
wakamats.mtec@med.tmd.ac.jp 00/09/11

Wakamatsu Laboratory, Faculty of Medicine,
Tokyo Medical and Dental University 1

BINOCULAR MOTOR SYSTEM
BASED ON ITS ANATOMY AND

PHYSIOLOGY (Eye robot)

Biomedical System Engineering

Tokyo Medical and Dental University

H. Wakamatsu

Theoretical Biology and Medicine

Representation of oculomotor system

Eye movement pattern and neuropathology

Application of Optical Control Model  to Robot

 Human-like eye movement

Motivation
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Binocular motor system based
on anatomy and physiology

Adaptation mechanism

Control of binocular movements
by reciprocal control paths

Conjugate eye movement

Synthesized binocular
motor system

Pursuit eye movement

Vergence  eye  movement

Vestibular oculomotor reflex (VOR)
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Eye movement
Unification of
1 Saccade

2 Pursuit

3 Optkinetic reflex

4 Vestibloocular reflex

Conjugate

 Vergence
+

Ocular motor model of single eye

1. Principle of cooperative control based
    on vestibular & optical signals

2. Dynamic characteristics and
    frequency response of the model

3. Adaptive systems

Ocular motor model of single eyeOcular motor model of single eye
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・ Control by vestibular signal

・  Control by retinal signals 

Principle of cooperative controlPrinciple of cooperative control

Lateral rectus

Medial rectus

Superior rectus

Superior oblique

Common 
tendinous 
ring

Optic nerve

Corpus adiposum orbitae
ksl

kdl
ksr

kdr

Te

sTe +1
E(s)x(s)

Transfer function of ocular muscles and eyeball 

Fl(t)

Fr(t)

E(t)



wakamats.mtec@med.tmd.ac.jp 00/09/11

Wakamatsu Laboratory, Faculty of Medicine,
Tokyo Medical and Dental University 5

-＋ ＋

Te
sTe +1

Horizontal canal

Tv
sTv +1

Pretectum
Med. rectus m.

αα

Saccadic 
signal

Lat. rectus m.

EER

Vestibular nucleus

Abducent nucleus

Semicircular canal

λ

Hv
s 2

＋

-s

-1

O )r(s

＋

＋＋
γ
λ

(s)
＋

＋

Controlled
object (eyeball)

Vestibular nucleus

Semicircular
canals

Head  
position Hp(s)

Target 
position  Ot(s)

Retinal slip 
detection delay Retinal slip  ε(s)

Neural integrator

Optic axis
α

Saccadic signal

ε(t-τ)

s-se τ

E(s)

 Oculomotor nucleus

Tn

ge

sTn +1

γ NRTP

e τ

Te
sTe +1

Horizontal canal

Tv
sTv +1

s

Basic neural paths for horizontal eye movementsBasic neural paths for horizontal eye movements

A simplified oculomotor control system without cerebellumA simplified oculomotor control system without cerebellum

e

Hv(s)

＋＋ -
＋

s -sτ

H(s) ＋

＋＋

Tvs 2

sTv +1 γ
λ

Ot (s)

ε(s)

E(s)
Ov (t -τ)

α
Tn

sTn +1

Saccadic
signal

-sτse

Tn

sTn +1ε(s)
If E(t)>Max(E)  on

＋

＋

( ) 







++

++
= − )()(

)(
)( sessH

sT
sT

sT
T

sE s

v

v

n

n ελγα τ

11

2



wakamats.mtec@med.tmd.ac.jp 00/09/11

Wakamatsu Laboratory, Faculty of Medicine,
Tokyo Medical and Dental University 6

Rotational drum

Rotational stand

Simulated experimental methodSimulated experimental method
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Frequency response of smooth pursuit (Frequency response of smooth pursuit (λλ  = 1)= 1)
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Adaptive characteristics 
of ocular motor system

Adaptive characteristics 
of ocular motor system

・ Adaptation mechanism 

・ Role of neural paths into flocculus 
    from stretch receptors
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Block diagram of eye movements control system
for a single eye
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Neural paths for horizontal eye movements 
based on anatomical structure
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Block diagram of eye movements control system
for a single eye
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Concluding remarksConcluding remarks

2. Learning systems 
    short term(vestibular nucleus) 
    long term(cerebellum)

3. Necessity of stretch receptor signal 
    for the appropriate learning    

1. Eye movement depends on  
     smooth pursuit (low frequency)
     optkinetic reflex(high frequency)
     VOR (high frequency )
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・The basic model of binocular
    movement and its analysis

Binocular motor control systemBinocular motor control system

・Its application to binocular axes 
    control system

The basic model of binocular
 movement and its analysis

Binocular motor systemBinocular motor system
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The relationship between target , head, eyeballs and vestibular organs
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Mathematical model of eye movement for a binocular 
motor system based on the physiological model 
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Vergence VOR 
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Conjugate VOR
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Concluding remarksConcluding remarks

1. Different transfer function between
　vergence and conjugate Eye movements.

2. Only a single object can be seen by both eyes.

3. Elimination of centrifugal force by reciprocal
    neural paths.

4. Principle of straightforward VOR was clarified.
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Application to industrial systemApplication to industrial system

Application of biological binocular
 motor system to eye robot 

Motor 3 

Motor 0 

Binocular axes
control device   

Motor 1 

Motor 2 

Eye robot based on binocular axes control system

Target 

PIO board  

Counter & D/A board  

Motor drivers  

CCD camera  

Motor 4 

Image processing board 
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Block diagram of the binocular axes control system
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Response of the binocular eye robot control system 
　　(1) fixed target and rotating head, 
　　(2) fixed head and rotating target, 
　　(3) rotating head in a dark environment

P
os

it
io

n 
(d

eg
)

0 5 10 15
Time (Sec)

-30

30

0
ϕr(t)

(4)θ2(t)

(5)θ2(t)

Response of the binocular eye robot control system
　(4) fixed target and moving head in y-direction,
　(5) moving head in y-direction in a dark environment.
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Concluding remarksConcluding remarks

2. Adaptive control systems coping with
    some defects

3. Accurate measurement of distance  

1. Different eye movement from 
　conventional industrial eye
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Future viewFuture view

2. Pathology and Adaptation
    physiological functions caused
    by some defects and injuries

3. Virtual reality
    Accurate measurement  of position
    from target

1. Diagnosis of eye movement


