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Abstract  
Computational experiments focused on place of 
articulation in voiced stops were designed to 
generate ‘optimal’ inventories of CV syllables 
from a larger set of ‘possible CV:s’ in the pres-
ence of independently and numerically defined 
articulatory, perceptual and developmental 
constraints. Across vowel contexts the most sa-
lient places were retroflex, palatal and uvular. 
This was evident from acoustic measurements 
and perceptual data. Simulation results using 
the criterion of perceptual contrast alone failed 
to produce systems with the typologically widely 
attested set [b] [d] [g], whereas using articu-
latory cost as the sole criterion produced in-
ventories in which bilabial, dental/alveolar and 
velar onsets formed the core. Neither perceptual 
contrast, nor articulatory cost, (nor the two 
combined), produced a consistent re-use of 
place features (‘phonemic coding’). Only sys-
tems constrained by ‘target learning’ exhibited 
a strong recombination of place features. 

Introduction 
The simulations were aimed at modeling the use 
and re-use of place features in voiced stop in-
ventories. We addressed two issues: First what 
explains the predominance of labial [b], den-
tal/alveolar [d] and velar [g] in the world’s lan-
guages (Maddieson 1984)? Second why do all 
languages systematically re-use phonetic at-
tributes (Clements 2003)? In other words, why 
are phonetic forms phonemically coded? 

This work is an extension of Liljencrants & 
Lindblom’s model of vowel systems (1972). 
The program developed by Giampiero Salvi 
systematically selects subsets of CV sequences 
from a larger ‘universal’ inventory of CV syl-
lables. It evaluates all possible systems in terms 
of an optimization criterion. This criterion 
quantifies how distinctive the syllables in the 
subset are (‘perceptual contrast’), how difficult 
they are to produce (‘articulatory cost’) and 

how difficult they are to learn (‘learning cost’). 
An optimal subset is identified as the one that 
minimizes the sum of the subset’s cost/contrast 
scores. The articulatory cost metric was devel-
oped from bio-mechanical measures of the ar-
ticulatory representations of the syllables. De-
gree of perceptual contrast was defined on the 
basis of experimental data on listener confusions 
and distance judgments (Park 2007). Two in-
terpretations of the end state of phonetic learn-
ing were studied: The first assumes that the ob-
ject of phonetic learning is to acquire dynamic 
units (‘gestures’ as in articulatory phonology)); 
The other hypothesizes that the learning of 
phonetic movements involves the mastery of 
timeless via points (‘targets’) and the mecha-
nism of ‘motor equivalence’ (ability to reach 
motor goals from arbitrary initial conditions 
(Lashley 1951)). 

Place and perceptual contrast 

To provide empirical and independent motiva-
tion for assumptions used in the simulations 
several subprojects were undertaken. 

Park (2007) investigated the problem of de-
fining ‘perceptual contrast’ of voiced stops. A 
phonetically trained speaker produced 35 CV 
syllables in which the place of the stop was var-
ied in seven steps ranging from bilabial, dental, 
alveolar, retroflex, palatal, velar to uvular. The 
vowel was [i] [e] [a] [o] or [u].  

Perceptual judgments were collected from 
four groups of phonetically naïve subjects 
whose native languages are English, Hindi, 
Korean and Mexican Spanish. There were five 
subjects per language group. Their task was to 
identify the syllables which were presented at 
four signal/noise conditions (no noise, +5, 0, -5 
dB). The effect of native language was weak or 
absent which motivated the use of pooled data. 
Confusion matrices tested negatively for re-
sponse bias effects. The matrix with the pooled 
data was symmetrized using a method due to 
Shepard (1972). 
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On the basis of acoustic measurements and 
listener responses acoustic and perceptual “dis-
tance matrices” were derived. In a comparison 
of several acoustic measures of distance with the 
perceptual distances derived from the confu-
sions it was found that the acoustic variable with 
the strongest predictive power was the for-
mant-based distances. Including also burst and 
formant rate distances improved correlations 
further (Park 2007).  

Place and articulatory cost 

From the viewpoint of biomechanics the ‘ar-
ticulatory cost’ of moving between two arbitrary 
configurations a and b, in a fixed time interval, 
should be strongly related to the distance be-
tween them. This reasoning led us to quantify 
the cost of a CV syllable as follows:  

2 2( , ) [ ( , )] [ ( , )]A C V dist rest C dist C V� �  (1) 

This formula says that A(C,V), the cost of a 
given CV, is the sum of the consonant onset’s 
displacement from rest plus the vowel end-
point’s displacement from the onset. The use of 
squared values is intended to reflect the physio-
logical fact that the relationship between muscle 
length and muscle force is non-linear (cf 
force-length diagrams). This measure was ap-
plied to articulatory representations of the 35 
syllables. 

