only sonorants. What we find instead is that, irrespective of
their inventory size, languages tend to recruit about 70% obstruents and 30%
sonorants.
We need to ask: Why do we observe straight lines rather than scatter plots
with no significant correlation at all? And secondly: Why do the obstruent and
sonorant lines have the slopes of 0.7 and 0.3 respectively rather than some other
values? These questions can be tentatively answered as follows. Think of
consonants as similar to vowels in that they inhabit a perceptual space. How
ever, when several source and manner mechanisms are invoked it is probably
not correct to view the phonetic possibilities as a single "cloud" in a multi-di
mensional space but as consisting of several subspaces within which gradual
variations of sound attributes occur as point of articulation is changed. Assume
that the obstruents occupy a region that is more spacious than the subspaces
inhabited by sonorants. Question: What would happen if we applied a principle
of perceptual contrast to the selection of obstruents and sonorants? Answer:
Since there would be more room for phonological contrast among obstruents,
they would tend to be selected more often than sonorants. Secondly, the

Table 1.Slopes (k) , Intercepts (I) and correlation coefficients (r) for straight lines describing

the number of obstruents In a given language as function of total size of Its consonant
Inventory. Source of consonant Inventories: Maddieson ( 1 984) .
LANGUAGE GROUP
Indo-European
Ural-A1taic
Niger-Kordofanian
Nilo-Saharan
Afro-Asiatic
Austro-Asiatic
Australian
Austro-Tal
Sino-Tibetan
Indo-Pacific
Amerindian (N)
Amerindian (S)
Others

k
.71
.67
.78
.98
.81
.44

.52
.58
.62
.67
.82
.70
.97

I
-.37
-.04
-2.57
-7.46
-1 .86
4.93
-2.79
.88
1 .61
- .67
-2.20
-.1 6
-6.73
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r
.92
.79
.96

.98
.99

.70
.81
.96

.91
.95
.94
.94
.99
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proportion of segments drawn from each category would depend on the relative
sizes of the two subspaces and would be approximately constant across system
sizes.
2.6

Articulatory simplicity

A small consonant inventory presents segments that, in some intuitive sense,
appear articulatorily elementary. Hawaiian has eight consonants: [p k h m n 1
w] and a glottal stop, a set that we might come across also in pre-speech
vocalizations and early speech. !X66, the Khoisan language with 95 consonants,
uses many complex or mUltiply elaborated segments. When segments are
classified as Basic, Elaborated or Complex (i e combinations of elaborated
articulations) and their number in a given language is plotted against the total
size of the inventory a very lawful quantitative picture emerges: Basic segments
are recruited first, then also Elaborated and finally all three categories. My
colleagues and I have interpreted these regularities in terms of the Size
Principle and have concluded that the selection constraint under which they
evolve is likely to be sufficient perceptual constrast (Lindblom and Maddieson
1988, Lindblom, MacNeilage and Studdert-Kennedy forthcoming).
"Sufficient contrast" is a term that implies a tug of war between perceptual
differentiation and articulatory simplification. Phonetic gestures are not made
more distinctive than they need to be - so the argument goes. When demands
for perceptual contrast go down, "something" restrains the gesture. It is
"simplified".
In everyday language a story simple enough to tell. Intuitively clear. Evi
dence is not lacking. But exemplification and mere verbal justification is not
enough. What is this "something"? What do we really mean by "simplified"?
What we need is a quantitative and independently motivated account that
formalizes articulatory simplicity/complexity.
To open the discussion let us suggest that there are at least two aspects to
articulatory complexity. One related to neur�-motor coordination, the other
biomechanical. When the young child hears [p e n] and tries to imitate it he/she
faces a computational problem: How to set up a motor score whose acous
tic/perceptual consequences approach the target pattern? This is a problem of
spatio-temporal coordination that presupposes that sufficient capacity is avail
able in the relevant articulatory channels and that a control stage exists that
'knows' what channels to address, when to address each channel and what the
control signals for each channel should be. In other words, a control unit
managing spatio-temporal coordination. If we compare the channels of the
motor score to a Channel Vocoder we obtain a metaphor suggestive of a way
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of modeling of the child's performance. For instance, it could be simulated in
terms of developing channel capacities and initially stochastic allocation of
'bits' available for coding spatial and temporal information. Conceivably such
h
a model might produce renditions of [p e n] approaching those actually pro
duced by the child (Ferguson and Farwell 1975, Studdert-Kennedy 1987):

It might also provide a basis for calculating why an unvoiced, unaspirated
[t] should behave as a Basic or elementary segment whereas a breathy and
retroflex [d] scores as more elaborated. Such speculations suggest certain
possibilities worth exploring.
The biomechanical aspects of articulatory complexity are obvious when we
compare the articulation of a normal [i] (with a raised jaw and a palatal tongue
shape) with a bite-block [i] (with an abnormally lowered jaw and a compen
satory superpalatal tongue shape). Articulatory displacements, if extreme, are
avoided. That is what that comparison tells us. Biomechanics can also be
invoked to explain undershoot phenomena in articulatory reductions. Suppose
we represent the jaw as a more than critically damped spring-mass system and
assume that jaw movrnent in a CVC syllable is analyzed as the displacement of
such a system in response to a sequence of stepwise alternating force values:
"raise!"-"lower!"-"raise!". It follows from such a metaphor that, when the
succession of forces is too fast, the response of the system will fall short of the
asymptote positions attained when more time is available. Hence undershoot.
It also follows that when the forces are timed rapidly but have larger values,
the response will show greater velocity so that undershoot can be avoided
despite the short duration of the event. Since undershoot is commonly seen in
speech we conclude that articulatory rates, if extreme, are generally, but not
always, avoided.
Both observations can be formally handled by taking the spring-mass meta
phor borrowed from physics seriously. Let articulatory cost be a function of
biomechanical work, where work equals force times displacement. Power
equals work per unit time. If the speech system is assumed to minimize power
expenditure (read: 'effort') we infer that extreme displacements and movement
rates tend to be avoided.
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Conclusions

In the preceding paragraphs I have tried to illustrate some of the research
opportunities as well as some of the difficulties that we encounter as we begin
to investigate constraints on possible speech sounds from Catford's anthropo
phonic perspective. Admittedly the results are preliminary. And it might be
objected that the proposed program is premature.
For instance, Klatt's thoughtful remarks (1987:781) should be contem
plated carefully by all who believe that the perceptual calibration of distance
metrics - and hence the quantification of perceptual contrast - is a closed
chapter: "Even the simplest of objectives, such as being able to categorize static
critical-band spectra of vowels on the basis of a distance metric (Bladon and
Lindblom 1981), or to relate pairs of vowel spectra in terms of phonetic
similarity (Klatt 1982), are well beyond our capabilities and understanding."
Clearly this research faces some major challenges. And so does the attempt to
identify and model production constraints. It is evident that the proposed
program comprises some difficult tasks. In the judgement of some phonetici
ans, we had no doubt better avoid them until the theoretical and experimental
tools have been developed.
If we want to take the scientific goals of phonetics seriously a totally
different stance is required. The fact is that these issues do need to be raised
since such tools do not develop by themselves. It is a rather strange view of
science that maintains that 'looking elsewhere' is the best method of solving
problems that are real but have not yet been seriously tackled. It takes time to
produce the conceptual and empirical tools for solving scientific problems. In
judging an approach premature one is also well advised to bear in mind that
there are usually strong non-intellectual factors involved in such judgements.
Consider Automatic Speech Recognition projects which have been sponsored
on a large scale for many decades. The most ambitious ASR schemes could
justifiably be criticized as premature on scientific grounds since the research
task is immense and our theoretical understanding of speech processes is still
limited. Note however that the prematurity issue does not in any serious sense
arise in the ASR context. For scientific and intellectual reasons? No, for
sociological reasons.
4.

Summary

We began by questioning an assumption shared by all attempts made so far to
construct universal frameworks for phonetic specification, namely the assump
tion that phonetic alphabets are finite. We also pointed out that, whether this
assumption is correct or not, phonetics currently offers definitions of "possible
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speech sound" which must be derived from empirical observations of speech
sounds rather than deduced from independent conditions. Consequently they
contain a strong element of circularity.
Following Catford we found the solution to these difficulties in an approach
that aims at deriving "possible speech sounds" from the "total sound-producing
potential" of the human vocal tract. This anthropophonic perspective invites
us to look for the constraints that operate in the evolutionary selection of
speech sounds. My discussion of a few such hypothetical constraints indicated
that the anthropophonic-deductive approach is indeed feasible and offers a
whole range of productive research opportunities.
In the introduction of his book Catford admits that he was advised not to
call it Anthropophonics since potential readers might have found such a title
rather 'eccentric'. On a first reading one is perhaps inclined to agree. But on
further reflection one realizes that, without the anthropophonic perspective,
phonetics cannot even begin to address issues such as circularity in the defini
tion of speech sounds and the finiteness of phonetic alphabets. Dismissing the
anthropophonic perspective as eccentric, irrelevant to the study of language,
or at best premature, is unfortunately curiously easy within current mainstream
3
paradigms. But dismissing it does in fact have serious scientific consequences.
It underestimates the explanatory role that phonetics could play within linguis
tic theory. Consequently as phoneticians mainly interested in the linguistic uses
of sound and their scientific explanation we do not have a choice. We cannot
ignore the anthropophonic perspective with impunity. No, that would be a most
unfortunate decision for linguistics.
What is a possible speech sound? We do not know the answer yet but have
a sufficient understanding of the issues that the question raises and can begin
to develop a methodology that would allow it to be answered.
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For instance, at the time of completion of this paper, there also appeared an issue
of UCLA Working Papers in Phonetics in which Ladefoged (1 989) explicitly rejects
the anthropophonic approach as "not very useful".
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Models of phonetic variation and selection 1
Bjorn Lindblom
1

Phonetic systems: How do they evolve?

