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Abstract. During eye tracking of a self-moved target, hu- Steinbach (1969), who showed that a subject could track a
man subjects’ performance differs from eye-alone trackingvisual target more accurately if the target was attached to
of an external target. Typical latency between target andhe observer's hand. Angel and Garland (1972) attributed
eye motion onsets is shorter, ocular smooth pursuit (SP)his enhanced performance to information transfer between
saturation velocity increases and the maximum target mothe arm motor system and the oculomotor system. Gauthier
tion frequency at which the SP system functions correctlyand Hofferer (1976a) showed that the interaction between
is higher. Based on a previous qualitative model, a quanthe moving hand and the eyes was preserved even in total
titative model of thecoordination controlbetween the arm darkness: when the observer moved his or her finger and was
motor system and the SP system is presented and evalinstructed to track his non-viewed fingertip with his eyes, SP
ated here. The model structure maintains a high level otould be produced without vision, though with lower gain
parallelism with the physiological system. It contains threethan in experiments where the finger was visible. On the
main parts: the eye motor control (containing a SP branckcontrary no SP movements could be produced during the
and a saccadic branch), the arm motor control and the cotracking of either imaginary or acoustic targets in the dark
ordination control. The coordination control is achieved via (Gauthier and Hofferer 1976b; Buizza et al. 1979).
an exchange of information between the arm and the eye In order to interpret this behavior, Gauthier et al. (1988)
sensorimotor systems, mediated by sensory signals (visionintroduced the notion of an intersystem temporal control, de-
proprioception) and motor command copy. This cross-talkfined ascoordination control According to this hypothesis,
results in improved SP system performance. The model hathe coordination control would result from an exchange of
been computer simulated and the results have been comparegdnsory and motor information between the arm motor sys-
with human subjects’ behavior observed during previous extem and the SP system when they are involved together in
periments. The model performance is seen to quantitativella common task, e.g. tracking a visual target. Thus, the coor-
fit data on human subjects. dination control would combine and interact with the basic
control of each (eye and arm) motor system taken in isola-
tion. The putative model proposed by Gauthier et al. (1988)
characterized the coordination control in terms of improve-
ment intiming and mutual coupling The timing aspect ac-

1 Introduction counted for the fact that SP latency is shorter when the eyes
follow the observer’s finger than when they track an exter-
1.1 Definition of arm-eye coordination control nal target. The mutual coupling accounted for the changes in

the static and dynamic behavior of the SP system (increased

During the past 25 years, behavioral, clinical and physiolog-maximum velocity, frequency limit and accuracy).
ical observations have demonstrated the influence exerted

by the arm motor system on the oculomotor system during

target traCking tasks. When a human, or a trained monkey1_2 Nature and respective role of the Signa|s
tracks with the eyes a visual target moved by the observer's

arm (this condition will be calledelf-moved target tracking

the smooth pursuit (SP) system performance is enhanced,
compared with the condition in which the observer tracks
with the eyes an externally driven visual targeyé-alone
tracking). This was evidenced at the end of the 1960s by

The nature of the nonvisual signals responsible for coor-
ination control has long been debated. Steinbach (1969)
demonstrated that subjects showed better visual tracking of
a target attached to thedctivelymoved arm thamassively
Based on this evidence, Steinbach proposed that SP enhance-
Correspondence tal.-L. Vercher (Tel: +33 4 91 17 22 62, ment was due to the arm motor efference. Gauthier and Hof-
Fax: +33 4 91 17 22 52, e-mail: vercher@laps.univ-mrs.fr) ferer (1976a) suggested that inflow from the moving finger
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was necessary to trigger SP in total darkness: inflow supmanual tracking while keeping a high level of parallelism
pression by an ischemic block applied to the arm preventedvith the structure of the physiological system. For this pur-
self-moved imaginary target tracking even if the finger waspose, we implemented a model composed of three interacting
actively moved. Gauthier and Mussa-lvaldi (1988) showedsubsystems (Fig. 1): an eye tracking system, an arm motor
that section of the dorsal roots innervating the arm of trainedsystem and a coordination control system. The model of the
monkeys produced the same dramatic effects on motor coreye tracking system combines a SP branch, correcting for
trol of the ipsilateral arm as in previous experiments with the retinal slip, and a saccadic branch, correcting for the
deafferented monkeys (Knapp et al. 1963; Lamarre et alretinal error. The SP branch has been developed on the ba-
1978) but also produced specific effects on eye-arm coorsis of models proposed by Young (1971) and Robinson et
dination (lower SP gain, higher number of saccades, lowenl. (1986). For the saccadic branch, although many models
maximum velocity during self-moved target tracking) with- have been proposed with different levels of sophistication
out affecting eye-alone tracking performance. After surgery,(Robinson 1975; Becker and Jurgens 1979; van Gisbergen
the ability to produce in darkness slow eye tracking in re-et al. 1981; Young 1981), we considered a simplified model
sponse to the motion of the ipsilateral arm disappearedbased on the scheme presented by Young and Stark (1962).
but SP latency during tracking of a target attached to thdn fact, only the existence, the time of occurrence and the
contralateral arm was still short. Following Gauthier et al. accuracy of the saccadic components in the tracking were
(1988), one may suppose that both efferent and afferent sig-elevant to our purpose, while details about their generation
nals are needed to improve SP tracking of an arm-attachedere not. The arm motor branch is derived from the model
target. proposed by Stein et al. (1987).

