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FOREWORD

The base—motion isolation in navigation , guidance , and gunf i re
control systems is a relatively new practice in the history of
technology.

In nature, however , all vertebrates , wh ich include Homo sapiens ,
possess built—in base—motion isolation systems in the form of
ves tibuloocular reflexes to stabilize the visual axis despi te head
rotations. This reflex was developed early in evolution , li terally
millions of years ago, as a means of surv ival to ob tain food and to
protect against danger by allowing enough time for the visual obser-
vation of a stationary environment during rotatory head motion.

This report presents the mathematical model of the vestibuloocular
reflex wh ich is formulated from the viewpoint of cybernetics. It also
presents the model ’s simulation resul ts and discusses the comparison
with physiological data. The model is constructed in such a way that
the signals from it are compatible with the physiological data at the
system output level, Moreover, the model ’s in ternal signals are
similar to the neural discharge pa tterns observed at the corresponding
locations of the central nervous system.

The ma thema tical tools and th e  approaches used in the ‘formula tion of
the model are similar to those used in the modeling of the weapon systems.
Par ticularly,  the way the noise problem is treated in the model may be
useful in simulations of certain weapon systems.

This repor t comprises the author ’s Ph.D. dissertation in the area of
Systems Control given by the Department of Electrical Engineering at the
Johns Hopkins University. The research for the model was conducted at
the University ’s School of Medicine under Professor David A . Robinson.

The research ac tivity was suppor ted by the Naval Surface Weapons
Center under its training prograltl. This report was reviewed by
R. W, Carson of the Guidance arid Re—entry Analysis Branch and
R. H. Hughey , Jr., Head , FBM Geoballist ics Division.
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RALPH A. IIIIEMANN , Head,
Warfare Analysis Department
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CHAPTER I

INTRODUCTION

1.1 An elementary description of the vestibuloocular reflex

The function of the vestibuloocular r l ’fl ex  ‘VOR) is to

stabilize the visual axis in the environment during . head—

rotation by compensating for . It 1o’~s thin by making an

equal and opposite eye—rotation in the orbit with the same

time course as the head movement .

One way to deir~onstrat e the speed and accuracy of the

VOR is to try to read a book held stationary in one ’ s hands

while one ’s head is oscillating at about one or two Hz.

Next , reverse the procedure and try to read a book being

oscillated by one ’s hand at similar angular amplitudes and

frequencies while one ’s head is held stationary. In the

latter case , because the eye cannot keep up with the book

which causes its image to slip on the retina, visual acuity

is so low that reading is virtually impossible . In the

forme r case , visual acuity is good (normal) because the

visual axes are being automatically stabilized with respect

to the stationary book by the VOR.

The VOR isolates the eyeball from the disturbances of

the head’s motions by an open-loop reflex action, unlike

some mec~.anical control systems which isolate a so-called

stable platform from the disturbances of the base mot

ions1



of ships and rockets by closed—loop , or negative feedback ,

control systems.

The re f lex  is phylogenetically very old. It developed

in the early stages of the evolution of vertebrates as a

means of survival by stabilizing vision of the environment

in spite of head and body motions. The reflex is anatomically

and physiologically similar for widely d i f f e r e n t  species.

This allows a f a i r l y  direct inference from animal experiments

to man.

For most normal head movements , the required eye move-

ment is small (e.g., 20 “. 300) and well within the oculo-
motor range . However , because of mechanical l imitations of

eye rotation , if head rotation is continued beyond a certain

l imi t , the eye must be reset. This is done by a rapid move-

ment to a new position in the direction of the head motion.

If the head is continuously rotated in one direction (say

to the lef t) with a step of constant angular velocity H

(Fi gure 1.la) , tho eye position 0 as a function of time t

(Figure l.lb) will describe a rhythmic saw—tooth motion with

alternate periods of low velocity in the direction opposite

to the head motion, thus compensating the head motion, and

fast velocity in the direction of the head motion, thus

catching up with the head by rapid resetting movements.

This type of eye motion is called rotatory or vestibular

nystaginus. The compensatory slow eye motion is called the

slow-phase (SP) and the quick returning motion is called

_ _ _ _  

_ _ _ _ _ _ _ _ _  

2 
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Figure 1.1

For step input head velocity H (a),

the eye position 0(t) describes a

rhythmic saw—tooth motion (b), with

alternate slow and quick eye veloc-

ities 0 in opposite directions Cc).

3
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the quick—phase (QP) of the nystagmus. The profile of the

eye velocity 0 during rotatory nystaginus is shown in Fig-

ure l.lc to indicate that during each slow—phase the eye

velocity is equal and opposite to head velocity.

The fact that the mean eye position (Figure l.lb) shifts

in the direction of the QP ’s is one of the major points of

investigation in this study and will be discussed in detail

subsequently.

This reflex is designed to assist vision but is suffi-

ciently automatic that it works almost as well without it.

To eliminate the modifications introduced by vision, the VOR

is usually studied in isolation by rotating subjects in the

dark. This thesis concerns only the latter situation.

1.2 A brief sketch of vestibuloocular physiology

There are two groups of semicircular canals (SCC ) on

each side of the skull located within the bony labyrinth of

the inner ear. Each group consists of three approximately

mutually orthogonal canals. The three canals on each side

extend from a common compartment called the utricle which is

contained in the egg—shaped “vestibule” of the inner ear.

The expression vestibuloocular reflex is derived irom the

fact that the reflex is created by the action of the vesti-

bular organ upon the oculomotor system.

5
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For horizontal head rotation (yaw) in the normal upright

position the lateral semicircular canal pair (one on each

side of the head) is primarily stimulated . The experimental

data on which this research is based are obtained by rotatory

tests in the horizontal plane of subjects in the normal

upright position. For this reason, we will consider for

simplicity that only the latera l semic ircular canals are

~tirnu1ated in this study. There is no reason to suppose

that the data cannot be simply extrapolated to the other

canals for rotations in the roll and pitch directions.

The semicircular canal (Figure 1.2) is a circular ,

closed, membranous tube encased inside rigid bone. The

tube’s internal radius is about 0.15 mm for man (Melvill

Jones and Milsum, 1965). The membranous tube is filled

with a fluid called endolymph . The mernbranous labyrinth is

submerged in a clear f luid called perilymph contained in

the bony labyrinth in the petrous portion of each temporal

bone.

Each semicircular cai.al completes a hydrodynarnic

circuit through the utric].e to which the three canals on

each side of the head are joined. Each canal completes

about two-thirds of a circle and is interrupted by an

enlarged specialized compartment called the ampulla located

adjacent to the utricle. The ainpulla contains a transverse

6
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Figure 1.2

The figure shows a schematic repre-

sentation of the semicircular canal

sSC , which is a circular , closed ,

membranous tube encased inside rigid

bone. Head angular acceleration

causes the endolymph to flow. This

causes a deflection of the cupula ,

which in turn creates a signal which

passes into the central nervous

system.

—p
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Figure 1.2 The ~~rni ircula r Canal (diagramatic)
(adapted from Melvill Jones and

Milsum , 1965)
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crest called the cri: ,t .i amp u ih ir i s  which contains  a sensory

epitheliuin consisting ot hair ce l l s .  The cupula , a mass of

gelatinous ma te r i a l  which  receives the processes of the hair

cells, covers the crista ampullaris and forms a fluid tight,

elastic valve across the canal in the ampulla. Head angular

acceleration causes the endolymph to flow (in the direction

opposite to the head motion) because of its inertial reaction

which causes a deflection of the cupula. This, in turn ,

bends the hairs and depolarizes the sensory hair cells. This

modulates the discharge rate of action potentials of first—

order vestibular neurons. This signal then passes into the

central nervous system.

When the two lateral semicircular canals are stimulated

(in push-pull) by head angular acceleration , the signals from

them are transmitted to the vestibular nuclei (VN ) through

the non-auditory (vestibular) portion of the VIlIth cranial

nerve (Figure 1.3). From the vestibular nuclei the signal

reaches the octilomotor nucleus III and abducens nucleus vi

(for simplicity these will of ten be lumped together and

referred to simply as the oculomotor nuclei (OMN) ) through

two pathways, one , direct (DIR) and another , indirect, through

the paramedian pontir.e reticular formation (PPRF) . The

signals from the oculomotor nuclei innervate the extraocular

muscles (EOM) ; the medial rectus via the IlIrd nerve and

9

- - --~~~-
-

~~
---

~~~~~
- - V A - - VV



Fi gure 1.3

This f igure shows schematically the

neural signal flow of the vesti—

buloocular reflex (restricted to

che slow—phase , excluding the quick-

phase) in the bilateral push—pull

arrangement. If we view the VOR

as a system, the input to the system

is the head acceleration, while the

output from the system is the eye

position .
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lateral rectus via the VIth nerve . The former pulls the eye

medially, the latter laterally; together , in push—pull , they

effect horizontal eye movements. There is no stretch reflex

in the extraocular muscles and therefore no local feedback

around the eye plant (Keller and Robinson , 1971). A simpli-

fied diagram with two bilateral push-pull elements (canals,

nuclei , fiber tracts and muscles) is shown in Figure 1.3

(Robinson , 1975).

There are crossed inhibitory pathways at, at least,

two levels. Each vestibular nerve inhibits the contralateral

VN (Shimazu and Precht, 1966) and each output of the brain-

stem centers inhibits antagonist motoneurons as well as

exciting agonist motoneurons. The inhibitory signal reinforces

the excitation in a push—pull manner at each level because

it is 180 degrees out of phase with the excitory signal and

is subtracted from it. This is called disinhibition . Thus

each VN cell, for example , is excited from the ipsilateral

canal and disinhibited by the contralateral canal. These

connections do not al ter the basic signal processing and have

been left out for simplicity.

As shown in Figure 1.3 , the left channel and the right

channel of the VOR are exactly symmetrical to each other.

Since both channels have the same input (head acceJeration)

and the same output (eye position ), we have constructed an

H 12 
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equivalent single channel diagram (Figure 1.4) to simplify

the analysis without loss of generality. In Figure 1.4,

the equivalent canal output can go either positive or neg-

ative and the equivalent muscle can push as well as pull.

1.3 The statement of the problem

The slow-phase portion of the VOR has been studied by

many people, and there is a general consensus of how it works

and how it can be represented by a mathematical model. This

will be presented in more detail later, but essentially, the

canals when stimulated by head angular acceleration , produce

a neural signal proportional to head velocity. The velocity

signal is integrated in the pontine reticular formation to

produce a signal proportional to head angular position. This

actuates the eyeball to move in the opposite direction so

that eye angular position is equal but opposite to head

angular position. The velocity signal is also fed directly

to the eye plant to offset  the lag generated by the visco-

elastic nature of the eye plant. Although a few details

remain to be worked out, and there are still problems

associated with specific neuroanatomical connections, the

general signal processing events are fairly well understood

in the modeling of the slow—phase system.

However, the modeling of the quick—phase part is

a different story . As of this writing, very little quantitive

13
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Figure 1.4

This figure shows schematically a

single channel neural signal flow

of the vestibuloocular ref lex

(restricted to the slow-phase

only) equivalent to the bilateral

push-pull arrangement of Figure 1.3.

This is done to simpl i f y  the

analysis without loss of generality .
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descriptions exist as to what determines the time of the

cjuick-phase in i t i a t ion  and the magnitude of a quick-phase ,

and no model has been presented which tries to tie its

elements as closely as possible to establish neurophysiological

resul ts  and tries to evolve its organizat ion on a teleological

basis.

Sugie and Melvill Jones (1971) and Schmid and Lardini (1976)

have proposed VOR models with quick-phases. Their models are

discussed in detail in section 8.4 and compared to 7the present

model but , in general, in one way or another t’iey have proposed

circuits and elements which are contrary to current neurophysi—

ological findings. More important, they do not deal with the

stochastic behavior of the vestibuloocular reflex which is a

major interest in this development. The only stochastic

analysis of which we are aware is that of Cheng (1972 ) who

used the technique of point process analysis to analyze the

time intervals between successive quick—phases. He has

described a simple stochastic model which could simulate

various observed inter-saccadic interval characteristics of

vestibular and optokinetic nystagmus. However, his analysis

is purely statistical in nature and made no attempt to model

the VOR.

The goal of this thesis is to construct a mathematical

model for the VOR which includes quick-phases and which is

as consistent as possible with recent advances in neuro-

physiology . First, it must reasonably simulate the

16
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deterministic characteristics of nystagmus and then include the

stochastic behavior of the VOR nystagi~us by introducing

appropriate random signals at neurophysiologically appropriate

points in the deterministic model. The final model determines

not only when a quick-phase should be triggered , but also

determines where it should carry the eye. 
-.

Experimental data were obtained from a cat rotated by

head velocity steps and sine waves of various amplitudes and

frequencies . These results formed the data base for the

model. The topology of the model was then set up by inference

from a variety of physiological observations and the param-

eters adjusted to give a best match on a digital computer

simulation for the deterministic and stochastic behavior

of the reflex that was experimentally observed.

17
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CHAPTER II

METHODS

2.1 Experimental data

All experimental data used in this research were obtained

from a single cat. Data from cat were readily available

from an ongoing experiment in the laboratory. A fairly

direct inference from cat’s VOR to man ’s can be made because

the reflex is anatomically and physiologically similar for

widely different species.

The fact that the data cane from one cat in :~tead of

many cats presents no disadvantage in th~ . study b i u L e

the main interest is in the topology and phenomer . lugy of

the VOR in general and not in the quantitative L i t i i l s  of

the VOR of any particular species. Nevertheless , i t  was

important to show that the model could be adjusted to

quantitatively fit actual biological data. The data from

one cat formed a self—consistent data base. The data from

a large population of cats wer e  s imp ly not of i t e i~~~ t .

Two types of inputs (head motions) were used. For step

velocity inputs, nominal head velocities of approximately

10, 2i , 4H , and bO dog/sec were used. A l though some si 1’u t

data from input head velocity of 5 deg/sec were available ,

they were too limited to be used for any firm conclusions

but did indicate some trends. For sinusoidal inputs ,

18
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frequencies of 0.05, 0.25, and 1.2 Hz with peak head veloci-

ties ranging from 10 to 30 degisec were used .

2.2 Experimental setup

Cat’s eye movements are measured by techniques originally

developed by Robinson (1963 ) and further ref ined by Fuchs

and Robinson (1966). Brief ly , in this method , a coil of fine

wire , surgically implanted upon the eyeball beneath the bulbar

conjunctiva and recti insertions, is subje’-t to horizontal

and vertically alternating magnetic fields 90° out of phase

with each other. A voltage is induced in the coil which is

a function of the angle between the eye position and magnetic

field . This voltage is phase—detected against both horizontal

and vertical reference voltages , resulting in two d—c voltages

proportional to the horizontal and vertical angles of eye

position.

The technique makes it possible to record eye movements

conveniently and accurately in the experimental animal in

long-term experiments on oculomotor function. The method

has a resolution of 1.5 mm of arc, is linear within 6% of

a full scale of + 20 deg , and possesses a system bandwidth

of 1,000 Hz.

A platform was attached to the cat’s skull by three

stainless steel bolts. The cat was restrained in a close-

f itting box and its head immobilized by fastening the

19 
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platform to a shelf extending from the box. The box was

placed in the magnetic field coil frame which could rotate

in the horizontal plane. Head (frame) angular velocity was

measured by a tachometer generator . Eye velocity was obtained

by differentiating eye position over the bandwidth 0—16 Hz.

All experiments were done in total darkness. Care was taken

to keep the cat alert .

2.3 Theoretical calculation V

The mathematical model formulated in this research was

programmed in FORTRAN IV language . The simulations of the

model here performed by a CDC 6700 digital computer. The

output graphs were plotted by a Calcomp plotter. The

computation interval was fixed at 0.01 sec which is much

smaller than quick-phase durations (which are generally more

than 0.1 sec for the cat) , the periods of input sinusoids

(1.2 Hz, maximum ) and any system time constant (which were

larger than about 0.1 sec).

For the n umerical integration of the d i f fe ren t ia l

equations, all with the form of c(t) = a x ( t )  + b u (t) where

a and b are constants , the time domain solutions were directly

used. At one point a simple version of the predictor-corrector

method for the numerical integration was tried. The two

methods were virtually indistinguishable at the accuracy

relevant to our investigations which is about 0.1 degrees

of eye position.

20



Gaussian random numbers were generated sequentially

by the computer at each computation interval and fed into

the model at specified points after passing through appro—

priate fi l ters to meet the characteristics of randomness

shown by the data (for detail , see section 6.3).
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CHAPTER III

THE COMPENSATORY SLOW-PHASE

3.1 The general description

From the viewpoint of control systems analysis, the

input to the VOR system is the head angular acceleration

H with respect to the environment (specifically, an inertial

reference frame) and the output from the system is the eye

angular position 6 with respect to the head . The receptor

organs of the VOR, which are stimulated by the head acceler-

ation , are the semicircular canals. The effector organ of

the VOR system , which produces the response in the form of

eye position , is the oculomotor plant (OMP) which consists

of the eyeball, the extraocular muscles and associated

suspensory tissues.

The pathway between the receptor and effector organs

consists of two branches, one direct from the vestibular

nuclei to the eye muscle motoneurons and the other through

the paramedian pontine reticular form&V ion (P P P . F ) .

3.2 The semicircular canal*

The semicircular canal (SCC) is considered as a rigid

circular tube with a very small uniform cross-section. Each

canal completes a hydrodynainic circuit through the utricles

(which it shares in common with the other two canals on its

* R e f ( rc~~rt V cs: Melvill Jones , and Milsum , )b5 ; Outerbridge , 1969
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side of the head) with negli gible coupling with the other

canals. The f luid flow wi th in  the canal is laminar because

of the small , smooth bore of the canal. The canal has high

viscous damping as indicated by the small Reynolds number

of the flow. It is common to use lumped analysis and ignore

the flow distribution within the canal. Thus, the fluid is

considered to rotate as a r ing  relative to head .

The following analysis is based on angular rotation of

the canal in a single plane . Consider a counter—clockwise

rotatio~ (defined as the positive direction of rotation) of

the canal and hence the head as described in Figure 1.2. The

damping torque (positive when acting counter—clockwise) Md

on the fluid ring is assumed to be

M
d 

= -bO(F/H) (3.2.1)

where O(F/H) is the angular velocity of the fluid relative

to the head and b is a positive proportionality constant.

Note that O (F/H) is clockwise relative to the head in this

case because of inertial rs~iction . The elastic restoring

torque M on the fluid ring is assumed to be

Me 
= -kO (F/H) (3.2.2)

where O (F/H) is the angular displacement of the fluid relative

- 
p 

to the head and k is a positive proportionality constant.

By Newton ’s second law,

JO(F/ I ) = M
d 

+ M = -bè(F/H) - kO(F/H) (3.2.3)

23
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in which J is the fluid ring moment of inertia and O(F/I)

is the angular  acceleration of the fluid relative to inertial

space. By denoting the angular acceleration of the head

re la t ive  to space by 0(11/I), it follows that

O (F/~ ) = 0(H/I) + 6 (F/H ) ( 3 . 2 . 4 )

Assuming that the cupular deflection relative to the head

O (C/H) is proportional to the angular displacement of the

head relative to fluid 6(11/F),

aO(H/F ) = —aO (F/H) (3.2.5)

where a i~- a positive constant , which reflects the fact that

the area of the canal is not equal to the area of the ampulla.

Substituting (3.2.4) and (3.2.5) into (3.2.3)

Jfl(C/H) + bO(C/H) + ko(C/H) = aJO (H/I) (3.2.6)

Replacing cupular deflection 6 (C/H) by ~ and 6(11/I) by H in

(3.2.6), 
-

J~~+ b i p + k ~p = a J H  (3.2.7)

which is identical with the equation given by Melvill Jones

and Mtlsuxn (1965). It is the same form as the differential

equation for a torsion pendulum which describes the torsional

vibrations of an elastic shaft with a circular rotor rigidly

attached to it. The canal system is probably ten times more

than critically damped .

Since the system represented by (3.2.7) is very over-

damped (b 2 >> Jk) , the transfer function (in Laplace trans-

form notation) of the SCC may be approximated by
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aT [ V

= 

1 2 

(3.2.8)
H(s) (T s + l)(T s + 1)

1 2

where

T (3.2.9)

T

For man T is thought to be about 10 — 16 sec and T about
1 2

0.003 sec. For cat T is found to be about 4 sec and T
1 2

about 0.0015 sec (Melvill Jones and Milsum , 1971). For the

frequency range below 5 Hz corresponding to normal daily

activities, where T s < 1, the transfer function may be
2

further approximated as

aT T
1 2 (3 . 2 . 1 0 )

j
~(s) T 5 + 1

Further , in the range above about 0.05 Hz, where sT > 1

which includes most normal head movements ,

(aT ) 
~

— (3.2.11)
2 S

H(s)

which is a pure integrator with gain (aT).

It follows that in this frequency range ,

~ (t) I H (t)dt H(t) (3.2.12)
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Thus, the output of the SCC is proportional to head velocity

over the range of natural head movements , tN role of Sr ~

being that of an integratng accelerometer or velocity trans-

ducer. Indeed , the experimentally measured firing rate

modulation of primary vestibular afferents is proportional

to head velocity over this frequency range (Fernandez and

Goldberg, 1971).

The gain constants of the internal neural signal proc-

ess ing elements are all , for practical purposes, indeter-

minable because the signals all consist of the firing rates

of large populations of neurons, only a few of which can be

observed at any one time. Only the final overall gain is

important and interior gains may be adjusted arbitrarily so

long as the total gain is kept correct. Thus, the gain of

the transfer function (3.2.10) of the 5CC may be arbitrarily

adjusted so that (3.2.10) will behave like a pure integrator

V with a unity scale factor at midband frequencies. That is,

T is relabeled the cupula long-time constant P and (aT T
1 1 2

is rep laced by T .  It follows from ( 3 . 2 . 1 0)  that

T
C

sT + 1 ( 3 .2 . 1 3 )
H(s) c

which reduces to 1/s for sT > 1. The break frequency for

1/(sT + 1) is about 0.016 Hz with T = 10 sec (for man).
c c

Thus, for all frequencies of normal head rotation above
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0.016 Hz , the canals integrate head acceleration and produce

a signal proportional to head velocity . For cat for which

Tc 
is about 4 sec, the break frequency is about 0.04 Hz.

3.3 The oculomotor plant

The oculomotor plant consists of the eyeball, the extra-

ocular muscles and associated suspensory tissues. The

relationship between eye position 0 in the head and the

discharge rate Re 
of the oculomotor neurons has been found

by recording these variables simultaneously in alert monkeys

( Robinson , l~ 70; Robinson and Keller , 1972). To a first

order approximation,

R k ( O
~

OT
) + rO (3.3. 1)

where 0T 
is the threshold eye angle at which the neuron is

recxuited into activity and k and r are coefficients which

relate R to 0 and 0. One can rearrange the above equation

by redefining Re 
as the change in rate from the baseline

value (
~

kOT
) thus dropping this term out .

Factoring out k ,

R = k ( 0  + ~ 0) ( 3 . 3 .2 )
e k

Th~ s g ives the transfer function (arbitrarily making the

d.c . gain factor unity )

0(s) 
— 

1
R (s) — 

sT + 1 
3.3.3

e e
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where the time constant T , which is r/k , has a neuron
e

pop’ilatiori mean of about 0.2 sec.

There is no stretch reflex in the extraocular muscles

(Kel ler  and Robinson , 1971). This means that there is no

local feedback around the plant which could conceivably

change its transfer function for different eye movement

tasks.

3.4 The central  pathways

From the viewpoint of control systems analysis , the

whole purpose of the VOR is to recover the head angular

position signal by integrating the head angular acceleration

signal with respect to time twice.

The first integration is performed by the SCC. Another

integration is needed somewhere. The oculornotor plant

cannot be an integrator in the bandwidth within which the

VOR works properly (down to 0.02 Hz ) because the plant will

not introduce much phase lag below about 0.8 Hz (for T
e 

= 0.2).

This has been further verified by rotating monkeys sinu-

soidally and measuring the phase shif t between eye position

and the sinusoidally modulated firing rates of ocular moto-

neurons (Skavenski and Robinson, 1973).

The equation R
e 

= k(0 + 0.20) in the last section

suggests two central pathways from the vestibular nuclei VN

to the oculomotor nuclei  OMN . One , a direct pathway with

a pure gain of T
e 

= 0.2, furnishes the 0.20 term (raw
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velocity informat ion)  in the above equation to the OMN. The

other pathway , possibly through the reticular formation,

furnishes the 0 term in the above equation to the OMN af ter

integrating the velocity signal with respect to time. Thus,

this path fulfills the role of the needed second integrator

to make the VOR work. The indirect pathway will thus be

referred to as the neural integrator NI.  The transfer func-

tion of the direct pathway is simply its gain T .  The

transfer function of the indirect pathway NI is assumed to

be a leaky integrator because it is unlikely to be ideal

and there is more direct evidence that it behaves this way.

It is given by

V T
TF(NI) = ______- (3.4.1)

sT + i
n

which approaches a pure integrator 1/s for frequencies

greater than about 0.006 Hz because of its rather large time

constant of about 25 sec (Becker and Klein, 1973).

Thus for normal head movements whose spectral components

lie well above 0.01 Hz, the transfer function for the central

pathways between VN and OMN is

sT + 1
T +

