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I

INTaoDUCTIcl

The objective of the present program of research, under

the Office of Naval Research Contract N00014-73-C-0040 to

Human Factors Research, In:orporated (ILFR), is to develop

equations for predicting mation sickness incidence (MSI) in

military personnel exposed to sea motion. The results of

this research, however, havc, potential applicability to vir-

tually all types of transportation vehicles. The first report

under this contract (O'Ilanlon 4 McCauley, 1973) described
research that led to a preliminary mathematical model relat-

ing MtSI to vertical sinus~izal motion varying in frequency

(.033 to .50 ilz) and acceleration (.027 to .55 rms g). The

present report discusses a series of exploratory experiments

on topics which were considered to be potentially important

for the prediction of %[SI: pitch and roll totions, habitu-

ation, and frequencies above .S Hz. Also, a more detailed
description of the model is presented, including its assump-

tions, limitations, derivation, and extension to include ex-
posure time.

Stomach awareness, malaise, cold sweating, pallor, nausea,

and vomiting (emesis) are common signs and symptoms of notion
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 seens to be the

repetitive acceleration of the vestibular system. A var:ety

of species other than man suffers from susceptibility to motion

sickness, including dogs, cats, chimpanzees, seals, birds,

sheep, and even fish. In spite of the prevalence of motion

sickness across species, no apparent purpose, in the teleo-

logical sense, is served by vomiting in response to repetitivb

acceleratien. Several comprehensive reviews of motion sickness

4-,
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discuss these iss'es in detail (Chinn & Smita, 1955; Mioney,

1970; Reason & Brand, 1975; Tyler & Bard, 1949).

The vestibular system plays a primary role in motion

sickness. As early as 1882, William James assertci that

individuals with a non-functional vestibular system were

immune to motion sickness. Research by Graybiel and his

colleagues has clearly demonstrated this immunity in a variety

of dynamic environments (e.g., Kennedy, Graybiel, McDonough

& Beckwith, 1960). Both the semicircular canals and the oto-

lith organs are implicated in the etiology of motion sickness,

but their exact role ad their matual influence remain contro-

versial. Discussions of this issue may be found in Reason &

Brand (1975) and in scveral papers in the NASA Fourth Symposium

on the Role of the Vestibulsr Organs in Space Explor.tion

(Graybiel & Miller, 1970; Guedry, 1970).

Angular acceleration is the primary stimulus to the semi-

circular canals and linear acceleration is the primary stim-

ulus to the otolith organs. Either angular or linear accel-

eration can induce motion sickness, and so can a dynamic visual

dis, ay with implied but not real vestibular stimulation.

Reason & Brand (1975) argue for a "neural misnatch" explana-

tion of motion sickness, stating that

All situation3 which provoke sickness are charac-
terized hy a condition of sensory rearrangement
involving the vestihular system; that is, a con-
dition where the position and motion infor-mation
signalled by one cr more of our spatial senses
[semicircular canals, otoliths, or vision] is in
some way discrepant with that signalled by the
remainder. (p. 134)

The motion of vehicles on land, sea, or air can be con-

ducive t:o motion sickness, depending on the environmental

forces imparting acceleration to the vehicle. The relation- d
ship between the dynamics of the vehicle and the resultant

moticn sickness is largely unknown (Allen, 1974). Field studies

provide one %ethod for investigating that relationship by

2J



correlating measures of vehicle dynamics with ?tSI. However,

the field study method presents difficult problems of measure-

ment. Ideally, six axes of motion, three linear and thre,

angular, should be quantified. Linear components cf angular

acceleration, 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 problems

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, 19S3).

Another approach to the problem of relating motioni

parameters to MSI is to experimentally 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 11 a numbcr of studies have used these devices

asid the results have been reviewed by Money (1970). Despite

the research effort, our knowledge is far from complete.

1. Benson (1973), in a recent review of the physical character-

istics of the motions that induce sickness, concluded that

There is a paucity of data correlating stimulus
parameters t~o 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 informaationLI 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,"

1. has been implicated as the component of sea motion that is
most important nmotion sickness, primarily because the level

of angular acceleration in pitch and roll is quite low in

conventional sea craft, usually less than 5 degrees per second

3



per second (*/sec!) (Morales, 1949; Sj6berg, 1970). A series

of studies on vertical oscillation was begun by Wendt at

Weslyan University during World War II, and has been zeviewed

by Baker (1966), Benson (1973), and Money (1970). The appara-

tus used in these studies, called the "Wave Machine," was a

hydraulically driven, modified e'evator 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 waveforms approximated a sinusoid, but the

acceleration waveforms were essentially a square wave. Seated

subjects were exposed for 20 minutes to frequencies from 13

to 32 cycles per minute (CPM), and accelerations (±a z) ranged

from .20 g to .65 g. Results of these studies indicated that

both frequency and acceleration were important in motion

sickness, and that frequencies lower than 32 CPH 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 firsL study in the present program of research

(O'Hanlon & McCauley, 1973) extended the Wendt-Weslyan data

by independently varying the frequency and acceleration of

vertical oscillation. Over 300 subjects were exposed to motion

for a duration of 2 hours. Frequencies of 5, 10, 20, and 30

CON (or .083, .167, .333, and .500 Hz respectively) were

tested. The frequency of maximum rensitivity to motion sick-

ness was found to be 10 CPM (.167 Hz) in contrast to the

Wendt-Weslyan estimate of between 16 and 22 CPH. 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 USI in a 2-hour exposure based on the

parameters of frequency and zcceleration. However, the data

for that model was frequepcy limited to an upper bound of

4



.S Hz and important variables such as exposure time. habitu-

ation, and simultaneous angular accelerations wore not in-
r 12 cluded in the model.

The purpose of the present experiments was to investi-Vgate the effects of the following variables on the incidence
of motion sickness: (1) angular motions of pitch and roll¶
up to and beyorud tho magnitude of angular accelerations ex-

pected from sea motion; (2) habituation of the motion sickness

response through successive daily exposures to motion; and12 (3) frequencies of vertical oscillation above .5 Hz. A major
goal was to refine the mathematical model for the prediction

of WSI by including new data as well as an expression for

exposure duration.

S



1.GEIIEUAL Z"D
L dpparatus

Notion was imparted to the subjects using the Office of
Naval Research/lUuman Factors Research (GCIR/IIFR) Notion Genera-

r tor (Buckner & Baker, 1969; Buckner A Heerwagen, 1969; O'Hanlon,

Seltzer 4 Sanderson, 1975). The facility includes a control

room and a moving cabin which is mounted on a hydraulically

driven piston, cupable of a vertical full-wave displacement

amplitude (heave) of approximately 20 feet (6.1 meters).

4 Additionally, the Notion Generator provides pitch aid roll

angular displacement limits of approximately ±IS* on each

i axis. The axes of rotation are approximately 16 inches (40 cm)
below the deck of the moving cabin.

