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InTRonyUCcTIOCH

The objective of the present program of research, under
the Office of Naval Research Contract NG0014-73-C-0040 to
Human Factors Resecarch, Incorporated (iIFR), is to develep
equations for predicting mntion sickness incidence (MSI) in
rilitary personncl exposed to sca motion. The results of
this research, however, have potential applicadbility to vir-
tually all types of transportation vehicles. The first report
under this contract (O'llanlon § HcCauley; 1973) Jdescrided
roscarch that led to a preliminary mathematical model relat-
ing MSI to vertical sinusaidal motion varying in frequency
(.083 to .50 liz) and acceleration (.027 to .55 rms g). The
present rcport discusses a serics of exploratory experiments
on topics which were considered to be potentially important
for the prediction of M5I: pitch and roll wotions, habitu-
ation, and frequencies above .5 Hz. Also, a more detailed
description of the wmodel is presented, including its assump-
tions, limitations, derivation, and extension to include ex-

posure time.

Stomach awareness, malaise, cold sweating, pallor, nausea,
and vomiting (cmesis) are common signs and symptoms of motion
sickness. This syndrome is a normal response to certain types
of motion for individuals who have an intact vestibular sys-
tem. Either angular or linear accelerations, or a combination,
can induce sickness, but the common element secms to be the
repetitive acceleration of the vestibular system. A var:ety
of specics other than man suffers from susceptibility to mction
sickness, including dogs, cats, chirpanzeces, scals, birds,
sheep, and even fish. 1In spite of the prevalence of motion
sickress across species, no apparent purpose, in the teleo-
logical seasc, is served by vomiting in response to repctitive
accelceraticn. Several comprehensive reviews of motion sickness

.
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discuss these issues in detail (Chinn & Smita, 1955; Money,
1970; Rcason § Brand, 1975; Tyler § Bard, 1949).

The vestibular system plays a primary role in motion
Sickness. As e¢arly as 1882, William James asserted that
individuals with a non-functional vestibular system were
immune to motion sickness. Rescarch by Graybiel and his
colleagues has clearly demonstrated this immunity in a variety
of dynamic environments (e.g., Kennedy, Graybiel, McDonough
§ Beckwith, 1968). Both the semicirculur canals and the oto-
lith organs are implicated in the etiology of motion sickness,
but their exact role aad their nmutual influence remain contro-
versial. Discussions of this issue may be found in Reason §
Brand (1975) and in sevaeral papers in the NASA Fourth Symposium
on the Role of the Vestibular Organs in Space Explor.tion
(Graybiel § Miller, 1970; Guedry, 1970).

Angular acuvsleration is the primary stimulus to the semi-
circular canals and iinear acceleration is the primary stim-
ulus to the otolith organs. Either angular or linear accel-
eration can induce motion sickness, and so can a dynanic visual
dis, ay with iamplied but not real vestibular stimulation.
Reason § Brand (1975) argue for a "neural misnatch" explana-
tion of motion sickness, stating that

All situations which provoke sickuess are charac-
terized hy a ccndition of sensory rearrangement
involving the vestibular system; that is, a con-
dition where the position and wmotion inforimatiou
signalled by one ¢r more of our spatial senses
[semicircular canals, otoliths, or vision] 1is in
some way discrepant with that signalled by the
renmainder. (p. 134)

The motion of vehicles on land, sca, or air can be con-
ducive to motion sickness, depending on the environmental
forces imparting acceleration to the vehicle. The relation-
ship between the dynamics of the vehicle and the resultant
moticn sickness is largely unknown (Allen, 1974). Field studies
provide one wethod for investigating that relationship by

—
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correlating measures of vehicle dynamics with MSI. However,
the field study method presents difficult problems of measure-
ment, Idealiy, six axes of motion, three linear and thre=
angular, should be quantified. Linear components of angular
acccleration, such as pitch motion at the bow of a ship, may
be significant if the distance of the individual from the axis
of rotation is great. The movement of personnel within the

vehicle, therefore, can cause difficulty in quantifying the

~dynamic stimulus for an individual over time. The probiens

encountered with the field study method are documented in an
unsuccessful attempt to correlate measures of ship's motion

with motion sickness (Hanford, Cone § Gover, 1953).

Another approach to the problem of relating motion
parameters to MSI is to cxperimentally control and manipulate
the motion of laboratory devices. This method has utilized
a variety of devices such as two-pole and four-pole swings,
rotating chairs, rotating rooms, and vertical oscillators.
Since World War II a number of studies have used these devices
aand the results have becn reviewed by Money (1970). Despite
the research effort, our knowledge is far from complete.
Benson (1973), in a recent review of the physical character-
istics of the motions that induce sickness, concluded that

There 18 a paucity of data correlatiag stimulus
parameters to the incidence of sickness....In
situations where there are concomitant angular
or linear accelerations, as invariably occurs
outside the laboratory in transport or fighting
vehicles, there is essentially no information
which would allow a quantitative assessment of
the incidence of sickness in operators or pas-
sengers when exposed to a particular vehicular
motion. (p. 15)

Vertical linear acceleration, sometimes called "heave,"
has been implicated as the component of sea motion that is
most important Ia motion sickness, primarily because the level
of angular acceleration in pitch and roll is quite low in

conventional sea craft, usually less than S degrees per sccond




per second (°/sec?) (Morales, 1949; Sjoberg, 1970). A series
of studies on vertical oscillation was begun by Wendt at
Weslyan University during World War II, and has been reviewed
by Baker (1966), Benson (1973), and Money (1970). The appara-
tus used in these studies, called the "Wave Machine," was a
hydraulically driven, modified elevator with an 18-foot full-
wave displacement amplitude. The waveforms were characterized
by alternating periods of constant velocity and constant
acceleration. According to Baker (1966) and Morales (1949),
the displacement waveforns approximated a sinusoid, but the
acceleration waveforms were essentially a square wave. Seated
subjects were exposed for 20 minutes vo frequencies from 13

to 32 cycles per minute (CPM), and accelerations (iaz) ranged
from .20 g to .65 g. Results of these studies indicated that
both frequercy and acceleration were important in motion
sickness, and that frequencies lower than 32 CPM were more
likely to induce sickness. Equipment limitations prevented
the independent manipulation of frequency and acceleration,
and the relationship between these variables was not dis-

covered.

The firsi study in the present program of research
(O'Hanlon § McCauley, 1972) extended the Wendt-Weslyan data
by independently varying the frequency and acceleration of
vertical oscillatiorn. Over 300 subjects were exposed to motion
for a duration of 2 hours. Frequencies of 5, 10, 20, and 30
(M (or .083, .167, .333, and .500 Hz respectively) were
tested. The frequency of maximum censitivity to motion sick-
ness was found to be 10 CPM (.167 Hz) in contrast to the
Wendt-VWeslyan estimate of between 16 and 22 CPM. In addition,
MSI was found to increase for all frequencies as a monotonic
function of the acceleration. A mathematical model was derived
for the prediction of MSI in a 2-hour exposure dased on the
parameters of frequency and zcceleration. However, the data
for that model was frequercy linited to an upper dbound of
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.5 Hz and important variables svch as exposure tinme, habitu-

o

ation, and simultaneous angular accelerations were not in-

cluded in the model.
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The purpose of the present experiments was to investi-
gate the effects of the following variables on the incidence
of motion sickness: (1) angular motions of pitch and rol?
up to and beyond the magnitude of angular accclerations ex-
pected froa sea motion; (2) habituaticn of the motion sickness
response through successive daiiy exposures to motiom; and
(3) frequencies of vertical oscillation above .5 Hz. A major
goal was to refine the mathematical model for the prediction
of HSI by including new data as well as an expression for
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GENBRAL MITROD

Apparatus

Motion was imparted to the subjects using the Gffice of
Naval Research/Human Factors Research (CiR/HFR) Motion Geznera-
tor (Buckner § Baker, 1969; Buckner § Heorwagen, 1969; C'Hanlon,
Seltzer § Sanderson, 1975). The facility includes a control
rooa and a moving cabin which is mounted on a hydraulically
driven piston, capable of a vertical full-wave displacement
anplitude (heave) of approximately 20 feot (6.1 meters).
Additionally, the Motion Generator provides pitch sd roll
angular displaceuent linits of approxicately 215° on esch
axis. The axes of rotation are approximately 16 inches (40 cm)
below the deck of the moving cabin,

The Hotion Generator was equipped with a moving cabin of
approximately ° feet x 8 feet x 8 feet (2.4 n) with an insu-
lated partition dividing it into two identical compartments
so that two subjects could be exposed to motion simultaneously.
Each compartment contained sn air conditioning system, an air-
craft type seat with headrest and safety harness, a headset
nounted on the headrest, a closed-circuit television camera,

a fluorescent light, an emesis bag, a syopton-rating chart,
and a srall response console with five buttons. The five ve-
sponse buttons were nucbered, and the symptom-rating chart
defined the buttons a3 follows:

Button Nunber Symnton Rating
1 - No symptors
2 - Stomach gwarcness, feeling slightly
"queasy"
3 - Hild nausea
4 - Hoderate nauseca
1 - Severe nausca, encis is ipminent
UL Y ¥ U
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The control room contained the conmunications and control
equipnent. Parallel communications systems and TV monitors
for the two compartmerts allowed the experimenter to monitor
the subjects' progress and communicate with them independently,
A sinusoidal drive signal was produced by a function geneiator
(Systron-Donner Corp., Data Pulse 401) and provided the input
to the Motion Cecnerator heave serve control system. The fre-
quency and the cabin half-wave displaccnment amplitude were
accurate to within approximatcly .005 Hz and 2 inches respcc-

tively.

