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SummAary

& model is presented which deals with certain problems of
motor control, motoer learning, and sensorimotor intEgratinn: The use
of efference copy, re-afference, and & atate space memory are key
factora in its operation. The following are functions and features of

the proposed syatem:

1) Descriptions of desired movements are tramslated into motor
commands which will produce the specified motions. The fnitial
gpecification of the movement 1s free of informatlon regarding
the mechanica of the effector ayvatem,

2) The aystem demonstrates gradual improvement in performance
as 1t gains experience from self-produced movements.

3) The performance of selected movements can be more rapidly
improved through concentrated practice.

4)  Practice of one movement may ilmprove performance of ancther
thereby showing a kXind of transfer of training.

3} Adaptaticns to mechanical and certain sensory changes take
place witheout an explicit error correction procedure.

f) Mechanical interactions between jolnts are automatically
compensdated 1n production of the motor command.

7) Ho conatraints need be placed on the geometry of the limb
or body=part under control,

&) The sensory information used by the model may be related to
the jolntm of the limb, to visuval space, or to any other
coordinate system. It need satisfy no linearity constraints,
but must be capable of uniquely describing each limb movement.

9) The computations performed by the model are quite simple,
and especially suited to a parallel processing device.

In addition to a discussion of these properties in terms of the
model's operation, an implementation wsing -a computer and manipulator is

introduced.



Introduction

The human motor system is characterized by properties which are
not exhiblted by traditional man-made machines. Most basic of these
properties is the ability to learn. Initially the human infant exhihits
discoordinated movements which have no apparent purpose and are
skillessly executed. But as the child develops, his movements take on
a different character. They become directed and effective, smooth and
graceful. The improved dexterity is attributable in part to the
experience the developing organism receives from his own dattempts to
move (2,3,10,12). The aduelt, moregver, 1s able te select particular
movements and center his attention upen them through practice until a
high level of performance has been reached. The human is not limited
to making only those movements which have been the subject of previous
practice —- it s often the case that a movement which has never before
been attempted can be executed with a fair degree of precision.

Bot only are we able to gain motor control of our bodies as we
Brow up but we are able to maintain control. TIn the normal situation
this means that we make the adjustments needed to control our limhs
even though the masses and sizes of the body parts undergo large
changes throughout ontogeny. In the laboratery we are able to
compensate for experimentally induced distortions made te our SEASOTY
inputs or to the environment (10,11,27).

Other properties of the human motor svstem are affected by the
mechanical nature of the skeletal and muscular systems, and the laws
of physics which they must obey (21). The forces and torques created
by a muscle often influence a number of Jolnts, even when the muscle

iz of the simple, single joint variety. Each joint is influenced by



a number of muscles, not only because there are many Buscles "across'
the joint, but because reaction torgues are produced when muscles
accelerate other joints of the body., Yet our nervous control syastem
effectively compensates for these mechanlcal Interactlions when precise
movements are called for,

Finally, our limbs are wseful tools only if they will de cur
bidding, but our wishes are phrased in a language which metoneurons
and muscle do not understand. If we start with the simple, perhaps
schematic instruction, "Close your eyes and move your hand so that the
tip of your finger travels a path which is a straight line." we are able
to comply. We are ahle to comply even though this specification of the
movement of the finger gives mo explicit information sbout the requisite
joint movements or muscle forcea. This means that our motor system is
able to convert & description of a movement given inm one coordinate
frame into & set of commands which are suited to act im an entirely
different frame —— that of bone, joint, and muscle (1,8,18).

The purpose of thils paper 1s to present 2 model of a motor
sub=gystem which displays each of the properties mentioned abowe. The
model presented here is not the only model which displays these
properties of the biological motor system, mor is it supposed that other
models cannot be proposed which do so (6,7,23,26,27). The present model
does not presume to account for all aspects of biological motor comtrol
not even completely account for those properties cited abowve. Hor can
any strong claim be made regarding the basis for the similarities of
behevior displayed by the mechanism under consideration here and the
biclogical motor system. So if this model cannot be shown to be a

necessary model, nor are its powers sufficient to describe the human motor



system, por can an effective demomstration of mutwal cauwsslity with the
biclogical motor system be made, why develop it and why use a computer
and manipulacor to satudy 16?

