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FOREWORD

The Rotary-Wing Aviation Research Unit (RWARU) of the U.S. Army Research
Institute for the Behavioral and Social Sciences (ARI) is located at Fort Rucker,
Alabama. Fort Rucker is the home of the U.S. Army Aviation Center (USAAVNC). The
ARI Aircrew Performance Team is committed to enhancing aviation training. Recently
USAAVNC has embarked on its Flight School XXI training program. Among other
innovations, the Flight School XXI program will enhance basic and advanced aviator
training with additional simulator-based flight instruction.

However, USAAVNC is aware that some aviators experience discomfort when
operating flight simulators. Foreseeing the possibility that increasing the simulator-
based augmentation of flight training would result in increasing levels of simulator
sickness, the Directorate of Simulation suggested that ARI-RWARU perform an analysis
of this phenomenon. This analysis was to include two portions: a review of the relevant
research literature and a data-collection exercise on a non-interference basis. This
report contains the literature review. The empirical work will be reported in a separate
document.

Initial results from this project were briefed to the Commander and
representatives of the 1st Battalion/14th Aviation Regiment on 21 November 2001. This
resulted in an informal agreement to limit the total number of daily hours any aviator
would spend in simulator-based training. Early results of this work were also briefed to
the Directorate of Simulation on 23 April 2003.

MICHELLE SAMS
Technical Director
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INTRODUCTION TO AND REVIEW OF SIMULATOR SICKNESS RESEARCH

EXECUTIVE SUMMARY

Research Requirement:

The purpose of this research was to review and explain the literature pertaining
to simulator sickness. Special emphasis was given to sickness issues as they relate to
simulator-based helicopter training.

Procedure:

A library search was undertaken to uncover the relevant simulator sickness
literature. Helicopter studies were emphasized, where appropriate. Since simulator-
induced discomfort is a form of motion sickness, key findings from the literature of
motion sickness were also pursued. Findings were organized by principle issues,
including: terminology, selected history, sickness signs and symptoms, sensory basis
for the perception of motion, measurement, incidence of sickness, residual aftereffects,
adaptation, susceptibility factors, performance, training, safety, treatment, theory,
guidelines for simulator-based flight training, and suggestions for future research. The
sensory conflict theory and the postural instability theory were described in detail.
These two competing theories are the key explanatory systems both for motion
sickness and simulator sickness.

Findings:

Research findings make up the bulk of the text of this review. Examples follow.
Motion sickness (MS)-specifically seasickness-has been known and documented
since at least the ancient Greeks. Simulator sickness (SS) has been known and
documented since the first helicopter flight simulator was procured in the mid-1 950s.
The most common signs and symptoms of MS are pallor, cold sweating, nausea, and
vomiting. Vomiting is rare in SS. The most common signs and symptoms of SS involve
visual symptoms, disorientation, and nausea. Only individuals with intact and normally
functioning vestibular systems are susceptible to MS and SS. Several measurement
techniques exist. The most practical is the Simulator Sickness Questionnaire. The
incidence of SS can range from very low to exceedingly high, depending upon the
simulator, tasks, conditions, and population. In most individuals the symptoms of SS
subside in less than one hour. Residual aftereffects lasting longer than 12 hours are
relatively rare. Adaptation is the single most effective solution to the problem of MS and
SS. Most individuals adapt within a few sessions, some individuals require
considerable exposure to adapt, and 3%-5% of individuals never adapt. Susceptibility
to SS varies depending upon many factors, including age, flight experience, and prior
history of MS. Performance of cognitive, perceptual, and psychomotor tasks is largely
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unaffected by MS and SS. Motivation to perform, however, is strongly affected. The
author could find no direct evidence that SS adversely affects training effectiveness.
The author could find no direct evidence that SS harms personal safety or flight safety.
There are drugs that have proven effective for treating MS and SS-although no drug is
100% effective and all drugs have side effects. The two major theories in this domain
make different predictions about the effect of chronological age on SS-which suggests
future research. Several useful guidelines were presented to reduce the incidence and
severity of SS. One important guideline was that no simulator session should ever
exceed two hours in duration.