~~~~~- =  
e (3.4.2)

e 5 S
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T~ is conveniently reduces the transfer function

Letween the VN and the eye position to that of a pure inte-

grator as shown below (see Figure 3.1 in the next section):

(T 
T 

~( i 

~ 
(
~
, 

~ \7 1 1
e sT + 1) \sT + 1) \ e sf~sT + 1) 5

(3.4.3)

- n - may interpret the role of the direct pathway as creating

t h e  1~~ ast ~ lead needed to o f f s e t  the phase lag that would

- t  h. rwi~ e be created by the plant.

3~ 5 ~~V [& compensat low-phase model

Putr ing all tN~se elements together , the total transfer

function of the compensatory slow-phase model for frequencies

above 0.006 Hz (~~~rrespondinr~ te P = 25 sec) is

/ T \ / / . sT0 ( s )  2 ( _  (-~ I l \ j  1 \ — 
C

H ( s )  S 

~ 

sT + I ) ‘
~e 

+ 

s) k
s
~
r + 

1) 
— 

sT + 1

(3.5.1)

For freqw’~.cies above 0.01 Hz (corresponding to T = 16 sec),

it fu r the r  simplifies to

= -l ( 3 . 5 . 2 )
11(5,

Equation ( 3 . 5 . 2 )  meets the requirement of the slow—phase

VOR which is to recover , in the opposite direction , the

head angular position sigmii .
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For cat, the cupula time constant of the SCC is

experimentally found to be about 4 sec (Melvill  Jones and

Milsuin , 1971) . This was determined by directly recording

from vestibular neurons. This gives a break-frequency of

about 0.04 Hz for the cat, which is about four times as

high as that of 0.01 Hz, corresponding to P = 16 sec for

man. But it turns out that the VOR works properly at a

frequency lower than 0.04 Hz for cat. According to a recent

investigation (Robinson, 1976) of the Bode diagram of the

VOR of about ten cats tested in the dark , the actual transfer

function between eye position 0 (output) and head position

H (input) is given by

= -(0.9) 
(ST

~
T
~ 1) (5~::~ i)

in which T 12 sec and T 50 sec. The factor sT /(sT + 1)
C a a~ a

was noticed by others (e.g., “ounq , 1969) and appears to

reflect adaptation. This fac tor cannot be the neural integrator

(3.4.1) for the following reason. When quick-phase signals

are added to the slow-phase signal (see Figure 5.1) they

chop up the latter and remove all of its low frequency

components. This means that a poor low frequency response

- I of the NI will not be detected . The chopping action of the

quick-phase pulses makes even a badly leaky integrator look

perfect. Since the effect of sT8/(sT+l) is observable , it

must occur before the site of quick—phase injection and

adaptation is the most likely cause. The break frequency
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- V

of sT ‘(ST + 1) is about 0.003 Hz which is well below the lower
a

frequency limit for proper functioning of the reflex and is also

below the frequency range of interest in this study . Thus,  we

may replace sT /(ST + 1) by unity for our purpose. Equa-

tion (3.5.3) now may be approximated as

_ (0.9)52 
(sT;~ 1 )~~~ 

(3.5.4)

If we identify s2 with the conversion of head position to

head acceleration and 1/s in (3.5.4) with the neural inte-

grator system described in (3.4.3), it appears that

T’
~/(sT -4- 1) must correspond to some sort of equivalent

Scc with an e f fec t ive  time constant of T ’ 12 sec.
C

It follows that there must exist in the brain a compen-

sation process for the SCC represented by a transfer function

G (s) such that
C

s T +  1 
G (s) = 

sT~~+ 1 (3.5.5)

from which we obtain

T~~(sT + 1)
G (s)  = 

T (sT~ + 1) (3 .5 . 6 )

where T
c 
is the experimentally measured cupula time constant

while T is the effec tive time constant for an equivalent

5CC determined from the r e f l ex  response .
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It is unknown where and how the activity corresponding to

L; (s) as q~~~~ V , ~ l v  ( 3 . 5 .~~) [ i ~~ } ‘ n e  I I l Ie} l / 5 L e l e~~i5dlly. Our
C

- i  T 12 i nst e a d  of T 4 is ~urely pragmatic.

The complete ( V r ) m N V r I ~~s 1t orv  slow—phase model is shown in

Figure 3.1, in w h i e h  the reflex gain of 0.9 in the darkness

is inserted between the output of thV effective SCC and the

input of the neural integrator. All an imals have a ref lex

gain less than one in the dark. The reason for this is not

known. The reflex gain is brought up to one in the light

presumably because of the contribution from the smooth

pursuit or optokinetic systems .
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Fi gure 3.1

This figure shows the compensatory

slow-phase model. The SCC is

replaced by the “effective” SCC

which incorporates a compensation

process in the brain for the SCC

to yield a proper reflex time

constant. The reflex gain of

0.9 in the darkness is inserted

between the effective SCC and the

neural integrator.

- - - - - --— r: •V~~~~~~~~~ ~~~~~~- -



~ EE
w c~) cn

0.

-I
ID

— ~0

+ +

+ I
— 

— C C U)
0 — •

>1

0
4.)

U)

II)

A H
0
U

-~~ m

Ii’
~~~~ d

I 
~I ~I ~I
U — •j

- - ~~~~~ _V
VV ~~~~~-V V~~~~~~~V~~~~~~~~~~~ V ~~~~

--— —— ~~~~~~~~~~~~~~~~~~~
- -



CHAPTER IV

THE MODELS OF SACCADES AND QVICK-PHASES

4.1 General description of saccades and quick-phases

Light enters the eye through the lens projecting an

image on a photosensitive sheet called the retina. However ,

the resolving power of the retina is not uniform. To see

an object with best visual acuity one must move his eye to

place its image on a special area in the retina called the

fovea which has a high density of photoreceptors . Target

acquisition in this manner is done with a fast discrete eye

movement called a saccade. The extraocular muscles are

among the fastest in the body and saccades are their fastest
*

product . During a saccade the agonist muscle contracts

almost maximally,  and the antagonist muscle is inhibited

completely. As an example of the speeds involved, a 10

degree human saccade lasts about 45 milliseconds and has a

peak velocity of about 400 deg/sec.

It was qualitatively and quantitatively substantiated

that saccades and vestibular quick—phases are essentially

the same movement , and therefore , probably the product of

the sane neural mechanism. This was done by comparing the

shape of their time courses and the relationship between

the amplitude and duration of saccades and the quick-phases

of vestibular nystagniu s in the alert monkey and showing that
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they are almost the same. The differences were so small

that it seems unnecessary to hypothesize separate circuits

for the two types of rapid eye movements (Ron, Robinson ,

and Skavensky , 1972). It will be shown subsequently that

rapid eye movements are made by cells in the brainstem

called bursters. Such cells burst briefly at high discharge

rates during saccades and quick-phases. No one has ever

reported a cell that burst for one type of movement but not

the other. There is no evidence that these movements are

different and this idea is generally accepted.

Historicall y, the term saccade denotes a rapid eye

movement to a visual target while the term quick-phase

denotes a rapid eye movement made by the VOR even in the

dark. There is the tacit assumption that quite different

central mechanisms are involved although the f inal movement

machinery is the same. That is, no distinction exists between

saccadic and quick-phase signals at the level of the neural

pulse generator (the bursters) to effect rapid eye m ;cment ,

but separa te signals, one for the saccade and the other for

the quick-phase have been assumed to enter this pre-nuclear

pulse generating system. However , vision is not always

necessary for saccades. They are stimulated by auditory and

tactile stimuli as well. It is more general to think of a

saccade as an eye movement to a point in space which may
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contain somethinq of i nt e r u e t .  If that is the case , why

not admit  v est  ibul ir si~~:ials as be ing able to de termine

which point in spac - is of in te res t?  If one is suddenly

rotated , say, to the left , what lies to th~ left is suddenly

of great interest because that is where one is going . Is

the rapid eye movement to the left , which in fact one always

makes, a saccade or a quick—phase? The idea will be proposed

that rapid eye movements are designed to bring the eye to

a point in space of interest and that point can be determined

by any sense modality including vest ibular .  In that sense,

there may not be any distinction between a saccade and a

quick-phase even in the higher centers which control the

pre—nuclear pulse generator .

The most noticeable evenU during a rapid eye movement

is the burst of high frequency discharges seen to occur in

the motoneurons. The discharge rates of the oculomotor

neurons dt.ring a QP are very high and range from 400 to 600

spikes per sec. This drives the eye at velocities up to

700 deg/sec (in man). Cat ’s QP eye velocity is much less

than that of man. For our cat- , it was about 120 deg/sec

for saccades of amplitudes of about 13.5 deg .

Neurons that burst with a high frequency discharge

time—locked with the motoneuron burst, but which are silent

V 
- otherwise , are found throughout the pons (Sparks and Travis,

1971). However , a great concentration of so—called L-ursters
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are seen in the PPRF (Cohen and Ilenn , 1972). They were

recently studied in some detail by Kell -r (1974). Unilateral

lesions of the PPRF abolish ipsilateral saccades while lesions

elsewhere do not. It is difficult to avoid the concliwion

that saccades and quick—phases  are generated by the activity

of the bursters in the PPRF .

The neural  pulse of bursters is very large during a

saccade and zero before and after it , j u s t  like eye velocity.

Therefore , it is assumed that the eye velocity is proportional

to the pulse height (by this is meant the firing rate in

spikes/sec) . That is , the pulse is an eye velocity command .

We must transform the neural eye velocity information (pulse

height) into eye position . Consequently , the signal must be

integrated jus t  l ike the vest ibular  signal. So we use the

simplest path already exis t ing in the slow-phase model. The

consequent arrangement  is shown in Figure 4. 1. The pathway

between the VN and the output of the OMP , that is , the eye

position (as shown in Figure 4 . 1)  is defined for our purpose

as the extended f ina l  common path because it is a common path

for both the SP and QP of nys tagmus .  The neural network

that produces the saccadic pulse is termed the pulse generator

( P G ) .  A neural pulse generated by the PG enters at the VN

and becomes a pulse-step (weighted sum of pulse and step)

at the OMN; the pulse being required to move the eye rapidly
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Figure 4.1

This f igure  shows a conceptual arrangement

for saccade generation . A neural pulse

generated by the pulse generator is

injected at the VN level and processed

( integrated)  through the existing

pathway resulting in a saccade.
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against  orbital  viscous forces and the step to hold tb . new

eye position against elastic restoring forces. The relative

weight between the pulse and step at the OMN is 0.2 and 1.0

respectively, so that their  sum gives the step (after it is

passed through the OMP) which we call a saccade . This is

assured because the equivalent t ransfer  function between

the VN and eye position is 1/s or a pure integrator as

explained in the last chapter on the slow—phase model.

This scheme is generally accepted among oculomotor

neurophysiologists. The question now is: How is the pulse

generated? How is the pulse size made correct for the

desired saccade size? This will  be discussed in the

V following sections.

4.2 Processin9 of information

The problem confronting us is how the burst size is

determined for a given required saccade size. There exist

two fundamentally different views as to what information

the PG uses to generate a saccade (Robinson , 1973; Zee

et al., 1976). The first view is that the saccadic commands

coming to the PG are coded in the distance by which the eye

must be moved. The second view is that the saccadic commands

are coded in the position in the orbit to which the eye must

be brought.
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The former view is illustrated in Figure 4.2. The PG

does not have to know the initial and the final coordinates

of t he- .ye hut rather it has to 1 -eo’jri I ze only the difference

between two points on the retina and then drives the eye

with  a high velocity by a pulse the area of which (pulse

height times pulse duration) is equal to the retinal differ-

ence. This view is called a retinotopic organization

because calculations are presumed to be made only in a

retinal coordinate system.

The latter view is shown in Figure 4.3. Based on the

coordinates of the eye position at the beginning of a saccade

V and the coordinate of eye position that is desired , the pulse

generator (a negative feedback system) drives the eye with

a high velocity unt i l  it reaches its goal. This is called

a spatially organized system because the main signals are

specified in a head—coordinate reference frame. The former

hypothesis superficially appears to be simplest but only

because it glosses over many of the details. It is inherent

so far in most control systems models of saccadic eye move—

ments (Young and Stark , 1963; Robinson, 1973).

However , we know that the brain makes saccades when

there is no retinal error . For example, we make saccades

in the dark to tactile and auditory st imuli  without any

retinal error . As another example , if a point source of
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Fi gure 4 . 2

This f igure shows the outline of the

control scheme for ret inotopic

organization, in which the saccadic

commands (neural pulses) are coded

in distance (the difference between

two points on the retina ) by which

the eye must be moved.
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Figure 4.3

This f igure outlines the scheme for

spatial organization, in which the

saccadic commands are coded in the

position in the orbit to which the

eye must be brought.
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light is briefly flashed on the fovea of an e y - movin (J

during a saccade , the subject, whe. has been told to track

the target , makes another saccade back to the light source

from the end point of the first saccade even though the

retinal error  was zero at the time of the flash (Hallet and

Lightstone , 1976). This is possible only if the subject

could know the position of the target at the time of the

flash in space rather than on the retina.

In retinotopic organization , the saccade is assumed to

be bal l is t ic  or preprogrammed . That is , the product of the

amplitude and duration of the pulse (which is equal to the

magnitude of the saccade) is determined before it begins

and thus cannot be modified in midflight once it has started.

However , it was discovered that patients who made abnormally

slow saccades could interrupt a saccade in rnidflight to

ae~~uire a new target (Zee et al., 1976). This cast consid-

erable doubt on the idea that saccades are preprogrammed .

For these reasons, we have adopted in our model the

spatial organization of saccades in which the brain computes

the position of the target (or the position where the eye

wants to go) in head coordinates and then simply drives the

eye rapidly towards the target (or its goal) until it gets

there.
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The brain could moni tor the eye position in the head

either by using an “efference copy~’ of the eye position

derived from internally monitored commands to the OMN or by

using direct af fe rent information f rom extraocular muscle

spindles and other sensory receptors. Most studies (e.g.,

Skavenski et al., 1972) suggest efference copy is used to

compute the location of seen objects in head coordinates.

Thus , in our model , the eye position in head coordinates is

obtained from the efference copy (O~ in Figure 4. 1)  for

the purpose of saccadic pulse generation .

4.3 Control scheme for the pulse generator

We want a mode of control which drives the eye as

rapidly as possible to the poin t where it wants to go from

the point where it is now based on the nowledge of the

coordinates of both points in the head—coordinate frame .

A classic mode of a control system which performs this

kind of function is the bang-bang control system. We use

a modified version of it to match the behavior of our cat as

shown in Figure 4.4. It consists of a simple negative

feedback system designed to drive error signal to a null.

Its forward path contains a hi gh-gain saturat ing ampl i f ier .

The reference input C( t) to the system is the target position

or the point in space where the eye wants to go. The out-

put of the amplifier is Integrated by the NI whose output
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Figure 4 .4

This is a bang-bang control system

with high-gain amplifier  modified

for our purpose f rom the standard

form. The reference input C(t) is

the target position . The control

system dr ives the e f f erence copy

O (t )  of the eye position to the

target position C ( t) by means of

feedback control.
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Figure 4.4 Modified Bang-Bang Control System
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becomes the efference copy of the eye position . It follows

that the output of the ampl i f ier  must be proportional to

the eye velocity . For this  reason , the output of the ampli-

fier is sometimes referred to as the velocity command . The

efference copy 0 (t) is fed back to the input to produce

the error signal 1~O(t) which is the difference between the

target position C ( t )  and the eye position copy 6 ( t ) .  When

the eye position catches up with the target position , the

error signal is reduced to ze ro and , consequently , the

velocity command vanishes.

The high-gain amplifier in Figure 4 . 4  has inf in i te

gain at ~e 0 so the system as shown would be unstable.

At the end of one quick-phase it could jump to the opposite

limb of P (~ O) and so start oscillating. In order to stop

this, we have to construct some associated gating circuitry .

This wil l  be done in the next section .

Also the shape of the amplifier curve P ( t ~.O) must be

chosen in such a way that amplitude and duration of quick-

phases generated by the model are compatible with those of

the cat. The method of determining this curve is also given

in the next section.
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4.4  The description of the quick-phase generation mechanism

The proposed mechanism of quick-phase gcr.erat ion is

shown in more detail in Figure 4 .5 .  The trigger signal which

initiates a quick-phase is called the “WHEN signal.” The

trigger signal is assumed to be discrete. The continuous

signal which represents the target position C(t) where the

eye should be driven is called the “WHERE signal.”

Referring to Figure 4 .5 , a discrete WHEN signal actuates

the OR-gate , thus closing the switch s which starts the

quick—phase. Once a quick-phase is initiated , a branch of

the output P ( t )  of the ampl i f ie r  is channeled back to the

OR—gate so that , even a f t e r  the WHEN signal (being a discrete

trigger signa l by assumption) disappears , the OR-gate is

kept activated as long as the output of the amplifier persists

at non—zero values. If , during a quick-phase , the efference

copy 8 (t )  matches the WHERE signal C ( t ) ,  thus making ~O = 0,

the output of the amplifier f i rs t  becomes zero which in turn

opens the switch s by deactivating the OR-gate . This makes
2

the QP timing autonomous. Once started , it runs its course

to completion, independent of the WHEN signal.

The expanded view of the modified version of the high-

gain amplifier as used in Figure 4.5 is shown in Figure 4.6.

It has a built-in arrangement to prevent the oscillation

which would otherwise be induced because in digital simula-

tion the last increment of input reaching the origin from

53



Figure 4.5

This figure shows the outline of the

quick—phase generation mechanism. A

discrete WHEN signal closes the switch

s through the OR-gate. Once s is
2 2

closed , it remains closed by the output

P(t) of the amplifier through the OR-

gate until the efference copy O (t) of

the eye position matches the WHERE

signal C(t) which is the target position .

-‘- - -V..
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Fi gure 4.6

This is the expanded view of the high-

gain amplifier used in Figure 4.5. For

positive t~O [where t~() = C(t) —

the upper half of the figure denoted

by P~~(AO ) is used. For negative AO ,

the lower half of the figure denoted

by P (AB) is used . This arrangement

pertains only to our computer

simulation in order to eliminate the

oscillation at ~O 0.
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one side of the input axis generally overshoots s l ight ly

into the region with the opposite sign.

The high-gain amplifier in Figure 4.6 is broken up into

two curves: P~~(i~Q) and P ( t ~6 ) .  If AO > 0 when a quick-phase

is triggered , the model picks the P~~(~ O) curve. If AO < 0

when a quick—phase is triggered , the model picks the P ( L ~O)

curve . This arrangement pertains only to our computer

simulation. Just how the brain might handle this problem

is unknown.

The quick—phase generation mechanism works in the

following way. Suppose the head is turning to the right .

The error angle from the eye position to the place where

it wants to go by a quick-phase would be positive, or in

this case ~O = C(t) — O ( t )  > 0. So, the upper half  of

Figure 4.6 applies for quick-phase pulse generation caused

by the right turn head motion. Note that, in this case ,

once a quick-phase is initiated by a positive LIO , the quick-

phase wil l  be terminated even if txO overshoots to the

negative region af ter  crossing the origin from the right

because the output P U ~O) of the ampl i f i e r  is zero for AO < 0

in the upper half of Figure 4.6, thus preventing the oscil-

lations. For the left turn head motion, the error angle

is negative or ~O < 0. So, for the quick—phase pulse gen—

— - eration, the lower left half of Figure 4.6 is used in an
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exactly opposite way from the case for that caused by the

right turn head motion. The upper and lower halves correspond

to two unidirectional pulse generators in each half of

the pons.

The logic which determines the WHEN signals and the

WHERE signals , that is , the timings and the amplitudes of

quick-phase, is the central problem of this thesis and will

be discussed in detail in the next chapter.

The next step is to determine the input—output relation-

ship P (t~O) of the amplifier in order to generate saccades with

appropriate velocities for the cat. In general, P(A0)

increases with 1~O to reflect the physiological observation

that large saccades have a higher velocity than small saccades.

Let the input to the ampl if ier be denoted by t~O(t). Note that

t~8(t) = C(t) — O (t) (4.4.1)

For the steady state response of the step input head velocity ,

C(t) changes only slowly compared to the rapidity of quick—

phases. Therefore, it follows that

/ 1 ( t )  —‘ (t) (4.4.2)

Since ~
) (t) is the approximate input to the neural integrator ,

it must be approximately equal to the output P(t) of the

amplifier because during the quick-phase the only input to

the neural integrator is the output from the amplifier. It

follows that
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P(AO(t)) ~Y(t) —t1O(t) (4.4.3)

The actual curve P(i~O) is smooth; that is, it has a contin-

uous derivative (see Zee et al., 1976: Keller , 1974) hut

d straight line segment approximation is adequate. In fact,

because this model is only concerned with QP’s as events

and is not concerned with great accuracy concerning intra—

saccadic dynamics , we shall assume a simple linear relation-

ship between the input and the output of the amplifier (shown

in Figure 4.7 for ~8 > 0) in the form of

P~~(L~8) = a~ O + b for ~O > 0 (4.4.4)

p (i~e) = aLSO — b for ~O < 0 (4.4.5)

Equation (4 .4 . 4) ,  using (4 .4 .3) , may be expressed as

t~O(t) = —aAO (t) — b ( 4 . 4 . 6 )

The solution of (4.4.6) is

t

/~O (t) = e~~
tL~U (O) + e

_ t T )
(_b)dT (4.4.7)

0

or 

AO (t) = e~~
tAO (O) - (1 - e

_at
) = e

_a
t(~O (G) +

(4.4.8)

We want to determine the value of a knowing AO(0) at the

beginning t = 0 of the quick-phase , AO (tQ) at the end t = t
Q

of the quick—phase and the intercept point b of P~~(AO) with

the output axis in Figure 4.7.  The lowest quick—phase
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Figure 4.7

This is the model used to determine

the equation for the bang-bang

amplifier ( for t~O > 0). The figure

describes the case for right turn

head motion in which ~O > 0. The

problem is to determine the slope , a,

and the intercept point b for the

equation P~~(~~O) = aAO + b which

describes the ir~put-output

relationship of the bang-bang

amplif ier .
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Figure 4.7 Model Used to Determine the Equation for the
Bang—Bang Amplifier (for ~O > 0)
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velocity from our cat is 40.5 deg/sec corresponding to the

slow-phase velocity of 3.6 deg/sec. Thus, we chose the value

of 40 for b. The largest mean quick-phase amplitude in this

study (for the highest mean input head velocity of 60.6 deg/sec)

is 13.5 deg with the mean quick-phase duration of 0.115 sec.

The quick—phase duration of 0.115 sec for a 13.5 deg rapid eye

movement also coincides with the results obtained on the

cat’s saccadic amplitude - duration relationship (an unpub-

lished observation by D. A. Robinson).

Substituting L x O ( O)  = 13.5, L~O (t) = AO(tQ
) 01 t = t

Q 
=

0.115 and b = 40 in (4.4.8), we have

0 = e
_a
~~~