The motor system is complicated, being comprised of numerous
nervous and mechanical components, and perhaps numerous logical or
functional components. When the pavchologist or physiologlac atudies
this aystem he has two cholces., He can study the system in 1ts entirety
and be forced to deal with the myriad of wvarishles and possibly changing
atrategies which characterize the behavior of most animals, or he can
manipulate the physiological preparation in some way which, in addition
te producing the desired effect, introduces unknown and unpredictable side
effects and complications. The resecarcher working with the simulated
model does not face this dilemma. Each sub=-system or sub=sub-system is
avallable for scrutimy and all interaction can be studied explicicly. He
can be sure the strategy of aperation will not change when parameters
are changed or processes are removed. The physziologist is forced to
work with wvariablea of limited value and often prohibited from dealing
with theose variables of most conceptual importance. The response of the
individual cell is recorded rather than that of the ensemble. The EMG
is recorded rather than the force delivered by the muscle to the tendon.
This is also not a problem for the modeller because every variable is
avallable for measurement and modificatfon.

Perhaps the most important strong point of the synthetic approach
to motor research is the effect it has on the researcher's focus of
attention., There is no reason to let the anatomist's subdivision of
the nervous system be the guiding force in our research if the structures

he delineates have little correspondence with the functional divisions of
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the motor aystem. Rather, we should organize our thoughts about
functional units and conceptual issues, and this Eype of thinking results
when the problems of design are faced. This approach 1s given further
power when the formulations of a model are put in the form of a working
mechanism, for only then can we be sure that our supposltions were
correct and that all vagaries have been eliminated.

These statements are not meant to be critical of the purely
empirical approach. The intention is to describe how inm certain Ways ,
the formulation asnd simulatien of models 1is complementary to the approach
noermally taken by the newrcscientist, and how these formulations can
be useful te him.

It goes almost without saying that the design, implementation,
and study of such models can have direct application for those who

wish to produce sutonomous machines,

Congeraints on the Problem

An often neglected first step in the atudy of the motor system
should be the selection of a class of behavior upon which attention
may be focussed. The human body i a versarile mechanism capable of a
staggering variety of movements. The nervous system 18 also extremely
versatile and employs a nusber of control strategies. Sometimes a 1limb
is mowved with great deliberation and precision in which there ig
simultanecus sctivation of agonist and antagonist muscles. Other times
more free-flowing motions are made in which agonist muscles accelerate
the masses of a limb to high weloeity, the limb coasts until it i5 slowed
and stopped by the force of antagonist muscles (16}, Contrast, for
example, the motion of a delicate paint stroke to that of a baseball

pitch., Sometimes interaction with the environment is quite predictable



and adjustments are virtually unnecessary while at uth;r times the
movement 1s nothing but a set of constant ad justments to external
disturbances. When walking down a flight of stairs the position af each
step and moment of foot comtact is quite predictable. Conversely,
standing still on a moving trolley car requires major adjustments at each
lurch on the track. The aim of a movement may be to achieve a certain
position, to move at a certain velocity, or to contact an ochiect with a
certain force. When one presses a button the position of the finger is
important, while the veloclty at which the violinist draws his bow
Influences the sounds which result. TImagine the effects of g masseur who
cannot regulate the force of his ministrations.

For each of these types of movement the problems of control are
different and one reasonably homogeneous solution would not he expected to
apply to every case. In order to develop a model which can help us to
better understand movement we ghould begin by acknowledging this diversity,
and restrict ocur studles to a class of movements, the members of which are
produced by one, unified control scheme aor strategy. Of course, our
readiness to make this choice indicates our belief in a certain discreteness
of control function.

The model discussed here was designed to process ballistic movement,
This means that once a movement is inftiated no sensory information is used
te alter that movement during its execution. Such movement can also be
called cpen-loop, but it should be realized that, ultimately, the loap is
closed. This is so because, though the sensory information obtained
during & movement is not used to slter the progress of that movement, it
may be uked to alter the motor system in such a way that subsequent movements

are influenced. A special case of the ballistic movement is that which 1s



composed of a number of short, open~loop segments executed in sequence,
where the sensory information produced during one segsent influences the
production of subsequent segments. This variation is not dealt with here,
but is mentioned im order to suggest the ultimate usefulness of solutions
to the open=loop control and learning problems. Results of research by
Hammond (9) and Melvill-Jones (20) regarding the latency of effective
compensation to disturbances in man further substantiate this view.

