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Abstract In this paper, we propose a binocular motor system model from the viewpoint of systems and
control engineering based on the anatomic structure and physiological function of the brainstem.Using
the model, a unified transfer function is obtained for the different dynamic characteristics of conjugate
and vergence eye movements including smooth pursuit, optokinetic response (OKR) and vestibulo-
ocular reflex (VOR). Pairs of symmetrical coordinate systems are introduced to describe the kinematic
and dynamic characteristics of the binocular movement, and account for the symmetrical structures and
functions of the pairs of organsin the oculomotor system. A robot-eye system with a

control system similar to the model is described. The robot-eye system exhibits severa characteristics
specific to human-eye movement, including:

(1) Two-eye-one-point. Both eyes move in tandem and have the same target point in the central pits. This
characteristic is considered as a basic condition for structuring a stereo-image using the image signals
from both eyes.

(2) Moving together. That isto say, if one eyeis shut or obstructed by an obstacle, the eye will follow the
movement of the other eye so that it can find the target swiftly when the eye isopened or the
obstacleis removed.

(3) Blur-compensation. The binocular motor system and the robot-eye system have the
ability to compensate for the blurs caused by rotational and trandational head movement.

Index Terms-- Robotics, Binocular motor system, Vestibulo-Ocular Reflex, Conjugate and Vergence eye
movement, Smooth Pursuit.

[. INTRODUCTION

It iswell known that the ocular motor control system is an effective device for capturing an object in the
central pits of the retinas. The theoretical explanation of this control system principle has implications
not only for medical science, but also for robotics, system control, image processing, etc.

In this paper the characteristics of the neural network in the brainstem for the oculomotor control system
are anayzed through a mathematical model. Since the capacities of the cerebrum, cerebellum and
superior colliculus are not considered, many characteristics of the oculomotor system cannot be
discussed. However, to understand the whole oculomotor system, the ability and function of the neura
network within the brainstem for oculomotor control should be considered first. In my opinion that many
basic functions of eye movement are performed by the brainstem. Models of the portions of the
cerebrum and cerebellum that impact the ocular motor system can be built upon the base model of the
brainstem. For structure a unified mathematical model for analyzing the characteristics of ocular motor
control, the concept of eye movement patterns have to clear up from the viewpoint of system and control
engineering. The classification of eye movement patterns in physiology is based on the phenomena of
eye movements in different environments. These classifications, however, are very difficult to use in
control engineering. One reason for this is that eye movements are controlled by many types of signas,
and the signal types are not easily distinguished by observing different natura eye movements. For
example, in smooth pursuit the signals of the retinal errors (difference between fovea center and target
point position projected on retina) and the signals of the retinal slip velocity (or cal it as .retina image
velocity., difference between eye and target velocity) aways work together when the target object is big
enough. In discussions using a model of a single eye, we redefined the concepts of eye movement
patterns according to the philosophy of systems and control engineering [55].

That is, smooth pursuit is the part of eye movement that occurs as a result of the retina error
signals, optokinetic response (OKR) follows from the signals of the retinal dlip velocity, and vestibulo-



ocular response (VOR) follows from the head movement signas (from vestibular organs).
In order to discuss the control system for binocular movements, in this paper, we have to
consider how to define the concepts of conjugate and vergence eye movements from the viewpoint of
system and control engineering. Vergence eye movements are commonly treated as members of a
distinct subclass of eye movements along with saccade, smooth pursuit, optokinetic response, and
VOR movements, according to their particular dynamic behavior. However from the viewpoint of
kinematics and dynamics, eye movements can be broken into a pair movement types, conjugate and
vergence eye movements, each of which includes conjugate or vergence versions of the other four
movement subclasses. This concept is used to classify eye movementsin thiswork. In this paper we
consider fusional vergence to be atype of saccade, because, not only do the vergence and saccade
have almost the same latencies (the time from showing the target to the beginning of the eye movement),
and the vergence movements almost never occur without an associated saccade under natural conditions
[9], [53], but also their control signals and neural pathways are all related to the superior colliculi [7],
[27], [53]. The fact that they have the same latencies (or dead time) means the lengths of neural
pathways of the control signals for fusional vergence and for saccade are the same. Also, the fact that the
fusiona vergence and the saccade always occur together suggests that they are a result of the same
original signals or that the original signals are produced by same process. For the purposes of work like
that presented here, it is probably safe to divide binocular eye movement into conjugate saccade and
vergence saccade, conjugate VOR and vergence VOR, conjugate smooth pursuit and vergence smooth
pursuit, and conjugate optokinetic response and vergence optokinetic response.  Vergence smooth
pursuit can be considered as a part of accommodative vergence. This is because, like smooth pursuit,
accommodative vergence movements occur only when retina images on the fovea and its
surrounding area produce stimulation[43]. Even though when the target moves in depth, the blur of the
retinal image is conspicuous and likely plays a role in controlling accommodative vergence [31], the
retinal error signal  of each eye also can be considered an important control signal for accommodative
vergence eye movements, in addition to its role in controlling conjugate smooth pursuit. To ease
discussion, the control loop of blur signals will not be considered in the proposed model, and the
discussion of vergence smooth pursuit will also use the signals of retina error.

The optical vergence movements in most modern research can be considered as fusiona vergence, i.e.
the vergence saccade. Thisis because the neural systems of superior colliculi were included in the ocular
motor models, and in the experiments, the vergence movements were induced by the stimulation of off-
foveal retinal images, such as changes in the gazing target [7], [22], [26], [27]. Since the nerves
originating from the superior colliculus are not included in the proposed model, the vergence saccades
are not taken into consideration.  All of the signa pathways and transfer functions in this model have
been confirmed by physiological or anatomica experiments. This work benefits from an accurate
representation of the physiological mechanism. Because of the complexity of the ocular motor system,
some simplifying assumptions are introduced here:

1) All the transfer functions in the ocular motor system model are considered as linear [14], [36]. 2) The
time delays caused by the image processing in the visual cortex, the signal transmission in nerves and
others are neglected. 3) To simplify discussion, we focus on the horizontal eye movement caused by
target motion and/or passive head movement (except for eye-neck reflex). 4) In the model, we take into
account the signals of the retinal error and the retinal dlip velocity. However, the mechanism of signal
processing in the visual cortex is not discussed. 5) The intelligence of the cerebrum, including synthetic
inference, prediction and the influence of attention [52], is excluded.

