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A 
omputational approa
h to the 
ontrol ofvoluntary sa

adi
 eye movementsJeremy FixLoria, Campus S
ienti�que, BP23954506 Vandoeuvre-les-Nan
y, Fran
eAbstra
t. We present a 
omputational model of how the several ar-eas involved in the 
ontrol of voluntary sa

adi
 eye movements might
ooperate. This model is based on anatomi
al 
onsiderations and laysthe emphasis on the temporal evolution of the a
tivities in ea
h of theseareas, and their potential fun
tional role in the 
ontrol of sa

ades.1 Introdu
tionFrom the early work of [1℄, re-examined by [2℄, we know that the visual infor-mation is pro
essed along two pathways : the ventral stream provides visualinformation for obje
t re
ognition whereas the dorsal stream provides informa-tion ne
essary for the the 
ontrol of a
tion. In the rest of the arti
le, we willex
lusively fo
us on the 
ontrol of voluntary sa

adi
 eye movements involvinga 
orti
al pathway throughout several brain areas. A sub
orti
al pathway alsoexist and might be involved in re
exive sa

ades. If we follow the pathway froma visual stimulation to the produ
tion of a sa

ade, we 
an identify several stru
-tures involved dire
tly or indire
tly in the 
ontrol of these movements. In the
ase of voluntary sa

adi
 eye movements, the main areas in
lude the superior
olli
ulus (SC), the frontal eye �elds (FEF), the supplementary eye �elds (SEF),the dorsolateral prefrontal 
ortex (dlPFC), the lateral intraparietal sul
us (LIP)and the visual 
ortex ([3, 4℄).In the last few years, several studies have led to a better understanding ofthe representation of the spatial representation of visual information in LIP.Both experimental measurements and 
omputational models have shed the lighton an eye 
entered representation ([5, 6℄). The neurons in LIP are also stronglymodulated by the position of the eye, head and body parts. Andersen et al [5℄have shown, for example, that the a
tivity of the neurons in this area depends onthe e

entri
ity of the eye, while always exhibiting a maximal response at a givenretinal position. Computational modelings [7℄ have provided strong results thatindi
ate that the representation of the information in a 
ommon eye-
enteredrepresentation, modulated by the position of the eye, head and body parts, 
anbe de
oded in several frames of referen
e, namely eye-, head- and body-
entered.The neurons in FEF re
eive strong topographi
ally organized proje
tionsfrom the posterior parietal 
ortex. Umeno et Al [8℄ distinguish three types of



neurons in FEF. Visual neurons respond to visual stimuli but not to the initi-ation of a sa

ade. On the opposite, movement related neurons �re before andduring sa

ades, whether or not the sa

ade is triggered by a visual stimulus. Vi-suomovement neurons have both visual and movement-related a
tivity. Amongthese three types of 
ells, only ones related to movement proje
t to the superior
olli
ulus and to the 
audate nu
leus [3℄. The �rst proje
tion 
arries the targetof the sa

ade while the se
ond determines when the movement is exe
uted.An enhan
ed a
tivity in the supplementary eye �eld (SEF) is re
orded whenthe sele
tion of a target (among several possible stimuli) for a sa

adi
 eye move-ment is based on internal fa
tors su
h as motivation or reward expe
tation [9, 10℄.The SEF has been thought to represent the targets of sa

adi
 eye movements ina 
ranio
entri
 frame of referen
e [11℄. More re
ently, [12℄ have shown that theen
oding in SEF is mu
h more 
omplex than a simple 
ranio
entri
 representa-tion and that there 
oexists a 
ontinuum of eye-, head- and spa
e/body-
enteredrepresentations for gaze 
oding. Finally, [13℄ have provided eviden
es for the roleof the dorsolateral prefrontal 
ortex in spatial working memory.While more and more is known about the di�erent stru
tures involved inthe 
ontrol of sa