Since we are only studying open=loop movements, one mipght expect us
to make the further restriction that all interactions with environmental
disturbance be quite predictable. In fact, for simplicity, all interactions
with the environment, other thar gravity, have been eliminated from
consideration. We are specifically interested in controlling limb
position as a function of time in the sbsence of envirommental influence.,

The model under consideration here was not designed to account for
all motor function. Im addition to restricting the class of movements
under atudy, we have limited the type of processing to be described. This
means that other motor processors work along with the sub=-system described
here and the learning or execution of even & single movement relles on
a number of processing elements. Figure 1 1= an example of a familiar
demoms tration. Changing the motor apparstus used in the production of
writing does not change the essential form of the characters produced,
even though the muscular commands involved must be very different. Unless
the subject learned to produce each form of eutput separately, (this was

not the case in che example shown) we may draw twe conclusions:

1) Mator programs exist in the nervous system which are expressed
in a language which is independent of muscular and kinematic
considerations. Owme such program can he used to produce
movements in any of a number of limbs or body parts.
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Fig. 1 Writing with the pen held by different parts of the body does not
change the shapes of the letters even though different suscle and
skeletal systems are used to produce each example. A) Pen held by right
hand {dominant). B) BRight arm was used to produce writing. C) Pen held
in left hand. D) Pen held in mouth. E) Pen was taped to right foot.

The subject had essentlally no previocus experience writing with any body

part other than A.
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Z£) Mechanisms exist in the nervous ayabtem which can translate
general motor programs (as described in 1) into explicit
instructions asuitable for the mugcles, mechanics, and sensors
of a particular limb.

This type of architectural arrangement has heen discussed by Arbib (1)
and Waters (25) and the translation process has been mentioned by Marr (18)
and Gelfand,et al (8). The power of such an arrangesent 1s quite attractive.
High level processors may formulate new movements or modify old enes, or
make combinations without having to take the mechanical properties of
the effectora into consideration. It 1s supposed that these processors
may perform aymholic cperations through which planning and etrategy decisions
may also be made. They specify to the translator what the output of the
limb should be.

The translating mechanism, on the other hand, is not organized
around moler prograss, but around the myo-mechano—sensory system with
which 1t communicates. It 1s free fram the responsibilicies of strategy
and planning, and need not be capable of performing symbolic operations.

I[ts only duty is to accept detailed descriptions of movements and translate
them inte appropriate muscular commands. Bur o performs this function
kinematic, dynamic, and muscular information about the 1limb must he
avallable in a usable form. This information may not be present im the
infant, and certainly must change as the organism grows. It is therefore
important to the effective operation of the tranzlator that some mechanism
maintains an up-to-date source of mechanical information sheut the linb,

The translating mechanism which comverts descriptions of desired
output into motor commands plus the support mechaniam which acquires
mechanical information and stores it in @ usable form are the topica of
interest in this paper and w.1l be referred to collectively as the

translatcor.



The Model

Let us begin the presentation of the model's operation by
examining the nature of the computations required by the translation
process. Descriptions of movements must be converted into motor commands.
The acceleration of an object, taken with its initial conditions, gives
a complete description of its movements and the force on an chject is
thar which commands its every motion. For this simple, unconstrained
gystem wo can specify the desired acceleration and use Mewton's equation,
F = Ma, as a translator to find the necessary force. Of course, this also
applies to rotary motion, T = -.IE, where T is the torque, J is the moment of
inertia, and E 1s the angular acceleration. If only a limb were so simple
as that.

What is the acceleration of a 1imh? If we take the simple case
where the coordinate ayastem of interest is that of the limb's joints we
can describe the acceleration by a vEctnr..i, whose aumber of elemencs
equals the number of joints, W. (@ is the angular position of one joint
and each prime marker indicates differentiation with respect to time.

All vectors and matrices are delineated by an underscore.) The moment of
inertia, however, must be expressed as a square matrix of rank ¥ because,
as meptioned earlier, torques applied to one jolnt will cause accelerations
about every joint in the limb (5ee Fig. 2). The J matrix specifies the

relationship between the torques and the resulting accelerations at each

i _ torgque applied te joint k
ik acceleration at joint 4 °~

joint in the limb; Infortunately, the

alements of this matrix are not constants for two reasons. Firstly, the
amount of interaction between two joints is dependent on the angular
position, §,of the joints of the limk (also an H-element vector). For

some configurations of the limb the amount of interaction is large while
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Fig. 2 The MIT-Vicarm manipulator (see Fig. 5) was used to demonstrate the
potential for mechanical interactions among joints of a limb. These graphs
show how torques applied to one joint of the mapipulator can influence other
joints. 'Each movement labelled as 1 was made by applying constant torque

to each jolnt. In movement 2 the torque at joints 1 and 3 were unchanged ,
but a step of torque was applied to joint 2 after 500 msec. (at arrow). Note
that the position and velocity trajectories of all three joints were
aflected. P-position; V-velocity.



