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ABSTRACT

This thesis proposes a linear model Dbased on human
physiology for the explanation of the Motion Sickness
Incidence (MSTI) data found in previously reported
experiments. The major human sensory systems taken into
account are vestibular, visual, and the interaction between
these two. The model 1is validated against the previous
descriptive model and the corresponding experimental data.

The proposed model predicts MSI with adequate precision
(less than #5% difference) 1in the frequency range between
0.07 Hz and 0.25 Hz. The difference between the proposed
model and the previous descriptive model is increased at the

outer frequency regions of the data.
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EXECUTIVE SUMMARY

This thesis proposes a linear model based on human
physiology for the explanation of the Motion Sickness
Incidence (MSI) found in experiments reported by McCauley,
Royal, Wylie, O’Hanlon, and Mackie (1976). The major human
sensory systems taken into account are vestibular, wvisual,

and the interaction between these two sensory systems.

The proposed model combines the error produced in the
aforementioned two major sensory systems to estimate the

MSI:

The error produced in the estimation of gravity wvector in

the vestibular system, and

The error produced from the retinal slip in the wvisual

system (residual optical flow).

The model is wvalidated against the Human Factors
Research, Inc. (HFR) descriptive model and the corresponding
experimental data (McCauley et al., 1976). The predicted MSI
approximates the experimental data with adequate precision
(less than +5% error) in the frequency range between 0.07 Hz
and 0.25 Hz. The difference between the proposed model and
the HFR model is increased at the outer regions of the
McCauley et al. (1976) experiments. The existing differences
can be attributed to the constrained nature of this thesis
(not all human systems known to be contributing to motion

sickness are taken into account).

The model is designed to predict seasickness in
populations and may not accurately predict seasickness in a

specific individual. Connection between a specific parameter

xix



and susceptibility to motion sickness has yet to be found

(Bles, de Jong, & Oosterveld, 1984; Lentz, 1984).

XX



I. INTRODUCTION

A. OVERVIEW

The demand for 24-hour continuous, extensive and high
operational tempo missions in naval operations combined with
the use of complex systems, the need for reduced reaction
times, and minimal errors, results 1in very high stress
levels on ships’ crews. In conjunction with rapid
transitions from daytime to nighttime duty hours, extended
duty  hours, rotating work schedules, extreme weather
conditions, sea states and limited crew experience, these
requirements reduce performance and motivation to work,

increasing risk and compromising safety.

The human element is susceptible to degraded
performance in a number of ways. Driskell and colleagues
(Driskell, Hughes, Willis, Cannon-Bowers, & Salas, 1991;
Driskell, Mullen, Johnson, Hughes, & Batchelor, 1992) have
conducted two reviews of the stress literature. These
reports were supplemented by material from another
collection of reviews (Driskell & Salas, 1996). Figure 1 is
a diagram of a general model of the effects of stressors on
performance. The listing of stressor conditions is divided
into two general categories: the physical environment and
the conditions of the task itself. Physical stressors
include noise, extremes of temperature, vibration, physical
isolation, threat of failure or injury, and the use of
chemical or biological agents. Stressful conditions of the
task include time pressure, multiple task demands, and
sustained performance that 1lead to sleep deprivation and
fatigue. In the center of the diagram are modulating

conditions of the individual and social setting that can

1



moderate the effects of these stressors on performance.
They include individual factors such as training,
experience, personality factors, and motivation, as well as
social factors such as wunit cohesion, leadership, group
pressure, and social supports. The effects of these
stressors can manifest in a variety of performance and
physiological effects: speed of responding, decreased
accuracy, physiological responses and psychological effects
such as altered mood, motivation and psychiatric illness

(Hursh & Bell, 2001).

GENERAL MODEL OF STRESS EFFECTS ON PERFORMANCE

STRESSORS
Physical Environ.
Noise
yreme Temp MODULATORS STRESS EFFECTS
1oration
Isolation Individual Factors Performance/Psych.
Threat of Failure/ Trainin Speed of Response
Injury (eg. NBC) mning Decision Accurac
Experience ¥
. Commo Quality
K Personality Mood
Task Variables Intelligence
. Lo Combat Stress
Time Pressure Motivation Disorders
Sustained OPS
& Fatigue R R
Multiple Tasks Social Factors Physiological
Ambiguity' ‘ Cohesion Heart Rate
Controllability Leadership Blood Pressure
Communication Hormone
CONFIDENCE Skills Neurochemical
Group Pressure i
Goals Achieved Sociaﬁ Summorts Autonomic Effects
Positive

Exchange Ratios
Mission Competed
Increased Support

Figure 1: General model of stress effects on
performance (Hursh & Bell, 2001).