1.1

The challenge ofphonetic inventory data

Cross-linguistic data on inventories of vowels and consonants offer the student
of language evolution and change an interesting challenge. They are remarka
ble in that they represent drastic departures from the systems that we would
derive by simply drawing random samples from a list of all the segment types
that have so far been found in the world's languages. They challenge us to seek
the causes of these systematic departures. In so far as we succeed in proposing
defensible explanations for the observed patterns, chances are that we shall
have gained some insight into how phonetic systems evolve and into the
mechanisms underlying their change.
1.2

The diversity of sound patterns

Examining cross-linguistic data on phonetic systems one may at first be struck
by the diversity of the sound production mechanisms that human languages
bring into play. The manner and place of articulation and the phonation type
of a segment can be varied in a great many ways. In the UPSID database
(Maddie son 1984), which contains information on 3 17 languages, we find that,
on the average, a consonant inventory contains 20 - 25 segments and that, in
the entire corpus, the number of phonetically distinct segment types is between
five and six hundred. At first glance five hundred may seem like a large number
tending to reinforce our first impressions ofvariety. Perhaps American linguists
of the fifties had such observations in mind when following Boas they claimed
that "languages could differ from each other without limit and in unpredictable
ways, ,," (Joos 1957:96).
1.3

Universal aspects

However, let us put the estimate of distinct phonetic segment types in the
context of the following question: In how many ways can we choose 25 con
sonants from a total set of 500? The answer is 500l/25! (500 - 25) !, in other
Prepublication draft of paper presented at a conference on Language Change and
Biological Evolution organized by the Institute for Scientific Interchange in Torino,
Italy, May 23 - 26 1 988.
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words, an inconceivably large number containing over 40 digits! If, with this
combinatorial exercise at the back of our minds, we now once more examine
the typological data on phonetic systems we can no longer be struck by their
differences. As we will hope to demonstrate in this paper, it is the uniformity
of their patterning that, in spite of surface diversity, catches our attention. The
patterns we see do not at all look like random samples drawn from a universal
set of possible segments. No, in individual languages the choice of vowels and
consonants is systematic and lawful as well as highly selective. It is governed by
what linguists have traditionally called "implicational laws" (Jakob son 1941)
and tends to favor a small core of phonetic properties that occur again and again
with minor variations in all systems.
Both the differences and the similarities of sound systems represent chal
lenges to the linguist seeking explanations. How do such patterns come about?
How do they evolve? What are the selection criteria that govern their forma
tion? Those are some of the questions to which we shall now turn our attention.
2

What are the selection criteria?

A defensible initial assumption would seem to be that the factors shaping
phonetic systems originate in the on-line processes of speaker-listener interac
tions. Traditionally linguists have favored two main forces: articulatory simplic
ity and perceptual distinctiveness, two criteria that often come into conflict and
therefore seem to be engaged in a sort of tug-of-war. In current phonological
theories, these notions do not play any major role. There are several reasons
for this, one of them no doubt being that they have been notoriously difficult
to define in a rigorous formal manner. However, as we shall see the evidence
that they do indeed play a role is very compelling.
2.1

Speech

-

a physiological pianissimo

When we compare the articulations and sounds of speech with those of other
vocalizations we realize that speech is a phenomenon that drastically underex
ploits the full phonetic capabilities of the human vocal tract. If the segment
types that languages favor seem to form both a similar and limited set, it seems
clear that the reason for that circumstance certainly cannot be that the speech
production system is incapable of making other sounds. There is a large class
of non-speech 'mouth sounds' which may sometimes acquire communicative
significance (Newman 1980, Nordberg 1985) but never find their way into
phonologies. There are involuntary vegetative noises (Pike 1943) as well as
esthetic, ritual and cultural uses of the human voice (MAche and Poche 1985)
that bear witness of the versatility of our sound producing resources. And there
is a large range of more or less odd articulatory positions and movements that
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can be invented once we start thinking about possible gestures. Although all of
these maneuvers and vocalizations are possible, they never get used linguisti
cally.
The remarkable thing is that speech makes extremely 'fastidious' use of the
phonatory and articulatory dimensions in principle available. This also be
comes clear when we try to construct quantitative models of the physical
degrees of freedom of the vocal tract.
Fig 1 shows two ways of making an Iii vowel with an articulatory model
(Lindblom and Sundberg 1971 and forthcoming). In the normal case the jaw is
raised and the tongue is shaped so as to form a palatal constriction. In the other
case the jaw is forced, by means of say a 20 mm bite-block, to assume an
atypically low position. The tongue now has to compensate. It has to be raised
compensatorily to produce the same constriction and the cavity shape required
for Iii.

NORMAL

[i]

(RAISED JAW)

COMPENSATORY [i]
(LOWERED JAW)

Figure 1.
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In a series of cineradiographic and acoustic investigations we found that
normal phonetically untrained speakers are indeed capable of invoking such
compensatory gestures and to produce acceptable vowel quality despite the
bite-block (Undblom, Lubker and Gay 1979, Gay, Lindblom and Lubker
1981). The question then arises, if both ways of making the Iii are available to
speakers, why are Iii vowels universally produced as "high" vowels, and why
does the normal position involve a raised jaw? The answer is obvious. In the
normal configuration the tongue and jaw gestures are synergistic, in the other
case they are antagonistic.
The lesson to be learned from these observations seems to be that extreme
articulations, positions as well as movements, are avoided in speech . Well, the
reader might remark, that rule appears useful to distinguish speech from
non-speech but do we really need it as we compare speech sounds among
themselves? Let us briefly review some evidence that indicates that indeed we
do.
In many languages vowels undergo quality changes as they become short
and unstressed. Compare the vowels of the instances of the word will in the
following English sentences. (The italicized words have emphatic stress):
I said Will not Bill

(1)

Robert will do it

( 2)
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Figure 2a.Spectogram of the sentence Sue will soon read you the will of William Eugene.
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In (1) the vowel of Will carries emphatic stress and has the value of [I]. In (2) it
is unstressed and therefore much shorter. It approaches [u] in color. This
phenomenon is known as "vowel reduction" (Figure 2 a and b).
One idea put forward to account for vowel reduction is the "undershoot"
hypothesis (Lindblom 1963, Nord 1986). We can describe it in its simplest form
by considering how articulators move in a consonant-vowel-consonant syllable,
e g English bib, dude etc. Basically it says that as the vowel of a given symmetrical
eve sequence gets shorter and shorter there is less and less time for articula
tors to complete their movement from the first consonant to their position in
the vowel and then back to the consonant configuration again. As a result the
extent of the vowel gesture becomes a function of the duration of the vowel.
Accordingly in vowels of short duration articulators fall short of their target
positions. They "undershoot" them. According to this theory then, the reason
why we find the two variants of will in (1) and (2) is not that the speaker intends
to use two different qualities. They come about for a purely mechanical reason:
duration-dependent undershoot.
This explanation can, at least metaphorically, be translated into the ter
minology of the physicist. It assumes that articulators are sluggish components
that behave more or less like highly damped spring-mass systems with fixed
time constants. For instance, consider the jaw in the production of a !bab/
sequence. First a force is applied to raise the jaw for the initial consonant, then

�
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Figure 2b.
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another force is introduced to lower the jaw for the vowel and finally a force to
close the jaw for the final consonant comes on. If the magnitudes of these
driving forces remain unchanged but they are switched on in closer and closer
temporal succession, the jaw gesture will exhibit more and more undershoot
with respect to opening for the vowel. However, the theory of spring-mass
systems also tells us that there is a way in which such duration-dependent
undershoot can be avoided: The sluggish response of an articulator can be
compensated for by making the opening and closing gestures more forcefully.
In other words by increasing the values of the driving forces more rapid
movements will be produced.
Now there is a price to pay for such reorganization, for physics also teaches
us that work equals force times distance and that power is work per unit time. In
the situation where undershoot does occur, articulatory distances are reduced
and the force values are unchanged, whereas the case of no undershoot requires
increased forces to compensate and generate the desired displacements. Con
sequently the spring-mass metaphor suggests that in reduced vowels less
"work" is being done over time and thus less "power" expended than in the
reorganized undershoot-free movement pattern.
Vowel reduction exemplifies the tendency for adjacent phonemic gestures
to be coarticulated, that is to overlap both in time and space. Consonants are
also subject to such context effects. To exemplify let us consider a simple
syllable such as /bal. During the production of the lip closure for the /bl other
articulators such as the jaw and the tongue initiate their movements towards
the vowel. As a result the acoustic properties of the consonant are colored by
the vowel. The consonant undergoes change in the direction of the vowel.
There is coarticulation or contextual assimilation.
Such spatial and temporal overlap is ubiquitous in speech. The Motor
Theory of Speech (Liberman and Mattingly 1985) suggests that coarticulation
is an adaptation to a demand for a certain preferred rate of information. It
argues that coarticulation is an evolutionary development that made it possible
to produce phoneme sequences more rapidly. Without coarticulation, so the
argqment goes, speech would be no faster than spelling the phonemes one by
2
one . Are we not capable of fast spelling then? In principle yes, but only at a
2

"To maintain a straightforward relation In segmentation between phonetic unit and
signal would require that the sets of phonetic gestures corresponding to phonetic
units be produced one at a time, each in Its turn. The obvious conseq uence would
be that each unit would become a syllable, In which case talkers could speak only
as fast as they could spell. A function of coarticulation Is to evade this limitation"
(Uberman and Mattingly 1 985:1 3) .
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price. Speeding up gestures, we tend to reduce contrast among speech sounds
unless we make a special effort to 'speak clearly' or 'overarticulate'.
There is a great deal of more evidence that articulatory simplification plays
an important role in shaping the physical characteristics of phonetic segments
in on-going speech. Space does not permit us to present additional examples
and discuss their quantification in detail. The rule they all obey was alluded to
above. It has a static and a dynamic aspect: Configurations are avoided (i) if
they represent extreme displacements from a neutral rest position, or (ii) if they
give rise to movements with extreme velocities. A sequence such as di contains
a retroflex stop that deviates more from neutral than the dental stop of di
(Figure 3).
In the case of di the tongue body position for i can be coarticulated with
ease during the d closure whereas a posterior and lowered tongue shape is used
to facilitate the production of the retroflex d . The di sequence thus ranks much
lower than the di on both counts: It requires a greater departure from neutral
and it presupposes a much more rapid tongue body gesture (Lindblom and
Sundberg forthcoming). Note the simliarity between this treatment of di and
di and our explanation of the absence of "bite-block" configurations in speech.