It has recently been confirmed that the arm motor com-  The most original feature of the model is represented by
mand is responsible for the short latency between the arnthe coordination control system (CCSkhich receives sig-
and the eye motion onsets, while arm proprioception plays aals from the two motor systems and accordingly changes
role in the changes in the SP characteristics observed whethe dynamics of the SP branch. Changes concern both timing
the subject tracks his own arm (Vercher et al. 1996). This(e.g., the synchronization between the target, the arm and
was done by comparing the performance of control subthe ocular movements) and mutual coupling (e.g., the ex-
jects tracking their passively moved arm with the perfor- change of information between the two systems). As shown
mance of patients without proprioception, tracking their ac-by computer simulation, the CCS allows the model to cor-
tively moved arm. In brief, when control subjects track with rectly reproduce the typical behavior of eye and arm sub-
their eyes their passively moved arm, the SP latency is asystems when stimulated alone and the typical changes of
long (125ms) as when tracking an externally moved tar-SP performance during self-moved target tracking. In both
get (130 ms). When deafferented subjects track their activelyualitative and quantitative aspects, the model closely fits
moved arm, SP latency is as shor8ms) as is observed the performance of human subjects submitted to tracking
with control subject in the same task§ms). This shows tasks, as previously described in the literature (Gauthier et
the role of the arm motor command in eye-arm timing con-al. 1988; Vercher and Gauthier 1992; Vercher et al. 1993,
trol. In the self-moved target tracking condition, accuracy, 1995, 1996).
maximum velocity and frequency limit are lower in deaffer- Three tracking conditions were considered: eye-alone
ented patients than in control subjects, showing a probabléracking (EAT), where the subject follows an external target
role of arm proprioception in mutual coupling. with the eyes only; eye and hand tracking (EHT), where the

To assess the descriptive model of coordination controkubject follows the external target with both the eyes and
introduced by Gauthier et al. (1988), in the present paper wehe arm; and self-moved target tracking (SMT) where the
introduce a quantitative model of the manuo-ocular coordi-subject moves the target with his hand, sinusoidally, at a
nation control system. This model can produce realistic armearned amplitude and frequency and tracks the self-moved
and eye trajectories in the horizontal plane, and can simulatearget with his eyes. More details about the experimental pro-
the parametric (static and dynamic) changes occurring in théocols used with humans are given in other papers (Vercher
oculo-manual system when the two subsystems perform coret al. 1993, 1995, 1997).
comitant tasks. A qualitative comparison between the model
and human performance, based on arm and eye trajectory
patterns, is presented in a companion paper (Vercher et a8 Model implementation
1997).

We know of no other model with these characteristics.As already stated, the model (Fig.1) contains three parts:
Previous studies of coordination between arm and eye trackthe arm motor system, the oculomotor system and the CCS.
ing systems have been done at an analytical level only (MiallThe model mostly addresses the sensory and motor control
et al. 1985, 1988; Steinbach 1969), and the models proposestructures at the level of the central nervous system (CNS).
were either purely descriptive (Gauthier et al. 1988) or veryThe peripheral properties of the arm and the eye plants are
schematic (Bock 1987). represented and modelled through transfer function blocks

G(s) that summarize the dynamics properties (mass and vis-

coelastic characteristics) of the plants. The following trans-
2 Model structure and experimental conditions fer functions have been chosen to represent the mechanics of

the arm and the eye plants (bones, muscles and tissues), re-
Our goal was to create, on the basis of the previous studiespectively. The model parameter values are physiologically
reported above, a model able to perform accurate oculoplausible and based on data found in the literature.
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Fig. 1. Block diagram of the model. Thiewer part shows the eye tracking system, with the saccadic branch and the smooth pursuit (SP) branch. In the
upperpart is the arm motor system. At tleenteris the coordination control system, controlling the exchange of information between the two sensory-motor
systems. Theirclesrepresent additive or subtractive operations. Flamglesare gain (multiplicative) elements. The Laplace notation is used; tmerator
denoting a derivation while the/% operator denotes an integration. See text for details on the other blocks

K/(s?+2ws +w?) with K =70, w=+20 signal (i.e., the output of the arm motor system), which also
=7/v/20 forth lant 1) represents the self-moved target position.

