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Abstract. The vestibular coriolis (or “cross-coupling”) effect is traditionally explained by cross-coupled angular vectors, which,
however, do not explain the differences in perceptual disturbance under different acceleration conditions. For example, during
head roll tilt in a rotating chair, the magnitude of perceptual disturbance is affected by a number of factors, including acceleration
or deceleration of the chair rotation or a zero-g environment. Therefore, it has been suggested that linear-angular interactions
play a role.

The present research investigated whether these perceptual differences and others involving linear coriolis accelerations could be
explained under one common framework: the laws of motion in three dimensions, which include all linear-angular interactions
among all six components of motion (three angular and three linear).

The results show that the three-dimensional laws of motion predict the differences in perceptual disturbance. No special properties
of the vestibular system or nervous system are required. In addition, simulations were performed with angular, linear, and tilt time
constants inserted into the model, giving the same predictions. Three-dimensional graphics were used to highlight the manner
in which linear-angular interaction causes perceptual disturbance, and a crucial component is the Stretch Factor, which measures
the “unexpected” linear component.

Keywords: Perception, motion sickness, zero-g, cross-coupling, self-motion

1. Introduction 1.1. Thevestibular coriolis/cross-coupling effect

Linear-angular interaction is called upon to explain
We as humans know from practical experience that certain experimental results on the vestibular coriolis
linear and rotational cues are combined in our percep- (0r “cross-coupling”) effect, though the basic expla-
tion of self-motion to form a three-dimensional im-  hation of the vestibular cross-coupling effect involves
only angular vectors: If a subject in the dark is be-
ing rotated counterclockwise at constant velocity, for
instance, then a rightward head roll is associated with
) an angular acceleration in the forward pitch direction
plg n post—rptatory eye—movemgnt responses that T Wwhich may be perceived as a disorienting forward tum-
orient, even in the dark, depending on the changed di- e (Fig. 1). The effect can be modeled as due to cross-
rection of the linear gravity vector after head tilt [1,  coupling of angular velocity vectors; the direction and
42,44]. Linear-angular combination is also confirmed magnitude of the angular acceleration are given by the
at the level of central neurons, many of which receive cross product between the (yaw) angular velocity of the
both linear and angular input [4,11,12,49,53]. rotating reference frame of the subject and the (roll) an-

pression of motion. Furthermore, experimental evi-
dence shows that three-dimensional linear and angular
information are combined physiologically, for exam-
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Fig. 1. Classic vestibular coriolis (or “cross-coupling”) effect,

demonstrated with counterclockwise rotation and rightward head roll.
Analysis of angular vectors alone gives a prediction from angular
cross-coupling of perceived forward tumble with a head-yaw rotation
component.

gular velocity of the head within the rotating reference
frame. Although such cross-coupling occurs regardless
of the type of angular acceleration sensor, the vestibular
literature typically gives an intuitive description of the
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angular velocity (about a non-vertical axis) [5,23,57].
A greater mismatch thus correlates with a greater per-
ceptual disturbance. For the differences in perceptual
effect between th 1 g and zero-g conditions, expla-
nations involve reduced responsiveness to semicircu-
lar canal activity and/or muscle activation patterns that
are dependent upon the direction of the linear gravity
vector n 1 g but not inzero-g [13,35,36].

The linear coriolis force, also, is involved if the head
is tilted away from the axis of rotation. Upon such tilt,
a linear acceleration of the head occurs in a direction
tangential to the now-off-axis circular motion of the
head, in order to start the head moving around the cir-
cle. Technically, the linear coriolis “force” is an appar-
ent force opposing this increasing circular motion; the
magnitude of the head’s acceleration is equal to (though
technically oppositely-directed from) the “linear corio-
lis acceleration”. This acceleration of the head occurs
throughout the tilt, and just like the cross-coupled vec-
tor, would be expected to have effects lasting past the

physics by considering sensors at steady-state prior to time of the tilt because there is no concluding reverse

head tilt, and discussing the acceleration effects in the
semicircular-canal planes or idealizations of them [21,

23,38]. In the end, the explanation is straight from the

laws of motion—an angular acceleration arises from two
angular velocities.

Vestibular cross-couplingis typically used to explain
the disorientation experienced by subjects upon head
tilt during rotation in the dark, but cross-coupling is
insufficient to explain the differences in magnitude of
disorientation under different acceleration conditions.
Even during head tilt causing identical magnitudes of
cross-coupled vectors, an accelerating rotation of the
chair results in a smaller magnitude of perceptual dis-
turbance than does a constant-velocity rotation of the
chair, while a decelerating rotation of the chair results
in a larger magnitude of perceptual disturbance than
does a constant-velocity rotation [23]. In addition, dis-
turbances are significantly less during cross-coupling
experiments in zero-g, both in subjects who have lived
in zero-g for days [19,20] and in subjects who are in a
zero-g environment for less than a minute [36].

A linear vector—the gravity vector—is called upon to
help explain the differences in magnitude of distur-
bance in the different environments. For the accelerat-
ing-rotation condition the direction of the gravity vec-
tor is consistent with the perceived angular velocity
(about an earth-vertical axis), while in the decelerating-
rotation condition the gravity and perceived angular
velocity vectors are incompatible because the gravity
vector does not rotate in conjunction with the perceived

acceleration to stop any induced perception of motion.

However, despite the apparent significance of the
gravitational linear vector for perceptual disturbance,
an increase in magnitude of perceptual disturbance,
measured in terms of motion sickness, was not found
with an increase in magnitude of the linear coriolis
vectors in experiments testing the importance of the
linear coriolis vector [32]. Instead, the magnitude of
disturbance was found to be correlated with the speed
of rotation [32,33].

At first glance, the non-correlation (and possibly
even negative correlation [32]) of disturbance with lin-
ear coriolis force seems contradictory to the idea that
disturbance is greater with a larger linear (1 g versus
0 g) vector. After all, the linear coriolis vector is,
just like the gravity vector, incompatible with the per-
ceived angular velocity vector. At a second glance, it
is clear that the motions are complex enough to require
a more thorough three-dimensional investigation that
covers the various acceleration environments as well as
different amounts of tilt away from the rotation axis in

1g.
1.2. Laws of motion

The first explanation for motion-perception phenom-
ena is typically the external laws of physics, i.e. the
laws of motion. Often, a perception can be explained
by relating the accelerations directly by the laws of mo-
tion to perceived velocities and orientation. Sometimes
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a second step must be taken by appealing to special

properties of the nervous system to explain observed
deviations fromwhat the laws of motion would suggest.