The Most previous binocular motor models were for analyzing the characteristics of VOR([1], [13], [14],
[46], and the Cova and Galiana had proposed a unified binocular model integrated vergence (in this
paper, it is called saccadic vergence) and VOR [7], [8]. The binocular motor system model in this paper
are for represent the nature of conjugate and vergence eye movements, including smooth pursuit,
optokinetic response and VOR. Since VOR was found when the head moves in alinear acceleration
[16], in this paper the modd includes VOR mechanisms not only for head rotation (VOR-R) but



aso for head trandation (VOR-T, or otolith-ocular reflex [20]). For easy understanding by engineers and
easy use in robotics, thismodel are structured according the rule of kinematics, dynamics, and
systems and control engineering. To confirm the effectiveness of the model in duplicating human eye
behavior, results of testing on arobot-eyes system that uses the same control system as the model
are presented. Although the complexity of the real neural system for ocular motor control
necessitates the severa restrictions described above on the proposed model, the robot-eye system
realizes severad important basic characteristics of eye movements. For example, Human eyes,
unlike such as chameleon eyes, cannot gaze at two different targets at one time. Instead, a human.s eyes
can easily catch the same point of a subject in both central pits of retinal and use the symmetrical images
from the two retinas to produce a stereovision space in the visua cortex. In this paper we cal the
ability to gaze at the same target point with both eyes simultaneously as .same point gazing
tendency.. In my opinion thisis one of the basic conditions for structuring a stereovision in the visua
cortex.

1. NEURON PATHS FOR HORIZONTAL OCULOMOTOR SY STEM

As shown in Fig. 1, We first construct a neural pathway system for horizontal eye movement based
on previous studies [2], [7], [23], [24], [25], [40], [51]. The black circles with connecting lines
represent  the inhibitory neura fibers, and the white circles with connecting lines represent the
excitatory neural fibers.

Theinput neural pathways of VN (vestibular nucleus) are as follows:

(1) The excitatory nerves from HSC (horizontal semicircular canal) and U&S (utricle and saccule)
tieto thetype | neurons.

(2) The neural pathway starting from the temporal side of the retina  via Chiasma opticum merges
with the pathway from the nasal retina of the other eye , then pursues two
different routes. First route: lateral geniculate nucleus (LGN) - visua cortex, — dorsolateral
pontine nucleus (DLPN) - Ventral paraflocculus (VPFL) - VN typell neurons. Second route: the
nucleus of the optic tract (NOT) - nucleus reticularis tegmenti pontis (NRTP) - VN type Il
neurons. VN type Il neurons and type | neurons are connected with inhibitory neural fibers. In this
model, We did not include the neural pathway from the macular area of the retina.

The neural pathways from VN to the ocular muscles are as follows.

(1) The excitatory neuron axon from type | neurons of VN connects to: @) Type Il neurons of VN in the
other side ; b) oculomotor nucleus (OMN) - medid rectus ; c) abducens nucleus (AN) in the
reverse side — lateral rectus in the reverse side , and from the AN to OMN through MLF
(Media longitudinal fasciculus)

(2) The inhibitory neural pathways from type | neurons of VN connect to: @) Type | neuron in the reverse
sideVN ;b)AN ;c) OMN inthereverseside

[1. COORDINATE SYSTEMS FOR BINOCULAR MOTOR CONTROL

To explain the relationship between the movements of the head, eyes and vestibular organs, a precise
definition of coordinate systems and signal vectors is necessary. Most of the coordinate systems defined
in past research were selected for accurate measurements or for the explanation of physiological
phenomena and anatomical structures. Such is true for the coordinate systems used to explain the
relationship between the eyeballs and the semicircular canals [34], [39], [40], [49], as well as those used
to explain the geometric relationship between the eyeball and the muscles [32], [48]. The effect of this
distinct god in defining the coordinate systems in this paper is that in order to ease the mathematical
analysis, some normative assumptions are made, even though these assumptions are not completely
consistent with the facts of physiology and anatomy. This includes, for example, assuming that the



semicircular canals are perpendicular to each other, that the lateral canal planes are paralld to the plane
of the macula of utricles, that the target is far enough away compared to the radius of the eyeball, etc.
Of course, making such assumptions risks losing some information specific to the organ.s own
structures.

As shown in Fig. 1, both the configuration of the neural pathways and the structure of vestibular organs
and retinas are symmetrical with respect to the midline. This means that when the head rotates in one
direction, the output signals from one side of the horizontal canal, utricle and saccule are the reverse of
the signals from the other side. Similar to vestibular organs, retinas also are composed of a nasal side
and temporal side. Therefore, pairs of symmetrical coordinate systems are defined for the pairs of the
organs.

A. Coordinate system for vestibular organs

Asiswell known, semicircular canals are sensors for head rotation, and utricles and saccule are sensors
for head trandation. Their anatomic structures are shown in Fig. 2.

The vectors on the maculae of the utricle and saccule represent the directions of stimuli that cause the
hair cell to fire [47]. When the head tilts approximately 30 degrees forward from the upright position, the
lateral ductus and utricular maculae lie in the horizontal plane and the saccules maculae in the sagittal
plane[2], [23].

The horizontal movement of head and eyeballs is discussed under the assumption that the head is tilted
30 degrees forward. According to the anatomical structure of the utricle and saccule, utricles are for
the measurement of horizontal trandlation, and saccules are for the measurement of sagittal plane
trandation [10], [47]. To eliminate the influence of centrifugal force, due to rotations around its own
axes in the coordinate system of vestibular organ, the axis of the coordinates has to be defined in parallel
to the planes of maculae or through the center of the gravity of the maculae. Thence, the vertical axis
(2v-axis) is set through the center of gravity of the utricle macula. The yV-axisis paralel to the plane of
the utricle macula and through the center of gravity of the saccule macula, and crosses the zV-axis. The
xV-axis is set through the crossing point OV and perpendicular to the yV-zV plane. So, the coordinate
systems for the otoliths are defined as shown in Fig. 2, where OV is the origin. Since semicircular canals
respond only to rotational acceleration, the signals of the nerves from the ampullae of the cand (i.e. the
results measured by the canal), respond only to the component of head rotation around the axis
perpendicular to the plane of the canal. Since the three semicircular canals are ailmost perpendicular to
each other, head rotation is measured in three-dimensiona space. Here, We assume the semicircular
canas are perpendicular to each other. The coordinate systems for the semicircular canals xs- ys-zs are
defined as shown in

