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Introduction

Interachons between perceptlon and actict can be considered on various levels, as
stressed by Prinz and Sanders (1984), starting with neurophysiological problems
and ending with philosophical ones, The problem of how an animal uses informa-
tion about its own state and about the environment for controlling movement is
among the lower-level problems. It is now generally acknowledged that most be-
haviors arise from a combination of "central” elements which rely on autonomous
neural mechanisms and "peripheral” elements which rely on sensory information.
Movements are not smply driven by stimuli in a reflex-like manner: in controlling
thelr movements, organisms have some degree of antonomy, that is, some degree
of / mdepcndcncc from sensory input (von Holst, 1937). On the other hand, there
can be no doubt that most movements are influenced by sensory mput, despite
some opinions to the contrary (e.g., Jones, 1974). Thus, the problem is to deter-
mine how sensory input is combined with central or autonomous control. In the
combined system, peripheral information can be seen to have three functions: (a) it
influences the decision as to what action is to be performed; (b) it participates in
adjusting the parameters of the movements required for the action; and (c) it acts
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to ensare that the movements are carried out correctly in the face of potential
disturbances. |

In the present chapter, our first goal is to review several important concepts and
experimental findings relevant to understanding the control of movement. We will
begin by considering several autonomous mechanisms, but our primary focus will
be on how information from the cutside world is used for motor control. In discus-
sing the role of sensory input and central control, we will present a model for con-
trol mechanisms which shows that an experimental discrimination between a pe-
ripheral and an endogenous system is not always easy.

Movement forms the basis of behavior, so it is of interest not only for physiolo-
gists but also for psychologists, ethologists, and scientists in various other related -
disciplines to understand how movements are prepared and performed, Thus, the,
study of movement is a multidisciplinary endeavor including areas of psychology,.
biology, medicine, and engincering, Unfortunately, the interaction among the dif-
ferent fields has often been limited. Owing to this separation and to differences in
the examples studied, it is not surprising that very different terminologies have ari-
sen in the different ficlds. As a consequence, one and the same object of research
is analyzed not only on many different levels but using 2 muliitude of concepts as
well, This diversity can lead to unnecessary controversies: a difference in termi-
nology does not necessarily imply a difference of opinion, _

Differences in terminology arise not only from the different fields of investiga-
tion but also from the complexity of the subject itself and the number of levels on
which it can be studied, Motor control can be investigated by studying the beha-
vior as a whole, the physiology of movement control, or the interaction between
motor and perceptual events, In turn, each of these subjects can be further partitio-
ned, For example, the physiology of movement involves two distinct entities: a pe-
ripheral skeletomotor system which defines the physical constraints and does the
actual mechanical work need for movement 0 occur, and a neural system which
does the planning and coordination. This neurcnal system selects movements for
performance, sends appropriate commands to the peripheral motor system, and re-
ceives information on the state of this system via sensory organs located so that
some centers are primarily concerned with global features of a movement, and
others are concerned with more specific details such as the activity in a single
muscle. Motor behavior can be approached on any of these different levels. One
subject of central interest, which is also a source of confusion, is the interaction
among the different levels of organization. To avoid confusion, one needs to estab-
lish at the cutset the unit of analysis and the terminolagy that will be employed,

Thus, the second goal of this article is to point out some of the unnecessary
cgnfusion which arjses when common terms are used with different meanings, or
d_xt‘ferem terms are used with a common meaning, and 10 suggest a set of defini-
tions for a less confusing terminology. We will show that terms such as
"fecdback", “fecdforward”, "reference input*, "open loop", and "closed loop" are
ofien used in an ill-defined way or not clearly distinguished from one other. For
example, performing a movement to a target with the eyes closed is often referred’
10 as an “open loop® condition, However, proprioceptive control loops, which may
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also be involved in the action, remain intact or “closed." Thus the kind of signal
(or sensory modality) for which the loop is open should always be made explicit.
Furthermore, “open loop" is used in two different ways to describe either a control
system which does not use feedback or a system in which a normally existing
feedback loop has been removed or “opencd,” usually through an experimental
manipulation. A second example illustrates that the appropriate term also depends
on the level of analysis. A sensory signal which is part of a "feedback loop” in one
context might function as a "feedforward” or "reference signal" in other contexts.
Consider the control of movement in a limb with several joints, When externally
applied movement at one joint elicits a resistance reflex at this joint, the corre-
sponding sensory signal would clearly be designated a "feedback signal." Assume
that this signal also elicits a movement in another joint of the limb as part of a dis-
tributed reflex. Then this signal would be called a "feedforward" or "reference sig-
nal" when this second joint is the subject of interest, It could also be labeled a
"feedback signal" when the whole limb is considered as the unit. Thus, in trying to
avoid some of these problems, we will propose a new set of terms which hopefully
can be used with less confusion. In this scheme, we consider sensory information
as acting in three different ways which subserve the three functions mentioned
above. Sensory information can elicit a movement (advance control, type 3); then,
during a movement, sensary information can be used for intermittent control (type
2) or for continuous control (type 1).

Motor Control Structures

As a starting point for our discussion of how sensory information is combined with
autonomous mechanisms of control, we introduce the concept of a "motor control
structure," A motor conirol structure is here defined in very general terms to
include many different aspects of motor control, It is intended as a superordinate
term to designate the functional mechanisms involved in controlling movement.
Broadly speaking, a motor control structure embodies both the autonomous acti-
vity of the nervous system and the rules by which the nervous system handles sen-
sory information. It operates using neural networks which are specified genetically
and may be further modified through development and learning. On this neural
foundation, the active control struciure is established as a pattern of activity from a
set of possible patterns generated in response to situational demands communicat-
ed by actual sensory information, Thus, the motor control structure emerges from
the properties of both the peripheral sensorimotor apparatus and those parts of the
CNS which are involved in the control of a particular movement pattern, The for- -
mer .properties include both physical aspects of the skeletomotor elements and
physiological characteristics of sensory and neuromuscular function. The latter
~ include the cellular and network properties of a core of anatomical structures cen-
trally involved in motor control, but activity in other CNS centers may be incorpo-
rated temporarily as required by the situation. A motor control structure is consid-
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ered to be task specific; it is defined as the control mechanism for movements

which perform identifiable functions. Thus, individual motor control structures are . R

differentiated at the level of functional movement patterns rather than patterns of -
rmotor output in a specific performance. In this sense, one can regard walking or,
grasping an object or the prey-capture strike of a mantid as under the conirol of
separate motor control structures, In any given performance, the properties of the
control structure are instantiated by the task represented by the sensory informa-
tion about the environment combined, of course, with stored information and auto-
nomous activity, Some elements may be involved in nearly any movement one can
think of. The concept is not intended to imply a particular control mechanism: at
different levels of analysis a motor control structure may include mechanisms de-
scribed by more specific concepts such as pattern generator, motor program, Coor-
dinative sfructure, or closed-loop control, | ‘

~'As Pouilton (1957) emphasized in his distinction between "closed" and "open"-
skills, movements differ with regard to the amount of adjustment to the environ-
ment that is required, Therefore, different movements require more or less proces-
sing of sensory informdtion. Thus, a motor control structure has to subserve two
functions: first, the autonomous generation of contrel signals to the peripheral sy-
stem; and second, the processing of sensory information. For many years these two
functions have been discussed as if they were logical alternatives (e.g., Kelso &
Stelmach, 1976). The "open-loop versus closed-loop" debate, however, appears (o
be fraitless and to distract from the important question of how sensory information
is integrated with autonomous control, The main part of this chapter is concerned

with this problem, First, however, different conceptions of autonomous control
need to be examined, \ - - |

Autonomous Control _
Evidt:,nce that autonomous mechanisms, those which- operate independently of sen-
sory.mfonnaﬁon, play a role in the control of movements, is available for many
species including humans, It has been summarized in several places (¢.g., Schmidt,
1982, pp, 237-243; Schmidt, 1988;. Heuer, 1988) and will not be repeated here. -
Th'e major picce of evidence is that limb movements are usually only slightly im-
paired when sensory information from the Limb is not available, ' e

_ In different fields these autonomous neural mechanisms are conceptualized in
dift:erem ways. Three of these concepts are reviewed below. They are often seen as
logical alternatives, but in our view ‘they can be bétter"described as emphasizing
different approaches to the problem of motor control, More complete knowledge
of thc:, n‘eural;mgchanisms should clarify the relationship among these alternative
descriptions. For the present, the question should not be whether one concept is

"Tight” and the others are "wrong,” but rather which' concept is most useful for the -
puwtpose athand, = B _ . :
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Central Pattern Generators

The term “central pattemn generator” (CPG) is used to describe the control of both
rhythmic and nonrhythmic movements. Most often, however, it is used as a syn-
onym for the term "central oscillator"; we will use it in this sense here. This con-
cept comes up whenever the origin of control signals for rhythmic movements
such as those of locomotion, respiration, or ingestion is discussed (e.g., Wilson,
1968; Pearson & lles, 1973; Selverston, 1980; Grillner, 1981). A CPG is thought
of as a collection of neurons connected in such a way that they produce an intrinsic
oscillation; the neural activity does not depend on sensory information for its pat-
tern, although it may require general excitation from sensory or central sources.
J’hus the concept of a CPG is intimately related to an ahalysis of physiological
mephamsms on the cellular level. For example, it.is applied to neuronal networks
l;hat producé simple patterns of alternating activity in antagonistic muscles. The
“current; physiological methodology restricts its use to simple systems and behav-
iors, Ilke the locomotion of insects or spinal cats, where there is at least a chance
of relaung behavioral phenomena to details of néuronal networks.

