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Role of the cerebellum in reaching movements in
humans. |. Distributed inverse dynamics control
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Abstract

This study focuses on the role of the motor cortex, the spinal cord and the cerebellum in the dynamics stage of
the control of arm movement. Currently, two classes of models have been proposed for the neural control of
movements, namely the virtual trajectory control hypothesis and the acquisition of internal models of the motor
apparatus hypothesis. In the present study, we expand the virtual trajectory model to whole arm reaching
movements. This expanded model accurately reproduced slow movements, but faster reaching movements
deviated significantly from the planned trajectories, indicating that for fast movements, this model was not
sufficient. These results led us to propose a new distributed functional model consistent with behavioural,
anatomical and neurophysiological data, which takes into account arm muscles, spinal cord, motor cortex and
cerebellum and is consistent with the view that the central nervous system acquires a distributed inverse
dynamics model of the arm. Previous studies indicated that the cerebellum compensates for the interaction
forces that arise during reaching movements. We show here how the cerebellum may increase the accuracy of
reaching movements by compensating for the interaction torques by learning a portion of an inverse dynamics
model that refines a basic inverse model in the motor cortex and spinal cord.

Introduction

Human hand trajectories are relatively straight for point to pointdriven into an undesirable state of oscillation at high gains (see
movement, have bell-shaped velocity profiles, and are relativelyrable 1 for a summary of delay values). In contrast, feedforward
precise. To translate the spatial characteristics of the target of eontrol is not affected by loop delays and operates more quickly.
movement into an appropriate pattern of muscle activation, thre&xperimental evidence supports the notion that feedforward control
subprocesses are required: (i) coordinate transformation from extras an important component of biological motor control. First, control
corporeal space to intrinsic body coordinates, (ii) trajectory planningnechanisms using only feedback cannot explain how deafferented
and (iii) motor command generation. The first two steps are concerneshonkeys or patients can move their arm to a target without concurrent
primarily with the desired kinematics, that is, position, velocity, andvisual and somatosensory information (Polit & Bizzi, 1979; Ghez
acceleration. The last step deals with dynamics, that is, forces anet al, 1990). Second, if an intact monkey arm is perturbed while
torques applied to specific joints. Dynamics control is critical for moving toward a target, it returns to an intermediate point on the
reaching movements because of the different constraints put opredetermined trajectory (Bizzétal, 1984). Finally, Ghezetal.
moving masses, as described by the laws of mechanics; when (4990) found that patients with sensory neuropathies were impaired in
multijoint limb is accelerating, movement in one joint causes motionthe feedforward control of movement. This suggests that feedforward
in all other joints and this leads to inertial and velocity torques. Thuscontrol in the motor control system is required for relatively fast
there may be a mechanism in the central nervous system (CNS) thatovements, while feedback control is important for unskilled move-
compensates for these interaction forces during movements. Indeeghents, interaction with the environment, and unpredictable inter-
recent studies (Topkat al,, 1994; Bastiaret al, 1996) indicate that actions.
the cerebellum is involved in compensating for the interaction forces To generate accurate multiarticulate reaching movements, two
that arise during reaching movements. broad classes of biologically plausible control systems have been
Basic muscle motor commands can be generated by feedbagkoposed, the first based on virtual trajectory and the second on
control, feedforward control, or both. Feedback control is limited byinternal models of the motor apparatus. In the virtual trajectory
long delays and the dynamic properties of muscles and proprioceptorsontrol hypothesis, the dynamics are not computed explicitly in
In addition, movement time is of the same order as the delays limitinghe CNS, but motor information describing a desired trajectory is
the capabilities of the feedback controller, thus, the system can beansferred through the spinal cord. In the internal model hypothesis,
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TasLE 1. Estimated delays in afferent and efferent pathways

Average time delay

Anatomical pathway Nature of information and species Delays modelled References
Spinal reflexes (afferent efferent)  velocity 25 ms (humans) 10 m Dufresteal (1979)

motor commands and afferent 110-150 ms (humans) 60 ms
Transcortical reflex loop sensory (30 ms eff.30 ms aff.) Flanders & Cordo (1989)
Cortex—cerebellum desired trajectory 3-6 ms (cat) 0 ms Allen & Tsukahara (1974)
Cerebellar—cerebral tract Motor command 1.5-2 ms (cat) 0ms Allen & Tsukahara (1974)
Spino-cerebellar tract muscle state (muscle spindles) 9 ms (cat) 10 ms Metrphy(1973)

muscle tension, muscle state 28-35 ms (cat)
Spino-olivary tract (Golgi tendons, muscle spindles) 20 ms Gellptaal. (1985)
Sensorimotor—olivary tract desired trajectory?? 12-25 ms (cat) 20 ms Allen & Tsukuhara (1974)

models of the dynamics are learned and stored in adaptive neurkhowledge of system dynamics, seems a viable option for the control
networks and the dynamics and non-linearities of the plant (i.e. thef movements.
arm, the leg, the eye...) are compensated for, such that the actualTo expand the virtual trajectory hypothesis to reaching movements,
movement is similar to the desired movement. An advantage of tha planar two-joint arm movement was implemented. The detailed
virtual trajectory model over internal models lies in its simplicity inverse dynamics equation of the arm are:
compared with the complexity of the dynamics equations necessary o
for an internal representation of the human arm. Ts = (I + 12 + 2MaLyl g cos@e? + Mal)6s + (I2 + Mzl 1lg2
The present study addresses the following questions: €0s0¢))6e — MoLil g sin@y)0% — 2MyL4L g Sin(Be)BeBe
e what is the nature of the motor commands required to move the A A . Ao
. . h Te = 1560 + (I, + MoLqL g €0SOe))0s + Mol Sin(Be)05 (1
hand quickly and accurately along a desired trajectory?; e =10+ (2 2lalgo €056e))0s slilgo SinGe)6s (1)

e how does the CNS generate these motor commands?; ~ The joint torque consists of the shoulder joint torgyend the elbow
e what are the roles of the different brain regions involved injoint torquete. M; is the mass of théh link, I;, its moment of inertia
dynamics control? around theth joint, L, its length, and_;, the distance to the centre

of gravity of theith link from the proximal end of the link. In each
of the torque equations, the first term corresponds to the normal
The virtual trajectory control hypothesis inertial term, which represents a single-joint movement, the second

term corresponds to the inertial torque due to movement of another

The virtual trajectory control hypothesis states that the dynamics ag’oint, the third term corresponds to the centripetal forces, and the
not computed explicitly in the CNS, but the planned trajectory (iSsuegqrth term corresponds to the Coriolis force, which exists only for
by a feedforward controller) is fed directly to the muscles in termsya shoulder torque.

