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Three Systems for Visual Motion

Perception

Zhong-Lin Lu and George Sperling

New psychophysical methods
enable the isolation and measure-
ment of three systems of human
motion perception. The first two
are primarily monocular, sensi-
tive, and fast. A third-order sys-
tem computes motion from a fea-
ture-salience map, that is, a neural
representation of visual space in
which the locations of important
visual features are marked. The
third-order motion system is in-
herently binocular, insensitive,
slow, but highly versatile—it com-
putes motion from all ordinary
and many exotic types of stimuli,
and it is influenced by attention.
This article describes how these
systems were isolated and how the
relations between them were de-
fined.

For more than 100 years, visual
motion perception has been a cen-
tral problem in perceptual theory.
On the one hand, motion appears
to involve an early stage of pattern
recognition (the ““same” pattern
must be located first here and then
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there); on the other hand, motion
appears to invoke a unique per-
ceptual experience quite different
from pattern or shape perception.
Almost from the beginning of the
experimental study of motion per-
ception, it has been evident that
more than one kind of computa-
tion is involved, and there has
been a plethora of dual-process
motion theories. Although there
clearly is a kernel of truth under-
lying most of these dichotomies
and theories, there have been two
pervasive problems: No one has
been able to obtain a demonstrably
pure measure of any proposed
mechanism. Nor has there been a
clear distinction between the algo-
rithm by which motion is com-
puted and the preprocessing of the
visual image prior to the point of
motion computation. In this re-
view, we describe how combining
a new paradigm (pedestal dis-
plays) with several critical subsid-
iary paradigms (interocular dis-
plays, stimulus superpositions
with varying phases and direc-
tions, alternating-feature stimuli,
and attentional manipulations)
has enabled us to clarify these is-
sues.’
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Functional Equivalence of
Motion-Energy Detectors and
Reichardt Models

Computational theories of mo-
tion perception date from Rei-
chardt’s model for insect vision,?
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which was adapted for human
perception.”? As illustrated in Fig-
ure 1, a Reichardt detector consists
of two mirror-image subunits
(e.g., “L” and “R”) tuned to oppo-
site directions of motion. Subunit
R multiplies the signal from spatial
location B with the delayed signal
from an adjacent spatial location
A. When the time for an object to
travel from A to B in the external
world is the same as the internal
delay of the signal traveling from
input A to the multiplier R of Fig-
ure 1, then the delayed signal from
A will arrive coincidentally with
the straight-through signal from B,
and the resulting large output in-
dicates motion from A to B. Simi-
larly, subunit L multiplies the sig-
nal from spatial location A with
the delayed signal from spatial lo-
cation B to indicate B-to-A motion.
The direction of movement is indi-
cated by the sign of the difference
between the subunits’ outputs.

We present the Reichardt model
because it is historically first and it
is easiest to explain. There are sev-
eral other ways to compute the
same or very similar overall input—
output relationships,* and they
cannot be discriminated by psy-
chophysical paradigms because
psychophysics measures only
functional input-output relations.
This class of equivalent mecha-
nisms has been designated stan-
dard motion analysis.” We prefer
the term motion-energy detection
because it is more descriptive. Our
pedestal paradigm provides a sen-
sitive test for isolating and measur-
ing motion-energy detection, and
we use it to determine which kinds
of visual stimuli are and are not
processed by a motion-energy
computation.

First- and Second-Order Motion

A rigidly moving object is a
drifting modulation of luminance.



CURRENT DIRECTIONS IN PSYCHOLOGICAL SCIENCE

Fig. 1. Reichardt motion detector
(simplified). A and B indicate adjacent
locations of visual receptive fields, 7 is
a temporal delay, % indicates multipli-
cation, and — indicates subtraction; f;
and f, are arbitrary spatiotemporal lin-
ear filters (receptive fields); f; is an ar-
bitrary linear temporal-integrating fil-
ter. Leftward motion (B to A) is
computed at L; rightward motion at R.
A final output greater than zero indi-
cates stimulus motion from A to B; an
output less than zero indicates stimu-
lus motion from B to A.