.Although we adopt the CPG concept here to designate such neural networks, it
should be menuoned that model considerations show that even in very simple net-
works thére may exlst a continuum between a pure CPG and a system which is
solely driven by sensory signals (Bassler, 1986). Consider the example of the step
cycle of a leg, Brown (1911) proposed the simple CPG model shown in Fig, 1a to
explain his result with.deafferented cats. The two neurons (or sets of neurons) are
tonically excited and have mutually mhlbltory connections. In addition, they are
subject to fatigoe. When tonic excitation is present, the less~faugued neuron will
be dominant, and its activity will inhibit the activity of the other. During the inhi-
bition, the inactive neuron recovers from fatigue, while increasing fatigue in the
active neuron reduces the strength of the inhibition; these factors combine at some
point to allow the previously inactive neuron to become active and rapidly inhibit
the previously dominant neuron, The resull is a system in which the dominant ac-
tivity alternates between the two neurons and the switch between the two states is
rapid (sce Brown, 1911; Wilson, 1968; Pearson & lles, 1973; Grillner, 1981, P
1217). In this model, as applied to the example.of a walking leg, one neuron might
excite the muscles active during the stance phase and the other neuron those active
during the swing phase.

The comresponding peripheral oscillator models (Fxg 1b) were based on find-
ings that some sense organs signal the end of each half cycle; in the example of a
step cycle (e.g., Bissler, 1977, 1986; Land, 1972; Graham, 1977); some sense or-
gans could signal an anterior leg position appropriate -for the end of the swing
phase. If one assumes further that these sense organs excite the stafice phase mus-
cles, then, upon reaching this anterior position during its swing phase, the leg
would switch to stance phase. This switch would not occur if some perturbation
during the swing phase prevented the leg from reaching the appropriate end posi-
tion. An analogous mechanism depending on other sense organs detecting an ap-
propriate posterior position would become active at the end of the stance phase,
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Fig, 1 a-¢, Networks illustrating central pattem generators, a Two neurons or groups of neurons sre to-
nicslly excited and mutually inhibit each other. This inhibition is subject to fatigue. b A peripheral
oscillator model applicd to the contro! of walking legs. Tt is assumed that sense organs which monitor
when the leg reaches the posterior extreme position (PEP) at the end of its stance phase excile the swing
phase motoneruons, Comresponding Sense organs detect the anterior extreme position (AEP) at the end
of the swing phase and excite the stance phase motaneurans, ¢ A simple electronic circuit which is able
to produce an oscillating output. (b After Bissler, 1986)

These components of the stepping motor control structure could therefore be de-
scribed as a reflex chain, Thus, depending on the relative strengths of central and
peripheral signals, the combined system can behave as a more centrally or a more
peripherally driven oscillator (Béssler, 1986). Similarly, the required tonic excita-
tion might arise from central neural mechanisms as shown in Fig. la; it might also
arise from sense organs (Fig. 1b). This example shows that the experimental de-
struction of the sense organs might artificially change the system from a peripheral

to a central oscillator, Thus, a clear distinction between central and peripheral
oscillators is experimentally difficult. : '

Central Motor Programs

Central motor programs can be considered as a more general concept which sub-
sumes central oscillators and CPGs. The central motor program idea is related to
the CPG concept but it is applied at a higher level of abstraction: it refers more to
the functional sequence of movements and less to the neural network in which the
molor commands are generated. In addition, it is applied equally to both rhythmic
and nonrhythmic movements. It should be noted, however, that if "CPG" is not
used as a synonym for a central oscillator, then it is often used in an abstract man-"
ner thz.at is equivalent to a central motor program. It should also be mentioned that
sometimes, particularly in the biological literature, the term “motor program" with-
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out the qualifier "central” is used in the sense of a process controller to describe
mechanisms in which data on the actual state of the process, i.e., sensory signals,
influence the performance of the program. Used in this way, "motor program”
would correspond closely to "motor control structure” as the term is used here.

Central motor programs are usually illustrated using the analogy of a program
for a digital computer, but analog mechanisms have also been used as metaphors.
For example, Hoyle (1965, 1983) refers to a "motor tape," Schmidt (1988) uses a
phonograph record analogy, while Taylor and Birmingham (1948), writing before
the advent of modern computers, use the analogy of a mechanical camshaft con-
rolling timing. These different analogies, referring to digital and analog control
devices, reflect different ways of thinking about the nature of a central motor pro-
gram.

The program of a digital computer consists of a series of commands that are
performed in sequence at a rate governed by the computers clock signal., Analo-
gous 1o this, the "digital" motor program concept considers the content of a motor
program as a series of "response commands” that are performed under the control
of an internal clock (Rosenbaum, 1985). Setting up a motor program, in this view,
involves assigning response commands to clock pulse identifiers; each clock pulse
identifier is used to trigger the associated command when the corresponding clock
pulse occurs. This digital metaphor is suited to the analysis of movement sequen-
¢es in which subunits can be meaningfully distinguished. Such subunits, for ¢xam-
ple, might be the penstrokes in writing, the keystrokes in typing, or the phonemes
in speaking. It is, however, also possible to apply the "digital characterization" of a
motor program {0 sequential muscle contractions, ¢.g., the successive contractions
of agonists and anlagonists in rapid aiming movements or even to discrele correc-
tions within se¢mingly continuous movements (see p. 63f).

A rather different way of describing the content of a central motor program is
suggested by the analog metaphors (cam control, analog computer, etc.). In very
general terms, one can describe a central motor program as a function of time with
parameters which are specified by some control signal. The concept of a generaliz-
ed motor program {Schmidt, 1975, 1988), for example, can be writien as;

pt)=AfUD 0<t<T | e

The parameters T and A define the movement duration and the amplitude,
respectively; f (8), 0 < ¥ <1, constitates a "prototypical function” (cf. Meyer,
Smith, & Wright, 1982). Position, p (¢}, is specified as a function of a dummy vari-
able, 9, that, for cach single movement, is transformed into real time according to
{ = T ~ . The prototypical function is the essence of the central motor program, It
defines those temporal and spatial relationships that remain invariant if T and A are
varied, In the temporal domain, this mechanism for programmmg movement leads
to phase constancy or invariant relative timing.

It should be noted that Eq. 1 serves as an example of how, in pnncxple, the
content of a central motor program can be specified. Starting with von Holst
(1939), it has been proposed several times that duration and amplitude can be
reated as independent parameters for motor control, During recent years evidence
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has accumulated showing invariant relative timing when movement duration (7) is
varied (for review see Schmidt, 1985a, 1988), as predicted by the prototypical
function concept underlying Eq. 1. Nonetheless, Eq. 1 should be considered as an
example only, since invariant relative timing has been shown for some but not all
movements.

The telative duration of stance and swing phase in cockroaches, for example, is
independent of walking speed (Delcomyn, 1971; see also Carter, 1984) as it is in
humans (Shapiro, Zernicke, Gregor, & Diestel, 1981). In contrast, in adult stick in-
sects the absolute duration of swing phase is about the same for ail walking speeds,
so the relative duration is.not constant for these animals (Graham, 1972). This
suggests that the hypothesis represented in Eq. 1 may be an appropriate description
for some but by no means all movement patierns.

According to the "digital" and "analog” ways of thinking, central motor pro-
grams are characterized either as a sequence of commands executed in discrete
time intervals or as a signal specified by a continuous function of time. As models
for the underlying mechanism, the digital and analog views are not logical altema-
tives, In the first instance, they are different ways for describing the astonomous
functions of a motor control structure with direct reference to the output, i.e., to the
spatiotemporal characteristics of the movement. However, they usually differ with
regard to the level of description, Analog descriptions are on a low level, referring
to the detailed space-time characteristics of a movement. Digital descriptions, on
the other hand, are in terms of labels for segments of the space-time characteri-
stics, i.e., for units of the apparently continuous strcam of movement (cf. Miller,
Galanter, & Pribram, 1960). Initially the definition of units may be arbitrary, but
often evidence is songht for their reality (e.g., Monsell, 1986). Reality means that
these units ar¢ not just units of description, but also units of control (cf. Viviani,
1986),

Far both views on ccntral motor programs, the nature of the relationship be-
ween kinematic and kinetic characteristics of the movement and the actual para-
meters of the motor control structure remains unspecified. Motor programs ar¢ of-
ten discussed as if some kinematic variables, such as movement amplitude or du-
ration, have their counterparts in parameters of the contro! structure, As a matter of
course, the existence of a contrel mechanism is implied for the kinematic variables
that the observer happens 1o measure or consider important. In general, however,
the problem of which kinematic variables are the controlied ones has not been
solved (see Stein, 1982). In fact, the controlied parameters may well vary among

dlfferent types of movements according to the rcqulremcnts placed on the behav-
ior,. ‘ :

Cnordiﬁaﬁve Structures

Coerd:name structures, as defined by Turvey (1977) and Kugler, Kelso, and Tur-
vey (1930, 1982), consist of a set of muscles and limbs which are constrained to
act together as a mnit. Like the motor program idea, this concept is applied to both
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rhythmic and nonthythmic movements, Another similarity is that the coordinative
structure concept is not explicitly concerned with the neural basis; the goal is an
abstract formulation of movement characteristics including responses to distur-
bance, The role of peripheral influences is not explicitly addressed in this theory.,
Instead, the concept is applied to a state of the organism, Therefore, we have
included it under auwtonomous control, although it seems obvious that pro-
prioceptive mechanisms contribute to the dynamic propexrties present in specific
formulations.

Compared to motor program approaches, more emphasis is placed on physical
and dynamic features of movement and less emphasis on representations or infor-
mation processing in the nervous system. However, the constraints present in a
coordinative system must arise from a combination of physical and neural factors,
At the physiclogical level, the muscles requiré neuronal activity to perform their
tasks, so we consider coordinative structure formulations to represent implicitly
the properties of those neuronal subsystems which control the set of musc]as in-
volved (cf, Kelso, 1986).