Major modification of the ONR/HFR Moticn Gencrator heave
systen occurrcd during the time period ot the present experi-
ments, substantially upgrading both its frequency and the
acceleration characteristics. Appendix A contains information
regarding Motion Generator prc- and post-modification drive

systens.
Subjects

Students were recruited from four local educational in-
stitutions with a combined enrollment of approximately
20,000~-the University of California, Santa Barbara; Santa
Barbara City College; Brooks Institute of Photography; and
Nestmont College. Male and female subjects participated in
two experiments on habituation; the remainaar of the studies
exployed male subjects exclusiﬁely. The subjects were screcncd
by questionnaire for contraindicating medical conditions such
as diabetes, heart disease, high blood pressure, and epilepsy.
They were paid $10 for an experimental session which lasted
cither 2 hours or until emesis.

Procedure

The procedures described in this section may be considered
"standard" for the threce studies rcported in this paper. Any
deviation from these procedures will be noted.
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The two subjeccts in each session listened to tape reccrded
instructions and signed inforzed consent forms. They wsre
scated in their respective compartments of the moving cabin,
and the safety harnesses were secured. They were instructed
to maintain head position against the headrest and respond to
a l-second tone given ecach minute over the hcadset by pressing
the appropriate symptom-rating button on the response console.
¥hen the compartment doors were secured, no earth-fixed visual
reference was available for the subjccts, although the fluo-
rescent light enabled TV monitor opcration and normal vision
within the compartment. The moticn was started after a final
communications check, and the assigned motion was attained by
a gradual increase of the input zmplituds over a pericud of
approximately 30-60 seconds. The subjects' syaptom develop-
ment was observed on a strip-chart recording of the sympton
ratings and on the TV monitors, If a subject vonited, an
sutomatic motion-stop procedure was initiated, requiring 9
seconds, and he was removed to a recovery bunk. The wotion
was restarted fur the remaining subject as soon as possible,
generally within 3 minutes. Although this procedure disturbed
the constant stinulus to the remaining subject, the delay did
not appear to offer more than a brief respite from mution sick-
ness symptom develcopment. In some studies, noted later, sub-
jects were encouraged to remain in motion for the full 2 hours,
even after emesis. After a session, the subjects were requested
to remain until fully recovered. A local physician was retained
for consultation and for emergenczy medical care.



STuny 1
VERTICAL OSCILLATICH WITH PITCH OR ROLL

Iz oporational sea craft, the angular accelerations of
pitch and roll that are imparted to the occupants are conconi-
tant with v2-.2cal acceleration or heave. Therefores, accurate
prodiction of motion sickness incidence in Maval operaticns
rust account for these combined effects. Angular acceleration
is an effective stimulus for motion sickness when it is cross-
coupled with head movements in an orthogonal axis leading to
Coriolis acceleration of the semicircular canals (Benson, 1973;
Graybiel, 1972; Guedry, 1965). However, the contribution of
the angular acceleration of pitch and roll to motion sickness
on ships is not well documented. Several investigators (c.g.,
Morales, 1949; Sjoberg, 1970) have asserted that pitch and
roll are relatively unimportant compared to hecave motion be-
cause the anpular acceleration aboard ships is generally very
low, on the order of 5°/sec?. For example, a roll angle of
10®* aboard a ship would be ver) perceptible by otolith end
proprioceptive sensors, but because of the long roll peried,
the angular acceleration and hence the siinulation of the seni-
circular canals would be low. Consequently, the angular
accelerations of pitch and roll per se may play 2 minipal
role in the etiology of motion sickness aboard conventional
sea craft. But the vertical linear component of roll and
perticularly of pitch could be substaential, depending en an
individual's location on the ship with respect to the axis of
rotation,

The purpose of Study I was to determine how motion sick-
ness incidence is affected by the addition of the angular
accelerations. pitch or roll, to a constant vertical motion.

Kathod

Subjecte. Tho subjects were 325 male college studcnts.

s g o o
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Procedure. A sinusoidal vertical oscillation was decfined
by a frequency of .25 Hz and an rms acceleration level of
.11 g yielding a half-wave displacement amplitude of 2.05 feet.
That motion was predicted to give a moderate MSI of 25% in
2 hours, based on the model developed from the earlicer work
under this contract (0O'Hanlon § lcCauley, 1973), although the
effects of this particular frequency had not been previously
observed. There were a total of 15 experimental conditions
of motion (see Table 1)--6 pitch ¢ heave conditions, 6 roll «+
heave conditions, and 3 control conditions, pitch-only, roll-

only, and heave-only.

A function generator produced sinusoidal cozmand signals
for the angular motion, and the gain control was incrcased
until the assigned angular displacement of the cabin was attained
to within 1 degree. Six angular motions were defined on the
basis of a partial factorial design of three frequencies--.1l15,
.230, and .345 Hz--and three leveis of rms acceleration--5.5,
16.7, an® 33.3%/sec?. The six angular motions were super-
irposed upon the standard heave motion and defined as pitch
or roll according to the axis of rotation with respect to the
seated subject. The linear components of the six angular
accelerations were, in all cases, less than .10 rms g accel-
eration at the ear, by calculation for a hypothetical subject
of mean sitting height. The heave-only control condition had
no superimposed angular accelerations; the pitch-only and the
roll-only control condition; had no heave motion.

Eight subjects weve scheduled each day and nonsystemat-
ically assigned to one of the 15 motion conditions. Scheduling
continued until a mininum of 20 subjects had been exposed to
each condition. Because of fhe pitch and roll accelerations
in this study, head restrainis, constructed of rubber tubing,
assured that the subject's h;ad remained positioned against
the headrest.

12
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Rosults and Discussion

The observed 1SI in the 15 motion conditions is shouwn in
Table 1. The MSI in the heave-only control condition was 318%,
just 6% more than predicted by the model. In contrast, no
subjects vomited in the roll-only control condition, and only
two (9%) vomited in the pitch-cnly contrel conditien. Inspec-
tion of the six pitch ¢ heave conditions in Table 1 revealed
no apparent systenatic offect of frequency or zcceleration.

A chi-square analysis based on an expected HSI of 31% was not
significant, X? = 2,17, df = 5, p > .05, indicating that the
addition of the six conditions of pitch motion 1led to no changoe
in MSI other than what might be expected from the heave motion

alone.