of desired muscle equilibrium lengths. The joint torques required to
move the arm are then generated as the product of mechanical )
stiffness and the difference between the desired and actual musci/mu/ation resuits
lengths, that is, the virtual and actual trajectories. However, Benneffhe expanded virtual trajectory hypothesis was tested using the two-
et al (1992) and Gomi & Kawato (1996) found that dynamic stiffnessjoint arm described above to simulate the reaching movements
during movement was much less than was previously assumed lpreviously described by Koike & Kawato (1995); the hand paths
Flash (1987). Katayama & Kawato (1993) showed that to reproduceecorded for five different movements (F.> T3, T2=> T5, T3=
relatively straight hand movements, the virtual trajectory must have> T5, T4=> T1 and T4=> T5) with durations between 500 ms
a complicated shape that is as difficult to plan as computing thend 750 ms were usually straight, with radial paths being significantly
inverse dynamics. Moreover, Koike & Kawato (1995) found that straighter than transverse paths. The arm parameters used in the
although virtual and actual trajectories for slow movements aremodel were described by Katayama & Kawato (1993). The set of
similar, those for medium speed movements vary considerably.  control parameters used were those that gave the best results in
Mcintyre & Bizzi (1993) proposed an expanded equilibrium—point Mcintyre & Bizzi (1993). The position gain was 2.50 with a delay
control model incorporating both position and velocity that effectively of 65 ms and the velocity gain was 0.60 with a delay of 25 ms.
implements a position plus derivative feedback controller thatThe desired trajectory was generated by a minimume-jerk trajectory
increases the command-following capability of the system. Thegenerator in extra-personal space.
velocity feedback loop can have a relatively larger velocity gain than When the individual movement duration was 1 s, reaching move-
the position gain since the velocity feedback loop has smaller delaynents were accurate and followed the straight, desired trajectory as
than the position feedback loop. The velocity loop introduces phasshown in Figure 1(a). When the movement duration was decreased
advance and the position loop increases muscle stiffness. Simulatidn 500 ms, however, the reaching movements deviated significantly
for single joint movements showed that the system is stable where filom straight trajectories (Fig. 1b).
pure position feedback would not be, and the model produced fast The results of the expanded virtual trajectory model presented here
movements at stiffness levels below those required by the equilibriursuggest that specification of the positions and velocities by the
point hypothesis alone. Because the response gives good results fdescending motor command is a viable mechanism for the control of
fast speed single joint movements, Mcintyre and Bizzi concludedslow movements. However, because the controllers operating for each
that the theory according to which the descending motor commangbint are not coupled, this control system does not generate straight
specifies the positions and the velocities, without the need for explicitrajectories for rapid movements with large interaction forces. Thus,
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0.8 (a) ‘ ‘ § ﬁ f @ ; mands serving to attain these movement goals. For instance, the
: : : : : ; inverse neural model of a two-link planar arm is a neural network
07k U SR e T ] that implements equation 1. Kawagp al. (1987) proposed the feed-

back error learning hypothesis as an alternative to the virtual trajectory
: : : : : hypothesis and Kawato & Gomi (1993) suggested that the cerebellum
0.6 e e S Tdooe T SR 1 might be the locus of the inverse models. A feedback controller acts
: : : : ' ' simultaneously to control movement and for the acquisition of
an internal inverse dynamics neural model; the feedback error
approximates the directions and magnitudes of the necessary modi-
fications to the internal neural model. During learning, the feedback
generated torque is slowly replaced by the feedforward torque, and
movements gradually become more ballistic in nature.

If an internal inverse dynamics neural model underlies the control
of reaching movements and if its acquisition relates to feedback error
learning, the CNS should have the properties listed below.

1 Inthe virtual trajectory hypothesis, either the desired joint positions,
or the desired positions and velocities, are directly sent to the muscles.
Computation of the inverse dynamics also requires a desired joint
acceleration component as part of its input, as shown in equation 1.
As such, neurones carrying acceleration-type signals should exist.

2 The outputs of the inverse dynamics model are dynamics-related
signals. As such, neurones carrying torque information should exist
close to the efferent peripheral system. This definition accommodates
outputs in any coordinate system, such as joint torques or muscle or
‘synergy’ coordinates.

3 As arm movements are controlled by both feedforward and feedback
control schemes, a lesion of the loci of an inverse model should yield
performance akin to that of a feedback controller with low gains and
(very) large delays. This would result in (i) movement inaccuracy
due to poor following of the desired response; (ii) overshoot and
endpoint tremor at the end of movements due to the delays, and
(iii) poor coordination of reaching movements due to the uncom-
pensated interaction torques.

4 The inputs to an internal inverse dynamics neural model should
be the desired accelerations, desired velocities and/or actual velocities,
and desired positions and/or actual positions (Slotine & Li, 1991).

5 Computation of the torque for one joint necessitates the convergence
of the kinematic variables of that joint and also other joints involved
(see eqgn 1). Therefore, the area of the brain where the computation
occurs for one joint should be a point of convergence of information
for other joints.

6 Acquisition of an internal inverse dynamics neural model involving
feedback error learning requires a central error detector that should
: : : : : : : carry information in motor coordinates.