One of the important problems' that the concept of coordinative structures ad-
dresses is the "degrees-of-freedom problem" first discussed by Bemnstein (1957,
1975). He postulated that movement can only be efficiently controlled if the ner-
vous systems has some way of mastering the enormous number of variables (each
representing a degree of freedom) inherent in-the numerous joints, muscles, and
motor units making up the motor system and in the many gravitational and dynam-
ic configurations under which it acts. Bernstein applied the word "coordination” to
the mechanisms performing this task. Reducing the number of variables is one
possible solution. Here, "reduction” is meant in a mathematical sense. It does not
mean that a real degree of freedom is simply held constant - for example, by fixa-
tion of a joint.

However, if two joints are constrained to flex with proportional angular veloci-
ties, only one central control signal is required, and the number of degrees of free-
dom is thereby reduced. Coordination among the various degrees of freedom is
one focus of the coordinative structure approach, although, as discussed below,
this feature is also implied in the concept of generalized motor programs,

The notion that the role of coordination is to reduce the number of indepen-
dently controllable muscles might suggest that coordination is always absolute, but
this is not the case. The classic example of "relative” coordination was described
by von Holst {1939} in his study of the coordination of fine movements in fish,
The fins behave like weakly coupled oscillators; each strives to impose its own
rhythm or a specific phase relation on the xhythm of the other fins (the "magnet ef-
fect" of von Holst) but does not succeed in establishing a rigid coordination. Rela-
tive coordination has also been described for walking legs of insects (Wendler,
1964) and lobster (Clarac, 1981), as well as for human arm moveme.ms (Gunkel,
1962). -

A magnet effect is also illustrated by more recent data on intermanual coordi-
nation, Kelso, Southard, and Goodman (1979) studied aimed movements perform-
ed simultaneously with the two hands. When performed separately, the test move-
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ments of different amplitudes to targets of different sizes showed different move-
ment times according to the well-known Fitts' law, which predicts a logarithmic
relation between the ratio of amplitude and imposed accuracy on the one hand, and
movement time on the other, When the two movements were performed simulta-
neously, however, movement durations for left and right hands became nearly
identical, This could be taken to suggest one and the same temporal control signal
is used for both hands, and only the amplitude parameter is varied to produce
movements of different amplitudes. However, the synchrony of the movements
was not perfect. Although the durations became more similar, the movement that
was of shorter duration when performed in isolation was still of shorter duration
when performed in combination. This residual difference is stressed, for example,
by Marteniuk and MacKenzie (1980) and by Marteniuk, MacKenzie, and Baba
(1984). Its existence points to the danger of over-simplification in describing com-
plex, coordinated movemeats in terms of a single coordinative structure (¢f. Heuer
& Wing, 1984) which neglects a more detailed account of the underlying mecha-
nisms.

Theoretically, coordinative structures can be described using linear or nonlinear
differential equations. This theoretical approach is restricied explicitly to the
magcrascopic level of behavior. No attempt is made to detail the network that gen-
erates this behavior, As an example, consider the model of Salizman (1986) and
Saltzman and Kelso (1987) for aimed movements, The starting point of this model
is Feldman's equilibrium-point concept (Feldman, 1966, 1974 a,b, 1986) — some-
times referred to as the mass-spring model (see, for example, Schmidt, 1987,
1988). However, this model is applied to an abstract “task space" which is defined
by two axes, the one running through the initial and target positions, and the sec-
ond orthogenal to the first. Movemen along both axes is governed by linear sec-
ond-order differential equations. Thus, the "physical" mass-spring model becomes
a "metaphysical” mass-spring model.

Movement along the two axes of the task space, according to this model, is
"uncoordinated,” that is, independent. Coordination arises only when the real
movement is considered. This requires coordinate transformations, which, in mov-
ing from the absiract task space 10 the actual joint movements, are fairly complex.
The basic principle, however, by which coordinated joint movements can arise
from uncoordinated movements in the abstract task space, is simple, Imaging a
movement along the x-axis of a coordinate system; as soon as the coordinate
system is rotaied, the same movement requires a "coordinated” change of x' and y'

values in the new coordinate system. The transformation from task space to joint

space has a similar consequence for a two-joint arm; moving the end of the arm

along a straight line forces “coordinated” rotations at the two joints. :
.Thc simple principle of deriving coordination from coordinate transformations
fails as soon as coordination is not completely determined by task demands. This,
for example, is the case for planar aiming movements with a three-joint arm, Here
the redundancy problem can be solved by assuming additional constraints. In one
Eax'ample, tpese constraints have been described as cost functions defined at each
joint. Adding a constraint that the total cost be minimized provides sohition for
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this redundancy problem (Cruse, 1986). In this case, a description by nonlinear
equations without derivative terms was shown to be appropriate. The correspond-
ing kinematic model also shows the property of immediate reorganization after
blocking an angle (Cruse & Briiwer, 1987).

A somewhat different approach to the coordination problem is presented by
Haken, Kelso, and Bunz (1985) and Schiiner, Haken, and Kelso (1986). The phe-
nomenon studied has been described by Cohen (1971): it is easy to oscillate both
wrists symmetrically (flexion and extenston of the two wrists are in-phase), but it
is harder to oscillate them alternately (anti-phase), When the frequency of anti-
phase oscillations is increased, it becomes impossible to maintain them, and a shift
to symmetric oscillation can be observed (see Kelso, Schiner, Scholz & Haken,
1987). This phenomenon can be conceived as a shift between two modes of coor-
dination, comparable for example to the transitions among walk, pace, trot, and
gallop observed in quadrupeds as a function of speed. The wrist system has been
modeled using coupled nonlinear oscillators. The interesting feature of the model
is that it mimics the observed phase transitions when the frequency of oscillation is
increased, Moreover, it duplicates the instabilities occurring in the range of fre-
quencies in which the transition occurs. Here there is nothing like a qualitative
shift from one motor program to the other in changing from anti-phase to in-phase;
rather, the shift between modes of coordination arises from the intrinsic properties
of the motor control structure when frequency is increased.

The "dynamic approach," with its emphasis on an abstract description at a
macroscopic level by way of differential equations (e.g., Kelso & Kay, 1987), is
niot the only approach to the coordinative structure problem. An information-pro-
cessing or cybernetic approach aims at specifying the computations required
within the structure rather than simply describing its global behavior, For example,
coordination may be interpreted as arising from information exchange between the
various segments of the limb(s) involved, The focus here is on the kinds of signals
indicating the states of the various segments or articulators and on how these sig-
nals are used to achieve coordinated control of different segments. For example, in
locomotion studies, a basic question is how information on the state of one leg is
nsed to "convince” another leg 10 behave in a certain way. In the crayfish, two
such influences have been found (Cruse & Miiller, 1986). First, for as long as a leg
is in stance phase, the next anterior leg is held in swing phase; second, a leg which
is near the end of the stance phase sends a signal to its posterior neighbor to elicit
the start of a stance phase in this leg: in this way the swing phase of this leg may
be shoriened. This type of conditional coordinating influence can more easily be
described by means of a digital computer program than by dilferential equations.
A description of the wrist phase transitions by means of the motor program con-
cept has not yet been attempted, As related to the above discussion, the dynamic
approach provides an interesting quantitative description of this phenomenon and
therefore leads to testable hypotheses. :
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Multiple Characterizations of the Autonomous Functions of Motor Control
Structures ' '

As mentioned above, we consider CPGs, motor programs, and coordinative struc-
tures to be complementary concepts that focus on different aspects of the au-
tonomous function of a motor control structure. This position may appear awk-
ward in view of the ongoing controversies. These arise in part from the discrepant
theoretical frameworks in which the motor program and coordinative structure
concepts in particular are embedded. The motor program concept generally uses an
information-processing framework, while the coordinative structure concept
(associated with a dynamic description) arose from the ecological framework of
Gibson (Turvey, 1977). However, these different associations may simply reflect
higtorical development rather than logical necessity,

It should be stressed that we are not arguing that CPGs, motor programs, and
coordinative structures are identical concepts - a number of differences have been
described in the preceding sections, What we are arguing is that the concepts are
complementary rather than logically exclusive. They refer 10 the same thing, that
which we labeled a "motor control structure,” but they focus on different aspects
of it. They can be likened to the descriptions of the sea provided by a chemist, a
physicist, and a poet, or the description of an airplane provided by an engineer, a
pilot, and a passenger. :

The view that the concepts are complementary is supported by the fact that the
different descriptions applied to on¢ system can often be transformed into one
other as can be illustrated by the following simple example, Figure 1c shows a
simple electronic circuit that exhibits essentially the same behavior as the neural
oscitlator of Fig. 1a, In this example we consider the output of the circuit to.repre-
sent the position of the moving limb rather than neural activity, We can describe
this system in thres ways. First, the physical components and their connections can
be specified: this corresponds to the description of a CPG. Second, we note that

Fig, 1cis a wiring scheme for an analog computer to solve the following linear dif-
ferential equation, |

mE o+ ke =0 | @

Tracing around the circuit, we see that the output value, x, is multiplied by a
constant, -k, and then by a second constant, 1/m. The result, -x * k/m, is integrated
twice 10 give the value of X. The input to the second integrator is labeled the first
derivative of x because integration of % yields x. By the same argument, the input
to the first integeator is X Therefore this circuit corresponds to the equation,
X=-x * k/m, which is equivatent to Eq, 2, This equation represents a description of
the system that corresponds to the dynamic approach to motor control, The
equation docs not explicitly specify the space-time characteristics of the move-

ment; .that is, it does not specify "x(f) = ...". Instead these characteristics afe
implicitly specified.
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The third kind of description makes the space-time characteristics explicit by
solving Eq. 2. According to the rules of calcnlus, the general solution can be writ-
ten as shown in Eq. 3.

x() = C * sin (¢ - ¢) for @ = Hm' -3

where ¢ is a constant determined by the inilial conditions, This description of
the system corresponds to a motor program for a harmonic movement, The com-
piementarity of a CPG on the one hand and a central motor program on the other is
qmte obvious: the first emphasizes anatomy and physioclogy, the second empha-
sizes function. As soon as the CPG is used in an abstract manner without reference
to its physwal 1nstant1at10n CPGs and cem:ral motor programs become virtually
equivalent terms.

