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Abstract Eye movements arerealized in  hardware with controlling an optic axis according to
the movement types of an object and a head using artificial neural network. Saccadic and smooth
pursuit eye movements are realized as an autokinesis, and compensatory eye movement as a reflex
by a hardware mechanism. In order to have basic optic axis movements, by which an object is
caught in a central pit of retina, an oculomotor machine is developed for independent horizontal
movements of a head and an eyeball. A CCD camera is used for the function of an eyeball. The
image output from a camera is fed to the control of a servomotor instead of eye muscles to reaize
eye movements. The mechanism of a head rotation is linked through bearings to the neck of an
oculomotor machine. An accelerometer is used for the function of semicircular ducts in order to
predict possible displacement of a head rotation. The oculomotor machine is controlled for the
above voluntary and reflex movements individualy using neural network systems. The
cooperative eye movements are then realized by automatic selection of control laws according to
the movement types of an object and a head using a structuralized neura network information

processing system.
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1. Introduction

The visud pattern recognition is supported by
aregulaory mechanism of an optic axis, by which
an object can be caught in a centrd pit of reting,
even if there occur movements of an object and/or
a head. This mechaniam is thought to consst of
various physologicd eye movements such as
saccadic, smooth purslit and compensatory eye
movements, optokingtic eye  movement and
veagence [1-3]. On the way of discovery of
physologicd facts about eye movements, an
dtertion has been pad to ther regulaory
mechanism from the view point of control
engineering. Thus, their control mechaniams have
been invedtigated by smulation techniques using
gopropricte modds [4-5]. An dtempt is made, in
this dudy, to redize man eye movements
induding saccadic, pursuit and compensatory
gye movementts in hardware system. For this
purpose, an oculomotor machine which is capable
of basc horizontal eye movement is developed. Its
head part possessesa CCD camerafor thefunction
of image acquidgtion of an eye The image
information is used to control an optic axis of a
camera by driving a servomotor ingeed of the
regulaion of an eye position by eye musdes. Then,

the besc two voluntay eye movements are
redized by contralling an optic axis usng an
experimentd  sydem condging of a driving
goparatus of an object and an oculomator machine.
In addition, a compensatory eye movement is
redized <0 that an accd erometer is attached to the
head part for the function of semicircular ducts
predicting possible digolacement of ahead rotetion.
Findly, smooth cooperdive eye movements are
redlized with combination of three eye movements
by usng an experimenta system for an optic axis
regultion [6].

2. Experimental system for optic axisregulation

2.1 Oculomotor meachine and driving apparatus of
object

For the redization of basc physiologicd eye
movements, an oculomotor machine is developed
which has a sngle eyebd| with a capability of its
horizonta movement. The machine congsts of
heed and neck pats as depicted in Figl. A
CCD camera on the head part subdtitutes image
acquistion function of an eye. A sarvomotor is
driven on the bads of output image data from a
camerato make acontral of an optic axiswhichis
peformed by eye mustles A head rotation



mechanism with bearings connecting to theneck is
deve oped with an acoderometer for the  function
of smidrcular duds in oder to have a
compensatory eye movement.  Here, a driving
goparatus of an object is a0 developed for the
control  experiment of an optic axis of an
oculomotor mechine. A black stripe with awhite
background is chasen as an object to be caught ina
centrd pit of retina. The object isdesgned to move
in an abitrary veocity in a drcular direction.
Combining adriving gpparatus
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Fig.1 Outline of an oculomator machine.

of an object with an oculomotor machine, an
experimentd system for an optic axis regulation is
condructed asshownin Fg.2.
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Fg2 Expaimentd sysemfor opticaxisreguiaion.

22 Hadware control system of oculomotor
mechine and driving appearatus of object

To redlize basic eye movements, an oculomotor
machine and a driving gpparatus of an object are
controlled by a herdware control system which is
outlined in Fg.3.

3rd Int. Conf. Artificial Neural Networks 113-117,1993

Head
Controller
Servonotofept
- N Actuator | 4
faners Je———o <]
+
lhceeleronetert HPIOi - i

T 0
PIO - 1 loter k| Actuator F%IIIHIIIIIIIII
Fg3 Blodk diagramof hardware control sysem.

