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Abstract

The design of virtual environments usually concen-
trates on constructing a realistic visual simulation and
ignores the non-visual cues normally associated with
moving through an environment. The lack of the nor-
mal complement of cues may contribute to cybersick-
ness and may a�ect operator performance. In [3] we
described the e�ect of adding vestibular cues during
passive linear motion and showed an unexpected dom-
inance of the vestibular cue in determining the mag-
nitude of the perceived motion. Here we vary the rel-
ative magnitude of the visual and vestibular cues and
describe a simple linear summation model that pre-
dicts the resulting perceived magnitude of motion. The
model suggests that designers of virtual reality displays
should add vestibular information in a ratio of one to
four with the visual motion to obtain convincing and
accurate performance.

1 Introduction

Virtual environments have been proposed for
many varied applications including the treatment of
phobias[12], providing control for a mobile robot[1]
and even providing a safe place for children to prac-
tice crossing the street[4]. In many virtual simulations
e�ort has concentrated on constructing an accurate,
realistic, visual simulation while other environmental
and motion cues tend to be ignored.

A fundamental aim in the design of virtual real-
ity (VR) systems is to give people the convincing im-
pression that they are moving around within a simu-
lated world. But the emphasis on the visual display
means that many of the normal cues to motion are
not being provided. A virtual environment with only
visual cues ignores for example the physical cues to
linear self motion which are normally signalled by the
acceleration-sensitive otolith division of the vestibular

system[7]. Periods of constant velocity cannot be reg-
istered by this acceleration-sensitive system; but for
motions with changing velocities, position can be ob-
tained by double integration of the acceleration signal.
Humans are able to use vestibular information to as-
sess a position change [8, 5, 2, 6] and direction of travel
[14, 13, 9].

So when an operator \moves" within a vision-only
virtual environment they are presented with at least
two contradictory cues to their motion; the visual sys-
tem carefully arranged to signal motion of the operator
while the vestibular system provides a signal which is
consistent with no motion or motion at constant veloc-
ity. Disparate cues generate an inter-sensory conict
and this has been postulated as a major reason for mo-
tion sickness [11, 10]. The associated nausea undoubt-
edly reduces the e�ciency of an operator working in
a virtual environment.

All of these points argue strongly for the addition
of real-motion cues. But a question that has daunted
designers of VR systems that try and include vestibu-
lar cues is what vestibular cues to apply? This paper
describes an experiment in which we presented optic
ow and non-visual cues in various proportions. We
found that the addition of vestibular cues has a very
powerful inuence on subject's perceptual experience:
their judgements of self motion were critically a�ected
by the amount of physical motion that accompanied
their visual motion. The e�ect could be convincingly
modelled by a simple weighted linear summation of
visual and vestibular information.

2 Methods

2.1 General

Di�erent magnitudes of visual and vestibular cues
were presented by moving subjects physically at a con-
stant acceleration as they sat on a cart wearing a vir-



tual reality helmet which put them in a virtual cor-
ridor. This allows various combinations of visual and
non-visual cues to be presented. The general arrange-
ment of the apparatus we used is shown in Figure 1.
Optic ow was presented during physical motion at
constant acceleration. The optic ow was compatible
with movement of accelerations that di�ered system-
atically from the physical motion by a factor of a quar-
ter to fours times. Subjects judged the distance they
felt they had travelled along the virtual corridor.

2.2 Subjects

Seventeen subjects took part in these experiments.
They had normal visual acuity and no history of
vestibular or balance problems. Experiments were ap-
proved by the York Ethics Approval Committee. Sub-
jects were paid for their participation at standard York
subject rates.

2.3 The cart

Subjects sat on a chair mounted on a cart (Fig-
ure 1). The cart could physically move through a
distance of up to four metres. It was mounted on
low-friction, in-line skate wheels and ran on a smooth
oor. The cart was attached by a rope to a weight.
The weight could be dropped through a distance of
1.5 metres which, by an arrangement of pulleys, pulled
the cart through a distance of up to 4.5 metres. When
the weight was released it fell with a downward force
of mass x g and pulled the cart at a constant acceler-
ation (0.1 - 0.4 m.s�2 depending on the relationship
between the mass of the weight and the mass of the
subject). Cart position was transduced by running a
thin, earth-�xed wire around the optical-encoder shaft
of a mouse that was mounted on the cart. This sys-
tem was calibrated by moving the cart through known
distances by hand to obtain the calibration factor be-
tween rotations of the mouse shaft and metres trav-
elled. The calibrated signal from the mouse was then
sampled by the computer and stored.

