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How do we judge an object’s velocity when we ourselves are moving? Subjects compared the
velocity of a moving object before and during simulated ego-motion. The simulation consisted of
moving the visible environment relative to the subject’s eye in precisely the way that a static
environment would move relative to the eye if the subject had moved, The ensuing motion of the
background on the screen influenced the perceived target velocity. We found that the motion of the
“most distant structure” largely determined the influence of the moving background. Relying on
retinal motion relative to that of distant structures is usually a reliable method for accounting for
rotations of the eye. It provides an estimate of the object’s movement, relative to the observer. This
strategy forjudging object motion has the advantage that it does not require metric information on
depth or detailed knowledge of one’s own motion. Copyright O 1996 Elsevier Science Ltd
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INTRODUCTION

How do we judge a visible object’s velocity when we
ourselves are moving? The most obvious possibility
would be to make some kind of “prediction” (thoughnot
necessarily a conscious one) of how our movements
would have shiftedthe object’sretinal image if the object
were stationary. The difference between the predicted
and the actual retinal motion can then be attributed to
motion of the object.

Knowing our own movementswould help make such
predictions. However, knowing our own motion is not
enough. We also need to know the object’s distance. To
avoid confusion,we will use the terms eye-rotation and
eye-translation to refer to the rotation and translation of
our eyes relative to the surroundings.We do so to avoid
the term “eye movements”, which is used to describethe
rotation of the eyes relative to the head. It is easy to
predict how eye-rotation influences the object’s retinal
motion. Rotations shift the whole image on the retina to
the same extent. In contrast,withoutknowingthe object’s
distance, it is impossible to predict how eye-translation
shifts the object’s retinal image. Translation shifts the
images of structures in the environment in inverse
proportion to their distances from the eye. To predict
the object’s retinal motion, therefore, requires indepen-
dent information on the object’s distance.
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If we are moving through a rigid, stationary environ-
ment, the changingperspectiveas a result of our motion
gives rise to systematic changes in the image of the
environment on our retina (Gibson, 1979; Koenderink,
1986).These systematicchanges (the optic flow)provide
us with informationon the structure of the surroundings
(Rogers & Graham, 1979; Cornilleau-P6r?x& Droulez,
1994)as well as on our own motion (Warren & Hannon,
1988; Van den Berg, 1992). Additional information on
our own motion is normallyavailablefrom variousextra-
retinal sources, such as vestibular stimulation, proprio-
ception, and so on (e.g. Mergner et al., 1992).Similarly,
extra-retinal information on the orientation of our eyes
can help us localise the object when we fixate it.

In the present paper we will concentrate on target
motion in the frontal plane and lateral eye-translations
(parallel to the target’s trajectory). When subjects only
have extra-retinalinformationon their own motion (i.e.,
when they make real lateral movementsin the dark), the
target distance specified by ocular convergence influ-
ences the perceived target motion (though clearly not to
the extent that wouldbe requiredfor accountingfor one’s
own movements;Gogel, 1982;Schwarz et al., 1989). In
contrast,when subjectsonly have retinal informationon
their own motion (i.e., when ego-motion is simulatedby
movingthe environment),the target distancespecifiedby
ocular convergence (and relative disparity) does not
influence the perceived target motion (Brenner, 1991).
The latter findingcannot be due to the simulationhaving
been interpreted as motion of the environment(which it
actually was) rather than as ego-motion, because the
moving environment did influence the perceived target
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velocity considerably.A possible explanation is that the
visual information that is used to judge an object’s
velocitywhile one is moving does not consistof separate
judgments of ego-motion and target distance, but of
aspects of the image that provide direct estimates of the
object’s motion. In this study we consider two such
possibilities.

If the object is moving across a surface that is part of
the stationary environment, one could rely on local
relative motion. The retinal image of the part of the
surface that the object is moving acrosswill undergo the
same shift due to both eye-rotationsand eye-translations
as does the object itself, because they are at the same
distance. In this way, local relative motion could provide
judgments of an object’s motion relative to the
.szmwundings.However, if the structuresthat have retinal
images adjacent to that of the object are not at the same
distance from the observer as the object, the object’s
velocity will be misjudged.

