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Abstract. Several studies have shown that humans track &MT). In previous studies, it has been shown that the ocular
moving visual target with their eyes better if the movementsmooth pursuit (SP) system shows enhanced characteristics
of this target is directly controlled by the observer's hand.and performance when the subjects track a self-moved target
The improvement in performance has been attributed to coas opposed to eye-alone tracking (EAT). In particular, the SP
ordination control between the arm motor system and thevelocity saturation is higher (Gauthier et al. 1988), the tar-
smooth pursuit (SP) system. In such a task, the SP systemet frequency bandwidth is wider (Vercher et al. 1993), and
shows characteristics that differ from those observed durthe SP latency is shorter (Gauthier et al. 1988; Vercher and
ing eye-alone tracking: latency (between the target-arm anauthier 1992; Vercher et al. 1995, 1996). The performance
the eye motion onsets) is shorter, maximum SP velocity ischanges observed at the SP level when the visual target is
higher and the maximum target motion frequency at whichhand-driven by the observer are supposed to be mediated
the SP can function effectively is also higher. The aim ofby a specific system, called tl@ordination control center

this article is to qualitatively evaluate the behavior of a dy- Basically the model, which has been implemented using a
namical model simulating the oculomotor system and theSystem Theory approach, is based on the following state-
arm motor system when both are involved in tracking visualments:

targets. The evaluation is essentially based on a comparison

of the behavior of the model with the behavior of human 1. Coordination control is based on an exchange of non-
subjects tracking visual targets under different conditions. Vvisual signals (proprioception, efference copy) between
The model has been introduced and quantitatively evaluated the arm motor system and the oculomotor system. Thus,
in a companion paper. The model is based on an exchange the model of coordination control is not based on a com-
of internal information between the two sensorimotor sys- mon command addressed simultaneously to the arm mo-
tems, mediated by sensory signals (vision, arm muscle pro- tor system and to the oculomotor system.

prioception) and motor signals (arm motor command copy). 2. Coordination control is mediated by a structure of the
The exchange is achieved by a specialized structure of the central nervous system (CNS), that receives information
central nervous system, previously identified as a part of from both sensorimotor systems.

the cerebellum. Computer simulation of the model yielded 3. Efference copy from the moved arm plays a crucial role
results that fit the behavior of human subjects observed dur- in timing aspects (synchrony between arm and eye mo-
ing previously reported experiments, both qualitatively and  tion onsets) while arm muscle proprioception is needed
quantitatively. The parallelism between physiology and hu-  for spatial aspects (accuracy).

man behavior on the one hand, and structure and simulation ) )
of the model on the other hand, is discussed. Indeed, there is clear evidence that the SP System and

the arm do not share the same central command: for in-
stance, gain and phase values of the arm and eyes show
non-correlated features, suggesting specific commands for
each system (Bock 1987). The independence between the
arm movement and saccades during reaching is less evident:
Gielen et al. (1984) showed that saccades and arm reaching
7‘joward a visual target are separately triggered, while Bekker-
ng et al. (1994) showed an interference between saccade
nd arm latencies. Delreux et al. (1991) suggested that the
inal position of the saccade and the arm is specified by a
common command, while Vercher et al. (1994) showed that
Correspondence tal.-L. Vercher (Tel: +33 4 91 17 22 62, the time of arrival is common. During simultaneous head-
Fax: +33 4 91 17 22 52, e-mail: vercher@laps.univ-mrs.fr) eye-arm pointing, gaze and arm movements start at different

1 Introduction

We presented in a companion paper (Lazzari et al. 199
a dynamical model of arm-eye coordination based on th
observation of human subjects visually tracking a targe
attached to their moving arm (self-moved target tracking,
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times but end at the same time. This synchronization appearsf its components have been provided in a companion paper
to be due to a change in head motion parameters during sil.azzari et al. 1977).
multaneous pointing as compared with gaze-alone pointing.
As often seen in science, a single model is not sufficient to
account for all the observed data. Indeed Frens and Erkelerss Experimental methods
(1991) showed that saccades are actually triggered by two
different mechanisms: one visual, specific to the saccadi@.1 Data acquisition
system, and the other cognitive, shared with the arm. The
specificity of self-moved target tracking over simultaneousThe experimental set-up for data acquisition in human subjects, the proto-
tracking or pointing is that in this condition there is no ac- cols and signal processing techniques have been described in detail else-
tual external Signa| triggering both eye and arm movementyVhel'e (Vercher et al. 1.9-93, 1995, 1996).. New Qata were coIIecFed in order to
and thus no input that could be shared or used to elabgrereat the same conditions as for the simulations (target motion frequency,
pling rate, etc.). The subjects were seated in front of a screen located
ra_lte a _Common Command' Also, as opposed to saccades, § 1 cm away from their head which in turn was immobilized by a dental
triggering and metrics are not under voluntary control. print bite-bar. Their forearm was attached to a horizontal gutter, the hand
The nonvisual nature of the coordination signals has beeRointing in the direction of the screen. The movement of the arm was re-
demonstrated in previous studies: in particular, by changstricted to one degree of freedom (the elbow angle). The subject's arm was
ing the relationship between the arm motion and the arm<ompletely hidden from sight by a curtain. Horizontal eye movements were
attached target motion. we showed that nonvisual Signajéecorded with an infrared corneal reflection device (Iris, Skalar) and arm
' motion recorded by means of a potentiometer at elbow level. The signals