I The Notion Generator was equipped with a oving cabin of
approximately : feet x 8 feet x 8 feet (2.4 a) with an insu-

lated partition dividing it into two identical compartments
so that two subjects could be exposed to notion simultaneously.
Each compartment contained an air conditioning system, an air-

craft type seat with headrest and safety harness, a headset
mounted on the headrest, a closed-circuit television camera,
a fluorescent light, an emesis bag, a sympton-rating chart,
and a small response console with five buttons. The five re-

sponse buttons were numbered, and the syrpton-rating chart
defined the buttons as follows:

Button Number Sympton Patin

1 - No symptoms

U 2 - Stomach awareness, feeling slightly
"queasy"

3 - ild nausea

4 - Moderate nausea

S - Severe nausea, eaiis is imminent

rJL 7



The control room contained the conmunications and control

equipment. Parallel communications systems and TV monitors

for the two corpartmerls allowed the experimenter to monitor j
the subjects' progress and communicate with them independcntly.

A sinusoidal drive signal was produced by a function genciator,

(Systron-Donner Corp., Data Pulse 401) and provided the input

to the Motion Cenerator heave servo control system. The fre-

quency and the cabin half-wave displacement amplitude were

accurate to within approximately .OOS Itz and 2 inches respec-

tively.

Major modification of the ONR/HFR Motion Generator heave

system occurred during the time period of the present experi-

ments, substantially upgrading both its frequency and the

acceleration characteristics. Appendix A contains information

regarding Motion Generator pre- and post-modification drive

systems.

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

Westmont College. Male and female subjects participated in

two experiments on habituation; the remainoer of the studies

employed male subjects exclusively. The subjects were screened

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

either 2 hours or until emesis.

Procedure

The procedures described in this section may be considered

"standard" for the three studies reported in this paper. Any

deviation from these procedures will be noted.

8



The two subjects in each session listened to tape recorded

instructions and signed informed consent forms. They were

seated in their respective compartments of the moving cabin,

1.. and the safety harnesses were secured. They were instructed

to maintain head position against the headrest and respond to

a 1-second tone given each minute over the headset by pressing

the appropriate symptom-rating button on the response console.

When the compartment doors were secured, no earth-fixed visual

reference was available for the subjects, although the fluo-

rescent light enabled TV monitor operation and normal vision

within the compartment. The motion was started after a final

communications check, and the assigned notion was attained by

a gradual increase of the input anplitudo over a period of

approximately 30-60 seconds. The subjects' syopton develop-

ment was observed oa a strip-chart recording of the symptom

ratings and on the TV monitors. If a subject vomited, an

&utomatic notion-stop procedure was initiated, requirinZ 9

seconds, and he was removed to a recovery bunk. The aotion

was restarted fr the remaining subject as soon as possible,

generally within 3 minutes. Although this procedure disturbed

the constant stimulus to the remaining subject, the delay did

not appear to offer more than a brief respite from mution sick-

ness symptom development. 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 zecovered. A local physician was retained

for consultation and for emergency nAdical care.

9
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STUDY I I
VERTICAL OSCILLATIO:1 WITh PITCh 0% ROLL

In operational sea craft, the an-ular accelerations of

pitch and roll that are imparted to the occupants are concoeal-

rant with Yv:.cal acceleration or heave. Therefore, accurate

pre~diction of motion sickness incidence in Naval operations

must account for those 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 ii not well documented. Several investigators (0.s.,

Morales, 1949; Sj~berg, 1970) have asserted that pitch and

roll are relatively unimportant compared to heave motion be-

cause the angular acceleration aboard ships is generally very

low, on the order of S*/sec 2 . For example, a roll angle of

10* aboard a ship would be vert perceptible by otolith and

proprioceptive sensors, but because of the long roll period,

the angular acceleration and hence the sLimulation of the semi-

circular canals would be low. Consequently, the angular

accelerations of pitch and roll per so may play a minimal

role in the etiology of notion sickness aboard conventional

sea craft. But the vertical linear component of roll and

perticularly of pitch c6uld be substantial, depending on 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.

Pca thod

Subject•. The subjects were 325 male college studonts.

9it



Pr'ocedure. A sinusoidal vertical oscillation was defined

by a frequency of .25 11z and an rns acceleration level of

.11 g yielding a half-wave displacement amplitude of 2.05 feet.

That notion was predicted to give a moderate H1SI of 25% in

2 hours, based on the model developed from the earlier work

under this contract (O'Hanlon & 11cCauley, 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 l)--6 pitch + heave conditions, 6 roll *

heave conditions, and 3 control conditions, pitch-only, roll-

only, and heave-only.

A function generator produced sinusoidal command signals

for the angular motion, and the gain control was increased

until the assigned angular displacement of the cabin was attained

to within I degree. Six angular motions were defined on the

basis of a partial factorial design of three frequencies--.115,

.230, and .345 Hz--ard three levels of rns acceleration--S.5,

16.7, anO 33.3"/sec . The six angular motions were super-

imposed upon the standard heave motion and defined as pitch

or roll according to the axis of rotationi 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 heigs't. The heave-only control condition had

no superimposed angular accelerations; the pitch-only and the

roll-only control cor~ditions had no heave notion.

Eight subjects we!T scheduled each day and nonsyatemat-

ically assigned to one of the 15 motion conditions. Scheduling

continued until a .inimum of 20 subjects had been exposed to

each condition. Becauze of the pitch and roll accelerations

in this study, head restraints, constructed of rubber tubing,

assured that the subject's head remained positioned against

the headrest.

1I/
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Rosulte and Dioecueoon

The observed T.SI in the IS notion conditions is shown in

Table 1. The MSI in the heavo-only control condition was 31%,
just 6% more than predicted by the rodel. In contrast, no

subjects vomited in the roll-only control condition, and only

two (9%) vomited in the pitch-only control condition. Inspec-
tion of the six pitch + heave conditions in Table I revealed

no apparent systematic effect of frequency or acceleration.
A chi-square analysis based on an expected 1131 of 31% was not

significznt, X1 - 2.17, df - 5, p > .05, indicating that the
addition of the six conditions of pitch motion led to no chanmo

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, 5.5e/sec2 , and 8% at .345 Hz, 16.7*/sec2 .
Yet no systematic effects of frequenc.1 or acceleration were
apparent. There is no ready explanation for the inversion at

a frequency of .345 Hz 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

Sto chance variation. The obtained frequency of emesis did
not differ significantly from the 31% expected from heave
alone, X1 a 9.89, df - 5, p > .0S. 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
notion. The overall mean of the MSIs for the pitch + heave

l 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.
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Overall, the cost notable, and sonewhat surprising, re-

sult from Study I was the failure of pitch or roll to con-

sistently increase tho incidence of sickness observed in t!Co

heave motion alone. Whether some complex interaction between

the roll and heave accelerations led to increased variability

in KSI remains a viable question. For example, perhaps the

neural effect of vertical acceleration is modulated by tro

average angular position (tilt angle) of the otolith orgnis

at the tire the acceleration is applied. Such an effect could

possibly account for some of the variability observed in these

results. The failure to find a systeratic increase in USI

from pitch and roll supports previous investigzators who sug-

gested that the vertical component of sea motion is of pri-

mary etiological significance for motion sickness. This result

also casts doubt on previous suggestions that slight head

movements during vertical oscillation art the basis for motion
sickness (Graybiel M ?iller, 1970; Reason B Brand, 197S).
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STUDY I1
IIADITUATIO2, TO t*,Tv1Cj T*::c £.AILY E =3

Adz3tatiot cd habia tica are cloSuly relatcd terns.