Motion-energy detection applied
directly to drifting modulations of
luminance is referred to as a first-
order analysis because motion de-
tection operates directly on the in-
put or on a linearly filtered version
of the input. (Linear filtering refers
to the selective amplification of
spatial or temporal frequencies in
the input such as might occur,
e.g., in a blurring or deblurring
computation. In the visual system,
such processing undoubtedly oc-
curs prior to motion detection, but
it would have no effect on any of
the conclusions in our analysis.)
First-order analysis provides
reasonable estimates of motion di-
rection for an enormous range of
stimuli. However, many investiga-
tors® have demonstrated clear mo-
tion perception in stimuli whose
motion would be ambiguous for
motion-energy detectors. For ex-
ample, motion of the classes of
driftbalanced and microbalanced stim-
uli cannot be extracted by motion-
energy detectors. (A driftbalanced

stimulus contains exactly the same
expected motion energy to the left
as to the right for every compo-
nent spatial frequency in the stim-
ulus, as well as for the stimulus as
a whole. A microbalanced stimu-
lus is one that remains driftbal-
anced even when it is viewed
through an aperture of any arbi-
trary shape.) Such stimuli activate
what are called second-order mo-
tion mechanisms because a stage
of grossly nonlinear preprocessing
(e.g., computing the absolute
value of the difference of each
point from the mean luminance)
must occur prior to motion-energy
analysis to expose the latent mo-
tion.”

Pedestal Immunity of
Motion-Energy Detectors: Theory

Reichardt detectors have two
mathematical properties that
prove to be extremely useful for
psychophysical experimentation.
One is pseudolinearity: When a
stimulus is composed of several
component sine waves with differ-
ent temporal frequencies, the de-
tector’s response to the sum is the
sum of its responses to the individ-
ual components.® The second is
that static displays are ignored, that
is, the output to a stationary pat-
tern is zero. From these proper-
ties, it follows that adding a sta-
tionary sine (the pedestal pattern)
to any moving pattern would not
change the output of a motion-
energy detector in response to the
moving stimulus. This property is
the pedestal immunity of motion-
energy detectors.
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The Motion Pedestal Test

We exploit the pseudolinearity
of motion-energy detectors by cre-
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ating compound stimuli (Fig. 2c)
that are composed of two compo-
nents: a stationary sine grating
(the pedestal, Fig. 2a) and a lin-
early moving sine grating (the mo-
tion stimulus, Fig. 2b). The pedes-
tal grating consists of stationary
alternating light and dark bars for
first-order stimuli (Fig. 2d) and of
alternating high- and low-contrast
texture bars for second-order stim-
uli (Fig. 2g). The linearly moving
sine grating consists of moving
light and dark bars for first-order
stimuli (Fig. 2e) and moving high-
and low-contrast texture bars for
second-order stimuli (Fig. 2h). The
peaks and valleys of the com-
pound stimuli (Figs. 2f and 2i)
wobble back and forth, moving
first one way, then the other. Nev-
ertheless, the output of a motion-
energy detector is exactly the same
for the compound pedestal-plus-
motion stimulus as for the motion
stimulus alone. (In actual practice,
because the response of the early
stages of visual processing prior
to motion detection is a linear
function of—i.e., faithfully repre-
sents—the dark-light difference
only when the difference is about
5%,° the light bars must be no
more than 2.5% lighter than the
mean luminance, and the dark
bars no more than 2.5% darker
than the mean luminance.) The
question is, how do human ob-
servers perceive the compound
stimulus? Do they track the peaks
(which implies a feature-tracking
mechanism), or do they perceive
the concealed linear motion of the
test stimulus (as they would if
their perception were mediated by
motion-energy detectors)?

To answer this question, we
used the following procedure.
Subjects viewed a computer-
generated display such as illus-
trated in Figures 2e and 2h, and
reported the direction of apparent
movement. In a series of trials, the
modulation amplitude of the mov-
ing sine was varied. (Modulation
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amplitude is half the difference be-
tween positive and negative sine
wave peaks.) We determined the
threshold amplitude for 75% cor-
rect responses. A pedestal with
twice this measured threshold am-
plitude was then added to the
moving stimulus to produce a ped-
estaled stimulus (Figs. 2f and 2i). If
the motion judgment were based
on the output of a motion-energy
detector, we would expect the sub-
ject’s accuracy of left versus right
judgments to be exactly the same
with and without the pedestal.
However, if the motion direction
computation were based on stim-
ulus features (peaks, valleys, light-
dark boundaries, etc.), the pedes-
taled stimulus would appear to
wobble, and it would be impossi-
ble for subjects to judge motion di-
rection. We performed this basic
experiment with four different
types of motion stimuli.