for others it is small (See Fig. 3a and n). Secondly, the effective
moment of Inertia ef a joint is determined, not only by the masses of
the links which are moved, (a link iz that part of a lisb berween two
joints) but also by the distances between the masses and the center of
rotation (See Fig. 3c and d).

For the limh having N joints, ¥ links, ¥ accelerations, and HE
moments of inertia there are N torgues. In addition to the Lorqueas
applied by the muscle we must consider the acceleration of gravity and
the damping forces due to friction. The acceleration of gravity must
be represented by a vector of dimension N because each mass in the limh
will be accelerated individually. These gravity factors are alse not
constant but depend on the relative positions of the masses and Joints
in the limb (See Fig. 3e and £), Frictional torques, also representable
by an F-dimensional vector, are independent of @, but depend on the
velocity of the moving joint. Unlike the gravitational and moment of
inertla terms, which, in principle, may be celcualted from a blueprint
of a limb, the frictfonal terms often bear a complex relationship to
the velocity of a joint.

A [inal factor relevant to the equations of motion which only
introduces appreciable torques at high velocities, is the coriolis
term. This torque is produced by accelerating an object about one axis
while it is rotating about an orthogenal axis, and the direction of
its action is about a third axis orthogonal to the plane of the other

CWio .



Fig. 3 A) Accelerationa of joint 1 will cause large accelerations

about joint 2 due to reaction torques. B) The reaction torque on

jeint 2 is smaller here than in A because of the position of joint 2

and its link. €} The moment of inertia of jeint 1 is maximum because
the center of mass of link 2 is far from the center of rotation. DY) Here
the moment of inertia is almost 2 mindmum. E), The effects of the
acceleration of gravity depend on the moment arms through which it acts.
Here it is maximum for the link. ¥) The mement arm is zero and no

torque is produced about joint 1 by gravity,



If we rewrite Newton's eguation, but include each term introduced

shove we get:

L] L]
T- Gl - B(E) - c@.d) =@ -8 (eq. 1)
where: is the muscle torgque vector
iz the gravitational torgque wvector
is the frictional torque wector
is the coriclis torgque vector

i the moment of Iinertis matrix
P

Fi
" ﬂ. andlﬂ are the poaition, wvelocity, and acceleration vectors.

= || e

This equation may still look manageable, but the dependencies on
# and é are only implicic. Kahn (15) has worked out the explicit
relationship using a computer progras which performs algebraic manipulations
and his results for a general limb having three links and three jolnts
(M = 3) but no friction is reproduced in part in appendiz A. These results
are almost Iintractable, (the equations i{nvolve about 1600 terms and 13,000
multiplications) and virtwally useless for a theory of motor function.

But bafore we totally discard these results let us examine a special
set of circumstancea under which simplifications can be made. If we look
at the behavicor of the limb during a very short interval of time we cbserve
that eq. 1still describes the behavier of the limb, as it must, but each
term can be simplified. During a short interval, call it a time slice, or
just a slice, we see that each joint has position and wvelecity, but during
the slice their values change by only amall amounts. We may neglect these
small changes or reduce the duration of the slice te the poelat where the
changes in velocity and position may be neglected. Once this is done each
element of a vector or matrix in eq. 1 which had been dependent on the
state of the system (the state of the limb is wniquely determined by

the positions and velocities of all the joints) becomes a constamt. We can
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represent our equatiomns of motion as:

T-G-B-C=J4.§ (eq. 2)

By grouping terms and making the equation explicit in the torque exerted
by the muscle we can make one further aimplification:
L1 ]
IT=J-8+K (eq. 3)

where: K= G+ 8 + C

It must be remembered that this equation only applies to the motion of
the limb during one time slice, and only the slice to which apply the
values of the HE + N constants which comprise J and K. MNothing prevents
us, however, from applying eq. 3 to other time glices provided we canp
find values of J and K appropriate to the state of the system prevailing
during those slices. We can describe eq. 3 as the piece-wise linearized
veralon of eq. 1, and the state for which the constants are chosen as the
operating peint. Although the development so far indicates that we
calculate the torque needed at each Jeint of the limh, we will see ghortly
that the value calculated can be the net force exerted by the tendon, or
& special version of the command to the muscle.