The imege ddaa from a CCD camea is
processed with an information about accderation
of ahead movement in order to drive acamerafor
adjuding its optic axis according to types of an
object movement and a head rotetion. The head
pat linked to the neck through bearings and an
object are driven by independent motors. The
actuator on the upper right of FHg.3 indudes a
function of converson of a pulse sequence into
torque which drives an oculomotor machine. The
controller conggts of a generator of various types
of pulse sequences charatterized by eq.(2)
according to digplacement v given asan input.

P=f(ka)"v @

where P denotes a pattern of apulse sequence k is
a parameter for converson of displacement v into
the number of pulses a gives an accderation
pettern of driving a servomotor and t is a
parameter to determine pulse frequency which
givesrotaiond veocity of acamera

3. Redlization of optic axis control using neural
network

In order to have saccadic, pursuit and
compensaiory eye movements independently on
the badsof previous sudies[6], their movement
principles are explained indusve of control
sysemsusing neurd networks.

3.1 Neurd network for improvement of control
performance

Three layered full connection type neurd
network is used for the synthess of learning
control systems. Itslearning dgorithm is based on
a back propagation. As it is difficult to give a
precise supervised dgnd to an  oculomotor
meching aneurd network isin parald combined
with control sysems for the improvement of their
control performance [6-8]. The image data and
controlled deviation are usad for leaning of the
neurd network which gives a change to the
parameters of acontroller and an input component
directly to the actuator.

32 Saccadic eye movement
Saccadic eye movement is caused by argpid



changein point of regard, by arapid movement of
an object or by a large accderation of a moving
object [1-3]. Figure 4 (8) showsaprinciple of besc
saccadic eye movement which occurs & rapid
change in point of regard with an intention of
looking a an object. When an object change its
position to the place indicated by a black daot, a
single contral attempt is given to the oculomotor
meachine by expecting a displacement of an object
S0 that its optic axis may be adjudted to the object.
i.e the optic axis of a camerais rapidy changed
from the place indicated by dotted line to the place
by solid line. An optic axisis controlled to have no
postiond  difference between an object and its
image, i.e practicaly to meke its pogtion error
from an object as amdl as possble The control
sysemwith aneurd network isgiven by Fig.4 (b),
if adesred vaue of podition of amoved objectisr .
In order to meke an optic axis reach a desred
vduein asingle attempt, the controller - generates
an gppropriate pulse ssquence whichis  given by
thefollowing pettern:

P=f(K ,at)'r )
where the number of pulses in a Sngle control
operation is characterized by congant K , but pulse

frequency determined by a parameer t  is
dependent on avaridble accderation pattern a.
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A cortral law is given by the learning function
of aneurd network, i.e an appropriate acceeration
pattern with a suitable pulse frequency is given by
vaying paangers a and t 0 tha postion
error of an optic axis from an object may be made
amdler in every control operation.

33 Pursuit eye movement

Thisisa contral of a camera to follow-up an
object when it moves from the place 1 to 2 as
illustrated by Figure 5 (8). In order to follow-up a
veocity of an object, a rotationd velodity of a
camerais controlled by a Pi-feedback control lawv
usng ameesured velodity error between acamera
and an object in the course of their movement. The
control law and pulse sequence pattern are given
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by the following equations with adesired vduer ,
acondant parameter K and an accderdtion pettern
A:

v=Ke+K ?ed; e=r -r (31

P=f(K A t)'v 32

It is hereby important to teke a less time until
the velocity error reeches a vadue within a certain
range. Inthis case, acontral isgivento acamerato
catch up with a velodity of a moving object by
varying paameter t and input component into
the actuator using a result from a neurd network
learning sysem asillugrated in Fig.5 (b).
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3.4 Compensatory eye movement

The prindple of a compensatory eye
movement contral isilludraied in Fig.6 (a). If a
head movesfromthepodtion1to2withacertan
acoderation looking & agtanding object  indicated
by black dot, acameraismovedinan opposte
direction of ahead rotation by a  rotationd angle
expected usng datafroman  accderometer.
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On processng data from an accderometer in
evay hort time intervd, a controller gives a
caneraiterative drive to catch an object expecting
its rotationd angle in the next time intervd. It is

hereby important to meke an image of a moving



object assteady aspossble  Thecontroller inthis
cae is given as a driving pattern described by
ea(4).

