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SPEECH MOTOR EQUIVALENCE: THE NEED FOR A MULTI-LEVEL CONTROL MODEL 

James H .  Abbs, Speech Motor Control Labs. ,  University o f  Wisconshn 

1500 Highland A v e . ,  Madison, Wisconsin 5 3 7 0 6 ,  USA 

In the last  ten years i t  has become increasingly dif f icult  as i 

view the neuromotor execution of speech as a series of descending : 

motor commands, ref lect ing, in some direct manner, an underlying 

matrix o f  phonetic features. Rather, it 'appears that patterns o f  

speech muscle act iv i ty  may depend upon moment-to-moment peripheral 

conditions and adaptive modification o f  descending commands a t  i 

several nervous system levels. In the present paper I would like É 

to outline some current thoughts with regard to these speech motor . 

processes, including some data from our laboratory and a prel imimnyä 

model to account for  recent observations. i 

I f  one considers speech motor control teleologically, the admr 

tive modification and adjustment o f  descending speech motor commamk,§ 

based upon peripheral feedback, i s  quite appealing. For example, 

the orofacial system obviously serves the multiple functions of  

chewing, swallowing, and breathing, in addition to speech. Other 

less natural intrusions include cigarettes between the l ips, chew- 

ing tobacco, a pipe between the teeth, e tc .  Because many o f  theme 

activities can be performed simultaneously, without major inter- 

ference or conscious compensation, a nervous system capability fin 

on-line adaptive adjustment appears almost necessary. Such semi- 

automatic adaptation also seems likely in laryngeal and respiraflny 

control as well. Recent physiological investigations o f  the larmv 

geal and respiratory systems, as well as consideration of  their 

anatomy, indicate the profound influence that torso, head, and ann 

movements have upon the specific muscle contractions required for 

speech. Trained singers are quite aware o f  theSe influences. Emw- 

ever, for many speaking situations, we have l i t t le diff iculty 

sustaining continuous and intelligible speech concurrently with 

vigorous body movements. Observing a physical f itness teacher 

perform calisthenics and at the same time continuously cohort his 

or her pupils is an obvious example of  this phenomenon. A prefer- 

able observation might be a cheerleader a t  a U . S .  football game. 

In these and other similar cases,  e . g . ,  a vigorous university 

lecturer (an example suggested by Peter MacNeilage), one i s  im- 

pressed with our abil i ty to produce continuous speech without 

major interference. Possibly these multiple concurrent motor 
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programs could be generated and pre-adjusted in parallel, but such 

an organization seems contradictory to the obvious availability of  

multiple af ferent monitoring channels, documented differences in 

their nervous system origins, the principle o f  economy, and current 

information on normal and abnormal speech motor control. 

In part these observations can be explained by the provocative 

model of fered by MacNeilage ( 1 9 7 0 ) .  He suggested that speech motor 

commands are adjusted to assure that individual articulators reach 

semi-invariant target positions, despite a substantial degree o f  

variability in their starting posit ions. This kind o f  compensatory 

capability was referred to by Hebb ( 1 9 4 9 )  as motor equivalence, 

although Hebb's definition was not quite so restr ict ive. Since Mac- 

Nei lage's original paper, experimental observations have extended 

our appreciation of  the adjustment capabilities operating in the 

speech motor control system. These recent observations appear to 

require an expansion o f  MacNeilage's insightful model and support 

the operation o f  motor equivalence in i t s  most encompassing terms. 

Indirect Experimental Evidence 

The hypothesized operation o f  motor equivalence adjustments 

to descending speech motor commands implies a repetition—to—repe- 

tition flexibility in the way that a particular speech utterance 

is generated. Recent investigations support the operation o f  such 

flexibility both with regard to t rade-of fs between individual artic— 

ulators and between individual synergistic muscles acting to move 

the same articulator. For example, i t  has been shown that the upper 

lip, lower lip, and jaw trade o f f  reciprocally in their cooperative 

contributions to oral opening, v i z . ,  when the jaw had relatively 

large displacements the upper and lower lips had relatively small Ê 

displacements, and conversely (Abbs and Netsell, 1973; Hughes and " 
Abbs, 1976 ;  Watkin and Fromm, 1 9 7 8 ) .  Other investigators (Hase- 

Sawa et a l . ,  1976)  have reported lip and jaw reciprocity not only 

in regard to displacement, but for lip and jaw velocities as well. 