The complementarity of Egs. 2 and 3 is obvions as well. There seems 10 be no
reason to ascribe a higher degree of "reality” to one equation or the other, or to
consider the one as being a consequence of the other, Both equations describe the
sysiem in equivalent ways, but for pam‘cular purposes one may be better suited
than the other, For example, the wiring diagram can easily be derived from Eq. 2
but not from Eq 3. On the other hand, what the output, x(f), really looks like can
edsﬂy be seen in Eq. 3 but not in Eq. 2.

Although a dynamic approach, focusing on the global description of the behav-
ior of coordinative structures, and a motor program approach, focusing on the
temporally ordered motor commands and their generation, can be considered as
being complementary, major differences appear as soon as these formal descrip-
tions arc discussed in the context of possible mechanisms. For example, an
obvious question is how systems described by equations like Eqs. 2 or 3 come into
being. As pointed out by Schmidt (1987), a motor program is generally considered
as some kind of central representation of the movement, while advocates of the dy-
namic approach deny the existence of such a representation. It is worth noting,
however, that a differential equation like Eq. 2 "represents” a movement described
by Eq, 3 in that a system described by Eq. 2 produces the output given by Eq. 3.
Only if the equations are reified, could one say that Eq. 3 is a representation of a
sinusoidal movement but Eq. 2 is not. Reification of functional or abstract de-
scriptions is, of course, completely unjustified. It could be that the general orienta-
tion of the dynamic approach differs from more concrete formulations with regard
to the representation issue,

The fundamental equivalence of these different ways to describe the auto-
nomous functxon of motor control siructures should not obscure the fact that the
concepls are of different value for different purposes. Because of the different
levels of abstraction, this is clear for the ceniral pattern generator concept on the
onc hand and the central motor program and coordinative Structures concepts on
the other. At present, however, we feel that dynamic descriptions of cocrdinative
structures have some strength in modeling transitions between modes of coordina-
tion. However, they are necessarily global and neglect the "mechanisms inside the
box." Therefore, motor program descriptions appear to be more powerful as far as
the details of motor control structures are concemed,
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The Role of Sensory Input in Motor Control Structures

Motar control stractures usually contain more than just autonomous central mech-
anisms; they also incorporate peripheral mechanisms dependent on sensory input.
The problem here is to identify how autonomous control mechanisms are inte-
grated with those that depend on sensory input. In what is to follow we will de-
scribe various modes of integration. The exposition is organized around what we
will consider as three different types of such integration, somewhat arbitrarily de-
fined according to the temporal relation between the sensory information and the
motor act it affects, As already mentioned, there is often ambiguity in identifying
units of motor output. Similarly, the coding of sensory information in a frequency
code and the delays inherent in processing complex information limit the ability to
attribute sensory information to discrete, precisely defined points in time. Despite
these difficulties, we propose to distinguish the following types.

At one extreme is continuous control or, more accurately, "quasi-continugus”
control within the limits of temporal resolution (type 1). Here sensory information
is continuously used to influence motor output. (When the sensory information is
frequency caded, the control cannot be strictly continuous, since the code itself is
¢xlended in time.) '

The next type (type 2) refers to inlermiltent use of sensory information for mo-
tor control, In this case, there are clearly identifiable periods where sensory input
is not incorporated into control. Although the sensory signal may be continuously
monitored, it affects motor commands only when the signal exceeds a certain
threshold, at certain times, or at certain intervals, Whether or not a particular input
is processed during a particular time interval is a feature of the motor control
structure and may depend on the requirements placed on the action,

The final type (type 3) is advance processing. Again, sensory information is not
continuously used. In advance processing it is incorporated into motor control be-
fore execution of the movement. In this case, sensory information is used to set up
a motor centrol structure and to specify initial values for parameters rather than to
n?odify an ongoing movement as is the case in intermittent and continuous proces-
sing.

In_ di§cussing motor control, it is particulasly important to distinguish signals
that indicate the current states of a terminal device or the joints controlling the
terminal device from signals that indicate what these states should be. The former
arc feedback signals, while the latter are reference signals, Although, at first sight,
type 1 and type 2 influences scem to refer to feedback signals and'type 3 in-
fluences to reference signals, it will be shown below that this distinction is only
sensible when the system is well defined in the sense that its input and output
ch'annels are clearly identifiable (see also "Introduction™). Therefore, although we
will pmﬂy distinguish between feedback and reference signals, we realize that in
practice an unambiguous classification is often impossible.
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Type 1: Continuous Incorporation of Sensory Information into Motor
Commands

Feedback Signals

Thinking in ferms of closed-loop systems dominates the cybernetic approach to
motor control, There are two ways to verify that a particular signal is used as a
feedback signal: (a) the signal can be ¢liminated; and (b) it can be distorted. Either
manipulation should result in gross malfunctioning of the system if the control sys-
tem depends only on servo-mechanisms relying on feedback. A remarkable finding
about motor control is that elimination of sensory input that presumably acts as a
feedback signal has only minor effects on motor behavior, but distortion of the
very same signal has drastic effects, We will first consider this evidence and then
present a design principle for motor structures that exhibits these characteristics.

In insects and crustaceans, minor cffects of eliminating sensory input that pre-
sumably serves as feedback have been found. Destroying different sense organs
that signal leg position produces only small changes in the movement of a walking
leg. The same is true for ablation of strain-sensitive propricceptors (for review see
Bissler, 1983; Graham, 1985).

Findings reported for deafferented mammals are basically similar. After dorsal
root scction, monkeys show only small motor deficits, provided that they use the
deafferented limbs at all (for review see Taub & Berman, 1968; Taub, 1976).
Taub, Goldberg, and Taub (1975) investigated the accuracy of aiming by a deaf-
ferented limb. Although other sensory input that could replace the missing pro-
prioceptive input was carefully excluded, deafferented animals exhibited better
performance in their "good" sessions than intact animals in their "bad” sessions,
Thus, while deafferented animals were less accurate on the average, the distribu-
tions of session means for intact and deafferented animals showed considerable
overlap (see also Polit & Bizzi, 1978). In humans, corresponding results we have
been reported by Lashley (1917) and Laszlo (1967).

Minor effects on motor performance are found not only when proprioceptive
input is eliminated, but also - as is perhaps more familiar - when other sources of
feedback are climinated. We are able to point to a target without seeing our hand.
if the movement takes longer than 100-200 ms, accuracy is slightly reduced com-
pared to conditions where visual information is available (Carlton, 1981; Keele &
Posner, 1968; Zelaznik, Hawkins, & Kisselburgh, 1983}, but these are not gross
disturbance. The view of the hand can be obscured through the first half of the
path to the target without any detectable effect on accuracy or movement time
(Carlton, 1981). Also, we are able to speak without gross disturbance when we
cannot hear our own voice.

Elimination of potential feedback signals, in summary, has astomshmgly httle
behavioral effect, This finding has been the major reason for attributing primary
importance to autonomous CNS activity in the control of movement (Delcomyn,
1581).
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If, as the evidence above suggests, the various potential fecdback signals are
not used for feedback, then disturbing them should also have minor effects, This,
however, is not the case, Distortion of a sensory signal can result in drastic chang-
es, even when completely eliminating the same signal has little effect. When joint
proprioceptors in a walking insect are not ablated but fixed so that they constantly
signal a forward leg position, the leg rarcly starts a swing movement (Bissler,
1977; Dean & Wendler, 1983), More drastically, when an internal proprioceptor
(the femoral chordotonal organ) is operated on in such a way that its position sig-
nal is inverted (i.e., extension is reported as flexion and vice versa), the leg is hind-
ered from completing a normal step movement; it remains in the air at the endpoint
of the swing phase (Bissler, 1977; Graham & Biissler, 1981). Corresponding
effects are found when the strain-sensi‘ﬁvc proprioceptors are stimulated so that
they always signal the leg to be under load (Béssler, 1977),

Distortion of proprioceptive input has gross effects in humans as well, Good-
win, McCloskey, and Matthews (1972) disturbed proprioceptive input by vibrating
muscle tendons at the elbow joint. One of the effects of vibration appears to be a
tonic excitation of the muscle spindles. The message contained in this hyperacti-
vation is that the length of the corresponding muscle is greater than its true length.
When the biceps tendon is vibrated, the elbow angle should be registered as being
too large. In accord with this prediction, the extension of the elbow joint was too
small when subjects had to match the position of the vibrated arm to passive
movements of the other arm (see also Sittig, 1986). |

A nice example involving visual feedback was reported by Nielsen (1963), The
subject's task was to move one hand along a vertical line, The gloved hand which
the subject could see was not his own but that of the experimenter, The visible
hand followad a curved path rather than the straight line, This visual signal was
processed Lo correct the apparent error, causing the subject's hand to deviate from
the straight ling in the direction opposite to the deviation of the observed hand. In
spite of the obvious discrepancies between intended movement and visual feed-
back, it required large deviations and several trials before subjects gave up the
search for magical explanations and realized that the gloved hand they were
watching could not be their awn. This appears to be a rather dramatic case of "vis-
ual capture” (see also Jordan, 1972), ' |

Closing the eyes does not prevent humans from maintaining a vertical stance:
body sway may increase, especially if we imagine we are falling, but the mean is
still vertical. However, presenting a distorted visual stimulus by moving the visual
surrounding induces activity in the leg muscles that would be appropriate if the
visual input were a result of body movement (Berthoz, Pavard, & Young, 1975;
Lee & Lishman, 1975). If the amplitude of the forward-backward oscillation of the
walls is sufficiently large, this distorted feedback about the orientation of the body
can induce falling. The effect is stronger in children; they exhibit greater body
sway and also a larger effect of lack of visual information (Shumway-Cook &
Woollacott, 1985). This particular effect of distorted feedback is exploited for fair
altractions like the "haunted swing" (where the walls swing rather than the peopie).
The latencies of compensatory responses to distorted visval information can be as
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short- as 100 ms (Nashner & Berthoz, 1978), less than the usual latencies for
responses to visual stimuli (Zelaznik et al., 1983), Thus, a disturbed signal again
produces a strong effect, whereas completely removing the input elicits only minor
alterations.