0 i i i i i i i 7 Because an internal inverse dynamics neural model cannot be
entirely genetically predetermined due to its extreme complexity and
to changes in arm characteristics during the life-span, synaptic
Fic. 1. Simulation of the model proposed by Mclintyre & Bizzi (1993) for plasticity (i.e. long-term depression or potentiation) should occur in

reaching movements when a two-joint planar arm is used for the musculothe regions of the CNS mediating this process.
skeletal system (T£> T3, T2=>T5, T3=>T5, T4=>T1, and T4=

> T5). (a) Slow movements (duration for each movement 1 s). The origin is

the shoulder position, theaxis is toward the right, and the positive direction Biological substrate

of the y-axis is forward away from the body. (b) Fast movements (duration
for each movement: 500 ms)

1 e A O SR ]

Cortex

Kalaskaet al. (1990) reported that cellular responses in Area 5 during

arm movements were unaltered by external loads applied to the arm
for proper execution of fast movements, it appears that the CN different directions. Several other pieces of evidence indicate that
should possess a priori knowledge of the arm’s dynamics. these cells encode not hand paths but joint varying variables. These
results suggest that Area 5 cells encode joint-centred kinematics
parameters of reaching movement. Chapreaal. (1984) reported
that the discharge of some Area 5 cells correlates with peak movement
An inverse model is a neural representation of the transformatiowelocity in an elbow movement task. No other variables were tested,
from the desired movement of the controlled object to motor com-but cells recorded by Kalaska ‘behave’ like cells correlated with

The inverse dynamics control hypothesis
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position (their Fig. 6a), velocity (their Fig. 6b), and acceleration (theirindicate that some fibres contain information derived from the muscle
Fig. 4a; however, this cell seems to encode both position andpindles and others, information of central origin. Interestingly, the
acceleration). Taken together, these results suggest that Area 5 cedistivity of some cells appears to be related to acceleration and had a
act as a desired trajectory generator in the CNS, providing desirelad time that could originate in Area 5 via the pontine nuclei (Brodal,
kinematics of reaching movement in joint coordinates, including1978). These results are consistent with the information needed to
acceleration, as required by condition 1.* compute the inverse dynamics; desired acceleration, velocity, and
In contrast, a large population of cortical motor cells controlling position are provided by a central planner (lead-time cells) and the
the proximal arm encode reaching movements in a reference framactual velocity and position are provided by the muscle spindles (lag-
that reflects movement dynamics (Thach, 1978; Evertl., 1983; time cells). Therefore, the cerebellum receives the necessary inputs
Kalaskaet al., 1992). The transformation from kinematics to dynamics to compute an inverse model of the arm (satisfying conditions 1 and 4).
can be achieved by two means, either by an internal inverse dynamics The responses of interpositus neurones are correlated with move-
neural model or by a feedback controller. The motor cortex receivesents of specific joints (Thaa#t al, 1982) and responses to proprio-
direct projections from the sensory cortex and responds to limkzeptive inputs are phasic in nature, and inputs from both the agonist
perturbations, suggesting that feedback signals are involved. And antagonist muscle affect the excitability of the same cell (McKay
feedforward component also exists because deafferentation does rtMurphy, 1974). Also, the cells that fire during single-joint move-
yield paralysis. The presence of projections from Area 5 to the motoments, fire more rapidly during a reach (Van Kahal, 1993b).
cortex (Ghez, 1991) suggest that a basic inverse dynamics neurBlnally, many interpositus neurones respond to stimulation of the
model exists in the cerebral cortex. Thus, condition 2 appears to bgensorimotor cortex, whereas fewer neurones respond to stimulation

fulfilled by the motor cortex. of Area 6 (Bloedel & Courville, 1981) and modulate ongoing activities
of both the motor cortex and the magnocellular red nucleus. Thus,
Intermediate cerebellum the interpositus forms a side path strongly activated during reaching

It has been proposed that the role of the cerebellum is to synthesiZBOvements which appears to transform kinematics variables into
compound movements from simpler components (Flourens, 1824), tBhaS_'C motor commands n body c_qordlnates. The results of these
tune its downstream targets so that their functions are performegtudies are in agreement with condition 2. . .
optimally (Holmes, 1939), or provide feedforward control (Arbib, It has been proposed that arm coordl_natlon during rea_chlng move-
1981). Following cerebellar damage, simple reaching movements af@ents may depend on the cytoarchitecture of the intermediate
observed to be relatively normal, however, a decomposition of€rebellum itself (Thacletal, 1992; Garwicz & Anderson, 1992;
compound movements with increased asynergy and intention trem&oodkln et fsﬂ., 1993_). Purkinje cell dendrites are linked by parallel
occurs (Goodkiret al, 1993). These results suggest that the cerebelfibres, forming functionally coupled, task-specific subgroups that may
lum modulates downstream movement generators and synthesizB§ the basis for cerebellar coordination of movement. Such groups
compound movements from simpler components. In addition, classief Purkinje cells project to discrete areas of the cerebellar nuclei,
kinematic cerebellar reaching deficits, such as poor coordinatioROSSiPly influencing synergetic muscles across several joints in the
between the shoulder and the elbow, curved trajectory, and overshodfnP- The longer a parallel fibre is, the more cells in the nuclei are
has been shown to result from an inability to compensate fofinked by Purkinje cell control. Mugnaini (1983) found that on the
interaction torques (Topkat al, 1994; Bastiaret al, 1996). These average, monkey parallel fibres are a_bout 6 mm long. GarW|c_z &
data strongly suggest that the cerebellum provides feedforward motdinderson (1992) showed that activation of a single mossy fibre
commands necessary for the proper execution of multijoint movemerf€Sults in spread of activity along the parallel fibres as far as 1.5 mm
(condition 3). beyond the mossy fibre termination area. In addition, the ascending
The intermediate cerebellum receives spinal afferents, which carrfranch of the granule cell axon makes numerous synapses with
information regarding the state of the arm, and reafferents, whictpverlying Purkinje cells, before bifurcating into the parallel fibre
combine afferents and copies of descending commands and projectioRgrtion of the axon (Pichitpornchat al, 1994). Similarly, Bower &
from the primary motor, somatosensory, and posterior parietal corte}V00lston (1983) stimulated a small group of mossy fibres and showed
(area 5) (Brodal, 1978). It is important to note that these corticathat the detectable response |s_l|m|ted to a small group of Purkinje
projections are spatially related to the periphery; consequently specifig€!ls somewhat overlying the stimulated area. Thus, if each granule
groups of cerebellar neurones receive both sensory inputs and corticg!l contacts one Purkinje cell several times, the granule cell influence
inputs. During reaching movements, the firing rate of 80% arm relate@n the overlying Purkinje cell is quite strong and more focused than
mossy fibres correlates with joint angle amd33% correlates with the information carried by the parallel fibres. This evidence suggests
velocity (some correlate with both; Van Kaet al, 1993a). Several that each Purkinje cell receives strong localized information from a

characteristics of the signals (especially the lead and lag timesjMall set of underlying mossy fibres corresponding to the joint that
the Purkinje cell controls and substantial information from other

mossy fibres carrying information from other joints. Therefore, the

*As Kalaska (1991) noted, however, this distinction between the roles of AreaPurkInJe cells receive signals necessary to compute the different terms