The consequences of the aforementioned factors can be
serious and have resulted in numerous accidents examples

(Lauber & Kayten, 1988). Research on the effects of stress
2



on human performance is of vital concern because, in the
military, we are 1interested 1in intervening to improve
personnel performance Dbefore it can deteriorates 1into

disaster.

B. BACKGROUND

In the military there are many stations and duties that
are directly affected by an operator’s performance.
Especially aboard a ship a large proportion of the crew is
dealing with duties sensitive to performance deterioration.
Therefore, it is of primary concern to analyze how overall
effectiveness may Dbe vulnerable to human performance

degradation.

Part of the aforementioned deterioration 1is a direct
result of the influence of motion sickness through its
symptomatology. Unfortunately, the models existing in the

literature fall into two categories:

= They are descriptive and not etiologic (McCauley

et al., 1976; O'Hanlon & McCauley, 1974)1, or

° They are based on human physiology, but
qualitative (Griffin, 1990b; Oman, 1982).

C. OBJECTIVES

The purpose of this thesis is to develop an etiologic
model based on human physiology, describing the severity of
motion sickness through MSI accumulation. The model will be

based on known physiological processes. The sub-factors that

1 Because the McCauley et al. (1976) Technical Report is not readily
accessible, we have made a PDF copy available at a web page of the Naval
Postgraduate School: http://
http://www.nps.navy.mil/orfacpag/resumePages/publications/mccauleypu.htm

3



will be examined are the vestibular system function and
afferent signals, the visual system through its contribution
to motion sickness, and adaptation issues. The output MSI
from the final model will be verified and wvalidated against

the McCauley et al (1976) experimental data.

D. PROBLEM STATEMENT
The primary research guestions being investigated by

this research are:

1) How do the main contributing factors of motion
sickness (the intra-vestibular error and the error between

vestibular and visual systems) interact?

2) Are the intra-vestibular error and the error between
vestibular and visual system the major contributors to the

Motion Sickness Incidence?

E. SCOPE, LIMITATIONS, AND ASSUMPTIONS

The proposed model is limited to wvertical motions and
thus the underlying main assumption will be that the major
contributor to motion sickness aboard ships 1is vertical
motion, as already stated by several authors (Guignard &
McCauley, 1990; McCauley et al., 1976; Morales, 1949). It is
outside the scope of this thesis to develop a model that
will account for every possible aspect and symptom of motion

sickness.

The assumption about wvertical motion will enable wus
verify the output data of the Motion Sickness Incidence
(MSI) model with the experimental data obtained by McCauley
et al. (1976).



F. THESIS ORGANIZATION

Chapter II reviews literature covering the major
concepts, issues and systems underlying motion sickness: the
vestibular system, the visual system, vestibulo-ocular and
optokinetic reflex, motion sickness theories and models. The
methods used are presented in Chapter III. Chapter IV covers
the analytical strategy and ©presents the statistical
results. Finally, conclusions and recommendations for future

research are offered in Chapter V.
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II. LITERATURE REVIEW

A. OVERVIEW

This chapter reviews the literature on the vestibular
system and the existing models, the visual system and its
corresponding existing models, the vestibulo-ocular reflexes
and their importance, the interaction between vestibular
nystagmus and visual pursuit, the effects of motion and the
induced motion sickness, and the models of motion sickness

incidence.

Where possible, the review focuses on existing research
concerning motion sickness and motion sickness models, the
independent factors that influence motion sickness and the
contribution of the correlation between these factors to

MST.

B. TERMINOLOGY FOR HEAD AND BODY ORIENTATION

In the following paragraphs certain terminology will be
used to indicate head and body orientation. The convention
used 1s the transecting of the human body, horizontally and
vertically, by three main planes. These planes (coronal,
sagittal, and transverse) intersect at the body’s center of

gravity (Boff & Lincoln, 1988):

The intersection of the mid-sagittal plane and the mid-
coronal plane forms the =z-axis (also called the spinal
axis). This mid-body, vertical axis passes through the
center of gravity of a standing body. Rotation about the z-

axis is called yaw.