Another way of judging object motion without using
metric information on distance is by relying on retinal
motionrelative to that of the most distantstructure.To do
so, the observer has to determinewhich visible structure
is furthestaway from himself.This informationcould,for
instance, be obtained from perspective. The retinal
images of distant structures are hardly shifted by eye-
translations.Eye-rotationsshift them to the same extent
as they do any other structure. The retinal motion of
distantstructures(when expressedas an angularvelocity)
therefore provides a direct estimate of the influence of
eye-rotations on all retinal motion. This estimate is
reliable as long as the distant structures are indeed far
away (in terms of the velocity of eye-translation).We
could, therefore, account for eye-rotationsby judging all
retinal velocities relative to that of the most distant
structure available. In doing so, we would obtain an
estimate of object motion relative to our (translating)
eye; irrespectiveof changes in the orientationof the eye
(eye-rotations).Although this is contrary to our intuitive
impression of perceived motion, because it implies—for
instance—that a stationary target will appear to move
when we ourselves move, it could still be the basis for
perceived motion, with the distinction as to what had
actually moved (oneself or the object) deferred to a later
stage. An implication of this option is that when the
distant structuresare not far away, object motion will be
systematicallymisjudged during eye-translation.

In our previous study, in which we found no influence
of target distance (Brenner, 1991), the target was at the
centre of a distant, frontal plane, well above a simulated
horizontal surface. Thus, the target’s local surrounding
was the most distant surface. The finding that the
simulated distance had no influence is, therefore,
consistentwith judging target velocity both on the basis
of local relative motion and on the basis of motion
relative to the most distant structure. We previously
presentedsome evidence that the resultswere unlikelyto
(only) be due to the use of local relative motion. In the
present study we examine this in more detail, with an

emphasis on whether subjects use the retinal motion of
the most distant structure in the proposed manner when
estimatinga target’s velocity.

EXPERIMENT1

In the first experimentwe examinewhether modifying
the stimulus so that the target’s local surrounding is no
longerthe most distantsurface influencesthe results.The
stimuluswas similar to that of the previousstudy,but the
target moved across a horizontal, ground surface. When
target distance was varied, the target’s angular velocity
remained the same. This was achieved by scaling the
target’s simulated velocity together with its simulated
distance. The angular velocity of the most distant
structure was independent of target distance, because
the simulated ego-motion was always the same. Thus,
judging motion relative to the most distant structure
predicts the same results (when expressed as angular
velocities) for all target distances,whereas local relative
motion predicts different angular velocities for different
distances, because the local angular velocity of the
backgroundvaries across the scene.

Methods

The experiments were conducted using a Silicon
GraphicsGTX-21OComputerwith an HL69SG monitor.
The image on the screen was 34 cm wide (1280 pixels)
and 27 cm from top to bottom (492 pixels). Subjects sat
with their head in a chin-rest at 42 cm from the screen;
resulting in an image of 44 x 36 deg of visual angle.
Images were presented at a frame rate of 120 Hz. LCD
shutter spectacles ensured that alternate frames were
presentedto the left and right eyes. Red stimuliwere used
because the LCD shutter spectacles work best at long
wavelengths(about 33Y0transmissionwhen “open” and
0.3% when “shut”). Screen luminancewas 13 cd/m2for
lightpixelsand 0.02 cd/m2for dark ones.Each imagewas
drawn in appropriateperspective for the eye that saw it,
and for the simulated positions of the target and the
observerat that instant.Apart fromthe stimulus,the room
was completely dark.

The display is shown schematically in Fig. 1. The
target was a small cube that moved from left to right
acrossa simulatedhorizontalplane. This simulatedplane
and a simulated, distant, frontal surface were covered
with small squares. During the first part of each
presentation, these two surfaces were static. Only the
target moved. During the second part of each presenta-
tion, the two surfaces could move to the left (with the
appropriate changes in perspective). We refer to this
stimulusas a simulated eye-translation(to the right).