Canerally referring to a ch~nao in rconzo to an input t~:t

is ccustant or t,-oaated. Vonoy (1970) discusses these pro-

cesses with regard to notion sickness and dcfinas adantatica

as a change in the bodily mechanisms which leads to a response

decline. and habituatioa as the acquisition Gr process of ac-

quring the adaptive chanqe. The term habituaticn will be used

in this report to describe a docline in the incidence of Motita

sickness with repeated or continued e"•rosure. It is recomnized

that this definition is not descriptive of the undarlyin: pro-

cessos. Collin3 (1973) reviewed hzbituation of vestibular re-

sponses. particularly for angular acceleration, and concludd

that nere response reduction is an inadequate conception of

vestibuslar habituation, and that the dynamic processes involved

would be better churacterizod as "active codification" of ves-

tibuatr responses. A similar viewpoiut, ecpressod by Reason

and Brand (1975), is a major feature of the sensory rearrange-

nzut theory of notion sickness. An increased research effort Pa

these theoretical issues is needed in order to advamas the under-

standing of notion sickness as well as adaptive processes.

However, practical rather than thoorotical considerations

cotivatod the present study because any predicticn of MI for

extended operations in a dynanic environnznt must take into

ackount the degree of habituation that has been acquired.

Several important issues arise in the area of adaptive changes

in response to motion: the time course of habituation, the por-

sistence of the change (rate of dishabituation), the specificity

of the chanae, and the extent of positire znd no-ative trasfor

of the habituation to different cotion ccnditionz.

Study II was designed as au enploratory investigation of

habituation in repeated exposures to verticni ricillation. The

study consisted of three expezimsnts e=zaininv difforences in

acceleration. duration of ezouuro, cn: scm.cf tlo stbjccts.

. . 17
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Too purpose of Eporiint 1 was to o'serve the effcct of

rc-stcd daily 2-hour exo.nures to the sano. sinuuoidal rotion j
on the o2Va of susceptible subjects. A dec'.ine in the inci-

tenco of tmcais as a function of days of exosure was con-

sidered to be evidence of habituation.

Svbj•cte. Thirty-four out of S4 subjects were selected V

for susceptibility on the basis of vomiting within 2 hours in

response to the standard rotion for this experinent. Only 20

of the 34 susccptibles a-read to return for the series of five

habituation eorpoures. 'he procedure for subject selection

was identical for all throo experiments in Study 1I1 and the

rosults of the selection process are shown in Trblo 2.

TMLE 2
C74SCnIPTIC'v O CO :TICA, StUDJECTS, A7.3 OUTC04OE

OF SELECTIC;.] P"'$CESS FH STUDY II

1 1If-I!,a Tcný,t S
-. IF)t~. ~jrzi 0tz) rm, P,-C1 (0) (ft) AF -F N F

0.25 0.22 4.09 54 -- 531 -- 20 --

2 0.25 0.33 6.14 j45 9 591 E9% 8 6

3_ _ 0.41 _ ._ _ 2.94 1 211 1 8

Proceanc7re. A sinusoidal notion at a frequency of .25 11z

and rws acceleration of .22 g, yielding a half-wave displace-

sn•t alitufe of 4.1 foot, was defined as the standard heave

roticn t cthout thexparinent. This notion was predicted,

an the basis of the mther'tical andol (O'U1anlen & V.cCauley,
1073), to result in a 52 V:4I within 2 hours.

An taeccessaful attc.-,-t was mnao to establish a Inininun.

of S e273 boatrccn the selection erpozure end the first of the
fiveo hr.!At-u•icn soi-,; sC, subjects ba~an the hr•!ituation

is
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series 2 to 3 days after the selection exposuro because of

conflicts with school class schedulos.

Recuzlt. The 1103 for thi 20 subjects (1 subject - S%)

is showIn in Vigurs 1 as a function of consecutive days of

exposure. Although 10O0 of the subjects had vomited on their

selection day, only 75a vomited on Day I of the habituation

series. This reduction in HS1 may have been due to a cowbi-

nation of three factors: (1) residual habituation attribu-

able to the selection day exposure, (2) nonspecific habituation

or reduction in anxiety to the total testing situation, and

(3) regression toward nean susceptibility in subjects who wore

selected for high susceptibility. The habituatiou series of

five daily exposures resulted in a monotonic and negatively

accelerating decrease in MSI. Heowever, six subjects (30%)

still vomited on Gays 4 auA S.

100

60

14SI

40

20

o ................L.._______ t
1 2 3 4 5

EXPOSURE DAY

Figure 1. flSI over five daily 2-hour habituation expo-
sures to vertical sinusoidal oscillation at 0.25 Hz and
0.22 ros g in Experiment 1 (•1= 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 habituaiion 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-

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 termina'te 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,

S 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

2B



susceptibility to motion sickness. 2  Nine sibjects completed

all five habituation exposures and the retention oeposure of

the following week. Figure 2 shows the 11SI for all subjects

and for the 9 subjects who completed the series across the

six exposures. There was a general decrease in 14SI over the

4. 5 days of habituation similar to that shown in Experiment 1.

The large decrease in HSI from Day 1 to Day 2 with the loss

of only one subject indicates that the habituation effect was

not simply an artifact based on non-random subject loss. The

i small sample size (N u 9 by Day 4) prohibited meaningful

100 A___-.

80 N- 14

60

SHNSI

40 N 13 0"4 .,l /

LII20

1 2 3 4 R R

EXPOSURE DAY
Figure 2. NSI over five daily 2-hour habituation expo-
sures and retention of habituation after 1 week. Notion
was vertical sinusoidal oscillation at 0.25 Hz and 0.33
rms g in Experiment 2. (ii a 9, closed circles.)

1 The subject did not request to stop, but the experimenter
felt that termination was advisable after 3 days of multiple
emesis and no apparent decline in the severity of the notion
sickness symptoms.

21



statistical analysis of these data, but a decreasing suscep-

tibility to notion sickness was evident for the group as a

whole over five daily 2-hour exposures to the same notion I
condition.

The retention data were obtained I week after the 5th J
day of the habituation series. The results, snown as "Ex-

posure Day R" in Figure 2, indicate that some degree of j
habituation may have been retained after a week without

exposure to motion. Considering only the 9 qubjects who

participated in the retention test, 6 vomited (1:SI a 67%) on

Day I of the habituation series, 1 vomited (11%) on Day 2,

and 4 vomited (44%) on Day R. Therefore, a maximum of 2

subjects may have been protected from vomiting by retained

habituation. This interpretation must be considered very I
tentative due to the limited size of the sapple. There were

no significant differences in response between male and female J
subjects (see Figure 6).

Experimnent 3

Experiment 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 and female students partic-

ipated in the selection tests for the third experiment as shown I
in Table 2. Thirteen quaiified for the habituation series

based on their demonstrated susceptibility and 8 subjects, U
4 males and 4 females, agreed to participate in the series.

Procedure. The selection testing consisted of 2-hour

exposures to vertical oscillation at a frequency of .417 Hz

and .44 rms g acceleration, a notion predicted to yield an

NSI of S2%. The series of five habituation runs consisted

of 1-hour exposures to the same notion as in Experiment 2, j
i.e., .25 Hz and .33 rms g acceleration. In both the selec-

tion and the habituation trials, subjects wore encouraged but

22
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L not required to renain in the simulator for the entire tinm,

even if they vomited. The time interval between selection

and the first exposuru of the habituation series ranged from

I to 2 weeks. One week after the last habituation exposure.

all 8 subjects were asked to return for a 2-bour retention

test.