A basic example of a laws-of-motion explanation
is that used for the false perception, in the dark, of
rotation after decelerating to a stop from a period of
constant-velocity on-axis rotation. The explanation re-
quires use of (1) the subject’s “initial™—i.e. preceding
the deceleration—perception of motion, and (2) the ac-
celerations imposed on the subject during the deceler-
ation. A subject’s initial perception—during sustained
constant-velocity, say counterclockwise, rotation—is
typically of being stationary (because no angular ac-
celeration impinges on the subject, and the vestibular
system has equilibrated). Then during deceleration, a
clockwise acceleration is imposed upon the subject to
stop the rotation. By the laws of motion, a clockwise
accelerationimposed upon an initially stationary object
will cause the object to rotate clockwise, so it is not
surprising that subjects typically report a (false) per-
ception of rotating clockwise. The subjects’ nervous
systems are simply doing their jobs; a perfect processor
of acceleration information would give the same report
of rotation, assuming that it is initialized to match the
subjects’ initial perception.

In this rotation example, the basic perception is ex-
plained by the laws of motion. Over the long term, how-
ever, subjects’ perceptions of rotation slowly decay, a
decay that would not be reported by a perfect processor
of acceleration information. Therefore, time constants
of decay of rotation perception are measured experi-
mentally for subjects, and are a special property of the
nervous system (with explanations related to biological
noise), used to complete the long-term explanation of
this perception of self-motion. It is worth noting that
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Another example of a laws-of-motion explanation is
the standard explanation, above, of the vestibular cross-
coupling effect. This explanation, as well, requires use
of (1) subjects’ initial—prior to head tilt—perception of
motion, and (2) accelerations imposed on the subject
during the head tilt.

The laws of motion in three dimensions explain more
complex phenomena as well. For example, an investi-
gation[29] using the full three-dimensional laws of mo-
tion explains the faster change in tilt perception during
deceleration than during acceleration in a fixed-carriage
centrifuge [10,18]. In other words, the physics of the
motion itself predicts the perceptual tilt-change asym-
metry, without addition of parameters for a physiolog-
ical system as included in other models predicting per-
ceptual tilt-change asymmetry [8,16,17,39,40,43,52,
59]. Further comparison with other models is included
in the Discussion. Another three-dimensional inves-
tigation [30] explains acceleration-deceleration differ-
ences, including tumbling sensations during deceler-
ation, in a centrifuge whose carriage tilts during the
run [24]. In addition, the laws of motion in three dimen-
sions explain [31] clockwise-counterclockwise differ-
ences in perceptual effects from head turn while supine
in a rotating centrifuge [26].

1.3. Linear-angular interaction in the vestibular
coriolis/cross-coupling effect

The goal of the present paper is to determine whether
the observed differences in vestibular coriolis/cross-
coupling effects can be explained by the laws of mo-
tion in three-dimensions. This investigation requires
the use of all six degrees of freedom (three angular and

the decay of rotation perception need not be considered three quear) and all Iinc_aar-angular interactions in thrge
“caused by” the fluid dynamics and the biomechanics d|menS|qns. The goal is to mirror the stapdard physics
of the sensors, but may be considered a phenomenon of explanatlon of the vestibular cross—coupllng effect, but
the perceptual system as a whole. In fact, the dynam- 0 include both Im_ear and_angular accelerations, a_nd to
ics of the sensors would not, in general, impede a per- display the resulting predicted (by the laws of motion)
fect processor’s abilities as long as the processor took Perceived motion in a three-dimensional format [29—
into account the sensor dynamics in response to the 31]. In order to accomplish this full display, the com-
external stimulus, acceleration. In particular, a perfect Putations must keep track of not only perceived veloc-
processor of acceleration information could appropri- ities and direction of gravity, but also the location and
ately maintain a perception of velocity after accelera- the three-dimensional orientation relative to the starting
tion ends. Indeed, the nervous system does perform this position. From the three-dimensional displays of pre-
maintenance of velocity perception, at least for a time, dicted perceived motion in the different conditions, the
after sensor movement has decayed [22]. The sensor- results will be compared between conditions by means
afferent-central nervous system linkage can, therefore, of two measures of possible disorientation: the Twist
be considered as a whole when comparing the physio- Factor and the Stretch Factor, representing the angular
logical system with a perfect processor of acceleration discrepancy and the linear displacement, respectively,
information. between the actual head tilt relative to the body and the
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three-dimensional motion that is predicted to be per-
ceived instead. The question is whether the laws of
motion, as manifest in the Twist and Stretch Factors
extracted from the three-dimensional displays, explain
the differences in magnitude of perceptual disturbance
in the different conditions. A secondary goal is to carry
out the same test with a model that implements the laws
of motion but processed with time constants, as are of-
ten used in vestibular models to mirror experimentally-
observed physiological time constants.

2. Methods

Two sets of motions were investigated. Used throu-
ghout was rightward head roll of 3an 1 sec (Fig. 2)
with a sinusoidal velocity profile during counterclock-
wise “chair” rotation. The first set of motions had right-
ward head roll on-axis, with counterclockwise chair
rotation of 1 rad/s. The four different conditions were:

STANDARD: During constant-velocity chair rotation
of 1 rad/s, the head rolled to the right.

ACCELERATING: The chair rotation was accelerat-
ing at 0.26 rad/s When the velocity reached 1 rad/s,
the head rolled to the right (while the chair acceleration
continued).

DECELERATING: The chair rotation was decelerat-
ing at 0.26 rad/ When the velocity reached 1 rad/s,
the head rolled to the right (while the chair deceleration
continued).

MICROGRAVITY: During chair rotation of 1 rad/s in
a zero-g environment, the head rolled to the right.

The second set of motions used head roll that moved
off-axis, i.e. away from the vertical axis of rotation. A
comparison was made between different roll radii and
different rotation speeds. The three conditions were:

SHORT& SLOW. During constant-velocity chair ro-
tation of 1 rad/s, the head rolled to the right witha 0.1 m
radius of rightward roll (so that the head moved away
from the vertical axis).