Luminance Grating

The moving luminance grating,
which consists of alternating dark
and light bars, is the sort of first-
order motion stimulus from which
traditional motion psychophysics
has evolved. Formally, it is a rig-
idly translating sine grating (Fig.
2e). Luminance stimuli (Figs. 2d,
2e, 2f) are used to determine the
properties of the first-order motion
system.

Texture-Contrast Grating

The moving texture-contrast
grating (Fig. 2h) is a pure second-
order stimulus—a binary noise
(carrier) whose texture contrast is
subjected to a drifting sinusoidal
modulation. In this stimulus, all
the alternating bars have the same
overall or average luminance—
there is no luminance modulation
between bars. Bars are distin-
guished from one another by the
difference in the microcontrast
within each bar. One bar is com-
posed of tiny black and white
squares, whereas the other bar is

composed of dark gray and light
gray squares. Thus, one bar has
high contrast between the dots of
which it is composed, whereas the
other bar has low contrast between
the tiny dots of which it is com-
posed. What differentiates the
bars is the magnitude of contrast
within each bar. The motion of a
texture-contrast grating cannot
be determined by motion-energy

detectors that simply receive
luminance inputs. A second-order
process is required to expose the
contrast grating’s motion to mo-
tion-energy detection.® Essen-
tially, such a process involves
fullwave rectification, that is, com-
puting the absolute value of each
point’s deviation from mean lumi-
nance so that, for example, ex-
treme black and extreme white
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Fig. 2. The pedestal paradigm. (a) Schematic representation of eight frames of a
stationary sine wave (the pedestal). The dashed vertical line indicates the (un-
changing) location of the peaks. (d) Eight stimulus frames of the pedestal in a
luminance-modulation stimulus. The actual frames were 3.1° x 1.6% only a hori-
zontal slice is shown. Luminance varies sinusoidally as a function of space. (g)
Eight frames of the pedestal in a contrast-modulation stimulus. The average lumi-
nance is the same throughout the texture; contrast varies sinusoidally as a function
of space. (b) Eight frames of a rightward-moving sine wave. The slanting line
indicates the rightward movement of the peak. (e) Eight frames of a moving lumi-
nance-modulation sinusoid (first-order motion). From top to bottom, the sinusoid
traverses one period. (h) Eight frames of a moving contrast-modulation sinusoid
(second-order motion). (c) Pedestal plus motion stimulus, summation of the mod-
ulations of (a) and (b). The pedestal has twice the amplitude of the moving sine.
The dashed line indicates the peak, which wobbles back and forth 1/6 of a period.
(f) A pedestaled luminance-modulation motion stimulus, the sum of the modula-
tions of (d) and (e). (i) A pedestaled contrast-modulation motion stimulus, the sum
of the modulations of (g) and (h).
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Fig. 3. Depth (a) and motion-defined-
motion (b) gratings. In this represen-
tation of the appearance of a single
frame of the depth grating, depth
is sinusoidally modulated between
“near’” and “far.” The actual depth
grating was composed of randomly
black or white pixels; the depth re-
sulted from sinusoidally modulating
stereoscopic disparity (see Fig. 4). In
this representation of the motion-
defined-motion stimulus, the arrows
indicate the directions of dot motion
between successive frames. The pat-
tern of motion modulation (up vs.
down) moves either to the left or to the
right.

points would produce identical
outputs.

Stereo-Depth Grating

The dynamic stereo-depth grat-
ing is created from stereo views of
left- and right-half images com-
posed of random dots. It appears
in depth as a corrugated surface
whose distance from the observer
varies sinusoidally, as illustrated
in Figure 3a. The grating (and its
depth) exists only as a space-
varying correlation between the
dots in the left- and right-eye im-
ages. That is, the disparity be-
tween corresponding dots in the
left and right monocular images
defines the depth amplitude.
Thereby, each new pair of left and
right frames defines a corrugated
grating (e.g., Fig. 4). In successive
frame pairs, this grating moves
consistently in one direction. Each

monocular image alone is com-
pletely homogeneous without any
hint of a grating, and successive
monocular images are uncorre-
lated.