5 and motor cortex is not so straightforward, and neuronal mechanism8f the inverse dyr_‘am'_cs (see eqgn l_) fulfilling condition 5.
operating at several hierarchical levels may coexist simultaneously in any The inferior olive is often considered to be an error detector

given cortical region. It is also apparent that these regions are not sequentialiGimpson & Alley, 1974). According to this hypothesis, the inferior

activated, but are active in parallel. Moreover, Kalaska noted that these resulf§jiye receives an efferent copy signal and delayed feedback and acts

do not exclude the possibility that the time varying kinematics signals observeg . .

in Area 5 could be generated in another brain area projecting to Area 5. S a F:omparatgr (Oscarslson,.198C.J). Any dlscrepanCIgS bgtwgen the
two signals activates the inferior olive neurones and climbing fibres

tThe following discussion is restricted to the intermediate part of the cerebellay,q|d signal a mismatch between intended movement and actual

hemispheres (if not otherwise mentioned) because it is known to be concern - .
with control of the evolving movement (Ghez, 1991) and to receive information?ﬂovemem' Ojakangas & Ebner (1992) recorded complex spikes from

regarding the state of the arm, in contrast to the lateral part of the cerebelldPurkinje cells in the intermgdiate c_erebellum in response to errors
hemispheres, which may be involved in the planning of the movement. related to changes needed in velocity or acceleration during a motor
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TaBLE 2. Cell groups and putative modalities

Cell group or area Coordinate system Modality References
Visual system Extra-personal Target

Area 5 Joint Desired trajectory Kalaska al. (1990)
Sensory areas Joint Position and velocity

Motor cortex output Synergy motor commands Torque-like Thach (1978)

Evarts (1983)
Kalaskaet al. (1992)

Nuclear cells (cerebellar output) Joint Torque-like Van Karal. (1993b)

Inferior olive input Joint (but also one limb, two, etc.) Error in velocity; acceleration?? position?? Ojakangas & Ebner (1992)
Mossy fibers (cortical inputs) Joint Desired trajectory (acceleration) Vaneéah (1993a)

Mossy fibers (sensory inputs) Muscles Muscle length and velocity Vanefah (1993b)

C3-C4 Synergy motor commands Torque-like

Motor neurons Muscles Muscle motor command

Spindles Muscles Muscle length and velocity

Golgi Muscles Muscle tension

learning task involving visually guided arm movements. These authorsertia matrix dependent on the arm configuration may be acquired
suggested that the observed complex spike activity is related to aoy the motor cortex. The following is derived from equation 1:

error between the desired and actual velocity. These results suggest . .

that the inferior olive detects torque-like signal errors in performance, ( TSJ“C) ( o+ PO 0) ( eS), o)
thus partially fulfilling condition 6.

Finally, the cerebellar cortex is commonly considereq to be anyhereq, B and) are positive constants, and the super-sdritands
array _of percepf[rons (lv_larr,_1969_; Albus,_ ;971) conSlSt'nQ_ of a5 feedforward. The inertia matrix depends on the elbow angle,
Purkinje cell, Wlth_the |nfer|0_r olive _prowdlng t_he error signal \nich was provided by either a forward model or directly by
necessary for learning. According to this hypothesis, the granule cejlorioception or vision. The matrix is given zero terms for the off-

input to a Purkinje cell provides ‘context’ for current sensorimotordiagona| components, because these terms correspond to inertial
actions that is tuneable by experience.étal (1982) report that the interaction torques
pairing of parallel fibre and climbing fibre activity at Purkinje cells ¢ total torque vector computed by the motor cortex is the sum

results in long-term depression at the parallel fibre synapse. Ekergfs ie feedforward and feedback terms. In the model, the total delays

& Kano (1985) further showed this long-term depression t0 beyt e transcortical loop are set to 60 ms: 30 ms for the afferent

associative and input specific. Under this hypothesis, the final condiggnsory information and 30 ms for the efferent motor commands. As
tion 7 is fulfilled. the muscle spindles do not carry a significant amount of acceleration
information, acceleration is not present in the feedback controller.
The total torque vector computed by the motor cortex is:

Based on the data reviewed above (summarized in Tables 1 and 2),
we now propose a functional model of motor control that incorporates

a modified version of feedback error learning and is consistent Withyhere the superscripfsand b stand for feedforward and feedback,

feedforward control, reflex functions, low stiffness values, and therespectively. The left-hand side of Figure 2 illustrates the detail of
existence of a distributed internal inverse dynamics neural model. the cortical control system.

0 VAWK

f
Te me

Functional model

Tmc:TEnc"'TInc: 3

The motor cortex inverse dynamics model The spinal cord inverse model

The information about joint position and velocity is used to modify he following procedure addresses the question of how torque-like

the inverse dynamics models arising in both the motor cortex an ignals generated in joint coordinates in the motor cortex and the

the cerebellum. The motor cortex, from a desired acceleration VeCtQly apellum are transformed into muscle commands. A two-link arm
provided by a trajectory generator in joint coordinates presumably(Nith six muscles, four single-joint muscles and two double-joint

located in Area 5, produces a t.)asm. feedforvvard torque veptor ,th uscles is implemented (Katayaretal. 1993). The tension vector
accounts for the anisotropy in limb inertia, but not for the inertial T is computed by:

interaction, centripetal, or Coriolis forces.* An approximate, linearized
T(Liu) = K(u)l(u) - 1} = B, 4)

wherel is the muscle length vector and is the contraction velocity
*A functional account rather than the actual neuronal activity of the motorvector.K(u), B(u) andl(u) are the muscle stiffness, muscle viscosity,
cortex is modelled. It is also assumed that the motor cortex produces torqugnd rest length of the muscle, respectively, and depend linearly on

signals, however, the torque representation adopted in the model is partly f%e activation of the motor neurones. The muscles produce a
convenience. Thus, in the following discussion, the term ‘torque’ may be vat u ’ u produ

replaced by ‘synergy motor command.” Moreover, for simplification, it is torque vector:

