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Abstract

Expanding and contracting patterns were presented on different disparity planes to investigate the role of stereo depth in vection.

Experiment 1 tested the effect of stereo depth on inducing vection with expanding and contracting flows on different disparity planes.

Subjects reported whether they felt forward or backward self-motion. The results clearly showed the dominance of the background

flow in determining one�s self-motion direction. Experiment 2 tested the effect of stereo depth on a vection direction using two

expanding flows. The center of each expansion was displaced to either horizontal side. The subjects judged in which direction they

were going when they felt vection. The results demonstrated that the subjects felt their heading biased toward the direction of the

center of the farther expansion while feeling vection. The heading perception from the expanding flow was determined only by the

background flow, not by 2-D integration of the retinal motion. The result demonstrates the importance of background flow pro-

duced by stereo depth in determining one�s self-motion from an expanding/contracting motion.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Some studies have demonstrated that a background
(perceptually farther) optical flow determines vection

(Ito & Takano, 2004; Kitazaki & Sato, 2003; Ohmi &

Howard, 1988; Ohmi, Howard, & Landolt, 1987). Ohmi

and Howard (1988) presented an expanding flow pattern

and stationary random dots on different disparity planes

to test the depth-order effect on inducing forward linear

vection. The results showed that the foreground (percep-

tually closer) dots did not suppress vection induced by
the background expanding flow. On the other hand,

the opposite depth combination reduced the vection

duration to half, not to zero. They attributed the incom-

plete vection suppression to a possible natural scene sit-

uation, that is, an image of a very far object expands

slightly during one�s forward movement. That is, a com-
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bination of an expanding foreground and a stationary

background can be interpreted as representing one�s
forward self-motion without a contradiction.

As for circular vection, Ohmi et al. (1987) and How-

ard and Heckmann (1989) showed that background flow

determined the vection direction when two opposing

rotational flows were presented. However, it is possible

that the two opposing flows are a cooperative (not com-

petitive) combination for inducing vection because the

foreground flow could also induce an ‘‘inverted vection’’

in the same direction as itself (Ito & Fujimoto, 2003;
Nakamura & Shimojo, 1999, 2000, 2003). The ‘‘inverted

vection’’ may be caused by misregistration of an eye

movement in a direction opposite to the foreground flow

(Nakamura & Shimojo, 2000). If expanding and con-

tracting flows are presented instead of rotational flow,

the effect of ‘‘inverted vection’’ can be removed as the

expanding and contracting flow could not be caused

by eye-movements.
The purpose of the present paper is to confirm

and generalize the above noted background dominance
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in inducing vection using a purely competitive

combination of flows. We presented expanding and con-

tracting flows that could induce forward or backward

linear vection. In Experiment 1, we superimposed these

flows, varying their phenomenal depth. We used a dis-

parity cue to indicate near–far relationship of the flows
because it could determine the depth order without

ambiguity and was suitable for quantitative manipula-

tion of the phenomenal depth. We predicted that the

perceived self-motion direction would be determined

by the background flow although the two flows always

suggested an opposing self-motion. Experiment 2 tested

the effect of stereo depth when two expanding flows

overlapped, varying their disparity. The center of each
expansion was positioned to left or right of the fixation.

If the background flow dominates vection, the perceived

heading should be biased toward the center of the back-

ground flow.
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Fig. 1. Schematic illustrations of the stimuli used in Experiment 1. The

upper panel shows the stimulus under expansion-zero-disparity condi-

tions. An expanding flow pattern was presented on the same disparity

plane with that of the fixation cross (a). A superimposed contracting

flow pattern varied in seven steps of disparity. (b) or (c) indicates the

condition under which a contracting pattern was presented on a plane

with 44.0 0 uncrossed or crossed disparity, respectively. The lower panel

shows the stimulus under contraction-zero-disparity conditions. Under

this condition, the expansion and contraction were switched.
2. Experiment 1

2.1. Method

Subjects. The second author and three naı̈ve volun-

teers participated in the experiment. All of the subjects

had normal or corrected-to-normal vision.

Apparatus and stimuli. The stimulus patterns were

generated by a computer (SHARP X68000) and dis-

played on a video projector (Electrohome Electronics,
DRAPAR). The size of the screen was 138 cm (horizon-

tal) · 104 cm (vertical), subtending 75� (horizontally)

and 60� (vertically) from a viewing distance of 90 cm.