The targetwas simulatedto either be halfivaybetween
the observerand the frontal surface, three-quartersof the
distanceto the surface, or immediatelyin front of it. The
frontal surface, which was the most distant visible
structure, was close enough for its image to move
considerably on the screen during the simulated eye-
translation (see legend of Fig. 2). Relying on motion
relative to the most distant structure, in the manner
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Experiment1: translation
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simulation

FIGURE1. Schematicrepresentationof the stimulusbefore andduring
simulated ego-translation. The simulation consisted of moving the
backgroundrelative to the subject’sstatic eye, in preciselythe way that
it would have moved relative to the eye if the eye had moved. The
background consisted of 105 squares distributed at random on a
horizontaland a frontal surface.Before the simulatedego-motion[seen
from above in (a) and (b)], only the target movedon the screen [arrow
in (c)]. Ego-motion[arrow at “eye“ in (d)] was simulatedby moving
all the squares relative to the static eye [arrows in (e)]. The velocity
with which each square moved across the screen [length of arrows in
(f)] wasinversely proportionalto the surface’s simulated distance, so

that the squaresnearbyon the horizontalsurface movedtwice as fast as
those at the back. We examinedhowfast the target had to moveduring
the simulatedego-motion(dashedarrow)for it to appear to continueto
move at the same velocity. Note that the simulation is a pure lateral
translation of the eye [see thin outline in (d) for the eye’s simulated

position and orientation some time later].

proposed in the Introduction,would attributethis motion
on the screen to eye-rotation,rather than translation,and,
therefore, make subjectsmisjudge the target’s velocity.

The cube initially moved at slightly more than 6 deg/
sec. It filled about 1.3 deg of visual angle (both
horizontally and vertically). The extent to which the
cube’s surfaces were visible depended on the cube’s
position and the distance between the observer’s eyes.
Images were calculated separately for each subject (and
position), taking the distance between the individual
subject’seyes into account.Apart from the differencesin
binocularcues, the nearby targetwas lower on the screen,
and the image of its upper surface accountedfor a larger
part of its vertical dimension.

Both optic flowand perspectiveonly providedistances
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FIGURE2. Range of angularvelocities for which the object appeared
to move at the same speed before and during simulated ego-motion
(shaded area). Triangles pointing downwards and upwards are
respectively the upper and lower limits of the range (average of five
subjectswith standarddeviationbetweensubjects).The target’s initial
angularvelocity was slightlyover 6 deg/sec to the right (dashedline).
Simulatedego-motionat 10cm/sec to the right shifts surfaces at 45 cm
(distance of the nearest target) to the left at about 12 deg/sec and ones
at 90 cm (distance of furthest target) to the left at about 6 deg/sec. In
order to maintain the simulatedtarget velocity, subjectswouldhave to
compensate for such shifts (thin curve). For targets moving across a
surface, they could do so by maintaining the local relative velocity.
The judged object velocity would be relative to the surroundings.In
order to judge objects’ velocities relative to themselves, subjects only
have to account for their eye-rotations. If they use extra-retinal
informationto estimate their eye-rotation,they shouldsimplymaintain
the target’s angularvelocity(dashedline). If they use the retinal slip of
the image of the most distant structure to estimate eye-rotation, the
movementof thebackgroundwill be mistakenfor the consequenceof a
rotation (thick line). The only proposal that falls within the
experimentally determined range of subjective equality is that of
judging object velocity relative to the most distant structure. The
similarity between the data with (solid symbols) and without (open
symbols)distance informationfrom binocularstereopsis suggests that
perspective determineswhich structure is consideredthe most distant.

relative to a scaiing factor. The sizes, distances and
velocities given below are all based on the assumption
that subjects use the distance between their eyes as the
scaling factor. This places the simulated horizontal
surface 10cm below the subject’s eyes, and the distant
frontal surface (50 x 20 cm) at a distance of 91 cm. This
is the only scaling factor for which the relationships
between distancesspecifiedby perspectiveand binocular
stereopsisare consistent.However, if subjectsdo not use
the distancebetween their eyes as the scaling factor, but,
for instance, use their eye height instead (assuming that
the horizontalplane is the ground they are standing on),
all simulated sizes and velocitieswill be about 17 times
larger. The angular velocity obviously does not depend
on the scaling factor.

With the distance between the eyes as the scaling
factor, the cube moved at simulateddistancesof 45,67.5
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