generated by the arm motion durlng eye traCkmg of a SEIf'were amplified, filtered (low-pass 200 Hz) and digitized at 500 or 200 sam-

moved target are responsible .fOI’ the synchronization bepes/s, depending on the type of analysis (time or frequency domains). One
tween the arm and the eye motion onsets (Vercher and Gaur two visual targets (namely the external target and the self-moved target,

thier 1992; Vercher et al. 1995). The respective roles ofdisplayed alone or together depending on the condition) were projected on
arm efference copy and proprioception have been demonihe screen after reflection on galvanometer-driven mirrors. The motion of

strated by testing passive arm movement on control subjecl‘#e external target was controlled by computer and followed a sinusoidal
orizontal path in the frontal plane at eye leveils° at 0.3 Hz), except

and active arm movement on people without prOp”oceptlonat the beginning and end of the path, where sections of cosine substituted

(Vercher et al. 1996). ) o _ the initial and final position changes in order to replicate the velocity pro-
As to the neuroanatomical localization of the coordina-file of a typical arm movement. At target motion onset and offset, position

tion control centre, Vercher and Gauthier (1988) proposechnd velocity were equal to zero. This was done to make the target follow

the dentate nucleus of the cerebellum as a potential Candidat@jegtories with similar kinematic_s in both eye-alone and self-moved target

because lesions of this structure in trained monkeys disrupf2cking and to allow the comparison between the performances of the SP

the enhanced coordination between the eves and the anﬁystem in these two conditions. The motion of the self-moved target was

Yy ; fiven by the signal from the potentiometer monitoring arm motion.

More recently, Brown et al. (1993) supported this hypothe-

sis with data from cerebellar patients. These authors showed

that in a se!f-mc_)ved target tra_\cklng task, eye tracking l"?"2.2 Tracking conditions

tency was significantly longer in cerebellar patients than in

control SUb]eCtS whereas initiation of eye'alone traCkmg Wa%Hata from human subjects were collected using protocols described in pre-

not affected. ) _ vious studies (Vercher and Gauthier 1992; Vercher et al. 1993, 1995, 1996).

The model developed, implemented and simulated on th@asically, three tracking conditions were used: in the first condition (eye-
basis of empirical research, was conceived as a prototypelone tracking, EAT), the subject followed the external target only with the
in order to test the veracity of the hypotheses addressingyes: in' the second condition (simultaneou_s eye and hand tracking, EHT),
the way information about movement is used to coordinat e subject followed the external target with both the eyes and the arm;
dif t t t We tried t intai hiah d in the last condition (self-moved target tracking, SMT) the subject moved

ifreren mo or systems. vve Iried o main a"? ahg €9re&e arm sinusoidally at learned amplitude and frequereys{ at 0.3 Hz)

of parallellsm between the model and Wha_‘t is known abouting tracked the self-moved target with his or her eyes. To distinguish be-
the physiology of motor control. We also tried to make suretween visual and nonvisual information coding the arm movement in the
that one single model would behave in the appropriate way irBMT condition, alterations of the hand-target spatio-temporal relationship
the different tracking conditions. Indeed, all the simulationsere also introduced by delaying the target motion relative to the hand mo-
shown here have been produced without altering the modepon (Vercher and Gauthier 1992) or by spatially reversing the hand-target
I relation (Vercher et al. 1995).
whatever the condition.

We provide here results of the simulation in different
tracking conditions, comparing the output of the model and . .
observed behavior of human subjects as reported in previou%‘3 Model implementation
{Japezs, ;nt.partrl](.;mar n letxpegm\?ntsh In thlicg thteh_al’r?-gg- The model has been simulated and tested using Matlab with Simulink (The
arget relationship was altere ( ercher an _au 1er 2Mathworks, Inc.) In brief, the model (see Fig. 1 of Lazzari et al., 1977), was
Verc_her et_al- 1995)-. TOget_her W|th.the trajectories producedoncerned with the emulation of sensory and motor control structures at the
by simulation, we will provide details about how the model CNS level and was not intended to represent accurately the biomechanical
works and how the simulations were obtained. Since the ainproperties of the arm and eyes. All the viscoelastic characteristics of eye
of this paper is to compare the model’'s behavior with humargnd arm motor systems are globally modelled through transfer functions,
behavior and thus to validate the model, we will focus on the'™ the formA(s)/5(s), with one or two poles.

del's struct idi th t.' | detail | h The model features three main parts: the eye motor control section
model's structure, provi 'r,]g ma e,ma ICI_i etails only w e,n(containing a SP branch and a saccadic branch) based on the models pro-
necessary for understanding the simulations. _I\/Iore extensiVeosed by Young (1971) and Robinson et al. (1986), the arm motor con-
details on the model structure and mathematical descriptioffrol section and the coordination control section. Coordination control is
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achieved by an exchange of information between the arm and the eye sel
sorimotor systems, mediated by signals such as vision, proprioception an
motor command copy.