llS) 
(13.5 + ~~~~~

- ) — 
~~~~~ (4.4.9)

Solving (4.4.10) for a (ny trial and error) we obtain

a 16.2. It follows from (4.4.4) and (4.4.5) that

P~~(A6 ) = 16.2 AO + 40 (4.4.10)

and similarly for P (AO ) .

This model will now automatically generate cat saccades

which have roughly the correct amplitude - duration and

amplitude - velocity relationship for saccades of all sizes.
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CHAPTER V

THE INTEGRATED MODEL OF TH E SLOW-PHASE AND THE QUICK-PHASE

5.1 The outline of the integrated model

The first attempt to integrate the slow-phase and the

quick-phase models is made simply by summing the output ~(t)

of the SCC and the output P(t) of the NPG as shown concep-

tually in Figure 5.1. This idea conforms with the observed

modulation of saccade velocity during head movement in a

study of monkey head—eye coordination (Morasso , et a l . ,  1973) .

However , in those studies it is the case that for monkey

P(t) >>

But cat behaves differently . For our cat, which was

typical, the quick-phase or saccade eye velocity for ampli-

tudes of 13 deg is about 120 deg/sec compared with about

850 deg/sec for monkey (Fuchs and Luschei, 1970). The

arrangement of Figure 5.1 would work so long as P(t) is —

always much greater than c1~~(t ) . However , if P(t) is near

or less than ~ (t) there is trouble. Suppose , for instance ,

P(t) = 60 deg/sec and f (t) ~
- 80 deg/sec. The arrangement

would not function properly ~ecause the eye would still be

moving in the direction of the slow—phase instead of the

quick—phase while the neural pulse was being generated by

the NPG for a quick-phase . Thus, a proper quick-phase could

not occur , contrary to fact. This raises a question as to
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Figure 5.1

This figure depicts the hypothesis

that SP and QP commands linearly

susunate . This hypothesis is rejected

because it contradicts existing

evidence and leads to contradictions

V when the output of the neural pulse

generator is near or less than the

output of the SCC.
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THE E X T E N D E D  FINAL COMMON PATH

H SCC

J 

N I  

f O MP ~~ 

/

8’(t)

[ NPG
1

Fi gure 5.1 The Hypothesis that Integration of SP and QP
Commands Linearly Suinmate. (To be rejected)
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whether the output from the SCC -;iie uid he suppressed from

entering the extended f i n a l  common 1 - ~i t h  (Figure 5.1)

during quick-phases.

For example as supporting evidence , many cells in the

ve3tibular nucleus which fire with a rate proportional to

head velocity (the ~ (t) signal) pause during all quick-phases

(Fuchs and Kimm , 1975). This is neural evidence that the

vestibular signal is suppzessed during 4uick—phases. Further—

more s a recent study (Jiirgens and Becker 1975) indicates that

the hypothesis of a linear addition of saccades and pursuit

eye movements does not work . That is, the smooth pursuit

signal did not appear to continue during a saccade and

therefore , did not appear to be simply added or subtracted

from the saccadic signal . Using these f indings as supporting

evidence for suppressing the slow-phase signal during quick—

phases , our model implements this by introducing a switch s

at the output of the SCC as shown in Figure 5 .2 .  s is

closed during siow-i~ha~ - -s and oi~~n during quick—phases. With

this arrangement the input to the extended final common path

is the signal from the SCC only during slow-phases and the

signal from the NPG only during quick-phases.

Incorporating Figure 5 .2  with Figure 4 .5 , we obtain

Figure  5 .3  which re~-~ e~~~n t s  the outl ine of the integrated

model. The rol .- o.c the AND-gate is to assure a reaction
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Figure 5.2

This figure depicts the hypothesis

that the canal signal is suppressed

by quick-phases. The switch s is

closed for slow—phases and open for

quick-phases thus making the output

from the neural pulse generator the

only input to the extended final

common path during quick-phases.

This arrangement is adopted in this

study.
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I I S i
scc I TO THE EXTENDED

I ] 

FINAL C O M M O N  PATH

P ( t )

N PG

S 1: CLOSED FOR SLOW— PHASES
OPEN FO R QUICK—PHASES

--

Figure 5.2 The Hypothesis that the (anal Signal is
Suppressed by Quick-Phases. (This scheme
is used in this study)

I
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Figure 5.3

This f igure  shows the outline of the

integrated model which is achieved by

incorporating Figure 5.2 with Figure 4.5.

Since s is open and s is closed , the -

1 2

system is undergoing a quick-phase.

One of the inputs to the AND-gate

labeled as “50 milliseconds refractory

V 

period” assures that a period of

50 milliseconds must pass before another

quick-phase can be made.
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V i~(s) 
SCC 

~ ( t )  

~~~~~~~~~~~

P~ (t~e)

_______________ 
8’(t)

P (i~ 9)

bOm s IR E F RACTO R Y PE RIOD

(DIS CR ETE TRIGGER SIGNAL )

- - -V--V- -I

C (i) + -

WHERE SIGNAL
(THOUGHT OF AS CONTINUOUS SIGNAL )

Figure 5.3 Outline of the Integrated Model
(s and s in QP Mode)

1 2
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time of 50 milliseconds (called the ref ractory per iod) for

the brain before making another quick—phase . it is a well—

known fact that after one s~ ccade , a period of around 200

milliseconds must pass before another saccade can be made .

This rule also seems to apply to QP’ s with 50 milliseconds

instead of 200 milliseconds. This choice of 50 milliseconds

will be justified in Section 7.4. Thus, the AND—gate dis-

regards the WHEN signal unless 50 milliseconds has elapsed

from the end of the previous quick-phase.

Next, we consider the WHEN signal and the WHERE signal.

As mentioned before , the WHEN signals are di screte tr igger

signals which initiate quick-phases, while the WHERE signal

is thought of as a continuous signal which represents the

target position of where the eye wants to go. The WHERE

signal is the output of a system to be determined in detail

in a later section. For the moment, we want to see how these

signals shape the pattern of nystagmus.

For rotatory nystagmus the WHERE curve may be thought

of conceptually as a smooth curve which contains the end-

points of all quick-phases as shown schematically in Fig-

ure 5.4A. Since the WHEN signal terminates a slow-phase and

initiates a quick—phase , for each WHEN signal there is a

corresponding eye position which is the end-point of a slow-

phase. It is useful to imagine a WHEN curve also as a
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4

Fi gure 5.4A

This f igu re  shows a typical VOR

response from our cat for step

head input velocity of about

60 dog/sec. The WHEN signals

and the WHERE signals are thought

of as continuous curves that are

sampled by the occurrence of a QP.

The WHERE curve c ( t)  is divided

into two parts : th~ deterministic

part C(t), equal to the mean value

of C(t), and noisy part n(t) with

zero mean . Similar considerations

apply for the WHEN curve .

- V 
7
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continuous signal. Whenever the cVye reaches it, a quick—

phase is t r iggered. Consequen t ly ,  i t  :un~~~ ns the end—points

of all the slow-phases as shown in 1 i , ; u r ,  5 . 4 A .  The WHEN

signal is the output of another system to be determined in

a later section. The typical appearances of the WHERE curve

and the WHEN curve are simi lar to those shown in Figure 5.4A,

which is a typical VOR response from our cat for the step

head input velocity of about 60 deg/sec , the highest value

we have used . Actual responses from our cat for this input

velocity are shown in Figures 5.413, 5.4C, 5.4D, 5.4E, and

5.4F.

The WHERE and WHEN curves are internal signals which

cannot be observed as continuous signals. However , each

time a quick—phase occurs, tnese signals are made explicit.

Thus, experimentally we observe them as sampled signals

indicated by the dots in Figure 5 .4A.

These signals are obviously noisy. When head velocity

is constant, however , nystagmu~ is more or less in a steady

state. In this situation we can divide these signals into

their mean value (determin istic part) and a noisy part which

has zero mean value . Thus, the curve C(t) can be divided into

.. . C (t) C(t) f n(t) (5.1.1)

where C ( t )  is the de terminis t ic  WHERE curve and n ( t )  is the

S 
noise, (Figure 5.4A). Similar considerations apply for the

WHE N curve.
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Figures: 5.4B, 5.4C, 5.40, 5.4E and 5.4F

These figures show more VOR responses from

our cat for step head input velocity of

about 60 deg/sec. Figures 5.4B and 5.4E

show the responses from lef t turn head

motion , while Figures 5.4C, 5.4D, and 5.4F

show the responses f rom right turn head

motion. Note that variations in the QP

end-points (WHERE the eye is going) are

considerably less than the va riations

in the SP end-points (WHEN the QP is

initiated).

S 
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*
5.2 The contours of the deterministic WHEN curve and WHERE

curve

Referring to Figure 5.4 in the last section , the most

striking aspect of the nystagmus pattern is that the mean

eye position of our cat at the conclusion of quick-phases

in the steady state is shifted well into the direction of

the head rotation. Earlier experiments with hunian subjects

demonstrated that when a subject in the dark is rotated (say

to the right), quick—phases drive the eye in the direction

of turning (to the right in this case) (Melvill Jones, 1964).

This observation supports the idea mentioned in section 4.1

that the purpose of a quick-phase is not simply to reset the

eye after a slow—phase but to allow a subject to see where

he is going by turning the eye to look in that direction .

Thus, a quick—phase is an active thing seeking new visual

information which lies , of course, in the direction in which

one is turning.

Our cat’s data show that for various step input head

velocities the eye makes quick-phases in the direction of

the head motion by about 12 degrees. Since the limit of the

cat’s eye movement range is only 20 degrees, it is clear

that even at moderate head velocities , the cat is looking

ahead almost as far as it can. From this, one can make

several observations about the WHERE curve C(t). First , it

obviously must be derived from the canal signal 4 (t) since
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in the dark that is the only signa l wh i ch informs the brain

that rotation is taking place. Second , it should promptly

call for an eye position in the direction of turning and,

finally, since the range of eye position is limited , one

might expect an early saturation effect by which C(t) stops

increasing as H continues to increase .

Thus, during each nystagmus beat, the WHERE curve is

the “center of interest” or the place where the eye is

purposefully driven by quick-phases. Once there, the slow-

phase maintains the visual axis at that point in space in

search of new information . This requires a certain minimwn

amount of time for visual processing (at least 50 milliseconds)

but beyond that the gap between the position of the eye and

the “center of interest” C (t) is widening and eventually,

probably by some sort of threshold phenomenon , the eye is

released and is then quickly returned to C(t) in search of

new visual information .

1~s we can observe in Figure 5.4A , the steady state

deterministic WHEN curve from our cat seems to be shifted

by a constant amount Q in the direction of the slow—phase

eye motion from the steady statc deterministic WHERE curve

in such a way that the deterministic WHEN curve appears to

approximately coincide with the zero degree line. This

suggests that the difference between 0(t) and C(t) is the

a critical parameter which triggers a quick—phase.
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Another observation supports the idea that the quick-

phase is an active goal-seeking process. Even casual

inspection of Figure 5.4 shows that the noise on the WHERE

curve is about half of that on the WHEN curve (analysis of

the data is given in Chapter 6). This suggests from the

systems control viewpoint that the WHERE curve is considered

to be more important than the WHEN curve and the system

might be organized purposely to effect more control (less

noise) over the former than the latter.

5.3 The model of the deterministic ;Th-IERE curve

A set of the VOR responses from our cat for step input

head velocity of about 60 deg/sec is shown in Figures 5.4B,

5.4C, 5.40, 5.4E and 5.4F. The head velocity of 60 deg/sec

is selected for the model because the higher the input

velocity the more frequent and uniformly spaced are the quick-

phases. The step responses of the deterministic WHERE

curves are drawn for best fits based on visual inspection .