Inspection of the six roll + heave conditions revealed
a high variability in MSI, with two particularly low values
of 14% at .115 Hz, 5.5°/sec?, and 8% at .345 Hz, 16.7°/scc?.
Yet no systematic effects of frequenc, or acceleration were
apparent. There is no ready explanation for the inversion at
a frequency of .345S H:z and an acceleration of 16.7‘/sec’; the
reason for the low value is unknown. However, a chi-square
analysis supports an interpretation that the results were due
to chance variation. The obtained frequency of emesis did
not differ significantly from the 31% eipected from heave
alone, X2 = 9.89, df = 5, p > .05. We are unaware of any
vestibular process or theory of motion sickness that would
predict a reduct on in motion sickness, as in the cells with
8% and 14% MSI, due to the addition of roll motion to heave
motion. The overall mean of the MSIs for the pitch + heave
conditions was 34% and for the roll + heave conditions, 31%.
These data are consistent with the view that the 12 motion
conditions of angular acceleration did not differ from the
heave-only control condition, and that the inter-cell varia-
tion was due to sampling variability,

13
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Overall, the most notable, znd somecvhat surprising, re-
sult from Study I was the fallure of pitch or rell to cen-
sistently increase thz incidence of sickness observed in the
heave motion alone. Whether scme complex interaction between
the roll znd heave accelerations led to increased variability
in KSI remains a viable question. For example, perhaps the
neural effect of vertical acceleration i3 zmodulated by the
averige angular position (tilt zangle) of the otolith organs
at the time the acceleration is sgpplied. Such asn effect could
possibly account for seme of the variability observed in these
results. The failure to find a systematic increase in !SI
from pitch and roll supports previous investigators who sug-
gested that the vertical component of sea motion is of pri-
mary etioloyical significance for notion sickness. This resule
also casts doubt on previous sugpgestions that slight hesd
movenrents during vertical oscillation are the basis for motion
sickness (Grayhiel § Miller, 1970; Reason § Brand, 1975).
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Rygtiel i § §
HABITUATIOCR TO M3TIcd TulIugld LDAILY Exrocuzz

Adzptation end habitustica a2re closely ralated terms,
geaevally referring to a chzngoe in rospoazo to aza input thal
is ccnstant or repoated. Monay (1970) discusses these pro-
cecsses with rogard to motica sichness and dofines adeptaticean
a3 8 change in the bodily mechanisms which leads to a respomse
dacline, and habdbituatioa as the acquisiticn er process of sc-
quring the adaptive change. The term hsbituaticn will bs uscd
iz this report to describe a decliue in thie incideace of wotica
sickness with repeated or continued exposuro. It is recognizaed
that this definition is not descriptive of the uadarlying pro-
cessss. Collins (1973) reviecwed hadbituaticn of vestibular ro-
sponses, particularly for sagular sccocloratica, znd coacludcd
that mere response reduction is ea inzdoquate conception of
vestibalar habituation, and that the dynzamic prucesses iavolved
would be better churacterized 23 “active modification® of ves-
tibul iz responses. A similar vieuwpoint, expressod by Reasea
and Brand (1975), is & major feature of the scasory rearraangsg-
meat theory of motion sickmess. Aa increased rescarch effort oa
these theoretical issues i3 meeded in ordor to sdveace the uader-
standing of moticn slickaness 23 well a3 zdcptive processes.

However, practical rather than thoorotical consideraticns
uotivatod the present study becsuse sny predictica of KII for
extended operations in a dynamic enviroamzat zust take into
account the degree of habituaticn that has been scquired.
Several important issues arise in the area of cdaptive changes
in rosponse to motion: the time course of habituation, the por-
sistence of the change (rate of dishesbituation), the specificity
of the change, 2nd the extent of positive znd ncgative trezasfer
of the habituation to different moticn ceonditicns.

Study Il was designed &3 2u exploratory investigatica of
habitvation in repeated exposures to vertical rscillatica. The
study comsisted of three expesrimzcnts exenining differcnces in
scceleoratiea, dursticn of exposurc, &nd scx.of tlo sudjects.
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Izperiment 1

Theo purpose of Exporizcont 1 was to o' serve the effect of

repcated daily 2-hour expesures to the same sinusoidal rmotion

ca the H3SI of susceptible subjects.

A decline in the inci-

donce of emesis 23 a function of days of exposure was con-
sidered to be evidence of hzbituation.

Subjaots.
for suscantibility om the bLasis of vemiting within 2 hours in

Tosponse to the standard notion for this experirment.
of the 34 susceptibles zgroced to return for the series of five

hebituation exposures.

Thirty-four out of 54 subjeccts were selected

Caly 20

The procedure for sudbject selection

vas identical for all three experiments in Study II, and the

rosults of tho solection process are showa ia Table 2.

TADLE 2
CZSCRIPTICT CF OTIGH, SUBJECTS, AID CGUTCCHE
CF SELECTICH PROCESS FOR STUDY 11
o Lo Yoo |
’ Solection Hebituztion
aif-liave Teat Sories
Eporiment fplituda N} ksl n
R Fray (z) | v 222) (9) (72) HiFINLF niF
1 0.25 0.22 4.02 |54 | --i53%} ~-] 20 ) --
2 0.25 0.33 6.184 {45 ] 91i59% 89% 81 6
3 0.412 .44 2.94 11512507 58% 41 4
Procedurs. A sinusoidal motion 2t a frequency of .25 Hz

end rms acceleration of .22 g, yielding a half-wave displace-
zoat erplituds of 4.1 feot, was dofined as the standard heave

cotion throughout the exporiment.

This motion was predicted,

ca the basis of the mathenatiesl eodel (O'Hianlen § lcCauley,
$073), to result in a 52% I25I withinm 2 hours.

An vncuccessful atternpt was mada to esteblish g minimun

ef § days Laotweon the sclcetion enposure end the first of the
five hobituaticn sessicns; soma subjects bepon the hebdituation

Py




" selected for high susceptibility.

series 2 to 3 days after the selection exposure because of
conflicts with school class schedules.

Results. The !NZI for tha 20 subjects (1 subject = 5%)

fs shovwn iam Figura 1 as a function of consecutive days of

exposure. Although 1060% of the subieccts had vonited on their

selection day, only 755 vwenmited on Day 1 of the habituation

This reduction in MSI may have been due to a cowbi-

series.
(1) residual habituation attribu-

nation of three factors:
able to the selection day exposure, (2) nonspecific habituation
or reduction in anxiety to the total testing situation, and

(3) regression toward nmean susceptibility in subjects who were
The habituation series of

five daily exposures resulted in a nonotonic and negatively

accelerating decrease in MSI. However, six svojects (30%)

still vonited on Lays 4 au? S.

100

o~
€0}
151 -
&0
291

0 1 L ] ! 1

1 2 3 4 5

EXPOSURE DAY
Figure 1. HNSI over five daily 2-hour habituation expo- .

surces to vertical sinusoidal oscillation at 0.25 Hz and
0.22 ras g in Experinent 1 (4 = 20).
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Experiment 2

The primary purpose of Experiment 2 was to determine the
effect of the severity of motion on habituation. A secondary
purpose was to observe the retention or maintenance of habit-
uation. Experiment 2 also was designed to provide data re-
garding differential susceptibility to motion sickness between

male and female subjects.

Subjects. There were 8 males and 6 females who partici-
pated .in the habituacion series. These subjects were selected
for susceptibility from a total of 31 males and 8 females by
the same procedure as in Experiment 1. The results of the
selection testing are given in Table 2.

Procedure. The motion for the second habituation experi- v
ment was sinusoidal vertical oscillation at the same frequency
as Experiment 1, .25 Hz, but at a greater rms acceleration, i.e.,
.33 g. The 14 subjects who agreed to return (3 to 7 days
later) were given a series of five daily 2-hour exposures to : \
the same motion as in the selection test. One week after the
final day of the habituation series, the subjects returned
for a 2-hour "retention" test, again in the same motion. The
purpose of this test was to evaluate the retention of any
habituation that may have been acquired during the previous
week. The standard procedures were followed with the addition
of encouraging subjects to remain ‘in the motion for 2 hours

.even if they became sick and vomited. If a subject requested

to terminace the run after emesis, however, the motion was
stopped immediately, the subject was removed, and the motion
was restarted for the remaining subject within 3 minutes.

Results. Puring the course of the habituation series,
5 of the 14 subjects dropped out of the study. One decided
the task was too unpleasant, 3 became ill with the flu, and
the experimenter terminated 1 subject because of extreme

.
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susceptibility to motion sickness.!

Nine subjects cozpleted
all five habituation exposures and the retention exposure of
the following week. Figure 2 shows the !MSI for all subjects
and for the 9 subjects who completed the series across the
six exposures. There was a general decrease in HSI over the
S days of habituation similar to that shown in Experiment 1.
The large decrease in MSI from Day 1 to Day 2 with the loss
of only one subject indicates that the habituation effect was
not sinply an artifact based on non-random subject loss. The

small sanmple size (N = 9 by Day 4) prohibited meaningful

100 /ll
80§
60
MSI r

40+ ‘j’

i /

20}~

0 1 1 ] 1 | 1

1 2 3 4 5 ‘1, R

EXPOSURE DAY

Figure 2. MNSI over five daily 2-hour habituation expo-
sures and retention of habjtuation after 1 week. Hotion
was vertice) sinusoidal oscillation at 0.25 Hz and 0.33
rms g in Experiment 2. (M = 9, closed circles.)

