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Abstract

Motion perception is a complex phenomenon. Recently, multiple categories of motion ‘
percéption have been ‘d‘eﬁned through properties of the stimulus: e.g., short-range and long-
range motion(Braddick, 1980), or first-order (luminance-defined), second-order (texture-
defined) (Chubb & Sperling, 1988; Chubb & Sperling, 1989; Cavanagh & Mather, 1989),
and third-order (pattern-tracking) (Lu & Sperling, 1995a; Lu & Sperling, 1995b) motion.
This thesis elucidates the mechanisms of motion perception for a class of ambiguous motion
stimuli. In particular, two competing motion systems were found to be involved in the
perception of nominal second-order motion stimuli. These systems were hypothesized to
explain the inter-observer differences in the perceived direction of motion, and to explain
the differences in performance under a dual task paradigm. The interference effects seen
in the dual task performances implied the invol‘vement of multiple forms of/distributed
attention. Choice of systems could be influenced by attentional instructions and training

in addition to stimulus conditions.

~ In viewing an ambiguous texture-defined motion stimulus first devised by Werkhoven
et al (1993), the observers fell into two distinct groups based on the direction of perceived
motion. The differences were interpreted in terms of the algorithms used to extract motion:

one group using a second-order motion process, the other, a third-order motion process.
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This was investigated fuither using a dual-task paradigm in which the interference between
two tasks indicated the néture of processing involved. Observers who used third-order
motion.proc_ossing experienced intcrferen(:é with a letter-recognition task, and a more severe
interference in dual third-order motion tasks. Observers who used second-order motion

processing experienced interference with another second-order motion detection task, but

not with the letter-recognition task.

These observations suggest that two systems, a second-order systern and a third-order
system, are involved in the perception of the nominal sccond-order motion stimuli. The
performance of observers can be interpreted in terms of a simple architecture of motion
processing and attentional resource. Insofar as task interference implies competition for
attentional resonrce, the complex and apparently paradoxical interference effects of second-
order motion perception suggest that there are multiple attentional resources, or in another
word, attention is distributed. Whether two tasks interfere or not depends on whether
they require the same attentional resource. A quantitative method, Structure-Attention-
Mapping (SAM) was formulated, and a model architecture for the motion pathways was

proposed using this method. It was found to be able to explain the data in the experiments.

Whﬂe different observers have different innate tendencies to use one pathway over the
other, the selection of pathway is not fixed but can be induced by attentional instruc-
tions, training, temporal frequency, and viewing conditions. High temporal frequencies and
monocular displavs favored the second-order system, low temporal frequencies and interoc-

ular displays favor the third-order system. In addition, stimuli composed of patches with
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orthbg;)n.al slant patteris (one slant could be selectively attended) favored t}.le third-order
direction; same-slant stimﬁli favored the second-order direction. A study of luminance-
defined motion sho‘.vvec.l that it can also be .perceived by a third-order motion system as well
as a first-order motion system. The competition between first- and third-order systems

qualitatively resembles that between second- and third-order motion systems.
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1.4 Experimental sétting for the psy(:hophysics experiments of motion perception

and letter recognition described in this chapter. Subjects were scated in front

_of a computer screen with their eyes at a fixed distance from the screen. A

series of frames were presented in sequence. At the end of one sequence.

observers had to report their perceptual judgements.
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When o’s contrast is high, motion perception is along heterogeneous path.. 16
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Chapter 1 Introduction

1.1 Visual Perception of Apparent Motion

Visual motion perception has long been a central theme of study in psychophysics. It has
been evident, from very early, that the complex phenomena of motion perception must
involve more than one kind of computations (Braddick, 1974; Braddick, 1980; Van Santen
& Sperling, 1984; Adelson & Bergen, 1985; Cavanagh, 1992; Wilson et al., 1992; Boulton
& Baker, 1993). Onc of the better known recent dichotomies is Braddick’s long range and
short range motion systems proposed in 1974. The defining characteristic of these two
motion processes is their spatio-temporal range, the distance and the duration. Braddick
(1980) proposed a set of criteria for the stimuli that activate short range and long range
processes. The short-range process is intensity-based and supposed to correspond to a low-
level mechanism, while the long-range process is token-based, and corresponds to a high-
level, coénitive mechanism. Theée categories provide certain insight into the fact that more
than one mechanism is necessary to explain our motion perception. However, subsequent
research (Mather et al., 1985; Cavanagh & Mather, 1989, and others) showed that short-
range and long-range were only consequence of the stimuli used in the two paradigms. They

were only incidental properties of those motion mechanisms behind them. The short-range,
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long—l"an;g‘é‘ distinctibn dbes not reveal the mechanisms themselves. Later in this thesis, it
will be shown that different mechanisms can be used to perceive motion from the same

stimuli..