Suppesing we have avallable the constants required, we could
take the description of an entire movement, slice it wp inte enough
time intervals so that the change in position and velocity for each
joint is negligible, and determine the muscular torque needed to producs
the desired acceleration for each interval., If the appropriate initial
conditions were satisfied and each Lorque were applied for the duration
of the interval for which it was computed, the resulting msovement would
closely resemble the originally specified movement. The reproduced
movement could be made arbitrarily close to the desired movement by

reducing the duration of the time slices, provided that the consCants



needed were available for each of these new, shorter slices. This
scheme will only work if the accelerations present in the description of
the desired movement are limited in magnitude to those produceable by
the limb's muscles. Viclation of this restrietion will result in
specification of a torque vector which 1s not achievable and the
resulting motion, assuming that some attainable torque is used instead,
will not cenform to the desired response. 1t should be reslized that
this problem must be faced by any solution to the translating problem
and is not unique to the solution given here.

The sclution given so far is only a partial description of the
computations performed by the translator since we have not yet indicated
how the constants which describe the mechanical mature of the system
are found, nor how they are affected by motor experience and changes
in the mechanical syvstem.

In 1930 wvon Holat and Mittlestadt used the concept of efference
copy in 8 model which was designed to account for the ability of a fly
te distimguish between internally and externally produced changes in
sensory stimulation (22,24). Thelr notion was that the relationship
between an externally generated signal describing changes in sensory
stimulation and an internally generated signal describing impending
changes in the position of the sensory surface would slways glve
unambiguous information about movement in the external world. This
internal signal is known as the efference copy. Imn Held's model of 1961
the Holstian view was augmented to allow attainment of perceptual accuracy
even after changes were made to the meandng of sensory signals (10,110, In
this model the efference copy was used to elieit the trace of previous
re—afference and this trace was compared to the current afference. Young

and Stark proposed am elaborate model in 1965 in order to account for the
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ability of a human performing a tracking task to change control strategies
when there were changes in the dynamics of the contrelled element (280,

In that model the efference copy was used to drive an internal dynamic
model of the controlled element, and the output of that model was compared
with the afference from the control task.

In the present model the relationships between the efference copy
and the re-afference are used to determine the constants which represent
the mechanical properties of the limb and are used by the translating
mechanism, As will be seen, the use made of the efference copy in this
model 18 somewhat unique in that there 1s no comparater, ne error signal
is caleculaced, and no error correction procedure is wsed. Rather,
detailed information about the mechanics of the limb are found by examining
the limb's input=output relations. Mechanlcal properties are derived
direcetly from the éaaulta of the organism"=s attempts to move.

We teturn, once more, to the speclal equations of motion which
govern the system's behavior during one time slice, with the understanding
that what must be found are the H2 + M constants which comprise J and K.

If we consider the scalar eqguation (N = 1}):
L
t=1-@d+k
it {5 known that we can find j and k by simultanecusly solving two

equations in wo unknowns. We firat make measurements of the torgue

and acceleratilon for two movesments and calewlate the desired data:

E, = € "
A Btk B
g, - @, °
1 2
. 4
t, - t, (eq. 4)
Y =3 T
Ilﬂ1_“"2

For the case where N # 1, (for a limb having a number of joints) we



must make HE + H measgurements of torque and acceleration and solwve

Hz + N eguations. By enalogy o eg. &:

E=D-lE-2 - ®R-9] "4
1=@-@ - ®-5"
where: P = LI1E IEE T, P I, (eq. 3)
8= Mgy f Dy T+ 0 0 Ty
R= (g, 18,08, .. 8]

UYL SR I W

i "
and #, are the i'th measurements of T and @.
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We see that these calculations can be performed if N + 1 sets of Ei

and_zi are available where the acceleration vector is the response
produced by issuing the torgue vector as a command. These computations
derive information sbout the mechanics of the system [rom the
relationships between the efference copy, T, and the re-afference, E.
Once again remember, we need to find the values of the H2 + H constants
which are appropriate to the state which prevails during a particular
time slice, If this 1s o be so, each measurement contributing to the
calculation made by eg. 5 must have been made while the system was 1in or
near the state of interest.