assumed that the motor cortex operates in joint coordinates (although the . T i

activity of some cells appears to correlate with muscle activity or direction 7(6,6,u) = A(Q) ' T(l,1,u), (5)

of hand movement.) Note that for planar single-joint reaching movements, . . .
acceleration and torques are proportional; so an ‘inverse model’ for singleWhereA(6) is the moment arm matrix that depends on the joint angles

joint movements is quite straightforward (if there is no viscosity). andT, as before, is the tension vector for the six muscles. By assuming
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Fic. 2. Left-hand side: the cortical control system. The visual system provides the target location and initial hand posture to the CNS. An inverse kinematic
model provides the trajectory generator with the target position in joint coordinates, as well as the hand position. The hand position can also be provided t
the sensory system. Hand position is then sent to the trajectory generator (presumably in A5) which also receives the joint state as well as duration and C
signals. The desired acceleration is sent to a group of cells in the motor cortex. This cell group, when provided with the hand position (either from vision ol
proprioception), computes a basic feedforward motor commpdThe trajectory generator also computes a feedforward desired velocity and position vector,
which is sent to another group of cells in the motor cortex. These cells receive, via sensory cortex, joint position and velocity, and can compute a feedba
torquetl,. The two torques (feedforward and feedback) are then summed in a group of cortico-spinal cells. Right hand side: The cerebellar/peripheral contre
system. C3/C4 takes the delayed signglreceived from cortico-spinal cells and computes the motor command wgctdrich is sent to the muscles, where

it creates a tension vectdt Top, the cerebellum compensates for errors, providing the cortico-spinal cells with a compensatory dgrdieecompute the

torque, the cerebellum receives the desired kinematics variables and the delayed afnastd®;. Bottom: in addition, a forward model could be added that
provides the cerebral cortex with the predicted current state, in contrast to the delayed state.

constant moment arms that do not depend on joint angl{@,= A, The right hand-side of Figure 2 illustrates that C3/C4 is assumed to
the muscle length vector is given by: implement the transformation corresponding to equation 8 from the
=1 — A8 ©) ‘torque command signalts, to u. The muscles then conveu to

m ' tensionsT, and joint dynamics in turn convert this into the torques
wherel, is the muscle length when the joint angle is zero, anid T,, wWhich vyield the actual angular trajectory. Note that if this
the constant moment arm matrix. transformation is perfectly accurate (i.e. if the spinal cord implements

The arm is redundant at the dynamics level because joint torqua perfect inverse model of the muscleg)= ts,

is generated by agonist and antagonist muscles, and, during either
posture maintenance or a movement execution, there is an infinitehe cerebellar inverse dynamics model

number of combinations of muscle tensions, which correspond t(At this stage of the modet,p is determined by the motor cortex by

varying sth_‘fness, that .prOdL.jce the Qesired movgment. A§§umin e sum of its feedforward and feedback commands. As reviewed
constant stiffness and viscosity, equa_tlon 4 can be myerted giving thgbove the cerebellum could learn to provide a third contributigy
motor c_ommand vector as a function qf the tension vect(%r. BYo Tsp SO that the total comes as close as possible to the ‘true’ torque
calculating the Moore-Penrose pseudo-inverse mafix of AT,

le tensi b iquelv determined f oint t . agiven by equation 1. After learning, the cerebellum would provide a
musce tension can be uniquely determined from Joint torques N gige ronce signal between the ideal torques and the torques generated
way that minimizes muscle tensions (Katayama & Kawato, 1993) by the basic system to the motor cortex, via the thalamus. The

T=A0"1. (7)  cerebellum would therefore learn the torque error due to the imperfect
. o . inertia matrix represented in the motor cortex, the velocity torques,
Thu_s, the descending motor command vector is given in muscI%nd the error in torques due to the spinal cord controller. This does
coordinates by: not suggest that the cerebellum knows the origin of these errors, but
AT — Kl — |, — AB) + b’ AB rather produces an approximate correction through a learning process.
u= - . (8) The top of Figure 2 shows that the cerebellum computes the com-
K'r pensatory torques and then adds its output to the feedback and the
This transformation, presumably located in a C3/C4 networkfeedforward torques. In the companion paper (Schweighefai.,
(Alstermarket al., 1981), depends on the actual muscle lengths and-998) we carefully describe and show how a realistic cerebellar
velocity, and therefore realises an integration of motor command§eural network can acquire the part of the inverse model necessary
arising from the motor cortex (Kuypers, 1981)* and proprioception. 0 cancel these errors.

Simulation results
*For simplicity, and because humans do not have a distinct rubrospinal tract .
(Kennedy, 1990), the red nucleus is not discussed or included in the moddP€cause at this stage the model does not possess a cerebellum, the

Again for simplicity, the role of the premotor cortex is not discussed. simulation results should be akin to behavioural deficits as found in
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08 ' ' ' ' ' ' ' cortex increases movement accuracy, elbow movements (amplitude

and 20° duration 1 s) for different values of the elbow feedforward
0.7+ i gain \) were performed. For single-joint movement simulations, the
system operated in a purely feedback mode when the gain was zero.
Due to the large delays and the low gains, the error was large (mean
0.67 1 square error= 13 cn?). When the gain was increased, the error first
decreased to a minimum (mean square exd&.5 cn? for A =

0.5- _ 0.075) and then increased again when the feedforward controller
was excessively active (mean square erat1.0 cnf for A = 0.2).
Eoa4f 1 . .
> Discussion
03l ] Increasing evidence and models support the theory that an inverse
dynamics model in the cerebellum compensates for imperfections in

the inverse models in both the motor cortex and the spinal cord.
0.2 : Whereas the motor cortex provides each joint with both a feedback and
a feedforward motor command, the cerebellum transforms information
about the position, velocity, and acceleration of the controlled object
to the necessary torques at the joint, so that the error between the
resulting trajectory and the planned trajectory is minimal. Furthermore,
0 . . L - . . : because the cerebellum has a large number of neurones, is highly
-04 -03 -02 -01 0 01 02 03 04 plastic, has significant access to proprioceptive information and
feedforward motor commands, and has access to appropriate motor

Fic. 3. Reaching movements (F1> T3, T2=>T5, T3=>T5, T4=>T1, error from the climbing fibres, a neural equivalent of the inverse
and T4=> T5, duration for each movement: 1.2 s) the trajectories generate(aym:miCS equations may arise in the cerebellum. Moreover, the

by the model (solid curve) deviates significantly from the desired movemen . s - .
(dotted curve) and is significantly curved, even for a relatively small movement.br"’mu'e cell input distribution to the Purkinje cells is both local and

Note the pronounced overshoot for movements to the right and the end poiflistributed, allowing the computation of the coupled terms of the
tremor for the T1=> T3 movement. inverse dynamics equation.