The pedestal added to the drift-
ing pattern that defines the test is
simply a second, static, corruga-
tion. Because a depth grating has
no consistent luminance or con-
trast modulation in space, it is in-
visible to both first-order and sec-
ond-order motion systems.

Motion-Defined Motion

A motion-defined-motion grat-
ing (Fig. 3b) consists of random
dots that move a small fixed dis-
tance between successive frames.
The proportion of upward versus
downward moving dots varies si-
nusoidally from left to right to de-
fine the modulation of the pedes-
tal. A test stimulus is produced by
drifting the up-down pattern hor-
izontally in a consistent direction
from frame to frame. In the pedes-
tal-plus-test stimulus, the two
modulations are added. Perceiv-
ing motion-defined motion re-
quires computing the direction of
motion of the dots and noting that
the sine wave pattern of up-down
dot motion drifts left or right with
time. The ability to perceive this
kind of motion-defined motion”
seems to suggest a hierarchical or-
ganization of motion detectors.
The movement of the motion mod-
ulation (i.e., the movement of the
up-down motion pattern) is invis-
ible to first- and second-order sys-

tems because there is no consistent
modulation of luminance or con-
trast.

Results

Subjects perceive completely
obvious apparent motion in all the
motion-stimulus-alone conditions
when the sine amplitude is suffi-
cient. As Figure 5 shows, the tem-
poral tuning functions (detectabil-
ity as a function of number of bars
that move past a point on the ret-
ina in 1 s) for all the motion types
show typical lowpass filter charac-
teristics (curves slope down to the
right, indicating that high frequen-
cies are attenuated and low fre-
quencies “pass” without attenua-
tion). The tuning functions can be
divided into two groups: lumi-
nance grating and texture-contrast
grating as one group (upper
curves); depth grating and motion-
defined motion as another group
(lower set of curves). Within each
group, the shapes of the temporal
tuning functions are remarkably
similar.

When subjects first view pedes-
taled luminance-modulation and
texture-contrast-modulation stim-
uli, the wobble is dominant. How-
ever, with careful eye fixation and
a little practice, they can learn to
ignore the wobble and to perceive
the linear motion. From this point
on, remarkably, the presence of a
pedestal with twice the amplitude
of the moving stimulus has no ef-

Fig. 4. Left (L) and right (R) stereograms illustrating the bottom third of one frame
of a depth grating. Fixate the black dots to fuse the images and see the stereoscopic

depth grating.

Copyright © 1996 American Psychological Society
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Fig. 5. Temporal tuning functions.
The ordinate is the experimentall

measured amplitude of the threshold
modulation for correct discrimination
of motion dlrectlon sensitivity =
(threshold) ~*. The abscissa is the tem-
poral frequency of a moving sinusoi-
dal modulation. The axes are log
scales. O indicates luminance-
modulation motion for either pedes-
taled or nonpedestaled stimuli
(thresholds are identical); A indicates
contrast-modulation motion for either
pedestaled or nonpedestaled stimuli;
+ indicates simple (nonpedestaled) si-
nusoidal motion of depth stimuli; x
indicates simple sinusoidal motion of
motion-defined-motion stimuli; dia-
mond indicates interocular sinusoidal
motion of luminance motion stimuli.
The curves have been vertically trans-
lated to expose their similarity in
shape. Redrawn from Lu and Sper-
ling, The functional architecture of hu-
man visual motion perception,’ with
permission from Elsevier Science Ltd.

fect on subjects’” performances in
the luminance- and contrast-
modulation conditions. But pedes-
tals reduce performance to chance-
guessing levels with the depth and
motion-defined-motion gratings.
For pedestaled depth and motion-
defined-motion stimuli, subjects
report that they perceive only
back-and-forth wobble motion,
and cannot judge the direction of
the (apparently invisible) linear
motion component.

These results indicate clearly
that there are two qualitatively dif-
ferent motion extraction systems.
One class of systems utilizes a mo-
tion-energy algorithm. Figure 5
shows it has a much higher cutoff

frequency (12 Hz) in its temporal
sensitivity characteristics. (The
cutoff is that frequency at which
sensitivity has declined by a factor
of 1/2.) Both luminance (first-
order) and texture-contrast (sec-
ond-order) stimuli use the motion-
energy algorithm. Interestingly,
the texture-contrast-motion sys-
tem has the same temporal fre-
quency characteristics as the lumi-
nance-motion system, despite
frequent speculation that the sec-
ond-order system is “slower”” than
the first-order system. The third-
order system, which is indeed
slower than the first- and second-
order systems, can extract motion
from depth and motion-defined-
motion stimuli that are invisible to
the first- and second-order systems.