LONG& SLOW During constant-velocity rotation of
1 rad/s, the head rolled to the right with a 0.2 m radius
(twice “SHORT") of rightward roll.

SHORT& FAST: During constant-velocity chair rota-
tion of 2 rad/s (twice “SLOW?"), the head rolled to the
right with a 0.1 m radius of rightward roll.

Additional testing was done for “neck lengths” (roll
radii) in the range 0.1 m to 0.7 m, and for chair rotation
speeds in the range 1 rad/s to 7 rad/s.

J.E. Holly / Veestibular coriolis effect differences modeled

2.1. Three-dimensional computations: Perfect
processor

For each motion, a simulation was carried out to com-
pute the three-dimensional perception over a two sec-
ond period (one second during head roll plus one sec-
ond following head roll, with the head in 3Gightward-
roll orientation) that would be predicted by the laws of
motion in three dimensions. In other words, this is the
perception that would be reported by a perfect proces-
sor of acceleration information whose initial perceptual
conditions—just prior to the head roll-matched those of
a typical experimental subject. In the computations for
the MICROGRAVITY condition, the fact that gravity
was absent was known (and felt) by the perfect proces-
sor. The accelerations were considered to be detected
at a single point, so that centripetal acceleration during
on-axis rotation did not give a perception of rotation,
just as it does not in human subjects. These computa-
tions were analogous to, and extended, standard analy-
ses of the vestibular cross-coupling/coriolis effect. For
example, a perfect processor that begins with a percep-
tion of no rotation (as does a subject) and then has right-
ward head roll within a rotating environmentwill report
forward pitch because of cross-coupled angular veloc-
ities. The present computations, however, extended
the standard analyses by including all six degrees of
freedom (three angular and three linear) as well as all
linear-angular interactions, including those due to the
presence of gravity, and by displaying the results of
the linear-angular interactions in a three-dimensional
format.

The results of computations were displayed in a
three-dimensional format showing the simulated per-
ception by the perfect processor, of the head motion
relative to the body. The actual head motion relative to
the body is rightward roll in every condition.

2.2. Twist and stretch factors: Perfect processor

Two measures were developed for comparing the
different conditions’ three-dimensional results. These
two measures gave the total angular and linear devi-
ation of the computed perception as compared to the
actual rightward head roll relative to the body. In other
words, the measures gave the deviation in perception
from the actual motion. This deviation could also be
viewed as an internal conflict, because the computed
perception is based upon acceleration sensors, while
the actual motion relative to the body is detected by
neck proprioceptive sensors.
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Fig. 2. The polyhedron used to display head position and orientation in three dimensions, and the basic rightward head roll. Upper right shows the
polyhedron along with the head that it represents, indicating the meaning of the polyhedron in the figures throughout the paper. This polyhedron
with clear angular features is used in order to facilitate the three-dimensional display of orientation. The other three panels show a time-lapse

picture of the actual 30rightward head roll relative to the body. A snapshot is shown of the polyhedral “head” every 0.2 s, from0Oto 1s.

The measure of angular deviation, the Twist Factor,

was zero in conditions STANDARD, ACCELERAT-

was the accumulated angle through which the perceived ING, DECELERATING, and MICROGRAVITY, and

head motion proceeded differently from the actual roll
motion. The Twist Factor was calculated by first com-
puting at each point in time the three-dimensional ori-
entation of the perceived motigrlative to the actual

roll motion. Next computed was the angle through
which this orientation rotated in three dimensions from

one time step to the next; time steps of 0.1 s were used.

The Twist Factor at each point in time was then calcu-
lated as the sum of these “deviant” rotation angles up
to that time. For example, if the perceived motion were
simply the roll motion, then the three-dimensional rela-
tive orientation would have been a constant “zero” ori-
entation, and therefore, it would have rotated through
no angle over time, and the Twist Factor would have
been zero for all time.

The measure of linear deviation, the Stretch Fac-

was nonzero for the other conditions, in which the head
made an arc. The Stretch Factor was computed by
integrating using a time step of 0.1 s.

Twist and Stretch Factors were computed during the
same two seconds as used in the three-dimensional sim-
ulations, starting with the one second of head roll and
continuing for one more second after head-roll veloc-
ity had stopped. Additional testing up to ten seconds
always followed the trend of the first two seconds.

2.3. Three-dimensional computations: Wth time
constants

A second set of simulations also used a laws-of-
motion-based processor of three-dimensional accelera-
tion information, but which included time constants for

tor, was the accumulated distance that the perceived decay of rotation perception, for decay of linear motion

head motion proceeded differently from the actual mo-
tion. Actual linear head motion relative to the body

perception, and for tilt so that the subjective vertical
approached alignment with the gravito-inertial acceler-
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ation (GIA, the detected linear acceleration, which is
the sum of the linear acceleration and, in the 1g sim-
ulations, the earth-upward 1g vector that is indistin-
guishable from linear acceleration by Einstein’s Equiv-
alence Principle). Values used were 20 s for angular,
0.5 s for linear, and 5 s for tilt based upon experimental
studies, e.g. [25,46,54,55] and discussed further in the
Discussion; different values would not be expected to
affect the results of the present research because the
present goals ar® compare predicted perceived mo-
tions, and all such motions are affected similarly by the
time constants. In fact, the inclusion of time constants,
at all, would not be expected to change the results, for
the same reason and because the motions’ time frame
is short. However, time constants are a well-known
property of perception.

2.4. Twist and stretch factors: With time constants

For the simulations with time constants, Twist and
Stretch Factors were computed in the same way as
for the perfect-processor simulations, with one change.
The comparison “actual” motion was a time-constanted
rightward head roll. In other words, the comparison
movement of rightward head roll was modified slightly
so that an actual rightward head roll whilet rotating
would give values of zero for the Twist and Stretch
Factors, reflecting no perceptual disturbance.