P=f(k A T)'r @
with a condant accderdion patteen A ad a
condant pulsefrequency characterized by T .
After iterdtive control of a heed movement, a
neurd network leerning system determines
parameter k  for a pulse converson rate and an
input component to the actuator.

4. Cooperativecontrol of opticaxisusing
dructuralized neural network

4.1 Neurd network for sdection of control laws

In setion 3, saccadic, pursuit  and
oompensatory eye movements have been tregted
ly. However, an organism hes a
cqjd]hty of caching an object by gppropriate
switching and linkage of basc eye movements,
even if there occur complex combinaions of
movements of an object and a head. An
appropriate choice of control laws for saccadic and
pursuit movements is difficult in a variety of
movements of an object, taking into account
that a saccadic eye movement is induced when an
object rgpidly moves a the change in a point of
regard and/or when a velocity of an object cannot
be followedtup by a pursuit eye movement. It
becomes more difficult to sdect an appropriate
contral law, if a compensatory eye movement has
to be conddered a the same time Herg it is
mentioned how to sdect previoudy mentioned
control systems by learning sysem using another
neurd network for a smooth control of an optic
axis, i.e. how to combine three kinds of control
laws in order to give an gopropriate accderation
pattern for the control of an optic axis.

A gructurdized neurd network consiging of
four neurd networks is here introduced as
illugrated in Fg.7 [6]. The network for reflex
detects an accd eration which will contribute to the
input to the actuator and/or give information about
arddive movement of an object to the heed.
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Fg.7 Structurdized neurd network for sdecting
control lawsfor complex eye movements.

The network for autokinesis provides information
about an gppropriate sdection of a contral law of
dther saccade or pursuit according to the
pastiond difference between an optic axis and an
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object. It is, thus, possble to give a continuous
pattern of accderation to the actuator according to
the switching of control laws.

4.2 Automatic sdection of contral laws for eye
movements by structurdized neurd network

Thecontral lawsfor the eye movementsare
bescdly sdected by usng information from an
accd erometer attached to the head part. If it detects
an acoderdtion of ahead, acontrol law is switched
to the one for a compensatory eye movement
control, otherwise remans a voluntay eye
movement control for saccade or purdit. The
Hection of a control law is however difficult, if
both of a voluntary and a reflex eye movements
occur Smultaneoudy. The proposing Sructurdized
neurd network is useful to ded with such a
difficult case

4.3 Experimentd results

Three kinds of eye movement controls are
tried under various conditions by usng an
experimentd system with previoudy mentioned
control sysems. As for a saccadic eye movement,
afeedforward control is given to make acontrolled
devidion as andl as possble in a single contral
operation expecting a displacement angle of an
object. The absolute postion eror between an
optic axis and an object has been dtained within
1.0[deg] by a single operation, when an object is
placed in avarigy of angles smdler than 15[deg].
Asfor apursuit eye movement, afesdback control
is given to make a camera follow-up an object by
changing its rotationd velocdity usng its veocity
eror from an object. A compensatory eye
movement control gives aso a satidfactory result
as long as an accderaion varies within a narrow
range of vaue during a heed rotation. It is wdll
known that a contral is switched from pursuit to
seccade, if an object in alow velocity changes its
movement in a high veocity of greater than
45[dey/d, because an eye cannat follow-up an
object by pursuit with acompensation of apostion
error induced by veocity change of an object [1-
3.

Here, the optic axis contral is performed
usng an experimenta system with gpplication of a
control  lav sdected automdicdly by a
gructurdized neurd network, when the velocity of
an object variesfrom 9dey/d to 27[deg/y.

Figure 8 illustrates velodities and postions of an
optic axis and an object, when pursuit and saccade
eye movement control lavsare

autometicaly sdected withther dterntions.