The input element of the model is represented bya@et motion
generator (TMG)block, which generates the input signals. In the first two
conditions, EAT and EHT, this block plays the role of the external target
generator, providing sinusoidal signals at given frequencies and amplitudes‘g15 T
while in the last condition, that of SMT, it represents the subject’s intention 2
to perform a determined movement and generates a cos-bell position wav(g
A setupblock was introduced in the model to allow the selection of one of & 54
the three conditions. In the EAT condition, theulomotor systemeceives
an external signal produced by the TMG while the arm system input is
constantly zero; in the EHT condition both eye and arm systems receive -5+
the external signal as input; finally, in the SMT condition, input for the arm
system is represented by the ‘intention’ signal while the input for the eye
system is the arm position. 15 ' ' -80

25 +

Velocity (°/s)

Time (s)

2.4 Data analysis 35—

The parameters used during the simulation (sampling frequency, trial dura
tion, amplitude and frequency of target motion) were identical to those usec 25 +
during data acquisition from subjects in order to allow more precise quan-
titative comparisons. The same analysis procedure applied to the huma
data was also applied to the signals generated during the simulation. OffC 15 |
line signal analysis started with digital low-pass filtering (cut-off frequency _5
30Hz) and differentiation. The time interval between target motion onset§
and eye motion onset was automatically detected using a method derive® g [
from Carl and Gellman (1987). This value could subsequently be refined
by manually moving a cursor on the computer screen (Vercher et al. 1996)

Velocity (°/s)

3 Comparison of model simulation output
with human behavior -15 = : : -80

. . . Time (s)
In the three tracking conditions described above, the model ] ) )
outputs have been compared with the behavior of humanE'g' 1. A Performance of a human subject during eye-alone tracking (EAT

condition) of a sinusoidally moving visual target{0°, 0.5 Hz). Position

instructed to perform similar tasks. Since the model Worksand velocity of target and eyes are plotted as a function of tBn@utput

in a dgterministic way, there is no Variab!”ty in eye and of the eye-tracking model following a sinusoidal target, with the same
arm trajectories and in target-to-eye latencies, provided tareharacteristics as above. In each graph thirelinesrepresent eye position

get trajectory and model parameters are constant. In contragbottom tracg and velocity {op tracg, while the dotted linesrepresent
although one may identify a constant pattern in trajectoriegarget position and velocity
produced by humans, these trajectories display some vari-
ability (mostly in terms of timing of the saccades). In previ-
ous studies (Vercher and Gauthier 1992; Vercher et al. 1996)
we described a typical response which globally described théhe direction of the target motion. Then the subject makes a
behavior observed for all subjects and all trials for a givensaccade to catch up with the target and compensate for the
condition, including ones where the visuo-manual relation-position error due to the lag of the eyes with respect to the
ship was altered. To illustrate the comparison between théarget. The subject’s eyes then follow the target with a slow
model simulations and the data from humans, we arbitrarilynovement, fewer saccades and no lag. This coordination
selected a set of trials in which arm and eye trajectories wergattern of slow (SP) and rapid (saccades) eye movements is
estimated to be representative of the typical behavior of thdypical of the behavior exhibited by a human subject track-
human subjects as described in the previous studies (latedAg a visual target moving in a predictable way (Bahill and
cies, gain, time course, presence of saccades, etc., equal MacDonald 1983a). This behavior (e.g. the zero-lag tracking
the average over all the trials from all the subjects in theof a sinusoidally moving target) implies that subjects predict
same condition). the target position and/or velocity, in order to overcome the
130-ms delay of the SP system (Stark et al. 1962; Bahill
and McDonald 1983a,b; Yasui and Young 1984; Barnes and
3.1 EAT: the ocular pursuit model Ruddock 1989). This ability improves with training: subjects
can learn to track with their eyes a predictable waveform,
In the EAT condition, the subjects were instructed to fixateprovided that target motion frequency, velocity and accel-
a target and then follow it, as accurately as possible, as theration do not exceed given limits. The prediction is also
target started to move. A typical response from a humarevidenced when the target stops moving suddenly and un-
performing in the EAT condition is shown in Fig. 1A. After expectedly: the eye motion stops with a latency of 180 ms
a latency of 13@ 29 ms, the subject’s eyes start to move in (Bahill and McDonald 1983a).
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As for the simulation results, in the EAT condition the
setupblock acted as follows: the input of the arm motor
system was constantly set to zero in order to prevent arn 3
movements and the output of the TMG was sent to the retina
The setup sets the tracking condition to be used for the sim 25
ulation: thevisual reconstructorsent the reconstruction of €
the external targetposition in space to the SP branch, and,§ 151
sent the retinal error relative to the external target, to theg
saccadic branch, so that the oculomotor system tracked th™
target only. Figure 1B shows the output signals obtainec
from the simulation in the EAT condition. When the target
starts moving, the eye exhibits the usual 130-ms delay o
the SP system and the subsequent SP-saccade coordinati
pattern produced to catch the target. The first time the targe -15
reverses its direction, the SP system is still responding with ¢
lag due to internal delays; the position error is compensatet
by a series of saccades. After about 830 ms from the onse
of eye movement, the contribution of thpeedictor allows
the eyes to be perfectly on the target and to follow it with no 35 1 -
phase lag. When target motion stops, the eyes continue the i
motion in the same direction for 200ms and cease moving 25 [
after a couple of saccades. Several studies have focused &«
modelling and simulating prediction in the SP system (Bahill § 5 |
and McDonald 1983b; Barnes 1994; Koken et al. 1996). All 3
these models produce realistic behavior but are too sophis®
ticated to be integrated ‘as is’ within our model without
greatly increasing the simulation time. In order to emulate
the predictive behavior, a very simple predictive component
was introduced, because the way prediction actually works
was not central to our aim. We followed the idea of Greene -15
and Ward (1979), who stated that future target motion is pre-
dicted through a polynomial extrapolation of previous values
(see Lazzari et al. 1997). The predictor is placed in para”efig. 2. A Performance of a human subject during simultaneous eye and arm