ReauZtt. All 8 subjects conpleted the habituation series,

but only S returned for the retention test, 2 males and 3

females. The results were qualitatively similar tj Experiments

I and 2; habituation was evidenced by decreasing MSI with

days of exposure (Fig-ire 3). The increase in RS! from Day 3

to Day 4 (20%) was not a meanineful change since it was tho

100

Lso 80

60/

SIIS eI....

HSI

4C

20-

1 2 3 4 S R

EXPOSUME DAY

Figure 3. HSI as a function of five daily 1-hour habitu-
ation exposures and a 2-hour retention exposure 1 week
later to vertical sinusoidal riotion of 0.25 Hz and
0.33 rms g in Experiment 3. (Days 1-5, N - 8; Day R,,
1-35.)
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result of only 1 subject vomiting. In fact, calculating an

USI with sample sizes less than N = 20 rust be considered

only a very crude estirate of the true population parancter.

Again, the differences between males and females did not

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

to make an effective comparison.

The retention data, collected 1 week after the habituation

series, indicated that any habituation acquired during the

S-day series of 1-hour exposures was not sustained over a week

without exposure to motion. This result cannot be cosidered

firmly established, however, because of the small number of

subjects involved (N - 5).

GeneraZ Diocusoion

Compilation of the data from the three experiments of

Study II indicated that the tint ourse of habituation to

motion sickness was a negatively decreasing function of ex-

posures. In all three studies, the greatest decrease in MSI

occurred on the 2nd day and habituation continued to bo ac-

quired at a slower rate thereafter.

The results of Experiments I and 2, which differed only

in acceleration, are compared in Figure 4. Greater habituation

to motion sickness was acquired in the more severe motion,

.33 rns g in Experiment 2, than in the les- severe motion,

.22 rns g in Experincnt I. One possible explanation is do- - -.

rived from a similar 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 symptoms can be prevented by

naintaining a-static head position, but this inactivity also

precludes habituation. The authors suggest that while increased

head movement hastens habituation in a rotating device, it

probably has little effect on the rate of habituation "in a

situation where one is passively expo:ed to the notion such

As on a ship" (Reason 4 Brand, 1975). Possibly, exposures

24
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40

ii

20-

I" 0 ... -J ,
V0 1 2 3 4 5

EXPOSURE DAY

L Figure 4. MS1 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
rms g).

to vertical motions of different severity would have a similar
IL effect on habituation as head movements do in rotation; the

more severe vertical oscillation would be analogous to greater
head movements during rotation, yielding a greater incidence
of motion sickness but also hastening habituation. Further
research is required in oruer to more fully understand these
variables.

The data from Zxperizients 2. and 3, as depicted in Figures
2 and 3, respectively, are based on S days of exposure to
the same motion (i.e., .25 Hz, .33 rms g). The only differences
are sample sizes and, more important, exposure tines. The
purpose of Experiment 3 was to test the effects of adaptation

to 1-hour of notion per day as compared to 2 hours in Experiment 2.

2S
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By comparing Figures 2 and 3 it can be seen that there are L
two differences between them. WJith the 1-hour exposure

(Figure 3), the initial MSI was lovier (63% as opposed to 791), L
and the curve was flatter, yielding a higher MSI on the final

day of the series (25% compared to 111). On the first day, L
the HSI was less with a 1-hour exposure than with a 2-hour
exposure because MSI is a function of exposure tine. The L .

data from the Ist hour of each exposure in Experiment 2 and

from the 1-hou- exposures in Experiment 3 are presented in [
Figure 5. This presentation equates the data for exposure

time but allows a comparison of the degree of habituation
acquired by exposure to motion for 2 hours per day rather than

100 [

80

60 011BSI !2 hrs

40 ,,

20 -

0 0 12 3 45

EXPOSUnE DAY

Figure 5. IISI as a function of days of exposure for
the 1st hour of each exposure in Exporinont 2 (2-hour
exposure durations) and for Experiment 3 (1-hour ex-
posure durations) and retention data after 6 da s
without motion, for the 1st hour (closed syrbolsj and for
2 hours (open symbols).
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S1 hour per day. The initial HSI for the two groups was

essentially equal, but by the 3rd day the group with the

Tadditional hour of daily exposure had a lower HSI, indicating

greater habituation. This same effect .s reflected in the

retention tests; the longer daily exposure to motion resulted

in greater retention of habituation.

Comparison of susceptibility in males and females for

the selection runs of Experiments 2 and 3 revealed a combined

H SI of 62% for the males and 71% for the females, but this

difference was not statistically significant, Z w .74, p > .05.

This result is equivocal with respect to the support of pre-

vious findings of sex differences in susceptibility to notion

s.ckness (Reason 4 Brand, 1975). The habituation data for

L males and females from Experiments 2 and 3 have been combined

in Figure 6. The 451 on the 1st day of the habituation series

100 ..

N 12180.80

60 /

HS I

40

S10 9.

9 k

01 2 3 4 5R
"EXPPSURE DAY

Figure 6. HSI for nales and females as a function of
days of exposure from Experirzonts 2 and 3 combined.
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was greater for males than fem~ales, 83% and 60%, respectively,

but the final 1ISI after five habituation trials was less for

the males, 12%, than for the females, 22%. This final differ-

ence was not statistically significant, Z a .54, p > .05, and

there are many reversals in the trends. The variation in IISI

,,ithin the habituation series was apparently due to small

sample sizes, precluding a definitive statement about sex

differences in habituation.

The data on habituation have shown that five daily 2-hour [
exposures to a relatively severe motion led to a greater degree

of habituation which was better retained than either (a) I-hour

exposures to the same motion Pr (b) 2-hour exposures to a

slightly less severe motion. The current data are not suf-

ficiently extensive to describe the relationships between the
number of exposures, the time between exposures, and the length

of exposures. Further research on habituation to notion is

necessary to quantify the effects of these variables on the

acquisition and retention of habituation, and to provide in-

formation for developing a comprehensive model for motion

sickness.

/2
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STUDY III(VERTICAL OSCILLATIO3 AT FaEUUzIn3 r:C:! .S TO .7 ILI

The purpose of this study was to extend the data base for

MSI in vertical oscillation to frequencies greater than .S Hz.

The mathematical model derived from the previous study

(O'Hanlon 4 McCauley, 1973) indicated that approximately .2 Hz

was the frequency of maximum sensitivity to motion sickness,

with MSI decreasing at higher frequencias, up to .5 Hz. The

Tfrequency range from .5 Hz to 1.0 Hz has rarely been investigated.

Research with the ONRIHFR Notion Generator and the Wendt-Woslyan

Wave Machine have been limited to frequencies below .S0 Hz and

.53 Hz, respectively, and studies of vibvation have traditionally

considered 1.0 Hz as a lower bound (Allen, 1971. Hornick, 1972).