1The subject did not request to stop, but the experimenter
felt that termination was advisable after 3 days of multiple
enesis and no appareat decline in the severity of the motion
sickness synptoms.
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statistical eanalysis of these data, but a decreasing suscep-
tibility to motion sickness was evident for the group as a
vhole over five daily 2-hour exposures to the szne motion
condition.

‘The retention data were obtained 1! wecek after the S5th
day of the habituation series. The results, snown as "Ex-
posure Day R" in Figure 2, indicate that sone degree of
habituation may have been retained after a week without
exposure to motion. Considering only the 9 subjects who
participated in the retention test, 6 vomited (MSI = 67%) on
Day 1 of the habituation series, 1 vomited (11%) on Day 2,
and 4 vomited (44%) on Day R. Therefore, a maxinum of 2
subjects may have been protected from vomiting by retained
habituation. This interpretation must be considered very
tentative due to the limited size of the sarple. There were
no significant differences in response between male and female
subjects (see Pigure 6).

lepsriment 3

Experinent 3 was designed to investigate the effect of
exposure duration on habituation and the retention of habitu-
ation. Again, differential susceptibility of males and fe-
males was a secondary question.

Subjects. A total of 27 male 2nd female students partic-
ipated in the selection tests for the third experiment as shown
in Table 2. Thirteen quaiified for the habituation series
based on their demonstrated susceptibility and 8 subjects,

4 nales and 4 fcmales, agreed to participate in the series.

Procedura. The selection testing consisted of 2-hour
exposures to vertical oscillation at a frequency of .417 Hz
end .44 rms g acceleration, a motion predicted to yield an
KSI of 52%. The series of five habituation runs consisted
of 1-hour exposures to the same potion as in Experirent 2,
d.e., .25 Hz and .33 ras g acceleration. In both the sclec-
" tion and the hadbituation trials, subjects wore encouraged but
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not required to remain in the simulator for the entire time,
even if they vomited. The time interval between selection
and the first exposure of the habituation series ranged fro=
1 to 2 weeks. One week after the last habituation expnsure,
all 8 subjects were asked to return for a 2-kFour retention

test.

L]

Raesults. All 8 subjects completed the hadbituation series,
but only S5 returned for the retention test, 2 males and 3
females. The results were qualitatively similar tu Experircents
1 and 2; habituation was evidenced by decreasing MSI with
days of exposure (Figure 3). The increase in MSI from Day 3
to Day 4 (20%) was not a meaningful charge since it was the

N

100 “

4
HsSI 4
/
49 ’
5 4
20~
r

ol 1 1 ] -1 | ]\’ ]
1 2 3 4 S R
EXPOSURE BAY

Figure 3. HMSI as a function of five datily 1-hour habitu-
ation exposures and a 2-hour retention exposure 1 week
Tater to vertical sinusoidal motion of 0.25 Hz and

6.33 r?s g in Experizent 3. (Days 1-5, H = 8; Day R,
=95, .
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result of only 1 subject vomiting. In fact, calculating an /////
MSI with sarple sizes less than N = 20 must be considered

only a very crude estinate of the true population parameter.

Again, the differences betucecn males and fenmales did not

appear to dbe significant, but the sample size was too small

to make an effective cocparison.

The retention data, collected 1 week after the habituation
series, indicated that any habituation acquired durimg the L
S-day series of l-hour exposures was not sustained over a week .
without exposure to motion. This result cannot be considercd
firmly established, however, because of the szall number of
subjects involved (N = §).

General Discussion

Compilation of the data from the thrce experiments of -
Study Il indicated that the time surse of habituation to
motion sickness was a negatively decreasing function of ex-
posures. In all three studies, the greutest decrease in MSI
occurred on the 2nd day znd habituztion continued to beu 2c-
quired at a slover raze thereafter.

The results cf Experiments 1 eand 2, which differed only
in acceleratiorn, are compared in Figure 4. Greater habituvation
to motion sickness was acquired in the more severe motion,
33 rns g in Experiment 2, than in the les~ severe motion,
.22 res g in Experiment 1. One possible explanation is de- P
rived from a sinilar situation discussed by Reason and Brand
(1975). They cite evidence that controlled head motion during
rotation hastened the development of habituation. In a rotat-
ing environment, motion sickness synptoms can be prevented by TN
raintaining a-'static head position, but this inactivity also -/
precludes hebituation. The authors sugpest that while increased
head rpovement hastens hzbituation in a rotating device, it
probably has little effect on the rate of habituation "in a
situation where one is passively expored to the motion such
a2s on a ship" (Reason § Brand, 1975). Possibly, exposures e
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Figure 4. HSI as a function of five 2-hour
habituation trials for Experiment 1 (0.25 Hz,
0.22 rms g) and Experiment 2 (0.25 Hz, 0.33

ras g).
to vertical motions of different severity would have a similar
effect on habituation as head movements do in rotation; the
more severe vertical oscillation would be analogous to greater
head movenents during rotation, yielding a greater incidence
of motion sickness but also hastening habituation. Further
research is required in oruer to more fully understand thess
variables,

The data from Ixperiments 2. and 3, as Jdepicted in Figures
2 snd 3, respectively, are based on 5 days of exposure to
the seme motion (i.e., .25 Hz, .33 rms 3g). The only differences
are sample sizos and, more important, exposure times. The
purpose of Experiment 3 was to test the effects of adaptation
to 1-hour of motion per day as compared to 2 hours in Experiment 2.

1l
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By comparing Figures 2 and 3 it cen be seecn that there are

twvo differences between them. UWith the 1l-hour exposure
(Figure 3), the initial MSI was lower (63% as opposed to 79%),
and the curve was flatter, yielding 2 higher MSI on the final
day of the series (25% compared to 11%). On the first day,
the MSI was less with a l-hour exposure than wita a 2-hour
exposure because MSI is a function of exposure time. The
data from the 1lst hour of ecach exposure in Experiment 2 and
from the 1-hou~ exposurcs in Experiment 3 are presented in
Figure 5. This presentation equates the data for exposure
tine but allows a comparison of the degree of habituation
acquired by exposure to motion for 2 hours per day rather than

106 j\}

80}

60 I~
Hsl R

40

0 1 1 1 ] 3 j\[ 1
1 2 3 4 5 R
' EXPOSURE DAY |

Figure 6. INSI as a function of days of exposure for

the ¥st hour of each exposure in Experimont 2 (2-hour
exposure durations) and for Experiment 3 (1-hour ex-
posure durations) ard retention data after 6 da,s
without motion, for the 1st hour (closed symbolsS and for
2 hours (open symbols).
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1 hour per day. The initial NSI for the two groups was
essentially cqual, but by the 3rd day the group with fhe
additional hour of daily exposure had a lower MSI, indicating
greater habituation. This same effeci .s reflected in the
retention tests; the longer daily exposure to motion resulted
in greater retention of habituation.

=9 g
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Comparison of susceptibility in males and females for
the selection runs of Experiments 2 and 3 revealed a combined
MSI of 62% for the males and 71% for the females, but this

¢
- difference was not statistically significant, Z = .74, p > .0S.
E This resuit is equivocal with respect to the support of pre-
) vious findings of sex differences in susceptibility to motion
s s!ckness (Reason § Brand, 1975). The habituation data for
¢ ; males and females from Experiments 2 and 3 have been combined
o in Figure 6. The NSI on the 1st day of the habituation series
b 100 1\,
4
; L h =12
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Figure 6. HMSI for males and females as a function of
days of exposure from Expericents 2 and 3 combined.
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was greater for males than fencles, 83% and 60%, respectively,
but the final KSI after five habituation trials was less for
the males, 12%, than for the females, 22%. This final differ-
‘ence was not statistically significant, Z = ,54, p > .05, and
there are many reversals 1n'th9 trends. The variation in MSI
. ithin the habituation series was apparently duc to small
sample sizes, precluding a definitive statement about sex

differences in habituation.