The results of the expanded virtual trajectory model presented here
suggest that specification of the positions and velocities by the
descending motor command is a viable mechanism for the control of

cerebellar patients. In simulation experiments, the following paraslow movements; however, for rapid movements with large interaction
meters were used for the motor cortex modek= 0.4,3 = 0.06 and  forces, this control system does not generate straight trajectories, in
A = 0.01. These values are close (but not equal) to the desired valuesntrast to those observed in human movements, because the control-
given by equation 2, and therefore produced a basic inertia matriders for each joint are not coupled, the controller cannot compensate
The position feedback gain was, = 4, the velocity feedback gain for the interaction torques. The results of the expanded virtual
was K, = 1, and the total loop delay was 60 ms (30 ms for thetrajectory model and the basic inverse model (i.e. without cerebellum)
efferent delay and 30 ms for the afferent delay, for both the positiorwere similar because the models are both primarily position and
and the velocity). The arm and muscle parameters were describectlocity feedback controllers assisting the correction of basic feedfor-
previously by Katayama & Kawato (1993). The desired trajectoryward controllers. In both simulations, the deviations from the straight
was generated by a minimum-jerk trajectory generator in extratrajectories primarily arose from the actions of the feedback control-
personal space and the time step was 5 ms. lers. When the velocity feedback delay was much shorter, movements
We performed the same reaching experiments as those shown were executed more accurately at faster speeds and the end-point
Figure 1 with a duration of 1.2 s (Fig. 3). As Holmes (1939) showedtremor was not so pronounced.
for cerebellar patients, asymmetrial and cerebellar tremor at slow The present model is based on feedback error learning but is
speed can be observed. Note that the overshoot of T5 is quitdifferent in that the inverse dynamics model is distributed: the motor
significant. Moreover, oscillations are very pronounced in the move<cortex provides a basic command appropriate for slow single-joint
ment T1=> T3. The end-point tremor was an oscillationof3 Hz, movements and the cerebellum provides the correction necessary for
similar to cerebellar tremor, which has a frequency ©08-5 Hz the execution of multijoint movements. Schweighoétral. (1996)
(Vilis & Hore, 1980). Finally, all the trajectories (except for L  showed that a similar principle applies to the saccade generator. A
> T3) exhibits deviation from both sides the straight trajectories. Inbasic motor command generated in the brainstem is refined by the
our simulations, we tried to make faster movements: the performanceerebellum so that the actual movements match the desired change
of the movements were greatly degraded compared to Figure 3n eye position, in spite of the orbital non-linearities. The role of the
However, even with much slowing, the movements are still greatlycerebellum in reaching movements is even more crucial in that, in
impaired. Note the great similarities between the trajectories showaddition to correcting for the muscle non-linearities and the motor
in Figure 1(b) and on Figure 3. The only notable differences werecortical/spinal controller inaccuracy, it also allows coordination by
the T4=>T1 trajectories and the end-point tremor in T3. The compensating for the interaction torques. The companion paper
similarities occurred in spite of different movement durations (0.5(Schweighoferet al, 1998) shows that a detailed, realistic model of
vs. 1.2 s) and different delays (65 ms and 25 ms for the position anthe cerebellum embedded in the present functional model can learn
velocity feedback loops, respectively, in the virtual trajectory modelto compensate for the imperfections of the basic inverse neural
and 60 ms and 60 ms, respectively, in the present model). models. This strongly supports the hypothesis that inverse dynamics
To show that the basic feedforward controller located in the motoican be computed and learned in the brain.

0.1F .
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The present study focuses on evidence for a distributed invers@raft. This research was supported in part by Grant NOOO14-92-J-4026 from
model of the dynamics of the limb. However, as Miatlal. (1993) the Offlce' of Naval Reseayrc'h for research on (_:erebellum and the Adaptlve
. . oordination of Movement’, in part by ATR, and in part by a Human Frontier

point out, the motor system could also benefit from a forward modekjence program grant to Mitsuo Kawato.

of the plant. Gheet al. (1990) suggest that proprioceptive information

updates a model of the limb, which would provide the motor cortex

with positional information. The results of these previous studiespphpreviations

suggest that a forward model of the limb exists in the CNS and
provides both Area 5 (for trajectory generation) and the motor corte

(for dynamic compensation) with the current state of the arm (see
Fig. 2, bottom).

central nervous system

References

Predictions and proposed experiments Albus, J.S. (1971) The theory of cerebellar functidtath. Biosci, 10, 25-61.
Computer models represent one possible solution to a given problemllen, G.l. & Tsukahara, N. (1974) Cerebrocerebellar communications systems.
In order to provide generalized significance, computer models have Physiol. Rev.4, 957-1006.

- : - : Alstermark, B., Lundberg, A., Norrsell, U. & Sybirska, E. (1981) Integration
to be experimentally validated. Consequently, in the following, we in descending motor pathways controlling the foreliSmb in the cat. IX.

p_rOVide_ testable predictions that arise from the analysis and the pisferential behavioral defects after spinal cord lesions interrupting defined
simulation results of the present study. pathways from higher centers to motorneurofsp. Brain. Res. 42,
1 The trajectories of reaching movements generated by patients with 299-318.

cerebellar dysfunction would be similar to those shown in Figure 3,Arbib, M.A. (1981) Perceptual structures and distributed motor control. In
if each mov:;ment duration was 1.2 s. Note that rightward mgve- Brooks, V. B. (ed),Handbook of Physiology, The Nervous System, Motor
e 9 Control. Vol. 1l. American Physiological Society, Bethesda, pp. 1449-1480.

ments have a tendency to largely overshoot the target, while thgastian, A.J., Martin, T.A., Keating, J.G. & Thach, W.T. (1996) Cerebellar

upward movement (TE> T3) shows end point tremor perpendicular  ataxia: abnormal control of interaction torques across multiple joints.