Utilization of Findings:

Early results of this project were briefed to the 1st Battalion/14th Aviation
Regiment as well as to the Directorate of Simulation (DOS) at the U.S. Army Aviation
Center (USAAVNC). Final results will be made available to DOS, which suggested this
review, in order to support the enhanced simulator-based flight training envisioned as a
part of USAAVNC's Flight School XXI program.
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INTRODUCTION TO AND REVIEW OF SIMULATOR SICKNESS RESEARCH

Introduction

There are several advantages of simulation for aviation training (e.g., Kennedy,Berbaum, Lilienthal, Dunlap, Mulligan, & Funaro, 1987; Kennedy, Lilienthal, Berbaum,

Baltzley, & McCauley, 1989). Emergency procedures can be trained and practiced in
safety. Foul weather does not delay or halt simulator-based training. Further, there are
special training options available with simulation that do not exist in live aircraft training.
For example, the freeze command can be used to stop the aircraft to provide instruction
or prevent a crash. Preprogrammed reset locations can be used to reposition the
aircraft for the next task, or a repeat of the prior task, without having to expend valuable
training time flying back to an optimal starting point. Simulator-based training can occur
in real time, slow motion, or faster-than-real time (Crane & Guckenberger, 2000).
Automatic feedback features can be preprogrammed and simulator flights can be
recorded for replay and later examination. Not least among the advantages of
simulator-based training is cost savings.

Cost Comparisons

Simulators have been shown to provide effective training at relatively low cost
since at least the 1970s (e.g., Orlansky & String, 1977). Simulators are 10 to 30 times
more available for training than aircraft. They save on fuel. In some cases the cost of
the simulator can be regained in savings within the first 18 months. The relative cost
per hour of training in a simulator has been estimated as 5% to 20% that of the actual
aircraft (Pausch, Crea, & Conway, 1992). According to U.S. Air Force (USAF)
calculations (Moorman, 2002), an hour of training in a C-5 aircraft costs taxpayers
$10,000 while an hour in a USAF C-5 simulator is $500, a ratio of 20:1 in favor of the
simulator. Jane's Defence Weekly (2002) reported that the hourly cost of a Boeing 747
aircraft versus a Level D flight simulator of that aircraft was about 40:1. Jane's went on
to report that for military fighter or attack aircraft the relative aircraft to simulator ratios
were in the region of 10 or 20 to 1. The U.S. Navy reported that the relative cost ratios
for training in a F/A-1 8 are 18:1 and for training in a SH-60 Blackhawk helicopter are
15:1 (Jane's Defence Weekly). Similar figures for training in an M-1 tank versus an M-1
tank simulator, not counting ammunition, were reported as 33:1 (Jane's Defence
Weekly). Lampton, Kraemer, Kolasinski, and Knerr (1995) reported that the cost per
mile of driving an M-1 tank was $92, while it was $6 per mile for an M-1 tank driver
simulator, a cost ratio of about 15:1.