A black cloth covered the left, right and upper sides of

the subjects. The display for each eye was treated as a

256 (vertical) · 512 (horizontal) dot matrix. The resolu-

tion was not so high, but the quality of the motion

display was enough to compel the subjects to feel
self-motion. The dot positions were renewed at 55 Hz,

creating an impression of motion, while the images on

the screen were refreshed at 110 Hz presenting each eye

image alternately. The subjects wore LCD shutter gog-

gles (CrystalEyes2) to achieve stereoscopic viewing.

The number of dots in each flow pattern was 400 for

all of the conditions, i.e., when expanding and contract-

ing flows were overlapped, there were 800 dots on the
screen for each eye. The dot luminance measured

through the goggles was 7.0 cd/m2 and background lumi-

nance was 0.01 cd/m2. The dot diameters were 8.8 0.

The dot size on the screen was constant although each

flow represented an optical motion arising when an ob-

server moved forward or backward through an endless

tunnel. Bright dots were attached to the inner surface

(Ito, 1996).
The flows were first simulated on the zero-disparity

plane as a 2-D expanding or contracting motion display.
Therefore, the dots creating each flow pattern had the

same disparity and it did not change over time. When

they were presented to the subjects, a disparity was

added to one of the two overlapping flows. The section

of the simulated tunnel was a square (276 cm · 276 cm).

The simulated observer�s speed was 1.4 m/s. As the far-
ther surface beyond 4 m along the line of sight was not

displayed, there were no dots around the fixation cross

at the center of the screen. The dots in an expanding

(contracting) flow appeared (disappeared) around the

fixation and disappeared (appeared) at the screen edge.

The two flows were combined as follows (Fig. 1);

Expansion-zero-disparity conditions: the expanding

flow was presented on the zero-disparity plane with
the fixation cross. The contracting flow was presented

with an added disparity of 0 0, 8.8 0, 26.3 0 or 44 0 in a

crossed or uncrossed direction without other changes

in the retinal flow. The zero-disparity plane had a rela-

tive disparity of 52.2 0 in an uncrossed direction from

the real screen surface. Thus, the screen frame func-
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Fig. 2. Averaged vection durations as a function of superimposed flow

disparity. The upper (lower) panel shows the data from expansion-zero-

disparity (contraction-zero-disparity) conditions. When the contracting

pattern was presented with a crossed (uncrossed) disparity under

expansion-zero-disparity conditions, the forward (backward) vection

was mainly reported. When the expanding pattern was presented with

a crossed (uncrossed) disparity under contraction-zero-disparity condi-

tions, the backward (forward) vection was mainly reported. Each data

point represents a vection duration averaged across the four subjects

and vertical bars represent the SDs.
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tioned as a window through which subjects could see

outside.

Contraction-zero-disparity conditions: the stimulus

configuration was essentially the same as Expansion-

zero-disparity conditions. The contracting flow was pre-

sented without disparity and the expanding flow varied
in added disparity.

Each flow was also presented solely (expansion-only

or contraction-only conditions) as a control. Our dis-

plays included some conflicts noted above, i.e., constant

dot size and disparity over time against the simulated

forward or backward motion. Palmisano (1996) demon-

strated that sufficient forward vection arises from a

display with constant dot size and disparity, but that
cues-consistent displays increase vection. Our control

displays also induced vection in sufficient strength

against the cue conflicts, as noted later.

2.2. Procedure

The subjects were seated with their head positioned

on a chinrest. During each trial, the subject fixated on
the center cross, i.e., the center of the expansion or con-

traction. After a beep sound, the moving dots appeared

on the screen. The subjects pushed the left (right) button

of a mouse while feeling backward (forward) vection.

When they perceived no vection or could not tell the

self-motion direction, they released both buttons. The

button was sampled at 27.5 times/s. The exposure dura-

tion for each trial was 60 s. There was a 2-min (at least)
interval between the trials. There were 13 conditions:

two zero-disparity-flow conditions (i.e., expansion-

zero-disparity or contraction-zero-disparity) · seven dis-

parities (from uncrossed to crossed) conditions minus

one because the two of the possible displays were iden-

tical when the flow had zero disparity. After some prac-

tice trials, each subject performed ten trials under each

of the 15 conditions presented in a random order.