1.1.1 First-Order Motion

The mechanism of the first-order (or Fourier) motion system was established in the mid
eighties. The first-order motion system detects the spatio-temporal variation of luminance.
What we now call first-order motion was for a time called Fourier motion because the class of
equivalent detectors that have been proposed for first-order motion detect the components
correéponding to motion energy in an Fourier analysis of stimulus luminance. Reichardt
proposed what is now called the Reichardt model as a theory for beetle vision(Reichardt,
1957). Tt was then adapted to human vision (Van Santen & Sperling, 1984; Van Santen &
Speﬂing, 1985) and a mathematically equivalent models, the motion energy model (Adelson
& Bergen, 1985), was proposed. Various other theories of first-order motion, such as a

~-gradient model, have been shown to be equivalent or nearly equivalent to the Reichardt

‘model, and this class is sometimes called Standard Motion Analysis. (Note: These models
are only;equivalen‘t in their 0vefall system functions; the heura,l implementation of first-

. order motion is not yet fully understood.) Fig.1.1 shows a sinewave grating and a half-

Reichardt model. The full model has a mirror symmetric éomponent that detects motion

in the opposite direction and the full model outputs the difference between the outputs of

the two halves.
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Van Santen & Sperling (1984} and Wilson (Wilson, 1994) gave the following example

for the response (R) of a Reichardt detector to a cosine grating moving at velocity v may

be shown to be:
R = M*(w) sin(wvAt) sin(wAz)

where w is the spatial frequency of the grating, and Az and Af arc the spatial offset and
time lag associated with the the Reichardt detector, respectively. M (w) is the response
of a receptive field or filter, such as that of a simple cell in primary visual cortex, to the

grating as a function of its spatial frequency.



Figure 1.1: first-order example and half-Reichardt detector. Reichardt model is one of
the standard model for first-order (luminance-defined) motion. It consists of two spatial
filters separated at a distance AT and a time delay (temporal filter), At, feeding into a
cross-correlator. A luminance bar moving at velocity % will produce a strong signal. The
motion energy model (Adelson & Bergen, 1983) is another model for first-order motion
which is mathematically equivalent to the full-Reichardt model (not illustrated here).



1.1..2'? 'J(:Se,c’ond#Order Motion

Once a theory of first-order motion had been cstablished and supported by a number of
strongly corroborative experimental results, it didn’t take psychophysicists long to invent
stimuli whose motion could not be detected by Standard Motion Analysis. Indeed, some

of these stimuli had bcen around since the 1970s.

The example in fig.1.2 is a moving sine wave modulator multiplied to a static black-
and-white noise carrier. Chubb and Sperling (1988; 1989) proved that this kind of stimulus
is drift balanced, that is, the expectation of the amplitude of any spatial and temporal
frequency component that represents leftward motion is equal to the expectation of the

amplitude of the same frequency that represents rightward motion.

Apparent motion in these drift balanced stimuli is just as vivid and powerful as motion in
ordinary moving stimuli. Observers do no know whether apparent motion is being produced
by first- or sccond-order computations. Nevertheless, Standard Motion Detectors cannot

compute the motion direction of drift balanced stimuli.

Chubb and Sperling (1988; 1989) proposed that motion of drift-balanced stimuli is
revealed be preprocessing of the visual stimuli by a ”texture grabber” which is then followed
- by Standard Motion Analysis. The texture grabber consists of a spatio-temporal filter
followed by a fullwave rectifier. Texture grabbers report the quantity of texture at cach
neighborhood of the visual field. Second-order motion is computed on the quantity of

texture (e.g. contrast, spatial frequency, flicker, and etc) in the same way that first-order
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motion ‘i;suéo'mputedu on the quantity of light.

- Using a very sensitive test, the phase test, Lu and Sperling (1995b) showed that first- and
E Sécond-brdef motion are analyzed in different systems, whose outputs are then combined

to produce apparent motion.

1 T=texture grabber
T H =gpatial filter+
temporal filter+
—_l_ rectifier
F F

Figure 1.2: Example of a second-order motion stimuli and a model of second-order motion
detector by Werkhoven et al (1993).
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Again, once explicit mechanisms for first- and second-order motion had been defined, psy-
chophysicists quickly invented stimuli that produced good apparent motion and which were

jnvisible to the first- and second-order mechanisms.