The U.S. Army Aviation Center (USAAVNC) at Fort Rucker trains more than
1,200 aviators every year (Spires, 2003, March). It costs the Army at least $1.1 million
to train a pilot (Czarnecki, 2004; Department of the Army, 1994, November). The
estimated cost per hour of flight training in a live aircraft can vary widely depending
upon how much of the training infrastructure and associated materiel costs are included.
Spires estimated that the hourly cost of operating the TH-67 training helicopter was
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$125, while the UH-60 Blackhawk was $2,000 per hour. USAAVNC (2003) calculated
costs based on a variety of factors including instructor labor, maintenance labor and
parts, installation overhead, fuel, oil, and lubricants. The costs per flight hour for
training varied from a low of $781 for the TH-67 to a high of $6,095 for the AH-64D
Apache. Pate (1988) calculated the costs saved by Army aviation through the use of
simulators for a part of aviator training. (Amounts in parentheses represent inflation-
adjusted 2005 dollars.) Compared to live aircraft costs, use of the UH-1 flight simulator
saved USAAVNC in excess of $50 million ($84 million) in cost avoidance annually.
Training cost avoidance for the field was in excess of $41 million ($69 million) annually
for the UH-1. At USAAVNC, use of the CH-47D flight simulator resulted in cost
avoidance of more than $3 million ($5 million) annually. For the field, training cost
avoidance attributable to this simulator was in excess of $24 million ($41 million)
annually. Training cost avoidance annually attributable to the UH-60 flight simulator
was in excess of $10 million ($17 million) at USAAVNC and $121 million ($201 million)
in the field. The USAAVNC and field simulator for the AH-64A Apache is the Combat
Mission Simulator (CMS). Annual cost avoidance figures for this device at USAAVNC
were more than $13 million ($22 million) and more than $117 million ($194 million) in
the field. Although the CMS allows the training of gunnery skills, these figures did not
include ammunition costs. Cost avoidance calculations would be many times higher if
ammunition costs were included.

The point of these comparisons is that Army aviation training is expensive; that
training with live aircraft is many times more expensive per hour than simulator-based
training; and that Army aviation training can save, and has already saved, many millions
of dollars per year by using simulators for a part of required training. Simulator-based
training to augment live-aircraft training is here to stay. Unfortunately, some aviators
experience simulator-induced discomfort, or simulator sickness, when operating a flight
simulator. It is simulator-induced discomfort that is the subject of this report.

Motion Sickness

Whenever we relinquish our intended status as self-propelled
animals and step aboard some vehicle or device that
transports us passively we incur the risk of motion sickness.
This wretched and debilitating condition has always been
intimately linked with man's technological efforts to improve
and extend his natural powers of locomotion. (Reason & Brand,
1975, v)

Simulator sickness is a form of motion sickness. A review of motion sickness
(MS) is therefore required to place simulator sickness (SS) in an appropriate context.

Reviews

There are several reviews of MS. The book by Reason and Brand (1975)
entitled Motion Sickness is arguably the best single source because of its exhaustive
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discussion of research results, sensory systems, and theory as they apply to MS.
AGARD (1988), Benson (1978, 1988), Kennedy and Frank (1985), and Mooij (1988)
also provide useful reviews of research results, sensory systems, and theory. Young
(2003) provides a clear and thorough discussion of MS with special emphasis on the
anatomical sensory systems that underlie spatial orientation (e.g., the vestibular
system). Theoretical discussions of MS can also be found in Reason (1970, 1978),
Kennedy and Frank, Benson, and Riccio and Stoffregen (1991).

Selected History

The many different names that have been used to designate
this disorder reflect both its long history and the wide range
of circumstances that can provoke it. In the beginning there
was sea-sickness, then coach-sickness, train-sickness, car-
sickness, air-sickness, and, [more recently] space-sickness.
(Reason, 1970, p. 386)

Documented accounts of motion sickness date back at least as far as the ancient
Greeks. Nausea derives from the Greek word "naus" meaning ship (Benson, 1978;
Reason & Brand, 1975). Hippocrates (460-377 B.C.) wrote, "Sailing on the sea proves
that motion disorders the body" (Reason & Brand, p. 2). Admiral Lord Nelson (1758-
1805) was a chronic sufferer of seasickness during his entire naval career. Both
Napoleon Bonaparte (1769-1821) and T. E. Lawrence (1888-1935) learned of the MS
that accompanies the swaying gait of riding a camel in their respective Middle East
campaigns. MS was used as a legal punishment for delinquent youths in 19 th Century
Germany. The juvenile delinquent was placed inside a box that was suspended outside
town hall and rotated by a policeman until the offender had provided a "disgusting
spectacle" to those present (Reason & Brand, p. 4).