An excellent review of vibration above and below 1 Hz is given

by Guignard and King (1972). Several recent psychological studies

from the vibration domain have included values below I.C Hz in

establishing "equal comfort" contours (Shoenberger, 1975;

Yonekawa 4 Miwa, 1972; Holloway 4 Brumaghin, 1972). However,

this type of study has usually been limited to a low level of

acceleration because of the large displacement amplitudes 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 investigation of

MSI into the region between .5 Hz and 1.0 Hz.

3 Method

Subeaote. The subjects were 101 male students.

SProoedures. Four notion conditions were defined by fro-
quency and acceleration as shown in Table 3. The lowest fro-

quency in this experiment, S Hz, was equal to the highest

frequency previously investigated at this facility. A dif-

ferent notion condition was given each day, and eight subjects
per day wcre scheduled by unsystematic assignrnent to a motion

condition. This procedure was continucd until at least 20

U . .
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UOTIO:1 PAAN S, OF S i2WICTS, 120%J
P"REDICTED AND OBTAIINED 1151 11 STUDY III

Condi tion

Dipacl f- nt~v
Frequency Acceleration Amplitude Predicted gýbscrvcd

(11) (rns g) (ft.) ri 11SI (%) SIm~L.

1. .50 .55 2.54 24 42 42

2. .60 .55 1.77 22 22 1s

3. .60 .44 1.41 25 16 a

4. .70 .55 1.30 24 104

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

symptom ratings each minute.

Results and Disouosion

The MSI for the four notion conditions is given in Table4

3, along with the H1S that was predicted fromi extrzpolation

of the model. These results indicate that the uzathmastical

model based on data up to 5 11z was reasonably accurate, given

the sam~ple size, for predicting VSI up to .7 Hz:. Further

Investigation of the eifects of frequency up to 1.0 INz, and
perhaps beyond, is necessary to allow detailed analysis of the

upper-frequency boundary of notion sickness. B~ut, the present
results confirm the prediction of the mcodl, that. only relatively
high accelerations (>.SS rns g) would be expected to produce

motion sickness at frequencies above .7 Hz. Accelerations of
this magnitude may produice undesirable effects other than mo-
tion sickness; for exa-le, in broadband vehicle motion of un-
restrained passengers, acceleration peaks could exceod 1.0 S
causing potential bodily injury from free-falling. Jex, Di~larco,

and Sch~iartz (1974) have characterized this reg~ion as tho
"terror rejime" where critoria other than rotion sickness

munst be considered of primary inportance.

30.
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During our e=eriMMnts, a total of 619 male subjects

I I:have been exposed to vertical sinusoidal accolerations in-

volving 24 conbinations of frequency and acceleration (Table 4),
and 212 of those subjects experienced emesis before completing
their 2-hour experimental sessions, at tioes renm1ng from

2 minutes to 114 miLutes after onset of the rotion.

These data alone could be of some utility and interest.

L However, it has been our intent to go beyond these data in
an attempt to discover any apparent lawful relationships

among notion sickness incidc*ce, frequency, acceleration
and time, and to offer a mathematical description of the

results. A matheuatical nodel would serve to facilitate accu-

rate peodictioUs of the effects of vertical sinusof.dal motion

(both in the sense of interpolating among the various data

points we have obtained. and. with some caution, extrapolating
beyond then); and, hopefully, to provide theoretical insights

[i regarding the underlying processes of motion sickness. A

mathematical model is developed herein in pursuit of these
purposes.

In the previous report (O'Haulon 4 VcCauley. 1973) it
was observed that notion sickness incidence for subjects
exposed for 2 hours to vertical sinusoidal notion at various
combinations of accelerations and frequencies can be well
described as a log-normal function of stimulus acceleration,
where the two paraenoters of the implicit underlying normal

distribution (the mean and tVe standard deviation) are,
respectively, a function of the stimulus frequency, and a I."

constant. The mean value specifies the acceleration necessary

at a given frequency to produce a rotion sickness incidonce
of 50%. The functional relationshii batwaen the mean value
and frequency is wall doscribed in lo,; eccoler•Jton varsus

31
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log frequency coordinates as a concave-up parabola, with its

minimum indicating the frequency which produces the greatest"

mt ticn sickness incidence for a given acceleration. These
fl.dings seem to suggest a model in which emesis occurs when,

7 for given frequencies and exposure times, acceleration ex-
coeds 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 dizcovered and reported this result, we have

subsequently investigated tha time-dependent nature of motion

sickness incidence (see Figure 7). For each frequency and

acceleration, we have observed the cumulative MSI as a func-y

tion of time and have found that it too is apparently pro-

portional to a log-normal distribution. That is to say, a

model is implied in which individuals have varying tolerances

regarding the duration of exposure to vertical accelerations,

and there is implied an exposure-time threshold which can be [
characterized as a random variable with a normal probability

density function in the log-frequency domain. Furthermore,

in investigating the relationship between tolerances to \ 4

acceleration and tolerances to duration of exposure, we have

found (uot surprisingly) that greater accolerations are, on

the average, tolerated for shorter durations before emesis

occurs, and vice versa. This result implies a negative cor- P
relation between the "acceleration threshold" random variable

and the."time threshold" random variable.

The above obeervations suggested to us that motion sick-

ness incidence as a function of frequency (f>O), acceleration

(a>O), and time (t>O) night be well described by a two-dimensional
normal distribution, the form of which is given by equation 1:

100 -o 1a logt f)2HS1 exp I : "
21o--a :-.2 f 2(1-P2) a a
2(x\ f - ot fy-i- ] J + dy dx 100 O(a,t) (1)
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S~where

Ala (f) k I k2 log 9f f k3 (log of) 2

It follows from this model that when we consider 1SI as a

function of log acceleration while holding frequency ad time

constant, we do indeed get a distribution proportional to the

L •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 the log acceleration threshold is & linear function

r Uof the log tiAe threshuld, and vice versa. The slopes of

Ii these linear relationships are dependent upon the correlation

coefficient (p) and the respective standard deviations (a and

a r), and the intercepts are dependent upon the mean values

0(1• and Ut).

The bivariate normal distribution model for HSI may

2r 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 must

be able to evaluate the bivariate normal distribution function

itself. Tables and algorithms for doing so are not generally

available, but the univariate normal distribution function iv

widely tabulated, and algorithms for evaluating it are widely

available for use on digital computers. Therefore, it is con-

venient to convert the two-dimensional normal distribution

given in equation I into the products of two univariate normal

distributions in order to simplify our quantitative determina-

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 za and zt (i.e., variables with mean = 0

and standard deviation - 1) so that we have the following

three equations by simple channe of variables:
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at

NoW, we may express the joint density function shown above
as the product of the density functions of two statistically

independent standardized normal variables by converting the

normal variate zt to zt as shown below (Korn 4 Korn, 1963):

Xt-pza
st=

Since this linear transformation (equation 5) leads to uncor-
related, statistically independent standardized normal vari-

ables, their joint distribution function is given by the
product of the univariate distribution functions of the respec-
tive variables. Therefore we may restate equation 1:

V-3I , 100 0(a,t) - 100 @3 (za) z(Z.) (6)

where

O(Z) is the far.'iliar standardized cunulative normal

distribution function:

@z() .. L-ex .I Xa dx (7)

The joint distribution function was thus reduced to
the product of two univariato distribution functions which

are readily evaluated, but the seven parameters of this modal
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L remained to be determined in soae optimu3 way. We wished to
adjust the p'tcameters of the model to =:nimize the mean square

j of the deviation between the data and the models predictions.