Unfortunately, the sampling rate is still not very high and

one has difficulty in determining any details in the shape

of any early transients. However, by running each test

several times one can observe ensembles of responses and

make a better estimate, but still the fitting process is all

based on visual inspection. Idealized deterministic curves
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are shown in Figure 5.5 for a right turn head motion and in

Figure 5.6 for a left turn head motion. The step response

of the deterministic WHERE curve C (t ) seems to consist of

two parts. The first part is the portion which appears to

be a response of a first—order lag system (time constant,

T
L
) to a step input with steady state response magnitude f

0
.

The second part is the portion represented by a step function

with magnitude g
0
.

As already mentioned, we must use ~ (t) as the input

signal from which C (t) is generated. In fact, since the

compensatory slow—phase model is a second order linear system,

the velocity signal and the position signal are the state

variables of the system. We have already used the latter

in the bang-bang controller. Consequently, the use of 4 (t),

the velocity signal , as the other input to the mechanism of

the neural pulse generation seems appropriate simply from a

system engineering viewpoint.

For each nominal intended head input velocity !~~~‘ the

mean values of actual input head velocity H, the slow-phase

eye velocity O
s’ 

and the time constant T
L 
of the first—order

lag system as well as f
0 

and g
0 
are determined from our cat’s

analogue data. The results are shown in Table 5.1. H is the

actual head input velocity recorded in the VOR analogue data.

H is not identical to H0 because the apparatus used for our
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Figures 5.5 and 5.6

These figures show deterministic WHERE

and WHEN curves for step input head

velocity for the right turn head motion

(Figure 5.5) and for the left turn

head motion (Figure 5.6).
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experiment is a hand-operated instrument without a feedback

arrangement. 0 is the mean slow-phase eye velocity in deg/

sec obtained by dividing the mean of all slow-phase magni-

tudes of several runs for a given H by the mean of all slow—

phase durations of the same several runs for the same H. T
L

is the time constant of the first-order system determined by

visual inspection based on the fact that, in the step response

of the first—order lag system , the initial slope line crosses

the steady state response position one time constant later

(as shc~~’ i.n Figure 5.5).

Table 5.1

H 0 gain g
0 

f
0 

C
0 

T
L

deg/sec deg/sec deg/sec (0 /H) deg deg deg sec

10 10.0 8.9 0.890 4.2 9.5 13.7 0.9

20 23.4 21.0 0.897 4 . 2  10.3 14.5 0.8

40 42.0 30.8 0. 733  3.6 11.9 15.5 0.4

60 60.6 46.5 0.767 2.3 13.0 15.3 0.3

All values are mean values of about seven runs

for each nominal head velocity with standard

deviations ranging from 30% to 50% of their

values. The symbols used in this table are

defined and explained elsewhere in this

section (5.3).
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There were about seven runs for each nominal head

velocity, with each run lasting about 6 seconds, which is

about one half of the effective time constant T for cat.
C

The values listed in Table 5.1 have standard deviations

ranging from 30% to 50%.

The values from our cat of f
0
, g

0
, C

0 
= + and T

are plotted in Figure 5.7 as a function of 
~~~~~

. apparently,

f
0 
and g

0 
reach constant saturation values above 0~ 9 ieq/sec.

The mean value of the gain 0 /I-I is 0.82. This is somewhat

smaller than the VOR reflex gain of 0.9 which is adopted in

our model (see section 3.5) but is within the normal range for

cat.

The values used in the model for f
0 
and g

0 
are picked

in consideration of responses with step and sinusoidal inputs

in both deterministic and stochastic modes.

Table 5.1 gives no information in the range of eye

velocit;- below 8.9 deg/sec. Details in this range are left

to a consideration of sinusoidal responses which contain

such low velocities. To implement the decrease of T
L 
as 0

increases , we have incorporated a special scheme in our

model to be discussed shortly.

Next, we derive the equation by which C(t) may be gen-

erated from ~(t) (which is proportional to B ). The deter-

ministic WHERE curve C(t) may be viewed as the sum of two

functions, one denoted by f(t) which appears to be the response
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Figure 5.7

This figure shows the plot of f
0
, g

0
,

C
0
, and T

L 
as functions of the slow—

phase eye velocity 0 For the meanings

of f
0
, g

0
, C

0
, and T

L 
refer to Figures 5.5

and 5.6. Our model assumes that f
0
, g

0
,

and C
0 

= f
0 

+ g
0 
are constants, while

the time constant of the first—order lag

system, decreases as the input head

velocity and , hence, the slow—phase eye

velocity increases.
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of a first—order ~;ystem t .  a I p  i~~1u t , and the other denoted

by g(t) which may be considered as a step function. That is,

C(t) = f(t) + q(t) (5.3.1)

From Figure 5.5, f(t) is in the form

f(t) = fo(l 
_ e L) (5.3.2)

with the time constant T
L 

(which we assume to be constant

for the moment). Then, g(t) has a constant value g0 
or

g(t) = g
0 

(5.3.3)

We note that for t >> T

C(t) f
0 

+ g
0 

= (5.3.4)

Thus, the transfer function between f(t) and c~(t) is

in the form of

!Ss~_ .  0
•(s) sT

L
+ l

with the gain G. The differential equation corresponding

to 5.3.5 with zero initial condition is

f(t) = - f(t) + ~ (t) (5.3.6)

The solution of (5.3.6) is given by

f(t) = 

~~~~~ (t - t0
) f - (t - T )  

~ (t)dT

0 (5.3.7)
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If we assume for a step response that 41(1) is approximately

a constant denoted by 41, then (5.3.7) reduces, with t, = 0

and f(t
0
) = 0, to

/ t

I T~
f(t) = G411

\
l - e (5.3.8)

which is the same as (5.3.2) with G41 = f
0
.

For the purpose of further analysis and computer simu-

lation we want to put this into a time discrete form. Con-

sider periodic sampling every T seconds or at t = kT for

k = 0, 1, 2 In (5.3.7), let t = (k +l)T an. to 
= kT

Then,
(k + l)T

-~~~-T -~~ —- Kk + l)T-T)

f[(k + l)T] = e 
L 

f(kT) + 

kT 

L 
~~

.— 
~~~~~~

(5. 3.9)

If we assume in (5.3.9) that

41(1) 41(kT) for kT < I < (k + 1)1 (5.3.10)

Then

1 1
-~~ -T ( -~~~~ T

’

\

~k+l 
= e L 

~k 
+ G t

\

l - e )41k 
(5.3.11)

in which, for simplification

1
k+l 

= f[(k + l)T]

= f(kT)

= 41(kT) (5.3 .12)

I
94

I

~ 

—w- ~~. - .. ,-.



a 
are used. (5.3.11) is the discrete equation corresponding

to (5.3.7).

Now it is necessary to deal with this system ’s non—

linearities. First , f
0 

reaches a saturation value at

41 9 deg/sec. Second , TL 
decreases a~; ~ increases from

0.9 seconds at 41 9 deg/sec to 0.3 seconds at 41 46.5 deg/sec.

To model these characteristics , the arrangement as shown in

Figure 5.8 is adopted for the generation of the deterministic

WHERE curve. The upper channel corresponds to 5.3.11 if the

non-linear limiter is short-circuited . The limiter clips

the output at + f(f > 0) if the input to the limiter

exceeds the bounds +f. A possible danger with the type of

system in which a first-order laj is simply followed by a

limiter is that some internal variable such as in (5.3.11)

should not be allowed to become large compared with f for

then , when input ~ and , I n , G suddenly drops back to zero,

the system will momentarily hang-up in saturation until

has time to drop below f~ due to the effect corresponding

to the first term of (5.3.7), unless properly handled.

Thus , system dynamics must be removed when it is in

saturation and this is guaranteed by the location of the non—

linearity within the feedback loop in Figure 5.8. Thus, if

the system is in saturation (for 41 > 0) but G41k falls  back

within the bounds +f~ of the limiter, the output ~k+l 
also
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Figure 5.8

This figure shows a mathematical scheme

to generate the deterministic WHERE curve.

The upper branch creates the portion

of the deterministic WHERE curve which

is the output of the first—order system

to a step head velocity . The lower

branch creates the step portion of the

curve. With this arrangement, if the

output is in saturation (+f’) ,  and if

the input falls in such a way as to make

G41k 
fall within the bounds ±~ 

of the

limiter, the output also starts

falling immediately. This is illustrated

at point a. Also with this scheme,

the effective time constant T
L 
of the

system decreases as the input 41 increases,

d~ie to the increasing clipping action of

the limiter.
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starts to fall at once. This follows from the fact that, if

one assumes in (5 .3 . 11)  that  U’ and <- U’, then it

can be shown that < 1 ’, that is , the output is

decreasing.

However, the main point ef the l imi te r  in the upper

channel is tha t  it eau ~~ ”; th e e f f e c t i v e  “time constant” to

dec rease ~~~~; t i n  i npu t  ‘ 1n ~~t e~~~ es due to the increasingly

e a r l ier  c l i p p in i .j c t ic r i  t th ’  l i m i t e r .  For reasons discussed

I = 1 1 ~~~~ • - I ~ I I I  • , t iv l-j.

‘ I i .  1 4 -  r v1 ann~- 1 f FI ~~ U I  e 5. H is ~;~~l f — x~~lanatory ,

con s i s t i n g  solely  of •~ r n r - l i r I dr  l imi te r  wi th  g = g
0 

= 1.0

corresponding to ( 5 . 3 . 3 ) .  For < g ,  = 41k rn For

~ g ,  
~k+1 

g .  For 
~k 

—q~~ , ~~~~ = — g .

F ina l l y ,  Ck+l ~k+1 
+ is equivalent to C ( t ) ,  the

determinis t ic  WHE RE curve . Referr ing to Figure 5 .8 , we note

that

max = m a c  1k+l + max U’ + g ’ (5.3 . 13)

5.4 The WHEN curve

Our cat’s VOR responses from various step input head

velocities indicate that the steady state deterministic

WHEN curve D
0 
coincides approximately with the zero degree

line (Primary position). For > 30 deg/sec, this requires

a threshold vnlue Q of 12 deg which also gives an acceptable

quick—phase frequency from the model. Our data also shows

I:
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that at 10 we need Q 6 to match the quick—phase

frequency of our model with that of our cat. Since we

want for the step input of 41 10 (with 41 being the SCC

output signal) to coincide with the zero degree line, the

magnitude of the steady state WHERE curve must be equal

to six, that is 1C01 Q = 6. Since C
~ 

= G41 + g, we set

G 41 1 + 1 = lOG + 1 = 6 (5.4.1)

in which G is the gain of the transfer function 5.3.5.

From 5.4.1, we obtain G = 0 .5 .

Next, we want to find 1411 at which the deterministic

WHERE curve saturates. For this purpose, since 41 would be

greater than one, we set

G 1 41 1 + 1 = 0 . 5 14 1 1  + 1 = 12 (5.4.2)

from which we obtain 141 1 = 22. Thus, we make Q = 12 for

41! > 22. For 10 < 41! < 22, we set Q = 0.51411 + 1. This

will make the line coincide with the zero degree line for

any step input head velocity which results in 1 41 1 > 10 with
the understanding that 1411 IO U,! because O~ = 0.941 as a

result of the reflex gain.

For 0 < 1 411 < 10, we do not have data to determine the

value of Q for this region. However, the simulation of our

model indicates that a constant value of Q = 6 for this

region yields accsptable sinusoidal response for the test

frequencies of 0.05, 0.25, and 1.2 Hz, with peak velocities
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of 10, 20, and 30 deg/sec. For this reason, we have adopted

Q = 6 for 0 < 41 < 10. The summary is given below:

Q = 12 for 141 1 > 22

Q = 0.5~ 41~ + 1 for 22 > 141 1 > 10 (5.4.3)

Q = 6 for l O > 1 4 1 1  > 0

Equation 5.4.3 is plotted in Figure 5.9.

If Q given by Equation 5.4.3 is used in the model ,

for 141 1 > 10 would coincide with the zero degree line. For

10 > 1 4 1 j  > 0, would shift in the compensatory direction

(opposite to the direction of the head motion) by the amounts

explained below (for left turn head motion).

For 1 > 41 ! > 0, = — (°.~I 41 I + 1 41 1 ) + 6 = 6 — 1.5141! .

For 10 > 41 > 1, = (0.51411 + 1) + 6 = 5 — 0.5 1411 .
The plot of vs ~4 1 ! is given in Figure 5.10. Note that

is the “steady state” deterministic WHEN curve for step

input head velocity ,  which is a constant for given 141 1 .
Next , we consider the condition for the quick-phase

initiation . Referring to Figure 5.6 (in section 5.3) for

left turn step input head velocity, the equation for the

deterministic WHEN curve is C(t) + Q. The efference copy

0’(t) of the eye position during the slow-phase always

satisfies

0 (t) < C(t) + Q (5.4.4)

I
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Figure 5.9

This plot shows the threshold value Q

in degrees as a function of the magni-

tude 1 41 1 of the SCC output signal. 41

has units of deg/sec. The dependence

of Q on stimulus intensity yields not

only acceptable QP frequencies in step

responses, but also reasonable

sinusoidal responses.

-- 
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Figure 5.10

This plot shows ( for  l e f t  turn head

motion) the steady state value of

the deterministic WHEN curve (for step

input head velocity) as a function of

the magnitude 141 1 of the SCC output
signal. It shows that D0 = 0 for

1411 > 10. However, for 0 <

10, is shifted to the coinpen~ atory

direction (opposite to the direction

of head motion) by the amount

indicated in the figure .
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Figure 5.11

This figure shows the threshold device

as used for the generation of quick—

phases. Whenever ~0, which is the

distance from the efference copy 0 (t)

of the eye position to the WHERE curve

C (t), exceeds the thresholds ±Q, a

WHEN signal is generated and intiates

a process (if it meets the 50 milli-

seconds refractroy period) which

results in a generation of a quick-

phase as explained in the text.

The value of Q is determined according

to 5.4.3 and Figure 5.9.

—---.—,
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Thus a quick—phase is initiated whenever

0 (t) > C(t) + Q (5.4.5)

Now, referring to Figure 5.5 (in section 5.3) for right

turn step head input velocity , the deterministic WHEN curve

is C(t) — Q. For this case , O~~(t) during the slow-phase

always satisfies

0 ( t)  > C(t) — Q (5.4.6)

It follows that the quick-phase is initiated whenever

0 (t) < C(t) — Q (5.4.7)

5 5  The threshold device

The condition for the quick-phase initiation is from

(5.4.5) and (5.4.7).

l C t  — 0’(t)I > Q  (5.5.1)

Equation (5.5.1) is the unified condition for QP initiation

for both left and right turn head motion which sets the

threshold for the quick-phase at + Q as shown in Figure 5.11.

Whenever the error angle ~e from O ’(t) to C(t) matches or
exceeds the thresholds ± Q, a quick-phase is initiated. As

long as ~O stays within the boundaries + Q and - Q, no quick-

phase is initiated .

Referring to Figure 5.11, a WHEN signal generated by

the threshold device actuates the AND-gate if it also meets

the 50 milliseconds refractory period condition (see sec-

tion 7.4). Once the AND-gate is actuated , s is closed
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through the OR—gate.  Once s is closed , it remains closed
2

as long as the output from the ampl i f ie r  persists because

of the feedback signal from the amplifier. The threshold

device is also referred to as the WHEN function because it

generates the WHEN signal from the error signal. It is to

be noted that once the threshold value is exceeded ( from

either direction for whatever reasons), the eye is always

driven to C ( t )  by a QP.

5.6 The total integrated deterministic VOR model

The total integrated deterministic (without noise) VOR

model is shown in Figure 5.12 with each block being explained

in previous sections. The final values of parameters of

each block in the model will be determined after the overall

considerations of the responses to step and sinusoidal inputs

and the behavior of the stochastic model. These are discussed

in a later chapter.

- -
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Figure 5.12

This f igure  shows the total integrated

deterministic VOR model , in which the

mechanism of quick-phase generation

is integrated with the compensatory

slow-phase model. During the slow—

phase , s is closed and s is open .

During the quick—phase , s is open

and s is closed.
2
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CHAPTER VI

STOCHASTIC MODEL

6.1 Introduction

The s tochast ic  model is n ec e s s i t a t e d  by the random

behavior of the nystaginus (more specif ical ly  by the f luctu-

ations of the WHEN curves and the WHE RE curves) as illus-

trated in Figure 5.4. We have observed that as the eye

velocity increases , fluctuations are more pronounced.

We view the quick-phase end-points as the sampled

sequence, C* (t), of the continuous WHERE curve , C(t). Sim-

ilarly ,  we view the quick—phase initiation points as the

sampled sequence , D * ( t ) , of the eontinuous WHEN curve , D ( t ) .

Based on several VOR responses of our cat corresponding to

various nominal step input head velocities , relevant measure-

ments are made and statistics are computed. The mean values

of various relevant quantities for each nominal head velocity

arc shown in Table 6.1 , in which H 0
, I~, and 8 have the same

meaning as in Table 5.1 in section 5.3 and O~ is the mean

quick-phase velocity in deg/sec obtained by dividing the mean

of all quick-phase magnitudes of several runs for a given

H by the mean of all quick-phase durations of several runs

for the same ~1. Q is the separation in degrees between the

steady state deterministic WHEN curve and WHERE curve.

is the mean quick-phase frequency in beats per sec. ~~D*)

is the standard deviation of the . Irn F - I d - - -~~ .-nce [)* (t) of the

WHEN curve . a(C*) is the standard deviation of the ~;~tmp1ed
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sequence C* (t) of the WHERE curve . F- is t h e  linear correla-

tion coefficient between D*(t) and C*(t). The mathematical

approximations for these quantities are derived as follows.

As we have discussed in section 5.1 , the WHERE curve,

C( t ) ,  may be thought of as

C(t) = C ( t )  + r Ct )  (6.1.1)
2

in which C(t) is the mean location of the deterministic

WHERE curve and r (t) is its noise with zero mean. Similarly

the WHEN curve , D(t), may be thought of as

D(t) = D(t) + r (t) (6.1.2)

in which

D = C(t) + Q (6.1.3)

is the mean deterministic WHEN curve and r (t) is its noise

with zero mean. This line of thought suggests introducing

noise sources at certain locations in the model. The noises

thus introduced are generated through filters from purely

random (white) Gaussian noise sources and located in such

places as to create noisy WHEN curves and a noisy WHERE

curve with certain statistical characteristics such as

standard deviations and a linear correlation coefficient,

and with certain spectral compositions which would reasonably

match those of our cat’ s VOR step responses. We have chosen

Gaussian inputs to the filters because that distribution is
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mathematically tractable and the noise histograms constructed

from the limited data available from our cat ’s step responses

seem sufficiently bell—shaped to permit this approximation.

6.2 The stochastic model

Let x (t) and z (t) be two independent Gaussian noise
2 2

signa ls both with zero means and with desired variances and

spectral components. How these noises are generated is

discussed in section 6.3. x ( t )  and z (t) are introduced
2 2

into the VOR model at points p and p respectively, as shown
1 2

in Figure 6.1.

The point p is selected for z (t )  because noise injected
2 2

at this point would simulate the resultant effec t of combining

all the noise sources from anywhere in the WHERE function

and the neural integrator circuits. It is reasonable to

assume that these circuits are not noise free .

Now , re fe r r ing  to Figure 6 .1, we note that

= IC( t )  - 0 (t)] + z (t)
L J 2

= Ic(t) + z (t ) 1 - 8 (t)
L 2 J

= C(t) - 0 (t) (6 . 2 . 1 )

According to (6.2.1), z (t) may be treated as noise on either
2

C(t) or on [C(t) — 0 (tH.
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Figure 6.1

Noises are introduced into  the model to 4

create a noisy WHERE curve and a noisy

WHEN curve. Noise z Ct )  is added to the
2

deterministic WHERE curve C(t) at p to
2

create the noise on the WHERE curve.

Another noise , x (t) , is added at p ~~2 1

that the resultant noise on the threshold ,

thus on the WHEN curve , is x (t )  + z (t).
2 2

This would cause correlation between the

noises on the two curves because z (t) is
2

common in noises of both curves.
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Next we consider the noise r (t) on the deterministic

WHEN curve . One way to interpret the fl uc tu ations of the

WHEN curve is to attribute them to the fluctuations of the

threshold value of Q. It is rieurophysiologically reasonable

to assume that the decision process in the brain is so com-

plex and unpredictable that it can be represented by the

addition of a random signal. For this noise, a separate

noise source x (t) is introduced at p in addition to z (t)
2 1 2

introduced at p (Figure 6.1). The input signal ~O to the
2 T

threshold device is now

~8 (t) C(t) - 8 (t )  + x (t) + z (t)
T 2 2

= C(t) — O (t) + r ( t )  ( 6 . 2 . 2 )

so that x (t) + z (t) = r (t )  by defini t ion.
2 2 1

With this arrangement, r (t) is correlated with r (t)

because the expected value of r r  expressed by E(r r )  is

given by

E(r r ) = E  (x + z  )z
1 2  2 2 2

= E ( x  z ) + E(z 2
)

2 2  2

= E(z 2 )
2

= E(r 2) (6.2.3)

117

- - . -I. - 
~~~~~~~~~~~ 

—- —-—- -—- —.-—-- - - - — - -  -_____ -



since x and z , both with zero means, are uncorrelated .
2 2

In the model , the noise z ( t )  would cause correlation between
2

the WHEN curve and the WHERE curve because z ( t )  affects
2

each of them through the high-gain amplifier (WHERE curve)

and the threshold device (WHEN curve). This correlation was

first noted by casual inspection of the raw data and then

confirmed by measurement. It is intellectually satisfying

that this model is not only compatible with such a correla-

tion, but it would be difficult and unrealistic to introduce

noise in such a way that there was no correlation .