The procedure foi finding the valuea of the mechanical constants
J and K for one time slice are given above, but our goal is to process
movements which are composed of many slices, each of which may correspond
to different mechanical states of the limb. To ensure the achlevement
of this goal the operations of collecting data and calculating conatants
must be organized. The necessary organization arises Erom the consideration

of a discrete state space and the use of two types of memory; the

temporary buffer and the state space memory.
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The syatem cannot have stered, nor car it calculate the constants
needed for every attainable state of the 1imh, for the number of such
constants is infinite. The best it can do is let each atate be "near’

a state for which data are stored or can be stored. Let us divide the
range of each dimension of the state space, (each joint's position and
veloclty) into M intervals. The IN dimensional state space 1s then
particloned into H{EHJ reglons or hypercubes. If M is chosen to make the
gize of each hypercube reasonably small, and the values of J and K
are available for one state in the hypercube, then all the states in

that hypercube can be sald te he near a state for which data are stored,

1£ all the measurements contributing to the calculation of a get of
constants, J and K, were generated while the state of the limb was in one
hypercube, the assumption can be made that the constants correspond to

A state in that hypercube. This statement will surely be true for large M.

If one keeps in mind this notion of a discrete state space, the
operation of the translator with respact to the acquisition of constants
of mechanical description can be made clear, Muring self-produced
movements data are generated which must subsequently be used to calculate
the constants of mechanical description. The data for these computations
are pairs of simultaneously generated acceleration and torque vectors,
These pairs of vectors cannot always be used immediately because each
application of eq. 5 requires N + 1 sets of vectors from the same region
of state space. Since the state of the limh is constantly changing, only
a limited amount of data from each movement 15 pertinent to a given
region of the state space at a time, and the data that are available
must he saved., Hence the temporary buffer. Although its use is quite

different, the type of data stored in this buffer is similar to that of



Held's correlation store (10,11).

When N + 1 pairs of wectors from the same region of state space
accumilate in the temporary buffer, J and K are calculated by the translator,
and they must be saved. The state space memory is organized so that it
can store N° + N constants for each hypercube of the discrete state space --
{HE + K) - EH;H} constants in all. In certain cases wvalues for J
and K will be calculated for regions of the space for which previous results
exist. In arder to reduce noise and provide the ability to adapt to
changes in the mechanical properties of the ayatem, new and old values
of J and K are averaged with some sort of welghting which favers recent
data.

Figure & is a diagram of the system under discussion. Operation
of the model can be susmarized as follows. High level processors
produce descriptions of desired movements which are presented to the
translator. These descriptions explicitly state the time course of the
movement so that position, wvelocity, and acceleration information are
available for each dimension of the coordinate space in use. The
desiraed movement 1s sectloned inte time Intervals or slices, each of
duratfon at. For each time slice eq. 3 is uwsed in conjunction with the
mechanlcal ifnformation in the atate space memory, to find the forces which
wlll be used in an attempt to produce a movement having the desired
accelerations. The command forces calculated are issued to the limb and,
while the movement is in progress a copy of the command, the efference
copy, and a copy of the sensory signals which indicate the progress of
the movement, the re-afference, are stored in the temporary buffer with
labels which indicate the reglon of the state space to which they apply.

Subsequently, the contents of the temporary buffer and eg. 5 are used to
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Fig. 4 The major components of the translator model are shown. A
description of its operation is given in the text.



find values of J and K, and these results are stored in the state apace
memory in combination with data that might have been stored there
previously.

It ia impartant to nobe that the peometry and linearity of the
sensors and the geometry of the limb place no constraints on the
translator presented here. This is a direct result of the piece-wise
linearization process to which we have submitted the mechanical sysLem.
From a practical point of view, this means that re-afference can take
the form of visual feedback just as readily as joint criented proprioceptive
feedback. It means that the joints can be revolute or gliding. It al=so
means that the forces applied by the muscles can undergo non=linear
transformations due te the joint-tendon geometry, without COTES &0 e ce.,

Unfortunately, one constreint still exists on the relationship
between the motor command and the force exerted by a muscle on its tendon.
This relationship must be linear in the follewing sense:

LT = a{ﬂ,ﬁ; - E+ b{g.ﬁ} {eq. &)
where: T is the force produced at the tendon

E is the motor command
ﬂfﬂﬁé} and b(#,}) are srate dependent constants.