Most algorithms for "adjusting" parameters to perform least-

squares curve fitting, however, involve analytic r1!.-",As and

require functions which are linear 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 paraneters is

L known to us. Most algorithms for the least-squares deter-

mination of nonlinear parameters involve numerical iterative

[ processes which use either Taylor's series expansions of the

model. or some method of steepest descent. These methods have

complementary strength, as Marquardt has pointed out, and we

have used his algorithm for least-squares estimation of non-

linear parameters, which combines both methods (Marquardt, .- ,

1963).

The version of Marquardt's algorithm available to us for

this analysis was limited to 100 observations of the dependent

variable (i.e., HSI), a limitation we could not control be-

cause the source code was not accessible to us. We could have .... -

easily exceeded 100 observations of our empirical independent

variable, for example, by representing the cumulative HSI

function at I 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 model

onZy if the empirica cumulative B'31 function had changed

from the previous 10-minuteo interval. In addition, the cumu-

lative ISl at the end of each experimental session was included

as a data point, regardless of whether it represented a chan-o

from the preceding 10-minute interval or not. This procedure

for representina the empirical NSI data yielded 99 observations \ *-

-7\



(by coincidence, on* less thnn the anirzun accaptd by tl o

con2uter proaran ), each of which is listed in A-peix 0

and characterized by its frcquency (11z), eccalcration (rz : ),

time (ninutes) at the nidpoint of the lO-ninuto interval, end

the observed cumulative SI•1 (% enesis). A Portr.n rc- caca-

tation of the V31 model was prepared, and together with tLa

99 data points was used in conjunction with Hlrquardt's algo-

ritho to determine least-squares estinates of the modal's

parameters. These estimates are given below:

Pa M) = 0.87 + 4.36 log f o 2.73 (loU f)2

a a 0.47 Vt a 1.46

at a 0.76 p - -0.75

Uith these parameter values, the modal yields the predicted

l5Is tabulated in Appendix B, and the root-mean-squaro

deviation between the predicted and observed 1:3Is for all 00

data points was 6.1% VSI, representing, in our judgment, a

remarkably good fit to the data. This (time dependcnt)

bivariate normal model of 1-51 is quite consistent in its

predictions with tbe tine indcpcndcnt model previously re-

ported, where the two nodels are conmparable (i.e., at 120

minutes), includina the result that the most pathogenic fro- [
quency of vertical sinusoidal acceleration is approzinatoly

.16 Hz. It is noteworthy, we think, that the inclusion of [
time dependent data in the present version of the madol has

hardly changed the rms error (previously, 4% V$I), despite a

considerable expansion in the number of data points, in terms

of both tine dependent points and total nunber of subjects.

This suggests to us that the bivariate normal rodel is renre-

sentative of an underlying lauful relationship vmona the

various variables. t
A three-dimensional representation of the model is Given

in Figure 8, including a cross-sectional depiction of the 25th, I
50th. and 75th percentile "iso-Ceosis" curves.
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ERcrmpte Calculation of an 1IS

To provide a direct example of the utilization of the V

mathematical model to predict an 1151 using the comm'only tabu-
lated nornal probability distribution function, let us say
that it is desired to predict IISI at 60 minutes resulting from
exposure to vertical sinusoidal accelerations of .21 rms g at a

frequency of .25 Hz. First it is necessary to calculate the nor-
mal deviate za. Fron equation (3) and the paramcters on p. 3S:

l'- 0.21 -(0.8~7 + 4.75 In,' 0.25 + 2.73 (loi 0.25) (0~--O7~01____aII__ D_ aS : 0-17
0.47 0.47

Next, it is necessary to calculate the value of the normal

deviate zt. Fron equation (4) end the parameters on p. 35:

=lo 60-1.46 1.73-1.46 , 0.42t 0.76 0.76 =

And, finally, it is necessary to calculate the transforned
(statistically independent) normal deviate z' Fron equation (5):

21 W zt*O.75za = 0.42+(0.75)(0.17) - 0.83t 0.66

Now, we enter the tables to evaluate the norral distribution
function at the value za and at the value z't. The product {
of those two values tines the factor 100 is the predicted JSI:

Ml a (100)(0.57)(0.60) - 46%

See Appendix C for an exanple of a FORTMA•I subprogram to
evaluate the model. I-

1ango of Prcdiotivo VaZiditjy

Figure 9 indicates the frequency/acceleration points
represented in the data fron which the parameters of the r
nodel were determined. Uo foel quite confident that any cal- f
culations of predicted t2Sls for frequency/accelcration points
interior to the reaion we have investigated (indicated arprozi- I
natoly by the dashed line) vould represent quite valid inter-

polations of the data. For the e.perinental situation in thoso

studies, we would be oest surprisod by any nmrlhdly irregular
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behavior (i.e., sabstaatial daviations froz the modal) in

this re-lon. Brtra.•olation outside this region is to be

taken with inercacsinz caution the furthor rne proceeds away

from the oepeori.7ntally examined regions. A quick analysis

of the model in its lirnits suffices to indicate certain

inportdnt considerations. First of all, as frequency gocs

to zero, 1SI also goes to zero; this seezs reasonable. As

frequency increases without bound, 1.SX aZain goes to zero,

but beyond sone point (say, 1.0 Hz) we move into a region

where vibration has effects othor than that of ;roducing notion

sickness (see Guignard & King, 1972; Hlornick, 1972).

As acceleration goes to zero, so does tbo predicted I'SI;

and this also seens reasonable. As acceleration Increases,

without bound, the model asynptotically increares; but it

must be rtnombered that for acceleration peaks beyond approxi-

matoly I g, motion sickness can become quite secondary to

other considerations (O.g., performance of tasks, bodil'r

injury, etc.). 'n no practical sense does it serve •-1- 'a.lyze

the behavior of the nodel as acceleration incroases without

limits.

With respect to the tire variable, it will be noted that

as the duration of the exposure decreases, so does the pro-

dicted notion sickness incidence; a reasonable result. Dut

as the duration of cx-osure increases, NSI approaches asynp-

totic values which are only slightly greater than those

vbsorved at 2 hours. This is consistent with the data, but it

must be renerbered that for extrapolations far beyond the

rogion that has been experimentally investigated for the pur-

poso of developing this model, it is virtually ccrtain that

habite-ation effects will occur; those are not accounted for

in the noedl at tho present time.

I1 the -odel is used with so:mo consideration of the pint

discuscd above, we have condorar.ble confidence in its validty

for the purpoSO of predictin- notion sicmeoss incidonco tz a

function of vertical sinusoidal eccealrations, and pc~hcps a3

42
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r a stimulus for a better understanding of the physiological

mochnnisms responsiblo for motion sickness. The following

discussion of errors may servo to further substantiate this

conifidence.

Srro&- AnaZyaio

The genesis of this model has no doubt been influenced

by the fondness of one of the authors for the concept of

logarithmic responses to physical stimuli, and by h.s trust

in tho 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 empirical. Because it does rest on an empirical

foundation, however, we bring into question the matter of

measurement errors and their propagation through the model.