SUBLAMINAL RETROFLEX
STOP

ret]

Figure 3.
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It might be remarked that the advantage of dentals over retroflex articula
tions must be rather small since after all there are languages (in the Australian,
Indic, North Germanic groups) that invoke the dental-retroflex contrast in
their phonologies. That may be true but, as we shall see, such advantages
nevertheless play an important role in the shaping of phonetic inventories.
The quantification of articulatory simplication is a difficult task and will
undoubtedly involve numerous intricate phenomena of motor control. How
ever, to begin with we must at least deal with the gross biomechanical aspects
of articulatory ease. Accordingly we propose that articulators are mechanically
analagous to spring-mass systems. With such a model, how do we formulate the
constraint that penalizes extreme displacements and velocities? Recalling that
work equals force times distance and that power is work per unit time we see
that, for a system whose mass, spring and damping constants remain fIxed, a
more extreme departure from neutral - that is a greater distance - presup
poses a greater force. Similarly, a greater force will be needed to speed up a
given movement, everything else being equal.
In summary, let us again place speech sounds in the context of all possible
gestures and noises that the vocal tract is capable of making. Also let us remind
ourselves of our analysis of reductions, assimilations and coarticulation pat
terns as processes whose effect is to minimize the distances and velocities that
speech movements give rise to in articulatory space. Looking at those facts from
the viewpoint of the physics of elementary spring-mass systems we conclude
that on-line speech production appears to operate as if physiological processes
were governed by a power constraint limiting energy expenditure per unit time.
Clearly the system is perfectly capable of raising the level of its performance
should that become necessary. However, that is not the favored approach.
Speech production prefers the ''physiological pianissimo".
2.2

Lexical access: Invariance and sufficient contrast

Let us now turn to the other side of the coin, namely speech perception.
Our preceding account suggests that the physical properties of speech
sounds are highly dependent on context. Many decades of quantitative acoustic
phonetic research have demonstrated that speech is indeed an extremely
variable phenomenon. In fact, the variability of speech gestures constitutes one
of the major stumbling blocks for phoneticians and speech researchers: A
classical problem is the so-called invariance issue. This is the problem of
defining vowels, consonants and other linguistic units in such a way that their
phonetic description will remain invariant across the large range of contexts
that the communicatively successful real-life speech acts present to us. It is fair
to say that, in spite of several decades of phonetic research, no one has yet been
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able to come up with a satisfactory list specifying those vowel and consonant
correlates that would apply to a given language and would stay invariant and
independent of context. The problem is encountered by those whose aim is to
develop technological systems for speech-based man-machine communication
as well as by those engaged in basic research and in seeking a deeper theoretical
understanding of human speech (Perkell and Klatt 1986). Let us look at how a
few currently discussed phonetic theories propose to handle the invariance
issue.
The proponents of the Motor Theory of Speech Perception (Uberman and
Mattingly 1985) locate phonetic invariance at a deep level of the production of
speech. They state that: "Phonetic perception is perception of gesture .... the
invariant source of the phonetic percept is somewhere in the processes by which
the sounds of speech are produced." Although acknowledging that phonemes
are physically highly variable these authors contend that "it is nonetheless clear
that, despite such variation, the gestures have a virtue that the acoustic cues
lack: instances of a particular gesture always have certain topologcial properties
not shared by any other gesture ... the gestures do have characteristic invariant
properties, as the motor theory requires, though these must be seen, not as
peripheral movements, but as the more remote structures that control the
movements. These structures correspond to the speaker's intentions."
The Quantal Theory of Speech (Stevens 1988) departs from the observation
that in certain cases the sound produced by a gradual articulatory movement
does not itself vary continuously but can undergo drastic qualitative changes.
An example of such non-linear relationships between articulation and acoustics
is seen in the production of a stop-vowel sequence, such as !bal. The lips are
first in a state of maximally tight closure. The opening gesture then begins. The
tightness of the labial closure decreases but as long as they are in contact the
acoustic pattern of "voiced occlusion" does not change. Then suddenly as the
lip opening area is no longer zero an abrupt change occurs in the acoustic
output. The continuous separation of the lips results in a 'quantal jump'
between one acoustically stable sound quality, the voiced occlusion, to another,
the vowel segment. Research within the Quantal Theory involves a systematic
search for non-linear relationships of this kind. It hypothesizes that the most
highly valued speech sounds and sound attributes are the stable ones, that is those
features which will remain acoustically and auditorily stable even when
speakers may produce them somewhat imprecisely. According to this theory
then phonetic invariants are to be sought, not in production as suggested by the
Motor Theory, but in the acoustic and auditory attributes of the signal.
In choosing our own approach we have been persuaded by the rather
impressive body of evidence that demonstrates that speakers are extremely
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good at adapting their pronunciations to the varying demands of the speaking
situation. Phoneticians have a great deal of evidence on compensatory articu
lations. Everyday experience indicates that we are capable of varying our style
of speech from fast to slow, soft to loud, casual to clear, intimate to public. We
speak in different ways when talking to foreigners, babies, computers and hard
of hearing persons. We modulate our speech, often involuntarily, in response
to physiological and emotional factors. We adapt our phonetic performance
according to the social rules that govern the speaker-listener interactions of
our native culture. Phonetic variation abounds as we compare samples of
speech from a single individual or several speakers.
Knowing all this why are we nevertheless looking for phonetic invariants in
the signal? Perhaps instead we should expect invariants to be more closely
associated with the purpose and ecological functions of speech gestures,
namely lexical access, comprehension and social interaction. On such a view
phonetic gestures should not be expected to be either motorically or acousti
cally invariant since they are merely adaptive and malleable means to more
global communicative ends. Is phonetic invariance really needed to facilitate
speech perception? Here is an argument that leads us to conclude that in
principle it is indeed dispensable.
We begin by making two points. First we note that the structure of all
languages exhibits redundancy. As a consequence of redundancy the words and
phonemes of individual utterances show short-term variations in predictability.
Consider the following two utterances: A A stitch in time saves
. B. The
next word is
. The word "nine" is highly predictable in A but not so in B.
Predictability due to redundant coding occurs at all levels of language.
Our second point can be illustrated with the aid of the following experi
3
ment . The task of the subject is to listen to several sets of sentences grouped
three by three (two of them identical and one differing in terms of a minimal
phonetic contrast) and to indicate the odd case, e g:
__

__

Sa mere s'est fait beaucoup de soucis
Sa mere s'est fait beaucoup de soucis
Sa mere se fait beaucoup de soucis

(3)

Such triads cause native speakers of French little trouble whereas Swedish
subjects knowing little French perform poorly. However, when the key infor3

This example is taken from a test developed by Sune Stook at Stockholm University
to measure how proficient Swedish students are in understanding spoken French.
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mation - in this case s'est [se], (s'est [seD, se [sa] - is presented in isolation as
fragments cut out from the original sentences the score of the Swedish speakers
improves drastically (Dufberg and Stook, unpublished). This test can serve as
an illustration of our second point: Speech perception is a product of two types
of information: signal-driven and signal-independent information. While the
Swedish subjects are perfectly capable of discriminating the French minmal
contrasts as auditory patterns they quickly lose those patterns in a sentence
context unless they have a sufficiently good command of French. In other
words, they are unable to commit them to short-term memory unless they have
access to signal-independent information (their 'knowledge' of French) which
provides them with the linguistic frame of reference and which interacts with
the signal to form the final percept. Such a conclusion is supported by numerous
findings from other speech perception research paradigms. A full review of
them falls outside the scope of the present paper. This evidence strongly
indicates that processes independent of the signal, that is linguistic and other
factors, play a crucial role in the perception and understanding of speech.
Now let us return to the sentences mentioned earlier: AA stitch in time saves
nine. B. The next word is nine. In view of the redundancy of language structure
and the active, dual nature of speech understanding, it would seem to follow
that a reduced, articulatorily simplified pronunciation of "nine" would stand a
better chance of being correctly identified in A than in B. Consequently there
is in principle no need for speech signals to exhibit physical constancy. Speech
signals will be perceptually adequate as long as they are rich enough to match,
in a complementary fashion, the listener's running access to signal-independent
information. They need not be acoustically invariant, only perceptually suffi
ciently contrastive.
3

Modeling the evolution of phonetiC systems

Our review of speaking and listening thus leads us back to two factors that were
particularly favored in traditional explanations of sound structure: articulatory
simplification and perceptual distinctiveness (Passy 1890). If these factors really
do play a role in shaping sound systems what would those systems be like? Let
us formulate some initial expectations.
3.1

Modell: Maximal contrast

Assume that speech sounds can be arranged along a single continuum (Figure
4a). Let us arbitrarily say that this scale spans a numerical range between 1 and
25. From the viewpoint of perception the highly valued segments are those that
meet a condition of maximal contrast. If we assume that a greater distance
between two points on the continuum corresponds to a greater perceptual
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distance it follows that the optimal contrast would be one between points
located at the extremes of the scale, at 1 and 25. Subsequent selections
maximizing interpoint contrasts would then occur at 13, 7, 19 etc (Figure 4b).
3.2