In speech production the presence of delayed audnory feedback induces hesna—
tions and repetitions which are similar to stuttering. The maximal effect is found at
a delay of about 200 ms (see, for example, MacKay, 1986). This speech disturb-
ance can be avoided at least partly if attempts to neglect the auditory feedback are
successful (see Roeck, 1977). Similar effects of delaved auditory feedback have
been observed when finger tapping is accompanied by tones and these are delayed
(Wing, 1977, see Chase, 1965). Again, although we need to hear neither our own
voice speaking nor auditory feedback for tapping, if these signals are present and
distorted they have gross effects on behavior.

How can the apparently discrepant results obtained from elimination and dis-
tortion of various sensory signals be recanciled? The minor effects of elimination
indicate that these signals are not continuously processed as feedback, while the
strong effects of distortion indicate that they are. We shall ouiline a design princi-
ple for a motor control structure that can show these different effects of elimina-
tion and distortion of sensory signals, This design can be identified with physiolo-
gical mechanisms on lower levels of the motor system; we suggest that it might be
repeated on higher levels.

The basic scheme is shown in Fig. 2a. We. will use the muscle spindle system as
an illustration, Through the alpha-gamma linkage, the supraspinal movement
command is fed onto alpha and gamma motoneurons roughly simultaneonsly, The
direct signal to the alpha motoneurons is amplified by a factor A and sent to the
muscle, where it causes a change in muscle length according to the factor M. Mus-
¢le length () is measured by the muscle spindles, which effectively measure the
difference between the setpoint determined by the gamma motonenron discharge
and actual muscle length, The error signal, with gain S, is added to the alpha con-
trol signal. The essential feature of this scheme is the parallel arrangement of the
open- 100p control of muscle length via the alpha motoneurons and the closed-loop
control via the muscle spindles. The reference sugnal for the feedback loop s pro-
vided by the gamma motoneuron activity, so it is linked to the open-loop control
signal.

With appropriate values for M, A, and S, a system of the kind shown in Fig. 2a |
will show only minor changes in its output when the feedback loop is opened. The
controlled variable, y, can be written as a function of the input signal, x, as follows:

MA + MS | |
o X : 4)
TV | | ¢

‘Opening the feedback loop by cutting the dorsal roots is equivalent to setting
S =0, so that the contribution of the loop to the controlled variable, y, becomes
zero, If the gain, A, is chosen properly so that A4 = 1, then y = x for all values of §
including S =0, If the gain is not properly chosen, then eliminating the feedback



60 H. Crusceral.

will produce smailer or larger effects depending on the extent to which A deviates
from the reciprocal of M.

Although such a system is insensitive to elimination of feedback, it will be af-
fected by distorted feedback. In this case the disturbance, 4, is added to y before
the error is computed. Then the controlled variable is given by:

MA+MS 1

y = x + d )
1+MS 1+MS§

Even if MA = 1, so that feedback will be ineffective in the "normal” case, a
disturbance will reveal that it is processed. It will induce a change in y that in-
crease according to the gain (MS) of the feedback loop, but always remains smatler
than d itself. _ ,

Before generalizing the design-principle of Fig. 2a to higher levels of motor
control, some remarks on its advantages are appropriate, First, the redundancy in
the system makes it less prone to failure, Second, and more important, it combines
the merits of closed-loop and open-loop control. The advanlage of an open-loop
system is that it responds rapidly to an input signal and cannot become unstable
like a closed-loop system subject to a delay. in the feedback signal (Cruse, 1981,
pp. 66-67). The disadvantage, however, is that it is unable to compensate for
disturbances. In the example, A bas to be properly adjusted to M so that a desired
output, y, can be achieved. Even in the absence of outside disturbance, A or M may
vary due to fatigue and cause errors in a pure open-loop control, (In the generaliz-
cd case, where the simple gain factor M has to be replaced by complex transfer
characteristics ~ i.e., when the dynamic properties of the elements are taken into
account — this problem becomes even more serious,)

A closed-loop system in parallel with the open-loop system will compensate for
the weaknesses of the latter: it will serve to reduce the errors that occur through
variation in A or M or through external disturbances, Owing to the operation of the .
open-loop system, the closed-Ioop system only has to deal with small error signals,
50 the gain (5) can be relatively low, which helps avoid instability. The actual gain
of the spinal reflex loop does appear low; the system can only partially compensate
for gross disturbances (e.g., Bizzi, Polit, & Morasso, 1976; Hopf, Handwerker, &
Hausmanns, 1967). In addition proper design of the dynamic properties of § could
further reduce stability problems (Cruse, 1981, pp. 69-72). In summary, the design
principle of Fig. 2a amounts to adding the advantages of open-loop and closed-
loop control while eliminating their disadvantages. :

We now have 1o consider the case of a feedback Ioop in which the sense organ,
unlike the muscle spindles, is not under efferent control. This is shown in Fig, 2b
(solid lines); § is considered to be 1 and is therefore omitted in this drawing. In
this circuit the interruption of the feedback loop by ablation of the sense organs
cuts the loop at another position. It carresponds to F = @ in Fig, 2b, In this case, as
long as we consider only linear systems, cutting the feedback loop always preduc-
es major differences in the behavior of the system compared to the intact situation.



Utilization of Sensory Information for Moter Control 61

A
{2a) [w E . ] [3a)
- Ii - i =
] rr - K%
% *ES A~
_ - M LA
N 3L
. * » o
f2bh | O ~ K| {3b)
' 10 19
l1o) "I i °1::iw:' o)
) F
c

Fig. 2. a A basic scheme describing the control of skeletal muscles in vertebrates and the role of the
muscle system. The amplication factor of the channel directly influcncing the alpha motoncurons is A,
that of the muscle spindle is §, and that of the muscles is M. Muscle length, y, is controlled via a refe-
rence input, x; and a disturbance signal, 4. b A feedback system in which the sense organ () is not ef-
fercntly controlled. The imerruption of the feedback loop by ablation of the sense organ does not signi-
ficantly influcnee the behavior of the system with respect to the reference input, x, because the nonli-
near influence of the low-pass filier (LPF) cancels the effect of the error sipnal. ¢ A corresponding re-
sult is obtained by another system using antagonistically arranged parallel channels (a, b). Each channel
contains a feedback transducer (J), a characteristic producing the reference value (2), and a rectifier (3).
Summation of the outputs of the latter gives the final error signal (£5) (Cruse, 1980). The disturbance
input is omitted for sake of simplicily. (a Afier Cruse, 1081)

The gain of the system, ylx = (M + MA) / (1 + MF), is different according 10
whether /7 =0 or /7 #0.

- However, Llwo nonlinear systems can be constructed, which have the property
that cutting the feedback does not change the output of the system. As shown in
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Fig. 2b by dotted lines, we now add a low-pass filter with a very long time con-
stant (in the order of hours or days) which receives the signals from the sense or-
gans as input. The output of this low-pass filter will provide a sort of long-term
mean value of the sensory input which, due to the long time constant, will be a re-
latively constant value, Assume that this mean value is normalized to have a nu-
merical value of about 1. When the error signal is multiplied by this constant val-
ue, the resulting system behaves essentially like the linear system with no low-pass
filter. However, if the sensory input is zero for a long time due to destruction of
the sense organs, then the output value of the low-pass filter will also decay to zero
and the action of the error signal is removed. ' !

Another circnit which shows invariant output characteristics when sensory
feedback is destroyed occurs if the sense organs are organized antagonistically
(Fig. 2¢). Joint position, for example, is often measured by two groups of sensory
cells which are increasingly excited by joint flexion or extension, respectively. As-
sume that the joint angle can adopt values between 0° and 50°, and the excitation
can vary between 0 and 10 in arbitrary units which may correspond to spike fre-
quency. The antagonistic responses of the two sense organs are represented in Fig.
2¢ by the two response characteristics yielding increasing (1a) or decreasing (1b)
excitation when the joint angle increases, For the respective comparison with the
reference value these proprioceptive signals also require antagonist characteristics
(2a, b); then the results are passed through separate rectifiers (3a, b). For positive
input values, both rectifiers produce zero output; for négative input values, the up-
per one (3a) produces negative output values, whereas the lower one (3b) produces
positive output values, The intact system behaves like the linear system shown in
Fig. 2a, as can be verified by some simple calculations. Assume, for example, that
the actual position is 25°, and the reference value is 0 degrees thus demanding a
movement with a negative sign. The error signal in the lower channel will be
10 -5 =3 which is made to zero by the rectifier (3b); that in the upper channel
will be 0 — 5 = -5 which is not changed by the rectifier (3a), The total error signal,
ES, will be 5. In the same way a reference valne of 50°, produces a final error
signal of 5. If the sense organs are destroyed, there will be no activily at their
ouput (a value of zero). Therefore the input values to the rectifiers in each
pathway will be greater than zero - yielding a zero output. Thus the total BS
becomes zero and, if AM = 1, it follows that y = x even when the sense organs are
ablated. This system shows a normal response immediately after sensory ablation,
whereas the system described earlier (Fig. 2b) adapts slowly due to the long time
constant of the low-pass filter, = :

Generalizing the design principle to higher levels of motor control requires
some minor changes (Fig. 3) but retains the parallel arrangement of open-loop and
closed-loop control. The scheme has as its input two (or more) variables, The one
called "autonomous control signal” corresponds to a movement command. The
"feedback regerence“ corresponds 10 a sensory representation of the expecied feed-
back for the intended movement. There may be different reference signals for dif-
ferent types of feedback. It should be noted that these two inputs are equivalent to
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Fig. 3. The control principle shown in Fig. 2b generalized for higher lavels of motor control. LPF, low-
pass filter with a very long time constant. See text for fusther explanation

the representations postulated by Adams (1971} and Schmidt (1975). Hoyle (1964)
proposed a similar distinction in his use of motor and sensory tapes,

The autonomous control signal affects the controlled variable, y, via the
"peripheral transformation,” If, for example, y is the position of the hand, then the
peripheral wansformation includes all transformations that central commands un-
dergo due to mechanical characteristics of the muscles and the limbs (see
Partridge, 1979), I{ y is the position of a terminal device, such as a part of a tool,
then the peripheral transformation also includes the transformations added by the
tool, It should be noted that to adequately control y, the generauon of the auto-
nomous control signal has to {ake the peripheral lranst‘ormauon 1nto account (see
Heuer, 1983, pp. 15-16).