The data on habituation have shown that five deily 2-hour
exposures to a reclatively severe motion led to a grester degrece
of habituation which was better retained than either (2) 1-hour
exposures to ths same motion eor (b) 2-hour exposures to a
slightly less severe motion. The current data are not suf-
ficiently extensive to describe the relationships between the
nunber of exposures, the time between exposures, and the length
of exposures. Further research on habituation to motion is
necessary to quantify the effects of these variables on the
acquisition and rectention of habituation, and to provide in-
formation for developing a comprehensive model for motion

sickness.
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STupY III
VERTICAL OSCILLATION AT FREGUSHCIES rociy .5 10 .7 K2

The purpose of this study was to oxtend the data vase for
MSI in vertical oscillation to frequencies greater than .S Iz,

The mathenatical model derived from the previous study
(O'Hanlon § McCauley, 1973) indicated that approximately .2 Mz
was the frequency of maxinum sensitivity to motion sickness,
with MSI decreasing at higher frequencios, up to .5 Hz. The
frequency range from .5 Hz to 1.0 Hz has rarely been investigated.
8 Research with the OKR,HFR Motiocn Generator and the Wendt-Weslyan
; Wave Machine have been linmited to frequencies below .50 Hz and
.53 Hz, respectively, and studies of vibration have traditionally
considered 1.0 Hz as a lower bound (Allcn, 1971: HKornick, 1972).
An excellent review of vibration above and below 1 Hz is given
by Guignard and King (1972). Scveral recent psychological studles
from the vibration domain have included values below 1.C Hz in
establishing "equal comfort"™ contours (Shoenberger, 1975;
Yonekawa § Miwa, 1972; Holloway § Brumaghim, 1972). However,
this typs of study has usually been limited to a low level of
acceleration because of the large displacenent smplitudes re-
quired with frequencies below 1.0 Hz. The modification of the
ONR/HFR Motion Generator (see Appendix A) provided the frequency
and acceleration capability for extending the investigationm of
MSI into the region between .5 Hz and 1.0 Hz.

Method

Subjects. The subjects were 101 male students.

Procedures. Four motion conditions were defined by fre-
quency and acceleration as shown in Table 3. The lowest fre-
quency in this experiment, .5 Hz, was equal to the highest
: frequency previously investigated at this facility. A dif-
ferent motion coadition was given ezch day, and eight subjects

n per day wcre scheduled by unsystemstic assignnent to a motion
condition. This procedure was continucd until at least 20

BRIV R
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TASLE 3

KOTION PARAMETERS, LUNDER OF SUBJECTS, ALD
RECICTED ALD COTALUED WSI IH STUDBY III

Condition
Half-Have
Displacenent
FrequencyjAcceleraticn| Amnplitude Predicted {Cbserved
(Hz) (rms g) (ft.) Ni BsSI (8) | ust (%)
1. .50 .55 2.54 24 42 42
2. .60 .55 1.77 22 22 18
3. .60 .44 1.41 25 16 8
4, .70 .55 1.30 24 10 4

subjects were rua in each condition. The procedures were stan.
dard: 2-hour exposures, no earth-fixed visual reference, and

syzpton ratings each minute.
Ragults and Discussion

The MSI for the four motion conditions is given inm Teble
3, along with the MSI that was predicted from extrapolation
of the nodel. These results indicate that the mathcnatical
model based on data up to .5 iz was reasonably accurate, given
the sanple size, for predicting MSI up to .7 Hz. Further
investigation of the effects of frequency up to 1.0 Hz, and
perhaps beyond, is necessary to sllew detailed anzlysis of the
upper-frequency boundary of motion sickness. DBut, the present
results confira the prediction of the medel, that only relatively
high accelerations (>.55 ras g) would be eapected to produce
motion sickness at frequencies shove .7 Hz. Acceleraticns of
this magnitude may produce undesirable effects other than mo-
tion sickness; for example, in breadband vechicle moticon of un-
restrained passengers, accelexation peaks counld excecd 1.0 g
causing potential bodily injury from frec-falling. Jex, Dillarco,
and Schwartz (1974) have characterized this region as the
"tersor regire" where criteria other than motion sickness
rust be considered of primary ioportance.

39

.
PR

el R -}

r—

S

| V.




T A 5 M AR S L B SMIME 4 T Wt g s e A A g n W 4 < e e

o= T r/|emooemn o

| -y

oo R seose R s

A MATZZMATICAL FO22L FOR PONDICTIN
EFTCCTS OF VIRTICAL SInUsoItal [LLCILE

During oar experiments, a total of 619 nale sudjcets
have boen exposad to vertlical sinusoidal accolerations in-
volving 24 coxbinations of frequancy snd sccecleration (Tadls 4),
and 212 of those subjocts experienced emesis boefore completing
their 2-hour experimental sessions, at times ranging froa
2 minutes to 114 mirzotes after onset of the notien.

These data slone could be of some utility and interest.
However, it has beon our intsat te go beyond these data in
an attempt to dizcover any apparent lawful relaticaships
anong motion sickuness incidencs, freguency, acceleratica
and time, and to offer a mathematical description of the
rosults. A matiematical model would serve to facilitate accu-
rate predictions of tke effocts of vertical sinusoidal motion
(both in the sonrse of interpolating azmcng the various data
points we have obtained, and, with some caution, extrapolating
beyond thea); and, hopefully, to provide thecretical insights
regarding the underlying processes of zoticn sickmess. A
mathonatical model is developed herein in pursuit of these
purposes.

In the previcus report (0'Hazloa § McCauley, 1973) it
was observed that motion sickness incidence for subjects
exposed for 2 hours to vertical sinusoidal motion at various
conbinstions of accelerations end frequencies can be vell
described as a log-normal function of stimulus acceleration,
where the two paraamcters of the implicit underlying normal
distribution (the mean and tre standard deviation) are,
respectively, a function of tho stimulus fregquoncy, and a
constant. The mean value specifies the scccleration necessary
at a givea frequeancy to produce a2 rotion sickness incideoace
of 50%. The functional relationship betwoen the mean valevs
end froquency is woll described in 1oz sccoleration versus
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log frequency coordinates as a concave-up parabola, with its
minizmum indicating the frequency which produces the greatesf
m ticn sickness incidence fos a given acceleration. These
fiidings seen to suggest a model in which emesis occurs when,
for given frequencies and exposure times, acceleration ex-
ceeds a threshold value, and in which the distribution of
these threshold values among subjects characterizes a random
variable with a log-normal probability density function.

Having discovered and reported this result, we nave
subsequently investigated the time-dependent nature of motion
sickness incidence (see Figure 7). For each frequency and
acceleration, we have observed the cumulative MSI as a func-
tion of time and have found that it too is apparently pro-
portional to a log-normal distribution. That is to say, a
nodel is implied in which individuals have varying tolerances
regarding the duration of exposure to verticz2l accelerations,
and there is implied an exposure-time threshold which can be
characterized as a random variable with a normal probability
donsity function in the log-frequency donain. Furthernmore,
in investigating the relationship between tolerances to
acceleration and tolerances to duration of exposure, we have
found (ot surprisingly) that greater accclerations are, on
the average, tolerated for shorter durations before emesis
occurs, and vice versa. This result implies a negative cor-
relation between the “acceleration threshold" random variable
and the-"time threshold" random variable.

The above observations suggested to us that motion sick-
ness incidence as a function of frequency (£>0), acceleration
(a>0), and time (t>0) might be well described by a two-dimensional
normal distribution, the form of which is given by equation 1:
1

t
Y o (L Y
x
2v0 0, Y1-92J_, P12G-sD) o,

x-u,(£)y gy-u, y-ue\2
- 20 ( % ) ( % ) : ( ¢ ) dy dx = 100 #(a,t) (1)
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where

£) = k + k £+ k (log £)?
'“‘( ) 1 * 2 10319 * 3 ( 0810 )

It follows fron this mcdel that when we consider USI as a
function of log acceleration while holding frequency and time
constant, we do indeed got s distribution proportional to the
normal distribution function; and likewise when we consider
the log time dependence of NSI while holding frequency and
acceleration constant. Furthermore, the expected ("average")
value of tho log acceleration threshold is s linear function
of the log time threshuld, and vice versa. The slopes of
these linear relationships are dependent upon the correlation
coefficient (p) and the respective standard deviations (o‘ and
ot), and the intercepts are dependent upon the mean valunes
(u‘ and "t)'

The bivariate normal distribution model for MSI may
sound qualitatively appealing on the basis of the above con-
siderations but, of course, it must be tested quantitatively
before one can fully evaluate it. Toward this end, we pust
be able to evaluate the bivariate normal distribution functioa
itself. Tables and algorithas for doing so are not generally
available, but the univariate normal distribution function is
widely tabulated, and algorithms for evaluating it are widely
available for use on digital conputers. Therefore, it is con-
venient to convert the two-dimensional normal distribution
given in equation 1 into the products of two univariate normal
distributions in order to simplify our quantitative deteraina-
tion of the parameters of the model, and to facilitate the
use of the model for the reader's own purposes. First, let
us express the bivariate normal density in terms of standard-
ized normal variables z, and z, (i.e., variables with acan = 0
and standard deviation = 1) so that we have the following
threo equations by simple change of variables:
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1 -
¢(a,t)da dte ——"mn expv[-—-JL—- (zz-zpzazt+zi)} dzadzt (2)