Model 2: Sufficient contrast

We could slightly complicate the situation by adding an articulatory cost to the
selections. Let us say that we now draw the line in two dimensions instead and
that these dimensions represent perceptual distance and deviation from
neutral. A value of one represents an articulation close to the neutral position.
As we move away from that point two things vary: Both perceptual distance and
deviation from neutral increase. Further assume that for two points to be
sufficiently contrastive they must be separated by at least a critical distance of
say two scale units. The points we now select are 1, 3, 5, 7, 9, 1 1 etc. (Figure 4c).
Needless to say, the phonetic space is neither one- nor two-dimensional.
Nevertheless, the exercise gives us a vantage point as we now proceed to
examine some data on phonetic inventories.
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There is a curious tendency for languages to favor high -low (sonority) con
trasts over front -back or rounded -unrounded (chromaticity) oppositions4.
Labov ( 1981) summarizes his observations of historical vowel shifts by saying
that (i) tense vowels rise, (ii) lax vowels lower and (iii) back vowels tend to
become front. Vowel shifts along the sonority dimension apparently dominate
over chromaticity changes.
Languages with tensellax oppositions for vowels may realize it in terms of a
durational contrast, or by vowel quality differences or with the aid of both
(Laferriere 198 1). The favored quality contrasts are along sonority rather than
chromaticity. Accordingly we would expect to find li-I/and lu-vl to be favored
over say li-t/ lu-tt/ .
There is apparently a tendency for diphthongs to form sonority rather than
chromaticity trajectories (Edstrom 1971). We find that lai!- and lau/-type
segments are favored over liu/ and lui!.
Prespeech vocalizations (Buhr 1980, Bickley 1981, Holmgren et al 1986)
exhibit a preference for qualities differing more in sonority than in chromatic
ity.
These asymmetries are also evident in typological data on vowel systems.
Figure 5A comes from a typological survey of 209 languages published by
Crothers (1978). Figure 5B shows the frequency of occurrence of phonetic
symbols in the 3 17 languages of the UPSID database (Maddieson 1984 ). Note
the preference for peripheral vowels and the conspicuous relative absence of
qualities located centrally, in particular between Ii! and Iu/.
3.4

Some computational experiments

How do we account for such trends? They seem to resemble the pattern of
Model 1 more than that of Model 2 indicating that the dispersion principle
might play a more important role in the formation of vowel systems. Let us
present a brief summary of a few investigations that have attempted to address
the role of perceptual contrast in vowel phonology.
3.5

The shape of the vowel space and the dispersion principle

Three studies explore the notion of "maximal perceptual contrast". In Liljen
crants and Lindblom ( 1972) a formant-based distance metric was used to
4

Sonority differences show vowel height, and thus mainly first formant variations,
whereas chromaticity contrasts exploit the second and third formants. This ter
minology Is due to Donegan Miller (1 978) .
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quantify the notion of perceptual contrast and to predict the phonetic values
ofvowel systems as a function of inventory size. The predictions were successful
in reflecting the patterns of dispersion clearly evident in the typological data.
Their major failure was that in large systems too many high vowels were
generated.
In Lindblom (1986) the simulations were repeated now with a psychoacous
tically better motivated distance metric (Bladon and Lindblom 1981). This
revision led to clear improvements implying that as our description of the
auditory constraints becomes better so will our predictions. A third study
(Lindblom in press) combines the 1986 model with the results of experiments
using Direct Magnitude Estimation. The DME technique was used to compare
subjects' judgements of movement along the dimensions of jaw opening and
anterior-posterior positioning of the tongue. The results indicated that jaw
movements appeared subjectively more extensive than tongue movements
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although displacements were equal in terms of physical measures (Lindblom
and Lubker 1985). Incorporating those results into the simulations we revised
the optimization criterion to encompass also articulatory discriminability, now
departing from the assumption that vowels tend to evolve so as to both sound
andfeel sufficiently different. For an account of the numerical procedures used
see Appendix and Lindblom (1986 and in press).
Evaluating the results two things should be noted. The probability of
selecting, by pure chance, a correct system of k elements from a total set of n
items is equal to n!/k!�n-k)! In our case, irr espective of system size, it is equal
to, or better than, 10- . The predictions are perfect if we measure agreement
between model and data in terms of the the number ofvowels along the sonority
and chromaticity dimensions. Bearing these points in mind we see from Tables
I and II that the simulations achieve an extremely close agreement with the
typological data.

®
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Figure 5b.
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Table I. N umber of vowels along sonority (S) and chromaticity (C) dimensions. Sources:
Crothers (1 978) and Undblom (1 986).
Inventory Size

Predicted

Observed
S

C

S

C

3

2

2

2

2

4
4

3
3

2
3

3

2

5
5

3
3

2
3

3

2

6
6

3
4

3
2

3

3

7
7

3
4

3
2

3

3

9

4

3

4

3

Table II. Comparison between most favored vowel systems In a corpus of over 200
languages (Crothers 1 978) and Inventories observed In computational simulations. The
predicted systems were derived from the assumption that vowels tend to evolve so as both
sound and feel sufficiently different (adapted from Und blom, MacN eilage and Studdert-Ken
nedy forthcoming) .
Inventory Size
3

Observed
lau

Predicted
lau

4

i a ue
I a ui

l a ue

5

l a ue �
l a ud

l a ue�

6

l a ue:d
l a ue�,e

l a ue;>tt

7

l a u e oi
i a ue;)e o

i a uea.tt'(

9

l a ue:>e oi:;,

l a uea. e otta
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How then does the present treatment explain the curious vowel asym
metries that we observed initially in this this section? Why does sonority
phonologically exhibit more "heavy trafic" than chromaticity? Why do more
vowel shifts take place along the high -low dimension than along front-back?
Why are lax vowels that differ from tense vowels in vowel quality more open
rather than more front or back? Why do diphthongs favor open -close trajec
tories over front -back trajectories? Why do early infant vocalizations similarly
favor open - close contrasts? Why do vowel systems typically use more open
close than chromatic oppositions?
The present treatment suggests that all these seemingly disparate facts may
be connected. It leads us to hypothesize that they originate in the interaction

between the dispersion principle and the idiosyncratic shape of the phonetic space
for vowels. The vowel space when represented multi-dimensionally with both

auditory and sensori-motor dimensions, offers "more room" for open - close
than for front-back and rounding gestures. It is warped in such a way that, if
projected on two-dimensions as a classical "vowel triangle", it would be nar
rower along front -back and elongated along high -low.
3.6

Consonants

Let us now turn to consonant systems. Our source of information is the UPSID
database (Maddieson 1984) which contains typological data on the segment
inventories of 317 languages. One striking fact about UPSID is that inventory
size seems to be an important determinant of how consonants pattern. This
becomes evident when we sort the consonants into the three categories that we
shall refer to as Basic, Elaborated and Complex Articulations and plot the
number of segments that a language uses in each category as a function of the
total number of consonants in that language (Figures 6 and 7). Table III
illustrates our use of this classification.
Figure 6 shows a histogram plot describing the distribution of obstruents in
the UPSID corpus. Figure 7 gives a bit more detail presenting obstruent data
from 48 languages taken from the Indo-Pacific and the Afro-Asiatic language
groups. These diagrams tell us that the phonetic properties of UPSID invento
ries are selected in a manner that is dependent on inventory size. First, Basic
articulations are invoked, then Basic together with Elaborated and ultimately
all three types including the Complex come into play.
This Size Principle makes sense if we assume that in small systems elemen
tary articulations achieve sufficient contrast whereas in larger systems demands
for greater intrasystemic distinctiveness cause additional dimensions (elabora
tions) to be recruited and combined to form complex segments. Data of this
sort appear to lend support, not to Maximum Dispersion, but rather to a
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Table III. This table illustrates the method used to classify the consonants of the UPSID
database. Segments are divided Into Basic, Elaborated and Complex articulations. An
exhaustive listing Is not given for lack of space. The Elaborated articulations can be seen
as departures from more "elementary" ( Basic) gestures. The Basic set of segments
contains: p t k? b d g f s fh tf(obstruents); m n n I r w j (sonorants) . Complex articulations
are combinations of Elaborated mechanisms. N ote that this classification was not derived
from Independent criteria quantifying "articulatory simpl icity". That is a research tas k that
remains to be undertaken.
=

Source- and Manner-related Mechanisms

Elaborations
breathy

Basic
voiced

creaky

prenasalized

b

b

-b

m

voiceless

preasp

postasp

ejectlve

t

h
t

h
t

l'

b

Place Mechanisms

Basic

Elaborations

bilabial
dental
palatal/Velar

lablo-dental
supradental
uvular, pharyngeal

Secondary Articulations

Basic

Elaborations

"plain"

labialization
palatalization
pharyngealization

Complex Segments

W
q

Oablalized uvular)

�

(affricate laterally released and aspirated)

�

(stop retroflex and with breathy voice)

..

(breathy voiced palatal click)

gC

etc.
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principle of Adaptive Dispersion (Lindblom, MacNeilage and Studdert-Ken
nedy forthcoming). Lindblom et al. suggest that the Size Principle combined
with quantitative measures of perceptual distinctiveness and articulatory com
plexity ought to go a long way towards accounting for the contents of phonetic
inventories.
If we were to compare the results on consonants with the simplified models
that we started out with in this section we must conclude that the vowel findings
support Modell, the Maximal Contrast model, whereas the consonant results
are in rather close agreement with Model 2, the Sufficient Contrast model. Is
this not somewhat paradoxical? Does it not imply that selection processes for
vowels and consonants are different?
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3.7

The Size Principle and vowels

However, there is a great deal of evidence indicating that also vowel systems
appear to be organized so as to meet a demand for "sufficient contrast" rather
than "maximal contrast". This conclusion begins to emerge once we begin to
sort also the vowel data according to inventory size.
Figure 8 presents information extracted from the UPSID database
(Maddieson 1984). Vowels were classified as Basic (i e a 0 u etc), Elaborated
(i: e9� u� etc), and Complex. As in the consonant study Complex segments were
the ones showing a combination of elaborated mechanisms (for instance, e: �:
etc).
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We find once again that phonetic properties are selected in a manner that
is dependent on inventory size. First, Basic articulations are invoked, then Basic
together with Elaborated and ultimately all three types including the Complex
appear. Although the principle of "maximum dispersion" might lead us to

expect that the optimal five-vowel system should exhibit Ii e � 2 � rather than
Ii e a 0 uI (cf Maddieson 1984: 16) and that a seven-consonant system ought to
contain a highly differentiated set such as l<f� ts t m r t/ (cf Ohala 1980) we
find that both vowel and consonant inventories conform with Model 2, the
Sufficient Contrast, or Adaptive Dispersion, model.
Reexamining the evidence from this point of view, it is not difficult to find
additional facts showing that articulatory factors play an important role also in
the selection of vowel features. Crothers ( 1978) finds considerable quality
variation in the main allophones in three-and four-vowel systems. A quantitative
examination of his use of the symbols Ii! and lui in all the 209 languages indicates
that these extreme values increase in frequency with system size. Slightly more
central or neutral articulations appear to be permitted in the small systems.