. . . tracking (EHT condition) of a sinusoidally moving visual target1Q°,
with the SP controlley whose role is to set the SP gain for 0.3 Hz).B Model outputs of both the eye and the arm motor systems track-

ynpredlctablg target motions and to prevent sharp chang€sy a sinusoidal target. Theonventionsare the same as in Fig. 1. The
In eye velocny. dashed linegepresent arm position and velocity

Velocity (°/s)

51

A
)

45

osi
Velocity (°/s)

Time (s)

3.2 EHT: the arm tracking model
system (depicting the arm-driven visual target position). The

In the EHT condition, the subjects were instructed to trackvisual reconstructokvas instructed to rebuild the position of
the external target with both the eyes and the arm. Thigoth the target and the arm relative to space. The reconstruc-
condition assessed the performance of the arm motor systertion of the external target position was sent to the SP system.
In Fig. 2A the trajectories produced by a human subject arel'he retinal position error about the external target was sent
shown. In this condition, the performance of the SP system i¢o the saccadic system. Both the external and the self-moved
similar to its performance in EAT (same latency and saccadéarget positions were sent to thiesual correctorof the arm
pattern). The latency of the arm is longer than the latencymotor system. These signals allow computation of the error
of the SP system. The lag of the eye is compensated bpetween arm and target positions and the generation of a
a saccade, while the lag of the arm is compensated by aorrecting signal transmitted to the arm plant. The presence
corrective movement whose velocity exceeds the velocity ofof such a visual corrector is evidenced by the fact that the
the target. After at least half a cycle of tracking, the subjectarm tracking movement becomes smoother when vision of
can follow the target without lag with the eyes and the arm.the arm is occluded (Miall et al. 1993a).
The presence of sudden changes in the arm velocity profile In the model, two feedback loops act on the arm mo-
implies the existence of a corrective mechanism based otion system. One is concerned with arm position, the other
visual information of the arm tracking error (Navas and Starkwith arm velocity. Experiments with deafferented monkeys
1968; Miall et al. 1993a). The arm motor system attempts(Knapp et al. 1963) and humans (Cooke et al. 1985; Bard
to reduce the tracking error with discrete movements of theet al. 1995; Vercher et al. 1996) have shown that though
arm, comparable to some extent to saccadic eye movementarm movements are possible without afferences, their char-

During the simulation of the EHT condition, tteetup  acteristics are largely degraded, especially in the absence of
block worked as follows: the output of the TMG was sent to visual control. The delays within each control loop are set
the retina, which also received the output of the arm motoraccording to current literature: 100 ms for the central con-
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troller, 15ms for both position and velocity proprioceptive
loops (Lamarre et al. 1983; Cordo et al. 1994).