Lacking direct articulatory measurements of 
the recorded CV syllables, we used a subset of 
about 500 tracings of X-ray profile images of a 
single Swedish speaker available from other 
projects (Branderud et al 1998). This corpus was 
searched for representative vowels and strongly 
constricted configurations at points of articula-
tion ranging from dental to uvular. Data on the 
‘rest position’ were also included. It was defined 
in terms of the articulatory configuration 
adopted during quiet breathing. The final selec-
tion consisted of images of [i e a o u] sampled in 
stressed syllables near the vowel midpoints and 
configurations representing dental, alveolar, 
retroflex, palatal, velar and uvular closures. To 
facilitate comparisons between the contours, 
they were resampled at 25 equidistant ‘flesh-
points’. 

In applying Equation (1) to these represen-
tations articulatory distances, dist(rest,C) and 
dist(C,V), were computed as the 
root-mean-square of the inter-fleshpoint dis-
tances. 

The main findings were: (i) The proposed 
cost measure ranks places with respect to in-
creasing cost as follows: bilabial, dental, velar, 
alveolar, palatal, uvular & retroflex; (ii) It 
captures the notion of ‘assimilation’ success-
fully pairing front vowels with anterior conso-
nant onsets and back vowels with posterior 
consonant onsets. The first finding is related in 
part to defining the cost measure as deviation 
from ‘rest’, in part to identifying ‘rest’ with the 
articulatory settings of quiet breathing: a raised 
jaw; closed lips; a fronted tongue creating a 
more open posterior vocal tract facilitating 
breathing through the nose. The second result is 
linked to the use of Eq (1). 

Although the cost measure is a first ap-
proximation, the predicted preferences show 
good agreement with typological data on the use 
of place in stops. The world’s languages use 17 
target regions from lips to glottis (Ladefoged & 
Maddieson 1996). Irrespective of inventory size, 
nearly all (over 99%) of UPSID’s 317 languages 
(Maddieson 1984) recruit three places of ar-
ticulation: bilabial, dental/alveolar and velar in 
stops. 

The findings are also in good agreement with 
observations of infant speech production which 
show a strong tendency for alveolar closures to 
co-occur with front vowels, velar with back 
vowels and labial with central vowels (Davis & 
MacNeilage 1995).  

Gestural or target-based control? 

Is adult speech production ‘gesture’- or ‘tar-
get’-based? We argue that taking a stand on this 
issue also implies taking a stand on what the end 
state of phonetic learning is. Do children learn 
gestures or targets? The simulations were set up 
to reflect those two possibilities.  

In recent times the traditional ‘target’ theory 
of speech has not gone unchallenged. Support 
for dynamic gestures as basic units comes from 
experimental data indicating that visual and 
auditory systems are more sensitive to changing 
stimulus patterns than to purely static ones. 
There is also evidence from speech perception 
experiments (Strange 1989). 

The problem that such observations pose for 
a target theory of speech is that, if perception 
likes change, why assume that the control of 
speech production is based on static targets? 
Should not what a talker controls in production 
be what the listener wants in perception? 

We argue that the fact that dynamic proper-
ties of speech are important in perception should 
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not in any way rule out the possibility that 
speakers might use a sparse representation of 
speech movements. While rejecting a target 
theory of speech perception appears justified, 
dismissing a target theory of speech production 
appears premature. 

This conclusion becomes clear when the 
formal definition of ‘gesture’ is examined. The 
standard reference is to the work by Saltzman & 
Munhall (1989). Their task-dynamic model is 
often described as using an input of “gestural 
primitives”. However, the fact that gestures are 
formally defined in terms of ‘point attractors’ 
reveals that the notion of ‘target’ is actually part 
of their technical definition. 

Targets and phonetic learning 

We conclude from these considerations that 
there is significant support for assuming that 
adult speech processes are target-based and are 
set up to generate motor equivalent behavior. In 
other words, within its work space, the system 
generates the movement between A (an arbitrary 
current location) and B (an arbitrary movement 
goal) and does so for situations requiring new 
compensatory motion paths. 

If these processes are part of the adult 
speaker’s phonetic competence they must 
somehow be acquired by the learner. We sug-
gest (i) that in development targets are the re-
sidual (‘least action’) end products of matching 
the response characteristics the speech effectors 
to the dynamics of the ambient speech; and (ii) 
that the movement paths (transitions) between 
targets are handled by the general mechanism of 
motor equivalence. 

These assumptions lead to the following 
corollary: Once a target has been learned in 
one context, it can immediately be re-used in 
other contexts, since motor equivalence han-
dles the trajectory for the new context. 

