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Abstract 
Coarticulation is a universal feature of spoken languages. Many decades of 
experimental phonetic research have produced a large literature on the topic. 
However, despite many important contributions, we still lack an answer to the 
perhaps most fundamental question about coarticulation: Where does it come 
from? 

In keeping with the Frame/Content theory of speech evolution (MacNeilage 
2008) our analysis subsumes speech movements in the class of continuous cyclic 
motor behaviors (swimming, walking, breathing and chewing) and views them as 
sharing the discrete positional control seen across species in ‘precision walking’ 
(Grillner 2006) and reaching (Georgopoulos & Grillner 1989). 

In speech the well-known conservatism of evolution is evident both in its 
syllabic organization - which is built on the oscillatory motion of the mandible - 
and its use of discrete spatial targets –in the production of phonemes. 

Once this organizational framework is assumed, a natural explanation of 
coarticulatory overlap presents itself. The overlap arises from the fact that the 
responses of articulatory structures to discrete segmental goals are slower than the 
rate at which the open and close states of the syllabic jaw cycle occur. 
 

Explaining coarticulatory overlap 
When we speak, our motor system coordinates a 
large number of neuro-muscular components. 
The movement between two consecutive 
phonemes is rarely a single one-parameter 
trajectory. The kinematics of a CV syllable is 
better pictured as a time chart specifying a long 
list of actions to be performed by articulatory, 
phonatory and respiratory structures. 

Even the simplest utterance is a multi-
channel event. An example makes that evident. 
Consider the syllable [ku] spoken in isolation. 
There is no lip activity specified for the stop. 
Nevertheless, we find that the lip rounding for 
[u] is in progress during the closure, the 
articulatory movements for [k] overlapping or 
being coarticulated with those for [u]. 

The elementary fact highlighted here is that 
coarticulation is manifested in a temporal 
overlap between any two channels recruited by 
different phonemes. The often cited 
representation of this fact is the schematic used 
by Joos in his classic monograph on acoustic 
phonetics (1948). It shows the beginning of the 

phrase Wo ist ein Hotel? represented as a series 
of ‘innervation waves’ overlapping  in time. 

 
Figure 1. Coarticulatory overlap illustrated by 
Joos’s classic “Overlapping innervation waves” 
for the German phrase ‘Wo ist ein Hotel?’ 

    Why do the movements for the adjacent 
phonemes have to overlap? Could things be 
otherwise? 
    For one thing, reaching articulatory goals for 
a phonetic segment takes time. For all 
articulators to be in position for [u] shortly after 
the release of [k], the rounding and other 
movements must be initiated well in advance. 
As suggested in Joos’s diagram every segment 
gives rise a wax-and-wane pattern, a period of 
anticipation followed by a de-activation phase. 
    Second, different channels show different 
temporal properties. Along a continuum from 
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slow to fast they line up with breathing at the 
slow end, the jaw and the tongue body at 
intermediate positions and the tongue tip and 
phonatory mechanisms at the fast end. Although 
those characteristics do not by themselves 
automatically entail coarticulatory overlap, they 
are certainly part of the phenomenon of 
coarticulation. 
    It would seem that to explain coarticulation it 
is necessary to understand the origin of the 
temporal overlap of consecutive gestures. That 
is the problem we will try to address in this 
contribution. 

Liberman’s view of coarticulaiton 
Alvin Liberman gave the question of the origin 
of coarticulation a great deal of thought. His 
thinking had been influenced by the difficulties 
he and his team at Haskins Laboratories had 
experienced in constructing reading machines 
for the blind (Liberman et al 1967). The 
perception of speech is special, he had 
concluded. Phonemes can be transmitted at rates 
of 15 per second or higher, but humans can only 
identify auditory items at rates around seven per 
second or lower. 

He ended up viewing coarticulation as an 
evolutionary development that had emerged in 
response to a tacit demand for a more rapid rate 
of communication. Without coarticulation, he 
argued, we would be speaking no faster than we 
can spell. In his view, coarticulation is what 
makes the high rates of phonemes per second 
possible. In parallel, auditory perception – 
allegedly not capable of handling such high rates 
– co-evolved with production and came to 
include a phonetic module specialized for 
speech perception and for decoding 
coarticulated signals. 
     A similar view has been expressed by Phil 
Lieberman (1991). 
     Our own approach to this issue is different. 
Rather than viewing coarticulation as an 
innovation for increasing transmission rate, we 
prefer tracing the roots of this process to how 
speech motor control has been shaped, step by 
step, by building on existing mechanisms. 

From babbling to speech 
First, in broad strokes, a few facts about infant 
speech production. At 6-8 months normal 
children engage in canonical babbling: The child 
phonates and moves its jaw rhythmically up and 
down while leaving the rest of the vocal tract 

inactive (MacNeilage 2008). The acoustic result 
roughly resembles [ba ba ba] although the 
‘segments’ and ‘syllables’ implied by this 
transcription should not be taken to mean that 
they are part of the child’s motor program. The 
received view is that they are fortuitous 
consequences of the jaw movement, the up 
position causing the lips to close and the down 
position creating an open vowel-like vocal tract. 
This phonetic development is a very robust 
milestone (Vihman 1996).  

How does the child go from babbling to 
speech? How does the transition from pseudo 
segments to real segments occur? 