The simulation (Fig. 2B) shows features similar to the
behavior of humans. We will focus here on the performance
of the arm system, since the behavior of the oculomotor sys
tem has been described in the previous section. The latencz
of the SP system is 130 ms, while the latency of the arm§
motor system is 150 ms. At the onset of hand tracking, the'§
visual corrector(of the arm motor system) is responsible for *
the high-velocity corrective movement that compensates fo
the delay. After two large corrective movements, clearly evi-
denced by the velocity traces on Fig. 2B, the arm follows the
visual target appropriately but still with a small lag (no pre-
diction has been implemented in the model though human:
certainly show predictive abilities: Stark 1968; Miall et al.
1993b). The visual corrections also exist in the traces fromr
the human subject (Fig. 2A), more or less at the same time
from the beginning of the trial (the first half cycle of track-
ing, e.g., the first 2s of recording). The corrections appeal
to be sharper in the human data and more rounded in th
model, possibly due to small differences in arm dynamics,
that are only approximated in the model.

Velocity (°/s)

-100

60

140

+20

o

Position (°)
N
o
Velocity (°/s)

3.3 SMT tracking: the coordination control model

The SMT condition consisted in tracking with the eyes a
target actively moved by the observer's arm. Prior to the
session, the subjects were trained to produce sinusoidal ar
movements at a frequency ef 0.3 Hz and with a peak-to- -10 +— : : = = —+ -100
peak amplitude of~ 30° with minimal variations. Figure 0 ! 2 _ 8
. . Time (s)
3A shows the performance of a human subject during an
SMT tracking task. The most striking features are the re_Fig. 3. APerformance of a human subject during self-moved target tracking
duction in the delay of the SP system at the onset of targe '\c/)IT condition: target motlor_\ is con_trolled by the subject;_:, arm motion).
. . - utput of the model tracking an internally generated sinusoidal target
(_arm) motion from 130 ms On_ average (in the _EAT condi- (£15°, 0.3Hz) with the arm and tracking the arm motion with the eye
t|0n)_ to a merely—S +35ms ('n. .the SMT condition), anq system. Conventions are the same as in Figs. 1 and 2
the immediate and accurate ability to follow the target with

close-to-zero lag, as evidenced by the absence of any saghe control of the information flow from the arm system to
cades in most of the trials. A relevant contribution to this the eye system. As proposed by Vercher et al. (1996), the
performance is presumably under predictive control by theinformation used by the SP system to overcome the initial
SP system, as evidenced by the continuation of SP when thgelay is provided by the arm motor efferent copy. This sig-
arm stops moving. nal, acquired from the arm motor branch just before the arm
In the simulation of the SMT condition, treetupblock  plant, is processed in the CCS and then sent to the eye mo
functioned as follows: the output of the TMG was sent to thetor branch, just before theulse-step generatoihis allows
arm system in order to simulate the intention to move thethe long processing delay introduced by the visual branch

arm. Thevisual reconstructowas instructed by the setup to be bypassed, eliminating the initial delay of 130 ms, as
block to send the visual reconstruction of the arm positionillustrated by Lazzari et al. (1997).

in space to the SP system and the retinal error between the

eyes and the arm positions to the saccadic system. No visual

corrections were produced in this condition since arm and.4 Altered visuo-manual relationship in SMT tracking
target position signals were coincident.

The timing characteristic of the coordination control (low The model also produced SP movements similar to those of
SP latency) supports the existence of an exchange of inforhuman subjects when the relationship between arm motion
mation between the arm and eye motor systems (i.e., an inand visual target motion was altered by a delay (Vercher and
formational path issued from the arm system and addresse@authier 1992) or by reversal of target motion relative to arm
to the eye motor system). This allows the eyes to antici-motion (Mercher et al. 1995). The goal of these previously
pate the arm motion, and to begin to move before the targepublished experiments was to artificially dissociate visual
displacement is visually perceived. The simulation of thisfrom nonvisual information about arm motion, in order to
behavior has been achieved on the model through the indetermine the relative pattern of action of both signals (af-
troduction of thecoordination control systerfCCS): an el-  ferent and efferent) on triggering SP. Similar situations may
ement placed between the two subsystems and dedicated &ppear in the real life when a human is tele-operating a re-

1.80
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Fig. 4. A Performance of a human subject moving the arm sinusoidally Fig. 5. A Performance of a human subject during the SMT condition when
(#£15°, 0.3 Hz) and tracking the arm motion with the eye when an artificial the relationship between the arm and the arm-attached target is reversed
delay is introduced between arm motion and arm-attached target motioifVercher et al. 19958 Output of the model tracking an internally generated
(Vercher and Gauthier 19933 Output of the model during the SMT con-  sinusoidal target£15°, 0.3 Hz) with the arm and tracking the visually-
dition with an arm-target delay of 300 mGonventionsare the same as in  reversed arm motion with the eye systeé@onventionsare the same as in
Figs. 1 and 2 Figs.1 and 2