An example of suclr a stimulus is a motion-defined motion grating as shown in fig.1.3(a).
The stimulus consists of the random dots. The arrows indicate the direction of motion of
random dots. The probability waveform governs whether a dot at a particular horizontal
location moves up or down. When this probability waveform moves horizontally, one can
perceive the motion. However, this motion direction cannot be computed by either first- or
second-order motion detectors. Another example is the dynamic random-dot stereo-depth
grating as shown in fig.1.3(b). The depth amplitude is defined by the disparity of the
corresponding dots in the two eyes. The grating moves in one direction. The depth grating
does not have any consistent spatio-temporal variation in luminance or contrast so it can

neither be detected by first-order nor second-order motion detectors.

For revealing mechanisms, the most significant of these new displays is an alternating
feature display in which successive frames are composed of completely unrelated patterns,
- but have the property that each frame defines an area of figure, and the figure-area moves
iﬁ a consistent direction from frame to frame. A map that records the location of areas
of the visual field is called a salience map, following the terminology suggested by Koch

and Ullman (Koch & Ullman, 1985). Lu and Sperling (1995a) proposed that a third-order
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motio._n s&stem . Computei% motion of the areas defined as figure in a salience field. They
noted.that all the third—oi‘der motion stimuli had the same temporal tuning function, a
low pass filter Withl a corner frequency of .3-6 Hz. For comparison, the corner frequencies
of first- and second-order motion are 10-12 Hz. Furthermore, the third-order stimuli are
indifferent to the eye of origin; thresholds are the same whether all stimuli are presented
to the same cye or when they alternate between eyes. In countrast, first- and second-order
systems seemn to be almost exclusively monocular, they fail with interocular stimuli. There
are other differences: The first- and second-order motion systems exhibit pedestal immunity
(observers perccive unimpaired motion in stimuli superimposed on a stationary pedestal)
,
whereas the third-order system fails to detect linear motion and reports only the wobble

component. Brain lesions affect first- and second-order systems differently; the effects of

attention arc different.
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Figure 1.3: (a) Motion-defined motion (reproduced from Lu & Sperling (1995b)). (b)(Upper
row) Dynamic random-dot stereo-depth grating (reproduced from Lu & Sperling (1995b)).
(c)Alternating feature display. ‘



1.2 ?V‘S’u‘mmary of this thesis

In chapter 2,1 will describe how the observers fell into two distinct groups based on the
direction of éerceived motion in the context of an ambiguous motion task involving a nom-
inal second-order stimulus. The differences were interpreted in terms of the algorithms
used to extract m'otion‘: one group using a second-order motion process, the other, a third-
“order motion process. This will be further investigated, in chapter 3, by using a dual-task
paradigm in which the interference between the two tasks indicated the nature of process-
ing involved. Observers who used third-order motion processing experienced interference
with letter-recognition, and a more severe interference in dual third-order motion tasks.
Observers who used second-order motion processing experienced interference with another
second-order motion detection, but not with letter-recognition. To explain these results, a
quantitative approach, Structure-Attention Mapping, is introduced in chapter 4, to relate
psychological Attention Operating Characteristic (AOC) graphs to structures in the brain.
A model architecture for the attentional bottlenecks of motion processing was proposed to
explain all the observed behaviors. These experimental data and a model suggested two
pathways, a second- and a third-order motion pathways are involved involved in the motion
«percepti(;n of the texture-defined stirrulus. In chapter 5, motivated by these results and
" those of Lu & Sperling (1995b), factors affecting observers’ selection of motion pathways
for motion percepti()ﬁ were investigated. Attentional instructions, training, and stimulus
parameters, such as temporal frequency, grating slant, and monocular vs interocular view-

- ing conditions were all factors affecting observers’ selection of motion pathways. Chapter 6
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aeméﬁ;tféte_s that qualitatively similér behavior due to the involvement of thé third-order
motioh can also be foundyin luminance-defined motion stimuli. Chapter 7 summarizes
the factors for seleétioAn of pathways and‘discusses the results. The Appendix describes
the black-white calibration procedure and some results obtained before calibration were

presented, and discusses some issues in attention.



Setting for psychophysical motion perception
_experiments

Sequence of motion displays

Human Subiject looking at the computer
screen from a fixed distance

O
O Clockwise, counter-

clockwise?