This restriction says that for any piven state of the 1limb, incremental
changes in the motor command mustproduce proportional changes in the
tendon force of the muscle, This is a very weak form of linearicy.

It does not gay that the force in the tendon needs to he proportional to
the motor command, nor that the force delivered by the muscle must be
constant 1f the command does not change. Indeed, if a human arm is
moving and the command to the muscle does not change, the force at the
tendon will increase if the muscle is stretched and decrease if unloaded.
The only requirement is that, given the same mechanical conditions

{(i.e. the state does not change) all imcreases in command produce
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changes in force which are related by a constant multiplier.

Actually, the fact that this relationship must he true for this
medel to work, even if 1t requires the presence of some processing to
ensure 1t, can be viewed as a feature from the translator’s point of
view., If this relationship were not gnaranteed, the adaptive nature of
the translator would respond to changes in the mechanical system caused

by muscular fatigue, and that procesa would reduce the system's immunity

oo noise,

Behavior of the Model

Initlally, the perfermance of the translating mechanism will be
quite poor. Every attempt to use information about the sechanical
character of the lisb will be frustrated because the state EPACE MEemary
will be empty. Data about the mechanics of the limb are enly available
after movements have been processed. If no data from the state apace
memory are available two things can happen. The translator can use
some praset or genetically encoded constants and proceed to generate
a set of commands even though the resulting movement may be gquite
different from the one desired. Alternately, some other control gV Les
could take over when the translator finds that it has ne usable
infermation. Under this circumstance the translator would not take
part in the production of the movement. In either case it is important
that the remainder of the translator's functions (i.e. the analysis of
the efference copy and the re-afference) be performed when the movement
ig exeeuted, even though the resulting movement may bear little resemblance
to that specified by the high level processer. If this were not the case

the translator would paver have the opportunity to build up itz memory
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and ilmprove. (This would be something like the fellow who canmot get
a4 job because he has no experience, and cannot get any experience without
a job.)

Az more and more movements of the limb are made, more and more
data describing the mechanics of its operation are available to the
translator. During this period of data acquisition the quality of movement
produced by the translator will gradually improve. It should be stressed
that the reason for this improvement is not that errers in previous
movements are explicicly corrected, nor that errors in the constants
which specify the mechanical properties are explicitly corrected.
Movement errors can only be detected if a comparison between desired and
produced movements 1s made and thia 1s never done by the system presented
here. Motor performance is gradually improved with experlence for two
CEASOTIES

1) Each movement submitted for translation requires data

from a number of regions in the state space memory. More

of these data are availablewhen the system is more experienced,
because these data are generated directly from the movements
which comprise experience.

2} If there is any neise in the system (there always is nolse

in physical systems) the data available from the state Space
mEROrY become more accurately speclified when they are

caleulated a number of times because noise is reduced
through averaging.

Though the general level of motor performance is improved with
experience, the performance of a specific movement can be improved
through concentrated practice. In this case improvement is accelerated
because a higher percentage of the incoming data are relevant to the
régions of the state space memory which will be used to attempt the
movement of interest. It is alse true that more movement data of any

kind are availsble during practice. While heavy practice of one or a
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group of movements should improwe the abilicy to make the practiced
movements, in some cases other movements will also be facilitated.

This will he true when the other movements are similar to those practiced.
By simllar we mean that the same regions of the state space memory are
used to generate the movement. This type of transfer might correapond

to Thorndyke's "identical elements" theory, slthough he prebably had

a higher level process in mind (13,19). The type of transfer described
here, from a highly practiced movement to a similar, but less practiced
one also contributes to the appearance of a general improvement of motor
performance. In fact, the characteristic which prompts us to call the
improvement general is that entirely new movements are perforsed with

only modest amounts of error, though never before explicitly practiced.

It must be underatood that the effectiveness of concentrated practice

upon the practiced and similar movements 18 influenced toe a large degree
by the details of the practice strategy —- detalls which are not consldered
here.