Fig. 2, where the axes x, y; and z are vertical to the anterior ductus plane, posterior ductus plane and
lateral ductus plane, respectively. Since semicircular canals respond only to rotational head movements,
the locations of the coordinate system origins do not influence the measurement results with the
coordinates defined this way.  So, the origins of the coordinate systems are set to coincide with Oy,
the origins of the coordinate systems for the otoliths. Here We assume that (1) the x,-axis is
parallel to both the plane of the macula of utricle and saccule plane, (2) the distances from the origin of
the coordinate system for the vestibular organ O, to the macula planes of utricle and saccule are short
enough. (3) The plane of the lateral ductusis paralld to the plane of the macula of utricle, i.e. the axes zg
and z, overlap each other. Since only horizontal head movement is discussed here, the coordinate
systems for the vestibular organs will only be used for trandation in the x, and y, axis directions and the
rotations around the z, or z, axis. When the head rotates counterclockwise (to the left), the discharge rate
of the left vestibular neuron from the lateral canal becomes higher, while the rate of the right one
becomes lower [2], [16], [38]. Therefore, counterclockwise is positive rotation in the left
vestibular coordinate system, and clockwise is positive rotation in the right vestibular
coordinate system.



Since the directions of the stimuli that cause the hair cells to ignite are reversed on each side of crest
striola [47], all directions of acceleration on the plane of the macula are detectable. The effects of the
signals from the hair cells on the vestibular nucleus depend on the synaptic transmission gains. The axes
of the coordinate systems are defined asin Fig. 2 (a)(b).

B. Coordinate system for eyeballs

In the ocular motor system, eyeballs are not only controlled objects but aso sensors for

detecting the position and velocity of the target. In Section |1, We mentioned that a retina can be divided
into a nasal side and temporal side, on the basis of its physiological structure. The coordinate systems of
eyeballs also have to be defined as a pair of symmetrical coordinate systems.
Corresponding to the vestibular coordinate systems, the eyeball fixed coordinate systems (xe-ye) and
orhit fixed coordinate systems (Xo-Yo) are defined asin Fig. 3. The origins of both coordinate systems are
defined on the rotational center of the eyeball OE. The axis XE is defined to be parallel to the optical line.
The axis X, is defined so that it coincides with XE when the eyeball looks at atarget infinitely far ahead.
When the target is at point Tg, R (rad) is the angle that the target projects on the retina, namely the angle
between the optical line and O,-Tg, where OL is the principal point of the lens. .et (rad) is the angle
between the optical line and line Og-Tg, .0e (rad) is the angle between the axis X, and xE, and .ot
(rad) is the angle between the axis xo and line OE-Tg. Since the axis xE is parallel with the optical
ling, .etisaso the angle between the axis XE and line OE-Tg. When the distance of the target ret is
far enough compared with the radius of the eyeball re, .et can be considered to be equa to R.
Therefore, in an ocular motor control system, .oe (rad), .ot (rad), and R or .et are the controlled
variable, desired value, and controlled error, respectively.

So that the positive rotation of eyeball fixed coordinates and head trandation in the yg axis direction
have the same visua effect on the retina, we define the counterclockwise rotation of the left eyeball
fixed coordinate system and the clockwise rotation of the right eyeball fixed coordinate system to be
positive. Accordingly, the contracted force of the lateral rectus muscle is a positive manipulated variable,
and the contracted force of the medial rectus muscle is a negative one.

C. Coordinate system for head and target

Fig. 4 shown the base and head fixed coordinate systems. A base plane can be defined as having al the
origins of coordinate systems. Here, the two origins of vestibular coordinates, the two origins of orbit
fixed coordinates and the origin of the head fixed coordinate system are al on the base plane. The origin
of the head-fixed coordinate system (x,-Yy) is defined at the middle point of the line that connects Oy,
and O, the origins of left and right vestibular coordinate systems. The y,-axis of the head-fixed
coordinate system is defined on the line connecting O, and O,.,. Before the head moves, the head-
fixed coordinate system coincides with the base coordinate system. A counterclockwise direction is
defined as the positive rotational direction.

AsshowninFig. 4, .h,isthe head rotation angle. .h, represents the angle between the line O,-Tg and
the xH axis. xhb and yhb represent the translation distances of the head in xB and yB directions. And xt
and yt represent the trandation distances of target point Tg in xg and yg directions. r,, represents the
distance between O and O, or O, rhe the distance between O, and O, or O,, and .he the angle
between the line O - O, (Og., ) and x,, axis.

D. Transformation of binocular coordinate systems
Asshown in Fig. 4, the head motion vectors are:
Hit)= [.r,.._k ) v tf) @t :i’ 0
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Here, ¥i{7) and ¥4} represent the translation velocities (m/s) of the head in the x,, and y,, directions,
and (" js the rotational velocity (rad/s) of the head around O, ') | 0 and @l e the
accelerations. The target point position and its velocity are:
T.(O)=x() y(0)
_giﬁ [..11 __.l‘.l}l 4
T.(1)=lx.(1) ». ()]
f A1)y (1) (5)

Since vestibular organs respond only to accelerations, the acceleration vectors of the left
and right vestibular organs shown in Fig. 2 and 4 are as follows:
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and i (r) represent the accelerations of the left vestibular organ in the x,, and y,,, axes and
®...0") the rotational acceleration around O,,. "1’} is the acceleration vector of the right vestibular

organ. Here LeN s the centrifugal acceleration of the origin of the coordinate system of a
vestibular organ caused by head rotation around O.
Asshown in Fig. 3 (a)(b), the following eguations can be obtained:
@+, ) =p, (1) (8)
@)+, (=@, _ (1) 9)
Using Fig. 4, the desired values of the eyeballs are given as:
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V. CHARACTERISTICS OF SIGNAL PROCESSING AND TRANSMISSION OF ELEMENTS IN
OCULAR MOTOR SYSTEM

A. Transfer function of vestibular organ

Theoutputs from the canal, saccule and utricle are considered as the firing rates of primary fibers.
The variation of the steady values of the firing rates from the resting rates of each canal, saccule and
utricle of a vestibular organ are nearly linear to the accelerations of rotation and translation, respectively
[10], [16]. So, We define the signal values of the resting rates of the primary fibers of the canal, saccule
and utricle to be 0 (imp./s). For al the neuron fibers that have a resting rate other than 0, the firing rate
minus the resting rate is used.