. FUNCTIONAL
 RELATIONSHIPS
ML‘BEI‘;WEEN SYSTEMS

The pedestal experiments indi-
cated the existence of three sys-
tems. Four subsequent procedures
confirmed these systems and clar-
ified the relationships between
them.'

First- and Second-Order Motion
Are Computed in Separate and
Independent Channels

In one experiment, we super-
imposed (linearly added) a lumi-
nance and a texture-contrast stim-
ulus, each with its own pedestal.
The stimuli were of equal strength
in terms of the number of just-
noticeable differences above
threshold. What happened? When
the stimuli moved in opposite di-
rections, there was no apparent
motion: The two motion signals
canceled exactly. When they
moved in the same direction, how-
ever, there was enhanced appar-
ent motion; its strength was given
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by probability summation of the
response to the two component
stimuli. (When two mechanisms
attempt to detect the same motion
stimulus, probability summation
means that the response is correct
if either mechanism succeeds.)
There was no dependence of the
motion strength on the relative
phases of the two stimuli. If the
two kinds of stimuli were com-
bined prior to the motion compu-
tation, the sign (+ or —) of the
combination would depend on the
relative phase of the components.
For example, stimuli of the same
frequency and amplitude moving
in the same direction but with a
180° phase difference (i.e., oppo-
site sign) would perfectly cancel
each other. The documented ab-
sence of any such phase depen-
dence means that luminance- and
contrast-motion strengths are first
computed separately and inde-
pendently; only then are the two
motion strengths combined.

Motion-Energy Computations
Are Primarily Monocular

Pedestaled luminance and tex-
ture-contrast stimuli were created
with only four frames per cycle,
successive frames being separated
by 90°. In normal binocular or
monocular viewing, motion in
these stimuli was perceived as well
as in stimuli with eight (or more)
frames per cycle (e.g., Figs. 2e and
2h). However, when successive
frames were directed alternately
into left and right eyes,'" subjects
either could not perceive motion at
all or had greatly reduced sensitiv-
ity." Under such interocular pre-
sentation, the motion stimulus in
each eye of an observer is ambig-
uous, and perception of coherent
motion would be possible only if
the motion-energy computations
can combine information from
both left and right eyes. These re-
sults suggest that with pedestaled
luminance and texture-contrast
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stimuli, the direction of motion is
computed primarily monocularly,
but there may be a weak interocu-
lar component. We concluded that
the motion-energy computations
are primarily monocular.

Interocular Luminance Motion Is
Computed in the Third-Order
Motion System

Consider the display of a simple
(not pedestaled) moving lumi-
nance sinusoid with successive
frames separated by 90° (Fig. 2e).
We found that converting such a
stimulus from monocular to in-
terocular presentation (Fig. 6)
raises the contrast threshold (at
low frequencies) by a factor of 12
(from 0.17% to 2.0%) and de-
creases the cutoff frequency from
12 to 3 Hz. The resulting tuning
function is exactly like that of the

depth and motion-defined-motion
stimuli (Fig. 5). This result shows
that the motion of an interocular
luminance grating is perceived by
the third-order system. The third-
order system exhibits exactly the
same cutoff frequency when it de-
tects motion in interocular lumi-
nance stimuli as it does when it
detects motion in stereo-depth and
in motion-defined-motion stimuli.

The interocular procedure illus-
trated in Figure 6 with a luminance
sinusoid can equally well be ap-
plied to the motion-defined-
motion stimulus. Remarkably, the
threshold for interocular presenta-
tion of motion-defined motion
(without a pedestal) is almost the
same as for monocular presenta-
tion. This result indicates that the
motion-defined-motion computa-
tion is inherently binocular—it is
indifferent to the eye of origin of
any stimulus frame.