2.3. Results and discussion

Fig. 2 shows the vection durations averaged across

the four subjects as a function of flow disparity. The re-

sults under expansion-only and contraction-only condi-

tions show that each display had sufficient motion

strength and quality to induce vection. The results from
expansion-zero-disparity conditions (contraction-zero-dis-

parity conditions) show that when the contracting

(expanding) flow was overlaid with uncrossed disparity,

backward (forward) vection dominated and when over-

laid with crossed disparity, forward (backward) vection

dominated. When both flows were presented with zero

disparity, the duration of backward vection was longer

than that of the forward vection. This may reflect the
relative strength of the two types of vection as also seen

under the expansion-only and contraction-only condi-
tions. Under this condition, the vection direction some-

times reversed as reported in Ito and Fujimoto (2003).

This may reflect the reversals of the perceived depth or-

der of the two flows. When the order was explicitly indi-

cated by binocular disparity, such reversals were rare.

Although attention may have played some role there,
the effect of disparity seems stronger (Kitazaki & Sato,

2003). In our displays, an 8.8 0 crossed or uncrossed dis-

parity seems effective in determining one�s self-motion

direction. Under expansion-zero-disparity (contraction-

zero-disparity) conditions, when the disparity of the con-

tracting (expanding) flow was 26.4 0 or 44.0 0 in a crossed

direction, the duration of forward (backward) vection

was almost the same as that under expansion-only (con-
traction-only) conditions. In other words, an overlapped

flow with a crossed disparity of more than 26.4 0 had no

effect on the vection direction.
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These results clearly demonstrate that the stereoscop-

ically farther flow determines the perceived self-motion

direction while feeling vection under expanding–

contracting opposing motion conditions, which are

purely competitive in inducing vection.
Left - Forward 
3. Experiment 2

3.1. Method

The two authors and two naı̈ve volunteers, having

normal or corrected-to-normal vision, participated.

The apparatus was the same as in Experiment 1. As
shown in Fig. 3, the stimulus displays consisted of two

expanding flows separated in stereo depth. Each flow

simulated forward motion as in Experiment 1. After

the flow patterns were simulated on the zero-disparity

plane, each pattern was presented with a horizontal

shift. The center of each expansion was 16.7� left or

right of the fixation cross. There were seven disparity

conditions as shown in Fig. 3, i.e., three left-farther,
the same disparity, and three right-farther conditions.

The subjects kept pushing the left (right) button when

feeling as if moving in the left-forward (right-forward)

direction. When they felt they were moving in a cen-

ter-forward direction, they pushed both buttons. When

they did not feel vection or their feelings were ambigu-

ous, they released both buttons. After each trial, they

judged the subjective strength of vection with a 6-point
scale (0–5). Each subject performed 10 trials under each

condition, presented in a random order.
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Fig. 3. Schematic illustrations of the stimuli used in Experiment 2.

Two expanding flow patterns the centers of which were positioned to

the left or right of the fixation were presented on the same or different

disparity planes. A combination of flow pattern disparity varied in

seven steps. When the left pattern had an uncrossed disparity, the right

pattern had the same amount of crossed disparity, and vice versa. (a)

or (b) indicates a condition under which the expanding patterns were

presented on planes with 17.60 crossed or uncrossed disparity,

respectively.
3.2. Results and discussion

Fig. 4 shows the results. It is obvious that left-farther

(right-farther) conditions mainly caused left-forward

(right-forward) vection, demonstrating background

dominance in forward vection. The center-forward vec-
tion was rarely reported under all of the conditions. The

perceived heading was determined only by the direction

suggested by the background flow without compromise

between the two possible vection directions. Since the

displays were essentially the same on the retina under

all of the conditions, the stereo depth determined the

heading. Computational models to extract a heading

from the expanding optical flow may need to incor-
porate depth-order information.

When the two flows were on the same disparity

plane, the duration of vection was shorter and the

rating of the vection strength was lower. The conflict

between the two possible self-motion directions may

have suppressed vection without compromise to induce

center-forward vection. There was a little dominance of

right-forward vection under this condition. This may be
an artifact caused by the stereo graphic system. As each

eye image was presented alternately (first left, then

right), horizontal motion of the dots may have pro-

duced a pseudo disparity. The flow expanding from

the right (left) produced a leftward (rightward) dot

motion around the fixation. As a flow expanding from

the right seemed farther in the central visual field, right-

forward vection may have dominated.
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Fig. 4. Averaged vection durations as a function of flow disparity.