The transfer function of the semicircular cana is documented in past research [14], [16], and can
be expressed by:

oy i® i

@, (x)=
7

@, (5]

5+ (12)
where @i} (imp./s) is the output from the semicircular canal, T, (sec) is the time constant, and g
(imp.s*/rad s?) is the gain or sensitivity of the firing rate modulation on the canal primary fibers with



respect to head rotation.

In contrast to the semicircular canal, primary otolith afferents carry a signal that remains approximately
in phase with and linear to head acceleration in the same frequency range [11], [12]. Thus from the
viewpoint of control engineering, two integrations of the otolith signal are required to produce the
appropriate compensatory ocular displacement during trandation. This idea is hypothesized in the
literature [18], [33], [35], [50]. Furthermore, all current hypotheses for otolith processing agree that one
integration is performed by the neura integrator[41] which is shared with the rotational system [18].
Little is known about how and where the second integration is processed. In my opinion that this second
integration is likely to be found to be a result of the signa processing characteristics of
individual neurons. Most neurons have both fast and slow neurotransmitters, and the time constants of
slow postsynaptic potential caused by slow neurotransmitters are from several seconds to severa
minutes [19], [21]. This means that the effect of a pulse from the synapse might remain for minutes and
could be added to subsequent input pulses. It is clear that the low neurotransmitters might be related to
the integra behavior. e will discuss the details of the signal processing behavior of neurons in
another paper. To ease understanding, in this paper we also represent the dynamics from an otolith to a
vestibular nucleus with a transfer function similar to that for the semicircular canal. However the time
congtant is far smaller than that for the semicircular canals [18]. Thus the saccule and utricle are
described by the following equations:

e (8) = —x,(5)
T: L ] (13)

— ¥ (5)

T 5 (14)
where v,,(t) and vW(t) (imp./s) are the outputs from the saccule or utricle, responding to the head
movement in the x-axis and y-axis directions, respectively. T, (sec) is the time constant of
the transfer functions for the saccule and utricle, g, (imp.s¥m.s?) represents the gain or
sengitivity of the firing rate modulation on  the saccule and utricle primary fibers with respect to head
trandation accelerations. To ease analysis, we assume that the transfer functions from the saccule to the
vestibular nucleus and from the utricle to the vestibular nucleus are the same. Furthermore the gain g, ,
which has been detected as variable depending on the distance to the target in physiological experiments
[3], is considered constant here.

v, (s)=

B. Transfer function of neural pathways from vestibular nucleus to ocular motor nucleus. The transfer
function of the neural pathways from the vestibular nucleus to the abducens nucleus or  the oculomotor
nucleus can be expressed as the sum of an imperfect integrator and a direct path [4], [5], [36], [38], [41],
[44], [45]. That is:

(_‘. .[ } = M + L

f5+1

m (15)
where T, (sec) is the time constant of the integrator, and g,,; and g, (dimensionless) are the gains of
the integral pathway and the direct path.

The principle and the structure of the neural integrator is not clear. It has been thought that the
location is in the vicinity of the complex formed by the nucleus prepositus hypoglossi and the medial
vestibular nucleus [29] and the dynamics have been represented using low pass filters [7], [14]. As
mentioned above, we aso think the neura integrator is only one of the characteristics of signa
processing of neurons, and is related to the slow neurotransmitters of the neuron. The neural integrator is
not explicitly represented by any structurein Fig. 1.

In this paper, it is enough to know that there is an integrator between the vestibular nucleus and the
motor nucleus.
To simplify the mathematical analysis, we assume that all the neural pathways from vestibular nucleus to



motor nucleus have the same transfer function as equation (15). From equation (15), the following
eguation can be obtained:
T+l

G (s)=g T —
BT T (16)

where,

= or —

C. Transfer function of eye plant.

The dynamics of an eye plant have described by a viscoelastic model [36], and in most ocular motor
models the eye plant is represented as a first order delay system. To permit easy understanding of the
dynamic characteristics of an eyeball, a new viscoelastic model to explain the eye plant is proposed and
shown in Fig. 5(b). The model is based on the anatomical structure of Fig. 5(8). In this model, ky and
ke (N/m) are the coefficients of elasticity, ky , kyn (N/m s?) are the coefficients of viscosity of the lateral
and medial rectus muscles, Fi(t) and F(t) (N) are the forces generated by latera and media rectus
muscles, m (kg) represents the mass of the equivalent ring, and re is the radius of the eyeball. As shown

in Fig. 5(b), the rotational angle of the eyeball ¥+'*! (rad) can be approximated by the following
equation:

Fisy—F_ (%)
mrest +lk, +k, Jrs+lk, +k_)r (17)
If the effect of the eyeball.s massis small enough compared with the elasticity and viscosity
in the equation (17), the transfer function of the controlled object is:
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From equation (18) we have
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Te (sec) isthetime constant. & ,and & ,, (N/imp.s?) are the gains of the forces F(t) and F.(t) (N)
due to ocular muscle modulation on the fibers from the abducens nucleus and ocular motor
nucleus. These forces are proportional to the firing rates C,(t) and C(t) (imp.s?).

The same characteristics of (19) have been shown in experiments on monkeys performed by Skavensky
and Robinson [45], and similar transfer functions are used in most ocular motor system models.

D. Linearization of the characteristics of the nucleus

In this paper, we only consider the linear characteristics of the ocular motor system. According to
past research, we can assume the nucleus to be an addition device as shown in Fig. 6 that is, the outputs
of the nucleus are the sum of theinput values[37], [42]. Therefore

0. ()= k, 1, (V=D k, 1, (1) (20)



On(t) is the number m output neuron fiber's firing rate (imp./s). 1,;(t) is the firing rate (imp./s) of the
number i excitatory input neuron fiber connected to the neurons whose axons are included in the number
m output fiber. Similarly, 1,;(t) is the firing rate (imp./s) of the number j inhibitory input neuron fiber
connected to the neurons whose axons are included in the number m output fiber. k;; and k,; are the
synaptic transmission gains. All the gains k,; (i=1,2,3, ....) and k;; (j=1,2,3, ....) in equation (20) are
positive. The approach of Fig. 6 and (20) is not exclusive to the modeling of neural systems, and is here
only arranged to represent the nucleus dynamics in a clean way. Fig. 6 and (20) are similar to a unit of
the neural network back-propagation model proposed by Rumelhart, Hinton, and Williams (1986), when
only the linear part of the sigmoid function is considered [42].