The sensory feedback is processcd in parallel with the apen-loop system, The
“sensory error” is transformed into a corresponding motor command and added to
the autonomous control signal. For this transformation, the motor control structure
must select motor commands which are suited to cancel the "sensory error." More
generally, the use of sensory error signals for motor control requires that their
"motoric meaning” is known. As one way to solve this problem Hein and Held
(1962) postulated the existance of a correlation slorage which assigns motor com-
mands to sensory signats. Transforming the sensory error into motor commands
does not require that the peripheral Lransformation be taken exactly into account.

What arguments justify this generalization of the design principle of parallel
open-loop and closed-loop control to higher levels of motor control? First, the cvi-
dence reviewed above for sensory signals processed either at the spinal Ievel or at
higher levels shows that distorted input produces stronger effects than complete
removal, It should be noted that the case where removal of the feedback signal
produces no cffect at all is only a limiting case of the design that will be observed
if the autonomous control signal is exactly adapted (o the peripheral transforma-
tion, Whenever the penpheral transformation is not taken into account exactly —
and this will be common in biological systems - elimination of the feedback
signals will produce some small effects. Second, as will be discussed in the next
- paragraph, the scheme ailows correct predictions as to when the elimination or the
distortion of feedback signals will produce greater or lesser effects. Finally, there
is evidence that separable motor and sensory representations do indeed exist. '
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If the peripheral transformation is unusually complex or only partially known,
then it may be impossible to generate an autonomaous control signal that takes this
transformation into account. (If, in the simpler scheme of Fig. 2a, M is unknown,
then A cannot be adjusted such that MA = 1). In this case, the output, the controlled
variable y, varics according to the presence or absence of feedback. Such situations
arise when complex tools are added to the peripheral transformation. One example
is a tracking task where the position of the follower is the controlled variable, If
the only feedback from the controlled variable is visual, then performance should
depend more strongly on visual feedback as the peripheral transformation becomes
more complex. This dependence was confirmed by varying the peripheral trans-
formation and by measuring the performance decrement when the follower is oc-
casionally extinguished for a few seconds (Heuer, 1988). The increasing impor-
tance of visual feedhack with increasing complexity of the peripheral transforma-
tion is also indicated by the fact that quasi-linear, closed-loop models are reason-
ably successful with highly complex tracking tasks (Poulton, 1966).

Postulating separable motor and sensory representations of a movement implies
that it should be possible to modify one without changing the other, There arc
some data from prism adaptation experiments which suggest that this may happen.
Bailey (1972) examined slow and rapid movements (o a target during prism adap-
tation and also during pre- and postiests, If subjects pointed slowly at the target
while wearing (ke prism, then the after-effect - a systematic bias in pointing after
removing the prism - was much larger for this stow movement than for the fast
movement, This finding suggests that during prism adaptation the kinesthetic re-
presentation of the visual target was changed, giving rise to the bias in slow point-
ing, but the motor representation, which is the major determinant of rapid aiming
movements was unchanged. Also Schmidt, Christenson, and Rogers (1975) show-
ed that delaying knowledge of results (KR) during learning affected the devel-
opment of memory for movement recognition, but did not affect the memory of
movememt production, This result again supports the separation of sensory
{recognition) and motor (production) representations (se¢ also Schmidt, 1975).

So far our discussion has been simplified by considering only a single control-
led variable - ¢.g., the position or velocity of the terminal device. Control of the
terminal device, however, usually requires coordinated control of many muscles
and joints. In general, there are many inputs to the box labeled "peripherat trans-
formation® in Fig. 3, so a network has to be postulated that "distributes” the global
control signal referring to the controlled variable among the various muscles in-
vnlycd. The function of this distributing network is partly constrained by how the
peripheral transformation combines the various inputs to determine the single
controlied variable, y. But partly its function seems (o be arbitrary or the product
of habit (¢f. MacNeilage, 1980). Some arbitrariness in the function of the distribut-
ing network is possible when various input pattems to the peripheral transforma-
tion prodlgcc one and the same output value (c.f. "Coordinative Structures").

\h_/hat 15 the role of sensory input for the distributing network? As an example,
consnd?r lip closure when speaking, A lip closure of amplitude a can be achicved
by various combinations of movements by the upper lip (N lower lip (ap, and.



Utilization of Sensory Information for Motor Control 65

jaw (a) The task of the distributing network istoinsme thata=a, +a; + a; One
way of doing so is to use constant weights, setting a, = wy * a, a; = W, a and
a;=w; * a with the weights adding to 1. This would specify a rigid pattem of the
three articulators, which runs counter to experimental findings. In fact, in a se-
quence of utterances with constant a the contributions of the various articulators
vary, so that sometimes the one and sometimes the other contributes more to lip
closure {e.g., Hughes & Abbs, 1976). Thus, instead of setting a rigid distribution,
the function of the distributing network is to specify the required covariation. One
of the oldest reports of such covariation concerns the task of throwing a ball a cer-
tain distance: the initial velocity of the ball and the deviation of the initial trajec-
tory from 45° are negatively correlated, which corresponds to the physical fact that
these two variables have to be negatively correlated if distance are to remain con-
stant (Stimpel, 1933).

So far the distributing network could be considered as being a pure output de-
vice. Perturbation experiments, however, show that its function depends on sen-
sory input, For example, interfering with the movement of one of the articulators
during speech elicits rapid compensatory movements in remote articulators (for
review see Abbs, Gracco, & Cole, 1984). If an uncxpected state of one of the arti-
culators is signaled via sense organs, then other articulators take over to achieve
the desired state of the controlled variable, which in this case is the task-related
variable lip closure. The occurrence of remote compensation in the case of
perturbations implies that the covariations defined by the distributing network are
formed at feast partly in sensory terms and not just in motor terms.

Should the sensory inputs to the distributing network be called "feedback”? If
one focuses on individual articulators, then proprioceptive signals from the pet-
turbed articulator clearly have feedforward effects when they maodify the
movement of other articulators, as well as probable feedback effects onto the
perturbed articulator to resist the perturbation (see Abbs et al., 1984). But if the
total system is considered with respect to the task variable lip closure, or the
sensory signals themselves relatc to this variable, then it is justified to talk about
feedback.

One final aspect of the schcme of Fig.'3 as amended to include a distributing
network should be mentioned. If one and the same autonomous conirol signal can
be channeled through different distributing networks to activate different effector
groups, then this could explain the phenomenon of motor equivalence. The most
common example is the observation that a person’s handwriting retains many
common features when wrilten small on paper or large on a blackboard. Therefore
it is reascnable to think that these common features are part of a higher level con-
trol structure, organized above the level of the specific muscle groups. This effec-
tively means that different motor control structures may share the higher levels of
control related to their respective controlled variables (e.g., position of a pen on
paper or a piece of chalk on a blackboard), but use different distributing networks
to translate the control signal into the pattern of neural activity necessary to coor-
dinate the different effector muscles.
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Reference Signals

Reference signals indicate what the state of a moving limb should be. Thus they
include both the "autonomous control signal" and the "feedback reference” of Fig.
3. Often, however, reference signals are produced not just by autonomous proces-
ses but also by sensory input. These sensory inputs may derive either from sense
organs which are unaffected by the motor system using the reference signal - in
which case the sensory signal serves as feedforward - or they may derive from
sense organs which are affected by the system for which they provide reference in-
formation. In the latter case it may be difficult to distinguish beiween feedback and
feedforward: a sensory signal relating to the controlled variable can provide fecd-
back as outlined in the scheme of Fig. 3 and at the same time participate on a high-
er level in the production of the reference signal.

It is a rather trivial observation that sensory reference signals can define the
desired positions of a terminal device. For example, in a continuous tracking task,
the reference signal provides an exact prescription for the position-time curve of
the follower. In a discrete tracking task, where the reference signal consists of a se-
ries of steps, the movement of the follower is incompletely specified. {As we will
discuss on p. 68f, discontinuous or intermittent processing of sensory information
may oceur even when the target is continnously present.) In both cases the afferent
information is used to update reference values incorporated into autonomous con-
trol mechanisms, even if this updating does not occur contingously.

In some movement patterns, a more complex integration of sensory reference
signals and antionomous control functions can be observed. For example, congider
a cenfral pattern generator producing a harmonic oscillation, On a more abstract
level, this mechanism can be described as a motor program with a sine wave as the
prototypical function and the amplitude and frequency as parameters. It is possible -
that a sensory reference signal continuopusly controls one or the other parameter,
An example is the control of wing beat amplitude by a flying insect, in which an -
optomotor turning response is induced by rotating the inseet's viseal surroundings.
A similar optomotor response can be elicited from the stick insect during walking:
the rotation of the visual field induces changes in amplitude or frequency of leg
movements or both, causing the insect to walk in curves (Jander, 1985).