In partic:ular, the independent variatles of the model (fro-

quency, acceleration, and time) must have associated with

them some measurement errors (f., a , and or). Do measure-

ment errors of the magnitude we experienced in condrctinig

these studies propagate through the model to cause large

errors in predicted M!SI? We may approach the question by

making a Taylor's series expansion about a point f*, a*,

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

dicted HSI value as a result of independent variable error

variances a2, 02, and a is given by:
f a ÷

VAR (91SI*) - £at* a 2t t

By analysis of our methods and procedures, we have estimated

that our measurement errors were c =0.01 Hz, a a U0.01

and (t =3.0 minutes.

However, the evaluation of the partial derivatives is

tedious, the result complicated, and there ara questions re-

garding the goodness of the first-ordar nppro~imatien. An-

alternate method, which we prefer for being c::2irical in
nature and intuitively meaningful, consist; of a C:onte Carlo
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.c,-)onh to the q~lestien of erro~r pro:,~rtion. te Lr'va

evaluated thae nde1 503 timcs at nnnro~inty nho 01
the 24 fcuncyc/acceleratin coz inations explored in tto

ezporimcntal studies, Bly "&po&xioatol7" we vu-n that for .

each particular evaluation we have added indopendont randomj

variabl-es norzally distributed with can zero and siSna as

a•propriate, to each of the ind.rcndent variables frequency,

acceleration, and time, to represent measurement errors typi-

cal of those found in the prozent studies. No thon calculated

tho standard deviation of the LZIs resultiir fre- the SOO trinls

at each of the 24 fre,=cncy/accelerntion pVints involved in

our exptrimonts, for a total of 12,003 cumAuntions of thhe

rodol incorporatina sinulateA consurcment errors. TVe resu1ts

of those 12,000 evaluotions indicate conclusively t•.t 'Vhe , ,

estinated errors of miaure-ont in these studies propaj.te

throu-h the model and result in an overall standard deviationL

of 2.4% 1.SI; and in none of the 24 cases was a stnrd

deviation observed to exceed 3.C %3I. The conclusion we

draw fron this is sirple: Errors in the measurement of

frequency, acceleration, and tire result in snal1 errors in

predicted 1S1 as coupared with sazplirg variability. .

Sampling variability is sonothinZ that cust be taken

into account in ankin predictions regarding the responso of

small groups of subjects to actwnl notion. The rV1i radel
(divided by the factor 100) Pay bo viewed as eostir-tin3 a

probability, p, that a given individual will emperienco motion

sickness under the specified conditions of frequency. accol-ra- I
tion, and tine. Testing a group of, say, 20 subjects constitutes

a series of BCrnoulli trials, znd the total number of persons ,
w0o will actually experience eonsis is subject to considerable

variability from group to group (see, for exarple, Guilford, i . /

1950). For groups of subjects of approxinately site 20, end

for typical motion sictness incidence levels, one can expect

a sam-)linrg varinbility of apprexinatoly 1010 U31. T`ýue:,
doviptions of 10% or so fron t.Is predicted by the reo ' ol arc

,,/



quite to bo exr.cted. And it can beo zc. tfhat, cc:.nred to

expected sa.wile errors, errors ovin- to lch of 4ccuraey in

the measurement of indepcndcnt variables is secondary. In-

deed, the si.e of the sa:ý?Iino error wruld be sufficient for

us to doubt the validity of the modol itself, had we voar

few data points. However, we have now collected sufficiont

data to have a reasonable estinate of tVa "true" probabilities
underlying motion sickness incidence. TVese data have been

collected at a variety of frequency/acceleration points, but

have been unified by the nodol, and the 6.1% r:s error be-

tween the predicted and observed data points testifies to

convergence upon a rather accurate description of notion sick-
nes in response to very low frequency vertical sinusoidal

notion.

/
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Sevral practical 2liccations of this rosccrch cnn bo

s-cZsted, althor-7i tIa limitations of •Lo present data ~uist
not be oerrleoocd whcn attc=•tin- to utilize the results for

such a.plications. The use of single sine waves precludes con-

fident prediction of MSI in seacraft or other types of trans-

portation vehicles that cre :haracterizd by brcnlband motion.

Current research under this contract is addressicn that issue

by observina V5I in response to noro €o:•pex waveforms. An

associated problcn is the physical description of the intensity
of the stinulus. The rms acceleration is not necessarily tho

appropriate measuro, because it does not rofloct the peak

accelerations that occur in broadband notion in thesamo usy
that it does for sinusoidal rotions. Jex and Allen (1974)

have discussed this issue and state that "the practice of
equatimg sinusoidal effects with random effects on an roe

basis per one-third octavo bmnd nay have a nvnber of built-in

errors."

The frequency dependence of HSI wbich is described by the
mathenatical model ray have inplications for the design of

ships, and possibly for aircraft and other vehicles as weoll.

The frequency of maxinum motion sickness is estinatcd to be
.16 Hz. Perhaps enZineers concerned with ship's design and

habitability could consider minimizing the vertical accolera-

tion at approximately .16 Hz when they are attcnptinS to reduce
problems of motion sickness.

The data frcn this resenrch has the patential for boin"
trensforncd into a format conpatible with current vibiation
standards, for tho purpose of extendin3 the standards into

the fr•¢r:nacy rav.ZO holou 1.0 12z. The criterion for a vibration

standard in this vcZy low frercncy range could bo dcfinced es
antion sichncss rathir thnn csnfort or fatigue dccroasod
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proficiency, the £riteria for vibration standards above 1.0 Hz.

Allen (1974) has VxtOLsively reviewed this issue, and McCauley

and Kennedy (in press) have given an example of such a standard.

However. the tenuous nature of making predictions about broadband

motion irom data on sinusoids is an important consideration. Ii
Another area of poteatial application is the idantifica-

tinn and screening of personnel who will be exposed to dynamic

environments. Concera fov this problem is reflected in the

proceedings of a conference on the prediction of motion sick- 11
ness in the selection of pilots (Lansberg, 1973). An MS1

calculated from the present mathematical model can be con-

sidered the normatIve response for healthy young males. An

individual could be Rssessed for motion sickness sisceptibility

by exposing him to a given motion and comparing his response

to the norm. Development of a metric in terms of exposure

tine or symptom development, or both, would be required to

implemunt this proceduro. More research is needed on the

spe•'ificity of susceptibility to particular motions and the

.ombinod 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 w6ll.

The present research has provided basic data regarding

the relationship between motion sickners and the frequency and

acceleration of vertical oscillation, but a large number of

issues require further research. Some of them are: exposure-

time variablis that affect habituation and dishabituation;

the specificity of habituation/adaptation to motions of

different frequencies, accelerations, and axes; the relation-

sLip between visual processes and the physical parameters of

notion in situations inducing notion sickness; and MS1I in com-

plex waveforms including single and multiple axes.