2.4 Visual display

Subjects viewed a 84o x 65o display presented on a
single-screen, Liquid Image MRG3 virtual reality hel-
met equipped with a six degrees-of-freedom Flock of
Birds head tracker. The reference transmitter for the
Flock of Birds was mounted on the cart and there-
fore the head tracker reported the position of the head
relative to the cart. The display simulated a virtual
corridor 50m long, 2m wide and 2.5 m high, based

Figure 1: Physical motion equipment. This �gure
shows experimental apparatus we used for varying the
relationship between visual and vestibular cues. The
left side of each panel shows the subject's visual per-
ception and the right side shows the actual motion for
the visual plus vestibular condition. Subjects sat on a
cart which was attached by a rope to a weight hung
from pulleys. When the weight was released it pulled
the cart at a constant acceleration along a 4 meter
track. Subjects wore a virtual reality helmet (see text)
which put them in a virtual corridor. Panel A shows
the starting conditions. Note the target presented in
the corridor. Panel B shows typical movements used
in these experiments. The target is not present during
subjects' movement. Subjects indicated when they had
reached the target's original position. In the example
shown, the physical motion is half that of the visual
motion. For vision-only trials, the chair did not move
but the subject's visual perception was also as in panel
B. Dark conditions (vestibular only) were also run in
which the display was blanked during the movement.



on the dimensions of a typical corridor at York Uni-
versity. The walls of the corridor were painted with
vertical stripes 0.5m wide which changed colour on a
random schedule approximately once a second. The
ickering colour reduced the possibility that subjects
merely tracked a stripe on the wall that lined up with
the target. The oor and ceiling were blank. The
visual position of the subject in the virtual corridor
was derived from the vector sum of the physical po-
sition of the cart relative to the room, measured by
the mouse (see above) and their head position relative
to the cart, measured by the ock of birds. Vision-
only displays were created by recording the physical
motion of the cart and playing it back later to drive
the virtual reality display. This ensured that the vi-
sual conditions were identical in the vision-only and
the vision-plus-vestibular conditions.

2.5 Calibration of the visual display

It is important that perceived scale and distances in
the visual display were correctly calibrated to the real
world. To calibrate the optics of the VR display, sub-
jects were presented with a target at a simulated dis-
tance (eg. two metres) and then lifted the VR helmet
and viewed a real-world target at the same distance.
Subjects then raised and lowered the helmet while the
focal length of the virtual reality display was adjusted
until the simulated and real targets appeared to be
at the same distance. Subjects were encouraged to
move their heads around during this exercise to gen-
erate parallax cues. The match was then checked at
several distances.

2.6 Visual motion of a di�erent magni-
tude from the physical motion

The advantage of using a virtual reality visual dis-
play is that the visual displacement does not have to
be of the same amplitude as the actual displacement
of the cart. We describe the relationship between the
subject's visual and physical position by the term \vi-
sual gain". Visual gain is de�ned as the ratio between
the visual movement and the physical movement that
drove it. The motion illustrated in Figure 1, for ex-
ample has a visual gain of two indicating that the cart
motion was multiplied by two before driving the visual
display. Thus physical motion of one metre moved the
subject two metres down the virtual corridor. A visual
gain of unity corresponds to the 'natural condition'.

2.7 Procedure

In order to obtain a measure of how far subjects
thought they had travelled under our various condi-
tions, they were �rst given a reference distance and
subsequently asked to indicate when they had moved
through that distance. The reference distance could be
presented either visually or vestibularly (see below).
When this had been done, subjects indicated when
they were ready and constant-acceleration movement
commenced. One of three conditions was presented in
a pseudorandom order. The three conditions were: (i)
physical motion in the dark (physical motion only) (ii)
visual motion with no physical motion (visual motion
only) or (iii) both physical and visual motion; either
the same or di�erent magnitudes. Subjects were in-
structed to push a button to indicate when they felt
themselves to have travelled through the reference dis-
tance.

2.8 Presentation of visual reference dis-
tance

To present the target distance visually subjects
were presented with a target at a known position of
between 0.5 and 10m in the virtual corridor. The tar-
get was a red frame that went all round the edges of
the corridor with vertical and horizontal cross-pieces
forming a cross (see Figure 1). The position of the
target thus indicated a distance which subjects were
asked to remember. Subjects were encouraged to move
their heads around to help get a good idea of how far
away the target was using parallax and perspective
cues. Targets presented in virtual reality were care-
fully calibrated against real targets at the same dis-
tance in the outside world. Targets were extinguished
before the movement phase of the experiment com-
menced so there was no target present during either
visual or physical movement.