The so-called linear vowel systems (Trubetzkoy 1929:87) with Ii � a/ point in
the same direction. They are good examples of contrasts achieved with near
neutral tongue configurations and jaw opening differences.
Crothers also reports extensive subphonemic variation in the small invento
ries. The rich repertoires of contextually determined vowel allophones in
Kabardian, Adyghe, Abkhaz, Ubykh, Squamish, Modem Lhasa, Arabic and
West Greenlandic Eskimo (Kuipers 1960 and 1967, Michailovsky 1975, Rischel
1974) are well-known. The presence of such consonant-dependent variations
in small systems is precisely what the Size Principle would make us expect.

3.8

Preliminary conclusions

We began by examining the production and perception of speech. We did so
on the assumption that the factors that have governed the evolution of phonetic
systems can be inferred from the behavior of present-day language users and
are present in the on-line processes · of speaker - listener interaction. Our
review was specifically aimed at identifying possible mechanisms of selection.
We found two performance constraints whose evolutionary consequences
might be worth exploring: articulatory simplification and perceptual distinc
tiveness. Starting from the question: If phonetic systems were seen as adapta
tions to such selection pressures what would they be like? we then proceeded
to investigate the phonetic structure of vowel and consonant systems. We
formulated two models, one saying that it is mainly demands for discriminabil
ity that governs the selection of highly valued speech sounds, the other suggest
ing that perceptual as well as articulatory selection constraints are at work and
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tend to counterbalance each other. Results from computational experiments
on vowel systems at first allowed us to suggest that vowel systems conform to
the first model. Indeed vowels seem to have evolved in response to a demand
for distinctiveness. However, we later had to qualify this conclusion after
discovering the Size Principle as an important determinant of the phonetic
content of consonant inventories. From the vantage point of this principle we
widened the scope of the data on vowels and ended up by concluding that both
vowel and consonant inventories show evidence of having been molded by
similar processes.
3. 9

Towards a quantitative model o/phonetic variation and selection

Let us present a brief sketch of how we might formalize and quantify some of
the ideas expressed above in the interpretation of the data. Basically we shall
generalize from the format chosen for the vowel system simulations. We shall
closely follow the manner in which some investigators have approached the
modeling of evolutionary processes in that we assume that a model must
formally consist of a state space, a set of constraints, and a procedure and a set
of criteria for finding optimized solutions (Oster and Wilson 1978).
The first problem to be addressed concerns the nature of phonetic variation.
In general terms a model of phonetic variation and selection must provide an
answer to the question: What is a "possible speech sound"? The search for an
answer begins with a description of the phonetic capabilities of human speakers
that is sufficiently general to encompass also non-speech gestures and sounds.
Essentially this means adopting the perspective of Pike (1943) whose implicit
aim seems to have been to seek a non-circular way of defining speech sounds
in place of saying that 'X is a speech sound because it occurs in language Y'.
Let us think of this aspect of modeling speech as that of specifying the phona
tory and articulatory space of all possible gestures and their acoustic and
perceptual consequences.
Starting out from this all-inclusive vocal-auditory space we should more
easily be able to see the ways in which speech sounds differ from other
vocalizations and to discover the constraints that drastically narrow down the
sound substance recruited specifically for linguistic purposes. What are the
factors that constrain the manner in which speech sounds tend to vary? Gradu
ally in such a program we shall zoom in on answers to the question of "possible
speech sounds" and their typical patterns of variation. Also we can foresee that
quantitative definitions of performance constraints and optimization criteria
will be formulated and proposed as hypotheses about the nature of the selection
mechanisms underlying the evolution of sound systems. Such goals imply an
extremely broadly based and demanding agenda for language research. But in
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principle, it should be feasible. And for deeper explanatory goals to be reached
in linguistics, it is an inevitable one.

3.10

Listener-oriented criteria

To further illustrate these ideas let us return to the vowel system simulations
which were undertaken in accordance with a scaled-down version of the above
framework. The starting point was an articulatory definition of "possible
vowel" and a specification of an associated acoustic and auditory vowel space
(Lindblom 1986). These descriptions provided the raw materials from which
selections were to be made. It was stipulated that the most highly valued
systems were to conform with the following optimization criterion:
k

i-1

L jLl/(Li
j )2
=l

i=2

-

->

minimized

(4)

which is a condition that maximizes intrasystemic discriminability. A comput
atational algorithm was used to draw k elements from a "universal" set of n
vowels and to store a given system if it made Eq (4) smaller than the previous
value. Let i stand for row number and j for column number. We can think of

2

the values of 1I(Lijy as entries in the cells of a triangular matrix. A given cell
entry assigns a value to the incorporation of a specific vowel contrast, that

between vowels i andj, into the system. Since there are n vowels to choose from
there is a total of n (n-1)12 cells. The algorithm finds that combination of vowels
which represents the optimum system.

3.11

Talker-oriented criteria

Let us now modify Eq
k

as follows:

i-1

� J�= l (Tij/Lij)2

1=2

(4)

-

->

minimized

(5)

The notation has the following meaning. As above Lij is a number representing
the perceptual distance between vowels i and j.
the

Tij is a coefficient that stands for
articulatory cost of selecting the ijth pair. Eq (5) will select the system that

minimizes the sum of articulatory costs per perceptual benefits, or equivalently

that maximizes perceptual gains per articulatory costs. A given value TijlLij can
thus be achieved by balancing costs against benefits.
The linear vowel system Ii a a/ ranks lower than Ii a u/ on perceptual criteria
whereas in terms of "deviation from neutral" it receives a higher score. Eq (5)
offers a way of formalizing such a balance. It also lends itself to handling
non-speech gestures, reductions, assimilations and coarticulation phenomena
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as well as the patterns of adaptive dispersion observed in consonant and vowel
inventories. The determination of values for Tij is an empirical task requiring
a theory of articulatory simplicity based on speech-independent measure
ments. It is analogous to the quantification of perceptual distance and the
calibration of the Lij-matrix.
3.12

Social factors

We can further modify the original formula by assigning to every pair a number
corresponding to its social value, Sij. We then have:
k

i-I

.L J�= 11(SijTij/Lij )2

1=2

-

- > minimized

(6)

Eq (6) says that selection procedures will favor systems that successfully meet
the criterion for a combination of social, perceptual and articulatory reasons.
Assume that Sij is a coefficient that ranges between zero and one. A value
of one in all the cells will reduce Eq (6) to Eq (5). Listener- and talker-oriented
criteria will dominate. At the other extreme, that is when Sij = 0, it is the social
factors that will dominate for no matter how favorable the values of Tij/Lij, all
Sij scores will be zero and will guarantee the minimization of Eq (6).
3.13

Optimal and "sufficiently good" solutions

As a fourth variation on the theme of this section let us replace minimization
by a threshold value. This implies that we abandon our search for "the optimum
system" and seek instead all the solutions that are compatible with the critical
threshold value. We shall now obtain an enumeration of all systems that the
criterion finds "sufficiently good".
k

i-I

.L �1 (SijTijlLij)2

1=2 J=1

3.14

<

threshold(7)

Non-uniqueness and the relative importance offactors

Figure 9 summarizes our discussion so far.
On the one hand we could defend our proposed equations and models by
referring to the huge literature that supports the idea that perceptual, articu
latory and social factors interact in shaping phonetic structure. On the other
hand it must be admitted that by introducing more and more degrees of
freedom into the models we have created ourselves a Pandora's box of un
known factors whose quantification lies in the future. We have developed a set
of models that would be very hard to test.
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However, there are still some substantial points that we can make with the
aid of Figure 9 and the theory it represents. In view of the power of the
Sij-matrix, is it not curious that we were able to substantiate the claim that vowel
inventories can be seen as adaptations to phonetic universal factors, that is to
a demand for discriminability? Similarly, is it not remarkable that, on further
analysis, we found evidence for an interaction between talker-oriented and
listener-oriented criteria in both consonant and vowel inventories and for
inventory size as a determinant of that interaction?
In other words, in developing Eq (7) we give socio-cultural factors every
chance to dominate over phonetic and biological ones. However, in the data
we have presented so far it is dispersion and size-dependence rather than social
factors that appear to be more strongly implicated. One further illustration may
be useful to make this point.
We divided all consonants in the UPSID database into two categories:
obstruents and sonorants. Obstruents include stops, fricatives, affricates, ejec
tives, clicks and sonorants comprise r-sounds, approximants and nasals. Figure
10 plots the number of obstruents that a language uses as a function of its total
number of consonant segments. The assignment of language groups to different
panels is arbitrary and was made only to enhance legibility. The total number
of different obstruent and sonorant segment types that UPSID contains
exceeds the largest consonant systems by a wide margin. Theoretically that
means that it is possible to construct an inventory as large as the largest
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consonant system in UPSID containing only obstruents or only sonorants. That
fact is significant for the interpretation of the pattern in Figure

10.

What we see here is a tendency for the data points to approximate straight
lines in all cases. Slopes, intercepts and linear regression coefficients are listed
in Table IV. What do these straight lines tell us?
Well, first recall that languages could in principle use nothing but obstruent
consonants, or nothing but sonorant segments. There are enough segment types
to make such extreme selections at least theoretically possible. They apparently
do not. Instead they use approximately 70% obstruents and 30% sonorants.
Two points are worth making: (i) There is no a priori reason for us to expect
these plots to come out as straight lines. In other words, within any given
language group why do we observe a relatively high correlation between
number of obstruents and inventory size rather than no correlation at all? (ii)
Given that correlations are in fact observed, we must ask, why are they so
similar? It is true that Table IV indicates differences between slopes and
intercepts for individual language groups, but, by and large, they come close to
the

70--3 0% rule.