90°/§
270"

Fig. 6. Representation of an interocular stimulus presentation in which frames are
alternately directed to the left (L) and right (R) eyes. Each successive stimulus has
a spatial phase shift of 90°. Within an eye, the stimulus sequence, indicated on the
bottom, is ambiguous as to direction of motion.
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Classical Sinusoidal Stimuli

The conclusion from many ex-
periments is that the motion of
an apparently simple stimulus,
such as a drifting, sinusoidal lumi-
nance grating, is computed by all
three systems: First, the primarily
monocular first-order system is
extremely sensitive to luminance
sine waves. Second, the primar-
ily monocular second-order (tex-
ture-contrast) system detects the
contrast extrema (the peaks and
valleys) that occur at twice the fre-
quency of the original sine wave. It
is fast but not nearly as sensitive to
these sine waves as the first-order
system. Third, the binocular third-
order system, which is both less
sensitive and slower, detects sine
waves when they reach sufficient
amplitude. Thus, the drifting sine
wave grating, which is regarded as
a universal tool for visual psycho-
physics, turns out to be not a par-
ticularly useful analytic tool for
discriminating between motion
mechanisms.

Spatial Contrast Sensitivity
Functions of the Systems

Motion-energy detection of lu-
minance- and texture-contrast-
modulation motion is primarily
monocular. In interocular presen-
tations, for which information
from both eyes must be combined
to solve the motion problem, the
perceptual system relies on a
third-order mechanism. We ex-
ploited these facts to compare the
spatial contrast sensitivity func-
tions of the first-order and third-
order systems (the subject’s detec-
tion threshold as a function of the
number of bars per degree of vi-
sual angle, i.e., how densely the
bars are packed) for comparable
luminance sine wave stimuli. The
first-order (luminance motion-
energy) system was equally sensi-
tive to spatial frequencies in the
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range from 0.6 to 4.8 cycles per de-
gree of visual angle. The third-
order system was 10 times less
sensitive at 0.6 cycles per degree,
and its sensitivity declined
roughly in proportion to spatial
frequency in this range. At 4.8 cy-
cles per degree, the third-order
system was 30 times less sensitive
than first-order system. (The rela-
tive temporal frequency sensitivi-
ties of the systems were given in
Fig. 5; the lower curves represent
the third-order tuning function.)
The third-order motion system
achieves its ability to detect all
the different kinds of motion stim-
uli at the cost of greatly reduced
spatial and temporal sensitivity for
those stimuli that the first- and
second-order systems are espe-
cially adapted to detect.

Attention appears to play no
role in the perception of first- and
second-order motion.'* We used a
novel alternating-feature paradigm
to demonstrate that in third-order
motion, voluntary selective atten-
tion can determine not only the di-
rection of perceived visual motion,
but even whether motion is per-
ceived at all." Displays consisted of
five frames. The odd frames (1, 3,
5) were composed of one class of
features, and the even frames (2,
4) of a completely different class of
features. Two examples are shown
in Figure 7. In the first example
(top row), the odd frames are com-
posed of adjacent areas of white
dots and black dots. All the areas
of the odd frames have the same
average luminance and the same
magnitude of microcontrast. The
difference in luminance between
the tiny white dots in one bar and
the dark gray background against
which they are set is the same

magnitude of microcontrast as the
difference in luminance between
the tiny black dots in the alternate
area and the lighter gray back-
ground against which they are set.
The direction of contrast between
the dots and their background dif-
fers between areas, but the magni-
tude of microcontrast is the same.
Because it has been shown that the
second-order system detects only
the magnitude of contrast and is
not sensitive to the sign (+ or —)
of contrast, these alternating areas
do not provide a stimulus to that
system. This indifference of the
second-order system to the direc-
tion of contrast is the rectifying
nonlinearity mentioned earlier as
defining the difference between
the first- and second-order sys-
tems. Thus, the alternating areas
in Figures 7a, 7¢, and 7e cannot
stimulate either the first- or the
second-order system.

The even frames in the first ex-
ample in Figure 7 are composed of
adjacent areas of high and of low
contrast. These frames are invisi-
ble to the first-order system be-
cause they all have the same aver-
age overall luminance. They can
be seen by the second-order sys-
tem because the contrast differs
between areas. However, they al-
ternate from one small fraction of a
second to the next with frames
that do not stimulate the second-
order system.

In the second example in Figure
7, odd frames are composed of ad-
jacent areas of fine and of coarse
textures that also differ in orienta-
tion. Even frames consist of a ste-
reo-depth grating—adjacent areas
of near and far (Fig. 4).