3 Results

3.1 Judging the amplitude of physical
motion in the dark

The present results con�rm our previous stud-
ies ([3]) that established the response to motion in
the dark under the conditions of these experiments.
Subjects consistently and dramatically over-estimated
their movement and pressed the button to indicate
they had arrived at the target after having travelled
through only about a third of the target distance. This



Displacement from visual- Displacement from vestibular-
only condition only condition

visual judged equal judged equal
gain to one meter F* dof p to one meter F* dof p
0.25 0.13 5.2 62 p<0.05 0.52 0.39 107 ns
0.5 0.19 46.2 73 p<0.01 0.37 0.18 118 ns
1 0.45 148.2 106 p<0.01 0.45 0.27 151 ns
2 0.62 140.4 121 p<0.01 0.31 3.7 166 ns
4 0.95 3.2 81 ns 0.24 2.8 126 ns

vis only 0.95
vest only 0.30

Table 1: The slopes of Figures 2 and 3 indicate how many metres the optic ow and vestibular cues need to move
in order to give the perception of moving a meter.

is indicated in Figure 2, which plots distance actually
travelled on the vertical axis, against the target dis-
tance by the line labelled \dark". Physical motion was
always forwards along the naso-occipital axis.

3.2 Judging the amplitude of motion from
visual motion alone (vection)

Subjects were quite accurate at judging their mo-
tion under the vision only conditions. This is shown
by the line labelled \vision only" in Figure 2 which
has a slope of 0.95.

3.3 Response to combinations of visual
and physical motion

Our experiments pulled apart the optic ow and
vestibular cues by pairing a given movement down the
virtual visual corridor with di�erent actual motions of
the cart along its track. The ratio between the visual
movement and the vestibular movement is the visual
gain. The visual gain is de�ned as:

visual gain = visual motion � physical motion (1)

A visual gain greater than one indicates more vi-
sual movement than vestibular movement and a vi-
sual gain less than one indicates less visual movement
than vestibular movement. Visual gain is expressed
in diagrammatic form in Figure 2a. When the visual
gain is not unity and subjects press the button to in-
dicate they have arrived at the target distance, they
have travelled a di�erent distance in visual terms down
the corridor than they have in vestibular terms across
the oor. For example if subjects travel 1m across
the oor with a visual gain of 4, they will have si-
multaneously travelled 4m down the visual corridor

(Figure 2a). Therefore we need to analyse the results
separately in each of the visual and vestibular frames.
The results are presented in Figure 2. Figure 2b shows
the visual movements that were judged equivalent to
the target distances and Figure 2c plots the vestibu-
lar movements that were judged equal to those same
target distances. If the perception of distance trav-
elled was decided by visual cues (visual capture), then
the data obtained with any visual gain should fall
on the `vision alone' line of Figure 2b. If instead
the perceptual distance was determined by vestibular
cues (vestibular capture), then the data from di�er-
ent visual gains should lie on top of each other on the
vestibular-only line of Figure 2c. The data are sum-
marized in Table 1 and strongly support the vestibular
capture hypothesis. All the curves except the visual
gain of four are signi�cantly di�erent from the vision-
only curve in Figure 2b and none of the curves is sig-
ni�cantly di�erent from the vestibular-only curves in
Figure 2c. Clearly there is an overwhelming capture
of the perception of the distance travelled by vestibu-
lar cues. But there is also an e�ect of vision: the lines
do not superimpose exactly in vestibular terms. The
slop when the visual gain was 0.25 is more than twice
the slope when the visual gain was 4.0.

4 Discussion

4.1 Summary

When subjects were physically stationary and had
only visual optic ow information on which to base
their judgements their performance was accurate (\vi-
sion only" line in Figure 2b; slope = 0.95 see Ta-
ble 1). When motion was in the dark (only vestibular



Figure 2: When visual and vestibular cues were of di�erent magnitudes the cart's physical displacement on the
oor and the person's visual displacement along the virtual corridor were di�erent. This is shown diagrammatically
in panel A in which the relative visual (open bars) and vestibular motions (shaded bars) are described as the ratio
between the visual displacement and the actual displacement: the visual gain (see text). We used �ve visual gains
from 0.25 to 4.0. The point at which subjects indicated they had travelled through the target distance is plotted
in visual terms in panel B and the same data are replotted in vestibular terms in panel C. The horizontal axis
shows the target distance. Data are the average of 17 subject's responses with standard deviations shown in panel
B. The thick line in panel B labelled "vision only" shows the performance when only visual motion was provided
and the thick line in panel C labelled \dark" shows the performance during motion in the dark.

cues available; \dark" line in Figure 2) subjects con-
sistently and dramatically over-estimated their move-
ment and pressed the button much too early after hav-
ing travelled through only about a third of the tar-
get distance. This phenomenon was found in response
to either virtually-presented or real-world targets con-
�rming our calibration procedure. When both visual
and vestibular cues were presented, the vestibular cue
dominated although an interaction e�ect could also
be seen. No matter what the visual information, sub-
jects considered they had reached the target when they
had physically travelled through a particular distance.
Their judgements were only slightly inuenced by the
amount of concurrent visual motion.