Nex t, we want to derive the expression for the linear

correlation coefficient R between the eye position at the
12

beginning (t ) and the eye position at the end (t ) of each
1 2

quick—phase.  From ( 6 . 1. 1 ) ,  ( 6 . 1 . 2 ) ,  and (6 . 1 . 3)  we have

C*(t ) = C(t ) + r *( t  ) ( 6 . 2 . 4 )
2 2 2 2

D* (t ) = C( t  ) + Q + r *(t  ) ( 6 . 2 . 5 )
1 1 — 1 1

in which the superscript * denotes the sample’.i values either

at the beginnings or at the ends of quick-phases. From

(6.2.4) and (6.2.5), noting that E(r*) = 0 and E ( r *) = 0,
1 2

we obtain

E (C*) = C ( 6 . 2 . 6 )

E ( D * )  = C + Q ( 6 . 2 . 7)
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Thus, remembering that t is at the beginning and t is at
1 2

the end of each quick-phase , the numerator of R is given by

E ~ [L*(t ) - E(D*(t ))] [c*
t - E(c* (t~~]}

= E[r*(t )r*(t )1 ( 6 . 2 . 8)
L ’ 1 2

and the denominator of H is given by

{ E [D*(t )-  E(D*(t ))1 E [C*(t - E(C~~(t ))]
J

= ~E [(r
*(t ))2] E 

[(r
*(t ))2]}½ (i .2.9)

It follows that

R =  
[E(r

*(t ) r*(t ))] 
—

~~~~

‘I 
[(r

*(t ))2]E[(r~~(t ))2] (6.2 .10)

which is identical with the definition for the linear cor-

relation coeff icient between r * at t (the beginning) and
I I

r* at t (the end) of each quick-phase . Equation (6.2.10)
2 2

is utilized in section 6.4. Note that (6.2.10) may also be

approximated by

1 
~~ {[r

*(k T)] k*~~~~
T

— 
— 

‘~ k ,k~~ =l 
1 2

- 

{ k = l  
fr *(k T)] 2 j ~ *

(6.2.11)

in which T is a periodic sampling interval (see section 6.3) and

in which k T  corresponds to t in (6.2.10)  and k T  corresponds
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to t in (6.2.10). R approaches H asymptotically , (if
2 12 12

it is ergodic) as n increases.

The resulting stochastic VOR model , which is shown in

Figure 6.2, is acheived by simply incorporating the scheme

of Figure 6.1 into the deterministic VOR model as presented

in Figure 5.12.

6.3 Noise generation

We want the output from our stochastic model to match

the random behavioral data from our cat.

Knowing the variance of the noise signals is not enough.

it is important to know the spectral composition of the

noise. It is likely that the actual neural noise is band-

limited , and computer simulations in which very high or very

low f requencies were allowed gave unrealistic behavior .

For this reason, we attempted to determine the spectral

composition of the WHERE and WHEN curves of our cat’s VOR

responses by frequency analysis of the sampled curves C* (t)

and D*(t). Since the inter-saccadic interval which corre-

sponds to the inter-sampling period is not uniform, we could

not use the discrete Fourier transform which assumes a uni-

form inter—sampling period . We overcame this difficulty

by using a trigonometric interpolation. In this interpolation ,

a f inite Fourier ser ies is forced to pass through data

values x (with n = 1, 2, - - - , N) of N data points, which

may not be equally spaced, by proper choices of the co-

efficients of the truncated Fourier series.
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Figure 6.2

The stochastic VOR model is achieved

by simply incorporating the scheme

of Figure 6.1 into the deterministic

model as presented in Figure 5.12.

This model will create the WHERE

curve with noise r (t) = z (t)
2 2

and the WHEN curve with noise

r (t) = x (t) + z (t).
1 2 2
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For an even number of data points N with the data length

the value of x ( t )  which is the deviation from the mean,

for 0 < t < T~ , may be expressed as

• (~
) (

~)
x(t) = ~~~ A

q(cos 
qw t) + ~~~ Bq(5~ fl ~~0t)

q=1 q i  
(6.3.1)

in which w = 27T/T~ . For N data points, we have N equations

with N unknowns , N/2 A
q
’S and N/2 B ‘s, to be solved . The

magnitude F
q 

at a particular angular frequency (in radians/sec)

of qw = 2ITq/T~ is

F = ~~~~ 2 
~~ B 

2 (6.3.2)
q ‘.j q  q

Unfortunately , the length of th= records from our cat’s

step response is typically only about 5 to 6 sec long with

each record consisting of about a dozen data points. The

short duration of the record is inherently imposed by the

leaky ir.tegration of the SCC, which causes the slow—phase

eye velocity to gradually decrease with an effective time—

constant of about 12 sec.

For T~ 5 and N 12 in (6.3.1), the lowest angular

frequency (in the available frequency range) is w = rad/sec

(0.2 Hz) for q 1 and the hiqhest frequency is w = (
~

) 6
rad/sec ( 1 .2  Hz )  for q = 6. The result of spectral analysis
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by this method for these data was very erratic. However , the

results showed no consistent trend in the power spectrum over

this bandwidth , suggesting that in the range of roughly 0.2

to 1.2 Hz, therc is no reason to assume the spectrum to be

other than flat. The Fourier analysis described above would

give no information about frequency components outside this

frequency range.

It turns out that the plot of the computer—simulated

noise with components of w greater than w2 fluctuates so

rap idly that it presents an unphysiological appearance, while

the plot of the noise with components of w less than is

undesirable because it has long periods in which QP’s are all

too short or too long.

Under these circumstances and constraiats , we have

designed a f i~ ter which would produce , from a purely random

Gaussian sequence , another Gaussian sequence ~.ith flat band-

pass character istics (with gain of 1) for w w < w

and rejects frequencies above or below this range.

The transfer  function of the filter between the output

noise y ( t )  and the input noise u ( t ) , which is the purely

random Gaussian noise with zero mean , is given by

STy ( s )  1

= (6.3.3)
u(s) (sT + 11 (sT + 1

\ 1 /~~.. 2

with T = 1 from w T = 1 ~~d T = 1/8 from w T 1 using

W
I 
= 1 and w =  (~) 

6 8 for computational simplicity .
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As the first step to obtain the time—discrete equation ,

we define x(s) such that y(s) = T sx(s) so that

x(s ) 1 ______
— 

(ST + l~ (ST + 1 (6.3.4)
V i  ,I V  2

The differential equation corresponding to (6.3.4) with zero

initial conditions is given by

~ (t) = 
— 

T + T  
x (t)— 

1 2  1 2

(6.3.5)

With state variable notation of x (t) = x(t) and x (t) =
1 2

which implies that y(t) Tx(t) , (6.3.5) may be expressed

in a matrix form as

ic (t)\ /0 1 \ /x (t)\ /0

(

~~~ 1 ) (  i

\x (t)/  \a a
/\x (t)/ \u (t)

(6. 3.6)

in which

T + T
a = — —i---— , a = — , and u (t) = u(t).

T T  2 2  T T 2

1 2

(6.3.7)

- - 
(6.3.6) is in the form of

X(t) = AX (t) + BU (t) (6.3.8)
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in which
-
~~~ /x (t)

1 1
x(t) = ( (6.3.9)

\x (t)
2

/
0 l \

A = ( ) (6.3.10)

\ a a /
B = —a (6.3.11)

21

and

f o \
U ( t)  = 1 (6 .3 .12)

\u (t)J

The solution of (6.3.8) is

A ( t — t )  A(t — T)

x(t) = e X(t ) + e Btj(T)dT
0

t
0

(6.3.13)

in which e~~
t t

o
) Ls the t rans i t ion  matr ix  from X(t ) to X(t).

Now, consider periodic sampling at every T sec (compu-

tation interval) or at t = kT for k = 0, 1, 2, - - - . We

seek to find the output of the filter , y[(k -.- l)T], given

the input U(kT) and the filter properties A. Substitu’irq

t = kT and t = (k + l)T in (E .3.13). we obtain
a
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‘p
x [ (k  4- UT]  = l~( T ) X ( k T )  + w ( kT )  (6 . 3 . 1 4)

where the transition matrix ~ (T) (because ~ [k+l )T - kT] =

is given by

/4 CT) F$1 (T)
/ ii

~ (T) = eAT 
(6.3.15)

\ ~~~ (T) ~~~ (T)

and

(k + l)T

W (kT ) 

-LT 

e
A
~~~ 

+ 1)T - T J BU ( ) dt

1w (kT) \

( Xl  ) (6.3.16)

\w (kT)
X2

In (6.3.16), both w (kT) and w (kT) are purely random

Gaussian sequences with zero mean because of (6.3.12) in

which u (t) is a purely random Gaussian noise with zero

mean by assumption.

Next, we determine the elements of ~(T) = exp (AT) by

the inverse Laplace transform (L ’) method. That is,

•(T) = eAT = L [(sI - A) ’] (6.3.17)

From (6.3.10), we get

-l \
(SI — A)= ( (6.3.18)

-a s-a
2 1  22
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/

It follows that

/s-a 1
/ 

2 2

— 1  1
(sI — A) =

s2 — a S — a
2 2  2 1

a S
2 1

(6.3.19)

The fact that (6.3.19) is the correct expression may be

confirmed by multiplying it by (6.3.18), which results in

the identity matrix as it should . Using (6.3.7),

s2 - a s — a = s + L s + (6.3.20)
2 2  2 1  

~ 
T J  

\ 
1 /

Finding the inverse Laplace transforms of (6.3.19) with

(6.3.20)  using the standard table, we obtain

T
1 ( 

T~ 1
2

~ (T) = ~T e — T e (6.3.21)
i i  T — T  \ 1  2

1 2 \

/ T T
T 1T2 f T 1 T 2

~~~ (T ) = 
— 

— e (6.3.22)

T
‘~~~~~~ 1 I T I

1 2 1

4 CT) = e — e (6.3.23)
2 3  T — T



and

T T

= T ~~~~ (T 
2 

- T e  (6.3.24)

Equation (6.3.14) may now be expressed in terms of (6.3.21)

to (6.3.24) as

x ((k + l)T1 
~ 

(T)x (kT) + ~ (T)x (kT) + w (kT)
11 1 12 2 xl

(6. 3.25)

x [(k + l)T] = 4) (T)x (kT) + 4) (T)x (kT) + w (kT)
2 2 1  1 2 2  2

( 6 . 3 . 2 6 )

Because y(t) = T x ( t )  as mentioned before,

yI (k + l)T] = TX ((k + l)T~ (6.3.27)

whiLh is the output we are seeking.

The remaining problem is to determine w (kT) such that

E(y2) = E(x 2) ~ 0
2 (x ), for I = 1, matches the variance

obtained from our cat’s VOR responses. E denotes the opera-

tion of taking the expected value of its argument (which is

equal to taking its time-average if it is ergodic).

In (6.3.14), X[(k + l)T1 is a Gaussian random sequence

if W (kT) is a Gaussian purely random sequence and the initial

state vector x(0) is Gaussian (Bryson and Ho, 1975). In our

case, E[W (kT)J 0 and E[X(kT)1 0. Next, we want to

generate a two—dimensional , jointly Gaussian sequence W (kT)

by a digital computer such that it is equivalent to W (kT)

of (6.3.16), to the extent that the statistical characteristics

of the output X[(k + l)T] of (6.3.14) forced by W (kT) is

identical with those forced by W (kT).
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From (6.3.16) using (6.3.15) we obtain (denoting B by b)

w (kT)
X~~

W (kT) = (
\w (kT)
\ )c2

(k + l ) T

b ~ [ (k  + l ) T  — I] u (I) dl
12 2

KT

+ l)T

b [( k + l )T  - T] u (T) dT
J 2 2  2

KT

(6. 3.28)

We want to determine

w2 (kT) w (kT)w (kT)

E[W (kT)W
T
(kT)] = E ( ~~ X~~ x2

\~ (kT)w (kT) W2 (kT) /X~ X2 X2

(6. 3.29)

with u (t )  representing a continuous white (purely random)
2

noise , that is

E[u (t)u (I)] = ~6(t—T) (6.3.30)
2 2

in which ~j’ 
is the power spectral density of the white noise

u Ct), and ó(t-T) is the Dirac delta function. Substituting
2
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from (6 .3 .28 )  into ( 6 .3 . 2 9 )  and using ( 6 . 3 . 3 0 ) ,  we obtain

E~w
2
(kT)] = ~b2f 4)~~~(T-T)dT (6.3.31)

E~w
2
(kT)] = ~b2f 4)

2 (T — 1) dT ( 6 . 3 . 3 2 )

E[w (kT)w (kT)] = ~b
2 

1

T 

4) (T-T)4) (T-T)dT

(6.3.33)

in which 4) (T-T) and 4) (T—T) are given by (6.3.22 ) and
12 22

(6.3.24) with T replaced by the new argument (T—T). Carrying

out integrations in (6.3,31), (6.3.32), and (6.3.33), we have

2

E [w
2 (kT)] 

(T ~~~T )2  
[
~ 

(1 
- e 

- 
~~~~~ 

T)

T
2

l - e

(6.3.34)
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E [w
2 (kT)] = 

(T 1
_ T

2) 
2 [k (1 - e 

~~ 
T)

2 1 -@

~~~ 

÷~~~~ )T\
— 

(1 
+ T )  

~l — e )
-

~~~~~~~~ 

T)]

(6.3.35)

E[wx,
(kT)w

x2
(kT)] = 

(-r 12)2 

-~ ~~e 
1 

+ e 
2

/ 1
-

~~~

— + 
i

— 

) 
T

2 1
— e

(6.3.36)

where T and T are originally introduced in (6.3.3), and T is
2

the computation interval.
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With T = 1, 1 0.125 , and T = 0.01 in the above three
1 2

equations , we obtain

w w

= E[W (kT)W
T
(kT)] 

~ 
(
~: 

w~~) ~

I _ 5
/ 1.9918 x 10 2.9258 x 10

= ( - 3  ‘1)

\2.9258 x 10 0.58556

(6.3.37)

Suppose we have another covariance matrix Q given by

/ q 11 ~~ 12 \ / 1
Q;~~ ( )

~~~~ I

\q;12 q;22/ \~~~~
1
~~
2 2

(6. 3.38)

If 
2 

is specified , 0 2 may be related to by

2 
= c2 o 2 (6.3.39)

1 2

in which the value of C2 is to be determined subsequently . This

allows us to express (6.3.38) by

/c
2 o 2 pco 2

2 2

Q~ 
= ( (6.3.40)

2 0 2

2 2
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We want to make (6.3.40) equal to (6.3.37), that is, we wan t

Q = Q .  This requires that

w = ~ 
2 (6.3.41)

2 2  2

w = c2~ 
2 = C2w ~ (6.3.42)

11 2 2 2

w = ~~~~ 
2 = pCw 

~ 
(6.3.43’

12 2 2 2

It follows that , cancelling 4)’s out,

w
• • c2 = (6.3.44)

w

pc = —~-~ -- (6.3.45)
W 2 2

= ~ 
w 

= 

w 
(6.3.46)

2 2

11 22

For I 1, 1 = 0.125, and T = 0.01, we get
1 2

= 3.4016 x

— 3
C = 5.8323 x 10

pc = 4.9966 x (6.3.47)

p = 0.8567

With the knowledge of the covariance matrix given by

(6.3 .40), w (kT) and w (kT) are generated by a computer

routine (Scheuer and Stoller, 1962) such that the jo int

probability density of w~ and w corresponds to the jointly
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Gaussian density function f(w , w )  (Papoulis , 1965) given by

(since w and w hav e zero mean)
Xi X2

f(w

~~~ 

w ) = 
2r00 (1 — 

2
)

1~ 
EX~ ( — 

2 (1 — p2) )
2 2pw ~ 

2

- 
X~ ~~ + 

X2

0 0  0 2
L i  1 2  2

(6.3.48)

in which 0 = 0(w ) ,  0 = O (w ) ,  and 0 = CO
1 X l  2 x2 1 2

W (kT) =[w (kT) w (kT)]T thus generated becomes the
x I X i  x2

input of (6.3.14). Since W (kT) is related to u (1) by
X 2

• (6.3.28) and u (T) is assumed to be a purely random (white)
2

Gaussian noise , y ( ( k  + 1)T] = Tx [(k + l)T] given by (6.3.27)

would have the same band-pass characteristics as the output

of the filter equation given by (6.3.3).

Next, we want to determine the relationship between

E [ x 2 (kT )] = Q2 and E [W 2 (kT)] = ~ 2 To do this (Bryson
X2 X2 WX 2

and Ho , 1975), we start with (6.3.8) which is repeated

below as

X (t) = AX(t) + BU(t) (6.349)

Since u (t) of U ( t )  is a Gaussian random process with zero
2

mean , X(t) is also a Gaussian random process with zero mean

because linear transformations of a Gaussian vector preserve

its Gaussian character.
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We define P(t) by

P(t) = E [ X ( t ) X
T ( tf l  ( 6 .3 . 5 0 )

in which

/P (t) P (t)
j 11 12

P(t) = ( ( 6 . 3 . 51)
\r  (t) P Ct )
\ 12 2 2

We assume that

p (0) = E[X(0)XT(0fl ( 6 . 3 . 5 2 )

is a purely Gaussian random variable.

We define ~i’ by

E ( U ( t ) U T ( T ) )  ‘I~S ( t— T )  ( 6 . 3 . 5 3)

in which

C
11 12

= ( 6 . 3 . 5 4 )
lj) 4)
12 2 2

Because of (6 .3 .12)  and (6 .3 . 30) , we have from the

above two equations ,

fo o\
E ( U ( t ) U

T
( T ) 1  = tS (t—T) (6.3.55)

\o

— -.

in which 4) = 4) is used. Under these conditions, it can
2 2

be shown that

P( t) = AP (t)  + P ( t)AT + B~IB
T ( 6 . 3 . 5 6 )

with P (t ) given.
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ts
Since the characteristic matrix A has two eigenvalues

- . 

both of which are real and negative being - and -

(1 > 0 and T > 0), asymptotically as t approaches in f in i ty ,
1 2

P(t) in (6.3.56) approaches a ~tat Ht i e d l l y et~ l t i - )nar -/  value

of constant P making P(t) = 0. In this case, 6.3.56 becomes

AP + PA
T + BVB

T
= 0  (6 .3 .57)

Substituting from (6.3.10), (6.3.51), (6.3.11), and (6.3.55)

into ( 6 . 3 . 5 7 ) ,  we obtain

/0 1 \ / p  p \ /p p \ /0 a
f ‘~ f 11 12 f ii 12 

~ 
21

I II J +  ( I I
\a a J  \p 12 

p2 / \p
12 

p /  \i a

/ 0  o\

= ~ 2 ( 1 (6.3.58)
21 ~\o ~

which gives

a2

— 2a (6.3.59)

In view of (6.3.7), (6.3.59) becomes

= 
1 

(6.3.60)
22  2T T (I + T

1 2  1 2

• Since P = E[X2 (t)] for large t and y(t) = T x (t), we have,

denoting E [y 2 (t ) ]  for large t by o2 , 

1 2

-

~~~~~~~

--



= VP (6.3.61)
Y 1 22

It follows from (6.3.60) that

-t
1 (6.3.62)

y 21 (1 + 1 )
2 1 2

As a check , by rewriting (6.3.62), since t and I are
1 2

related to the bri-~~k - t  r ’-~~u - r I c i • - ! - ~ w and w by w T = 1 —irid
1 2 1 1

w I = 1 by (6.3.3),
2 2

= 
1 — 2 (6.3.63)

y 2 w +W
1 2

We can clearly see that o2 increases as w increases , as it
y 2

should , because this increases the band-width , while ~~2

decreases as w increases, as it should , because ~hi~;

decreases the band-width.