The alternating-feature para-
digm is analogous to the interocu-
lar paradigm in that successive
frames are displaced 90°, and
within even frames or within odd
frames, there is no motion signal.
Unlike interocular displays, how-
ever, the alternating-feature dis-
plays have no motion between
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even and odd frames because both
the first-order (luminance) and the
second-order (contrast-modula-
tion) systems are blind to the
depth displays and to the black-
and-white spot displays.

The only way for subjects to
perceive consistent motion in al-
ternating-feature displays is to
connect the most salient stimulus
features across frames, indepen-
dently of what makes those fea-
tures salient, a fundamentally dif-
ferent motion algorithm than
either first-order or second-order
motion extraction. The principles
are as follows: The most significant
features are marked in a feature-
salience map (Fig. 7, row 3). Inso-
far as images are perceptually
segmented into areas of figure
and areas of ground, marked is
equivalent to figure, and un-
marked to ground. In contrast
frames (Figs. 7b and 7d), the areas
of high contrast are automatically
marked, and areas of low contrast
are not. Similarly, near areas in the
depth grating are automatically
marked, and far areas are not. The
odd frames are attentionally neu-
tral. Without attentional instruc-
tions, no consistent motion is
seen. However, when the subject
is instructed to attend to one or
the other texture, these areas be-
come marked in the salience map.
Motion between marked areas is
computed; direction depends on
which type of texture element
(fine or coarse stripes, black or
white dots) is attended and
marked (Fig. 7).

In formal experiments, sub-
jects maintain rigid eye fixation
while sequences of five successive
frames (Fig. 7) are presented at a
frequency of 7.5 frames/s. An en-
tire display is completed in 667 ms.
From trial to trial, the even and
odd features, the direction of mo-
tion, and other stimulus factors are
varied randomly. When subjects
view these displays prior to any at-
tentional instructions, reports of
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motion direction are random.
Once subjects have practiced at-
tending to a particular feature,
they perceive motion in the direc-
tion corresponding to the attended
feature in 75% to 95% of trials. To
switch attention to a previously
unattended feature takes an hour
or so of practice, but then direction
reversal occurs. The same effect of
attention occurs even when the
stimuli are speeded up so that the
duration of the entire display is
only 300 or 333 ms. With extremely
brief displays, the attentional ef-
fect is reduced to about 70%, but
still far above chance.

In these displays, the same
stimulus is perceived as nonmov-
ing or moving ambiguously prior
to attentional instructions, as mov-
ing in one direction when ob-
servers attend to one type of tex-
ture element, and as moving in the
opposite direction when they at-
tend to the other type of texture
element. These findings indicate
that not only inherent stimulus
properties (such as high contrast
or nearness) but also attention de-
termines what features are salient.
Observers are able to make consis-
tent movement-direction judg-
ments even in displays of five
frames that occur within 300 ms
(i.e., that are over in a flash). The
ability to make such quick judg-
ments indicates that direction
computation is not based on a con-
scious tracking of salient features'
but on an automatic motion com-
putation.

Different Tasks,
Same Mechanism

Consider a perceptual search
task in which a subject searches an
array for a target digit embedded
among letters. Suppose half the
characters are green and half are
red. Informing the subject that the
target is red increases search effi-
ciency. Now consider a subject
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Fig. 7. Alternating-feature stimulus sequences for attention-generated motion, and
their relation to feature-salience maps. The top row (a—e) shows an alternating-
feature display with frames of black and white dots and frames of low- and high-
contrast textures. A sequence of five consecutive frames is shown; each is displaced
vertically by 90° from the previous one. The second row (f-j) shows a depth/texture
alternating-feature display. The depth frames (g, i) are indicated schematically. The
third row shows frames f, g, and h with their associated salience maps (M); the
most salient features are marked with Xs. In depth displays, the near peaks are
automatically the most salient. No features in the texture displays are automatically
salient. When the subject intentionally attends to the coarse grating, its features are
marked in the salience map, and the direction of apparent motion is from upper left
to lower right, as indicated by the dashed line. There is no support for upward
motion (the other dashed line, from lower left to upper right); perceiving upward
motion in this display would require attention to the fine stripes. The fourth row
illustrates that third-order motion is computed directly from the salience map,
which also provides guidance to other perceptual processes such as visual search
and transfer to memory. Reprinted from Lu and Sperling, Attention-generated
apparent motion,' with permission from Nature.
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searching a rapid stream of many
arrays, in which all-red arrays al-
ternate with all-green arrays, each
one falling on top of the previous
one. In this case, when color
indicates a temporal, not a spatial,
location, there is no search ad-
vantage in knowing the target’s
color.'* This and related experi-
ments show that selective search
of red items is accomplished not
by early perceptual exclusion of
green items, but by an attentional
mechanism that directs pattern-
matching processes to the location
of red items. The critical aspect of
these results is that, even in search
for particular features, selective at-
tention is mediated via locations of
the attended features.