We would like to advance the following explanation. Like vowels, con
sonants can be seen as points in a multi-dimensional perceptual space. Differ
ent source and manner mechanisms give rise to disjunct subspaces within which
more or less gradual variations of sound attributes occur when the place of
articulation is changed. Let us assume that the regions in the universal phonetic
space that are inhabited by obstruents, offer much more room for phonological

Table IV. Slopes (k) . intercepts (I) and correlation coefficients (r) for lines fitted to data of
Figure 1 0.
Language group

I ndo-European
Ural-A1taic
Niger-Kordofanian
Nilo-Saharan
Afro-Asiatic
Austro-Asiatic
Australian
Austro-Tai
Sino-Tibetan
I ndo-Pacific
Amerind ian (N)
Amerindian (S)
Others

k
.71
.67
.78
.98
.81

.44
.52
.58
.62
.67
. 82
.70
.97

r
- .37
- .04
- 2.57
- 7.46
- 1 . 86
4.93
- 2. 79
. 88
1 .61
- .67
- 2. 70
-.16
- 6.73
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.92
.79

.96
.98

.99
.70
.81

.96
.91
.95

94
.94
.99
.
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contrast than do those of sonorants. As a result of the demand for sufficient
perceptual contrast, obstruents tend to be selected more often than sonorants
and the proportion of sounds drawn from each category will be approximately
constant and independent of inventory size. Hence the linear correlations and
the more or less constant-slope-intercept trend.
Admittedly, this analysis plays down the variations that do in fact occur (cf
Table IV). Australian languages disfavor fricatives but invoke different points
of articulation much more than most other languages. The line for this group
therefore deviates from the 70-30% rule in the direction of 50-50. Such
detailed departures from the global tendency are of course highly significant
since they may tell us about the role of historical and areal factors in the
evolution of phonetic language group idiosyncracies.
But the point we should emphasize is this. For any x along the abscissa in
plots such as those in Figure 10 the ordinate could theoretically assume any
value between zero and x. Instead it roughly follows the 70-30% rule. This
stability indicates that socio-cultural factors are not powerful enough to dras
tically overrule motoric and communicative constraints. From the viewpoint of
the socio- phonetic model of Eq (7) this is highly significant because it gives us
a preliminary hint about the relative importance of social and phonetic factors
at least with respect to the evolution of obstruent and sonorant systems.
4

Implications for language change

4.1

Historical sound change

Having presented a perspective on language according to which biological
factors appear more prominent than cultural ones we must balance that view
by making another point.
Let us return to Figure 9 for a moment. By definition the Tij and Lij matrices
reflect performance constraints anchored in universal conditions on speaking
and listening. The rows and columns of the matrices serve the function of
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specifying the range of phonetic variation from which selections can be made.
They describe the notion of "possible speech sound". The contents of the matrix
cells are numbers reflecting the cost or benefit of incorporating a particular
contrast into a phonetic system. These numbers accordingly are meant to
reflect the language-independent performance constraints under which selec
tions have to be made. Since they refresent universal aspects of adult speech
communication they do not change . They contain systematically structured
phonetic variation that could provide the raw materials for historical sound
changes. However, they could not themselves "cause" such changes.
Examining the initiation of sound change from the vantage point of the
models of Figure 9 we must look elsewhere, at the Sij-matrix for instance. It is
language-specific and must be assumed to change as a function of both time
and socio-linguistic variables. Obviously we are here entering a vast subject
matter which falls outside the scope of our discussion of phonetic models of
variation and selection. However, introducing social factors in Eq (7) serves
the purpose of drawing attention to how a link between a phonetic and a
socio-linguistic framework could be made in principle. Also the manner in
which our modeling has been developed implies that socio-cultural and not
phonetic selections are the primary determinants of historical continuity or
discontinuity in sound patterns.
4.2

Some speculations on the origin of the "phonetic code"
All languages exhibit duality (Hockett 1958), that is they make use of discrete

units at two levels of structure: phonology and syntax. At the phonological level
this dual structure is evident in the universal use of vowel and consonant

5

It might be remarked that the production- and perception-based matrices are not at
all constant but undergo marked reorganization during language acq Uisition and
speech development. Language changes due to "imperfect learning" might be mod
eled by E q (7) as arising from the fact that the system to be learned receives conflict
Ing evaluations by the phonetic matrices on the one hand and by the social matrix
on the other. This point Is well taken but it Is still debatable whether phonetically mo
tivated adaptations away from a social norm should be regarded as examples of
phonetically caused sound change. Ungulstlc 'mutations' that become established
In a speech community appear nevertheless to presuppose a process of socio-cul
tural selection (Cavalli-Sforza and Feldman 1 971 ) .
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phonemes. The phonemic principle is one of the keys to the expressiveness of
human languages since phonemes can be combined in a great number of ways
to form very large vocabularies. A child who learns words as indivisible wholes
would, beyond a certain vocabulary size, soon encounter problems memorizing
and recognizing them. Once mastered, the "phonetic code" enables the child
to acquire half a dozen new words a day so that by six years of age it understands
seven to eleven thousand root forms, or about ten percent of an adult's
vocabulary (Studdert-Kennedy 1987). Phonemic and featural coding, which
interestingly occurs both in spoken language and in sign, has been seen as
providing "a kind of impedance match between an open-ended set of mean
ingful symbols and a decidedly limited set of signaling devices" (Studdert-Ken
6
nedy and Lane 1980) .
The origin of the phonetic code in ontogeny as well as in phylogeny is not
well understood but models of phonetic variation and selection may shed some
light on the question. The Quanta! Theory of Speech (Stevens 1989) departs
from the fact that the all-inclusive acoustic possibilities for human sound
production should not be seen as a single, continuous, homogeneous space. A
systematic and exhaustive mapping of articulatory and phonatory parameters
onto their acoustic consequences will identify numerous disjunct subspaces
each representing a set of qualitatively distinct sound attributes. Phonetic
categories such as vowels, stops and voiceless fricatives and so on are selected
from these subspaces. The Quantal Theory of Speech represents a develop
ment of several decades of research demonstrating the non-linear relationships
between acoustic and acoustic-phonatory parameters (Fant 1960). It claims
that these regions of qualitatively distinct sound attributes provide the raw
materials for distinctive features and phonemes. Moreover, it implies that
sound properties are selected from within these regions in phonetic space
because they are physically stable.
The Theory of Adaptive Dispersion sketched here offers an alternative
account. It endorses the characterization of the phonetic space presented by
the Quantal Theory of Speech in assuming that the regions of qualitatively
distinct sound properties provide the raw materials for phonetic distinctions.
However, it questions stability as the selection criterion. As argued in a
previous section, phonetic forms need not exhibit physical constancy to survive.
6

The parallels bewteen the genetic code and the phonetiC code have not gone unno
ticed. Cf Jakobson and Waugh (1 979:65-66) : "Among all the information-carrying
systems, the genetic code Is the only one which shares with the verbal code a
seq uential arrangement of discrete subunits . . . which by themselves are devoid of In
herent meaning but serve to build minimal units with their own, Intrinsic meaning ..
"
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They must simply be sufficiently distinct. Accordingly this theory views
"phonetic quanta" as arising more dynamically from the tug-of-war between
two forces. On the one hand, perceptual differences tend to be maximized! On
the other, articulatory complexity should be minimized! These conditions
combine to give us the pattern that was typified by Model 2, the Sufficient
Contrast model, and by the typological data on vowel and consonant systems:
that is, the size-dependent expansion of phonetic inventories from a core of
elementary articulations to more motorically elaborate, but perceptually suffi
ciently differentiated contrasts. Note that the demand for a minimal degree of
sufficient contrast tends to make this expansion occur in quantal steps (Figure
4c).
It is interesting to note that both accounts will assign a high value to lexical
forms constructed from limited sets of phonetic properties. Developing a
phonetically functional lexicon within the framework of the Quantal Theory
can only proceed if a combinatorial use is made of the limited set of stability
points available. Similarly, a vocabulary built out of articulatorily simple but
perceptually adequate sound shapes will bias selections in favor of combina
torial patterns.
The implication of these theories for the origin of the phonetic code is that,
as our ancestors' capacity for cognitive representation and concept formation
grew, this expanding conceptual capacity may have increased pressures favor
ing the selection of acoustically stable, or sufficiently mutually contrastive,
phonetic forms. Whether phonetic evolution is determined by stability or
contrast, it follows from either criterion that the only way in which vocabularies
could grow while still maintaining phonetic functionality was by selecting for
acoustic patterns that made combinatorial use of a very limited set of highly
valued sound features. In conclusion, we offer the speculation that it was
functional selection pressures of this type that helped our ancestors evolve the
phonemic principle.
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Appendix. Computational experiments on vowel systems

Auditory distance (Bladon and Lindblom 1981)
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Auditory excitation patterns

Articulatory distance (Lindblom and Lubker 1985)
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Phonetic content in phonology 1
Bjorn Lindblom
"Urn einen treffenden Vergleich R Jakobsons zu wiederholen, verhalt sich die
Phonologie zur Phonetik wie die Nationalokonomie zur Warenkunde oder die
Finanzwissenschaft zur Numismatik"
Trubetzkoy (Grundziige der Phonologie, p 14).
1