Prom a historical viewpoint, it seems that the incidence

of notion sickness will grott with increasing technology. An

48
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excellent description of the problem is given by Reason and

Brand (1975):

I. This wretched and debilitating condition has
always been intimacely linked with man's
technological efforts to improve and extend
his natural powers of locomotion. As both
the variety and avail3bility of means of
transport are increasing at an ever accele-
rating rate, so the magnitude of the motion
sickness problem grows accordingly. (p. v)

Man will coatinue to propel his body through water, air,

and space with dynamics that are increasingly different from

his normal bodylpropulsion. Motion sickness research can con- 7'

tribute to the success of these ventures, as prediction leads

to understanding, and understanding to control of the ill

effects of new dynamic eivironments.
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S?"lCIFICATIODs AUD P ~ro-nAr"'Ca car'za'

Studios I and 11 were performed before 1975 on theo

original O"/Z•W. Notion Generator. Study III was performd

i in 1976 after modification of the heave systomi increased its
frequency range and acceleration capability. Sumary data

regarding the performance of the original and the codified
Motion Generator are given in Table A-1. Thcoe data wcro

obtained from engineering studies by Vo3To and Jcx (lD75) and

SO'Uanlon, Seltzer, and Sanderson (1075). Thoze sources should

be ronsulted for a detailed description of the dynsmics of

the upgraded system.

Also in Table A-1 is the result of a digital Fourier

series analysis of the displacement waveforms fron two motion

conditions representative of Studies I and II with the pro-

modified heave system (.4 t1z/.2S rm-s S, and .S Hz/.33 rms ).

The harmonic distortion was determined to be less than 101.
L TAILE A-1

ORIGINAL AND MODIFIED OIIt/Ff NOTIO 1 GEN:EtUTOR

SPECIFICATIONS AND PEfFoV:•,NCE CRITEPIA

OrgnlSystcz .dein Sse

_ IplIttude *13 ft *10 ft

Velocity I a ftl$sec >11 ftlsec

Accelerattoa *.5 g 2 1.2 9
•-• ,- .,

fllninal Increlontal
Accelerationa Cca-mand +.10 g .04 g 0 .1-5 Nz

HIarmonic Distortion
at .4 Hz, .25 rms g
and .5 1-z. .33 rms g 'lOs 1G1

L Pitch 1 Capbllity un-
tm •lltuda *I is chrInjd, performance

restricted to vaxi-

Velocity *25*lsec mum required for
achieving specific

r- Accolerotion 2184/sec' test rcquircment$

N-J -- S
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DATA USED 13i F^'::iLAI:G 72PATICAL[-•ODEL OF I3TIOG i SIC 12S3 I :ci zz,

Fro-k=-cy Pcclcrzaticn Ti17 Cnýrv:: Prc, ctzd

1 XQ3 .5115 5 4 + I
2 .157 9C 5 5 11 -6
3 .157 .CX5 115 10 12 -2
4 .157 .111 .5 5 21 -15
5 .17 .111 (5 13 1. -14

6 .137 .111 53 1s 27 -12
7 .157 .111 7• •l 313 -11
a .157 .111 C55 33 -
9 .137 .111 113 :3 5 -6
10 .137 .1 5 13 11

12 .157 .X.1 25 4( 41 +1
13 .137 .1M 45 Q3 21
14 .157 .2255 53 E3 - 3
1s5 .17 .222 115 ca C5 -
16 .10 .170 5 8 6 +1217 1C-3 .170 is ^43 21 + 6
is .125 .173 25 (C1 31 +9
19 .12 .173 13 47 37 +10
33 .120 .170 45 C 5 42 +13
21 .120 .173 E5 C 3 E0 +10

rG3 .22 .234 5 11 11 + I
"23 .22O .234 15 37 32 + 5
24 .2M .234 25 43 443 - I
* 25 .220 .234 35 57 + + 7
25 .20 .214 45 co 55 + 5
27 .2-3 .234 55 69 73 +11
28 .. ca .234 C5 71 C2 + 9
29 .2a .111 5 3 1 + 3
30 .LCO .111 - 15 7 5 + 2
31 .250 .111 25 17 9 + a
32 .250 .111 55 24 15 +6
33 .250 .111 65 23 20 + 7
34 .250 .111 115 31 25 + 5[35 .250 .222 5 6 6 -
Z-5 .250 .222 15 17 23 -6
37 .259 .222 25 32 393 -1L33 .250 .222 35 -z 3 -1I
39 .2zo .2,22 45 41 4-3
40 .250 .222 55 SA 47 + 7[41 Urlo .222 65 r5 4) + 6
42 .253 .222 C5 57 52 + 5
43 .250 .222 115 63 55 + a

~ S7



APPMZIDIX fl (Continued)

4 .2.3,.3 5 2 is -13
Z(37 .333 15 (10 (9 0

Ci .20.333 25 51 52 -
47 ýj.333 w5 ES 59 - 3

43 .2ro .333 65 53 67 - 9
(-19 .2ra .333 75 67 68 -1I

59 .o0 333 115 69 71-2
51 .313 c 55 115 5 3 + 2

5 2 .3ý3 ~.6111345 I

53 .333 .111 45 12- 7 + 5
514 .333 .111 115 15 13 + 2
C5 .333 .222 5 4 2 + 2
55 .333 .222 15 11 10 4 1
57 .3213 .222 55 i5 20 -14
5-3 .333 .222 65 27 31 -4
59 .333 .222 75 31 33 - 2

co .333 .222 515 38 35 + 2
61 .3-33 .222 105 42 37+
C2 .333 .222 115 411 30 .8
63 .3Z3 .333 5 9 6 + 3
64 .333 3.333 15 19 23 -4
c3 .33ý3 .333 35 3139-
C5 .333 .333 45 37 41 -7
67 .3313 .333 55 41 47 - 6
6 3 3 'n?3 .333 65 44 49 - 5
60 r333 .333 E-5 47 52 - 5
7.3 .333 .333 115 50 55 - 5
71 .417 .(40 15 20 17 + 3
72 .417 VII~ 65 33 42 - 9
73 .417 All~1 115 4940 - 8
74 .5c5 &272 65 5 5 0
75 .5 ~ .222 I'D 10rl + +2
75 .550 .222 115 14 9 + 5
77 Vova .333 25 5 6 -
73 M5~ .333 55 10 12 -2
79 *.550 .333 95 15 17 -2
E-3 .500 .333 105 20 18 + 2

01 155 .333 115 25 19 + 6 -

C-2 r.!50 .4ý4 5 5 1 + 4
03 .5D AI'M 25 19 11 +8a
cl 5159 A' 4 t5 29 13 +11
C5 .5140 .4ý'4 115 33 29 + 4
C-3 'EC0 .555 15 8 11 - 2
87 Sco0 .555 25 13 17 - 5
C3 .5 IS .555 Z5 21 22 - 2
0) .550 .555 45 33 26 + 7
SO .550 .5E5 95 33 Z5

so



APPENDIX B (Continued)

Fre uancy Acceleration Ti:::3 C:)servd PrmdIct d
Datum ?Hz) (rs 9) (ndn) 131 B3I i f__%1___,1

91 5C3 .555 115 42 23 + 492 .xn0 .444 65 4 a - 4
93 .CC"O .414 115 8 12 -4
94 .610 .555 15 9 3 +6
95 .XCO .555 115 13 13 0
96 .700 .555 115 4 6 -2
97 .033 .0275 115 0 0 0
93 .167 .0275 115 0 2 -2
93 .90 .111 115 0 1 -1

* Data frcm research for ALZA Corporation (VrcCauley & 01'1J4rn, I97S).
A* Data frci research for ALZA Corporation (%yal et al., 1713).
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