-2 a
A 2(1-0%)
‘where
log a-n_(£)
A0 a
z_ = (3)
a CR
log t-p
t

How, we may express the joint dcnsitf function shewn above

&3 the product of the density functions of two statistically
independent stendardized normal varizbles by comverting the
to z_' as shown below (Korn § Korm, 1968):

pormal variate z ¢
z,-p2,

t

t‘
41-9? (s)

Since this linear transforrmation (equation 5) leads to uncor-
related, statistically independent standardized normal vari-
ables, their joirt distribution function is given by the
product of the univariate distribution funétions of the respec-
tive variables. Therefore we may restate equation 1:

HSI » 100 0(a,t) = 100 8,(z,) ¢,(z7) (6)

where _
©{z) is the faniliar standardized cunulative normal

distribution function:

z
L) n et R | 2
z(z) Jz_; j; exp [ 5 x ]dx (7)

The joint distribution function was thus reduced to
tho product of two univariate distribution fuanctions which
are readily evaluated, but the scven paremeters of this model
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remained to bo determined in scme optinua way., We wished to
sdjust the prcaneters of the model to minimize the mean square
of the doeviation between the data and the model's predictions,
Nost algorithms for "adjusting" parzmeters to perfora least-
squares curve fitting, however, involve analytic isiiiniqnas and
require functions which are limear in the parameters. The
response of the model we have posed to the variation of.its
parameters is, to say the least, nonlinear, and no analytic
approach to least-squares estimation of these paramoters is
known to us. Host algorithms for the least-squares deter-
mination of nonlinear parameters involve nunerical iterative
processes which use either Taylor's series expansions of the
model or some method of steepest descont. These methods have
complementary strength, as Harquardt has pointed out, and we
have u#ed his slgorithm for least-squares estimation of non-
linear paranetors, which combines both methods (Marquardt,
1963).

The version of MHarquardt's algorithm available to us for
this analysis was limited to 100 observations of the depchdcnt
variable (i.e., MSI), a limitation we could not control be-
cause the source code was not accessible to us. WNe could have
easily exceeded 100 cbservations of our empirical independent
variable, for example, by representing the cunulative MSI
function at 1 minute intervals. However, we believe there
would have been little to be gained by doing so. We repre-
sented the data in the following manner: for each frequency
and acceleration, the experimental cumulative MSI was evalu-
ated at 10-minute intervals, and was considered as a data
point for use in the estimation of the parameters of the modal
only if the empiriecal cumulative KSI function had changed
from the previous 10-minute interval. In addition, the cunu-
lative MSI at the end of each experinental session was included
as a data point, regardless of wvhether it represented a changoe
from the preceding 10-rminute interval or not. This procedure
for representing the empirical HSI data yielded 99 observatioas



(by colncidecnce, one less than the maxinum acceptced by the
corputer progran ), cach of vhich is listed in Appendix B

end characteorized by its freguency (Hz), sccelewation (rus g),

tico (minutes) at the midpoint of the 10-minute imterval, ond
tho observed cunulative MSI (% enesis). A Fortron reprosca-
tation of the !SI model was preparcd, end togethor with the
29 data points wzas used in conjunction with Harquardt's alge-
rithu to determine least-squares estimates of the model's
parazeters. These estinmates are given below:

"a(f) = 0.87 + 4.36 loeg £ » 2.73 (log £)2
oa = 00‘7 l’t - io‘ﬁ
ct bt 0‘76 p = ‘0075

With these paramoter values, the model yields the preodicted
IiS1s tabulzted in Appendix B, and the root-mecn-squaro
deviation between the predicted and observed ISIs fer a2ll £9
data points was 6.1% ISI, representing, in our judgront, a
reasrkably good fit to the data. This (time depondent)
bivariate normal nodel of MSI is quite consisteat in its
predictions with the time independent rodel previcusly re-
pérted. where the two models are comparable (i.e., at 120
minutes), including the result that the post pathogenic fre-
quency of vertical sinusoidal acceleration is approximately
«16 Hz. It is noteworthy, ve thirk, that the inclusicn of
tino dependent data in the present version of the medel has
hardly changed the rms error (proviously, 4% 151), dospite a
considerable expansion in the number of data points, in teros
of both tice dependent points a2nd total nunber of subjects.
This suggests to us thot the bivariate normal model is repre-
gontative of an underlying lauful relationship emong the
vericus variables.

A three-dimensional representaticn of the model is given
in Piguro 8, including a creoss-scectional depiction of the 2S5th,
§0th, and 75th percentile “iso-cmcsis™ curves. |
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bzamiple Caleulation of an MST

To provide a direcct example of the utilization of the
mathematical model to predict aa !SI using the comzmonly tabu-
lated nornal probability distribution function, let us say
that it is desired to predict ISI at 60 minutes resulting £fron
exposure to vertical sinusoidal accelerations of .21 rms g at a
frequency of .25 Hz. First it is necessary to calculate the nor-
ral deviate z2,. Fron equaticn (3) and the parancters on p. 35:

o 1570.21 - (0.87 ¢ 4,35 107 0.25 ¢ 2,73 (107 0.25)2) _ (-0.68)4-0.76) _ o 4o
s 0.47 0.47 ‘

Hext, it is neceszsary to calculate the value of the normal

deviate Z,. Fron equation (4) #nd the paramecters onr p. 35:

log 60-1.46 _ 1.78-1.46 _
e ® T0.76 0.76 0.42

And, finally, it is necessary to calculﬁte the transforned
(statistically independent) normal deviate z't. Fron equation (5):
- zt+0.7Sza o 0.424(0.75)(0.17) _ 0.83

—_— 0.66
/1-0.752

HNow, we enter the tables to evaluate the normal distribution
function at the value z, ond at the value z't. Tho product
of those two valuecs times the factor 100 is the predicted IMSI:

1 ]
LA

HSI = (100)(0.57)(0.890) = 46%

Sce Appendix C for an exzmple of a FORTRAN subprogran to
evaluate the model.

Range of Predictive Validity

Piguro 9 indicates the frequency/scceleration points
repreosonted in the data frem which the paramecters of the
redel vere determined. Wo feol quite confident that any cal-
culations of predicted M3Is for frequency/acceleratien points
interior to the reglion we have investigated (inmdicated approxi-
mately by the dashed linc) would represent qmitc‘valid inter-
peletions of the data. For the experimental situation in theso
studies, we would be most surpriscd by asny markedly irregular
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behavior (i.0., substantial doviations froz the model) in
this regzion. Extrapolation outside this region is to be
taken with increasing caution the further one proceeds suay
fren the experizentally exsmined regions. A quick anolysis

of the model in its laimits suffices to indicate certain

First of all, as frequency gocs

As
frequency incrcases without bound, M3I again goes to zero,

but beyond some point (say, 1.0 Hz) we move into a region
vhere vibration has effeccts other thaa thot of producing motion

sickness (seo Guignard § King, 1972; Hornick, 1972).

inportdnt comszideretions.
to zero, MSI slso goes to zero; this scens reasonable,

A3 acceleraticen goes to zero, so doos tho predicted 1IGI;
end this a2lso scenms rcasonable. As accelerxation increascs,
without beund, the model asymptotically increaces; but it
% - must be remembered that for sccoleraticn peoals heyond approxi-
| mately 1 g, wotion sickness cen becene quite secondary to
other considerations (e.g., perfornance of tasks, bodile
"injury, etc.). In po practical scnse does it serve %7- xmolyze
the behavior of the model 2s ascceleration imcroases without

linits,

With respect to the time varisble, it will be noted that
2s the duration of the exposure decreases, so does the pre-
dicted motion sickness’incidence; 2 recasonable result., DBut
es the duration of exposure increases, MNSI epproaches asynp-
totic values which aroc only slightly greater than those
obsorved at 2 hours. This is consistent with the data, but it
rust be renmenbered that for extrapolations far beyond the
region that has boen experimentally investigated for the pur-
pose of developing this model, it iz virtuslly certain that
hobituation effects will eccur; those zre mot asccounted for
in the model at the prosent tipe.