¢ /\/. or the arm pian @ The oculomotor part of the model contains two branches:
A/(s+B) with A=B=20/3 for the eye plant (2) the SP branch and the saccadic branch. They are mostly in-
dependent of each other, except that they share the same

) input (from thevisual systemhand output (pulse-step gener-

3.1 Peripheral components ator and motor plant). In order to keep a parallelism with

The common input source is tharget motion generator the _phy5|ol_og|cal system, which mostly uses target veloc!ty
as input signal to the SP branch and retinal error as in-

(TMG), providing the input signals to the different parts of ut to the saccadic branch, thissual reconstructosupplies
the model. In the EAT and EHT conditions, it represents anph dic b h with 'Eh tinal i PP d th
external target generator, providing sinusoidal target positioi}s ssagt?rlnl(\;vitrzatg? e\;\" ositi?)r:eir:ns zfcoeSI .'I%r: ee;roro;?ion ire1
signals at different frequencies and amplitudes. In the SM S acg is reconstruc?ed gs the sum OF:‘ retiﬁal e?rorpand a reaf-
condition, it represents the subject’s ‘intention’ to perform afef)rence of eve position in the head. as in Robinson et al’s
specific movement and generates a cos-bell position wav 1086 mode)I/ Tﬁle output of the o e’rall eve tracki te'm
replicating the single movement produced by human subject ) : utp ov y INg Sys
represents the eye position relative to the head (i.e., in space

during the SMT condition. since the head is still) in the horizontal plane
The setupblock allows the selection of the desired con- P :

dition (either EAT, EHT or SMT) and sends the appropriate

input signals to the eye and the arm systems. Namely, in the

EAT condition the input to the eye system is the external3.2 Visual elements

signal produced by the TMG, while the input to the arm

system is zero. In the EHT condition, both eye and arm sysinput signals to the oculomotor system come from both the
tems receive the same input, i.e. the target motion generategtina and the visual reconstructor. These two blocks play
by the TMG. Finally, in the SMT condition, the input to the the role of pre-processing the incoming visual signals cod-
arm system is an ‘internal’ signal (the intention of moving ing arm (4), target ") and eye [) position. Both use only
the arm), and the input to the eye system is the arm positiomrithmetic sum operators. The retina computes the positional
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errors of eye versus targeb{r., =T — E) and arm versus of opening the loop by adding the retinal and the eye posi-
target Err,: = A — E) and sends them to thasual recon-  tion signals. Target-in-space velocity, bounded to an upper
structor. Here they are added to an extraretinal eye positionimit of 100°/s (velocity saturation block), is sent to two
signal (£’) to provide the estimated positions of the target parallel blocks: theSP controllerand thepredictor. The role
(T" = Erreg + E') and of the arm 4’ = Errye + E') in of the predictor is to compensate for the delay due to both
space. Robinson et al. (1986) used an internal model of théhe visual (50 ms) and the SP systems (40 ms). The predic-
eye plant to refine the estimated eye position. This level oftor on-line forecasts target velocity for the next 400 ms, on
sophistication did not seem necessary here. Depending otne basis of a cubic spline interpolation of the actual tar-
the experimental condition, eithéfrr., or Err,, is trans-  get velocity during the last 150 ms. The estimated velocity
ferred to both the saccadic branch and the SP branch. At limited to 110% of the maximal target velocity in order
the input of the latter, the position signal is differentiated toto avoid unrealistic estimations of target accelerations. The
compute target velocity in space, which is assumed to be theelative contribution (gain) of the predictor to the SP branch
driving input to the SP system. has been set to 0.36, while the SP controller has been as-
The visual reconstructomlso supplies target position to signed a dc gain of 0.93 and a pole at 1.22 Hz. This parallel
the arm motor systenand to avisual corrector systemThe  structure is not unlike the structure proposed by Bahill and
last provides a signal compensating for the error betweemMcDonald (1983) in their ‘Target Selective Adaptive Con-
the arm and the external target positions (see below). Thesgoller model. The difference between that model and the
operations introduce an overall delay of about 50 ms, idenone proposed here is that in the former, prediction relies
tified as the sensory delay of the visual system (Kawano ebn the existence of a ‘catalog’ from where the trajectory
al. 1990). to be tracked is chosen, based on the actual target move-
ment, whereas in our model prediction is based on on-line
extrapolation of target motion.
3.3 Saccadic branch The output of the saccadic branch and the SP branch are
summed and sent to the pulse-step generator, which provides
In the simplified model of the saccadic system implementecthe motor command to the eye plant. The eye plant transfer
here, the retinal erroErr., coming from the visual recon- function is given by (2). The output of the eye tracking sys-
structor is used as input signal. dead-zondimits to 0.8 tem is eye position in the head (i.e., in space, since the head
the smallest retinal error for which saccades are generated still). It should be stressed once again that the goal of
(Becker 1989). In order to account for the well-known fact this visuomotor branch model is to provide a simple tool for
that a saccade cannot immediately be followed by anothersimulating visuomotor behavior in order to study eye-hand
a sampler block imposes a refractory period between twanteraction and coordination, and not to study visuomotor
consecutive saccades (200ms), i.e., an interval after a sagehavior per se. In this sense it seemed justified to intro-
cade, in which no other saccade can be triggered (Jurgenguce some simplifications that would not be acceptable in
et al. 1981). In parallel with these blocks, whose role is ac-a different context and to use simplified models, provided
tually to trigger a saccade, theaccade velocity generator they are able to generate realistic eye movements.
(SVG)computes the intended saccade velocBy§ based
on Erre, and its derivative (Robinson and Keller 1972):