Prior to the 1950s, people who wanted to travel across oceans had no choice but
to attempt a sea voyage. For inexperienced mariners this frequently resulted in
seasickness. A ship's doctor quickly became an expert on the subject of seasickness.
One such physician described this all-too-typical occurrence this way:

After a period of lively chaff, the victim suddenly becomes
quiet and subdued... he evinces a strong dislike to the use
of tobacco by himself or others; he feels an indefinable some-
thing in the epigastrum, is cold and miserable, smiling feebly
when spoken to, and apparently wishing to be left alone...
While in this state, with lips blue, eyes suffused, complexion
varied states of green, and a general disorder of mind, body
and apparel, his condition is one of abject misery, and strongly
deserving of sympathy. Then it is his plaint that the ship will
not sink, whereas earlier on, he may have been afraid that
she would and drown all on board. The stage of convalescence
is generally marked by an air of blatant superiority over his
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less advanced fellows. (Reason & Brand, 1975, p. 73)

A large variety of ostensible seasickness preventatives were sold to customers
contemplating an ocean crossing. Reason and Brand (1975) listed all the drugs
recommended for seasickness in the British medical journal Lancet between 1828 and
1928. Some of these concoctions were amyl nitrite, chloroform, atropine, creosote,
opium, quinine, cocaine, strychnine, laudanum, cayenne pepper, nitrous oxide, and
tincture of belladonna. Interestingly, hyoscine hydrobromide, a derivative of belladonna,
has been shown through controlled experimentation to be one of the most effective
medications to prevent MS (Benson, 1978; Reason & Brand) and SS (Regan &
Ramsey, 1996).

In 1881, Irwin (Kennedy & Frank, 1985; Reason, 1978; Reason & Brand, 1975)
was the first to report on the importance of the vestibular system, and specifically the
semicircular canals, in the etiology of MS. Additionally, he noted that being onboard a
ship presented the inexperienced vestibular system with an unusual (in the sense of
novel) current force environment compared to prior (land) experience. Thus, Irwin not
only implicated the vestibular system but also the importance of the unfamiliarity of the
motion in MS.

In 1882, William James, a pioneering American psychologist, published his
experiments with deaf mutes (Kennedy & Frank, 1985; Reason & Brand, 1975).
Frequently the deaf also have impairment of the semicircular canals of the vestibular
system. James found that 36 percent of his deaf sample could not be made dizzy no
matter how much they were spun in a rotating chair. Further, of those 15 who could not
be made dizzy, and who also had experience onboard ships during rough seas, none of
them (0%) had ever experienced any symptoms of seasickness. This groundbreaking
research established the centrality of the vestibular system to MS. Later researchers
repeatedly demonstrated that deaf mutes and others with middle ear damage could not
be made seasick under conditions that characteristically produced MS in normal
populations (Benson, 1978; Kennedy & Frank; Reason & Brand).

Meanwhile, other research showed that blind people, and sighted people closed
into completely darkened cabins or blindfolded, experienced seasickness at normal
rates (Kennedy & Frank, 1985; Reason & Brand, 1975). Loss of visual stimulation did
not prevent the onset of MS. Virtually all scientists practicing in this field now
acknowledge that MS is only possible in people with a normally functioning vestibular
system. An intact and normally functioning vestibular system is a necessary condition
to experience MS (e.g., Benson, 1978; Biocca, 1992; Ebenholtz, 1992; Kennedy &
Frank; Pausch et al., 1992; Reason, 1970, 1978; Reason & Brand; Young, 2003; but
see Riccio & Stoffregen, 1991).

The coming of the Second World War, and with it the requirement to transport
vast numbers of men overseas, and have them physically fit upon disembarkation,
changed the study of MS substantially. Seasickness went from being a common, if
ultimately harmless, discomfort of sea travel to a major military problem. The same was

4



true for carsickness and train-sickness, because large numbers of troops were being
transported overland both in Europe and in the United States. The era of airsickness
began as well, because for the first time enormous numbers of pilots and navigators
were being trained in the air.

