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FOREWORD

The base-motion isolation in navigation, guidance, and gunfire
control systems is a relatively new practice in the history of
technology.

In nature, however, all vertebrates, which include Homo sapiens,
possess built-in base-motion isolation systems in the form of
vestibuloocular reflexes to stabilize the visual axis despite head
rotations. This reflex was developed early in evolution, literally
millions of years ago, as a means of survival to obtain food and to 4
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 which is formulated from the viewpoint of cybernetics. It also
presents the model's simulation results 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 internal signals are
similar to the neural discharge patterns observed at the corresponding
locations of the central nervous system.

The mathematical tools and the approaches used in the formulation of
the model are similar to those used in the modeling of the weapon systems.
Particularly, the way the noise problem is treated in the model may be
useful in simulations of certain weapon systems.,

This report 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 activity was supported by the Naval Surface Weapons
Center under its training program. This report was reviewed by
R. W. Carson of the Guidance and Re-entry Analysis Branch and
R. H. Hughey, Jr., Head, FBM Geoballistics Division.
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CHAPTER I
INTRODUCTION

1.1 An elementary description of the vestibuloocular reflex

The function of the vestibuloocular reflex ‘VOR) is to
stabilize the visual axis in the enviromment during a head-
rotation by compensating for it. It does this by making an
equal and opposite eye-rotation in the orbit with the same
time course as the head movement.

One way to demenstrate 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
former 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 mechanical control systems which isolate a so-called

stable platform from the disturbances of the base motions
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of ships and rockets by closed-loop, or negative feedback,
control systems.

The reflex 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 different species.

This allows a fairly direct inference from animal experiments

to man.

For most normal head movements, the required eye move-
ment is small (e.g., 20 v 30°) and well within the oculo-
motor range. However, because of mechanical limitations of
eye rotation, if head rotation is continued beyond a certain
limit, 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 left) with a step of constant angular velocity H
(Figure 1.la), the eye position 0 as a function of time t
(Figure 1.1b) 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
nystagmus. The compensatory slow eye motion is called the

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

TR N T Be g Ty S



Figure 1.1
For step input head velocity ﬁ (a),
the eye position 0(t) describes a
rhythmic saw-tooth motion (b), with
alternate slow and quick eye veloc-

ities 6 in opposite directions (c).
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Figure 1.1 Rotatory Nystagmus

S R X, g e




TG §u

the quick-phase (QP) of the nystagmus. The profile of the
eye velocity 6 during rotatory nystagmus 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 1.1b) 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.




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 lateral semicircular canals are
stimulated 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 membranous labyrinth is
submerged in a clear fluid called perilymph contained in
the bony labyrinth in the petrous portion of each temporal
bone.

Each semicircular canal completes a hydrodynamic
circuit through the utricle 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 ampulla contains a transverse

W‘_- . R e et = o ot e . e —— e ——. o
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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.
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Figure 1.2 The Semicircular Canal (diagramatic)

(adapted from Melvill Jones and
Milsum, 1965)




crest called the crista ampullaris which contains a sensory
epithelium consisting of hair cells. The cupula, a mass of
gelatinous material 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 VIIIth cranial
nerve (Figure 1.3). From the vestibular nuclei the signal
reaches the oculomotor nucleus III and abducens nucleus VI
(for simplicity these will often be lumped together and
referred to simply as the oculomotor nuclei (OMN)) through
two pathways, one, direct (DIR) and another, indirect, through
the paramedian pontine reticular formation (PPRF). The
signals from the oculomotor nuclei innervate the extraocular

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




Figure 1.3

This figure 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 alter 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 acceleration)

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

12




equivalent single channel diagram (Figure 1.4) to simplify
the analysis without loss of generality. 1In 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 gquantitive

13
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Figure 1.4

This figure shows schematically a
single channel neural signal flow
of the vestibuloocular reflex
(restricted to the slow-phase

only) equivalent to the bilateral
push-pull arrangement of Figure 1.3.
This is done to simplify the

analysis without loss of generality.
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descriptions exist as to what determines the time of the
gquick-phase initiation 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
results and tries to evolve its organization 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 tojthe present
model but, in general, in one way or another tiey 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 nystagmus 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.
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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 came from one cat instead of
many cats presents no disadvantage in this study because
the main interest is in the topology and phenomenology of
the VOR in general and not in the quantitative details of
the VOR of any particular species. Nevertheless, it 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 were simply not of interest. 1

Two types of inputs (head motions) were used. For step
velocity inputs, nominal head velocities of approximately
10, 20, 40, and 60 deg/sec were used. Although some output
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

s ’ e Sowr p i} P



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

ties ranging from 10 to 30 deg/sec were used.