The intersection of the mid-frontal plane and the mid-
transverse plane forms the y-axis. Rotation about the y-axis

is called pitch.



The intersection of the mid-sagittal plane and the mid-
transverse plane forms the x-axis. Rotation about the x-axis

is called roll.

Mig-body
or Z axis

Yaw  Median plane
(mid-sagittal plane)

Mid-frontal plane
{coranal plane}

Mid-transverse
plane

Aol Pitch

Y axis
X axis

Figure 2: The principal planes and axis of reference of
the human body (Howard, 1986a)

C. INTRODUCTION TO LAPLACE TRANSFORM AND SYSTEMS

1. Laplace Transform

Frequently, a system is represented by differential
equations and integrals. Therefore, a system combined by
several subsystems may be difficult to model. With the
Laplace transform we can represent the input, the output,
and the system as separate entities interconnected

algebraically (Nise, 2004).

The Laplace transform is defined as:
f(s)=L[f()]=] r(t)edt (1.1)

0—

Where: s=0+jw, a complex variable



2. Convention

Assume that f 1s a function of time. Whenever we refer
to this function in time domain, representation j(t) will be
used.

Whenever we refer to the Laplace transform of function

f (s-domain), representation j(s) will be used.

3. Transfer Function

Let’s assume that we have a simple linear system where

r@) is the input and c@) is the output. The corresponding
signals in s-domain are r(s) and c(s). Then, the ratio of the

output signal divided by the input signal is called the

transfer function g(s):

4. Linear and Nonlinear Systems
A system is called linear if it possesses the following

properties (Nise, 2004):

Superposition: The output response of the system to the
sum of inputs, is the sum of the responses to the individual

inputs.

Homogeneity: The multiplication of an input by a scalar

yields a response which is multiplied by the same scalar.

A system is called nonlinear if it does not possess the

aforementioned properties.



A system is called linear time-invariant (LTI) when its
components are linear and their characteristics remain

constant over time.

All the systems considered in this work are linear,
except the adaptation mechanism, which includes non-linear

elements.

5. Bode Plots

Let us assume the following linear system:

M, (0)Z¢ () M, ()24, (o)
> M(w)ZLd(o) >

Figure 3: Linear system, after (Nise, 2004)

The input signal, represented with complex numbers, is

the sinusoid AL(w)éﬁ(aﬁ, and the output signal 1is the
sinusoid Aloﬂvyég(aﬁ. M, and M, are the amplitudes of the

signals. ¢ and ¢ are the phase angles of the sinusoids.

The steady state output signal is:
M,(0)2¢,(w)=M,(0)M (o) L[4 (0)+4(o)]

Thus, the system function is:

and:

10



AIQD) is called the magnitude frequency response and

¢(w) is called the phase frequency response (Nise, 2004).

The Bode plot is a convention for representing the
change in amplitude frequency response and the phase
frequency response produced by a linear system (Jagacinski &

Flach, 2003).
It includes two curves. The gain or magnitude curve is
depicting the amplitude Al(w) in decibels (20kg(ﬂf)) versus

logarithm of frequency. The phase curve 1is depicting phase

angle in degrees versus the logarithm of frequency.

The following example from Nise (2004) will clarify how

a Bode plot is derived from a transfer function. Let us

1
assume we have the transfer function g(s): 5 By
S+
. . . . . 1 2—jw
substituting s=jo, we obtain g(jw): - =— . The
jo+2 o +4
. . . : 1
magnitude of g(]w) is ‘g(]wﬂzﬁ4(w)=——————. The phase angle
o +4
of g(jw) is:
o
2
—tan'| @ +4 | __ 0 2
¢(w)=tan 5 an
o +4

The Bode plot of g(s) is the following.
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Bode Disgram

Magnitude (dB)

Phase (deg)

Freguency (radizec)

Figure 4: Bode plot of g(s)zl/(s+2)

D. VESTIBULAR SYSTEM

The vestibular apparatus is located in the labyrinth at
each inner ear and consists of two principal sets of
structures or organs: the semicircular canals (SCC) and the
otolith organs that work together to provide head motion and

orientation information (Howard, 1986b).
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Figure 5: Overview of the vestibular system (downloaded
from www.dizziness-and-balance.com, 01-26-03)
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Figure 6: The vestibular system (from Hardy, 1934)

The main functions of the vestibular system are:
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o To minimize the retinal image motion (slip) during
head/body movements by rotating the eyes and keeping

gaze stable in space, thus, maintaining visual acuity,

° To enhance the perception of spatial orientation

and self-motion (locomotion), and

o To enable the control of posture and equilibrium.