The trade—offs reported in these studies were observed for multiple 

repetitions o f  the same utterance where the net contributions o f  

the individual movements ( i . e . ,  total oral opening or net velocity 

of  closing) was relatively consistent.  Comparable analyses of  

Speech lung volume control i l lustrate a similar pattern o f  reci— 

procal trade—off between movements of  the abdomen and thorax in 

producing subglottal air pressures (Hixon e t  a l . ,  1 9 7 3 ) .  In our 
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laboratory we have found other patterns of articulatory trade-off, 

including reciprocal interactions between the tongue and jaw 

(Chuang and Abbs, In Progress) .1  

Not only do individual articulators appear to vary in their 

repetition-to-repetition contributions to a particular vocal tract 

object ive, individual muscles appear to vary reciprocally in their 

combined contributions to an individual articulatory movement as 

well. In a recent experiment (Abbs and Kennedy, In Preparation), 

we found a reciprocal trade-off  between the mentalis (MTL) and 

orbicularis oris inferior (OOI) muscles during repeated speech- 

related movements of  the lower lip. This is in repetitions where 

the magnitude o f  MTL—EMG was relatively small, the magnitude o f  

OOI-EMG was relatively large, and conversely. The flexibility of  

these adaptive speech motor command adjustments can be illustrated 

by considering this finding in relation to an earlier report by 

Sussman et  a1. (1973)  o f  a parallel reciprocal trade-off between 

MTL-EMG magnitude and jaw lowering. 

Overall these observations suggest that there may be several 

levels o f  programming and adjustment in the motor generation of  

speech. A t  some level, possibly corresponding to the phonetic 

feature input to the speech control system, overall vocal t ract  

goals must be specified. However, due to the contrast between (1) 

the relative consistency with which these overall vocal tract goahs 

are achieved, and ( 2 )  the variability of individual articulatory 

movements and muscle activity patterns, it would appear that these 

different output parameters are not programmed at the same levels 

of the nervous system. 

Some Direct Evidence 

The major issues with regard to this hypothesized motor con- 

trol process concern the levels o f  the nervous system at which.the 

adjustments might occur and the extent to which afferent feedback 

plays an important role. In attempts to more directly address 

these issues, several investigators have introduced unanticipated 

disturbances to the lips and jaw during ongoing speech (Bauer; 197M 

(1) These patterns are most apparent in phonetically naive speakers.E 

"Trained phoneticians" appear to produce speech, especially 
with regard to these reciprocal articulatory movements, quite dif- 

ferent from that of  normal speakers (o f .  Gay, 1976) .  
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Folkins and Abbs, 1975 ;  1976 ;  Kennedy, 1977;  Murphy and Abbs, In 

Progress). In these studies it was reasoned that if the nervous 

system sites where adaptive adjustments occurred were at "lower 

levels" ,  semi-automatic, short-latency compensations would prevent 

unanticipated disturbances from interfering with ongoing speech. 

In the 15 subjects run with this particular paradigm, there have 

been no cases o f  disruption to ongoing articulation. In those 

studies where the latency of  the compensations was discernible, i t  

ranged from 25—50 msec.  Compensatory responses have been observed 

in the muscles o f  the articulator to which the load was applied as 

well as  in other articulators contributing to the same vocal tract 

goal, i . e . ,  loads applied to the jaw yielded compensations in both 

the upper lip and lower lip musculature. The diffuse yet  functional 

nature of these multiple compensatory responses corroborates the 

earlier suggestion that individual articulators and individual 

muscles can be adjusted flexibly to achieve desired overall vocal 

tract objectives. Based upon these findings, it appears that lower 

levels o f  the nervous system may be plausible sites for the adaptive 

modification of  descending motor commands. Lower level sites for 

these adjustments are supported also by the observation that while 

the subjects in these studies perceived the articulator loading, 

they were unaware o f  generating the compensatory adjustments. 

A recent finding that might point to the possible origin of 
these compensatory adjustments is the observation that individuals 

with cerebellar disease and ataxic dysarthria are unable, without 

practice and conscious intervention, to adjust their lip movements 

td overcome experimental stabilization of  the jaw (Netsell et a l . ,  

In Preparation). Indeed, these patients report that many of  their 

speech movements must be “consciously controlled". Certainly, if 

one accepts Eccles'  (1973)  suggestion, the cerebellum, with i ts 

multiple afferent and efferent connections, would be a primary 

candidate for yielding the semi—automatic, unconscious adjustments 

apparently required for normal speech. Other yet lower level sites 

(2) In our experience, the major difficulty in these unanticipated 
disturbance studies is  discerning the peripheral manifestations 

of  the disturbance. That i s ,  while ongoing speech is seldom dis- 
rupted, the compensatory degrees o f  freedom are so great that one 
cannot always ascertain which muscles or movements were involved. 
This problem has apparently impeded some investigations using aero- 
dynamic disturbances (Perkell, 1976 ) .  
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might include areas in the brain stem where single point electrical 

stimulation yields very complex and semi-coordinated gestures o f  

the laryngeal, mast icatory, lingual, and facial  musculature (Lumflœi, 

Personal Communication). 