2.2 Experimental setup

Cat's eye movements are measured by techniques originally
developed by Robinson (1963) and further refined by Fuchs
and Robinson (1966). Briefly, in this method, a coil of fine
wire, surgically implanted upon the eyeball beneath the bulbar
conjunctiva and recti insertions, is subject 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 min 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

N

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

fitting box and its head immobilized by fastening the
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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

The mathematical model formulated in this research was
programmed in FORTRAN IV language. The simulations of the
model were performed by a CDC 6700 digital computer. The
cutput graphs were plotted by a Calcomp plotter. The
computation interval was fixed at 0.0l 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 numerical integration of the differential
equations, all with the form of x(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.
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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 filters 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 formetion (PPRF).

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 hydrodynamic circuit through the utricles

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

*References: Melvill Jones, and Milsum, 1965; Outerbridge, 1969
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side of the head) with negligible coupling with the other
canals. The fluid flow within 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 ring relative to head.

The following analysis is based on angular rotation of
the canal in a single plane. Consider a counter-clockwise
rotatioi (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, = -bB(F/H) (3:2.2)
where é(F/H) is the angular velocity of the fluid relative
to the head and b is a positive proportionality constant.
Note that é(F/H) is clockwise relative to the head in this
case because of inertial reaction. The elastic restoring
torque Me on the fluid ring is assumed to be

Me = -k6 (F/H) (3.2.2)
where O (F/H) is the angular displacement of the fluid relative
to the head and k is a positive proportionality constant.

By Newton's second law,

36 (F/1) = Mg+ M_ = b0 (F/H) - KO (F/H) (3.2.3)
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in which J is the fluid ring moment of inertia and 6(F/I)

1s the angular acceleration of the fluid relative to inertial
space. By denoting the angular acceleration of the head
relative to space by 6(H/I), it follows that

6(?/1) = 5(H/1) + 5(5‘/}{) (3.2.4)
Assuming that the cupular deflection relative to the head
6(C/H) is proportional to the angular displacement of the
head relative to fluid 6 (H/F),

8(c/H) = ab(H/F) = -ab(F/H) (B22.:/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)

36(c/u) + bb(C/H) + kg (C/H) = adb (H/T) (3.2.6)
Replacing cupular deflection 6(C/H) by ¢ and 6(H/I) by H in
(3.2:6)

T B+ e 2R (3.2.7)
which is identical with the equation given by Melvill Jones
and Milsum (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® >> Jk), the transfer function (in Laplace trans-

form notation) of the SCC may be approximated by
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al 'F

d(s) e

o = = (3.2.8)
H(s) (Tls + 1)(Tys + 1)

where
Tl = E (3.2.9)
T =3

For man T1 is thought to be about 10 ~ 16 sec and T2 about
0.003 sec. For cat Tl is found to be about 4 sec and T2
about 0.0015 sec (Melvill Jones and Milsum, 1971). For the
frequency range below 5 Hz corresponding to normal daily
activities, where Tzs < 1, the transfer function may be
further approximated as

aT T

AL ik (3.2.10)

fi(s) Tls + 1

Further, in the range above about 0.05 Hz, where sTl 201

which includes most normal head movements,

28) » (ar ) % (3.2.11)
H(s) 4
which is a pure integrator with gain (aTz).