2.5. Equations

For the computations, head-coincident coordina-
tes [28] were used, in which velocities and accelera-
tions are given in a coordinate system coincident with
the head but temporarily fixed relative to the earth in or-
der to specify any non-zero linear or angular velocity of
the head. In other words, the velocity of the head at any
given point in time is specified by using a coordinate
system coincident with the head’s, but fixed relative
to the earth, and specifying head velocity in that fixed
system. This type of coordinate system mirrors a sub-
ject’s viewpoint in which the subject’'s own sensors are
always oriented with the subject. The standard orienta-
tion of head axes [27] was used, with the positaaxis
pointing nosewardy-axis pointing leftward, and-axis
pointing head-upward. This head-coincident coordi-
nate system was used in conjunction with an earth-fixed
coordinate system to display three-dimensional motion
in space. The transformation from head-coincident co-
ordinates to earth-fixed coordinates was given by the
3-by-3 matrixsS listed in the next paragraph.
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Computations by a laws-of-motion-based perfect
processor of acceleration information were imple-
mented by a system of 18 differential equations describ-
ing the processor’s perceived motion and orientation,
using nine 3-vectors and the mat@x

ig, jr and"k.: the earth'si, j, andk vectors (unit
x-, y-, andz-directed vectors) in head-coincident
coordinates,
S: 3-by-3 matrix whose rows, in order, wefé," 5
and"k,,
hg: angular velocity, in head-coincident coordinates,
7. center of the head coordinate system, in earth-fixed
coordinates,
Ey: linear velocity, in earth-fixed coordinates,
k& angular acceleration, in head-coincident coordi-
nates,
gravito-inertial acceleration (GIA),
coincident coordinates,
vector with x and y components zero and
componentg = 9.81 m/¢, or 0 m/§ for
the MICROGRAVITY condition, representing
the “pseudo-acceleration” indistinguishable from
earth-upward acceleration, by Einstein’s Equiva-
lence Principle, due to the presence of gravity.

hA: in head-

E{jﬁ

The system of differential equations, written in vec-
tor notation, was

dhi, .
th = h’LE Xh w
d"je  h~ n
= X
dt JE &
d"k -
th ="k x" G
A7
dt
dhu—j b
a @
dEv -
_ ShA _FE >
dt g

where, again, the perfect processor’s assumption of the
influence of gravity;” g, |s zero for the MICROGRAV-
ITY condition. The nlnez —j— k equations include
redundancy (e.gc is7 x j) to allow cross-checking in
order to improve precision of the computations during
rotation.

Computations with time constants were imple-
mented by a modified system of 18 differential equa-
tions using the time constantg, 7,, andr;, respec-
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tively, for the angular, linear, and tilt time constants:

dh;E h? h— ﬂ_.
= X _
dt ‘B erTtu
dh.;E h= h - B—»
v — X .
dt JE W+Ttu
dhEE b 3
="k x ("g+ L@
dt E +Ttu
&F
dt
d"s 1h
Y _hg_ 3
dt Ta
dEv - 1E
__Sh _E- - =
dt g Ty v
where

g .
B =cos ! < — .k kE>
[1"Al

is the magnitude of the angle by which the current
perceived vertical differs from the direction of the GIA,
and

hAthE

ﬂ: T
1" A x" k||

is a unit vector in the direction in which angular velocity
is required in order to re-interpret vertical as being in
alignment with the GIA.

The above systems of differential equations were
used for all of the conditions (STANDARD, AC-
CELERATING, DECELERATING, MICROGRAV-
ITY, SHORT&SLOW, LONG&SLOW, SHORT&FA-
ST, and for other roll radii and rotation speeds); how-
ever, the acceleratiorfsd and”"@, as detected at the
head, differed from one condition to the next. In order
to compute these accelerations, the rightward head roll
of 30° in 1s was written as a functiof(¢t), for which
6 = 0 represents upright:

0(t) = 0.2618(1 — cos(nt)) for 0 < ¢t < 1,

where 0.2618= 1 (0.5236 rad)= % (30°). Writing
Q(t) = angular velocity of rotating chair, in rad/s,
=14 0.26t for ACCELERATING,
=1 — 0.26t for DECELERATING,
= 1 for all other except FAST conditions,
and dots for derivatives, the., y-, andz- components
of "a were
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b, =0

hay = Q0 cosf + Qsind

ha, = —Q0sinf + Qcos b
(which are functions of time), where the first terms in
the expressions fofa,, and”«, were due to cross-
coupling of the earth-vertical-axis and headxis an-
gular velocities, and the second term (which is nonzero
only for ACCELERATING and DECELERATING)

was due to vertical-axis acceleration. The y-, and
z-components of A were

hA, =0

"4, =gsind
y = gsin

hA, = gcosh

for the three conditions STANDARD, ACCELER-
ATING, and DECELERATING; similarly, "4, =
hA, ="A, = 0 for MICROGRAVITY. However, for
all conditions with a nonzero roll radius

h A, = 2rQ6 cos b
hAy =rQ%sinfcosd — rf + gsin

A, = —r(?sin® 0 — r6? + gcosf
and these equations were used for conditions SHORT&
SLOW, LONG&SLOW, SHORT&FAST, and for other
roll radii and rotation speeds. THed, expressionwas
tangential acceleration associated with the linear corio-
lis force. The first terms in the expressionsfot, and
h A, were centripetal acceleration from the vertical-
axis rotation. The second terms were due to head roll:
tangential acceleration fdrA4,, and centripetal accel-
eration for" A,.

Initial conditions for each system of differential
equations were made to match the initial perceptual
conditions of a typical subject immediately preceding
head roll. The orientation was upright, formalized by

1 0 . 0
"ip= 0], "je=|1], "ke=0
0 0 1

In addition, most conditions were initialized witts
and 7 being zero, representing no perceived angular
or linear velocity while the chair is rotating at a constant
speed, before the head moves. The exceptions were
ACCELERATING and DECELERATING, in which
subjects typically report perceived chair rotation. For
those two casedw, was initialized to 0.91 rad/s for
ACCELERATING, and —0.91 rad/s for DECELERAT-
ING, based upon a prior 3.846-(1/0.26) sec accel-
eration or deceleration at 0.26 ra8land angular time
constant of 20 s.
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Fig. 3. Time-lapse pictures of perceived motion by the perfect processor, for 2 s, head shown every 0.2 s. The head starts at the origin (0,0,0) in
each part. (A) STANDARD condition. The head proceeds forward, pitching downward. The axis ranges and scale are set for direct comparison
with part (C) and Fig. 5. (B) ACCELERATING condition. The head rolls rightward with small rightward translation. The axis ranges and scale
are set for direct comparison with part (D). (C) DECELERATING condition. The head proceeds forward and leftward, curving also downward
and eventually backward, while pitching forward and rolling first rightward then leftward. The axis ranges and scale are set for direct comparison
with part (A) and Fig. 5. (D) MICROGRAVITY condition. The head pitches forward while rolling rightward. The axis ranges and scale are set
for direct comparison with part (B).