V. MODELING AND ANALY SIS OF BINOCULAR MOTOR SYSTEM

Using the information established in the last section, the binocular motor system shown in Fig. 1
can be
explained using a block diagram as shown in Fig. 7, where o, [, y represent the synaptic
transmission gains of vestibular, abducent and oculomotor nuclei, respectively. Since the eyeball fixed
coordinate systems are symmetrical with respect to the midline, the retinal signals transformed to the
reverse vestibular nucleus have
to be multiplied by -1.

When T, = T, the denominator of the ocular muscle transfer function can be canceled [38], [55]. Fig.
8 is obtained by rearranging the block diagram of Fig. 7. Then, unify the parameters in Fig. 8, and the

simple block diagram of the oculomotor control system is obtained as shown in Fig. 9, where
F=g. 0 W=, o =ae 1] =E0,

B L i .
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From Fig. 9, the following equations are obtained:
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If we respectively add and subtract (21) and (22), the following equations are obtained:
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Equation (2 presents the functions of vergence movements, and equation (24) of conjugate

movements. If werespectively add and subtract (23) and (24), and using equations (6), (7) the
following equation is obtained
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(25)
Here, (%) represents the Laplace transform of the square of ¥:!7) je @it “fo.or]
and the term including P (5) represents the influence of centrifugal acceleration.

Here we assume that smooth pursuit is the part of eye movement that is induced by the retina error
signals, optokinetic response by the signals of the retinal dip velocity, and VOR by the head movement

signals (from vestibular organs) [55]. So, the terms of equation (25) that include Xy (5) and @i(5)
represent the effects of vestibular ocular reflexes of vergence movement, those that include %) and



Py 5) represent the effects of vestibular ocular reflexes of conjugate movement, the termsthat  include

(o, (s)+@, (s} ) -@, (%)

show smooth pursuit of vergence movement, and those with \Poy

I:'!:F-Jnl._l ‘.'r', L ‘;'-Ijl.ln'—- {.r }:I

show the smooth pursuit of conjugate movement. is the function

describing optokinetic response of vergence, and (@ (1=, (1))

response of conjugate movement.
From equation (25) it is clear that except for the function of each sensor (semicircular canal, otolith and
retinal), all types of vergence eye movements have the same transfer function

L.to-p)
1+T, (p-pNe—a )+T (1+(p-p Nin-n))s

is the function of optokinetic

(26)
Similarly, al types of conjugate eye movements also have the same transfer function:
'IT:HI [u'ﬂl I .II:'JI1II
1+7T (p+plo+a )+T _(1+1lo+p Ng+n s
Jp+p No+o, )+T (1+lp+p kn+a 27)

When p = p ,thetransfer function of vergence will become O; in this case al types of vergence eye

movements will disappear. Inthecaseof o = 0,, the smooth pursuit of vergence will disappear, and
if n =n ,optokinetic response of vergence will disappear. If k ,= K ,;, the influence of centrifugal
acceleration on vergence movement will disappear. In earlier work we discussed the influence of
centrifugal acceleration in the pathological case [54], but even in normal eye movement, the influence of
centrifugal acceleration will interfere with gazing. Throughout this paper, we consider the case when
K y= K , so that the centrifugal acceleration will not be considered.

Since al the parameters in Fig. 9 are positive (see Section IV.D), the poles of the conjugate eye
movement transfer function are always negative, and the conjugate eye movement is always stable.
The necessary conditions for stability of vergence eye movements are obtained from (26) as shown in
the following:

1+ .!r...--{ﬂ_f).- No-o, ‘: b

T (1+{p—p Nn-n_) (29)
In normal vestibular reflex, if the head trandates forward, convergence will occur, and if the head
trandates back, divergence will occur. The smooth pursuit vergence and optokinetic response vergence

aso consider relative motion  between the target and the eyes. To ease application to robotics, the
following sufficient condition for the system stability is useful for parameter setting:

ES0 PR30 NN K, SR K, =K,

(29)
The time constant of (26) is
. _T.tT(p-pYn-n)
4T (p=p No-0) (30)
The time constant of (27) is
_L,+T.lp+p r+n)
14T (prpNosa) (31)

It is clear, not only from the gains, but aso from the time constants that vergence eye movements are

different with respect to conjugate eye movements. In normal eye movement, wrene == T, This
means that responses of conjugate eye movements are far faster than the one of vergence eye
movements. In practice, this means that both eyes can together easily follow targets of each eye that are
moving with the same velocity and direction, but that it is difficult for the two eyes to follow gazing



targets that have different velocities or directions. In most cases, the gazing targets of each eye that move
with the same velocity and direction are in fact the same target. This characteristic is one of the
principles of the "same point gazing tendency" of binocular motor systems, i.e. the two eyes cannot
easily gaze at two different targets in natural environments. Of course, the "same point gazing tendency"
isaso related to stereo image processing in the visual cortex.

VI. THE EXPERIMENTS USING A ROBOT-EYES SYSTEM
A. Structure of the Robot-Eyes System

To confirm the proposed binocular motor system model, we constructed a binocular motor control
device (robot eyes) with the same system structure as the model shown in Fig. 10 [56].

This robot has 2 degrees of freedom for each "eyeball" and 1 degree of freedom for the neck. DC
motors are used as the actuators (Maxson DC motor, 2322-982-52-235-200 for eyeballs, and M99051-A-
1 for neck, Swiss made). The image signas from cameras (CCD camera, TOSHIBA 1K-CUA43)
are taken into the computer via an image processing board (MATROX METEOR I1). The target's
position and velocity relative to the optical line (cameras central line) can be obtained by image
processing using the computer. The results of the image processing are transferred in real time
through a PIO board to the computer used for robot control.

The rotary angle of each motor can be detected using its own encoder (MTL, MEH-20-2000, Japan).
The encoder in the neck motor is substituted for the horizontal semicircular canals. Fig. 11 is the exterior
of the robot-eye system.