An exhaustive listing of all the provocative motion environments will not be
attempted. However, historically the disorder has been caused in a wide range of
motion conditions. These include: ships, small boats, life rafts, coaches, trains,
automobiles, aircraft, spacecraft, carnival rides, swings, tilted rooms, rotating rooms,
rotating chairs, camel riding, elephant riding, earthquakes, and newly prescribed eye
glasses (e.g., AGARD, 1988; Benson, 1978; Ebenholtz, 1992; Lilienthal, Kennedy,
Berbaum, Dunlap, & Mulligan, 1987; Kennedy & Frank, 1985; McCauley, 1984; Reason,
1970; Reason & Brand, 1975). Interestingly, riding horses, bicycles, or motorcycles
does not cause the disorder (Kennedy & Frank).

... and the motion of the earth made my stomach sick, like
one that was tossed at sea. (Defoe, 1955, p. 60)

Signs, Symptoms, and Terminology

There is no doubt that motion sickness can be a profoundly
unpleasant experience. The degree of discomfort, malaise
and wretchedness suffered by the victim is really out of all
proportion to the banal and comparatively harmless nature
of the disorder. Few people have perished as a conse-
quence of motion sickness, but many in its grips have
wished for death. In some individuals, motion sickness
brings with it an almost pathological state of depression,
apathy and listlessness. (Reason & Brand, 1975, p. 73)

The term "sickness" usually means to be afflicted with a disease or malady. The
word sickness in MS is, therefore, a misnomer. MS is not a disease or malady. MS is,
in fact, a "...normal response of a healthy individual, without organic or functional
disorder, when exposed for a sufficient length of time to unfamiliar motion of sufficient
severity" (Benson, 1978, p. 469). Contrarily, people who are incapable of experiencing
MS are the ones with the pathology, and that pathology is an absent or nonfunctional
vestibular system (Benson; Reason & Brand, 1975; Young, 2003). MS is more properly
called a syndrome-- a motion maladaptation syndrome-- and is frequently referred to as
such in the scientific literature (e.g., Benson, 1978, 1988; Kennedy & Fowlkes, 1992;
Kennedy & Frank, 1985; McCauley, 1984; Reason & Brand).

Within the medical community the "signs" of a disease or syndrome are objective
conditions that can be observed or measured by a physician. "Symptoms" are
subjective conditions that the patient experiences and reports to the physician. In this
context "cardinal" means of foremost importance or pivotal. The signs and symptoms
associated with MS are many and varied. Virtually all scientific reports of MS provide a
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listing of the cardinal signs and symptoms. For a detailed description of signs and
symptoms see Benson (1978), Kennedy & Frank (1985), and Reason and Brand
(1975).

The cardinal symptom of MS is nausea. The cardinal signs are pallor, sweating,
and vomiting (also called emesis). Nausea is the most commonly reported symptom. It
begins with stomach awareness, progresses to queasiness, and then vomiting.
Vomiting often leads to a temporary improvement in symptoms. Facial pallor and cold
sweating are the most commonly reported signs of MS. In fair-complexioned persons
facial skin takes on a whitish-greenish tint caused by vasoconstriction of the extremities.
Cold sweating is sweating in the absence of an adequate thermal stimulus. That is, the
ambient temperature is not warm and, therefore, cold sweating serves no useful
thermal-regulatory function. Pallor and cold sweating reliably precede vomiting.
Additional signs of MS are increased salivation, sighing, yawning, hyperventilation,
burping, flatulence, and locomotor ataxia. In this context "ataxia" means postural
instability or postural disequilibrium (e.g., Kennedy, Berbaum, & Lilienthal, 1997;
Kolasinski, 1995). Additional symptoms are headache, depression, apathy, drowsiness,
somnolence, and mental disorientation.

Sensation of Motion

The anatomical and physiological basis for the sensation of motion is a large,
complicated field of study in its own right. Reason and Brand (1975) review this field
from the perspective of its relevance to MS (see also Mooij, 1988). Young (2003)
reviews this field from the perspective of the sensation of motion in aviation and aviation
simulation (see also Hall, 1989).