From a technical point of view, the wvestibular system
is an 1nertial sensor system detecting and measuring 6
degrees of freedom. There are three semicircular canals
(called anterior, posterior, and horizontal) in each
vestibular organ. The SCCs are endolymph-filled semicircular
ducts almost perpendicular (orthogonal) to each other.
Individuals with partial or complete 1loss of wvestibular
functioning have found it difficult to perform even the most

basic of tasks (Howard, 1980¢a).
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Figure 7: The semicircular canals (downloaded

from www.dizziness—-and-balance.com, 01-26-03)

One 1is approximately horizontal, whereas the anterior
and posterior are vertical and approximately 45° from the

sagittal plane.

Figure 8: Orientation of semicircular canals
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The SCCs work in pairs, thus each canal has a partner
in the other labyrinth. Their organization is push-pull
(when one 1s maximally excited the other 1s maximally

inhibited) .

The semicircular canals detect rotational motion
(angular acceleration). When there 1is a change in head
rotation speed, the endolymph fluid lags behind because of
inertia, pushing on and distorting the cupula. Though
sensitive to rotational acceleration, the SCC efferent
signal is proportional to head rotational velocity for most
normal head movements (Howard, 1986a). The SCCs response

threshold is as low as 0.1 deg/sec®.

FEach vestibular apparatus contains two otolith organs
(two membranous sacs) called the utricle and the saccule
(Howard, 1986b). The utricle and the saccule consist of a
two-layer structure (the otolithic membrane), which 1is
attached to a base containing sensory cells. The upper layer
of the membrane is the otoconial layer and the lower part is
the gelatinous layer. A portion of the membrane is thickened
and 1s called the macula, which is rigidly attached to the
skull and therefore moves with the head. The macula contains
hair cells innervated by neurons of the 8th cranial nerve.
The hair cells project into the gelatinous substance (the
otolith membrane). Calcium carbonate crystals, which are
called otoconia or “ear stones”, are embedded in this gel

and add mass to the membrane.
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Figure 9: Otolith organs (utricle and saccule)
(downloaded from www.dizziness-and-balance.com, 01-26-03)

The otoliths provide linear motion sensation, through
the activation of the hair cells, to the central nervous
system (CNS). The utricle’s macula is located approximately
in the horizontal plane and thus is sensitive to horizontal
linear accelerations. The saccule’s macula 1is located
vertically and thus 1s sensitive to vertical linear

acceleration, including gravity (Robinson, 1981).

These organs are responsive to specific force, the

gravitoinertial reaction force per unit mass, which is
defined as f = § + 38 where 3 is the head acceleration with
respect to a body-fixed reference system and § is the local

gravitoinertial force vector.

The otoliths respond to both linear acceleration of the
head and tilting of the head with respect to the gravity
vector. The utricle ©primarily senses motion 1in the
longitudinal and lateral planes, while the saccule primarily
senses motion in the vertical plane. The otolith reference
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frame is fixed to the head and, thus, motion in this frame

is relative to the head.

According to Einstein's equivalence principle, linear
accelerations experienced during translational motion are
physically indistinguishable from changes 1in orientation
relative to gravity experienced during tilting movements.
Therefore, otolith afferents can not distinguish between
linear acceleration and gravity. This problem is referred to
as gravito-inertial force (GIF) resolution. Despite these
ambiguous sensory cues provided by the primary otolith
afferents, the Dbrain resolves the ambiguity problem by
integrating/ combining multi-sensory information so as to
resolve the ambiguity (perceptual and motor responses
discriminate between gravity and translational acceleration)

(Angelaki, Wei, & Merfeld, 2001).