Fig. 12(a) is the layout of the robot eyes. Fig. 12(b) is the coordinate system of the robot eyes. As
shown in Fig. 12(b), the robot-eye system does not use the symmetrical coordinate systems, since most
servomotors are not made as pairs. Use of standard motors results in a dightly different sign
convention. O¢, and O, are the origins of both cameras' fixed coordinate systems. O, is defined at the
crossing point of the shaft axes of motor 1 and motor 3, XC-l-axis is defined on the center line of the left
camera, and y.-axisis defined to be parallel with the lateral pixel line of the CCD camera. In this robot-
eye system, the y,-axis is up on the shaft axis of motor 3. The right eyeball fixed coordinate system X, -
VerZe.r ISSimilar to the left one.

The z,-axis of the left "orbit" fixed coordinate system (Xo,-Yo.-Zo.) iS defined along the shaft axis of
motor 1, and the yo,-axisis defined paralel to the line Og,-O,. The right orbit fixed coordinate system
(Xor-Yor-Zo.) is similar to the left. The z,-axis of the head-fixed coordinate system (X,-Yi-z,) is defined
aong the shaft axis

of motor 0 and the plane x-yy, passes through O, and O.,. The x,-axis is defined paralld to x5, and
Xor- Og isthe origin of the base coordinate system (Xg-Yg-Zs). The zg-axis is defined along the shaft
axis of motor 0. In Fig. 12(b), the rotation angles of motor O, motor 1, motor 2, motor 3 and motor 4 are
expressedas 6, 6, 6, B8 ;and 6

Since we consider only horizontal eye movements, the control loops of motors 3 and 4 will not be
explained here, i.e. the trandation of the head in the direction of the z, axis and the rotations 6 ; and
0 , will not be considered. The horizontal coordinate systems of Fig. 12(b) are drawn in Fig. 13. Since
the robot-eye system has no degree of freedom for trandation, in the real system x,, = 0, y;, = 0. In the
experiments in the case of head trandation, X, (t), Yw(t) and “retinal error* @, and @,
(correspondingto @, and - P, in Fig. 4), will be given by computer directly. Comparing Fig. 13
and Fig. 4, the desired values of each "eyeball" (camera center line) are given as the following
equations using (10), (11):
vt = v ) =7, sinl@ (1) + e, )

@ (5} == (1) +an” .
i =2 U= cosiB i+, )

(32)



Y=yt ) =r s & () =g, |
X = x )=, coslBin—- e, )

@iy =—f1) +1an
(33
8, 6, add ,correspond to  Pnb, Peot, and Peor, while and correspond to  Por
and Potr, respectively.

B. Image processing for the robot eyes

For this work, we used a white ball as the target of the robot-eye system. Image processing
includes: 1) obtaining the gray-level histogram, 2) binalization using the histogram, 3) edge
extraction, 4) circle detection using Hough transformations, 5) checking the color of the
original image in the circles, 6) labeling the extracted circles, 7) calculating the velocity of
the circles, 8) detecting the background movement, 9) detecting the moving object relative
to the background. Fig. 14 shown an example of the display of the computer for image
processing. The mark + is the position of the target point, as obtained through methods 1)-
7) listed above. Themark o represents the object that is moving fastest in the visual field.
The arrows a each side of the visual fields represent the position of the
background. Further discussion of the details of the image processing will be foregone here,
as it is not relevant to the main thrust of this work. In the following experiments, only the
target.s position and its velocity are used. The processing cycle timeis 66-166 ms.

C. The control systemfor the robot eyes
The control system for the robot-eyes, as shown in Fig. 15, isbasedon Fig. 9 and (6),

(7). %:(1) is the rotational acceleration of the "head" detected by the encoder of motor 0,
which corresponds to @'/} and #.--11)- .11 s the acceleration of the .head. in the x,

direction, which corresponds to*i— () and ©-(" and Vi(f) is the acceleration of

the .head. in the y, direction which corresponds to ViWang Yoer () . Since the robot-eye
system has only one encoder to detect the rotational angle of heade , , the pair sensors for
detecting head movements as in the human eye system in Fig. 9 cannot be realized, and the

trangation movements (") and Vi) are given by the computer.

The motor control systems (in the dashed-line boxes) are based on the PID control law, and
the parameters of PID control loops are defined by the ultimate sensitivity method. The
sampling time is 3ms. As motor control system errors are very small compared to image
detection errors and delays, the transfer functions of these systems can be considered to be
unity.

From Fig. 15 and (25) the following equation is obtained (see (25)).
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If the target is fixed and the head is rotated at the acceleration a, (34) becomes,
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Using theinitial value theorem,
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(36)
Itisclear that

I‘E‘jl{ﬂ} |7—H“

Q_.{[J} a
is the best performance in this case. Therefore,
I-Klp+p,)=0 37)
So, in he robot eye control system, the parameters are set according to (29), (37) and tuned
by experimental repetition. The one of effective peforming sets is
0.5, p=15p=05 x~02rad/m =10 =05, =05 =02, &§,=2.0 rad./m.
Physiological experiments suggest that the time constant of the neural integrator is 15-30 s
[4], [6], [13], the time constant of the semicircular canal is about 4-6 s[14], [30] and that of
the otolith is 0.2-0.3 s [18]. In this work, the time constants are set as
T.=25s T=6%, T~0253|
In the initial state, the x, and y, axis of the head fixed coordinate system of the robot-eye
system are set to match the base coordinate system, and the x. and y. axis of the eyeball
fixed coordinate systems are set to match the orbit fixed coordinate systems, i.e.
X (0 =0m, v, (0)=0m, 5, (0)=0m/s j,(0)=0ms

&,(0)=0rad, 8(0)=0rad, 6.(0)= 0 rad

Vi

The target position is set at x(0)=1m, y,(0)=0m. Notice *h and are the velocities of



head on the directions of X, and y, axes. When =0, xp (& x, (1) and Vinlf )& v le).

D. Experiments to Confirm Characteristics of Conjugate and Vergence Eye Movement

1. The characteristics of same point gazing tendency
The skillful relation of conjugate and vergence movement of human eyes leads to
certain abilities, such as that
both eyes can easily catch the same target point on the central pits of theretinas. In this
experiment, we confirm the occurrence of the same point gazing tendency in the robot eyes.
The circumstances of the experiments are shown in Fig. 16. we first fixed the head in
place and set afixed target in front of the head. Then we shown a pendulum swinging from
right to left. The weight on the top of the pendulum had the same shape as the first target,
and became the second target. The experiment was repeated countless times.
Each time, both eyes simultaneously looked at only one target, either the first or the second.
One of the experiment resultsis shown in Fig. 17, which showst moment that both eyes
moved their gaze from the first to the second  target.