to the direction of the trajectory. These results indicate that to perform J- NeurOPhyS'Oll-lmv 49hZ—509- _ _

reasonably well, patients with cerebellar dysfunction must use slowefenett D.J., Hollerbach, J.M., Xu, . & Hunter, L.W. (1992) Time-varying
. stiffness of human elbow joint during cyclic voluntary movemegkp.

movements, so that the ratio of the feedback delays to the movementp,in Res, 88, 433-442.

time becomes smaller. After cerebellar injury, patients must relyBizzi, E., Accornero, N., Chapple, W. & Hogan, N. (1984) Posture control.

heavily on the feedback controller because their inverse dynamics and trajectory formation during arm movemedit.Neurosgi4, 2738—44.
internal model is no longer accurate Bloedel, J.R. & Courville, J. (1981) Cerebellar afferent systems. In Brooks,

; o o . V. B (ed), Handbook of Physiology, The Nervous System, Motor Control,
2 One of the primary predictions of the distributed inverse model 4" american Physiological Society, Bethesda, pp. 735-829.

hypothesis is that parallel fibres provide Purkinje cells with thegower, J. & Woolston, D. (1983) Congruence of spatial organization of tactile
kinematics of associated joints not directly controlled by those cells, projections to granule cell and Purkinje cell layers of cerebellar hemispheres
whereas ascending granule cells provide the kinematics of the directly of the albino rat: vertical organization of cerebellar corteXNeurophysio).
controlled joint. This raises the possibility that if the parallel fibres B 48, 745-65. L - . .

) o rodal, P. (1978) Principles of organization of the monkey cortico-pontine
between two cerebellar ‘controllers’ (i.e. the group of cerebellar cells projectionsBrain Res, 148 214-8.
controlling the elbow and that controlling the shoulder) were lesionedChapman, C.E., Spidalieri, G. & Lamarre, Y. (1984) Discharge properties of

then only a basic approximation of the interaction torques could be area5 neurons during arm reaching movements triggered by sensory stimuli
computed in the monkeyBrain Res. 309 63-77.

3 Th lex t | patt f the Purkini Il firing f Dufresne, J.R., Soechting, J.F. & Terzuolo, C.A. (1979) Reflex motor output
€ complex temporal pattern or the Furkinje cell Inng Irequency 1, torque pulses in man: identification of short- and long-latency loops with

that occurs during ocular following responses elicited by movements individual feedback parameterSeuroscienced, 1493-500.
of a large visual scene can be reconstructed by an inverse dynamiékerot, C.F. & Kano, M. (1985) Long term depression of parallel fiber
representation using the position, velocity, and acceleration of eye Synapses following stimulation of climbing fibeBtain Res, 342, 357-60.

: ~_Evarts, E.V.,, Fromm, C., Kroller, J. & Jennings, V.A. (1983) Motor cortex
movements (Shidat al., 1993). These results support the hypothesis control of finely graded forcesl. Neurophysio). 32, 375-85.

that the cerebellum may represent a‘primary site.fc.Jr inverse dynamiGSanders, M. & Cordo, P.J. (1989) Kinesthetic and visual control of bi-manual
control of eye movements. We predict that Purkinje cell and nuclear tasks: specification of direction and amplitude Neurosci. 9, 447-53.
cell firing rates recorded during arm movements could be reconstructedash, T. (1987) The control of hand equilibrium trajectories in multi-joint

by an inverse dynamics representation. The nuclear cells coefficient &M movementBiol. Cybern, 57, 257-74. .
Flourens, P. (1824)Recherche Experimentales sur les Profiseet les

should cprrespond to those of thellnversg dynamics equation (exceptr,.ions du Systeme Nerveux dans les Animaux bréste2nd edn.
for the diagonal terms of the inertia matrix). Bailiere, Paris.

4 The model is consistent with the map found in the motor cortex,Garwicz, M. & Andersson, G. (1992) Spread of synaptic activity along parallel
each small cortical region controlling a single joint. Our results _fibers in cat cerebellar anterior lobExp. Brain Res.88, 615-22.

P : Gellman, R., Gibson, A. & Houk, J. (1985) Inferior olivary neurons in the awake
indicate that the performance of the motor cortical feedforward cat: detection of contact and passive body displacenieNeurophysiol54

controller was quite sensitive to the feedforward gains, and thus, 4 gq.

synaptic plasticity in the motor cortex may allow the acquisition of Ghez, C. (1991) The control of movements. In Kandel E.R., Schwartz
these gains. Moreover, a complex transformation probably occurs in J.H. and Jessel T.M. (edsrinciples of Neural SciencePrentice Hall
the spinal cord to transform synergy motor commands into individual_/nternational, London, 533-547.

. . - hez, C., Gordon, J., Ghilardi, M.F., Christakos, C.N. & Cooper, S.E. (1990)
motor commands. Thus, there may be leaming mechanisms in th Role of proprioceptive input in the programming of arm trajectoriedfd

sp?nal cord; descending _modulatory p_athways may modulate the spring Harbor Symposia on Quantitative Biology. 06ld Spring Harbor
spinal network to affect this transformation. Laboratory Press, pp. 837-847.

Gomi, H. & Kawato, M. (1996) Equilibrium-point control hypothesis examined
Acknowledgements lﬁ?Tze;l.sured arm stiffness during multi-joint moveme®tience 272,
We express special thanks to Jacob Spoelstra for his help with computé&soodkin, H.P., Keating, J.G., Martin, T.A. & Thach, W.T. (1993) Preserved
programming and to Frank E. Pollick for his valuable comments on an earlier simple and impaired compound movement after infarction in the territory

© 1998 European Neuroscience AssociatiBaropean Journal of Neuroscienck0, 86—94



94 N. Schweighofer, M. A. Arbib and M. Kawato

of the superior cerebellar arteran. J. Neurol. Sci.20 (Suppl. 3), cerebellar mossy and climbing fibers to natural stimulation forelimb muscle
S93-S104. proprioceptorsBrain Res. 55, 263-89.
Holmes, G. (1939) The cerebellum of mdrain, 62, 1-30. Ojakangas, C. & Ebner, T.J. (1992) Purkinje cell complex and simple spike

Ito, M., Sakurai, M. & Tongroach, P. (1982) Climbing fiber induced long term  changes duri_ng a voluntary arm movement learning task in the monkey.
depression of both mossy fiber responsiveness and glutamate sensitivity of J. Neurophysio).6, 2222-36.

cerebellar Purkinje cellsl. Physiol, 324, 113-34. Oscarsson, O. (1980) Functional organization of olivary projection to the

Kalaska, J.F. (1991) What parameters of reaching are encoded by dischargescerebellar anterior lobe. In Courville, J., de Montigny, C. and Lamarre, Y.
of cortical cells. In Humphrey, D.R. and Freund, H.J. (etd#)tor Control, (eds),The Inferior Olivary Nucleus: Anatomy and PhysioloBaven Press,
Concepts and Issuedohn Wiley & Sons Ltd, Chichester. NY, pp. 279-289.