adi
 eye movements, the way these areas 
ooperate to sele
tthe relevant stimuli, to de
ide whi
h of them is the next target to fo
us on,to memorize these targets when the task at hand requires it is still un
lear.We propose in the next se
tion a neural network ar
hite
ture relying on thepreviously introdu
ed anatomi
al 
onsiderations and illustrate its fun
tioningwith a 
lassi
al double-step task.2 Ar
hite
ture of the modelThe model we propose, depi
ted on �gure 1, is based on the Continuum NeuralField Theory ([14, 15℄), a framework of dynami
al lateral intera
tions within aneural map. It 
onsists in several two dimensional sets of units, ea
h of them
hara
terised by an a
tivity denoted uM (x; t) (for a unit at position x, in themap M) that follows the ordinary di�erential equation 1.uM (x; t+ 1) = uM (x; t) + �:ÆuM (x; t)ÆuM (x; t) = Xy2M wxy:uM (y; t) + I(uM 0(y; t); y 2M 0;M 0 6= M) (1)where M and M 0 are maps of units, wxy a mexi
an-hat lateral-weight fun
tionand I(uM 0(y; t);M 0 6= M) a fun
tion 
omputing the in
uen
e of input units. Wedistinguish two kinds of fun
tion for the integration of the inputs : the 
lassi
alweighted sum and a weighted sum of the produ
t of inputs' a
tivity. We haveshown in [16℄ that these sigma-pi integrations provide an eÆ
ient way to remapa visual information a
ross sa

adi
 eye movements.After this brief introdu
tion of the 
omputational bases, we will des
ribethe global ar
hite
ture of the model and the fun
tional role of ea
h map. Thevisual input feeds the lip map. This map represents the visual information in
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Fig. 1. A possible ar
hite
ture of how the major brain areas involved in the 
ontrol ofvoluntary sa

adi
 eye movements might 
ooperate.(Refer to the text for details)an eye-
entered frame of referen
e, its units being modulated by the position ofthe eye. The lip map then proje
ts to the fefv and sef maps. The pathwayfrom fefv to fefm sele
ts one target for a sa

adi
 eye movement among thepresented stimuli. These maps represent the visual information in an eye 
enteredframe of referen
e (FR). While fefvm represents all the potential targets for asa

adi
 eye movement, a lo
al ex
itatory - global inhibitory pattern of lateral
onne
tions in fefm provides a 
ompetition among these targets, so that onlyone stimulus 
an emerge in fefm : the target of the next sa

ade. This target thenreenters lip; this reentry signal represents the spatial attention bias observed inphysiologi
al re
ordings. The sef map en
odes the positions of the eye in theorbit (in a 
ranio
entri
 or head-
entered FR) that 
enter ea
h stimulus on theretina. As detailed in the introdu
tion, the distributed representation in lip(in an eye 
entered FR, modulated by the proprio
eption) allows to de
ode theinformation in su
h a frame of referen
e. The re
urent 
ir
uit formed by sef anddlpf
 forms a 
ranio
entri
 memory of the stimuli, used when the task requiresto memorize their position. This memory has the advantage to be independenton the position of the eye and provides the fefvm map with the positions ofthe stimuli relative to the 
urrent position of the eye, this transformation beingrealised by the sigma-pi 
ombination of the sef and eye position maps (we
annot explain in detail this transformation but the same prin
iple is detailed in[16℄). The proje
tions from fefm to s
 
arry the position of the target for theeye movement. s
 is strongly inhibited by fixation units so that the sa

adeis exe
uted only if these neurons release their inhibition. This inhibition mightrepresent the inhibitory proje
tions from the FEF to SC, going through the basalganglia, reported in anatomi
al studies.3 Dis
ussionThe presented ar
hite
ture was su

essfully applied to a 
lassi
al double-steptask1. The aim of the model was not to reprodu
e all the physiologi
al prop-1 A video showing the temporal evolution of the model is avalaible athttp://www.loria.fr/��x/demo.php?demo=i

n



erties gathered on the areas involved in the 
ontrol of voluntary sa

adi
 eyemovements. Rather, we wanted to test a possible way in whi
h these areas might
ooperate emphasizing the fun
tional role of ea
h of them. One of the limita-tions of this model is that the sele
tion of the target of the sa

ade emerges fromlateral 
ompetition in the fefm map, giving the opportunity to all the poten-tial stimuli to be sele
ted while one may desire to avoid sele
ting a previouslyfo
used one. A bias toward non previously fo
used stimuli may be a
hieved byadjoining a working memory to the FEF maps as illustrated in [16℄.Referen
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