mote system (robot or vehicle) and monitoring the motion  Observations during this experiment showed that SP can
of the device through a video display. A long delay betweenbe triggered by a nonvisual signal and that this signal is no
the operator action and the remote system response wouldnger active a few hundred milliseconds after movement on-
correspond to the first situation. We would see the secondet. This helped in designing the processing function applied
situation if the camera were positioned in such a way thatwithin the CCS to the arm motor command issued by the
when the action of the operation is directed rightward, thearm motor system (Lazzari et al. 1997). There was no signif-
response of the system is oriented leftward (from the opericant inter-individual difference in the eye response pattern,
ator’s point of view). Both experiments showed a commonwhatever the artificial delay. SP always started in close syn-
feature: that is, in case of conflict between visual and non-chrony with the onset of real arm motion rather than with the
visual signals coding arm motion, the SP system is largelyisual target motion, showing the crucial role of nonvisual
influenced by nonvisual signals during the early stage ofinformation in triggering self-moved target SP. The arm-eye
tracking (e.g., the eyes track the real arm motion insteadatency did not depend on the added delay£33 ms with-
of the visual target) while during steady-state tracking (afterout added delay, 4+ 56 ms over the full range of added
1/2 s at 0.3 Hz) the SP system seems to be driven exclusivelgielay). When the delay was higher than 150 ms, a saccade
by visual signals (the eyes track the visual target). was always triggered in the direction opposite to arm mo-
Figures 4 and 5 illustrate the type of behavior producedtion, e.g., towards the still motionless target. At 500 ms after
by both human subjects and the model when the arm-targdtacking onset, SP was clearly driven by vision only (high
relation is delayed or reversed, respectively. In the formemain, low phase relative to visual target motion). During
experiment (for more complete data recorded during thishe present work, we recorded data from human subjects by
experiment see Vercher and Gauthier 1992) the subjects werdding an artificial delay of 300 ms (Fig. 4A) since a large
instructed to move the arm sinusoidally and keep the eyeamount of data was already available (Vercher and Gauthier
on the arm-driven target. At random, the target was delayed 992).
(50-500 ms) relative to arm motion. A delay of 50ms was  Simulation of the model, where a delay of 300 ms was
never detected by the subjects. added between tharm positionin space signal and the
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reting, is shown in Fig. 4B. The pattern of SP produced  As stated in Sect. 1, our goal was not only to synthesize
by the model is similar to the pattern produced in a typicalthe behavioral observations on arm-eye coordination and to
trial by a human subject: SP starts at low gain just beforepresent a model emulating human behavior, but also to take
arm movement, a saccade is triggered back toward the (stilhto account the neurophysiological knowledge about this
motionless) visual target 250 ms after arm movement onseissue, and to make the model as realistic as possible, both
then SP is phased-locked with the visual target motion.  behaviorally and physiologically. Therefore, a correlate in

In the second experiment, in which an alteration of thethe CNS can be found for most of the components of the
visuo-manual relationship was used, the target path was renodel. We will now provide some cues about the possible
versed relative to the arm path without informing the subject.nature of the structures of the CNS that may be represented
During the first 200 ms of ocular tracking, initial SP move- by some of the blocks of the model. We will not comment on
ment was produced in the direction of arm motion, and thughe SP and the saccadic systems, which have be extensively
opposed to the visual stimulus (for more details and datadescribed in the literature, but will focus on the new aspects
see Vercher et al. 1995). After that initial interval, the eyeintroduced in the present study, e.g., the action of ihe
velocity slowed down, and a saccade was made in the direcsual correctorand theCCSblocks on the two sensorimotor
tion of the visual target motion; for the rest of the trial time, systems.
the eyes were tracking the visual target (Fig. 5A). When the  Concerning the arm motor system, the site of the visual
subjects were submitted to this situation for a high numbercorrection system was attributed by Stein et al. (1987) to the
of trials (about 80), this pattern of tracking was progres-cerebellum, which plays a key role in producing and con-
sively changed until the oculomotor system could trigger SPtrolling corrections of arm trajectory when tracking slowly
directly in the direction of the visual target motion. In brief, moving visual targets. The involvement of the cerebellum
when exposed to a systematically reversed arm-to-target viin visual control of arm movement is evidenced not only by
sual relationship, the subjects presented a succession of threéservations in cerebellar patients and lesion experiments
SP patterns: during the first four or five trials the pattern wasin monkeys, but also from psychophysics: the intermittent
the same as when the subjects were randomly exposed fmattern of arm motion observed in both humans and mon-
the reversal. Then, during a variable number of trials, a longkeys tracking a visual target disappears when vision of the
arm-to-eye latency appeared (14042 ms) and SP started arm is occluded. The authors attributed this intermittency to
directly in the direction of the visual target. Finally (and only visual corrections increasing the accuracy of arm tracking
in two thirds of the subjects) SP was initiated with a shortwhen target motion is unpredictable. Temporary deactiva-
latency (32+ 47 ms) directly in the direction of visual target tion of the cerebellar cortex by cooling techniques markedly
motion (Vercher et al. 1995). reduces the efficiency of corrections.