Fig. 17 shows the desired values 9 A4 @ 55 calculated from the geometry. '@and '@
are the locus of the first target related to each orbit fixed coordinate system. ¢ and ‘@ gre

the locus of the second target, and geAr) and QA1) are the .retinal errors. (errors detected
by image processing). t1 shown in Fig. 17 marks the instant that the second target was
shown to the robot eyes. t2 marks the instant the left eye recognized the second target, and
from ts to ts, the left eye lost its target. t4 and ts are the instants that the right eye and the left
eye recognized the second target. Fig. 17 shows that when the left eye recognizes the
second target at to, the left eyeball (6 ;) begins to leave the first target and pulls the right
eyeball (0 ,) to leave the first target as well. This causes the right eye to recognize the
second target (the object nearest the central pit is processed at the highest priority). There
are cases when the right eye does not recognize the second target and pulls the left eyeball
to recognize the first target again. Here the concept of one eye .pulling. the other is a result
of the system characteristics of slow vergence control and fast conjugate control.

2. The behavior when one eye is prevented from viewing the target

When an eyeis shut or the target is blocked with an obstacle, the obstructed eye moves
with the other eyeball. This characteristic lets the eye catch up to the target quickly when
the obstacle is removed. The following experiment confirms the occurrence of conjugate
eye movement:

we fixed the head and set a target on the top of a pendulum, then swung it from right
to left in front of the head. The circumstances of the experiments are shown in Fig. 18. One
set of experimental results is shown in Fig. 19. In the time between t1 and t2, the right eye
was obstructed using a mask as shown in Fig. 18(a). Fig. 19 shows that even though the
right eye cannot follow the target accurately while it is blocked, it tracks the target very
smoothly when the mask is taken off.



3. Characteristics of vergence eye movement

If abinocular motor control system had only conjugate eye movement capabilities, the
binocular nature of the system would not have any significance because it would mean the
two eyeballs were fixed to each other, or that the eyeballs were driven by the same signals.
Vergence eye movement is needed to catch atarget at the central pits of both eyes when the
target is approaching or receding from the eyes, as shown in Fig. 20. To observe the
characteristics of vergence eye movement of the robot eyes, the step response was obtained
viathe following experiment.

The head was fixed and the initial positions of each eyeball were set to paralel with the
midline, namely,

X100 m, yia()=0 m,  ,(#)=0 rad, &(0)=0 rad, &(0)=0 rad,
A target was set at the position:
re=0.2 m, @,= -5 deg=—0.087 rad.
From (30) and (31),1 the desired yal ues of each eyeball are:
B, 8N, — 1, sing,
1, COSQ, — 1, COSQ,, (38)

| B, sIng,, + 1, sing,,

@ (1) =tan

@ (1) =tan"
r, COS@, —F, COS{, (39)

The robot eyes were designed with:

r1.=0.09 m, @, =22.88 deg =0.400 r&d.|

So, from equations (38) and (39),

i =—24.3 deg = 0.424 rad. ¢ = 8.6 deg =0.150 rad

are obtained. Fig. 21 shows the controlled errors (%47 and @00 pecome 0, and the

eyeballs. positions (81, &(1) close to the desired values ¥ ?). Fig. 21 also shows that
the settling times of vergence eye movement are much slower compared to those of
conjugate eye movement.

From (25) or (34) if #2907~ @ T~ 7 the vergence eye movement will disappear. The
results of the same experiment with #~# are shown in Fig. 22. Fig. 22 shows @/} and &1
moving together completely, i.e. there is no vergence movement.

E. The Experiments of VOR for Head Rotations
(a) Fix the target and rotate the head

An experiment was made by fixing the target at x,(0)=1m, y,(0)=0m. and rotating the
head according to the following equation:
8.(t) = Zsin(Z 1)

G 3 (40)

In thiscase, it is chosen:
X ()=Y,(t)=0m



Fig. 23(a) shows the result of the experiment. Since the left eye has the same characteristics
as the right one, we shown only the right eye's rotation 0 ,(t) in Fig. 23. The desired
value % inthefigureis obtained from equation (33).

(b) Cut the VOR control loop

The same experiment as in (a) was done, but with % =0- The rotation of the right
eyeball is shown in Fig. 23 (b). Since there are no vestibular reflex control loops in the
control system with this parameter set, this experiment is similar to fixing the head and
rotating the target around the head according to

r . K
@ ) =——sm{—1)
6 3 (41)

(c) Rotatethe head in darkness

In this case the image feedback signals are regarded as 0. The head was rotated
according to equation (40), the experimental result is shown in Fig. 23 (c).
It is clear from Fig. 23 that the target tracking in case () performed better than in the other
cases. In contrast, an obvious delay with respect to the target is shown for the pursuit
movement if the image feedback works alone in the experiment (b). On the other hand,
since VOR is only related to head movements, the pursuit precision will be never
guaranteed when VOR works alone, as shown in experiment (C).

F. The Experiments of Head Trandlations
Since the robot-eye system has no degree of freedom for translational motion, in the experi

nts described as follows, the trandlation signals of the head !/}, ¥.(1) and the image
signals from the CCD cameras 0 @eADwere given by the computers directly. The
sampling time of #{%and ¢4/} was set to 100ms.

1. Characteristics of conjugate for head translations
(a) Fix thetarget and trandatethe head in y, direction

Inthiscase, it is chosen
vity=0m. xiti=1m, &{n=0 |".|u.{.|
and consider that the head trangdlates in the y, direction according to the following equation:

V)= 0m. ¥, () =0.5sin(z/3) m| (42)
So, the input signal for VOR is:
F0y=0, ¥ =x/18sin(xi/3). 8,1)=0 (43)
From equations (32) and (33),
; —5sin /1) —r, sing,
@)= tan
I = cose, (44)
o — U 3sin(a S 3) + e sing,
L) = lan —r o o’" :
f COSg (45)

The"retinal error” signals are calculated as



@ () =@y —8r) “6)
@ (t)=—p.(t)—6,(1) 7

Fig. 24(a) shows the results of the experiment. Here, only the right eye'srotation 0 ,(t) is
shown.