Figure 1.4: Experimental setting for the psychophysics experiments of motion perception
and letter recognition described in this chapter. Subjects werc seated in front of a com-
puter screen with their eyes at a fixed distance from the screen. A series of frames were
presented in sequence. At the end of one sequence, observers had to report their perceptual
judgements.
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Chapter 2 Divergence in Motion Perception

2.1 Introduction.

Imagine the car of the future on the six-lane freeways of Los Angeles: As we drive, a head-
up-display of the road-map hovers in the near field of our vision. While we are paying
attention to figure out the next exit shown on the road-map, will our brains still be able

to do motion processing to avoid the car swerving into our lane in front of us?

Motion detection and shape recognition in primates are known to be processed in the
dorsal and ventral streams, respectively (Ramachandran & Gregory, 1978; Ungerleider &
Mishkin, 1982; Livingstone & Hubel, 1987; DeYoe & Van Essen, 1988; Zeki & Shipp, 1988;
Zeki, 1990). Yet, these two streams are not entirely scparate entities. Cross-talk is found
between these two streams (Blasdel ef al., 1985; Rockland, 1985; Shipp & Zeki, 1989a;

Shipp & Zeki, 1989b).

The study in this and the next two chapters began with the goal of investigating the
role of attention in second-order motion perception by comparing motion performance
in the presence of an attention-demanding recognition task with that in the absence of a

recognition task. One such second-order motion task involves an ambiguous texture-defined



14

motion stimulus (Fig.2.1 (a)), devised by Werkhoven, Sperling and Chubb (Werkhoven

et al., 1993).

The first experiment was to reproduce their earlier results. Surprisingly, observers fell
into two distinct grou'ps based on the direction of perceived motion: one group behaved
gimilarly as Werkhoven et al’s observers, the other group bchaved completely differently.
The differences werc iilterpreted in terms of the algorithms used to extract motion: one
group using a second-order motion process which operates according to Werkhoven et al’s
motion energy model; the other, a third-order motion process which tracks motion of a

certain pattern.

2.2 Motion Stimulus

The stimulus consisted of ambiguous second-order motion displays in which apparent mo-
tion is carried by the textural properties. In these stimuli, identical displays can be per-
ceived to rotate in ecither clockwise or counter-clockwise directions. A heterogeneous mo-
tion direction, defined by alternating sectors of texture s (standard) and texture v (vari-
able), c:ohmpetes with a homogeneous motion direction, defined solely by sectors of texture
S.(Werkhoven et al., 1993). Fig.2.1 shows a schematic representation of the motion stim-
uli. It was first devised by Werkhoven et al (1993). A series of eight frames (f1, fa, )
is shown in succession, each frame lasting 125 msec. Frame f,,5 is similar to frame f,,

but rotated clockwise by a 45° angle. Unfolding the annular stimulus, the horizontal axis
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represents the angular positions ¢, while the vertical axis represents time. Two different
texturés (spatial frequencies) s and v are present in the odd frames, while the even frames
only contain sectorslwith texture . Phase .is randomized in each frame, each sector. When
frame fn and frame f,,; are presented in succession, two opposing interpretations of the
motion direction are possible, as indicated by the arrows:

“

e Homogeneous motion pathway: matches between sectors of identical texture s. In

this case, motion will be perceived in the counter-clockwise direction.

e Heterogencous motion pathway ( counterclockwise): matches between sectors of tex-

ture s and texture v. In this case, motion will be perceived in the clockwise direction.

Spatial frequencies for texture s is 1.26c/deg, and for texture v is 0.83¢ /deg. Outer radius
is 3.00 deg. Inner radius is 1.50 deg. The motion path chosen is determined by the motion

strength (Werkhoven et al., 1993) as shown in fig.2.1 (b). Their result is shown in fig.2.1(c).
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(a) Ambiguous Second-Order Motion Display

Homogeneous Motion Heterogeneous Motion

adapied from Werihoven  era/ (1983)
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( ) (C) Vision Research, Vol. 33, Ne. 4, pp. 463, 1993