The model behaved in a way very similar to a human  Concerning the SP system, the model implies that sig-
subject submitted for the first time to this type of visuo- nals related to arm motion may change the SP controller
manual alteration (Fig. 5B). The model is not yet provided dynamics. According to Lisberger et al. (1987), acceleration
with adaptive and/or learning capabilities and so was not abl@nd velocity saturation of SP are due to the properties of the
to emulate the adaptive behavior change that human subject®lls in the medial temporal (MT) and medial superior tem-
exhibit after a series of trial where the visuo-manual relationporal (MST) areas. In the MT area the retinal error is coded
is systematically reversed. 50 ms after target onset (Kawano et al. 1990) while the MST

area codes the intended eye velocity (Newsome et al. 1988).

The MST area, together with the posterior parietal cortex,
4 Discussion may play a role in the internal representation of target mo-

tion in space (Eckmiller 1987). It remains to be determined
What we have presented in this paper is a qualitative evalwhether the effect of the tracking condition on SP gain is
uation of the model. Our goal was to validate the modeldue to an influence of arm proprioception on these visual ar-
by showing that when it is ‘exposed’ to different tracking eas (which to our knowledge has yet to be elucidated) or to
conditions, without changing the structure of the model orthe fact that these areas, supposedly responsible for velocity
the parameters, the model behaves in a specific way (all thimitation, are by-passed when the target is moved directly
changes were concentrated in the ‘setup’ block, which is noby the observer’'s hand.
really part of the model). We showed that, for each condi- Concerning the localization of the coordination control
tion, the model behaves in the same way as humans. Weenter, Vercher and Gauthier (1988) and Brown et al. (1993)
based the comparison of the model simulation output anghowed in monkeys and human patients respectively, that
human data on experiments previously published by our relesions of the cerebellum disrupted the coordination between
search group. A more quantitative evaluation of the modelarm and eye in tracking tasks while maintaining the ability
has been provided in the companion paper (Lazzari et alto produce eye and arm tracking movements in isolation.
1997) together with a detailed description of the model. TheSP performance is even poorer when cerebellar patients are
changes in SP gain and frequency bandwidth over trackingisked to track a target simultaneously with the eyes and the
conditions, observed with the simulations, fitted closely thearm (van Donkelaar and Lee 1994). For these reasons, in
observed human behavior, as did the change in SP latencpur model, the site of information exchange between the
This was not surprising, since this was the principal goal ofarm and eye motor systems is attributed to the cerebellum.
the model. More interesting was the similarity of the model = We tried to make the model credible not only in terms of
and the human pursuit pattern in terms of the coordinatiomervous structures, but also in terms of information transfer.
between saccades and SP as illustrated by Figs. 1to 5. The model implies that information related to arm movement
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(proprioception and efference copy), transiting through theBahill AT, McDonald JD (1983b) Model emulates human smooth pursuit
dentate nucleus (DN), is available at the level of the oculo-  system producing zero-latency target tracking. Biol Cybern 48: 213—
motor complex. We recently demonstrated that active control 222 _ _ o
of arm movement is necessary and sufficient (if fixation of 833 . Fleury M, Teasdale N, Paillard J, Nougier V (1995) Contribution
. . . . of proprioception for calibrating and updating the motor space. Can J
visual target is allowed) to trigger short-latency SP in SMT  p o) pharmacol 73: 246-254
tracking tasks, whereas the lack of proprioception from thegarnes GR (1994) A model of predictive processes in oculomotor control
moved arm in deafferented subjects does not suppress short- based on experimental results in humans. In: Delgado-Garcia JM, Go-
|atency SP (Vercher et al. ]_996)_ However, comparison of dauxE, Vidal PP (eds) Information processing underlying gaze control.
the eye tracking behavior between control and deafferented Pergamon Press, Oxford, pp 279-290 _ o
subjects clearly showed that proprioception allows enhance arnes GR, Ruddock CJS (1989) Factors affecting the predictability of