(b) Fix the head and movethetarget in they, direction
Inthiscase, it is chosen

v 0 =0m, ¥, N=0m, &()=0rad
The target position was set according to the following equation:

r()=1m, wi(r)=-03sin{zr/3) (48)
From equations (32) and (33),
— (L AsiniAr /3y —r, sina,
@i ) = tan | : :
T (49)
@ ()= 1an '_“.hilnm 3+ sing!
— ¥, GO (50)

Fig. 24 (b) shows the results of the experiment.
(c) Trandatethe head in yn direction in darkness
The same experiments as in (a) were performed, but in darkness. In this case the .retina

error. signals “{and @Afwere set to 0. The experiment results are shown in Fig. 24 (c).
Since the time constants  of the otoliths are too short (0.25 s), and the best gains of the
VOR-T pathways are related to the distance to the target, the response of VOR working
alone is far inferior to the desired behavior. However, the experiments described below
show that when the head moves at high frequencies, the VOR-T response becomes better.
For example the head was moved as described by the following equation:

v (1) =0.35sin{271)

The others conditions were identical to those used for the experiments whose results are
presented in Fig. 24. The experiment results are shown in Fig. 25, and Fig. 25 shown that
similar to VOR-R, VOR-T aso has better response characteristics in the high frequency
domain [55], but that the "cut-off frequency"” isfar higher for VOR-T than for VOR-R.

2. The characteristics of vergence for translate motions
(a) Fix the target and move the head in the x, direction
In this case, it is chosen:
pi=1m, pin=0m, &i)="0rad
The head is assumed to move in the x, direction according to the following equation:

x, (0 =05sin(m/6), v, =0m (51)
So, theinput signal for VOR is

¥ () =771 T2co8( i/ 6) (52)
From (32) and (33), the desired values of the robot eyes are:

@1 =-tin™ r, 5in g,

I —0.5sin(m/6)—r, cosq,, (53)
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| = (L3sIN(AT /B~ r COsqg,

(54)
Fig. 26(a) shows the experimental results.
(b) Fix the head and move thetarget in the x, direction
In this case, it is chosen:
X 00=0m, v (f)=0m, &(r)=0rad
The target position was set according to the next equation.
x () =1-05sin(zr /6), » (1)=0m (55)

The desired values of the robot-eyes are the same as (53) and (54). Fig. 26 (b) shows
the results of the
experiment.
(c) Trandatethe head in the x+ direction in darkness

In this case the retinal errors signals were set to:
@ (170, @ A1)=0.
The other conditions were the same asin (a). The experimental results are shown in Fig. 26
().

Similar to conjugate VOR, the phase shift of vergence VOR becomes smaller when
the frequency of head movement is higher. Furthermore, the optimal neural pathway gain
for vergence VOR isrelated to the distance from the eyes to the target.

VII RESULTSAND DISCUSSIONS

An eyeball is only able to rotate, not translate, in its socket. However, it has to adjust not
only for the head and target rotations around its center of rotation, but also for their
trandations. As aresult, apparently similar eye movements can be caused by quite different
signals detected by semicircular canals, otoliths or retinas. Therefore, anaysis of the
phenomena of the eyeball rotational responses to the numerous input signals of the ocular
motor system becomes very difficult. In this paper we have reclassified the different types
of eye movements according to the kinds of input signals to the ocular motor control
system that produce them.

Except saccade movements, which have not been discussed in this paper, the definitions of
horizontal binocular eye movements are given by equations (23) and (24) and are as
follows:

a. Conjugate VOR is the eye movement response that comes as a result of differences
between the signals from the right and left vestibular organs. In the normal state the signals
from the horizontal semicircular canals and otoliths relate to head rotations and lateral head
trandations [see (25)].

b. Vergence VOR is eye movement that responds to the sums of the signals from the right
and left vestibular organs. In the normal state the signals come from the otoliths and
relate to cross directiona head translations [see (25)].

c. Conjugate smooth pursuit is eye movement that responds to the difference between the



right and left retinal error signals.

d. Vergence smooth pursuit is the eye movement response that follows the sum of the
right and left retinal error signals.

e. Conjugate optokinetic response is the eye movement response that is caused by the
difference between the signals measuring the right and left retinal slip velocity.

f. Vergence optokinetic response is the eye movement response that follows the sum of
the signals measuring the right and left retinal dlip velocity.

The transfer functions of the binocular model show that the conjugate and vergence eye
movements have different dynamic characteristics, even though they have the same control
system. Only when al of the «crossing pathways ae  broken

(ie. p=0, g, =0, g =0, k=0, k. =0, &, =0see Fig. 9) (g conjugate and vergence have the
same dynamic characteristics, that means, however, that both eyes have independent
control systems. As is the case for VOR and smooth pursuit, in my opinion that vergence
saccade is aso far lower than the conjugate saccadic response.

Although physiological experiments have found an areain the cortex that can cause ve ence
movements [15], we till believe that the basic neural network shown in Fig. 1 has the
ability to cause vergence movements.

Since vergence smooth pursuits aways move slowly compared to conjugate smooth
pursuits, the neural signals would be very weak to measure. Other, faster vergence
movements related to signals from such as convergence and divergence burst cells [27],
[28] can be considered as vergence saccade, which was not discussed in this paper.

The transfer function of VOR for trandlations shows that the centrifugal forces on the
macula of utricles may cause vergence VOR, and that appropriate transmission gains on the
signals from the utricles on both sides to the vestibular nucleus can cancel the influence of
centrifugal forces on eye movements. This meansif there are lesions in the binocular motor
system, which disturb the balance of the signal transmission gains, the centrifugal
accelerations will cause unnecessary eye movements [54].

The characteristic of "same point gazing tendency” was realized using the proposed robot-
eye system. This characteristic allows the two eyes to take in a pair of symmetrical images
with the same target point in the central pits, and In my opinion this characteristic is one of
the basic conditions for creating a stereovision space in the visual cortex using images from
both retinas.

In the near future, more complete oculomotor system models should be built upon the
framework laid out in the model proposed here. Likely beneficial engineering application
of this work includes assistance to the development of artificial eye systems, which are one
of themost important "organs' in modern robotics. Furthermore, this work may aid
the field of medicine by helping to pioneer some new areas, such as the location
diacritics of neuro-ophthalmology using eye movement patterns that correspond to head or
target movement patterns, based on oculomotor system models [54].
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Fig. 16 Circumstances of the experiments of same point gazing tendency.
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