1. Mathematical Models of the Otolith Organs

Meiry (1965) investigated subjective responses to
linear motion by measuring the subjective indication of
direction. His transfer function of perceived velocity to

actual velocity is:

v(s) K18

s (ms+ 1) @ms + 1) +-3)
Where:
o ﬁ(s) is the perceived velocity
° \%S) is the actual velocity
° Long time constant 1:=10 sec
° Short time constantt,=10 sec
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° Gain K is undetermined

The revised model, which modelled both perceived tilt
and acceleration in response to acceleration input (Young &

Meiry, 1968), is the following:

f(s) _ 0.4(13.2s + 1) (1.4)
f(s) (5.33s + 1) (0.66s5 + 1) )
Where:
. f(s) is the perceived acceleration by the otoliths
. j(s) is the acceleration input signal

This model acts as velocity transducer over the

frequency of 0.19 to 1.5 rad/sec.

Ormsby developed a model of otolith motion based on a
mass-spring model (Ormsby, 1974). This model was later
refined (Grant & Best, 1986, 1987; Grant, Best, & LoNigro,
1984) . The general form is the following:

x(s) P, 7,7,
— =1 - == 1.5
[ poj (1 + 7,5) (1 + 7,9) ( )

Where:

= The term [l——ﬁkJ refers to the system sensitivity or
Po

gain to the stimulus. The time constants 11, T2 are

related to the lumped parameters.
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Grant and Best (1987) calculated the time constants of

the model through theoretical continuum mechanics analysis.

Fernandez and Goldberg (1976b) studied the discharge of
peripheral otolith neurons in response to sinusoidal force
variations in the squirrel monkey and proposed a model that
takes into account both regular and irregular units. Their

transfer function has the form:

AFR(s) G (1+kArAsj 14k, (7,5)"

f(s) (_) l+7,s ( )1+TMS (1.6)
AFR(s H,(s
:>—i?zgj—c:(ﬂl{A(s);Z;zgj

Where:

= AFR(S) is the afferent signal of the peripheral

otolith neurons

. j(s) is the sinusoidal motion

" G, is the static sensitivity in terms of afferent

firing rate per unit of acceleration
. hz(s) is the adaptation operator

. fﬁ(s) is a wvelocity-sensitive operator with a

fractional exponent (k, <1)

. H%(S) is a first order lag operator

Finally, Telban, Cardullo and Guo (2000), by selecting
time constants and the gain from prior models, proposed the

following transfer function for otoliths:
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AFR(s) _ (10s + 1)

TR (55 + 1) (0.016s + 1) -7
Where
. AFR(s) 1is the afferent signal of the otolith
dynamics
. f(s) is the input motion

E. VISUAL SYSTEM

The sensory detectors of the eye are sensitive to
wavelengths in the spectrum of approximately 370 nm to 730
nm. Light passes through the cornea, which provides the
majority of focusing. The rest of focusing is accomplished
by the lens, whose power depends on the object’s distance
from the observer. The 1lens 1is active (its curvature
changes) at distances from 20 cm (near point) to 3 m (far

point) .
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Figure 10: Structure of the human eye (Proctor &
Proctor, 1997)
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This process at the 1lens, called accommodation, is

needed to localize the focal point at the retina.

When the eyes fixate on an object at a distance of
approximately 6 m or further, the 1lines of sight are
parallel. As the object is moved closer the lines converge

(a process called vergence) (Proctor & Proctor, 1997).

The visual system is insensitive to 1images that are

stabilized at the retina.

Convant SACCADES
Abrupt —— Conjugate FAST PHASES OF NYSTAGMUS

SMOOTH PURSUIT

Smooth —— Conjugate OPTOKINETIC SLOW PHASE
\\\\\ VESTIBULAR SLOW PHASE
Disjunctive VERGENCE
Figure 11: Classification of eye movements (Hallett,
1986) .

There are two categories of eye movements, which are of

concern:

o Saccadic eye movements involve a rapid shift in
fixation from one point to another. Typically, four to
five saccadic movements will be made each second
(Proctor & Proctor, 1997). Most saccades are around 50-
msec duration (20-150 msec), usually less than 15° in
amplitude (3 min arc to 70°) of simultaneous onset
(e.g., 5 msec or better), and similarly directed (i.e.

conjugate) 1in the two eyes. Fast phases of nystagmus
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are believed to be very similar 1in al respects

(Hallett, 1986).

° Smooth pursuit movements are those made when a
moving stimulus 1is tracked by the eye. Pursuit 1is
relatively accurate for relatively slow moving targets
with increasingly greater error occurring as movement
speed increases (Proctor & Proctor, 1997). Smooth
movements are easily separated into those similarly
directed (conjugate) and those oppositely directed
(disjunctive) . Otherwise all smooth movements are
similar and relative contributions can only Dbe
estimated by changing the viewing conditions and

instructions (Hallett, 1986).