- ~—

It follows that in this frequency range,

d(t) « [ 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, the role of ScCC
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-
essing 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 SCC may be arbitrarily
adjusted so that (3.2.10) will behave like a pure integrator
with a unity scale factor at midband frequencies. That is,
'I‘l is relabeled the cupula long-time constant TC and (aTsz)

is replaced by Tc' It follows from (3.2.10) that

$(s) _ Te

a(s)

which reduces to 1/s for sTc ~ 1. The break frequency for
1/(sTc + 1) is about 0.016 Hz with Tc = 10 sec (for man).

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

Tﬁe oculomotor plant consists of the eyeball, the extra-
ocular muscles and associated suspensory tissues. The
relationship between eye position 6 in the head and the
discharge rate Re of the oculomotor neurons has been found
by recording these variables simultaneously in alert monkeys
(Robinson, 1270; Robinson and Keller, 1972). To a first
order approximation,

Re = k(G_GT) + rf (3.3.1)

where GT is the threshold eye angle at which the neuron is
recruited into activity and k and r are coefficients which
relate Re to 0 and é. One can rearrange the above equation
by redefining Re as the change in rate from the baseline
value (-keT) thus dropping this term out.

Factoring out k,

R = k(6 + f 6) {3.5.2)

This gives the transfer function (arbitrarily making the

d.c. gain factor unity)

O(s) 1
R (s) g+ 1
e e

(3.3.3)

27

e— B . -
R RTT—— r— R o E EEEEsS o= — —
T




SN SU————

where the time constant Te' which is r/k, has a neuron
population mean of about 0.2 sec.

There is no stretch reflex in the extraocular muscles
(Keller 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 oculomotor plant
cannot be an integrator in the bandwidth within which the
VOR works properly (down to 0.02 Hz) because the plént will
not introduce much phase lag below about 0.8 Hz (for Te = 0.2).
This has been further verified by rotating monkeys sinu-
soidally and measuring the phase shift between eye position
and the sinusoidally modulated firing rates of ocular moto-
neurons (Skavenski and Robinson, 1973).

The equaticn Re = k(0 + 0.26) 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 Te = 0.2, furnishes the 0.20 term (raw
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velocity information) 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 after
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 Te. 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

T
TF (NI) = ;i,——"—;l— (3.4.1)
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
= (3.4.2)
S

L LR
e

0=
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This conveniently reduces the transfer function
between the VN and the eye position to that of a pure inte-

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

b @
T ® 2 1 = T + l- s = 1
e sT 4 1 = e siisT + 1 S
n e e

(3.4.3)

One may interpret the role of the direct pathway as creating
the phase lead needed to offset the phase lag that would

otherwise be created by the plant.

3.5 The compensatory slow-phase model

Putrting all these elements together, the total transfer
function of the compensatory slow-phase model for frequencies

above 0.006 Hz (corresponding to - 25 sec) is

0(s) _ 2 T ( 1 g &t
® s W Sl b + — ——— ] e —
H(s) g + i © S sT + 1 sT #+ 1
< e c
L3 esdy

For frequerncies above 0.01 Hz (corresponding to TC = 16 sec),
it further simplifies to

0(s)

e -1 (3.5.2)

Equation (3.5.2) meets the requirement of the slow-phase
VOR which is to recover, in the opposite direction, the

head angular position signal.
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For cat, the cupula time constant of the SCC is
experimentally found to be about 4 sec (Melvill Jones and
Milsum, 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 0.0l Hz, corresponding to Tc = 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 € (output) and head position

H (input) is given by

8(s) ST STa
H(s) =t sTé + 1 sTa + 1 \3=53)

in which T; = 12 sec and T_ = 50 sec. The factor sTa/(sTa + 1)
was noticed by others (e.g., Young, 1969) and appears to
reflect adaptation. This factor 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
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 sra/«STa+1) 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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of sTa/’(sTa + 1) is about 0.003 Hz wnich is well below the lower
frequency limit for proper functioning of the reflex and is also
below the frequency range of interest in this study. Thus, we
may replace sTa/ﬂsTa + 1) by unity for our purpose. Equa-

tion (3.5.3) now may be approximated as

»

“ T
B(s) _ _ 42 c 1
H(s) (0.9)s EEET:TT—- 2 (3.5.4)

If we identify s? 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; + 1)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>