The problem

How "natural" must phonological theory become to deal successfully with the
problems that arise from the traditional division of labor between phoneticians
and phonologists?
The issue of how phonetics and phonology are related was addressed by
Chomsky and Halle (1968:400): "The entire discussion in this book suffers from
a fundamental inadequacy ... The problem is that our approach to features, to
rules, and to evaluation has been overly formal."
More recently Anderson (1985:332-350) touched upon the same issue in
his critique of post-SPE developments in Generative Phonology: ".. a formal
system of expression for phonological representations and rules (or at least one
along the lines of SPE) goes badly astray if it is interpreted as constituting an
exhaustive definition of what sorts of systems are possible in natural languages.
The basis of this deficiency according to Chomsky and Halle (and all sub
sequent writers), is the systems's principled disregard of the substantive content
of phonological expressions." After briefly considering the merits and draw
backs of the markedness theory that Chomsky and Halle introduce to remedy
the situation he ends up by rejecting it as ".. a more complete working out of
the goal of reducing phonology to a formal system rather than a replacement
of that goal with some other." And he adds: ".. the phonological importance of
phonetic content reveals a fundamental inadequacy of the 'logicist' program
for phonology as sketched in SPE."
His overall conclusion about post-SPE is that in "the 1980s, the trend in
phonological discussion has been away from the issues of the immediately
post-SPE period. The problem of how to represent the naturalness of rules and
segment inventories, for example, has largely disappeared from the recent
literature, as have the notational issues that seemed so prominent in the late
1960s and early 1970s. Even the problem of abstractness is little discussed.
None of these areas, it should be stressed, have lost the attention of phonoloPaper presented at the 6th International Phonology Meeting and 3rd International
Morphology Meeting, Krems, Austria 1-7 July 1988.
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gists because of a feeling that they have been essentially solved: on the contrary,
after a little reflection, most linguists would agree that all of these topics still
present major unresolved problems".
The present paper argues that the problem of phonetic content in
phonology is a consequence of the classical assumption of the logical priority
of the study of linguistic form (Chomsky 1964:52) and is likely to remain until
we reverse that time-honored doctrine by according phonetics a more deduc
tive and predictive role in linguistic theory. The paradigm proposed here is
exemplified by asking: If phonological systems were seen as adaptations to
universal performance constraints on speaking, listening and learning to speak,
what would they be like?
I shall illustrate this deductive approach by presenting discussions of three
topics: (i) role of phonetic constraints in consonant and vowel inventories; (ii)
origins of featural and segmental structure; (iii) the tendency for phonetic
systems to make 'maximum use of the available distinctive features' (Ohala
1980).
2

The size principle and universal phonetic constraints

Languages apparently favor sonority (open-close) contrasts over chromaticity
(front-back and rounding) oppositions. For instance, historical vowel shifts
frequently consist in tense vowels rising and lax vowels lowering (Labov 1981).
Tense/lax vowels may invoke either duration and/or quality differences (Lafer
riere 1981). The favored quality contrasts are realized as sonority rather than
u I preferred to I i - t I and
chromaticity differences with I i - I I and I u
I u - tt I. Diphthongs form sonority rather than chromaticity trajectories. In a
survey of some 80 languages Edstrom (197 1) found lail and laul outnumbering
combinations of nuclei lei, 10/, lui, Ii! and glides Iwl and IjI.
Children's early vowel productions (Davis and MacNeilage in press) appear
to be organized mainly in terms of differences in jaw opening (sonority) rather
than tongue positions (chromaticity).
Such asymmetries also emerge clearly in typological data on vowel systems.
Figure 1A presents the most favored vowel systems in a sample of 209 languages
(Crothers 1978). Figure 1B shows the frequency of occurrence of phonetic
symbols in the 317 languages of the UPSID database (Maddieson 1984). The
occurrence of the most frequent symbols have been plotted on a two-dimen
sional projection of Maddieson's universal vowel chart. There is a clear pref
erence for peripheral vowels and a conspicuous relative absence of qualities
located centrally, in particular between Ii! and lui. Evidently vowel inventories
also favor sonority over chromaticity contrast. How do we explain these curious
vowel asymmetries which represent rather drastic departures from a mere
-
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random sampling of the maximal set of universal types? The theory to be
summarized here (for a fuller account see Lindblom 1986, in press) has three
parts. Quantitative definitions are provided of the space of "possible vowels",
a constraint on "phonetic discriminability'" and a criterion for selecting the
"optimal system". Its point of departure is a physiologically motivated, numeri
cal model (Undblom and Sundberg 1971) which takes specifications of the
position of the jaw, tongue, larynx and the lips as its input and whose output is
the shape (area function) of the vocal tract for an arbitrary, but physiologically
possible vowel articulation. The acoustic properties of such vocal tract shapes
are obtained from acoustic theory. The auditory properties are derived by
transforming the acoustic description of a vowel into an auditory spectrum. This
conversion uses numerical models of the auditory periphery (Bladon and
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Lindblom 1981). Accordingly, the class of vowels generated by this model can
be described in articulatory, acoustic or auditory dimensions. Since the vowel
space so defined quantifies physiological, acoustic and auditory mechanisms in
no way special to language we can view this space as a tentative hypothesis about
a linguistic universal: the a priori range of physical sounds universally available
for the linguistic selection of vowel contrasts.
Phonetic discriminability is analyzed into an auditory and a sensori-motor
component. Experimentally it can be shown that the auditory dissimilarity that
a listener assigns to an arbitrary pair of vowels (Bladon and Lindblom 1981)
can be predicted from
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where c is a constant and Ei(Z) and Ej(z) represent "excitation patterns"
calibrated in psychoacoustically motivated dimensions. The interval 0 24.5 is
the frequency range of human hearing. There is also data from experiments
using the technique of Direct Magnitude Estimation. These experiments com
pared judgements of movement along the dimensions of jaw opening and
front-back positioning of the tongue. The DME results indicated that subjec
tively jaw movements appeared more extensive than tongue movements al
though displacements were equal in terms of physical measures (Lindblom and
Lubker 1985). An articulatory distance metric, ARTij, was derived for the vowel
space on the basis of these findings (Lindblom in press). Taking the product of
the articulatory and the auditory matrices we express phonetic discriminability
as
-

(2)

Dij = ARTij * AUDij

Given the definitions of the space and the discriminability measure we are in
a position to ask: If vowel systems were seen as adaptations to the shape of the
vowel space and to selection pressures favoring maximally discriminable con
trasts what would they be like? This question was addressed in a series of
experiments in which optimal system was derived by computing:
k

i-1

.L
L J=1

i=2

2
(l/(Dij)

__

>

minimized

(3)

for all possible combinations generated by k= 3 through 9 (inventory size) and
n= 19 (size of universal set).
Tables I and II present the results. Since the probability of selecting a
correct system by pure chance in no case exceeds 10-3, we are justified in
regarding any agreement between simulated and observed patterns as highly
significant. In Table I facts and predictions are compared in terms of number
of sonority and chromaticity contrasts. At this level the agreement is perfect.
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Table I. Number of vowels along sonority (8) and chromaticity
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Turning to the individual qualities compared in Table II we find certain
discrepancies in systems with more than six vowels. However, in most cases
they are off by no more than a single step on the universal nineteen-point grid.
The simulations achieve a close agreement with the typological data. What
does that result tell us about vowel systems? And what does it tell us about the
asymmetrical use of quality in vowel shifts, diphthongs, tense-lax systems and
child speech? It appears to suggest that all these facts may have a common
origin in the interaction between the dispersion principle and the idiosyncratic
warping of the vowel space which leaves more room for open-close than for
front-back and rounding gestures.
But the most significant finding may not be the success or failure of the
predictions but the demonstration that an account can be given which is not
primarily driven by the linguistic facts themselves but that derives those facts
from independently motivated information. The present account is deductive
rather than axiomatic. In terms of general scientific values it appears non-con
troversial to claim that, if a deductive account can be given at all, it is the
preferred account. The question thus arises: Can a similar deductive approach
be generalized to other bodies of phonological data? If so, a deeper and more
satisfying solution to the problems phonetic content in phonology may be
possible.
Ohala (1980:184-185) constructively challenged any attempt to draw such
implications from our vowel work when he applied the principle of maximal
dispersion to derive a hypothetical seven-consonant system. He came up with
the following "patently false prediction":

d: k', ts, I, m, r,f.
He concluded that rather than maximum differentiation of the entities in the
consonant space we find a principle of maximum utilization of the available
distinctive features which causes consonants to differ by a minimum, not a
maximum number of features.
What is at stake here is not the feasibility of a deductive approach which is
exemplified by Ohala's own research program but the empirical content of the
conditions hypothesized to explain the formation of sound patterns. That Ohala
is right appears from the following analyses which lead us to replace maximal
by adaptive (sufficient) dispersion.
We classified the vowels and consonants of the UPSID database into Basic
(B), Elaborated (E) and Complex (C) segments (Lindblom and Maddieson
1988). The B set of consonants contains: [p t k 'I b d g f s f h tf ] and [m n n I r
w j]. Source- and manner-related mechanisms are treated as Elaborated in
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breathy or creaky voice, in clicks, implosives and in aspirated, prenasalized or
ejective segments. Place features such as labio-dental, retroflex, uvular and
pharyngeal are elaborations along with secondary articulations. C articulations
are combinations of at least two elaborated mechanisms. B vowels are: [i e a 0
u] etc, Elaborated: li. e: � 0 u�J, etc and Complex show a combination of two
elaborations: [au oi a:], etc.
Figure 2 sIio� how these vowel types are distributed as a function of
inventory size. Small systems use only B segments, medium-sized invoke B and
E articulations. Large systems bring all three types into play.
Figure 3 presents a representative sample of the UPSID consonant data.
Each point refers to an individual language taken from the 47 languages of the
Afro-Asiatic and the Indo-Pacific groups. To the left is shown how the number
of B obstruents depends on total system size. To the right we see the number
E and C obstruents as a function of inventory size. Beyond a certain system size
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the recruitment of B segments appears to saturate. At that point E gestures
begin to be invoked too. Finally all three categories appear. We see a pattern
closely similar to that for vowels.
The information presented here is a restatement of what is traditionally
discussed in terms of implicational hierarchies. However the dependence of
phonetic content on system size is brought out more clearly by the present
quantitative approach. Phonetically the Size Principle implies that B, E and C
segments form an ascending series along a continuum of articulatory complexity.
The force governing the selection of phonetic systems is not maximal but
sufficient perceptual contrast which produces patterns of adaptive dispersion
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and makes phonetic content dependent on system size. In small inventories B
gestures achieve perceptually adequate differences. Larger systems on the
other hand place greater demands for intrasystemic distinctiveness and there
fore recruit additional dimensions for elaborated and complex segments.
With respect to the deductive/axiomatic issue let us note that there is
nothing in the above analysis that refutes the idea that a quantitative definition
of sufficient contrast could eventually be provided by phonetic theory and that
such a selection criterion could be used deductively to explain phonological
structure. Our position is that phonetic systems are the way they are, not
because of implicational laws or markedness conventions (which are data
driven and therefore in principle non-explanatory), but because the values of
phonetic segments evolved in response to universal, non-linguistic input/out
put constraints. Providing independently motivated explanans principles deduc
tive phonetics thus offers phonology an opportunity to go beyond mere obser
vational and descriptive adequacy.
3