. ! pseudo-random motion stimuli in the pursuit reflex of man. J Physiol
SP performance (in terms of gain, phase and accuracy) and (Lond) 408: 137—165

may also play a role (though limited) in the synchroniza- gekkering H, Adam JJ, Kingma H, Huson A, Whiting HTA (1994) Reaction
tion between eye and arm motor systems (indeed, the deaf- time latencies of eye and hand movements in single- and dual-task
ferented subjects sometimes produced early SP, leading the conditions. Exp Brain Res 97: 471-476 _ _
arm movement onset by hundreds of milliseconds. Such ver{ock © (1%83) Coordm?tlon tof grnrwl ang e_yeRmO\;imggtsl (|)r(1) tracking of
; _ sinusoidally moving targets. Behav Brain Res 24: 93—
ea{)ly eye n;‘o;/ement V\faS nﬁver Olbskervedhmlg&n deﬁﬁerentegrown SH, Kessler KR, Hefter H, Cooke JD, Freund HJ (1993) Role of
su JeCtS)' unctional pathway lin ',n_g the .tO the ocu- the cerebellum in visuomotor coordination. 1. Delayed eye and arm
lomotor complex has not been epr|C|t]y d.escrlbed, though  initiation in patients with mild cerebellar ataxia. Exp Brain Res 94:
Gonzalo-Ruiz et al. (1988) showed projections from the DN 478-488
to the oculomotor nuclei in primates_ Another path was iden-Carl JR, Gellman RS (1987) Human smooth pursuit: stimulus-dependent
tified in rodents by Ho and Leong (1977): fibres from the DN _ Lesfoé‘ses- Js N'f“roF;hF{Sli_o' 57 14\‘(‘6;;;563' e
were found in the pontine nuclei (NRTP). The frontal eye ©°0ke J: Brown S, ForgetR, Lamarre ¥ (1985) Initial agonist burst duration
field bell hh b db i changes with movement amplitude in a deafferented patient. Exp Brain
ield-NRTP—cerebellum path has been proposed by Suzuki e 0. 184-187
et al. (1994) as an alternative to the MST—dOfSC)'a.teraj PONcordo P, Carlton L, Bevan L, Carlton M, Kerr GK (1994) Proprioceptive
tine nuclei—cerebellum path (Thier et al. 1994) to trigger and  coordination of movement sequences: role of velocity and position
control SP. There is no direct evidence that these connections information. J Neurophysiol 71: 18481861
mediate information about arm movements, but Suzuki et aIPe”e”if v, \éar;de” Abeel'z.s’ frgmme"”fjk M, Roucoux ? (1991) 'mf"f
(1994) proposed that converging information from frontal ~ 2¢tons between goal directed eye and arm movements. arguments for
field bell d ori h an interdependent motor control. J Mot Behav 23: 147-151
de e S{ cerepellum an P“mary motor COI’tQX tf) the PONEckmiller R (1987) Neural control of pursuit eye movements. Psychol Rev
tine nuclei may play a role in eye-hand coordination. 67: 797-857
Frens MA, Erkelens CJ (1991) Coordination of hand movements and sac-

) cades: evidence for a common and a separate pathway. Exp Brain Res
5 Conclusion 85: 682—690

. . . Gauthier GM, Vercher J-L, Mussa Ivaldi F, Marchetti E (1988) Oculo-
In conclusion, the model presented in the companion paper manual tracking of visual targets: control learning, coordination control
(Lazzari et al. 1997) allowed us to test several original hy-  and coordination model. Exp Brain Res 73: 127-137
potheses regarding arm-eye coordination control, especiallfpielen CCAM, Van den Heuvel PJM, van Gisbergen JAM (1984) Coordi-
the respective role of arm motor command and propriocep- nation of fast eye and arm movements in a tracking task. Exp Brain

tion in the timing and mutual coupling of the coordination Res 56: 154-161 , -
' Gonzalo-Ruiz A, Leichnetz GR, Smith DJ (1988) Origin of cerebellar pro-

respectively. The model may also allow testing of the in-  jections to the region of the oculomotor complex, medial pontine retic-
volvement of CNS structures on eye-hand coordination. The  ular formation, and superior colliculus in new world monkeys. J Comp
most appealing feature of the model is that, as opposed to Neurol 268: 508-526

others, it is not necessary to change its structure or its paranfireene DF, Ward FE (1979) Human eye tracking as a sequential input
eters to make it produce human-like arm and eye trajectories  2daptive process. Biol Cybem 33: 1-7

. . - Ho CP, Leong SK (1977) A cerebellar projection onto the pontine nuclei
under different conditions or when the visuo-manual rela- in the albino rat, Exp Brain Res 30: 149-154

tionship is altered, as shown by the qualitative evaluationkawano K, watanabe Y, Kaji S, Yamane S (1990) Neuronal activity in
presented here. Nevertheless, possible improvement of the the posterior parietal cortex and pontine nucleus of alert monkey dur-
model concerns auto-adaptation when exposed to prolonged ing ocular following responses. In: lwai E, Mishkin M (eds) Vision,
visuo-manual alterations or to changes of the mechanical memory ang the temporal 'fJ(bg-G g)lseVieﬂ AmSt?fdamylfP 311_—h3%j5 f

i Knapp HD, Taub E, Berman AJ (1 Movements in monkeys with deaf-
conditions of movement. ferented forelimbs. Exp Neurol 7: 305-315

Koken PW, Jonker HJJ, Erkelens CJ (1996) A model of the human smooth
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