Now dividing (6.3.35) by (6.3.62) on both sides, and

denoting E[W 2 (kT)] for large kT by 0 2 , we obtain
X2 WX2

0
2 21 (T + T )  ( -~~~~ T

= 
2 1 2 

~~~~~~~ 1 — e 2

o 2 
1 (1 — T )2 

21
2 “

y i 1 2

- 
2 

(i~~~ e (~~~
4-
~~~~~~

T

(1 + I )
1 2

+ 

~~~ 
(i - 

~~ 

T)] = F(T ,T , T)

(6. 3.64)

138

. _‘ p~~~~ — ,,—,-- - - - 
.__.

~~~~ - - -



From (6.3.64) with I = 1, i = 0.125 and T = 0.01, we obtain
1 2

• 
. 

0 = 0.4058 0 (6 .3 .65 )
WX2 - y

in which 0
y 

is related to the standard deviation of experi-

mentally obtained data. If (6.3.14) is driven by W (kT)
x

generated by (6 .3 .48)  using 0 = 0 above , 0 = CO and
2 WX2 1 2

the values of p and C as given by (6.3.47) for T = 1,

1 0.125 and T = 0.01, then the output y[(k+l)T1 as given

by (6.3.27) would have the same band-pass characteristics

as the output y(t) from (6.3.3). Note that since I = 1,

y[(k+1)T] = X [ ( k + l ) T ]  in ( 6 . 3 . 2 7 ) .
2

The validity of the computer routine of generating

w (kT) and w (kT) according to f ( w  , w ) given by (6 .3 .48)
X2 

~~ X2

was conf irmed by ricomputing the values of C and p from

the computer—generated w (kT) and w (kT). The validity of
X2

(6.3.64) was confirmed by recomputing the value of a = i c r

based on x [(k+l)TJ obtained by simulating (6.3.25) and

(6.3.26), which are driven by w (kt) and w (kT). The a
Xl X 2 Y

in (6.3.65) is related to the experimental data obtained

from our cat (see the following section).

As a check for ( 6 . 3 . 6 2 ) ,  we made I = 2 and I = 1/16,
1 2

thus increasing the band—width of the filter given by (6.3.3).

o 2 obtained from the simulation of ( 6 . 3 . 2 5 ) ,  ( 6 .3 .2 6 ) ,  and

• (6.3.27) gave a good match with the value predicted by

• ( 6 . 3 . 6 2 ) ,  which shows the soundness of ( 6 .3 .6 2 ) .

1 ~)



6.4 Stat 1~ ; t i ~~~~~j d 1~~:~~s in the mode l

R e f e r r  m i  to  F l  qur e  6 . 3 , r (kT)  and r (kT)  are d i scr ’
1 2

noise S L ( ; f l - I 1 S  coming ( u t  every ~ - mputat ion in te rva l of T

t - eon(h(. lit w •-ver , r* (k’ T) is the sampled noise on the - Wh EN

curve at k’T when a ~P is t r iggered and r *U k ’  + L ) T ]  is t O - -

sampled noise on the WHERE curve at ( k ’  + L)T whore LT is

equ~i1 to the ;~r duration. L is an appropriate in teger .

For example , L = 11 for a QP duration of 0.11 sec because

T = 0.01 ~oe. k’  is the value of k when each QP is t r i g g e r e d .

Working backwards from the outputs r* and r * to the inputs

w (kT) and w (kT) in Figure 6.3, we want to determine the
X 2 Z2

standard deviations 0(w \ and 0(w ‘\ in terms of experi-

mentally obtained stand:rd deviation: corresponding to

0(r *) and o(r *).

Referring to Figure 6.3 , since r = I x + T z and
1 1 2  1 2

since x and z are uncorrelated wi th each other , both with
2 2

zero means , we have

~
2 fr  \ = T

202(x ~ + T2021z \ (6.4.1)
1 \ 1) 1 \ 2/ 1 \ 2)

Because

12 0 2 (z \ = o2( \ (6.4.2)
1 \ 2/  \ 2/

we have

~~
2 
~ 

= 
1 1o2 /r \ - 02 (r ~1 (6.4.3)

~~~~~~~) t
2 L ~ 1) ~ 2)]
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Figure 6.3

This f i gure shows an arrangement by

which the sampled noise r * on the

WHEN curve and the sampled noise r *
2

on the WHERE curve are created through

the VOR model such that respective

variance of r * and r * as well as

the correlation betwe:n r * and r *

would match the corresponding values

from our cat ’s data.

p
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It follows from (6.3.64) that

o2(
’w ‘

\ I~ F(T , I ,T \ o2 I x (6.4.4)
1 \ 1  2 / ~ 2)

02(w 
‘
\ = T2F(T ,i ,r~ 0

2 
(z 

‘

~ (6.4.5)
~~Z2) 1 \ 1  2 J \~ 2)

Once 02(w ) and 02(w ) are thus determined , x [(k + l)TJ
and zN k  + l)T] are gener:ted by filters represented by

equation I and equation II in Figure 6.3 from w (kT) and
X2

w (kT), both of which are purely random Gaussian sequences with

zero means but with d i f feren t  variances of 02(w ~and 0
2(w

\ X21 \Z2

respectively.

Next, we want to determine the linear correlation

coeff icient R between r * (k T) and r * [(k + L)T]. k~T is
12 1 2

the time at the beginning of a quick-phase, while (k + L)T

is the time at the end of the same quick-phase. Thus, LT

is equal to the quick-phase duration . R is obtained from

(6.2.10) by replacing t by k T  and t by (k + L)T and

designating E[(r *(t ) ) 2] by 02 (r *) and E[(r *(t ) ) 2] by
0
2 (r *)~ Thus ,

2

E r *(k T) r * ( k +  L)T

R = 
L 

O(r * ) O (r *) (6.4.6)
1 2

Now, for the sampled noise r * of the WHERE curve
2

OCr *) oCr ) = -t a (z ) (6.4.7)
2 2 1 2

143

•
___________________ 

•



However , for the sampled noise r * of the WHEN curve we can say

OCr *) o(r ) (6.4.8)
1 1

only for a relatively high slow-phase eye velocity . As the

eye velocity becomes slower , the eye position tends to touch

only the nearest part of the noisy WHEN curve because of its

smaller slope. (This is illustrated in Figure 7.6.) This

would make U (r *) smaller than 0(r ) as the eye velocity

becomes slower. This effect , which we might call “ shading , ”

is not too signif icant  although noticeable in our model

output at the lowest available step input head velocity of

about 10 deg/sec compared with the highest input head

velocity of about 60 deg/sec for our cat. This point is

further discussed in Chapter 7.

With this understanding , we have

E[r *(k2F)r * 
(
(k + L)T)] E[r (kT)r~~k + L)T)]

= T2
E[(

x (kT) + z (kT)) z2 ((k + L)T)]

= T2E [z CkT)z (Ck + L)T)] (6.4.9)

because x and z are uncorrelated. It follows from (6.4.6)

that

12E[z (kT)z (k + L ) T]

R 
a(r
)
a(r
) 

(6.4.10)
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m~- express (6.4.10) in terms of known quantities, f i rst

we define P (kT) and C(kT, (k + L)T) such that

P (kT) = E[Z (kT)Z
T
(kT)]

/P~ 1i ~zi2
”

\
= 
( J 

(6.4.11)

\~~~12 
~~~

22J

and

c (kT. (k + L)T) = E[Z(kT)Z
T
((k + L)T)]

/c c
( 

11 12

= ( (6.4.12)
c

\ 2 1  2 2

Now , (Bryson and Ho, 1975 ) ,

c(kT~ (k + L)T) p
z

T~~
T
(0( + L)T , kT)

(6.4.13)

We are interested in the c element of (6.4.12) which is,
22 -

using (6.4.11), (6.4.12), and (6.4.13),

c (kT , (k + L)T] = E[Z (kT)Z (k + L)T
2 2  L 2  2

= ~~~ (LT)p5 
+ 

~ 22
PZ 2 2

(6.4.14)

• Equation (6.4.14) becomes, using (6 3.23) and (6.3.24) with

T replaced by LT,
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/ LT LT
I I

c (kT , (k + L)T] = 
1 —  1 

2 
e 

1

/ 
LT LT

I T I
2 1

— T e

(6.4.15)

For L = 0 , (6 .4 .15)  reduces to p , as it should , because
222

c (kT , kT) = Efz (kT) z2 (kT)1 = P . For a typical quick—
22 L 2  J

phase duration of 0.05 sec to 0.2 sec, L is 5 20 with

P = 0.01 sec. For these values of L with T = 1 and I = 1/8,
1 2

the first term inside the squa re bracket of the right hand

side of (6 .4 .15)  is negligible compared with the second term

because it turns out that p << p for T = 0.01.
Z12 Z22

Thu s ,

/ LT LT
1 T I

1 2 1

C [kT , (k +L)T]  I t  ~- — I e p
22 1 — 1  % 1 2 2

1 2 2 2

(6.4.16)

It follows from (6.4.10) with (6 .4 . 14 )  and (6 .4 .16)  that

R 
__
(j_ t

\

I e  — ) ~ T

( 6 . 4 . 17)
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because p = ~~ ~ 2 (r ) .
Z 2 2  12 2

Equation ( 6 . 4 . 1 7 )  allows us to take the physiologically

measured variables 0(r ) ,  0(r ) and LT arid the estimated frequency
1 2

limits of the noise , ~— and ~~
— , and allows us to predict

the correlation coef f i c i en t  R . The success of this pre—
12

diction is dL.cussed in the next chapter.

6.5  Summary (Refer  to Figure 6 . 3 )

The noise on the WHEN curve corresponds to r * and the

noise on the WHERE curve corresponds to r “. From our cat ’s

step responses, we determine variances a2 (r *) and 0Z (r *) as

well as the linear correlation coefficients R between the
12

eye position at the beginning and that at the end of each

quick—phase. From the experimentally determined values of

02 (r *) and 02 (r *) ,  we estimate 02 (r ) and 02 (r ) by (6.4.8)
1 2 1 2

and (6.4.7). Next, we determine 02 (z ) and c72 (x ) by (6.4.2)
2 2

and (6.4.1). After that, we determine o2 (w ) and 02 (w ) by
X2 Z2

(6.4.4) and (6.4.5).

w (kT) and W (kT) are generated by a computer routine

in such a way as to meet the probability density function

f(w , w ) given by (6.3.48). w CkT) and w (kT) are
X l X~ 22

generated in a similar way according to f(w , w )  in (6.3.48)

with w and w replaced by w and w and with the
X l  ~~ Z2
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understanding that 0 = 0 ( w  ) and 0 (w ) .  For given

0(1 *) and ~ (r *) corresponding to expe:imentally obtained

standard deviations, the computer program takes care of the

rest of the procedure which yields W (kT) and W (kT).

Referring to Figure 6.3 , x [(k + l)T} and z [(k + l)T1
2 2

are generated respectively through equations (I) and (II)

from W CkT) and W (kT) . x and z have the same f requency
X 2 2 2

band-pass characteristics as the filter equation (6.3.4).

o(r *) and 0(r *) as well as R (see section 6.2) computed
1 2 12

from our VOR model would be compared with those obtained

fr om our cat’s data. R may be estimated by (6 .4 .17) , in

which LT may be interpreted as the mean quick-phase dura-

tion. In the computer program , R is determined by (6.4.6)
12

using running averages. The R from the VOR model has shown

a reasonable match with our cat ’s data.
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CHAPTER VII  
-

RESULTS

7.1 General approach

The parameters of the model developed thus far are

adjusted so that the output of the model obtained by simu-

lation would approximately match the responses from our cat.

This is done in two stages. Initially, the parameters are

adjustad for the deterministic model without noise inputs.

Af ter this, the parameters of the noise inputs for the

stochastic model are adjusted to meet the statistical

characteristics from our cat ’s data.

First , the quick-phane frequency f
Q 

from the determin-

istic model for various step input head velocities is made

to match approximately with the mean f
Q 

of our cat ’ s VOR

responses by adju stinq the threshold value Q. Next, the

deterministic model thus obtained is further modified to

obtain reasonable sinusoidal responses by slightly readjust-

ing Q and adjusting the time constant T
L 
of the lag network

in the WHE RE function , so that the shapes of deterministic

sinusoidal responses at test frequencies of 1.2, 0.25, and

0.05 Hz are reasonably comparable with typical sinusoidal

responses from our cat at these frequencies.

The final results and comparison with our cat’s data

are shown towards the end of this chapter .
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Many of the system ’s parameters are fixed by physiological

measurements and are not adjustable. Thus , we note in Fig-

ure 3.1 that T = 12 see, T 25 see, T 0.15 sec fall into
c N e

this category . In the high-gain amplifier of the neural pulse

generator , the slope a 16.2 and the intercept point b 40

(both in Figure 4.7) are also based on neurophysiologica l

observations as explained previously and , in any event , would

not influence the main nyst~gmus pattern. This leaves the

threshold value Q (Figure 5.11), and G and T
L 

(Figure 5.8)

for makinq relatively small amounts of adju~ t mex~ts. However ,

G is constrained by (5.4.1) to the value of 0.5. Thus we

are left with only Q and TL as available for minor adjustments.

Adjustment of these two parameters is discussed in the

fol lowing two sections.

7.2 The adjustment of the thresh-mold value Q

The initial estimate of the threshold value Q is adjusted

so that the quick-phase frequency (in beats per see) f
Q 

for

the model step response and the quick-phase frequency per

cycle f for the model sinusoidal response would match

reasonably those from our cat.

After some trials and errors , we have obtained the final

profile of Q as a function of the SCC output signal 4 greater

than 10 deg/sec as shown in Figure 5.9 and explained in

section 5 .4 .  For 0 < < 10, although we do not have data
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from step responses to determine the value of Q for this

reg ion , we found a constant value of Q = 6 yields acceptable

sinusoidal responses as explained in section 5.4.

According to Table 5.1 in Chapter 5 , the mean value C
0

of the steady state deterministic WHERE curve is about 15 deg.

Yet , in our model we saturated the deterministic WHERE curve

at 12 deg for a canal signal greater than 22 deg/sec. This

modif icat ion is concerned with the location of the WHEN

curve which is C
0 

+ Q.

Although for the step inputs the deterministic WHEN

curve appears to be shifted about a few degrees beyond 0 deg

(e.g., 3 deg) in the direction of head motion , for the

sinusoidal responses at 0.05 Hz with input peak head velocity

of about 30 deg/sec the mean initiation point of quick—phases

appears to be on the 0 degree line. Because of the large

amount of uncertainty in the determination of C
0 

and the

location of the WHEN curve for step inputs and sine waves,

and also because of the uncertainty in the determination of

the 0 degree line and the smallness of the discrepancy , we

arbitrarily chose C
0 
as 12 deg.

The compar i son of f
Q 
(for step input) and f (for

sinusoidal input) from the model and from our cat is shown

in Table 7.1 and 7.2, respectively. The results from the

- - . model are obtained with the parameter values as specified
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in - ‘ t  l u  7 .1 and with the noises (as described in section 7.4)

added. Si nc .-  th e  c3t ’ s data is noisy, the noises must be added

to the model for  consistent comparison on the same basis. In

Table 7.1 the fact that f~ matches fairly well between the cat

and the model output indicates that our original estimation of

the threshold value Q is approximately correct. This is because

is approximately inversely proportional to Q at a constant

slow—phase velocity since

V1 s
Q~~~~~~~~ Q Q 

( .

V V
2 5

in which V and V are respectively QP and SP mean velocity ,

and in which I V
Q

I >> I V~~. Equation 7.2.1 shows that f
2 

is

proportional to slow-phase eye velocity . Because of (7.2.1)

we note that f
2
, for velocity steps , is not a very demand ing

criteria. All one needs to do is to get Q correct.

Table 7.1

- 
- Step Responses

Cat Model

U f
5 Q 2

deg/ sec sec 1 sec 1

8.9 1.2 1.3

21.0 1.7 1.8

30.8 2.2 2.6

46.5 2.5 2.9

0 slow—phase eye velocity in deg/sec

f
Q 

quick-phase frequency per see
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Table 7.2

~inusoida1 Response

Cat Model

f H f•
~M Q 2

Hz deg/ sec cycle 1 cycle 1

1.2 30 1.1 2.0

0 .25  30 6.6 7 .9

0.05 30 23.0 24.0

f frequency of the input sinusoidal head velocity in Hz

amplitude of the input sinusoidal head velocity in deg/sec

quick-phase frequency (in beats) per cycle of the input

frequency

In Table 7.2 , f also matches fairly well except at

f = 1.2 Hz. Although the model makes a quick-phase at each

half-cycle without fail at f = 1.2 Hz, the cat makes on the

average only one quick-phase each cycle. The reason that

might account for this will be discussed in a later section

on hysteresis.

7.3 The adjustment of the time constant T
L 

in the WHERE fu nction

The transfer function of the lagged portion of the WHERE

func t ion  is g iven by (5 .3 .5)  as

f(s) G (7 3 1
~~(s) — sT

L 
+ 1 

)
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For G = 0.5 and T
L 
near 0.6 as a rough estimate , the break-

frequency of (7.3.1) is about 0.27 Hz. Thus, for an input

frequency of f =1 .2 Hz, (7.3.1) reduces to 
$

= ~~— -
~~

- (7.3.2)m~(s) T
L 

S

which acts as a pure integrator . For this reason , at f = 1.2 Hz

the phase s h i f t  is close to 90 degrees and its change due to

var iation of T
L 

is small compared with the amplitude change due

to the same cause .

F igure  7.1 describes how the component of the de te rmin is t i c

WHERE curve C (t) is shaped for an input ~ (t) given by

= A sin 2iift (7.3.3)

with f = 1.2. In Figure  7 .1 , 9 ( t )  is the step port ion of c ( t )

as described in the lower portion of Figure 5 .8 with g = 1.

Th .s, C(t) = f ( t )  + g(t).

In Figure 7.2, the interaction of the eye position with

C(t) and the deterministic WHEN curve D(t) is shown [it is

drawn parallel to C (t) for simplicity although in the model it

is not quite (see section 5.4)]. As T
L 

is increased , the

quick-phase end-points q , q , and q would move closer to
1 2 3

the line C(t) = 0, and the slow—phase end—points S , S , and S

would move fu r the r  away from it. If we denote by 1 0 1  the
— -  M

maximum magnitude of the slow-phase eye position change in the

transition region (Figure 7.2), this would make j o  bigger ,

thus altering the shape of the VOR response. Figure 7.3 shows the

effect  of increasing the value of T
L 
by a factor of about two.

• 1 
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Fi gure 7.1

This figure describes a sinusoidal

SCC signal ((t) around 1.2 Hz, and

the components f(t) and g(t) of the

corresponding deterministic WHERE

curve which is generated by ~ ( t ) .

Two curves are shown for f ( t ) . The

dashed curve shows what happens if

T
L 

is doubled. At this frequency

the amplitude of f(t) is so small,

even for A equal to 30 deg/sec, that

it does not reach the clipping level.