SV =25 Erre + 4°d(Erre)/dt 3) 3.5 Arm branch

The coefficient values were determined empirically, by eval-
uating the saccade accuracy in tracking sinusoids with dif-As opposed to the eye tracking system, we failed to find in
ferent amplitudes and frequencies. the literature a reference model for the arm tracking system.
The SV is passed through a 150-ms delay block, accountMost of the models published recently concern rapid arm
ing for the specific latency of the saccadic system (Westmovements, e.g., simulating pointing movements. We then
heimer 1954). Finally, saccade velocity is limited to 830 designed a very simple model in which the intended arm
(Bahill and Stark 1979) by a saturation element. movement (position) is delayed by 100 ms (e.g., the central
processing delay; Jones and Hunter 1990; Cordo et al. 1994),
differentiated and sent to the arm motor plant. Input signals
3.4 SP branch are provided by thevisual reconstructorof the target posi-
tion and through aisual corrector which provides a signal
The SP branch is directly inspired by Young's (1971) model.compensating for the positional error between the arm and
In that model an internal positive feedback loop compensategan external target.
for the visual (negative) feedback. In this way SP actually = The arm control system has been provided with two
works in open loop thus avoiding any instability problem, in feedback loops (velocity and position). The relevant signals
particular those related to the presence of delays in a closedpresent proprioceptive information and include the over-
loop. This scheme has been proposed in many successial somatosensory information related to joint posture and
models, though with several adjustments (e.g., Bahill anckinematics (Cordo et al. 1994). Two loops were considered
McDonald 1983; Robinson et al. 1986). In our model, thefor the sake of clarity, though it is known that the afferent
visual reconstructor plays the same role as the internal feedibers simultaneously carry position and velocity information
back loop in Young's (1971), Bahill and McDonald’s (1983) to the CNS (Sittig et al. 1985). Both loops have a delay of
and Robinson et al.’s (1986) models; actually it is in chargel5 ms (Lamarre et al. 1983; Cordo et al. 1994). The stability



of the arm subsystem has been tested and verified for differ-
ent delay up to 200 ms at least. This states for a large phaseb B
margin when a delay of 15 ms is used, as in our simulations.
The output signal from the arm branch is the arm position,

i.e., the angle of the elbow joint.

3.6 Visual error correction

The above arm motor system model cannot exhibit a known
property of the human arm tracking system, which seems

to behave like an intermittent servo-controller. In fact, the
tracking of a slowly moving target is performed with a se-
guence of single, fast movements instead of a continuou
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max
—m+l<r<m—1

f@)=> Tk (k+7)

{ }

k=1
. m = 30 (equivalent to 150 ms)
with 2 & (4)
8 =max{a,b} (5)

The ratioa /5 is then computed and used to determine the
mutual coupling (mcyignal:

«
if >08 mec=0
3=

“ <08 me=1

if ©)

Fhis signal is used to change the SP controller dynamics,

movement (Craik 1947; Navas and Stark 1968). This interaccording to the equation

mittency is attributed to visual correction of arm trajectory
(Miall et al. 1993). In our model, visual correction of arm

movement is controlled by a block whose structure and im-

0.93

SP) = 002101 + 55me)s + 1

("

plementation are inspired by results from John Stein’s group  Notice that when arm and eye movements are strongly

(Miall et al. 1988, 1993; Stein et al. 1987; Wolpert et al.
1992). Thevisual correctorcomputes the visual retinal er-

correlated ¢/ > 0.8) thenmc = 0 and the time constant of
SP,.(s) is low (0.02 s), whereas this is high (0.13 s) when the

ror between the arm-attached target and the external targ@govements are weakly correlated/(3 < 0.8 andmc = 1).

position and, through a PID controller, provides the arm
branch with a correcting signal that allows the system to
reach zero position error at steady state. The PID controlle

The values of these two time constants have been set by
fitting model simulation to the data presented by Vercher
et al. (1993). Slightly different values (e.g., in the intervals

has both the proportional and the integral terms equal to 2[0.015, 0.025] and [0.11, 0.15] respectively) will change only
The presence of the integral term assures stability of the arrthe position of the poles in the frequency response of the SP
system and zero position error at steady state. According teystem (Fig. 3B) without affecting the stability of the overall
the experimental evidence, correction is prevented when tarsystem.

get velocity exceeds 4(s (e.g., in concomitance with target
jumps that would induce fast arm movement without visual

In the EAT condition, the arm is motionless, the cross-
correlation betweerl and7 is zero andx is equal to zero.

correction) and the minimal error between arm and target isThe mutual coupling signal is then 1 and the &mitroller

less than 0.3 (Wolpert et al. 1992).