- The role of this afferent information as a reference signal might also be called
feedforward but, as mentioned above, the distinction between feedforward and
feedback depends on the definition of the system and on the selection of the vari-
able considered to be the controlled variable, As long as the movement defined as
the output does not directly influence the sense organ considered, the afferent
activity should be regarded as providing a reference signal. -

As outlined above, a central motor program can be described using a prototypi-
cal function. So far, we have considered the transformation of the dummy variable
0 into real lime by a simple scaling operation, { = T - 9, to obtain an actual move-
ment of duration T, but we have not discussed how this might occur. Lashley
{1951) outlined a simple mechanism for generating a temporal series of events
from a nontemporal representation. According to his hypothesis, a spatially orga-
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nized representation is read out sequentially. This is what actually happens in step-
ping through the “spatially” organized command sequence for a digital computer.
If the same mechanism applies to the execution of a central motor program, then
the relative nmmg should remain invasiant, as is often the case, This kind of de-
sigh might require some intemal clock mechanism that determines how fast the
program is executed. Alternatively, a chain reflex mechanism which allows the
movement veIoclty to be varied would also show mvanant relatwe timing or phase
‘constancy.

Whether something like "metering out of time" does accur in motor control has
been a subject of debate (e.g., Schmidt, 1980, 1987; Kelso, Holt, Kugler, & Tur-
vey, 1980; Kelso & Kay, 1987). The experimental results seem to depend on the
naturc of the movement studied (Schmidt, 1980; Schmidt, McGown, Quinn, &
Hawkins, 1986). To answer the question by "always" or "never" probably un-
derestimates the versatility of motor control structures, An internal clock mecha-
nism which ¢an run at different rates would represent an internal time base for the
motor progratn, providing a sxgnal that replaces the dummy variable 9. But an au-
tonomous, clock-like signal is not the only candidate for replacing the dummy
variable. In fact, the motor control structure may use several different signals:
some of them internally generated, others possibly derived from sensory signals, In
some sense, these signals can be considered equivalent to “time,"” but they do not
measure time itself and they may represent different functions of real time.

Lee, Young, Reddish, Lough, and Clayton (1983) describe a case where a sen-

sory reference signal secems to fulfill this timing function. The task for the subject
is to time a jump s0 as to punch a falling ball at the apex of the jump. This task re-
quires preparatory flexion of the knces followed by rapid extension to propel the
body. The hypothesis explored was that the timing of the preparatory movements
is coupled to a stimulus variable called 7. 1 is defined as o/(da/dt), where o is the
visual angle of the approaching object and do/dt is its first derivative with respect
to time. This variable is direcily related to the time that remains until the object
collides with the observer, given that it approaches with constant velocity, Since a
falling ball has a constant acceleration, its velocity increases during the approach.
When the ball falls from different heights, different functions for 7 as a function of
time to contact ¢an be obtained. From these functions, specific predictions can be
made as to how the anticipatory movement patiern should depend on the height
from which the ball is dropped, given the assumption that the movement is tempo-
rally coupled to 7.
- Lee et al, (1983) confirmed these pred:chons The timing of the preparatory
movements for steiking a ball dropped from different heights varies when knee an-
gle is potted as a function of time, but these differences vanish when the data arc
plotted as a function of 7. This finding strongly suggests that the dummy variable
¥ of a motor program is replaced by the sensory variable 7. Here we have a case of
what Lee and Young (1983) call extrinsic timing; in this case the extrinsic timing
is continuous. It is not hard to imagine other instances where a scnsory ret‘emnce
signal may be processed in the manner descnbed here for 7.
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Type 2: Intermittent Use of Sensory Information

The continuous stream of movement can often be segmented into units. In the
computer program analogy, the autonomous control mechanisms for such units are
often referred to as subroutines. It is not a]ways clear whether the pnits used in the
description of behavior have a counterpart in separate units of control, but in some
instances a division of the apparently continuous flow of movement into subunits
seems realistic {e.g., swing phase and stance phase of legs walking, in Grillner,
1981; Bissler, 1983; see also Viviani, 1986; Monsell, 1986; Schmidt, 1985b}, Un-
fortunately, the criteria for defining units are unclear.

Sometimes it can be shown that sensory information for motor control is only
used at discrete points in the movement rather than continuously. This could pro-
vide one criterion for dividing a complex movement into subunits. In this section
we will consider this intermittent processing of sensory information, focusing on
the question of when and how sensory information is used. It is again possible to
classify signals as feedback and reference signals. However, as mentioned above,
the distinction varies according to how the units of control are defined. This prob-
lem is particularly acute for intermitient processing, so we will discuss both types
together in this section. The problem is acute because the effect of intermittent
processmg can either be related to the immediately preceding movement segment,
in which case it serves as feedback, or to the succeeding segment, in which case it
serves as feedforward or as a reference signal.

Updating Parameters

The points in the time at which a sensory signal is processed need not depend on
the signal itself; they can be specified either through autonomous mechanisms or
other sensory inputs. This, for example, is the case in an intermittent servo-system
that samples the error signal at a fixed rate. Such a system served as the model for
Craik’s (1947) description of human operators in manual control tasks. Craik's
model is based on the following observation: when inexperienced subjects have to
track a ramp, their movement is uneven and oscillates around the target ramp. The
responsc looks mere like a sequence of small, discrete aiming movements than like
a smoolh ramp movement. Therefore, Craik postulated that the movement consists
of a sequence of ballistic corrections cccurring approx:malely every 0.5s. In
Craik's model of manual tracking, the visnal stimulus, in this case a deviation from
the target, is sampled according to some kind of internal clock and used to adjust
the parameters of a motor program for the corrective movements, During pro-
gramming and execution of the corrections the system is thought to be refractory
and insensitive to sensory input. Since the frequency of the intermittent corrections
was not affected by amplification of the error signal, the conclusion was that the
sampling rate is internally determined and independent of the amplimde of the
error signals itself. However, it was shown later that the start of the first correction
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is riggered by the error signal (Navas & Stark, 1968). Brooks, Cooke, and Thomas
(1973) found very similar discontinuities in arm movements of menkeys.

There is another type of internal specification of the times at which a sensory
signal is used for motor control. In some behaviors, particular sensory signals need
to be processed only at certain points associated with particular states of the move-
ment. Different sensory signals may be used in different parts of a movement
cycle. The fact that a certain signal is not incorporated into the control of move-
ment during some part of the movement, of course, does not imply that the sensory
input is not monitored during this time.

As an example, consider the human stride Iength in running, This depends
mainly on the flight distance of the trunk (sce Lee, Lishman, & Thomson, 1982). If
the frajectory of the trunk is approximated as a parabola, then this distance is given
by :

: 2vyg vy
‘o ©)
g . .

where v, and v, are horizontal and vertical velocity at takeoff, respectively, and
2 is the acceleration due to gravity. There is evidence that the horizontal velocity is
roughly constant during a step cycle, Hence, distance is proportional to the flight
duration as given by

2y -

g = ————— ' (7)

‘ 8

Since vy is proportional to the vertical impulse, this impulse has to be adjusted
according Lo an estimate of how long it will take - given a certain horizontal velo-
city v, - to reach the position for the next footstep. This "time estimate™ is avail-

able through the variable T that we have dlSCUSSBd on p. 67 (see also Warren,
Young, & Lee, 1936).

In this example, there are "time windows" in the continuous run during which a
visual variable is used for the adjustment of certain parameters of a central motor
program. ‘The ume windows are imposed by the intermittent opportumty for mak-
ing corrections - i.e., during contact with the substrate, These properties are pre-
sumably incorporated into the motor control structure so as to determine when and
how different signals are processed in the course of a periodic movement.

Other examples where the use of afferent information for motor control de-
pends on the state of the system are the so-called phase-dependent reflex reversals
or "program-dependent reflexes," which occur in walking movements of crusta-
ceans (DiCaprio & Clarac, 1981), insects (Biissler, 1974, 1977, Graham, 1979),
and cats (Forssberg, Grillner, & Rossignol, 1975). In these examples, sensory sig-
nals lead to different responses depending on when they occur in the step cycle.

Stick insects show a reflex which prevents the hind leg from standing on the
tarsus of the adjacent anterior leg. If the hind Ieg lands on the forward leg, it is
briefly lifted and moved to a more posterior position, The trigger for this reaction
is a tactile stimulus to the forward leg. Touching this leg with a brush will do, but
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this stimulug is only effective dusing part of the hind leg's step cycle (Graham,
1979). The full reaction only occurs for stimuli during the beginning of the stance
phase. Stimuli in the second half of the swing phase cause the hind leg to shorten
its swing. When the hind leg is in the second half of its stance phase or in the first
half of the swing phase, no reaction of the hind leg is observed. Similar effects
have been described for cats (Forssberg et al., 1975). Stimulating the dorsal part of
the paw causes the leg to flex when it is in swing phase, whereas the same stimulus
elicits increased extensor activity when applied during the second half of the
stance phase, Z. Hasan (1986, personal communication) has suggested, however,
that instead of being program dependent, the response may vary simply as a func-
tion of the position of the leg which of course covaries with the phase of the loco-
motor cycle.