1. Retinal Slip

For the purposes of this paper, the main issue
concerning the wvisual system 1is the error signal produced
when the oculomotor plant 1s involved in smooth pursuit

movements.

In this kind of movement, the eye 1is continuously

tracking the target to stabilize gaze on it.

If the image on the retina stays fixed, it means that
the stabilization mechanisms involved have sensed correctly
the externally induced motion (we assume only passive
subjects’ movements), estimated accurately the output motor
command and, finally, the oculomotor plant which received

the command has acted accordingly without lags.

Unfortunately, in reality multiple errors are combined,
thus creating inaccurate gaze stabilization. The outcome 1is

a shifted target image on the retina.
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The rate of image shifting is called retinal slip.

F. VESTIBULO-OCULAR REFLEXES (VOR)

1. Background

When moving, it 1is of great importance to avoid
degradation of wvisual functions. For effective vision, the
eyes must be held steady with respect to the object under
focus. This is achieved with two required eye-stabilization
reflexes, one to compensate for movements of the head and
one to compensate for movements of the object. The
vestibulo-ocular reflexes (VOR) are driven by vestibular
stimuli (otolith organs, semicircular canals). The cervico-
ocular reflexes are driven by receptors in the neck, and may

be seen as part of arthro-ocular reflexes.

When the subject is rotated about a vertical axis, the
eyes are rotated in the opposite direction of rotation to
stabilize the retinal image. This eyes’ motion is the slow
phase (pursuit) of the response. The eyes after pursuing the
target for a certain time, return rapidly in order to begin
the same motion sequence again. This saccadic movement 1is
the quick phase of the response and is extremely rapid

(almost 800 °/sec).
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Origin of Response of Characteristics
Signals Eyes

Vestibular

Canals

Rotary . . .

Acceleration Nystagmic slow | A short latencyf high gain,
phase compensatory pursuit movement of the

eyes in phase with head position

Rotary Nystagmic A deviation of the eyes in phase with

Acceleration deviation head velocity

Unknown Nystagmic quick | A saccadic return of gaze, following
phase slow phase of nystagmus

Deceleration Postrotary Phase-reversed nystagmus persisting for about
nystagmus 20 sec after rotation ceases

Recovery from | Secondary A second phase-reversed nystagmus

vestibular nystagmus following postrotary nystagmus

adaptation

Vision

Visual motion Optokinetic A long-latency pursuit of the visual
pursuit of | scene supplementing vestibular
stationary scene nystagmus at low or constant

velocities of body rotation

Visual Optokinetic A continuation of optokinetic

integrator afternystagmus nystagmus after cessation of
simulation

Otolith Organs

Linear Deviation Steady eye deviation opposite to

acceleration linear body acceleration

Head tilt Countertorsion Tendency of eyes to remain upright

Head inclination

Doll’s eye reflex

when head is tilted (up to 10°)

Tendency of eyes to remain level

Proprioceptors

Neck rotation
Neck rotation

Twisting of
trunk or walking
around

Cervico-ocular
nystagmus

Cervico-ocular
deviation

Arthro-ocular
nystagmus

A low-gain nystagmus induced by neck
proprioceptors

A deviation of eyes induced by neck
proprioceptors

Eye movements induced by walking etc.

Table 1:

head and body
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The vestibular reflexes, depending on the responses
generated, are subdivided into (Paige, 1991a; Schwarz,

Busettini, & Miles, 1989):

e Angular VOR (AVOR) - generating oculo-motor

responses to angular head rotation

e Translational VOR (TVOR) - generating oculo-motor
responses to linear head motion. TVOR depends on
target distance and target orientation (Paige, 1989,
1991b; Paige & Tomko, 1991b; Schwarz et al., 1989;
Schwarz & Miles, 1991; Tomko & Paige, 1992).

The total VOR is the sum of +the angular and
translational VOR (Paige & Sargent, 1991).

2. Vestibulo-ocular Nystagmus

Any rhythmic involuntary motion of the eyes
(compensatory movements) used to maintain the image on the
retina stable irrespectively of the observer’s movements is
known as nystagmus. When induced by vestibular stimulation,

it is called vestibular nystagmus.

In the following figure we see how the VOR compensates

for the h