3.7 Coordination control system

The coordination control system (CCS) (Fig.2) is the cen-
tral part of the model. The CCS controls the signal exchang

transfer function isSP.(s) = 0.93/(0.13s + 1) as introduced

in Sect. 3.4. In the EHT condition, both the eye motor sys-

tem and the arm motor system receive their input signal from

the visual reconstructarDue to the 15-ms delay introduced

by the proprioceptive position feedback and the 25-ms com-
ensating delay applied td, the two signals are shifted and
re only slightly correlatedw is low, mc = 1 and the SP

between the eye and arm subsystems. It is made up of tWeqniroller transfer function does not change. Finally, in the

main parts. The goal of the first (top of Fig.2) is to change
the dynamics of the SP system when the arm motion in spac

block receives as inputs the target position in spdderom
the visual reconstructorand the arm position4) from arm

SMT condition, system delays make the signalsand A
Strongly correlated, leading to a high value of hes ra-

hfo, a mutual coupling signal equal to 0 and SP controller
target is moved by the observer’'s hand). To achieve this, th?ra’nsfer function?%c(f) — g X

0.93/(0.02s + 1).
The second part of CCS (bottom of Fig. 2) plays a role
only in the SMT condition, where it multiplies the input

proprioception, computes their auto- and cross-correlatiorgignw represented by the arm motor commasy, by a
and, depending on their values, changes the dynamic of th?moothing function and provides a signtiriing) to the SP

SP controller. A 25-ms delay is applied t and adds to
the 15-ms delay in the proprioceptive position feedback in
order to take into account the visual delay of 40 ms intro-
duced in reconstructin@’ and synchronized and 7. The
cross-correlation and auto-correlation Bfand A are used

system, which allows it to overcome the 130-ms initial de-
lay. The absolute value of the efference motor command
(E) is first integratedx = [ |E|dt, and then multiplied by

a smoothing function whose independent variable is repre-
sented by the integrated efference itself. Smoothing has been

to compute the following parameters, where the dimensionnoqyced to limit in time the influence of the arm effer-
of the vectors” and A(m) is set so as to correspond 0 & gnce copy on SP as a function of the frequency of the target

time interval of 150 ms:

F(r) = T(k)A(k +7)

o= max
—m+l<rT<m—1 { - }
L {f ()= AW+ 7)}

motion. The smoothing functio6/(x) has been determined
empirically:
25—z

8
.2z7 + 400 ®
Sincexz > 0 and monotonically increases for> 0 and
for each motor signakF, it is easy to show thaf(z) is a

Timing=z - G(z) whereG(z) = 0
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Fig. 2. Block diagram of the coordination control system (CCS)

model. The block has three inputs: the reconstructed position of
1 the visual targetT) to be followed by the SP system, the arm
t

position through proprioception4) and the arm motor com-
mand ). The outputs of the CCS act on both the SP controller
(mutual coupling,mc), and the triggering of the SP (timing).
See text for details
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C! function whose absolute value rapidly tends to zera as eye motion signal and the peak value of the power spectral

increases above the value of about 5 (€g(r)| < 10~° density of the corresponding target motion signal.

for x > 10 and|G(z)| < 1078 for = > 15, etc.). Moreover

G(z) varies in a continuous and regular way when changing

coefficients in (8). A change in parameter values would not4.3 SP latency: timing

influence either the performance or the stability of the overall

system, but would introduce undesired corrective saccadesviost of previous work on arm-eye coordination is based on
The underlying idea is that the intention to move the the analysis of SP latency changes in different experimental

eyes and the arm together makes a copy of the arm motd}OﬂditionS. With the dynamic blocks and internal delays set

command available to the SP system so that arm and ey@s above, the simulations showed that the response of the SP

movements may start at almost the same time. The smoottgystem to an external visual target (condition EAT) presented

ing function limits the effect of this coupling to a short period an onset latency of 120ms while in the SMT condition,

after movement onset. In this sense it may correspond to &he eye-to-arm latency was5Sms. These values may be
kind of short memory mechanism. compared with the average latencies observed with human

subjects in previous studies (for instance, Vercher et al. 1996
showed latencies of 158 29ms and—5 + 35ms in the