2.6. Software and hardware sachusetts, USA), and the computations were per-
formed on a Silicon Graphics Workstation and a Power
The computational and graphics software were de- Mac. The systems of differential equations were solved

veloped in Matlab (MathWorks, Inc., Natick, Mas-  using the Runge-Kutta 45 algorithm with absolute tol-
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erance 10° and relative tolerance 1@, while thei, j, A STANDARD Condition
andk vectors were kept orthonormal by re-normalizing oA 56 =
at each graphed time step of 0.2 s, using the Gram- £12 482
Schmidt method of orthonormalization. The three- g 1 4 E
dimensional graphics were created by implementing g 0.8 3.2 g
buffering to handle the complexity of the overlapping 506 2.4 ;LE
three-dimensional figures. g o4 162
Z 02 08 =
0 =T 0
0 0.5 1 15 2
3. Results time (sec)
3.1. Conditionswith on-axis head roll B ACCELERATING Condition
% L4 [— Twist Factor 56%
Three-dimensional simulations resulted in displays § 1.2 48 g
of perceived motions (Fig. 3) that would be reported g1 a £
by a laws-of-motion-based perfect processor of ac- g 0.8 3'2§
celeration information in the first set of conditions: £ g‘i i':%
STANDARD, ACCELERATING, DECELERATING, é’ 0.2 o8 S
and MICROGRAVITY. The STANDARD conditionre- 0 ——s =
sulted in perceived linear motion forward, in addition 0 0.5 timel(sec) 15 2
to perceived pitch motion forward along with the right-
ward roll (Fig. 3(A)). The ACCELERATING condition
resulted in very little perceived linear movement, right- C DECELERATING Condition
ward, and the perceived angular motion was essentially % 141 [ Twist Factor 156 &
only the actual roll motion (Fig. 3(B)). The DECELER- g 1.2 1148 §
ATING condition resulted in perceived linear motion g1 AR
in a leftward/downward/forward-then-backward curve, g 08 KA s g
in addition to perceived pitch motion forward along Lf g'i R4 i'g =
with rightward roll which switches to leftward roll é 0:2 e 0:8‘;_5
(Fig. 3(C)). The MICROGRAVITY condition resulted 0 - 0o 0
in no perceived linear motion, but perceived pitch mo- 0 05 timel(sec) L5 2
tion forward along with the rightward roll (Fig. 3(D)).
Calculations of Twist and Stretch Factors in the four
conditions showed the progression of angular and linear D MICROGRAVITY Condition
deviations from the actual rightward head roll (Fig. 4). = 18] T—Toisi Factor 56 %
In the STANDARD condition, both the Twist and § 12 48 g
Stretch Factors increased continuously. Inthe ACCEL- g1 4 £
ERATING condition, neither increased substantially. g 08 32 §
In the DECELERATING condition, both increased, at g 06 240
approximately twice the rate as for the STANDARD %’ 8': (1)': §
condition. In the MICROGRAVITY condition, only "~ o 0
the Twist Factor increased; the Stretch Factor remained 0 0.5 timel(sec) 15 2

zero throughout.
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Simulations with time constants resulted in three-
dimensional displays of perceived motions as reported
by a processor with built-in decays of angular and linear sponding to Fig. 3(B). (C) DECELERATING condition, correspond-

motion perception and tendency to interpret the GIAas  ing 0 Fig. 3(C). (D) MICROGRAVITY condition, corresponding to
vertical. The perceived motions were the same shape Fig. 3(D).

as, but smaller magnitude than, the motions reported
by a perfect processor (Fig. 3), as illustrated by the STANDARD condition (Fig. 5). Other conditions were

Fig. 4. Twist and Stretch Factors of perceived motion by the perfect
processor. (A) STANDARD condition, corresponding to perceived
motion shown in Fig. 3(A). (B) ACCELERATING condition, corre-
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Fig. 5. With time constants included in the model, time-lapse picture of perceived motion for the STANDARD condition, for 2 s, head shown
every 0.2 s. The head starts at the origin (0,0,0) and proceeds forward while pitching downward, in the same manner as, but with smaller extent of
motion than, in the simulation without time constants (Fig. 3(A)). The axis ranges and scale are set for direct comparison with Fig. 3(A) and (C).

TWIST AND STRETCH FACTORS, NORMALIZED

21 T =Twist Factor (normalized: STANDARD=1) T B
S = Stretch Factor (normalized: STANDARD=1) S

1.8 white = perfect processing B
black = processing with time constants

normalized factors

S=0
STANDARD ACCELERATING DECELERATING MICROGRAVITY

Fig. 6. Comparison of Twist and Stretch Factors at the end of 2 s, for the first set of conditions. The factors are normalized to each equal 1 in the
STANDARD condition for ease of comparison. In the ACCELERATING condition, the Twist and Stretch Factors are lower by a coincidentally
similar amount when perfect processing is used. In the DECELERATING condition, the Twist and Stretch Factors are higher by a coincidentally
similar amount when perfect processing is used. In the MICROGRAVITY condition, the normalized Twist Factor is 1 when perfect processing
is used, and the Stretch Factor is 0.

also similar to their counterparts in Fig. 3. than did the STANDARD condition for the simulation
The Twist and Stretch Factors at the end of two sec- with time constants. This was due to the absence of
onds were computed for all simulations (Fig. 6). A gravity, which in the STANDARD condition slowed

comparison shows that the ACCELERATING condi-  the misperception of pitch because of the tendency to
tion had much smaller Twist and Stretch Factors than interpret the GIA as vertical.

did the STANDARD condition, while the DECELER- Second, the Stretch Factors were completely differ-

ATING condition had much larger Twist and Stretch ent between the STANDARD and MICROGRAVITY

Factors.
The MICROGRAVITY condition was slightly more conditions, with the MICROGRAVITY condition hav-

complicated in comparison to the STANDARD con- ing significantly smaller (in fact, zero) Stretch Factor.
dition. First, the Twist Factors were identical in the In this way, the Stretch Factor reflects the experimen-
perfect-processor simulations. However, the MICRO- tal results of significantly less perceptual disturbance
GRAVITY condition had a slightly larger Twist Factor ~ during cross-coupling movements in microgravity. In
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other words, the Stretch Factor can explain what the
Twist Factor alone cannot.