So far we have cons1dercd instances in which processmg of sensory informa-
tion for adjustment of motor program parameters is determined internally or by
other sensory input. It can, however, also depend on the sensory information itself.
This seems to be the case in an experiment by Pew (1966). In this experiment
subjects had to center a marker on a screen by pressing two keys alternately. Pres-
sing a key resulted in a constant acceleration of the marker in one or the other di-
rection. Early in practice, key presses were rather slow. It seemed as if subjects
pressed a key and then waited until the marker changed and crossed the center line
of the screen before they pressed the other key. |

In the course of prolonged practice, subjects leamned rapid key press sequences
that held the marker approximately stationary with only small oscillations. Flow-
ever, the marker remained completely stationary only for identical transition times
between the two keys. This the subjects were unable to obtain, Because the ratio of
transition times was not equal to 1, the marker drifted slowly across the screen. At
this stage of practice subjects seemed 0 neglect the small oscillations and only 10
process the drift. Corrections occurred when the drift became too large. These cor-
rections revealed two different strategies. Some subjects changed the durations of
a few key presses, bringing the marker quickly back to the center, Other subjects
used a more clegant strategy. They changed the ratio of transition times and thus
altered the direction of the drift. This suggests that in both groups - but in a differ-

ent way for each group - the visual signal itself influences the parameters of the
motor control structure when a certain threshold was exceeded.

Triggering Transitions

In the following examples the sensory information itself is assumed to be con-
tinuously monitored. In these motor control structures, however, only the transi-
tions from one subroutine to the next appear o depend on critical values of the
monitored variables and there is no obvious processing of these signals with regard
to parameter adjustment within a subunit. Consider the transition from the stance
phase to the swing phase in the stick insect. When the movemeni of a leg in stance
phase is prevented, one might still expect that the swing phase would be initiated
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as soon as the normal duration for the stance phase is reached. This is true for
monkeys trained 10 make oscillating arm movements: obstructing the movement in
one direction does not alter the time at which the antagonists become active to ini-
tiate the movement in the opposite direction (Conrad & Brooks, 1974). The situa-
tion for the stick insect is different: the leg continues its stance phase. During this
stance phase continuous feedback systems which apparently control velocity are
active, Proprioceptive information on position does not appear to be incorporated
into motor commands. Nevertheless, position information is monitored and used to
rigger the transition from the stance to swing phase. This transition occurs only if
a given position threshold is reached (Crose, 1985a, 1985b; Dean & Cruse, 1986).
In this way a continuous afferent signal is only used for motor control at particular
points which are dependent upon the actual position of the leg.

- Similar trigger functions have been reported for the variable T (see, for exam-
ple, Lee & Young, 1986). The forceful leg extension of ski jumpers is probably
initiated when a certain value of T is reached. Similarly; the gannet which plum-
mets toward the sea seems 10 sireamline its wings when a 7 threshold is reached.

To summarize, there are two basic functions for intermittently processed sen-
sory signals: (a) triggering transitions from one movement phase to another; and
{b) updating parametess, The triggering function implies that the signals are mo-
nitored continuously. The motor control structure defines a threshold for the tran-
sition from one subroutine to the next, and the transition occurs as soon as the
threshold is exceeded,

The updating function can be perfonned at mlemally or extemally determined
points in time. Externally determined updating again requires continuous monitor-
ing of the afferent signals. Updating occurs as soon as a certain threshold is ex-
ceeded, Thus updating is similar to triggering except that in triggering the monitor-
ed signals have no influence on the parameters of the triggered subroutine, while
in updating there is a systematic relation between at least one sensory signal and
the parameter change. Internally determined updating, in contrast, is completely
defined by the requirements of the motor control structure. Certain information
may be needed only at certain times, so it can be processed for parameter adjust-
ment during preset time windows. ‘

Type 3: Advance Use of Sensory Information

The third role is played by sensory information which is used prior to or at the start
of an action. Sensory information of this type is used to elicit movements, select-
ing motor programs, and specifying paramelers, It is hard to make a cogent di-
stinction between type 3 and type 2 functions in the general case, but in practice
the distinction is wsually clear. The problem is similar to that of distinguishing
between feedback and feedforward: it arises in deciding just what entity is taken as
' the unit for analysis. When an entire tracking task or a complete step cycle 18 de-
ﬁned as the action, then the error signals eliciting correction movements in the first
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case or the transition signals in the second are type 2 - intermitient influences
occurring within the movement. However, one might also consider each correction
movement or the separate swing and stance phase as the units of organization, in
which case the same signals would be considered as type 3, advanced processing
influences. : |

It is rarely the case that an external stimulus is the enly determinant of a move-
ment. (Exceptions in humans might be eye movements toward a moving peripheral
stimulus or withdrawing 3 hand in response to pain,) The more frequent condition
for clicitation of a movement pattern appears 0 be a conjunction of internal
"drive" and external stimulus. This formulation, of course, is reminiscent of Hull's
(1952) theory of behavior. A cat or a crayfish sianding on a stationary treadmill
will normally begin to walk when the belt begins to move, provided that the
internal excitation is high enough. This "drive" is an essential part. It may vary
with time or developmental stage or from one species to another. For example, in
one crayfish species adults could easily be induced to walk on a motor-driven
treadmill, In contrast, young animals of the species or adults of another species
counld not be stimulated to walk on the same treadmill although they were quite
active walkers under other conditions (Cruse & Miiller, unpublished observation).
Stick insects walk on a motor-driven wheel very reluctantly and only with additio-
nal iactile stimulation, Similarly, a decerebrated cat needs clectrical or chemical
stimulation to begin walking (Grillner, 1981).

In humans it may be hard to relate the initiation of movement to specific drives.
Rather, one can speak about intentions. Intention can be conceptualized as tuning
the CNS to process ceriain sensory information in particular ways. The state of the
nervous sysiem corresponding to an intention bears some similarity to a motor
control structure. The main difference is that its function is not to control the exe-
cution of 4 movement but rather its initiation. The intentional state embodies rules
for the assignment of particular input patterns to the establishment or the activation
of pre-cstablished motor control structures, similar to conditional GOTO state-
ments in a computer program (Heuer & Prinz, 1987). In man, this assignment can
be sclected in a rather arbitrary way (for example, as a result of instruction of
leaming), but some assignments allow for faster and more accurate initiation of
movement patterns than do other assignments,

Use of sensory information for parameter adjustment in advance of movement
can be clearly seen in krowledge of results (KR) experiments, one of the traditio-
nal paradigms of motor learning, In a typical KR experiment subjects have to re-
peatedly perform a specified movement, After each performance or at longer in-
tervals, they are given information about the accuracy of their movements, This in-
formation about the error on an previous movement can then be used to adjust pa-
rameters for the next performance, Thus, KR plays two roles. First, KR informs
subjects about the target movement and thus is a prerequisite for the development
of learning (i.¢., creating a relatively permanent internal representations of the
deswc_d movement). Second, and this has only recently been recognized (Salmoni,
Schmidt, & Walter, 1984), KR provides "extemal guidance” - external information
which can be used for temporary parameter adjustment and may not be used to
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form a part of the relatively permanent (i.e., learned) representation of the action.
Subjects seem to rely partly on this external information for parameter adjustment,
so that a performance decrement is observed when it is withdrawn,

Conclusion

To summarize, we have described various ways in which sensory information is
used for motor control. Before the actual start of the movement, sensory infor-
mation (type 3) is used for selecting and activating an appropriate motor conirol
structure and specifying the initial parameter values for the autonomous control
signal, During movement, sensory information (type 2) can be used for triggering
successive units and for intermittent updating of parameters. These actions may
depend either on the current state of the control structure, on the state of the mo-
nitored signals, or on a combination of both, Finally, sensory information (type 1)
can be used continuously either as feedback, as a reference signal, or as a kind of
time base for a motor program, In the latter instance, it defines the "time axis" on
which the motor program operates, Sensory information used as feedback can be
pracessed in parallel with the autonomous control signal. It serves to reduce or
correcl any errors due to changes in the peripheral transformation or to inaccurate
parameter specification in the direct control path.

The diverse functions of sensory signals appear to make any sxmple answer to
the question of how the motor system works unrealistic. Instead, one may have o
be content with a set of specific answers to specific questions. The specificity
enters with the requirements posed by each task and with the role of chance in the
evolution of biological solutions, Each task appears to favour some control mecha-
nisms over others in the development of motor control structures for performing
the required action. This is particularly true with respect to the use of sensory in-
formation. The motor control structure itself determines, to a large extent, how and
when sensory signals are processed. In this sense it is not only a "motor system"
but rather a "sensorimotor system.”

So far we have taken our examples from various species based on the implicit
assumption that the basic ways of processing sensory information for motor con-
trol are invariant. Species, however, do vary. In particular, the varicty of motor
control structures seems to increase in higher species.

In the frog, for example, it seems to be possible to compile a rather complete
list of the mator control problems this animal faces, More importantly, it is possi-
ble to identify anatomical structures that subserve these control problems - neural
centers which process sensory information in a particular way for a particular
movement patterns (sec Ingle, 1982). These structures represent the higher-level
anatomical substrates in the associated motor control structures, Thus, motor
control structures in the frog seem to be "hard-wired." They process in a pre-
established way: once they are established little or no plasticity remains. For

“example, Iower animals do not adapt their motor actions to changed viseal input
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such as occurs when the eyes are surgically rotated in their sockets (sce Taub,
1968).

The situation is radically different in humans, Humans adapt readily to even
severe changes of visual input (see, for example, Welch, 1978), the assignment of
output motor patterns to input signals is nearly arbitrary, and it appears impossible
to compile an even modestly complete list of the motor control problems. Motor
control structures in humans appear fo be "soft-wired"; they can be readily adjust-
ed 10 meet changed environmental demands. Hence, attempts to find general rules
for processing sensory information or for the parameterization of motor programs
appear doomed to failure. The best that can be done is to find rules for particular
tasks, that is, rules that hold for a particalar motor control structure.

This sounds like a rather pessimistic view, but there is some consolation. Even
if there are innumerable motor control structures, there are some that are particu-
larly relevant and deserve study in their own right, such as locometion. Also, there
should be some general rules defining what is possible for motor control structo-
res, Although these rules will probably not suffice to predict how motor control
will actually work in particular situation, they may allow a range of possibilitics to

be specified. Finally, there may be some features that are shared by mansy motor

control structures. For cxample, the parallel use of autonomous command signals
and closed-loop control seems to be such a feature,
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