IZ tho modol is uscd with seme consideration of the points
discussed above, we have considerable confidence in its validisy
for the purposo of prodicting motien sicknoss incidenco 83 a
function of vertical sinuseidal sccolerations, and peozheps as
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a stimulus for a better understanding of the physiological
mechoanisms responsible for motion sickness. The following
discussion of errors may serve to further substantiate this

confidence.
Error Analystie

The gcnesis of this model has no doubt been influenced
by the fondness of one of the authors for the concept of
logarithmic responses to physical stiunuli, and by his trust
in the Central Limit Theorem to cause normal distributions
to appear conveniently when needed. But the values of the
parameters of the model, and its overall validation, have
been soundly enmpirical. Beczuse it does rest nn an empirical
fourndation, however, we bring into question the matter of
measurenent errors and their propagation through the model.
In particular, the independent varistles of the model (fro-
quency, acceleration, and time) mus{ have associated with
them some measurencnt errors (of, Oo» and Ot)' Do measursc-
ment errors of the magnitude we experienced in condrcting
these studies propagate through the model to cause Large
errors in predicted MSI? We may approach the question by
making a Taylor's serics expansion about a point f*, a*,

t* to show that the error variance propagating into the pre-

dicted MSI value as a result of independent varizble error

2
t

*) = I0* o
VAR (MSI1*) 35 af +

is given by:

30% o2, 300 o
3a °a * a9t ct

variances a;, o:, and ¢

By analysis of our methods and procedures, we have estimated
that our measurement errors were of =0.01 Hz, °a =0.01 g,

and ot =23,0 minutes.

However, the evaluation of the partial derivatives is
tedious, the result conplicated, and there are questions ra-
garding the goodness of the first-order approximation. Aa -
alternate method, which we prefer for being ezpirical in
nature and intuitively mecningful, consists ef a llonte Carlo
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crproach to the questien of erzror proporation. Uo hove
evaluated the madel 500 times &t epproximately each ono of
the 24 froquency/acceleration cormlinatiens explored ia tho
experimental studies. Dy "approximately™ vwe mcan that for
exch particular evalunticn we have added iadepondont randenm
variables normally Jdistributed with mecn zero end signma as
sppropriate, to each of the indepcordent varxiables freguency,
egcceleration, and time, to rcpresent measurement errors typi-
cal of choso found in the preseat studies. Ue thon calculated
the standard deviaticn of the II3Is reszulting frem the 500 trials
at each of the 24 freguency/acceleration pnints invelved in
cur expsriments, for o total of 12,000 evaluations of the
ecdel incorporating sinulated possurenent errors. The results
of those 12,000 evaluotions indicate conclusively thot the
estirmated errors of mcasurement in theseo studies propagrte
through the model and result in an overall starndard devizticn
of 2.4% ¥SI; and in nome of tho 24 cases was 2 standard
decviation observed to excecd 3.8% !NS5I. The conclusion we
draw from this is sirple: Errors in the measurcment of
frequeney, acceleration, and tire result ir snall errors in
predicted K31 25 compared with sampling varizbilicy.

Sempling varisbility is somothing that pust be token
into account ia paking predictions regarding the response eof
spall grouns of subjocts to actunl motien. Tho 5T modeld
(éivided by the factor 188) pay bo vicuced as estivating s
probability, p, that & given individual will expericnce motion
sickness under the specified conditions of frequency, sccelera-
tien, and time. Testing a group of, say, 20 subjects censtitutes
a series of Bernoulli trials, and the totzl number of perseons
vho will actually experience emosis is sudbject to considerable
variebility from group to groun (see, for examnle, Guilford,
1950). Por groups of subjects of ajprozirmately size 20, end
fer typical motion sickmess incidence levels, one can expect
8 sarpling veriability of approximately 10% NSI. Thus,
doviestions of 106% or so fron 1ISIs predicted by the nodsl are
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quite to be expected. And it canm be scoca that, ccopared to
expected sannle errors, errors owing to lack of uccuracy in
tho measuremcent of independcnt varlables i3 secoadary. In-
doed, ths size of the sanpling error weculd be sufficient for
us to doubt the validity of the model itself, had we very

few data points. However, w2 have now collected sufficient
~data to have a reasonable estimate of tl:c “true"™ probabilities
undcriying rmotior sickness incidence. These data have been
collected at a variety of frcquency/acccleration points, but
have been unified by the model, and the 6.1% rzs error be-
tveen the predicted and cbserved data points testifies to
convergence upon & rather accurate description of motion sick-
ness in response to very low frequency vertical sinusoidal

motion.
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CZEIRAL BIscT2sicl, IOINNTIAL APPLICATICNS,

TR AREAS FOR FORTSIR RRsianga

Several practical spplications of this roscarch can be
sugcested, althovzh the linitations of the proesont data wust
not be overleoked when ettcopting to utilize the results for
such applications. The use of single sine waves precludes con-
fident prediction of !N5I in scacraft or other types of trans-
portation vchicles that ere sharacterized by broadband motien.
Currcnt rescarch under this contract is addressing that issve
by observipg M5I in response to more cenplex waveferms. An
essociated problem is the physical description of the intensity
of the stinulus. The ras acceleratica is not necessarily tho
eppropriate measuro, because it does not reflect the poak
accelerations that occur in broadband motion in the sazo way
that it doos for sinusoidal motions. Jex and Allen (1974)
have discussecd this issve znd state that "the proctice of
equatizng sinusoidal effeccts with randon effccts ca an rne
basis per onc-third octave band may kave a nunber of built-in

errors.™

The frequency dependeace of MSI which is described by the
mathenatical nodel may have implications for the design of
ships, and possibly for aircraft and other vehicles as well.
The frequency of maximum motion sickmess is estimated to be
.16 Hz. Pecrhaps engineers concerned with ship's design and
habitability could consider minimizing tho vertical accelera-
tion at approximately .16 Hz when they are attenpting to reduce
problems of motion sickness.

The data frem ¢his rescarch has the potential for being
trznsfornod into a format cempatible with curreat vibratien
standards, for tho purpose of externding the standards into
the freqguency raovge beleow 1.0 lz., The eritericn for a vibratien
stzandard in this very lew frequency ramge could be defined es
votion sichknoss rather thaa cozfort or fatigu@ decreased
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proficicncy, the criteria for vibration standards above 1.0 Hz.
Allen (1974) has uxtersively reviewed this issue, and McCauley
and Kennedy (in press) have given an exanple of such a standard.

However, the tenuons nature of naking predictions about broadband

rotion Ifrom data on sinusoids is an inmportant consideration.

Another arca of poteatial application is the ideatifica-
tien and screcning of persornel who will be exposed to dyaamic
environments. Concera for this prohlem is reflected in the
proceedings of a conference on the predicticn of motion sick-
ness in the selection of pilots (Lansberg, 1973). An MSI
calculated froa the present mathematical model can be con-
sidered the uwormativc response for healthy young males. An
individual could be assessed for motion sickness susceptibility
by exposing him to a given motior and comparing his response
to the norm. Development of a metric in terms of exposure
time or symptom development, or both, would be required to
inplem~nt this procudure. More research is needed on the
specificity of susceptibility to particular motions and the
combined effects of different axes of motion before this tech-
nique of personnel selection can be seriously considered. When
more data become available regarding habituation and its
specificity, the utility of vestibular training, rather than
selection, can be evaluated as well,

The present research has provided basic data regarding
the relationship between motion sicknesrs and the frequency and
acceleration of vertical oscillation, but a large number of
issues require further research. Some of them are: exposure-
time variazblss that affect habituation and dishabituation;
the specificity of habituation/adaptation to motions of
different frequencies, accelerations, and axes; the relation-
skip between visual processes and the physical parameters of
rotion in situations inducing motion sickness; and MSI in com-
plex waveforns including single and multiple axes.

Fron a historiczl viewpoint, it scems that the incidence
of motion sickness will grow with increasing technology. An
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excellent description of the problem is given by Reason and
Brand (1975):

This wretched and debhilitating conditicn has
always been intimacely linked with man's
technological efforts to improve and extend
his natural powers of locomotion. As both
the variety and availability of means of
transport 4re increasing at an ever accele-
; rating rate, so the mixgnitude of the motion
sickness problem grows accordiangly. (p. v)

Coikzry  fGAESY  Smsssen

St h
.