3.2. Conditionswith head roll to off-axis

To further investigate the Twist and Stretch Fac-
tors, simulations were carried out for conditions with
rightward head roll to off-axis (i.e. moving away from
the vertical axis): SHORT&SLOW, LONG&SLOW,
SHORT&FAST.

Three-dimensional simulations resulted in displays
of perceived motions, as reported by a laws-of-motion-
based perfect processor of acceleration information
(Fig. 7). The SHORT&SLOW condition (Fig. 7(A))
gave aresult similar to that for the STANDARD condi-
tion (Fig. 3(A)): perceived linear motion forward, in ad-
dition to perceived pitch motion forward along with the
rightward roll. The LONG&SLOW condition resulted
in a very similar perceived motion (Fig. 7(B)). The
SHORT&FAST condition resulted in greater perceived
linear motion forward, with greater forward pitch mo-
tion along with the rightward roll (Fig. 7(C)).

The Twist and Stretch Factors at the end of two
seconds were computed for all of these simulations,
and for simulations with time constants (Fig. 8).
The Twist and Stretch Factors were similar between
the SHORT&SLOW and LONG&SLOW conditions,
while the SHORT&FAST condition had significantly
greater Twist and Stretch Factors, both. The difference
between Twist Factors is not surprising.

Striking, though, is the comparison of Stretch Fac-
tors. The SHORT&FAST condition, which had a
short neck length, resulted in a much greater Stretch
Factor than did the LONG&SLOW condition, which
had a longer neck length. At the same time, the
LONG&SLOW condition had only a slightly greater
Stretch Factor than did the SHORT&SLOW condition,
even though the actual linear movement was approxi-
mately twice as great in the LONG&SLOW condition.

The Stretch Factor, therefore, reflects the experi-
mental results of significantly greater perceptual distur-
bance during fast rotation than during slower rotation
with a larger linear movement away from the axis. For
these conditions, the Twist Factor could also explain
the experimental results.

3.3. Rotation speed versus neck length
Twist and Stretch Factors were computed for the

same movement but with different rotation speeds and
neck lengths. The basic condition was SHORT&SL-
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OW, with rotation speed of 1 rad/s and neck length of
0.1 m. A comparison was made of increased rotation
speeds versus increased neck lengths. Rotation speeds
of 1 rad/s, 2 rad/s,. . 7 rad/s were used, each with neck
length 0.1 m. Neck lengths of 0.1 m, 0.2 m,, 0.7 m
were used, each with rotation speed 1 rad/s.

Twist and Stretch Factors after two seconds were
computed from simulations of perceived motions as re-
ported by a perfect processor of acceleration informa-
tion. The results (Fig. 9) show that Twist and Stretch
Factors increase with increasing rotation speeds, but do
notincrease substantially with increasing neck lengths.
For the Twist Factor, these results are not surprising.

However, for the Stretch Factor these results con-
firm the surprising result above for LONG&SLOW and
SHORT&FAST, that the Stretch Factor is only affected
slightly by neck length, but is affected significantly by
rotation speed.

4, Discussion

Differencesin magnitude of vestibular coriolis/cross-
coupling effects are explained here in a common frame-
work: the three-dimensional laws of motion, including
all three-dimensional linear-angular interactions. In
contrast to the traditional description involving angu-
lar vectors alone, the present research uses a laws-of-
motion-based perfect processor of acceleration infor-
mation that also takes into account all linear accelera-
tions in three dimensions. In this way, the results show
how even a perfect processor of three-dimensional
acceleration information would experience perceptual
disturbances of different magnitudes due to linear-
angular interactions during vestibular cross-coupling
in different conditions. In particular, compared to the
standard constant-velocity rotation condition, an accel-
erating rotation is predicted to produce a much weaker
effect, and a decelerating rotation is predicted to pro-
duce a much stronger effect. Comparedto a 1 g envi-
ronment, a zero-g environment is predicted to produce
a weaker effect, despite the fact that the magnitude of
the cross-coupled vectors are identical. Compared to a
movement with a short “neck length” (radius of head
roll), amovementwith along neck lengthis predicted to
produce a similar-magnitude effect, while a movement
with a short neck length but during faster rotation is pre-
dicted to produce a greater effect. All of these results
are obtained by considering the Twist and Stretch Fac-
tors, which measure the disorienting angular and lin-
ear components, respectively, in the three-dimensional
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Fig. 7. Time-lapse picture of perceived motion by the perfect processor, for 2 s, head shown every 0.2 s. The head starts at the origin

(0,0,0), and the axis ranges and scale are the same in all parts.

(A) SHORT&SLOW condition. The head proceeds forward, pitching

downward. (B) LONG&SLOW condition. The head proceeds forward, pitching downward, similar to the SHORT&SLOW condition. (C)
SHORT&FAST condition. The head proceeds forward, pitching downward, with greater pitch angle and greater translational movement than in

the SHORT&SLOW condition.

perceived motion as computed by the laws-of-motion-
based perfect processor of acceleration information.
Inclusion of linear components was found to be cru-
cial, as the Stretch Factor was a predictor consistent
with known experimental findings for all of the mo-
tions, while the Twist Factor was not as good a predic-
tor alone. The results also hold for a model with time
constants for decay of angular motion perception, for
decay of linear motion perception, and for tilt so that
the subjective vertical approaches alignment with the

GIA.
4.1. Comparison with experimental results

The results on accelerating and decelerating rota-
tion conditions are consistent with experimental find-
ings, and give a three-dimensional explanation for the
findings. Experimentally [23], subjects report much
weaker perceptual effects if the rotating chair is accel-
erating than if the chair is rotating at constant veloc-
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TWIST AND STRETCH FACTORS, NORMALIZED

1.8

white = perfect processing
black = processing with time constants

normalized factors

SHORT&SLOW

Fig. 8. Comparison of Twist and Stretch Factors at the end of 2 s, for the second set of conditions. The factors are normalized to each equal 1 in
the SHORT&SLOW condition for ease of comparison. The Twist and Stretch Factors in the LONG&SLOW condition are similar to those in the