4.2 Visual or vestibular terms?

When subjects are presented with di�erent for-
wards accelerations through their visual and vestibu-
lar systems then, at the point they press the button
to indicate they have arrived at a target's location,
their position in the visual corridor is di�erent from
their position along the oor. That is to say they
have moved a di�erent distance visually than they
have physically. When the data were plotted in vi-

sual (Figure 2b) and in vestibular (Figure 2c) terms,
they con�rmed the result in our earlier study [3] that
the vestibular system was much more inuential in de-
termining the point to push the button. But there is
clearly an inuence of vision. That is the vision plus
vestibular curves do not exactly superimpose on the
dark (vestibular only) data.

In order to quantify the visual component, the data
were �tted to the following equation:

response =
(vis � vis weighting)+
(vest � vest weighting)+
(interaction � int weighting)

(2)

where: response is the position in the visual cor-
ridor at which subjects pressed the button, vis is
the visual component which is equal to the vis only
slope�target distance, vest is the vestibular compo-
nent which is equal to the vest only slope�target dis-
tance�visual gain, and interaction is the visual com-
ponent � vestibular component .

This model produced the following weightings:
vis = 0:14, vest = 0:83, and interaction = 0:04.

Since the interaction term is very small compared
to the others, we postulate the simple model shown in
Figure 3 in which the visual and vestibular estimates



visual displacement vestibular displacement
visual judged equal prediction judged equal prediction
gain to one meter from model to one meter from model
0.25 0.13 0.21 0.52 0.85
0.5 0.19 0.28 0.37 0.55
1 0.45 0.40 0.45 0.40
2 0.62 0.65 0.31 0.32
4 0.95 1.15 0.24 0.29

vis only 0.95
vest only 0.30

Table 2: The prediction from our simple linear summation model (Figure 3) of visual and vestibular displacements
that should be judged equal to one meter with a weighting of vision= 0.14 and vestibular = 0.83.

Figure 3: A simple model of weighted linear summa-
tion of visual and vestibular estimates of self motion.

of the motion are weighted and summed. The output
of this model is summarized in Table 2 and in Figure 4
where it is compared to the data.

When plotted in vestibular terms (Figure 4 right
hand side) the slopes do not vary very much with
visual information because of the relatively small
weighting given to vision. In order to bring the perfor-
mance in visual terms back to the level of vision-only
performance the visual gain needs to be close to four.
In other words our data show that in order both to
provide vestibular information and obtain accuracy in
visual terms during passive motion, a virtual reality
systems designer needs to provide about four times as
much visual motion as vestibular motion.

At �rst glance our �ndings are rather counter-
intuitive: why when visual and vestibular cues are
both present are subjects not accurate at judging the
distance they travel? Why is so much weight given
to the the interpretation of the vestibular stimulus?
It is important to remember that our experiments in-
volve only two of the many cues normally available to
help in the estimation of self motion. Most of the cues
found during natural, active movement are missing,
including muscle proprioception and a copy of motor

signals. Our visual cues were deliberately not as rich
as the natural visual cues available during self mo-
tion. And our vestibular cue was particularly strong:
continuous, passive acceleration is not normally en-
countered.

It seems probable to us that the over-active vestibu-
lar system we see working under our experimental con-
ditions would be much toned down by active motion
when normal motor commands and expectancies are
present. Our experiments indicate that the vestibu-
lar system, like other proprioceptive systems, is most
strongly stimulated by di�erences between expected
and actual motion. This is how muscle spindles work,
for example. Muscle spindles do not signal absolute
muscle length but only di�erences between the actual
and expected lengths. This is achieved by regulation
at the level of the end organ by the gamma innervation
to the contractile elements of the muscle spindle itself.
In the case of the vestibular system, the comparison
is probably carried out more centrally.

We can conclude from these experiments that, un-
der our conditions at least, optic ow is not the dom-
inant factor in determining the perception of a trav-
elled distance. Although visual information can be
used accurately when there are no competing cues,
it is dominated by any concurrent vestibular stimula-
tion. Over-interpretation of the vestibular stimulation
causes people to feel they have travelled much further
than they really have. Visual information has to be
presented at four times the speed to keep up coinci-
dently with this enormously exaggerated interpreta-
tion of passive vestibular stimulation. This is good
news for designers hoping to add convincing vestibular
information: they only have to add vestibular infor-
mation one quarter the amount of the visual motion.



Figure 4: The output of the model of Figure 3 is plotted as a straight line in visual terms (top) and vestibular
terms (bottom). The mean data for each visual gain are replotted from Figure 2 to compare with the model's
performance.
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