Origins of quantal and combinatorial structure

With respect to the issues raised by Ohala let us also note that the proposal that
phonetic systems be derived from sufficient contrast appears to make a more
unified interpretation of vowels and consonants possible. It appears justified
to suggest that the reason why Ohala's seven-consonant system is ill-formed is
that it violates the Size Principle. However, we are still faced with the question:
Where does 'maximum utilization of available features' come from? Why do
systems typically exhibit tightly packed matrices such as those of Alawa,
Chipewyan and Sue shown below. Why not a more diverse exploitation of
feature possibilities?
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Could sufficient contrast have played a role also in the emergence and pattern
ing of the discrete units themselves?
We shall describe a computational experiment which is an elaboration of
the vowel system derivations and in which phonetic forms are sequentially
selected to develop a minilexicon. We use the articulatory model mentioned
above to generate a space of "possible syllables". A possible syllable is of fixed
duration and is represented as a continuous trajectory in phonetic space moving
from a complete vocal tract closure to an open configuration. Points of closure
range from labial through dental, alveolar, retroflex to palatal, velar and uvular
points of articulation. The open configurations are the universal set of the vowel
derivations. Figure 4 gives an example of a possible syllable in the form of a
transition in a stylized frequency-time formant pattern (top) and in a three-di
mensional formant space (below).
By generalizing the procedures applied to vowels to the time domain we
obtained the phonetic discriminability of an arbitrary pair of trajectories.
That is we represented them as a series of discrete spectra in time, calcu
lating Eqs 1 - 3 for each time sample and then deriving the discriminability
measure as the square root of the sum of the individual samples squared (cf Eq
3).
Reduction phenomena and articulatory simplifications of on-line speech
can in most cases be explained satisfactorily in elementary biomechanical terms
by representing articulators by damped spring-mass systems. Such a biome
chanical analysis makes us expect that extreme positions (extreme displace
ments from habitual rest) and that extreme movement rates tend, if possible,
to be avoided. This model which receives strong support from phonetic data
(Lindblom 1983) was used to provide a rank ordering of every possible syllable.
To exemplify, syllables with labial and dental occlusions (frequent in babbling)
are assigned high ranks since they have near-neutral places of articulation. But
a transition from a retroflex closure departs more radically from neutral. And
a penalty on extreme movement rates leads to a favoring of homorganic,
assimilated sequences. Thus a uvular closure followed by a palatal open con-
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where dij is the discriminability of an arbitrary transition pair and aij the
articulatory cost of that pair. In words: Find that set of k syllables that simul
taneously satisfy the goal of being as easy as possible to say (minimal articula
tory cost) and as easy as possible to hear (maximal discriminability). In the
present case k = 15 and the total inventory was 133. A procedure of cumulative
selection was adopted.
Once an initial syllable had been selected Eq 4 was applied repeatedly until
a minilexicon of 15 elements had been obtained.
In all there were 133 runs ( = initial syllables). The results were pooled
which yielded a total of 1995 syllables. The "optimal system" was defined as the
15 forms with the highest frequency in this pooled set. The results are presented
in Table III.
The most significant aspect of this table emerges when, examining it row by
row and column by column, we observe that trajectory onsets and end-points
are shared. Rows and columns contain "minimal pairs". Why not a more diverse
set of closures and open configurations?
We shall invoke a simple geometrical metaphor to obtain an intuitive grasp
of where the derived combinatorial structure comes from. Suppose we consider
two vertical line segments and the task of drawing k arbitrary linear trajectories
from the left segment to the right so that the area, A, between any trajectory
pair will be as large as possible. In analogy with Eqs 3 and 4:

TABLE III

bl
dl

ba

b::>

bu

de

da

d:>

du

ge

ga

=I-
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(1/Aij)

-

->

minimized

(5)

Figure 5 shows the result for k = 9. Trajectory onsets and end-points are
shared. Our claim is this: The convergence of the geometrical trajectories is
analogous to the convergence of the optimized phonetic transitions. The
combinatorial pattern is a consequence of the demand for optimal packing, i e
discrimination, within a bounded space. Whereas the contents of the aij matrix
is a crucial determinant of the phonetic values derived, our results indicate that
it does not influence the formal property of combinatorial coding in any major
way.
Analyzing Table III phonemically we would come up with three consonant
phonemes and five vowel phonemes the minimally contrastive segments being
!b d gJ and Ii at 0 uf.
The existence of minimal pairs impliesgestural overlap among motor scores.
Figure 6 shows the motor scores of two syllables, call them Idi/ and Ida!. The
jaw and tongue body time functions differ whereas the tongue tip curves are

Figure 5
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identical. This overlap identifies a common-denominator component. All
words analyzed as beginning with the phoneme /dl have identical tongue tip
curves. Examining the total inventory of derived motor scores in the same
manner we would obtain analogous common denominators for other
"phonemic" components.
Bearing the notion of lexical gestural overlap in mind let us sketch an
extension of the simulations. Assume that phonetic theory defines 'possible
syllable' in a language-independent, quantitative way. Further suppose that
such a theory provides a metric for rank ordering syllables and syllable systems
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in terms of pronounceability and perceptual adequacy (or some other substan
tive explanatory conditions). We adopt the method of lexicon simulation to
investigate the phonetically most highly valued syllable sets that the theory
generates. We hypothetically find that combinatorial and quantal structure of
initially holistic signals emerges in a self-organizing way from an interaction
between lexical size and phonetic constraints - perhaps along the lines pre
liminarily suggested above. For every possible syllable there is a motor score
containing control functions for individual articulatory parameters. As the
lexicon grows and minimal pairs come into existence the parameter control
functions used by several lexical items gradually acquire a species a common
denominator component. All words analyzed as beginning with the phoneme
/dl have identical tongue tip curves. Examining the total inventory of derived
motor scores in the same manner we would obtain analogous common denom
inators for other "phonemic" components.
The idea of automatic gesture identification by self-segmentation suggests
an extension of the simulations. Let the metric for selecting optimal systems of
syllables put a premium on overlapping parameter control functions by increas
ing the fitness score of all syllables not yet selected but containing the gesture
in question. This implies assuming that a gesture that has been mastered
becomes more likely than otherwise to appear again in new lexical items.
Accordingly this metric rank orders syllable sets with respect to talker- and
listener-based criteria and "developmentally" changes its evaluations depend
ing on the current minimal pair situation. Phonemic and featural coding is an
emergent consequence of optimizing discriminability within a articulatorily
bounded space. Such coding is reinforced by causing gestures already mastered,
that is automatically segmented by gestural overlap, to improve the ranking of
items as yet unselected but sharing the gesture in question. For instance,
assuming that derivations have so far given us bi, gi, bu, du, da, ga we would
expect di, gu, ba to move up on the ranking list and to appear eariler in relation
to other possible candidates.
The extension sketched here achieves several things. First it demonstrates
how in principle a segmental organization could come about in a completely
automatic, self-organizing way. Note that the possible syllables are specified
without recourse to discrete "features" or "phonemes". Units are derived
deductively, not postulated. Second it should parallel the UPSID inventories
with regard to the distribution of B, E and C segments since the Size Principle
originates in the interaction between lexicon growth and phonetic factors.
Third it will tend to make 'maximum use of the available distinctive features'
owing to automatic processes of self-segmentation and gesture generalization.
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Implications

My primary concern has been to argue that deductive accounts of phonology
are preferable on a priori grounds related to long-term, transdisciplinary scien
tific values. A second goal has been to show that not only is a deductive
approach preferable it is in fact also feasible. Note that the first claim holds and
is independent of whether the second is considered successfully defended or
not. No feasibility demonstration is necessary to make us choose between a
deductive and an axiomatic approach everything else being equal.
I am aware of the tentative character of the specific phonetic interpretations
put forward above. The empirical content of a deductive, substance-based
theory of phonology is largely a task for future research. Such an undertaking
will no doubt require far-reaching sociological restructuring of our disciplines
with phoneticians and phonologists becoming more involved with each other's
research. It might be objected that such a program is premature and that in due
course phonetics and phonology will "spontaneously" join forces. My response
would be that 'prematurity' is largely a sociological problem that depends on
what currently counts as legitimate scientific questions. We are thus free to take
control over it if rational considerations tell us to. To take an example, in
automatic speech recognition people have been active for many decades
without concluding that the complexity of the task makes their research pre
mature. Once a field is sociologically defined it becomes legitimate. Accord
ingly let us not delay the solution of problems related to phonetic content in
phonology by by refraining from questioning the traditional division of labor
beween phoneticians and phonologists.
The programmatic and highly explicit formulations presented for the two
cultures by Trubetzkoy in the introductory pages of his Grundzuge are still good
descriptions of how we divide up our tasks. Basically he recommends us to
pursue phonology as 'Geisteswissenschaft' and phonetics as 'Naturwissens
chaft'. In so doing he no doubt helped pave the way for much descriptive
progress in the study of sound structure but unfortunately he thereby also
contributed to creating the current problem of phonetic content in phonology.
The idea of a role for deductive phonetics in explanatory phonology was
obviously remote to him and his contemporaries: "Urn einen treffenden Ver
gleich R Jakobsons zu wiederholen, verhalt sich die Phonologie zur Phonetik
wie die Nationalokonomie zur Warenkunde oder die Finanzwissenschaft zur
Numismatik" (p 14). May it soon no longer be so regarded.
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