T = Twist Factor (normalized: SHORT&SLOW=1) B
S = Stretch Factor (normalized: SHORT&SLOW=1)

LONG&SLOW

T

SHORT&FAST

SHORT&SLOW condition. The Twist and Stretch Factors are both approximately doubled in the SHORT&FAST condition.

ity. Also, subjects report much stronger perceptual ef-
fects if the rotating chair is decelerating. The experi-

body. In addition, the Twist Factor shows the greatest
angular cross-coupling in the decelerating condition.

ments used the same parameters as used in the model The results on the zero-g condition are also con-

here, with head movement lasting approximating 1 s
and chair rotation speed of 1 rad/s, and with accelera-
tion and deceleration magnitudes of 0.26 rdd/®ne
explanation for the experimental findings [23] points
to the compatibility during the accelerating condition
of the gravity vector and the total semicircular-canal-
based angular vector, by an alignment that occurs in
everyday motions. During the decelerating condition,
in contrast, the total semicircular-canal-based angular
vector and the gravity vector are oriented out of align-
ment, and the gravity vector does not rotate in a way
that would be compatible with the angular vector for
typical everyday motion. Compatibility between angu-
lar and gravity vectors is thought to be a factor in the
vestibular coriolis effect [5,23,35,36,57]. The present
investigation quantitatively confirms such previous ex-
planations by bringing to light the three-dimensional
consequences of all vector interactions, including the
alignment, misalignment, and compatibility of the an-
gular and gravity vectors. In particular, the misalign-
ment of the angular and gravity vectors without concur-
rent gravity direction change in the decelerating condi-
tion leads to the greatest Stretch Factor of all the con-
ditions, indicating the greatest mismatch between per-
ceived motion and actual head motion relative to the

sistent with experimental findings, and give an expla-
nation involving the Stretch Factor. Experimentally,
subjects report much weaker perceptual effects during
cross-coupling movements in zero-g [19,20,36]. The
classical angular explanation of the cross-coupling ef-
fect fails to explain the differences between zero-g and
1 g because the cross-coupled angular vector is the
same in both cases. Linear-angularinteraction has been
suggested, hence, as a factor [5,57], as has the result-
ing muscle activity [13,35,36]. The present modeling
investigation shows that linear-angular interaction, in-
deed, can explain the differences between zero-g and
1g. Thethree-dimensional display shows that the pres-
ence of gravity introduces a linear component of mo-
tion into the laws-of-motion computation of perceived
motion, and that a substantial Stretch Factor arises in
the 1 g condition. The Stretch Factor can explain why
perceptual disturbances are greater in 1 g. This result
does not mean that a human subject would necessarily
perceive linear motion. For one thing, the subject has
no proprioceptive cues to indicate that the rest of the
body is being accelerated. Therefore, instead of per-
ceiving whole-body linear motion, the subject may ex-
perience a perceptual disturbance due to a mismatch be-
tween vestibular-based processing (saying “linear mo-
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Twist and Stretch Factors at 2 sec
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Fig. 9. Comparison: Increase in rotation speed versus increase in neck length. Both the Twist Factor and the Stretch Factor are compared. The
leftmost data point corresponds to 1 rad/s rotation and 0.1 m neck length. For the “different rotation speeds” curves, a fixed neck length of 0.1 m

was used. For the “different neck lengths” curves, a fixed rotation speed of 1 rad/s was used.

tion”) and body and neck proprioceptive cues (saying
“no linear motion”). This concept is formalized here
as the Stretch Factor.

The linear component of the three-dimensional dis-
play is therefore crucial in explaining certain differ-
ences between conditions, a fact that led in the present
study to the investigation of conditions with a nonzero
neck length, which leads to linear coriolis accelera-
tions. The results here are consistent with experimental
findings, and show surprisingly that the Stretch Fac-
tor is more correlated with rotation speed than with
linear coriolis magnitude. Correspondingly, in exper-
iments [32,33], subjects reported nauseogenic effects
proportional to the cross-coupled angular magnitude,
not to the linear coriolis magnitude. In these experi-
ments, different radii were used for head tilt forward,
with just the neck (0.1 m) or the upper body (.6—

0.9 m) [32], or with side-to-side movement while in
a forward-leaning position, with different amounts of
lean to produce different magnitudes of linear coriolis
acceleration [33], and at different rotation rates in the
range 60/s to 180/s. Both sets of experiments showed
that for perceptual disturbance, the magnitude of the
cross-coupled angular vector was the important param-
eter, not the linear coriolis acceleration. The present
modeling work shows that both the Twist and Stretch
Factors can explain this experimental finding. Both the

Twist and Stretch Factors are significantly greater when
the cross-coupled angular vector is greater due to faster
rotation speed, but are not significantly greater when
the linear coriolis acceleration is greater due to a longer
“neck”.

The Stretch Factor’s correlation with rotation speed
can be understood, once again, as caused by linear-
angular interaction. With a greater rotation speed, the
cross-coupled angular acceleration is greater, causing
faster perceived pitch motion. Perceived pitch motion
includes an associated reorientation of the perceived
vertical, while the actual gravity vector stays aligned
with the body. In summary, faster rotation causes faster
perceived pitch which causes the perceived vertical to
move more quickly out of alignment with the GIA.
From a laws-of-motion point of view, the resulting per-
ception must then include linear acceleration as the
difference between the GIA and the subjective gravity
vector, because the GlAis necessarily interpreted as the
sum of the gravity vector and linear acceleration. By
these means, faster rotation causes greater perceived
linear motion, i.e. a greater Stretch Factor.

At the same time, this three-dimensional model-
ing demonstrates that the Stretch Factor is not influ-
enced substantially by the linear coriolis acceleration.
Through the three-dimensional display and the com-
putation of the Stretch Factor, it is clear that the GIA-
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vertical misalignment related to rotation speed is much
more important than is linear coriolis acceleration.

4.2. Models

There are similarities and differences between the
present model and other three-dimensional models [2,3,
6,8,14,17,34,39-41,43-45,48,50-52,56,59]. The sim-
ilarities arise, as expected, from the fact that the mod-
els are modeling similar phenomena. The main differ-
ences stem from the present goals: to investigate
ception specifically, and in a three-dimensional manner
that includesposition and orientation relative to the
surroundings.