The visual system and motion. The eyes detect motion as a change in position
or as velocity in the periphery of the visual field. Velocity and acceleration are assessed
by changes in position over time. The eyes have no ability to detect acceleration
directly.

For purposes of perceiving motion there are two visual systems that operate in
parallel (Young, 2003). The ambient system is principally concerned with detecting
large objects in the periphery and with detection of self-motion (vection) through
sensations of visual flow in the peripheral field. Visual flow increases as a function of
velocity, scene detail, and reductions in height above terrain. There is greater scene
detail closer to the ground, so whether one is flying an aircraft or operating a flight
simulator, the lower the height above terrain the greater the visual flow and the greater
the sensation of vection. Although under special laboratory conditions vection has been
reported with a small field of view (FOV), generally a minimum FOV of 60 degrees
horizontal is required to experience the sensation of motion from visual information
alone (Mooij, 1988). The focal system is principally used for the discrimination of fine
detail in the central, or foveal, visual field. Motion is sensed through such focal cues as
size and shape constancy, perspective, and interposition. The focal system is used in
an automobile, aircraft, or simulator when the operator examines the onboard
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instruments to determine motion, direction, and velocity. An aircraft pilot is forced to
use this system when weather conditions make out-the-window viewing unreliable, a
condition known as instrumented flight.

The vestibular system. This system is composed of the semicircular canals and
the otolith organs. They are about the size of a pea, are located in each inner ear, and
are thoroughly encased in the temporal bones. The semicircular canals give
information as to angular velocity, and rate of change in angular velocity, of the head.
The otolith organs transduce the force of gravity and linear acceleration acting on the
head. In ordinary terrestrial activities the vestibular system is primarily responsible for
maintaining balance and postural equilibrium. Usually the actions of the vestibular
system are entirely transparent. Children born without a functioning vestibular system
grow up to lead normal lives, with other senses providing motion information, and
remain unaware of their disability unless exposed to rare laboratory tests or odd motion
environments. In addition, as stated before, such individuals never experience MS.

In each inner ear there are three semicircular canals (superior, posterior, and
horizontal; Young, 2003). These canals are positioned in planes approximately
orthogonal to each other. Each is filled with a fluid called endolymph. A widening at the
base of each canal is called the ampulla. Inside each ampulla is a gelatinous wedge
called the cupula that prevents the endolymph from flowing through the ampulla. At the
base of each cupula are cilia projecting from hair cells. Movement of the endolymph
inside the canal will cause a slight movement of the cupula that will bend the cilia
projecting from the hair cells. This bending will cause the hair cells to fire, sending a
pattern of discharges up the afferent nerve fibers that connect the semicircular canals to
the brain. Each canal will respond to angular acceleration of the head perpendicular to
its plane. For brief head movements the canals can correctly indicate velocity as well
as acceleration, but this signal will decay to zero for constant velocity turns. Thus, the
semicircular canals are primarily responsible for providing information as to rate of
change (acceleration/deceleration) in angular velocity. For a more sophisticated
understanding of the semicircular canals, Young provides both more detailed
information and several important references (see also Reason & Brand, 1975).

The influence of alcohol on the semicircular canals accounts for the all-too-well-
known phenomenon of drinking until the room spins. Normally the cupula floats with
near neutral buoyancy in the surrounding fluid. Alcohol alters the density of the cupula
and the endolymph. The cupula becomes lighter. When the head is tilted, the cupula
rises slightly (bobs up). This mimics a condition where the head is being rotated in the
direction of the ear that is down. This is called Positional Alcohol Nystagmus I "... and
is accompanied by a consistent, disturbing sensation of rotation, the degree of which
depends on both the head orientation relative to gravity and the alcohol level" (Young,
2003, p. 90). There are several other harmful effects of acute alcohol consumption on
balance, oculomotor coordination, and the perception of motion should the reader care
to investigate (cf., Riccio & Stoffregen, 1991; Young).
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