-~~~~ I
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it 
:(t)  

- - - -

f ( t )

F \IF\ ~~~~~~~~~~
t

(The time constant in f(t) for the dotted curve is
about twice that for the sol i d curve )

g(t)

I I

Figure 7.1 The Components of the Deterministic WHERE

• Curve for Sinusoidal Input (1.2 Hz).
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Figure 7.2

This f igure shows the deterministic WHERE

curve and WHEN curve s corresponding to

Figure 7.1 (with f(t) represented by the

solid line), and also shows the interaction

between eye position and the deterministic

WH E RE and WHEN curves.
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Deterministic
WHEN curve
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Deterministic
I WHEN curve
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,

Fiqure 7.2 Interaction Between Eye Position and WHERE and
and WHEN Curves (corresponds to the solid curve
of f(t) in Figure 7.1)
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Figure 7.3

This figure shows the deterministic

WHERE curve and WHEN curves corresponding

to Figure 7.1 (with f(t) represented by

the dotted line), and also shows the

interaction between eye position and the

deterministic WHERE and WHEN curves.

159

- -



D( t)
• 

0 t

~(t) q 1 q 3 
I

,,/ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Determin is t ic
WH E RE curve

I I I I I I I 4 I I —I———— I I I I I

~~( t )

Figure 7.3 Interaction Between Eye Position and WHERE and
WHE N curves (corresponds to dotted curve of
f(t) in Figure 7.1)
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After  some trials and errors, we have found that T = 0.6
IO SI M 

~
gives a good approximation to the shape (ratio ) of the

VOR response for f = 1.2 Hz with A = 30 in (7.3.3). The

sinusoidal VOR response is more sensitive to T
L 
at f = 1.2 Hz

because of (7.3.2). At f 0.25 Hz and f = 0.05 Hz, I 5 T L I is

not much greater than 1 in (7.3.1) and the nystagmus is

relatively independent of T
L
. In the step responses, the

determination of T
L 

was based on rough visual inspection

of curves such as in Figure 5.4 B—F . This was an uncertain

way to estimate T . For this reason , the value of T
L 

is

adjusted at 1.2 Hz and T
L 

= 0.6 was adopted for our model.

7.4 The vari~tnce of the noise input to the model

Referring to Figure 6.3, we can see that the standard

deviations 0(r *) and 0(r *) depend on 0(W ) ,  o(W ) ,  o(W ) ,
1 2 xj x2 zi

and 0(W ) .  Because of (6.3.39), we note that 0(W ) C0(W
Xi x2

and G (W ) = C0(W ) in which C is given by (6.3.47). For
z1

given (experimentally obtained) o(r *) and G(r *), the values

of 0(W ) and 0 (W ) are determined by means of (6.4.1) to
x2 z2

(6.4.5) along with (6.3.64).

According to the data from our cat’s responses for step

input head velocities, 0(r *)~ 5 deg and 0(r *) 2.5 deg

for Iqi I ~ 22 deg/sec. That is, the noise on the WHEN curve

is about twic€~ as bi g as the noise on the WHERE curvu . This
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would naturally make the linear correlation coefficient

between each slow-phase magnitude and the subsequent quick-

phase magnitude bigger than that between each quick-phase

magnitude and subsequent slow-phase magnitude . Indeed , the

value of the former is 0.846 , while that of the latter is

0.326.

However , when we run our model with the computed values

of J(W ) and 0(W ) ,  we have observed some “backward” quick—
X2 Z2

phases in the same direction as the ongoing slow—phases in

the step responses from our model. Around ~ = 22 deg/sec,

we have observed more than a few of them for each computer

run .

The backward quick—phase occurs when the slow—phase eye

movement crosses the WHEN curve in the region in which the

WHERE curve and the ~~ EN curve overlap as shown in Figure 7.4.

Note that , in our model, whenever the eye crosses the WHEN

curve it seeks the WHERE curve regardless of where that curve

may be located. The probability of the two curves being

overlapped increases as I~I falls below 22 deg/sec because

of the decreasing value of Q (see Figure 5.9).

L
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Figure 7.4

This figure shows the situation in

which the backward quick-phase occurs

when the slow—phase eye movement

crosses the WHEN curve in the region

in which the WHERE curve and the WHEN

curve overlap.
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Because we have not observed any backward quick-phases

in our cat ’ s step responses , with several trials for head

velocities equal to or over 10 deg/sec , we have decided to

eliminate them by controlling the noise generation at its

source level, rather than at its output level. That is, we

have decided to el iminate them by limiting the magnitude of

the four one-dimensional independent Gaussian sequences

(with zero mean and variance 1) from which W and W arex z
generated , until no backward quick-phases are observed in