4 Quantitative evaluation EAT and SMT conditions, respectively). This result stems
from the contribution of the arm motor command to the eye
4.1 Modelling and simulation tools movement control via CCS. It is worth recalling that SMT

condition improves the onset of the oculomotor response by
The model has been designed and simulated using Mateducing its latency, but apparently does not affect at all the
lab with Simulink (The MathWorks, Inc.) running on a PC, way the eye movement ends. In fact when the self-moved
Windows-based platform (Pentium 133 MHz, 16 Mb RAM). target stops the eye movement shows the same pattern as
The model was drawn using the Simulink graphical interfaceduring EAT tracking and one or two resetting saccades are
and integrates some Matlab functions (M files). During theobserved before the pursuit velocity declines to zero. This
simulations of EAT and EHT conditions, the model input may be viewed as supporting the hypothesis that eye-arm
signal, depicting the target motion in space, was a sinewavénteraction has no effect on SP prediction.
(peak-to-peak amplitude 2pfrequency 0.1-2.0 Hz). In the
SMT condition, the input signal (position) has been chosen
to be [15sin(2 — 7/2) + 15] in the time interval [Or] to 4.4 Changes in SP bandwidth: mutual coupling
allow comparison with the arm movement produced by sub-
jects, i.e., a sinusoidally shaped signal, with position andAnother crucial feature of coordination control as defined
velocity equal to zero at onset and offset. by Gauthier et al. (1988), together with the timing aspects
(see above), is the mutual coupling that is responsible for
the increased performance of the SP system when the visual
4.2 Data analysis target is directly attached to the observer's moving arm. Mu-
tual coupling has been characterized as an increase in the
The guantitative evaluation of the model’s performance wasnaximum velocity of the SP system response in the SMT
based on harmonic analysis (Vercher et al. 1993). To caleondition as compared with EAT (Gauthier et al. 1988), and
culate the SP gain, saccades were first removed from eyan increase in the bandwidth of the SP system (Vercher et
movement. Saccades were detected using an acceleratiah 1993). Gauthier et al. (1988) used target ramps (constant-
threshold, were removed from the eye velocity curve andvelocity target movement) and single arm movements, while
replaced by the average velocity of the SP component justercher et al. (1993) used sinewaves. In EAT in similar
before and after the saccades. The gain of the SP systegonditions, Buizza and Schmid (1986, 1989) showed that
was computed for each target motion frequency as the rathe saturation level of the SP response velocity depends on
tio of the peak value of the power spectral density of thethe amplitude of target motion and interpreted this result as



263

troller whenever the eye motor system is tracking the arm
motor system [see (7)]. The signals involved in this mod-
ification are the target reconstruction in spa&g ¢oming

.
o .
=

>

R from the visual reconstructor, and the arm positidn from
o R the proprioceptive feedback (Fig. 2).
3 L The dynamical performance of the model has been tested
3 in EAT and SMT conditions, while the target was moving at

different frequencies ranging from 0.1 to 1.7 Hz over con-
stant peak-to-peak amplitude (0 A comparison of the
model and the performance of human subjects is given in
o1 - 2 Figs.3 and 4. Data from human subjects were taken from
target frequency (Hz) Gauthier et al. (1988) and Vercher et al. (1993) for the veloc-
Cm L moa ity and frequency domains, respectively. Model simulations
) ""‘U‘""\:,‘{"-_ B have been obtained by inputting a sine or a triangular wave
A '%_ at different frequencies and amplitudes into the arm motor
e system. The eye motion signal was processed in the same
Iﬁ way as for the human subjects, as described in Vercher et

7 al. (1993).

Figure 3 shows the gain of the SP system as a function
of target motion frequency in the range 0.1Hz to 1.7Hz
over an amplitude of 20 Average data from human sub-
—o—eye-alone jects (Fig.3A) are taken from Vercher et al. (1993) who
—a=—self-moved tested five subjects in the two tracking conditions (EAT and
0.01 : — SMT). The —3dB frequency cut-off of the SP system fre-

01 target fre Jenc (Hz)2 guency response was at 0.75Hz in EAT, and 1.0Hz in SMT.

_ o 9 4 y_ When the target was moving at a frequency of 1.7 Hz, the
Fig. 3.ASl_3‘ve.Iocny gain versus frequencym response to an external targegp gain was 0.05 in EAT and 0.19 in SMT. Vercher et al.
(EAT.(.?OHIdI.tIOH. open squares) and in response to aself-mqved target (.SM-E1993) reported that the performance increased in SMT for
condition: filled squarey The values are mean data obtained from five . . .. . .
human subjects (from Vercher et al. 199B)Results of model simulation a“_SUbleCtS_' as Compafe‘?‘ W'th EAT, this increase t_)emg either
from the same experimental conditions asAinSee the text for details ewdencsd in Lerms oLgaln orlln termﬁ of pgase Thlft,f?epenci_
ing on the subject. The simulation showed similar effects o
the tracking condition on the gain curves (see Fig. 3B).