A Preliminary Model 

Figure l i s  a schematic attempt to represent the motor control 

processes warranted from the data cited above. 

LEVEL 
SPECIFICATION OF OVERALL VOCAL TRACT CONFIGURATIONS ONE 

'LEVEL 

|"... ‘" "' " THREE 
ËRÛGRAMMIWF OF lINDIVIÊUALÈ SPEECH MUS LE COËTRêCTIQNS 

FEEDBACK \ l l l l l l l l l  
| COMMANDS To INDIVIDUAL SPEECH MUSCLEs 

l‘...-_- ' MULTIPLE MUS'CLE CDNTRACTIONS 

AFFERENT 

\l/ \l/ \|/_ 
"— - _ --[J( MULTIPLEJSfPEECH MOVEMENTS _J 

' L I 
V.. .. .. .. RESULTANT VOCAL TRACT SHAPES 

Figure l 

A multi- level model o f  the speech motor programming process- 

Solid lines represent descending control signals and dashed 

lines afferent feedback information. Dashed lines between 

levels o f  programming represent the ascending components o f  

internal feedback pathways. 

' 
| — .- - _ BACK ORAL LEVEL 
I , - .. .. . ) -  CAVITY OPENING TWO 

PROGRAMMINQ OF INDIVIDUAL ARTICULATORY “MOVEMENTS g 
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This model posits three levels o f  speech motor programming. At the & 

highest level, overall vocal tract goals are specified, perhaps È 

corresponding to some matrix o f  phonetic features. At the least ,  à 

these goals represent the temporal-spatial configurations necessary I 

for appropriate modulation o f  aerodynamic and acoustic signals. 

The second level o f  programming i s  involved in determining the par— 

ticular set of  individual movements that are to be employed in 

achieving the desired vocal t ract  goals.  The third and final level ‘ 

o f  programming is concerned with specifying the individual muscle I 

contraction patterns necessary to the generation of  individual artic- 

ulatory movements. These two lower levels o f  programming are based 

upon the observations (cited earl ier)  that (1) individual articu- 

latory movements are not invariant with regard to particular vocal 

tract goals, i . e . ,  repetitions o f  the same speech element, even i f  

acoustically and perceptually similar, are produced o f ten  by d i f -  

ferent combinations o f  articulatory movements, and ( 2 )  individual 

muscle contractions are not invariant with regard to particular 

articulatory movements, i . e . ,  repetit ions o f  an articulatory move- 

ment are produced by d i f ferent  combinations o f  individual muscle 

contractions. As shown in Figure 1, i t  i s  posited also that the 

programming/adjustment o f  descending motor commands is accomplished 

with the aid of  af ferent feedback. This feature o f  the model is 

based upon the observations o f  compensatory responses to unanti— 

cipated articulator loading. That i s ,  while i t  i s  plausible to 

consider parallel pre-adjustment o f  multiple motor commands (through 

some sort of efferent c0py) ,  in response to-steady-state, antici— 

pated disturbances (Lindblom e t  a l . ,  In P r e s s ) ,  rapid adjustments 

to dynamic, unanticipated loads appear to require an afferent 

feedback control capability. 

I t  i s  apparent from this representation that the model pre- 

viously offered by MacNeilage does not account for all the motor 

command adjustments that apparently are accomplished by the speech 

motor execution system. That i s ,  the adjustments to descending 

motor commands, at least as evidenced by the data cited above, ob- 

viously involve more than compensations for variations in individual 

articulator starting positions. Indeed, i t  appears that the primary 

controlled output parameters o f  the speech production system are 

not individual articulatory movements, but a series o f  overall 

vocal tract configurations. This model has other implications as 
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well .  For example, analyses o f  individual articulatory movements 

or muscle contractions in relation to underlying phonetic features 

appear to be based upon the assumption that there is  but a single 

level of  speech motor programming. However, with multiple levels 

o f  adjustment, there is  some question as to  whether individual 

muscle contractions or articulatory movements are related, except 

in a probabilistic manner, to overall vocal t ract  phonetic features. 

I f  such a direct relationship ex is ts ,  i t  may be necessary to hypo- 

thesize d i f ferent  features or to reallocate the current features, 

at least in part ,  to lower levels o f  the nervous system. 
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