Each filled (open) circle represents a right-forward (left-forward)

vection duration averaged across the four subjects and the vertical bars

indicate their SDs. When right (left) expansion was presented with an

uncrossed disparity, i.e. negative numbers on the horizontal axis, right-

forward (left-forward) vection was mainly perceived. Center-forward

vection, represented by open triangles in the figure, was rarely

perceived through all of the conditions. Open rectangles represent

the averaged ratings of vection strength.
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4. General discussion

In the two experiments, the stereoscopically farther

flow determined the perceived direction of self-motion.

The background dominance in vection may not be a

flow-type-specific phenomenon. The effects of other
depth cues also should be tested.

On the other hand, binocular disparity seems to pro-

duce a phenomenological difference between crossed

and uncrossed disparity surfaces, even in a stationary

display. Akerstrom and Todd (1988) pointed out that

in stereoscopic transparency the space between dots is

seen as filled-in in uncrossed disparities, giving rise to

the perception of an opaque surface, but no filling-in
is evident between dots in crossed disparities, where a

transparent surface is seen. Our display included ran-

dom dots on different disparity planes, which may have

produced the qualitative difference between the fore-

ground and background flows. It is worth testing how

the opacity, isolated from depth-order perception, in-

volves self-motion perception as the visual system might

neglect transparent objects.
Our displays included discrepancy in information for

self-motion directions between the two flows. Complete

dominance of one flow in self-motion perception is an

example of perceptual bistability. The visual system

seems to detect the inconsistency and select one flow,

not allowing a compromise-like vector summation of

the two possible self-motion directions. Ito and Fuji-

moto (2003) also demonstrated that when vertical and
circular flows were simply overlaid on a screen, only

one induced vection at a given time. However, when

there is a phenomenal depth separation between two

flows, the farther flow seems to dominate vection.

What is the significance of selective analyzing of the

farther flow in the natural environment? As it is rare that

the motion of a distant object produces a flow with a

considerable speed over a large region on the retina, a
farther flow probably reflects the observer�s self-motion

or eye movement. Contrary, ignoring the closer flow

may remove motion noise caused by movement of the

body or falling snow. Fajen and Kim (2002) actually

showed that perceived heading was unaffected by the

existence of moving objects. Warren and Saunders

(1995) also showed that a large moving object does

not affect perceived heading unless it covers the focus
of the outflow. The selection of the farther flow and

no vector summation between near and far flows may

contribute to the extraction of the self-motion

components and may exclude the object-motion

components.

On the other hand, Andersen and Saidpour (2002)

demonstrated the role of pooling the local nonrigid mo-

tion of dots in heading judgment. Pooling (or summa-
tion) of inconsistent local motion vectors occurred to

detect a global flow component in their display while
two global flows with inconsistency were detected with-

out local motion pooling in the present displays. It is still

an open question what conditions integrate local motion

components into a global flow and what conditions ex-

clude some motion components from a global flow sug-

gesting self-motion direction. The effects of disparity
separation and a stimulus structure (a 3-D cloud or

planes) would be involved there.

Finally, although we used the word ‘‘heading’’, it is

not obvious whether or not the vection task in our

experiments and the ‘‘heading’’ task in the literature

engage the same mechanisms. Vection occurs after a cer-

tain period of stimulus presentation, while the ‘‘head-

ing’’ tasks are performed with a brief presentation,
e.g., shorter than 1 s (Crowell & Banks, 1993; Warren

& Kurtz, 1992), which is clearly shorter than vection la-

tency. Grigo and Lappe (1988) tested the accuracy of

heading judgments using a flow simulating an observer�s
forward motion with eye rotation. The result was that

the performance reduced according to the increase of

stimulus duration from 0.4 to 3.2 s. This suggests that

an initial impression of heading produced within several
hundreds milliseconds is not the same as that while feel-

ing vection produced after several seconds. A detailed

research comparing vection directions and perceived

heading should be conducted with the same kind of

stimuli. This will combine (or differentiate) ‘‘vection

direction’’ and perceived ‘‘heading.’’
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