—+eye-alone

—m— self-moved

0.01

Gain
|

depending on the dynamics of the SP system. These data
suggest that the increased maximal velocity (Gauthier et al,
1988) and the increased bandwidth (Vercher et al. 1993
in SMT as compared with EAT may be due to a common
cause, and depend on the dynamic behavior of the overall
tracking system, since increasing the target motion frequenc¥igure 4 shows the static relationship between the higher
while maintaining the amplitude, or changing the amplitudetarget velocity during a trial and the corresponding maximal
at constant frequency, lead to similar changes in target moeye velocity. The highest SP velocity and the range of lin-
tion maximum velocity. We imagined two possibilities for earity of the SP system have long been debated. Rashbass
this mechanism, both assuming that the velocity saturatiorf1961) reported that the maximal velocity was close to/4.0

of the SP system is of about 108 (Meyer et al. 1985) and Buizza and Schmid (1986) showed that the SP maximal ve-
is located upstream from the SP motor system, i.e., in thdocity depends on the target motion path and amplitude, re-
visual system: (a) the coordination signal brings a contribu-sulting in a saturation of the response which depends on tar-
tion to the eye motor command at the level of the visualget motion amplitude. These authors recorded SP velocities
reconstruction system (downstream from the saturation) oup to 64/s when the target followed a sinusoidal path with
(b) the coordination signal acts on the SP controller itself.peak-to-peak amplitude of 80and frequency of 0.48 Hz,
Although it is difficult to find the exact anatomical equivalent corresponding to a gain of 0.86. Meyer et al. (1985), using
of the model elements, the former hypothesis is more coneonstant-velocity ramps of target movement showed that hu-
sistent with the assumption that the coordination takes placenans can produce SP eye velocity up to about’ &0 the

at the cortical level (areas MT and MST, where the recon-amplitude and duration of target motion are large enough to
struction of the movement of the target re space takes placeallow SP response velocity to reach steady state. This proves
Newsome et al. 1988), and the latter hypothesis is more corthat the saturation level of the SP system in humans is at least
sistent with the assumption that coordination is performedd0-100/s. Mean data, obtained with human subjects, taken
at the cerebellar level. Previous experience shows that cerédrom different authors are presented in Fig.4A. The target
bellar lesions produce effects on SP similar to a change ofmotion was periodic, with either sinusoidal (Vercher et al.
bandwidth (see, for instance, Zee 1986; Suzuki and Kellerl993) or square wave velocity profiles (Buizza and Schmid
1988). We tested the latter hypothesis on the model by mak1986; Gauthier et al. 1988), and peak-to-peak amplitudes
ing the CCS change the frequency response of the SP comf 10° and 50, respectively. Data obtained from sinewaves

.5 Changes in SP velocity saturation: contribution of arm
roprioception
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7 1201 o eye-alons (51) A soidal target motions and thus the arm model failed to reach
< o self-moved (sin) high velocities (the dyna_\mlcs _of the arm plant had _be_en set
g 100 —e—eyorslons {rarmp) for slow movements). S|mulat!qn results_are very similar to
® —m—self.moved (ramp) human data. In the EAT condition, the simulated SP veloc-
2 god ity saturated at about 44 using S-waves, while it reached
“ i 76°/s with T-waves; in the SMT condition the SP velocity
. saturated at about 3& with S-waves and reached maximal
I velocities up to 9&/s with T-waves. In conclusion, as in
[ the study by Buizza and Schmid (1989) the lower velocity
4071 saturation observed in some experimental conditions is in-
terpreted as a consequence of the dynamic behavior of the
20| SP system when exposed to small-amplitude target motions.
0 ! —_—— e ey
0 20 40 60 80 100 120 5 Conclusion
Target Velocity (°/s)
o T eyeaons ) B Behavioral studies with human subjects, conducted over the
2\; [ | —o— seftmoved (sin) last 10 years, provide us with a better u.nderstanding'of t'he
% 1007 | —o—oye-alone (ramp) mechanisms and the signal flow subserving the coordination
3 —m—self-moved (ramp) between the arm motor_ system .and the oculomotor system
o when both systems are involved in a self-moved target track-
w

ing task. In the present paper we have presented a possible
model for these mechanisms. The model structure is based
on the hypothesis of the existence of@ordination control
system (CCSjriginally proposed by Gauthier et al. (1988).
The CCS is assumed to be active during concomitant move-
ments of eye and arm, and to influence both the timing and
the dynamics of the SP system. The model proposes a for-
mal representation of these interactive mechanisms based on
the idea that a motor command copy of the arm, an afferent
signal from arm proprioception, which codes arm position,
and a target-in-space signal reconstructed from visual input
are all made available to the CCS and used to reduce the

Fig. 4. A Relationship between target velocity and SP eye velocity in two initial SP movement Iatency and to widen the SP pass-band.
tracking conditions (EATcircles SMT square$ in five human subjects.