When subjects view a brief flash
of an array that contains more
characters than they can recall, a
cue can be used to direct them to
recall only a designated subset (a
partial-report cue). Partial-report
cues that designate to-be-reported
characters by type (e.g., numbers
vs. letters) or by feature (red vs.
green) are much less effective than
cues that designate locations (such
as a particular row of the array).
These results indicate that access
to visual short-term memory is
mediated via spatial location, not
by properties of the material to be
stored.'

All these phenomena are en-
compassed within a single theory
of spatial attention. Initially, prior
to a trial, the subject receives in-
structions to attend to specific fea-
tures. The subject uses the instruc-
tions to set parameters that
determine how information will be
processed during the trial. Thisis a
top-down process (high-level cog-
nitive processes control low-level
sensory processes). During the
trial itself, the subject processes
the to-be-attended features, a bot-
tom-up process (sensory processes
send information upward to per-
ceptual and cognitive processes).
At an intermediate level, the top-
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Fig. 8. Functional architecture of the visual motion system. The fast, primarily
monocular mechanisms are represented on the left; third-order motion is repre-
sented on the right. L and R indicate left- and right-eye signals, respectively. The
dotted line adjacent to 0.1 indicates that there is 10% crosstalk between the pri-
marily monocular channels (i.e., 10% of the left channel’s signal crosses over into
the right channel, and vice versa). A motion-energy detector (22)* acting on the
input (or spatially filtered input) serves luminance-modulation (first-order) motion
(1L and 1R). Second-order motion (2L, 2R) requires a texture grabber, TG (a spatial
filter followed by fullwave rectification, i.e., absolute value of each point’s differ-
ence from mean luminance) prior to a motion computation. X indicates (possibly
complex) summation; X represents multiplication—the differential weighting of
features determined by selective attention; the connection from motion-energy 2 to
feature weighting conveys the motion features needed to solve motion-defined-
motion stimuli by the third-order motion detector (3). Revised from Lu and Sper-
ling, The functional architecture of human visual motion perception,' with permis-
sion from Elsevier Science Ltd.

down and bottom-up interaction
produces a salience map, a dy-
namic map of the locations of the
most salient stimulus features. The
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salience map can be used directly
to compute feature-salience mo-
tion, or the salience map can be
used to guide bottom-up process-
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ing (as in attention-guided search),
or to control access to visual mem-

ory.

~ THE BIG PICTURE
The organization of the three
motion systems is summarized in
Figure 8. This schematic flowchart
describes only motion-direction
discrimination. Introspective ob-
servations indicate that when the
outputs of the fast motion-energy
detectors are viewed without the
contribution of the feature-sa-
lience system (i.e., in stimuli with
pedestals or at high temporal fre-
quencies), the motion is perceived
as "‘objectless”” motion. The contri-
bution of the feature-salience sys-
tem seems to be necessary to bind
the motion computed at a location
with an object that is perceived to
be in motion. The motion-energy
systems provide raw motion data
that require further perceptual
processing (Fig. 8) for the extrac-
tion of velocity, three-dimensional
structure from motion,'® and other
useful properties.

Much as the spectroscopic
methods of atomic physics en-
abled physicists to unravel the
structure of atoms, psychophysi-
cal methods enable vision scien-
tists to map the mental processes
involved in the computation of
motion direction. At present, the
perception of motion direction
seems to involve three systems
and five separate computations
(primarily left- and primarily right-
eye first-order motion, primarily
left- and primarily right-eye sec-
ond-order motion, binocular third-

order motion) with the interrela-
tions indicated in Figure 8. As in
the case of atoms, we expect that,
in the future, these processes will
be further subdivided and addi-
tional ones will be discovered.
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