Man will ccatinue to propel his body through water, air, ‘/;
and space with dynamics that are increasingly different fronm
his normal bLody ‘propulsion. Motion sickness research can con- v
tribute tc the success of these ventures, as prediction leads
to understanding, and understanding to control of the ill

effects of new dynamic enrvironnments.
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' ArPPIIDIX A
ORICINAL AND PODIFIED CUR/UHFR MGTICU CTTSE&TGQ
SPOCIFICATICUS ALD PZRFORIANCE CRITC

Studies I and 1I were perforncd befors 1975 on the
original ONR/IFR Motion Generator. Study III was performsd

~in 1976 after modification of the heave systom increased its

frequency range and acceleration cagmbility.' Sunnary data
regarding the performance of the original and the modificd
These data were

e end Jex (1975) ecd

Those sources should

Matien Generator are pgiven in Table A-1,
obtaincd from engincering studies by liogg
Ot'ilanlon, Seltzer, and Sandersoca (1975).
be consulted for a dotailed description of the dynamics of

- the upgraded systen.

Also in Table A-1 is the result of a digital Fouricr
series analysis of the displacement woveforns from two motien
conditions representative of Studies I and II with the pro-
modified hecave systen (.4 Hz/.25 rms g, and .5 Hz/.33 rms g).
The harmonic distortion was deternined to be less than 10%.

TABLE A-1

ORIGINAL AND KMODIFIED GIR/HFR 1OTIOH GENERATCR
SPECIFICATIONS AKD PERFORIANCE CRITERIA

Original Systco

Pravn (Fre 1975) Kodiffed Systen
Explftude 211 1t £10 ¢
Yelecity t 8 ft/sec >218 ft/sec
Acceleraticn *.5¢ ’: l'; g
Hinimal Incremontal .

Acceleration Cozmond +.10 g 2,04 9 0 .1-5 H2
Harconic Distertion

et .4 Hz, .25 vms @

and .5 Hz, .33 rus ¢ <10% <18

1
pitch & £o11 ‘
—— \ Capability un-
mpiitede 215 chanqged, performance
restricted to maxi-
valoctty £25%/sec eun required for
achicving spacific
Aeeceleration 2189° /sec? test requivcomonts
o 5 roeme RO 0
Soenti § noge § Mior' 55




DATA U3ZD 1IN Four
FODIL OF kOTIgu Sicl

A2P2DIX B

ULATIUS [IATITNIIATICAL

28 ILgIsTicx

A

oy

| gany

e

Freouency Accoleratica Tima  Cosorvnd Predictod
(12) (/3 a)  (cia) (31 i31  Biffercnoe
1 023 .CZ5 115 5 4 +1
2 157 L5 g5 5 1} -6
3 167 .55 115 16 12 -2
4 167 11 5 5 21 -15
5 .167 1 {5 10 ] -14
6 167 A1 £3 15 27 -12
7 « 157 111 75 i 3 -1
8 167 D1 0 é3 3 -8
9 157 O 135 3 33 -6
167 222 5 10 n -1
157 222 15 £) 22 +8
.157 .222 25 £5 £3 +1
167 222 35 £5 £3 -3
167 . 222 115 € €5 -5
. bl 170 5 8 6 +2
I [ 9 i) 15 23 21 +6
10 170 &l £ k| +9
189 A7) 25 47 37 +10
18D 170 45 g3 42 +13
100 170 6 €J £9 +10
.280 224 5 n 1 +1
200 224 15 37 32 +5
.200 234 25 43 43 -1
.280 .23 35 57 59 +7
+Z39 233 £5 €9 £5 +5
ot 224 £5 €9 £3 +11
2090 .233 ] 71 €2 +9
239 - A1 5 3 1 +3
+2590 A1 15 7 5 +2
250 A1 25 17 9 +8
.250 A1 55 24 13 +6
250 A1 65 28 0 +7
.250 11 115 31 25 +5
.50 .222 5 6 6 -1
250 .222 15 17 23 -6
2590 222 25 2 a3 -1
.250 .222 35 3 3 -1
259 .222 45 41 44 -3
.259 .222 £5 g a7 +7
.250 .222 65 £5 £) +6
250 .222 €3 87 52 +5
.250 .222 115 63 £5 +8
et f s § 57




APPruDIX B (Continued)

Froouancy  foceleratica Time served Prodictnd
Dzt (liz) (v g) (“‘n) de §31 Bificranca
&4 253 .323 5 2 15 -13
&3 25D .333 15 £D £) c
&5 o2 323 25 51 g2 -1
47 250 .333 35 £5 £2 -3
43 «253 .333 65 53 67 -9
{9 250 .323 75 67 €3 -1
£3 o259 .333 115 69 A -2
51 o33 .£55 115 5 3 +2
£2 «323 N 5 4 5 -1
53 .333 A1 45 12 7 +5
&4 .333 M 115 15 13 + 2
£5 .333 .222 5 4 2 +2
£5 .333 .222 15 1} 19 + 1
57 .323 .222 55 15 29 =14
83 .333 .222 65 27 31 -4
£9 .333 .222 75 3] 33 -2
€9 .333 .222 €5 33 35 +2
61 .333 .222 165 42 . 37 +5
€2 .333 .222 115 £5 33 +8
63 .333 .333 5 9 6 +3
€4 .333 .333 15 19 23 -4
€5 .333 .333 35 31 39 -8
€5 .323 .333 &5 37 &4 -7
67 .323 .333 £5 41 47 -6
63 .333 .333 €5 44 - 49 -5
€9 .333 .333 € 47 52 -5
70 .333 .333 115 £9 €5 -5
2] 417 A58 15 20 17 +3
72 17 404 65 33 42 -9
73 817 L04 115 £) £3 -8
74 .£00 .222 65 5 5 0
75 LE00 .222 €5 10 8 +2
75 0D .222 115 14 9 +5
77 .5& .333 25 5 6 -1
78 0 .333 55 10 12 -2
79 50D .333 85 15 17 -2
& E00 .333 105 20 18 + 2
L] 09 333 - 115 25 - 19 +6
{2 &2 444 5 5 1 +4
23 .-uD 444 25 19 11 + 8
€5 .5&0 434 115 33 é3 +4
& 500 555 15 8 " -2
&7 £CO 555 25 13 17 -5
&3 58D .555 35 21 22 -2
& .,wo 555 &5 33 b +7
€d « 8L 555 g5 33 35 +1
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Fre?uancy Accaleraticn Tim2

APPENDIX B (Continued)

Ciserved Prodictad

Datum Hz) (rms q) (zin) 151 151 Di fforanoa
N 500 555 115 &2 23 + 4
92 .60 444 65 4 8 -4
93 LEC0 444 115 8 12 -4
o8 £00 .EE5 15 9 3 +6
95 £GD 555 115 13 13 0
25 ,700 555 115 4 6 -2
97 033 0275 115 0 0 0
°3 Y 0275 115 0 2 -2

* Data from research for ALZA Corpdraticn (l'cCauley & 0'Harlen, 1575).
** pata from research for ALZA Corporation (Royal et al., 1973).
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APPTUDIZ C -
S A3 EZAMPLE OF A FOUTTAN Suorngonad

65207

THIS SUCLPREGRNM EVALUATES THEZ MATHENRATICAL NODZL PRESENTEL

[RE MES

N HUWMN FROTERS PE“Eﬂ Chis INC. TECH RPT 17332 FCR THE

L

FUSPOSE OF PREDICTING NOTIOH SICKNESS INCIDSNCE <2 R“ ﬂ
FUNCTION OF FﬁﬁﬂULLCY <HZ>» ACCELERATION <RESGI» AND TINE GIIND.

STDPHIY
FUNCTI

1 re

FUHCTION ENSIF» T2

FLOG=RLOGLOF : _ N S
RHU=0,87+4, 3€¢¥LUG+¢..3@FLS§@FLH5 . ~
ACCELOG=RLOSI 0

2n=<ﬂCCELDG"ﬂNU>f0.4?

TLOG=ALRGL 0LT
2T=(TLOG-1.463 0.7
DENOM=SQRT {21, 00--¢-0. 732 002,32
STPRINE=(2T+0,7So2R> ~BERTY

EMSI=100.eSTDFHIZA oSTPPHI STPRIND
RETURN .
END

ANDARDIZED HIRMAL DISTRIBUTION
L 4

BELOY» EVALUATES THE ST
31 13 DASED O S<R NETRs 1EM S3P YVERSICH I

ON. THE RPPROZINOTIO

FUNC?IBN STEPHILES,
AZ=RBS I
=:. "<.L. 0#002

3164190022
L=0,3989423¢EHP
S

2242
1.3202740L-1 . 8212560 o+, 7BLI4TOI o
)¢”*0.3193315)@U

L
E Y
e
«
STDPNXzi.O ‘Do L«
-0,3S595632

IFLZ ir2s2

TOPHI=1. 0-STERHI
FETURN
END
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