Two types of target motion are used: triangular waves (T-waves), i.e., square | _Because the main goal OT the study was to test the plau-
waves of target velocity, with peak-to-peak amplitude of Folled sym-  Sibility of the CCS hypothesis, the oculomotor system and

bols) and sinewaves (S-waves) with peak-to-peak amplitude ofop@r(  the arm motor system are represented in a rather simplified
symbol3. Data are from Buizza and Schmid (1986) (EAT with T-waves), way. Minimal models have been chosen, able to reproduce
Gauthier et al. (1988) (E_AT and SMT with T-waves), and_ Vercher et al. the main patterns of behavior of the two motor systems. In
(1993) (EAT an_c_i SMT vy|th S-wavesB Results of model simulation for particular an open-loop scheme has been adopted to rep-
the same conditions as i !
resent the SP control system, based on Young and Stark
(1962), in order to avoid the stability problems raised by the
_ . presence of delays in closed-loop models. The use of more
(S-waves) are represented with open symbols while data obsgppisticated representations would perhaps increase the re-
tained from square waves (i.e., triangular position wavesg|ism of the model, but would not have any influence on the
T-waves) are represented with filled symbols. In the EATnieraction mechanisms. Though it is clear that presenting
condition (circles), the SP velocity saturated at abod/st0 5 model which works well does not prove that it correctly
with S-waves, and reached 46 with T-waves. In the SMT  o5r6quces the physiological reality, the model does help to
condition (squares), the SP velocity saturated arourtds60 (agt hypotheses and to reject them when model predictions do
with S-waves and matched the target velocity up t0°190 o fit the behavioral observations. From this point of view,
with T-waves. the present model seems to prove that coordination control
Figure 4B shows the simulation results. To allow com- based on integration of visual, (pre)motor and proprioceptive
parison with the data from humans, the two types of targesignals is a tenable hypothesis in eye-arm movement coordi-
motion (S- and T-waves) were given the same characternation. In this sense, the model we have proposed may also
istics as in the experiments: S-waves with a peak-to-peakelp guide the experimental research on the physiological
amplitude of 20 and T-waves with peak-to-peak amplitude mechanisms and anatomical sites involved in coordination.
of 50°. The test frequencies allowed peak target velocitiesA more thorough evaluation of the model by comparison
between 10&/s and 100/s to be obtained. Due to the slow between experimental and simulated responses is proposed
dynamics of the arm plant, it was not possible to maintainin the companion paper (Vercher et al. 1977) and shows that
the amplitude of the arm motion during high-frequency sinu-the model is able to simulate human behavior closely, even

0 20 40 60 80 100 120
Target Velocity (°/s)
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when the normal visuo-manual relationship is artificially al- Jones LA, Hunter IW (1990) Influence of the mechanical properties of a
tered. manipulandum on human operator dynamics. Biol Cybern 62: 299-307

Further developments of the model are planned in ordepurgens R, Becker W, Kornhuber HH (1981) Natural and drug-induced
to introduce more realistic peripheral components (arm and variations of velocity and duration of human saccadic eye movements:

. . . . evidence for a control of the neural pulse generator by local feedback.
eye motor plants, taking into account the real biomechanical g, Cybern 39: 87-96

properties of the arm and the eyes, and the closed-100p Strugeawano K, Watanabe Y, Kaji S, Yamane S (1990) Neuronal activity in
ture of the SP system). Moreover, it is evident that a com-  the posterior parietal cortex and pontine nucleus of alert monkey dur-
prehensive model should also display adaptive and learning ing ocular following responses. In: Iwai E, Mishkin M (eds) Vision,
capabilities. The use of internal representation of the con- ~memory and the temporal lobe. Elsevier, Amsterdam, pp 311-315
trolled plant has been proposed by several authors as a Wé&papp HD, Taub E, Berman AJ (1963) Movements in monkeys with deaf-

for the CNS to take into account the properties of the pe-_ fere":def.o rell'm?gs' EXFI’( Ng“”l)' ;: 30/_\5_.3.15 . | _
inh | systems. and to overcome the internal delavs due tc)amarre /, Bioulac , Jacks B (1978) Activity o precentral neurones in
rpherai sy ! y conscious monkeys: effects of deafferentation and cerebellar ablation.

neural transmission and processing time (Gerdes and Happee j physiol (Paris) 74: 253-264
1994). Indeed, the use of neural nets to perform correlatiomamarre Y, Busby L, Spidalieri G (1983) Fast ballistic arm movements
in the CCS and to implement a new SP predictor has been triggered by visual, auditory, and somesthetic stimuli in the monkey. I.
proposed, to increase erxibiIity and decrease simulation time  Activity of precentral cort_ical neurons. J Neurophysiol 50 1343-1358
of the model. Meyer CH, Lasker AG, Robinson DA (1985) The upper limit of human
smooth pursuit velocity. Vision Res 25: 561-563
Miall RC, Weir DJ, Stein JF (1985) Visuomotor tracking with delayed visual
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