Kalaska, J.F., Cohen, D.A.D., Prud’homme, M. & Hyde, M.L. (1990) Parietal Pichitpornchai, C., Rawson, J.A. & Rees, S. (1994) Morphology of the parallel
area 5 neuronal activity encodes movement kinematics, not movement fibers in the cerebellar cortex of the rat: an experimental light and electron
dynamics.Exp. Brain Res.80, 351-64. microscopic study with biocynl. Comp. Neuro).342 206-20.

Kalaska, J.F., Crammond, D.J., Cohen, D.A.D., Prud’homme, M. & Hyde’PoIit, A. & Bizzi, E. (1979) Characteristics of the motor programs underlying
M.L. (1992) Comparison of cell discharge in motor, premotor and parietal _ 8'm movements in monkeys. Neurophysio).42, 183-94.
cortices. In Caminiti, R., Johnson, P. B. and Burnod, Y. (e@sjtrol of ~ Schweighofer, N., Arbib, M.A. & Dominey, P.F. (1996) A model of the
Arm Movement in Spac&pringer-Verlag, Berlin. cerebellum in adaptive control. of saccadic gain. Il. Simulation Results.

Katayama, M. & Kawato, M. (1993) Virtual trajectory and stiffness ellipse _ Biol- Cybern 75, 29-35. .
during multi-joint arm movement predicted by neural inverse modgits. Schweighofer, N., Spoelstra, J., Arbib, M.A. & Kawato, M. (1998) Role of
Cybern, 69, 353-62. the cerebellum in reaching movements in humans. Il. A detailed neural

. ; ; del.Eur. J. Neuroscj.10, 95-105.
Kawato, M., Furukawa, K. & Suzuki, R. (1987) A hierarchical neural network mo ' .
model for control and learning of voluntary movemeRiol. Cybern, 57, Shidara, M., Kawano, K., Gomi, H. & Ka_w_ato, M. .(1993) Inverse-dynamics
169-85. model eye movement control. by Purkinje cells in the cerebelNature

365 50-2.
Simpson, J.I. & Alley, K.E. (1974) Visual climbing fiber input to rabbit
vestibullocerebellum: a source of direction specific informati8nain Res,

Kawato, M. & Gomi, H. (1993) Feedback-error-learning model of cerebellar
motor control. In Mano, N. (edRole of the Cerebellum and Basal Ganglia
in Voluntary MovementsElsevier Science Publishers, North Holland, pp. 82 302-8

51-61. - . . . .
Kennedy, P.R. (1990) Corticospinal, rubrospinal and rubro-olivary projections:S I?;'{é?h;ﬁ‘é’fél &Lg‘r"d(?n (1991Rpplied Non-Linear ControlPrentice Hall

a unifying hypothesisTrends Neurosci3, 474-9. Thach, W.T. (1978) Correlation of neural dischar i
- A L , WT. ge with pattern and force of
Koike, Y. & Kawato, M. (1995) Estimation of dynamic joint torques and *pny,qcyjar activity, joint position, and direction of intended next movement

trajectory formation from surface electromyography signals using a neural i, motor cortex and cerebellurd. Neurophysio).41, 654—79.

network modelBiol. Cybern, 73, 291-300. Thach, T., Goodkin, H. & Keating, J. (1992) The cerebellum and the adaptive
Kuypers, H.G. (1981) Anatomy of the descending pathways. In Brooks, V. cqordination of movementinnu. Rev. Neurosgils, 403—42.

B. (ed), The Nervous System: Motor ControHandbook of Physiology  Thach, W.T., Perry, J.G. & Shieber, M. (1982) Cerebellar output: body maps

American Physiology Society, Bethesda, pp. 597-666. and muscle spindles. In Palay, S. L. and Chan-Palay, V. (eHs?,
Marr, D. (1969) A theory of cerebellar corteX. Physiol, 202, 437—70. Cerebellum — New VistasSpringer Verlag, NY, pp. 440-454.
Mclintyre, J. & Bizzi, E. (1993) Servo hypotheses for the biological control. Topka, H., Konezak, J., Schneider, K. & Dichgans, J. (1994) Analysis

of movement.J. Motor Behay. 25, 193-202. of intersegmental dynamics in cerebellar limb atax®oc. Neurosci.
McKay, W.A. & Murphy, J.T. (1974) Responses of interpositus neurons to  Apstr, 712.10

passive muscle stretci. Neurophysiol.37, 1410-23. Van Kan, P.L., Gibson, A.R. & Houk, J. (1993a) Movement-related inputs to
Miall, R.C., Weir, D.J., Wol.pert, D.M. & Stein, J.F. (1993) Is the cerebellum intermediate cerebellum of the monkdy.Neurophysio).69, 74-94.

a Smith Predictord. Motor Behay.25, 203-16. Van Kan, P.L., Houk, J.C. & Gibson, A.R. (1993b) Output organization of
Mugnaini, E. (1983) The length of cerebellar parallel fibers in chicken and intermediate cerebellum of the monkey.Neurophysio).69, 57-73.

rhesus monkeyl. Comp. Neuro.220, 7-15. Vilis, T. & Hore, J. (1980) Central mechanisms contributing to cerebellar

Murphy, J.T., MacKay, W.A. & Johnson, F. (1973) Differences between tremor produced by limb perturbatiod. Neurophysio).43, 279-91.

© 1998 European Neuroscience AssociatiBnropean Journal of Neuroscienc0, 86-94