One similarity is in the computations that mirror the
laws of motion, such as when modeling the noncom-
mutativity of rotation or the interaction between angu-
lar and linear vectors to determine the direction of ver-
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angularacceleration (included also in models [6,34,
50]), i.e. the actual stimuli to the sensors, while most
models use GIA (and linear velocity if vision is in-
cluded) and angulael ocity which is approximated by
the semicircular canal afferents for certain frequencies.
This is an example in which other models implicitly in-
corporate a sub-model of physiological dynamics. For
output, the present model and other models include lin-
ear and angular velocities and the direction of grav-
ity. The difference is that the present model also con-
tinuously computes and outputs the three-dimensional
position () and orientationd, 7, k) relative to the sur-
roundings. These vectors are necessary for a full three-
dimensional perception, as displayed here by three-
dimensional plots of motion, another difference be-
tween this and other models. Additionally introduced
here are the Twist and Stretch Factors, made possi-
ble by the continuous processing of three-dimensional

tical. Because the nervous system does such a good jobposition and orientation.

fundamentally dealing with angular and linear vectors,
models typically find that the laws-of-motion compu-
tations are an appropriate component.

A difference, however, is that other models also in-
clude physiological dynamics as an integral part, while
the present model instead aims to determine whether
certain phenomena can be explained more basically by
the laws of motion. The present model is designed
specifically to investigate three-dimensional complex
motions where the laws-of-motion results would not
necessarily be intuitive. The simulation time frame is
intentionally kept short so that known long-term phys-
iological effects like canal decays do not have a sub-
stantial influence on the predicted responses; such ef-
fects would demonstrate their influence over longer
time frames. The present model can determine whether
even a perfect processor of acceleration information
would be disoriented under the given circumstances,
and can demonstrate through the laws of motion that the
complicated conditions in different motions could lead
to potential differences in perceptions. For example,
previous work using this approach [29] showed faster
change in tilt perception during deceleration than dur-
ing acceleration in a fixed-carriage centrifuge, a percep-
tual phenomena that has also been predicted with mod-
els that include physiological parameters [8,16,17,39,
40,43,52,59]. The present modeling approach showed
that the centrifuge perceptual asymmetry could be ex-
plained more basically by the laws of motion.

As a consequence of the different goals of this and
other models, the input and output variables are some-
what different. The present model has input GIA and

A similarity with certain other models arises from
the fact that the laws of motion naturally keep track
of values of the variables, including the linear accel-
eration and the gravity vector, which must sum to the
GIA. Portions of a model that keep track of and manip-
ulate variables in this way have been termed “internal
models”[2,3,8,17,39-41,43,44,52,59]. The presentin-
vestigation is thus consistent with the internal-model
concept.

A variation of the present model includes time con-
stants for additional simulations to verify the results for
a more human-like perceptual processor. This addition
of time constants makes this aspect of the model more
like other three-dimensional models, though many
other models are more fined-tuned to experimental re-
sults because they model the vestibulo-ocular reflex
rather than perception. The main time constants used
for the present model were 20 s for decay of angular
motion perception, 0.5 s for decay of linear motion
perception, ad 5 s for tilt to reorient the subjective
vertical toward the GIA. Further testing of the present
model showed that the exact values of these time con-
stants were not important for the present goals, with
time constants tested in the ranges 10-20 s for angular,
0.5-5 s for linear, and 2-5 s for tilt. These values are
within experimentally determined ranges, but variation
has been found experimentally. For example, rotations
in the directions of the vertical canals have been found
to have a shorter perceptual time constant than for hor-
izontal rotation [25], and the angular time constant has
been shown to depend on radius of rotation [46]. The
time constant for tilt depends upon the experimental
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set-up, especially when rotation is present [9,10,15,16, Acknowledgements

55]. In addition, linear motion perception is strongly
influenced by extra-vestibular cues, and studies show
variability, often leading to a longer time constant [37,
58], while a study on a noiseless, vibrationless linear
sled riding on air bearings showed that linear motion

Thanks to John Kuehne and Sarah Pierce for com-
puter support and assistance. This work was funded by
grants from the Colby College Division of Natural Sci-

perception extinguished rapidly after the acceleration €ncesand by the Clare Boothe Luce Fund administered
ended [54], which can be modeled by a small time bPY the Henry Luce Foundation.

constant such as used here.
4.3. Perception

Perception of complex motion is difficult for sub-
jects to report experimentally, and even perception of [1]
simple motions can vary between subjects. For this
reason, the present investigation has been aimed to
produce results that hold regardless of particular sub- |5
jects’ specific reports of perceived motion. The con-
cept of “perceptual disturbance” encompasses a num-
ber of phenomena such as motion sickness (as mod-
eled, e.g., in [5,7,47]), misperception of motion, dis- [3]
orientation, and dizziness. The present approach is
compatible with previous hypotheses for motion sick-  [4]
ness, of sensory conflict, or of conflict between vec-
tors as sensed and vectors as computed by an internal
model, in general [47], or for the vertical vector [5,7]. 5]
The present investigation focuses on motions in which
the head moves relative to the body, and extracts two [6]
measures from a three-dimensional display, the Twist
Factor and the Stretch Factor, which could be inter-
preted as indicating either predicted perceived motion
or vestibular-proprioceptive mismatch, a mismatch that
could alternatively be phrased as a conflict between [8]
sensory input and estimates by an internal model. The
Twist and Stretch Factors may be manifest differently
in different subjects, in terms of the types of perceptual
disturbances.

Afurther direction of research would look at the issue
of active versus passive movements. In the present
work, all movements were treated in the same way.

(7]

El

[10]

[11]

4.4. Conclusion [12]

Linear-angularinteractionis a crucial factor in three-
dimensional perception and misperception of motion.
Even angular-only motions produce a linear-angular
interaction with gravity, such as during the vestibular
cross-coupling/coriolis effect. For this reason, a com-
plete investigation of perception necessarily involves
all linear and angular components in three dimensions,
as well as all interactions between the components.
Modeling is becoming an increasingly integral part of
research on perception as the motions studied experi-
mentally become increasingly complicated.

(23]

[24]

15]
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