Clues from non-speech movements 
It has been suggested (MacNeilage 2008) that 
the oscillatory nature of canonical babbling is a 
strong indication that it is based on a type of 
neural machinery that evolved a very long time 
ago to serve locomotor and vegetative purposes. 
This work connects with a vast field of research 
on cyclic motor behaviors such as breathing, 
chewing, and various modes of locomotion such 
as swimming, walking and running (Grillner 
2006). 
    Numerous studies show that these rhythmic 
behaviors involve central pattern generators 
(CPG’s) which produce sequences of cyclically 
alternating motions:  
“… in all animals, vertebrates or invertebrates, 
movements are controlled by CPG networks that 
determine appropriate sequences of muscle 
activation …... Each animal is endowed with a 
broad repertoire of CPGs, located in different 
regions of the central nervous system …and 
available for differential activation, thus 
providing animals with a distinctive set of 
solutions to accommodate their widely divergent 
patterns of behavior.” (Grillner 2006). 
    CPG networks generate the undulatory pattern 
of swimming seen in lampreys and salamanders. 
They respond to sensory information about the 
environment. Their behavior is highly flexible 
and not limited to ‘rigid stereotypies’. 
Chewing is also considered to be based on 
CPG’s::  
     “The rhythmical activation of the various 
muscle groups involved in mastication is 
generated by a CPG in the brain stem. Sensory 
feedback, particularly from intraoral 
mechanoreceptors, modifies the basic pattern 
and is particularly important for the proper 
coordination of tongue, lips, and jaws’. (Lund 
1991). 
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    Chewing is generally described as involving 
the coordination of masticatory, facial, lingual, 
neck and supra- and infra-hyoid muscles – a 
description that could equally well be applied to 
speech. Since evolution tends to base its 
innovations on existing capacities, the similarity 
between speech and chewing strongly suggests 
that in ancient times rhythmic mechanisms like 
those in chewing came to be used in speech and 
are still present in the development and adult use 
of spoken language (MacNeilage 2008, Hiiemae 
& Palmer 2003). 

Discrete target control: ‘precision 
walking’ and reaching 
Of crucial importance to the present argument is 
the fact that the CPG control associated with 
basic behaviors is maintained throughout 
phylogenetic history and is seen to combine with 
discrete target control in more evolved forms of 
locomotion.   
     “… locomotor movements that require 
visuomotor coordination with a precise foot 
placing— like walking up a ladder, when each 
foot must be accurately placed on each rung—is 
difficult not only in the decorticate state but also 
after transection of the corticospinal tract” 
(Georgopoulos and Grillner, 1989). 
“…the problem of visually-guided feet 
placement is an interesting topic since it 
involves the superposition of discrete and 
rhythmic movements. For instance, when 
specific feet placements are required during 
walking (e.g. when a cat walks over a branch or 
when we cross a river walking on stones), 
rhythmic signals from the CPGs need to be 
modulated such that the feet reach specific end 
positions.” (Ijspeert 2008).  
“During this type of ‘‘precision walking”, 
neurons in motor cortex become strongly 
activated in precise phases of the movements 
…... The same neurons are also activated during 
reaching tasks. These corticospinal neurons are 
thus involved in the precise placement of the 
limb, whether in locomotion or other motor 
tasks. The accurate placement of the foot during 
locomotion in complex terrain can best be 
considered as a dynamic reaching movement 
superimposed on the locomotor movement 
itself”. (Grillner 2006). 
“Locomotion and reaching have traditionally 
been regarded as separate motor activities. In 
fact, they may be closely connected both from an 
evolutionary and a neurophysiological 

viewpoint. Reaching seems to have evolved from 
the neural systems responsible for the active and 
precise positioning of the limb during 
locomotion; moreover, it seems to be organized 
in the spinal cord. The motor cortex and its 
corticospinal outflow are preferentially engaged 
when precise positioning of the limb is needed 
during locomotion and are also involved during 
reaching and active positioning of the hand near 
objects of interest. All of these motor activities 
require visuomotor coordination, and it is this 
coordination that could be achieved by the 
motor cortex and interconnected parietal and 
cerebellar areas.” (Georgopoulos & Grillner 
1989) 

A framework for speech 
The above observations allow us to propose a 
framework within which we could seek an 
answer to how the step from babbling to speech, 
specifically from pseudo-units to the genuine 
segments and syllables of adult speech may be 
taken. 
    In the top row of Figure 2 examples of 
rhythmic movements such as breathing, chewing 
and locomotion are listed. Swimming and 
walking in the lamprey are undulatory and 
cyclic respectively. They belong in the top cell 
of the first column. which exemplifies control 
by CPG networks. In the right hand cell of the 
top row we find the type of locomotion that 
involves exact foot placement: ‘precision 
walking’. The binary division into two 
categories is admittedly a simplification, since 
species differ by degree in their ability to 
perform precise limb positioning. 
    The bottom cells extrapolate from the 
knowledge summarized in the top row to the 
development of speech. Canonical babbling is 
assumed to be driven by the CPG networks also 
serving chewing. There is no active control 
behind the quasi-segmental/syllabic output. As 
the child explores its vocal tract auditorily and 
motorically, it gradually acquires a better 
mastery of its vocal system and becomes able to 
coordinate the basic jaw movement with 
articulatory activity. In other words, rather than 
just letting the jaw close the vocal tract at the 
lips as in canonical babbling, it may reinforce 
that occlusion by active muscular action or, with 
time, also succeed in making it elsewhere, 
perhaps somewhere along the hard palate, by 
using the tongue instead. Similarly, the tongue 
may actively leave its rest position during the 
open vocal tract which would vary the quality of 
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the ‘vowel’ part. Since this mode (‘precision 
talking’) relies on a form discrete target control 
it is a close parallel to ‘precision walking’  

 
  

Figure 3. Schematized kinematic traces drawn 
according to the format of the Joos diagram. 
The responses of articulatory structures to 
discrete segmental goals (top traces) are slower 
than the rate at which the open and close states 
alternate in the syllabic jaw cycle (bottom 
trace). 

Figure 2. Top row summarizes our review of 
non-speech motor mechanisms. Bottom row 
suggests how those mechanisms come into play 
in speech. 
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