In the illudrations, dotted lines denote an object
movement. Solid  lines  indicate  control
peformance of an optic axis rexulting from
complex controls of saccade and purslit eye
movements. Chain lines give control performance
concerning a velocity and a pogtion of an optic
axis under the control of only pursuit eye



movement which remains unchanged in thewhole
control process. In the present case, acontrol law is
four times changed during an experiment
according to the digplacement of an optic axis
from an object which is induced by veocity
change of an moving object, i.e a pursuit eye
movement is switched to a saccade eye movemert,
when an pogtiond difference between an optic
axis and an object reaches about 9[deg] or a
velocity of an object reaches about 22[deg/y. Salid
arows indicate changes in contral laws from
pursLit to saccade and dotted arrows from saccade
to purauit. It is hereby remarked that thetime scde
in this experiment is longer then in the case of
physologicd eye movements because of a large
meass and friction of an oculomotor machine
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Fig8 Control of optic axisfor velocity change of
ohject by automdtic sdection of contral laws

5 Summary

In this Sudy, an experimentd system for an
optic axis regulation has been devel oped
combining an oculomotor mechine with a driving
goparatus of an object, which has been gpplied to
the experiment of an optic axis control depending
on an type of movement of an object and a head.
The control systems with a neurd network have
been proved good enough for independent controls
of socadic, pursuit and  compenstory  eye
movements, dthough ther resllts ae not
sdtisfactory enough comparing with physologica

Furthermore, an automatic sdection
of contral laws has been practicaly achieved by
usng a sructurdized neurd network i.e. smocth
switching of eye movement controls has been
redized which is dependent on a rdaive velocity
of a camera to an object. For unification of the
voluntary and reflex eye movements, there ill
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exig some problems in technology, which remain
as subjects induding an improvement of sructure
and dgorithm of control systems.  In the present
dudy, an eyebdl moves only in a horizontd
direction, however, its veticd movement is
ineviteble to redlize physiologica eye movements
actudly [9], and dso movements of two eyebdls
ae necessry for supporting  their  visud
recognition. Those will lead us to the way to the
actud redization of physologicd eye movements
of an organism. However, the presat
expeimentd results from the control of an
oculomotor machine have provided vauddle
information about an actud physologicd control
mechanian of eye movements and dso
possibilities of their gpplicationsin - technology.

Acknowledgements

The authors would like to express gppreciation
to Prof. Dr. K. Okazaki, Fukui University for his
warm encouragement and va uable suggestions.

References

1) G K. von Noorden and G Mackensen : Pursuit
movements of norma and amblyopic eyes An
dectro-ophthdmographic sudy, 1. Physology of
pursLit movements Am. J. Ophthamal., 52, 325-336
(1962).

2) A. Komasuzaki, Y. Shinoda and T. Maruyama:
Neurology of eye movements. Igekushoin, Tokyo
(1985).

3) T. Cecchin, D. Sauter, D. Brieand B. Matin ; O+
line separation of smooth pursuit and saccadic eye
movements. Proc. Annu. |EE Eng. Med. Biadl. Soc.
12th[Val.2], 777-778 (1990).

4) T. Waehizava A recurrent neurd network for
saccadic movement. Trans Ing. Electron. Inform.
Commun. Eng., J73-D-H, 4, 633-640 (1990).

5 H. Shinjo, T. Kasai: A learning mechanism of
saccade by a neurd network. Tech. Report Ing.
Electron. Inform. Commun. Eng., MBE 89-116, 25-
32(1990).

6) M. Kuwano, H. Wakamatsu and H. Suda: Control
system of optic axis by autometic selection of control
lavs usng neurd network. Tech. Report Ind.
Electron. Inform. Commun. Eng., MBE 92-93, 57-64
(1992).

7) M. Kawato: Motor control and neurd networks. J.
Ing. Electron. Inform. Commun. Eng., 73-7, 706-711
(1990).

8) A. A. Bdoch and AM. Waxmen : Visud leaming
adaptive expectations, and behaviord conditioning of
the mobile robot MAVIN., Neurd Network, 4-3,
271-302 (1991).

9 M. Kuwano, M. Tawo, H. Suda and H.
Weakamasu:Devdopment  of  three-dimendond
visud axis regulaory robot for voluntary eye
movement. Proc. |EE of Japan [Vol.13], 109 (1992).