When the constants for a reglon of the state space memory are
caleulated a number of times, we can expect the cverage of those
calculations to comverge upon the true value of the mechanical properties
they represent. This will happen when the wechanicsal properties of the
limb are constant but there is noise in the system. In the event
the mechamical properties are not constant =- a sitwation which can
occur when the organism grows, the muscles get stronger, or the sensory
elements change == repeated calcualtions of the mechanical constants
will reflect the changing preperties and ulcimately converge some time
after the changing limbk stabilizes. The exact nature of this adaptation

process will depend on the rules of combination which apply to the storape



of new data in the state apace memory. The only statement om thils score
te be made here is that a weighted average which favora recent data
will perform in an adaptive way. Improved noise rejection will be
demonstrated, however, if the time-constant of the meEory is as long as
possible, while still being short with respect to the time-constant of
changes in the mechanical Properties of the 1imh.

At this polnt we must reiterate that all the properties of the motor
syslem are not being attributed to the translating mechanism. Just
because the translator learns and adapts doés not mean that other

processors do not alss lears and adapt. It is assumed that they dao.

Testing the Model

The model presented here will be most useful after it has heen
tested., This 1s so for the neuwrophyslologist who wants to understand
man and for the engineer who wants te design more advanced autonomous
Bachines.

To many neurophysiologlsts, testing a model of motor fumcrion
means showing that the bileleglcal motor system conforms to predictions
drawn from the model. There is ancther kind of test -- one which verifies
that the properties and powers alleged to come with a model are actually
products of the operations and computations it performs. This second
type of test should be required of a model before its predictions are
related to the biological organism, for only after such a test does
confirmation of predictions about the biological system result in our
Increased underacanding, Without verification accurate predicclons only
mean that the modeller predicted correctly, not that the model describes
the behavior under study. While issues regarding the biological system

are of little consequence to the engineer, he must also have a verified
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model if he is to proceed o problems of technology, cost, practicality,
and usefulness.

We have begun to conduct tests of an implementation of the model
presented. The embodiment of the motor system used in those tests
consists of & small computer (PDP11/45), some simple analog circuitry,
and the MIT-Vicarm manipulater (See Fig. 5). Preliminary results show
4 rudimentary ability te learn, but the presentation of conclusive data
awalts the eliminatfon of aome methodelogical difficulties and the
completion of a thorough set of experiments. These experiments are
designed to show that:

1) The system can use the results of practice to improve
its performance.

2) Attempts to practice one movement can favorably influence
performance of other movements.

3) The system can adapt to mechanical disturbances caused
by the application of inertial, constant force, and variahle
force loads.

4) The system can adapt to disturbances caused by distortions
of the sensory signals used in learning.

3) The form of the reafference signal is not constreined ro
any one coordinate svetem.

The results of these experiments will be presented in a fortheomming

companion to the current article.

Fig. 5 (next page) The layout of the first three joints of the MIT-Vicarm
manipulator are shown. @, acts about the vertical axis. The manipulator
iz about the size of a huBan arm; 1.=.273m, 1 =1_=.05%m, 12-1 =, 203m.

Each joint is provided with a DC toTgue motor, a putentinuete#. a
tachometer, and a clutch-type hrake. The diagram is from reference

1& with modifications.
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endix A

The following is taken from appendix A found in Kahn (15). Of
the 15 pages needed to expand equations A.l, A.2, and A.3 only 3 are

shown here to give the reader the flavor of his findings.

EQUATIONS OF MOTION FOR A CEMERAL KINEMATIC CHAIN
CONTALNING THRFE REVOLUTE JOLNTS
In this appendix, equations of motion are given for a general
kinematie ehain containing three revolute joints. These equations were
obtained by expanding the matrix products in Ef. (2.12) en a digital
computer using an algebraic manipulation program called REDUCE [4&]. In

terms of the REDUCE notation, the equations of motion are

P - E 'E w
ML1 B, + Ml2 B, + MI3 éﬁ + D111 él + D122 g, + DI33 &
+ D112 8,8, + D113 8,8, + D123 éE‘ﬁ} +GRL = T, (A.1)
Mz B, + Moo B 4 M23 B, + D21l 85 + peoe 8C + pen3 A°
1 Py 3 L 2 3
+ pel2 b8, + D213 Eléﬁ + 223 Bob, voR2 = T, (4.2}
s & aa 2 .E .
M3 B, + 23 éE +M33 8, + D311 6] + D322 B 4+ D333 8
+ D312 élﬁe + 0313 ﬁléj + D323 6265 +CRZ = T, (A3

In other words, MLZ? 1is the coefficient of 'E",} in the first equatiom,
D21% 45 the coefficient of 'aléﬁ in the second equation, and GR3 is

the gravity term in the third equation; other terms are similarly defined.
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