The above set of hypotheses will be referred 
to as target learning. A form of gestural learn-
ing will also be included in the simulations. It 
will be interpreted to mean acquiring gestures 
holistically. 

Computational experiments 

We here consider the set of possible CV:s to 
consist of 35 syllables although languages in 
principle have an uncountable number to choose 
from. The goal of the simulations is to investi-
gate subsets of the 35 CV items by ranking them 
according to an optimality criterion. 

Building on Liljencrants & Lindblom’s 
model we developed the criterion with the fol-
lowing components: 
perceptual contrast D(S) is a global measure of 
perceptual dissimilarity based on the pairwise 
dissimilarity D(i,j) of any syllables si and sj be-
longing to the system S; 
articulatory cost A(i) is the cost of each syllable 
si belonging to S; 
learnability is a measure of the effort required to 
learn system S. It is based on the number of 
consonant onsets w and vowel endpoints z that 
the syllables belonging to system S share. 
The criterion to optimize is: 

  (2) 

1/D(S)2 corresponds to the definition of contrast 
used by Liljencrants & Lindblom. When con-
trast does not contribute this term is equal to 1. 
Learnability r(i) can assume the forms: r(i) = 1 
for gestural learning, or r(i)= wz for target 
learning.  

The rationale for adding the r(i) term is as 
follows: The child’s attempt to imitate and 
spontaneously use a given phonetic form comes 
up against dealing with the articulatory com-
plexity of that form. As imitation attempts are 
repeated sensory references are established. 
When a given sensory experience is recorded it 
automatically gets linked to a motor reference 
(assuming that the learner has a neural mirror 
system, that is, a perceptual/motor link). With 
more practice this motor reference is strength-
ened. Accordingly during the course of the 
learning a sort of “copying” takes places. How-
ever, it is copying only in a non-trivial sense 
since some patterns are easier than others (read: 
they differ in terms of articulatory cost A(i)). So 
speed of acquisition is affected by that cost. The 
gestural and target-based approaches influence 
that speed in different ways. In the gestural 
mode forms are acquired at a rate inversely re-
lated to articulatory complexity. More com-
plexity means more practice. Target learning 
modifies that rule. Because targets once learned 
in one context can be re-used in new contexts, 
practice will modify the score of all syllables 
containing that target. Target learning therefore 
implies more rapid learning than gestural 
learning. The term r(i) controls that speeding up 
by measuring how many times a given system 
re-uses a given target. By definition target in-
formation is stored independently of context. 
When a given target is practiced all potential 
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combinations using it will benefit. It appears 
reasonable to assume that this would also be true 
of flesh-and-blood phonetic learning. The key to 
the re-use phenomenon is motor equivalence 
and the context-free nature of targets. 

Results 

Across vowel contexts the most salient places 
were retroflex, palatal and uvular. This was 
evident from acoustic measurements and per-
ceptual data. Perceptual contrast alone reflected 
that fact in failing to favor systems with the ty-
pologically widely attested set [b] [d] [g]. 

On the other hand, using articulatory cost as 
the sole criterion produced inventories in which 
bilabial, dental/alveolar and velar onsets formed 
the core. 

Neither perceptual contrast, nor articulatory 
cost, (nor the two combined), produced a con-
sistent re-use of place features (‘phonemic cod-
ing’). Only systems constrained by ‘target 
learning’ exhibited a strong recombination of 
place features. 

Implications 
A comprehensive discussion of the present 
findings is found in Lindblom et al (in press). 
Our research supports explaining the typologi-
cal preference for labial, dental/alveolar and 
velar in terms of a theoretically motivated 
measure of ‘ease of articulation’. It further sug-
gests that phonemic coding may also have ar-
ticulatory origins (the interplay between discrete 
motor target representations and motor equiva-
lence) to which languages have adapted during 
the course of history. The results do not throw 
doubts on perceptual contrast playing a role in 
shaping sound systems. Rather they suggest 
phonetic factors operating in interaction. Per-
haps the most novel aspect of the work is the fact 
that phonetic explanations were proposed not 
only for substantive aspects (place preferences) 
but also for formal facts such as the recombina-
tion of place features (phonemic coding). Here 
the remarks of Martinet (1968:483) come to 
mind: “In so far as such combinations are easy 
to realize and to identify aurally, they should be 
a definite asset for a system: for the same total 
of phonemes, they require less articulations to 
keep distinct; these articulations, being less 
numerous, will be the more distinct; each of 
them being more frequent in speech, speakers 
will have more occasions to perceive and pro-

duce them, and they will get anchored sooner in 
the speech of children. 
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