the model output for step input head velocities above

22 deg/sec. We have observed that by limiting the magni tudes

of the Gaussian sequence sources to 1.65 times their

standard deviat ions (which are all equal to one ), we could

eliminate the backward quick-phase for -
~~~ ~ 22. For a Gaussian

distr ibution , with this limitation , 90% of all possible

numbers are still included. Every time this limit is

exceeded , the computer brings out another number f rom the

Gaussian distribution until the requirement is met. This

results in another distribution which is approximately

Gaussian with slightly smaller variance than the original

one. This would somewhat decrease the predicted output

variances. These variances are subject to a further decrease

due to another problem which we call the “shadiny effect” to

be discussed later in this section (see Table 7.3). Due to



the SCC ’ s 12—second t ime constant , l i i - number t f  data F e i n t s

in each step response from our cat is limited to not more

than about a dozen points .  In addi t ion , the pla t form on

which our cat is rotated was not servo-controlled and , there-

fore, could not maintain a constant velocity within an indi-

vidual run or seve ral run e in tended for the same nomin a l head

velocity . Under these situations , statistics have large

variabil i t ies  and we have not insisted too much on an exact

numerical match between model and experimental s tat is t ics.

The probability of the two curves being overlapped

increases as ~ falls below 22 deg/sec because of the

decreasing threshold value 9, as mentioned before . This

necessitates decreasing the values of o ( W ) and a (w ) to
X 2

prevent backward quick-phases at lower velocities. In addi-

tion , for values of ~ near zero, it was necessary to decrease

the values of o(W ) and O(W ) for the following additional
X2 Z2

reason. For a sinusoidal input head velocity of 0.05 Hz

(with an amplitude of about 30 deg/sec), the transition

region within which the slow-phase of the VOR response goes

through zero velocity (t
TR 

in Figure 7.21) is about 2 see—

onds. Too much noise near zero veiocity interrupts this

transition region with quick-phases , making the resulting

duration t
TR 

much too short.
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One problem in this regard is that cats make saccades

in the dark . Perhaps the rapid eye movements that occur

for very small head velocities , whether in the step responses

or in the transition region of low frequency sinusoidal

responses , are really saccades and not quick-phases. However ,

for modeling purposes only , we assume this model, which has

no saccadic system , should not make quick—phases for very

small head velocities. In practice , when the head is still ,

the model should produce no rapid eye movements. To do this,

it is necessary to greatly reduce the noise when ~ = 0.

One way to meet these requirements is to reduce C (x
2

and G(z ) of x and z (see Figure 6.3) for low velocities.

It is often th: case in neurophysiology that a reduced

in tens i ty  of a neural signal is accompanied by a reduction

in its noise. In the model, 0(x ) and O (z ) for ~ 
< 22

2 2

~re made to be proportional to as explained below. We

have assumed that G(x ) and O(z ) should be monotonically
2 2

• c ecreasing as q 1  approaches zero, and should become zero

at = 0, although it does riot have to become zero at

0. At = 22, we require that 0(z ) = ~~— o (r~~~) = 2 . 5

for I = 1 [set (6.4.2)] and 0(x ) = k— ~~o
2 ( * )  — 02 (r *) —

~~ 5
2 

- 2 . 5 2 for I = 1 [see (6.4.3)] to meet the boundary

condition at = 22. Note that O(x ) and 0(z ) ,  for
2 2

> 22, are constant and have the same values as at 22.
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The profiles of O (x ) and oiz ) arc shown in }- ‘ijure 7.5 , in
2 2

which the value s of K and K are de termined by the boundary
1 2

conditions at 22. We have used a cubic function ef

~~ because a l inear  or square func t ion  does not. reduce frhe

noise level fas t  enoug h to meet our requirement  for  the

duration of the t ransi t ion region t
TR 

at f = 0.05 Hz. This

cubic noise condition also eliminates all backward quick-

phases for < 22 .  The p rof i les  of the variances of 0(x )

and 0(z ) in Figure 7 . 5  are created in the model by s imi l a r ly

shaping the variances of the noise sources 0 and 0wx wz

That is , in the model 0 = 0.40581 cY(x ) and 0
WZ2 1 2 wz2

= O.4058 1 10( z 2 ) based on ( 6 . 4 . 4 )  and ( 6 . 4 . 5 ) .  According to

(6. 3 . 6 4 )  and ( 6 . 3 . 6 5 ) ,  [F ( T 1 , 12 , T ) ] 1 is 0.4058 for 1~ = 1,

- 

~~2 
= 0.125 and T = 0.01.

We recognize that these limitations on noise would cause

decreases in 0( r  *) and 0 (r  *) computed from the model output
1 2

at low velocities in addition to decreases in 0(r *) and

O(r *) caused by clipping of f the peaks of the one-dimensional
2

Gaussian sources for all velocities. There is still another

reason that 0(r *) would be further decreased. We call it

the “shading effect” (Figure 7.6). As slow-phase velocity

becomes smaller, the eye position tends to touch the WHEN

curve more often near its lower peaks as shown in Figure 7.6.

This would naturally make the sampled WHEN noi se less
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Figure 7.5

This f igure shows the profiles of the

standard deviations G(x ) and 0(z ) of
2 2

noises x (t) and z (t) used in our
2 2

stochastic VOR model.
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Figure 7.6

This f igure shows what we call “shading effect”

in which as slow—phase velocity becomes smaller,

the eye position tends to touch the WHEN curve

more often near its lower peaks.
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fluctuating, thus making 0(r1 *) smaller. However, as the eye ve-

locity becomes faster , G (r1 *) wou ld gradually increase approaching

the standard deviation 0(r 1 ) of the noise itself. Thus, calcu-

lated values of 0(r 1) overe~ timate the actual values of 0(r1 *)

produced by the model. The “ shading e f f e c t ”  is only a problem for

the sampled WHEN curve , and not the sampled WHERE curve.

Before closing this section , we want to make a comment on the

refractory period of 50 msec for quick-phases instead of 200 msec.

Originally we started with a 200 msec refractory period in our

model because we assumed at first that the refractory period for

quick-phases must be similar to that for saccades which is recog-

nized as about 200 msec . However , with a 200 msec refractory

period the linear correlation coefficient R (6.4.6) from the

model was much too low compared with those obtained from the cat’s

data. The reason was that when the noise demanded a short duration

SP (e.g., 6 deg in size al- a velocity of 40 deg/sec which takes

only 0.15 sec) the refractory period would not allow it. This

causes L~ø to cross the WHEN curve and the quick-phase occurred

later at an eye position that was not on the WHEN curve , and which

was consequently uncorrelated with the WHERE curve. With this

in mind , we have carefully re-examined the cat’s analogue data ,

and found that the refractory period for our cat is actually only

SO msec instead of 200 msec , contrary to our previous assumption .

After we have changed the refractory period to the new value of
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50 msec , the values of R increased , giving acceptable

results compared with that from our cat as shown in Table 7.3.

7.5 Results

The f inal results are obtained with parameter values and

noise models determined as previously described . In what

follows , the results obtained from the VOR model output for

various step input head velocities are shown in subsection (A),

and the results for sinusoidal input head velocities are shown

in subsection (B). The discussion of the results and other

comments are given in section 7.6 and section 7.7.

(A) Results - step input head velocity

The typical step responses from our cat are shown in

Figures 7.7, 7.8, 7.9, and 7.10. The correspondiny step

responses from the stochastic (with noise) VOR model for

similar input head velocities are shown in Figures 7.11, 7.12,

7.13, and 7.14.

The numerical results from our cat and from our VOR model

for various step input head velocities are shown in Table 7.3,

in which various symbols have the following meanings :

0 :  slow-phase eye velocity in deg/sec

standard deviation of the sampled noisy WHEN signal in deg

0WR Standard devia tion of the sampled noisy WHERE signal in deg

: linear correlation coefficient between the WHi~N and
12

WHERE signal [same as R of (6.4.6)]
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Table 7.3. Step Responses

0 0WH o~~ 0~~ 0~~ R12 R12

cat model cat model cat model
(deg/sec) (deg) (deg) (deg) (deg)

8.9 3.8 0.5 2.5 0.4 0.46 0.67

21.0 5.0 3.0 2.7 1.6 0.34 0.32

30.8 4.7 3.4 2.1 1.8 0.30 0.30

46.5 4.9 3.5 2.8 1.7 0.27 0.16
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Figure 7.7, 7.8, 7.9, and 7.10

These f igures show the responses from our

cat for various step input head velocities.
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Figures 7.11, 7.12, 17.13, and 7.14

These figures show responses from our stochastic

VOR model for various step input head velocities

similar to the input velocities applied to our

cat .
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o and a from the model correspond to u(r *) and a(r *) of
WN WR 1 2

r * and r * in Figure 6.3. More specifically, 0 and 0
2 WN WR

from the model are computed by the r :omp~i t ’ - r  (using running

means) based on the efference copy of the eye position O ’

(Figure 6.2) at the beginning and at the end of quick-phases,

respectively.

(B) Results - sinusoidal input head velocity

The typical sinusoidal responses from our cat are given

in Figures 7.15 (for 1.2 Hz), 7.16 (for 0.25 Hz), and 7.17

(for 0.05 Hz) ~*ll with the peak input head velocity of

30 deg/sec . The corresponding sinusoidal responses from

our stochastic VOR model are given in Figures 7.18 (for

1.2 Hz), 7.19 (for 0.25 Hz), and 7.20 (for 0.05 Hz) all with

the same peak input velocity of 30 deg/sec The numerical

results of the sinusoidal responses from both the cat and

the model are tabulated in Table 7.4. Some of the symbols

used in Table 7.4 are depicted in Figure 7.21. Referring

to Figure 7.21, OQ I is not generally equal to IO Q • It

may happen that O
Q I > 0~ l for the cat while

0 < 0 for the model and vice versa. We have defined
Q i Q 2 0 j + 0

IO Q I by i~~l = 
2 

2 
simply to get an estimate of

— p
Q when head velocity is near zero.
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Figures 7.15, 7.16, and 7.17

These figures show the sinusoidal responses

from our cat with input frequencies of

1.2 Hz, 0.25 Hz, and 0.~~5 Hz, and with

amplitude of 30 deg/sec .
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Figures 7.18, 7.19, and 7.20

These figures show the sinusoidal responses

from our stochastic VOR model with input

frequencies of 1.2 Hz, 0.25 Hz, and 0.05 Hz,

and with amplitude of 30 deg/sec.
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In Table 7.4, the various symbols have the following

meanings:

f: frequency of Lhe input sinusoidal head velocity

in Hz

H
M
: amplitude of the input sinusoidal head velocity

in deg/sec

f :  quick-phase frequency (in beats) per cycle of the

input frequency (not per sec)

tTR~ 
time duration in sec of the transition region in

which the slow—phase eye velocity goes through

zero without an interruption (Figure 7.21)

the maximum magnitude of the eye position dis-

placement (trough to peak) in the transition

region caused by the slow—phase in deg (Fig-

ure 7.21)

eQ . average magnitude of the two quick-phase dis-

placements immediately before and immediately

after the transition region in deg (Figure 7•21)

7.6 Discussion of results

First we consider the step responses (refer to Table 7.3).

For ~ = 8.9 , the differences in and those in between

the cat and the model are significant. The low values of

and from the model at 0 8.9 are cau3ed by the
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Fi9~re 7.21

This figure depicts schematically tTR I 10 1 ,

and I O Q I used in Table 7.4. These are

defined in the text in connection with

Table 7.4. Two frequencies are shown one

low , one high , but the symbols are the same.
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particular noise models we have adopted (see Figure 7.5).

As discussed in section 7.4, if the noise is not decreased in

this region , many backward quick—phases would occur . How the

cat manages to have a of 3.8 deg and a of 2.5 deg

without making backward quick—phases is a problem unresolved

in this study. For > 22, both O~~~ and for the model

are consistently lower than those for the cat. This is

partial ly due to the limitations of the magnitudes of the

independent Gaussian numbers (with zero mean and variance

one) to the value of 1.65 (see section 7.4). For example,

in one simulation run with 0 = 46.5 with this noise limi ta-
S

tion, was 3.4 deg, while without the noise limitation

it was 3.9 deg. With the noise limitation was 1.7,

while without the noise limitation it was 2.6.

The discrepancies in and 0~~~ for 8 > 22 deg/sec

could probably be eliminated by: successive readjustment

of the noise bandwidth T and T ; the noise intensities
1 2

wX2 
0
wz2 

the shapes of O ( I ~~ t ) (Figure 7.5) and Q (k1)
(Figure 5.9); and using skewed rather than Gaussian noise

distributions. This was not done because the limited amount

— of physiological data keeps the experimental values of 0WR

and from being much more than rough estimates of the

true values.

As for R , we consider the match to be reasonable
12

considering limited samples from both the computer and the

cat.
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Next, we consider the sinusoidal responses (Table 7.4).

Overall, in view of limited samples from our cat (only one or two

runs at a particular frequency and amplitude), we consider that

the responses from the model compare reasonably with those from

the cat. For f 1.2 Hz, the match between the cat and the model

is reasonable except for f .  A possible explanation for this

d iscrepancy is hysteresis as discussed in section 7.7.

For f = 0.25 Hz, the mismatch both in t
TR 

and 

~
‘
M 

is sig-

nificant. This is partially the result of our modeling approach .

We have adjusted the model parameters (Q and T
L
) and noises to

meet the requirements for f = 1.2 Hz and f = 0.05 Hz, the two

frequency extremes, and hoped for good luck at f = 0.25 Hz. We

did not get it. However , the hysteresis effect may again be to

blame . This will be described in the next section , but briefly,

th~ values of t and 10 are sensitive to H - We have observed
TR S

M 
M

in the model that , for example , when H
M 
is decrease l from 30 to

20 deg/sec, the value of tTR 
and 1 8 1  jumps discontinuously

becuse one quick-phase may drop out of each half cycle. This can

increase these parameters by as much as a factor of 2.

Referring to Table 7.4, we regard the comparison in OQ I
between the cat and model as rough justification for the dependence

of Q on ~ shown in Figure 5.9, especially at low head velocities

which occur near the zero crossings at 0.05 Hz.
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7.7 Comments

First, we will discuss the so—called “hysteresis effect” (Fig-

ures 7.22 and 7.23). For f = 1.2 Hz, for example , as the ampli-

tude H
M 
of the peak head velocity gradually increases , suddenly

a quick-phase is initiated at a certain amplitude H~ and then

occurs in all subsequent cycles. However , as the amplitude

gradually decreases , the quick-phases suddenly disappear at

another amplitude, H~~ . It is always the case that H >

similar to a magnetic hysteresis loop. In our model, (at

1.2 Hz) H occurs at 14.75 deg/sec while H~~ occurs at 7.77 deg/sec

for the noise-free model as shown in Figure 7.22. For the

stochastic model, the values of H~ and fluctuate from trial

to trial. H fluctuates about + 3 deg/sec around a mean value

of 14.75 deg/sec, while fluctuates abodt + 1 deg/sec around

a mean value of 7.96 deg/sec. For our cat, appears to be

about 10 deg/sec, while H~~ appears to be about 7 deg/sec.

When the experimental cat data was obtained , hysteresis was not

explicitly looked at so the data is limited and and H~~ are

very rough. The match between model and cat is thus maybe

better than one might expect.

Because of this phenomenon , if tTR~ 10 I or f were
s
N

plotted against H
M~ 

they would change by a jump each time

a new quick-phase was added to the output. This means that

these measures of performance are sensitive to and could
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Figure 7.22

This figure depicts what we call the

“hysteresis effect” . As the magnitude of the

input head velocity gradually increases,

suddenly a quick-phase is initiated and then

occurs in all subsequent cycles . As

the magnitude gradually decreases , the quick-

phases suddenly disappear at another

magnitude. It is always the case that the

magnitude of the former is greater than the

magnitude of the latter.

1

1 
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Figure 7.22 Hysteresis Effect Demonstrated on the VOR Model
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Figure 7.23

This figure depicts the effects of the

ini tial eye position on tTR and l o t
M

(defined in Figure 7.21). Sinusoidal

head velocity is at 0.25 Hz. Initial

position can modify the quick-phase

frequency per cycle.
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explain in (Table 7.4) the differences between cat and model

in f~ at 1.2 Hz, and in tTR 
and O f  at 0.25 Hz.

As usual with a hysteresis phenomenon , the behavior depends

on ititial position . If a sinusoidal stimulus is applied with

such that there are two possible values for the number of QPs,

because of hysteresis , which solution will result depends on

i~iitial eye position . Figure 7.23 shows an example at 0.25 Hz.

The two solutions have quite different values for t
TR 

and 1 0 1

If one unfortunately chooses a value of H~~, for cat or model ,

that is near such a jump discontinuity point , the measures we

have chosen will fluctuate considerably and create more apparent

discrepancy between cat and model that may actually exist.

Peak head velocity H
M 
was not systematically studied

in this investigation . One conclusion from our model is

that, for future investigations, the parameters in Table 7.4

ar e not so important by themselves at any one of f and H
M

as the way in which they vary with H
M
.

Nex t, we will make a comment on the sensitivity of R ,

approximated by (6.4.17) , to changes in quick—phase duration

and changes in the noise band edge frequencies !~_ and

These values of R are given in Table 7.5. Judging from
12

~. --_...1 our cat ’s data, most realistic values of L lie between S and

20 with 10 the nominal value. Referring to the trapezoid-

shaped filter in Figure 7.24, if the lower frequency , w 2, is

decreased by a factor of two, thus making T 1 
= 2, there is very
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little change in R .  This is not surprising . The correlation

should depend more on high rather tI~an 1o~ frequencies. In fact,

if the higher break-frequency , w , is increased by a factor of

two, thus making T = f~-, the value of R for L = 10 drops

sharply . This means that the choice of T is fairly critical.
2

Note that the values of R in Table 7.5 (e.g., the value
12

0.19 in the nominal case for L = 10) are determined from (6.4.17)

with c7 (r ) = 5.0 and cT(r2) = 2 .5 , while the values of R (for1 12

the model) in Table 7 . 3  (typical ly  0 .3 )  are computed based on

the simulation output of our stochastic model with its associated

e f f ec t s  and its noise l imi ta t ions. Consequently , the main value

of 6 .4 .17 is to provide a rough quantitative estimate of experi-

menta l data and , more important , to show how R should depend
12

on parameters like T , T , T, and L.
1 2

- -
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Table 7.5

Nominal Bandwidth Hi9h FrequenCies

( for -c 1, T 1/8) (for T = 1, T = 1/16)
2 1 2

L R L R
12 12

0 0.50 0 0.50

1 0.46 1 0.42

5 0.31 5 0.21

10 0.19 10 0.08

15 0.11 15 0.02

20 0.06 20

LOW Frequencies

(for T = 2, T = 1/8) ( for T = 2 , T = 1/16)
1 2 1 2

L R L H
12 12

0 0.50 0 0.6

1 0.46 1 0.42

5 0.32 5 0 .22

10 0.21 10 0.09

15 0.13 15 0.03

20 0.08 20
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Figure 7.24

This figure depicts the effect of the

band—pass characteristic when T = 1

is increased by a factor of two and

T = ~- is decreased by a factor of

two.

p
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CHAPTER VIII

DISCUSSIONS AND COMMENTS

8.1 Modification of the VOR model for saccades

In evolution, when the fovea developed along with the

need for saccades, the saccadic system appears to have utilized

the quick-phase circuits because the two movements are identical

and share the same neural circuits. For this reason, a good

VOR model should be able to accommodate the signals for

saccadic eye movements without too much modification . The

modifications in our VOR model to do this are shown in

Figure 8.1.

We want our model to be able to make a saccadic eye

movement when perceptual systems have selected a visual target.

Referring to Figure 8.1, the selection of a visual target and

the decision to make a saccade requires moving switch S from

s to s , and switch S from s to s . These arrangements
31 32 I. ‘+ 1 +2

are made for the following reasons. For a saccade , the vesti—

bular WHERE signal must be replaced by a visual WHERE signal

which corresponds to the position of the target in space.

Since the decision to acquire a visual target dictates an

immediate rapid eye movement to the target position , provided
p

it meets the refractory period of 200 milliseconds (see

section 5.1), the WHEN function must also be bypassed by

setting switch S to s from s . The difference in the
3 32  31
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Figure 8.1

This figure shows the modified VOR

model with arrangement for saccades.

The switch-positions for the VOR mode

are S at s and S at s , while
3 31 141

those for the saccadic mode are S
3

ats and S ats -
3 2  1 4 2

p
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refractory periods between the saccades and quick-phases may be

attributable to the signal processing time required by the visual

system which separates saccades by 200 msec. This might be bypassed

by the vestibular system for large fast head movements when the de-

mand for a second quick-phase overrides the value of visual analysis

at the end of the first.

Essentially, in Figure 8.1, the basic motor machinery is shared

by saccades and quick-phases but the control signals, WHEN arid

WHERE, are just taken over by one system or the other . In foveate

animals, in the light , the saccadic system is usually in control.

During rotation in the dark , the VOP. system is usually in control.

But there are many intermediate situations in which they might com-

pete. This means that the switches are an oversimplification and

they really represent some sort of nonlinear , multi-input , decision

process. However , there have been no studies of how saccades and

quick—phases interact with each other so it is not possible to

improve on the sche’~e in Figure 8.1.

A new AND—gate II assures a 200—millisecond refractory period

for saccades, instead of the 50—millisecond refractory period for

quick-phases used in AND-gate I. Again , this artificial separation

into two refractory periods points out lack of knowledge about

saccade and quick—phase interaction . If a quick—phase occurs, is

it possible to make a saccade within 50 milliseconds? Probably

not. If a saccade occurs, is it possiblE. to make a quick-phase

within 200 milliseconds? This is not known because the situation

has not been experimentally studied.
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As for the locations of noises, that of x (t) is not
2

altered , while that of z (t) is shifted to a new location
2

(Figure 8.1). The noise x Ct) is not involved in the saccadic
2

mode because the WHEN function is bypassed . Since saccades

are accurate, not noisy , the noise z (t) is shifted to a new

location as shown in Figure 8.1 so that it is associated only

with the VOR mode. Conceptually, we m ay regard the portion

enclosed by t.he dotted lines in Figure 8.1 as the “New WHERE

Function.”

P. basic problem that is made clear by Figure 8.1 is:

What is the difference between a saccade and a quick-phase?

Is it possible to say with certainty, this is a saccade,

that is a quick—phase? Four possible situations for rapid

eye movements seem to exist in this regard. They are:

active head rotation in the light; active head rotation in

the dark; passive head rotation in the light; and passive

head rotation in the dark.

It is our opinion that, regardless of the light-dark

condition under which a rapid eye movement is made, the

criteria (for whether a rapid eye movement is a quick—phase

• or a saccade) should indicate whether it is caused by a

passive head rotation or by the active acquisition of the

target. For the former case, it is a quick-phase. For the

latter case, it is a saccade. Thus, in a coordinated head-eye

215

_ _ _ _ _ _ _ _



movement to a sel ’mt target in the light or an auditory ,

felt , or even remembered target in the dark, the movement is

a saccade . It is a saccade whether the eye moves before

or during the active head movement. Conversely , if the head

is passively rotated , the rapid eye movement is a quick-phase .

In the dark that is by definition , but even in the light we

suggest that if there were no conscious attempt to ac’ju re a

target, then the movement should be called a quick-phase.

This ide.. underlies Figure 8.1, because only when higher

01 ec~ tua l levels are trying to acquire a target are the

switches thro .,n.

8.2 Discussion on head velocity around zero value.

For head velocities near zero (e.g., less than 10 deg/

sec), we do not know much about the behavior of our cat’s

eye movements. First of all, we do not know what the threshold

value Q should be. In fact, when the head velocity is zero,

the question becomes almost meaningless. Also, we do not

know how to handle the noise level around zero velocity since

it can cause backward “quick-phases” when the noisy WHEN and

WHERE curves intersect each other. Here again , the terms

quick-phase and backward become meaningless when the velocity

is zero. In the absence of supporting data, we have arbitrarily

picked a value for Q (6 deg) and allowed the level of the noise

at low velocities to approach zero to try and fit the sinusoidal

behavior particularly in the region, at f = 0.05 Hz, where head
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velocity passes through zero. The main problem there was

backward quick—phases. For this reason, if we are to extend

the research , we would investigate the cat ’s VOR behavior

at low velocities more thoroughly.

Our model is clearly not designed for operation around

zero head velocity. One alternative is to suggest that the

VOR system is simply disconnected when the head is stationary ;

that is, in some neighborhood of zero head velocity . One way

to implement this is to always throw the switches into the

saccadic mode below some level of 4(t) in Figure 8.1.

Although it is poorly designed for operation in the

neighborhood of zero head velocity because of the lack of

physiological data, our VOR model , as it stands, would behave

for a zero canal signal in the following way. The noise on

the WHEN and WHERE curves is zero (refer to Figure 7.5).

The WHERE curve is located at zero (section 5.3 and Figure 5.8),

and the WHEN curves are located at +6 deg (section 5.4 and

Figure 5.9). If the initial position of the eye is within

±6 deg, the eye will remain there as long as the canal signal

remains zero. If the cat makes a saccade to a point beyond

the +6 deg boundary and then loses “interest” in this real or

imagined target so that the switches in Figure 8.1 return to

the ~.OR mode, the eye will return to the WHERE curve (zero) ,

in this case by a quick—phase, and remain there. This is
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not unreasonable behavior but , again , we come to the problem of

what distinguishes a saccade from a quick—phase. The former

is “voluntary ” or “active” and assumes the cat is “interested ,”

all, of which are subjective terms and hard to deal with in a

model. Thus, even if more data were available , eye movement

records at very low head velocities would be filled with rapid

eye movements and it would be difficult or impossible to

decide which ones were saccades and which ones were quick—phases.

8.3 Comments on other VOR models.

To our knowledge, there exist three other VOR models

concerned with quick-phases. They are by Sugie and Melvill Jones

(1971), Schmid and Lardini (1976), and Barnes (1977). The

latter two models were published while this research was

in proç~ress.

The model by Sugie and Melvi ll Jones was the first published

model that drew attention to the anti-compensatory nature of

quick-phases. To compare it with our model, its essential

features are shown in Figure 8.2. In this figure , our present

nomenclature has been used; the canal output c~(t), the pulse

P(t), and the eye position 8(t). It uses periodic sampling

every 200 milliseconds to initiate quick-phases which , of

course , iE a bad oversimplification . The transfer
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4

Figure 8.2

This figure shows the essential features

of the VOR model by Sugie and Melvill Jones

(3971) with associated waveforms. For a

step input ~ (t) ,  it would produce the

output 0(t) as shown.
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T
function 

sT 
3~~ 

l, 
corresponds to our neural integrator. They

3

used a time constant T = 1 sec. This time constant was
3

determined from cats under light ether anesthesia. In Fig-

ure 5.12, the element in our model most susceptible to anes-

thesia is the neural integrator . Anesthesia, or even loss

of alertness , causes its time constant to decrease. It is

generally agreed now that 1 sec is a correct value for the

anesthetized situation, but does not apply to alert animals.

This short time constant of 1 sec would cause the eye position

to decay exponentially after the completion of a quick-phase

so that a quick-phase itself creates a slow—phase component

unrelated to ~ (t). This, in fact, became the whole point of

their model. It now appears that it was based on a situation

that applies only under anesthesia. In our model, the time
P

constant T of the neural integrator , I~1 
, is 25 sec.n ST + 1

n
Thus in essence, it acts like a pure integrator . In addition,

this model did not deal with the stochastic behavior of VOR.

A simplified version of the VOR model by Schmnid and

Lardini . (1976) ~s shown in Figure 8.3. Variables analogous

to thos.~ in our model such as $(t), C(t), 0(t), ~0(t), and
—

P(t) have L~en so labelled. The output C(t) of the transfer

function 0 corresponds to our deterministic WHERE curve except

that a is a scalar. This means that C(t) is linearly propor-

tional to •(t) and it does not saturate like ours. This, of
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course , contradic ts  wi th  experimental observations because

it does saturate in r ea l i ty .  If A0 exceeds -4-Q , a quick—phase

e TS
~~ t r iggered.  — --—-- is a separate -1 1 1 1  int egra tor w i t h  ~

delay of T = 0.2  sec for a r ef ~ I t  ()~~7 ~~ iou i it hoe~Fi it ~~n be

as low as 50 r1~il1iseconds, which is not a tr ivial matter .

Figure  8.3 i s  misleading.  What actually happens in the quick-

phase mechanism , when AO~ is bigger than Q, is that a sample

is taken . Then , the sampler is inhibited for 200 milliseconds.

Then , it is enabled , so that another sample can be taken if

~AH is bigger than Q. That is what Schmid and Lardini meant

to depict. This integrator is in addition to another neura l

integrator , sT 5 ~~~~~~~~ 
, for the slow—phase with a time constant

of 150 sec. Although this model has two neural integrators,

there are several reasons both theoretical ari d neurophysiologi-

cal why both quick-phase and slow-phase eye movements must

share the same neural integrator as summarized below (Robin-

son , 1975) :

A. This is a theoretical argument . There is no reason

to suppose a saccade d i f f e r s  i~rom a quick-phase (Ron et a l . ,

1972).  The best evidence for this is that all neurons seen

so far  throughout the brain which discharge in a saccade-

correlated way do ~he same thing for quick-phases in the dark .

Now , during rotatory nystaginus in the dark , if there were

~~-~ a ra te  t1 t -~;r d t o r .~- , then (see 
~r 

and 0~ in Figure 8 .3)

one would accumulate all the slow-phases in one direction ,

~ 
•
~ -

~~ —. .~~~ - ~ - - - . __ f ~~~ 
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~~~ure 8.3

This figure shows the simplified VOR

model by Schmid and Lardini (1976) .

It has two neural integratorS. Comments

on this fact are given in the text.
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the other , all the quick-phases in the other. After a short

period of time , each integrator would have stored within it

the equivalent of many comp lete revolutions of the eye in the

head. This unlikely idea can be dismissed simply on con-

ceptual grounds. It is quite clear that each quick-phase

pulse must reset the neural integrator to a discharge rate

proportional to the new eye position. But that, of course ,

is equivalent to putting the puise into the integrator as

shown in Figure 4.1 and Figure 5.12.

B. Neurons which behave in the unlikely fashion just

described (the two integrator hypothesis) have never been

observed in the brains of alert monkeys.

C. Cerebellar lesions in cat (as well as in man and

monkey) make the eye position at the end of a saccade slip

back with a time constant of 1.3 sec. It turns out that for

the same cat the slow—phase of the nystagmus is also leaky (does

not have a constant veloci ty)  and velocity fal ls  of f  with the

same time constant of 1.3 sec. It is unlikely that this

is a coincidence and the simplest explanation is that there

is only one integrator now made leaky by cerebellectomy.

D. Finally,  if a single integrator was responsible for

creating all version eye movements , a lesion that destroyed

it would abolish all such movements . It is well known in

neuro-ophthalmology that the pprf is just such a location .
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In addition , this model does not deal with the stochastic

behavior of the VOR . A comment on the sampling system is

given later in this section .

A VOR model by Barnes (1977) is shown in Figure 8.4.

Again , we have substituted our own terminology to help in

comparing this model to our own. The output C(t) of the

transfer function A corresponds to our deterministic WHERE

curve . But, unlike ours , it does not saturate , which is

contrary to observed behavior. Since IC(t) — 0 (t)I is

the input to the tnreshold device T , the quantity 0~~ more

or less corresponds to our efference copy of the eye position

(0 in Figure 5.12), while the transfer function F seems to

convert velocity to position (more or less), and so corresponds

to our neural integrator.  The transfer function B provides

a phase-lead to compensate for the phase—lag caused by the

eye dynamics. This could easily be traded off  to a direct

path around the neural integrator as in Figure 3.1 and Fig-

ure 5.12. The discharge pattern similar to the output signals

P(t) and 0Tht) from B and F are not observable among a variety

of brainstem neurons (see , for example, Figure 5 of Robinson ,

1975), while in our model all internal signals are consistent

with the neurophysiological observations. This model has two

neural integrators if we view F as an integrator . In this case

both are reset by quick—phases. Thus, one can only object to

two integrators on the grounds of parsimony . In addition , this

model does not deal with the stochastic behavior of the VOR.
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Figure 8.4

This figure shows the VOR model by

Barnes (1977). 0~~~(t), the output

of F , corresponds to the efference

copy of the eye position 0 (t) in our

model (Figure 5.12), and T corresponds

to our high-gain amplifier in the

bang-bang control system of our model.
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In summary, if the goal of the VOR model is to represent

real neurophysiology,  we believe our model is more realistic

than others for the following reasons.

First, our model deals with the stochastic behavior of the

VOR , while the other three models do not. This is important

simply because the cat’s real data is noisy, and the noise

statistics are an important part of the data base.

However , a really signi ficant criteria of the merit of

the model is whether the internal signals of the model are

similar to the neural discharge patterns observed in the

brain. The internal signals in our model do correspond to

discharge patterns of neurons in the brainstem. In other

models, this is not the case as explained before in connection,

for example , with P(t) and 0~~~(t) in Figure 8.4. The model

by Schmid and Lardini (Figure 8.3) and the model by Barnes

(Figure 8.4) both have two neural integrators, which is not

correct for reasons given before. The model by Sugie and

Melvill Jones (Figure 8.2) and the model by Schmid and

Lardini (Fi gure 8.3)  both use a sampler which is an open—loop,

ballistic pulse generator , instead of a closed-loop bang-bang

controller (pulse generator) as in our model. We have explained

in Chapter 4 why we chose the latter over the former. Further-

more, the sampling system has inherent problems associated

with it because, being open-loop and ballistic , it has to

• 
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specify the amplitude of the sampler output so that the end

point of quick—phase reaches the predetermined goal. If one

now adds noise in the system , in particular to the threshold

device , it becomes complicEtted and a little unnatural as to

how to realize a sampler with neurons that will respond to

the noise in an approximate manner. The closed-loop continuous

controller avoids these problems.

Of course, there are similarities between our model and

the other models. It is generally accepted that quick-phases

are made by a pulse, which therefore necessitates an inte-

grator. The pulse must be triggered , so some form of threshold

device is needed (save for the Sugie and Melvill Jones model)

into which some time varying signal must go. Almost any model

would of necessity have such elements. All modelers since

1971 have recognized the fact that quick—phases carry the eye

in the anti-compensatory half of the motor field and all have

used a signal from the canals [C(t)] to effect this. Such

elements are fa i r ly  basic and it is not surprising that they

are common to all models in one form or another.

Ho~.’ever , the model presented here does differ in other ways

than just  circuit details. The approach has been teleological.

The question has always been what was nature t ry ing to accom-

pu sh in desi gning the system , and then , what is the simplest

neural circuit  to achieve that goal? This approach is sub-

j ective and disliked by some but to us it has more appeal than

simply wiring together black boxes to fit a data base.
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Probably the largest difference between this study and

others is the quantitative testing . Other modelers are often

content to show one or two pictures of nystagmus created by

the model and comment on how similar they looked to physio-

logical records. While our data base was not as large as we

realized later it should have been , the analysis of both cat

and model behavior is much more extensive than anything

attempted before. Thus, this model , despite its obvious

imperfections, is much closer quantitatively to physiological

behavior over a wide range of vestibular stimuli than is the

case for other models so far .

- —- --.-
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