Figure 2.1: (a) Schematic explanation of ambiguous second-order motion displays, repro-
duced from Werkhoven et al. (1993). (Left) A series of eight frames (f1, fo,--+) is shown
in succession, each frame lasting 125 msec. Frame fps is similar to frame f,, but rotated
clockwise by a 45° angle.  (Right) Unfolding the annular stimulus, the horizontal axis
represents the angular positions @, while the vertical axis represents time. Two different
textures (spatial frequencies) s and v are present in the odd frames, while the even frames
only contain sectors with texture s. Phase is randomized in each frame, each sector. When
frame f,; and frame f,,, are presented in succession, two opposing interpretations of the
motion direction are possible, as indicated by the arrows. Spatial frequencies for texture sis
- 1.26¢/deg, and for texture vis 0.83c/deg. Outer radius is 3.00 deg. Inner radius is 1.50 deg.
(b) The energy model by above authors for the ambiguous second-order motion stimulus
shown in the upper row. Activity of each patch is directly proportional to the contrast and
inversely proportional to the spatial frequency. Subjects’ motion perception depends on
the strength of the motion path, which is the product of the activities of two patches from
consecutive frames. (c) The open dots are their results of on the experiment described in
the text. When patches v’s contrast is low, motion perception is along homogeneous path.
- When +’s contrast is high, motion perception is along heterogeneous path.
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2.3 Experiments and Results

Four sei;s of experirheﬁts were performed.‘ Experiment I involved a single task identical
to that in Werkhoven et al(1993). Experiments II-IV involved dual tasks. In Experiment
11, o‘bservers simultaneously performed a Rapid Serial Visual Presentation (RSVP) letter
identification task(Sperling et al., 1971; Sperling & Melchner, 1978) and the apparent
‘moti(Q)n task. In Experiment III, observers performed dual motion tasks. Experiment IV

was a control in which two letter-recognition tasks were performed.

The procedure of Experiment I is the same as in Werkhoven et ol (1993). Fig.2.1
schematically illustrates how competing(homogeneous vs heterogeneous) motion directions
are constructed. Fig.2.2 shows the actual stimuli and results. Observers had to fixate at
the central fixation point. From trial to trial, the direction of rotation and the contrast of
texture v were chosen randomly. Observers had to perform a forced-choice task, reporting
whether the direction of motion was clockwise or counterclockwise. The observers in the
cﬁrrent study fell into two categories. For six of ten observers, the percentage of trials
in which the heterogeneous direction of motion is perceived increases sigmoidally as the
contrast modulation m, of texture v increases (Fig.2.2, Group A). This is in accordance
- with the results of Werkhoven et al (1993). However, four of ten observers perceived mostly
‘ homogeneous motion for all values of m,, as shown in Fig.2.2 (Group B).‘They perceived
the direction of motion of the sectors with texture s without explicit instructions to do

s0. Observers were specifically asked to fixate at the center. When being asked afterwards
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ébou.tf_{hé‘inrvs_ubjecti{fe péfr'ception,‘ they reportéd having perceived four sectorsvwith texture
s Thié ruled out the possibility of tracking one particular sector. Instead, these observers
séem to. perceive m%)tié)n carried by the aftended pattern. The performances of most ob-
servers lie at one of the two extreme ends of the distribution of heterogeneous motion. This
Jed me to suspect that the perception of the ambiguous second-order motion stimuli may

also be processed through another pathway which computes motion of particular patterns.

Because of the bimodal grouping of observers, in Experiments II and III, observers were
split into two groups; each group was given different instructions. The observers in group
A, whose responses in experiment I were similar to that on fig.2.1(Lower right), were asked
to perceive global motion while fixating at the center. The observers in group B were
asked to perceive motion of sectors with texture s, i.e., to attend selectively to s, while
fixating at the center. Since group B observers attended to the higher spatial frequency
texture s, they were assumed to have activated the third-order (attention-generated) motion

mechanism(Lu & Sperling, 1995a; Lu & Sperling, 1995b).
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Expt. | Motion Detection
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Figure 2.2: (Top) Experiments on the perception of second-order motion, using the stimuli
described in Fig. 2.1 and illustrated in the top row (expt. I). Observers indicated the
perceived motion direction by pressing one of two buttons. For group A (left panel), the
heterogeneous motion direction dominates perception as the contrast modulation of the
texture type v, which are the low spatial frequency sectors, increases. Group B observers
show the opposite behavior (middle panel): they perceive only the homogeneous direction
of motion, independent of the contrast modulation of the texture type v. The dominance
of the heterogeneous direction (for high contrast stimuli) is displayed for all observers in a
bar chart (right panel). Observers: (A) AW, WB, YH, CS, WG, CE (B) DB, SC, ABW,
MS.
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Chapter 3 Divided Attention Experiments

31 Introduction.

The dual tasks paradigm has been used for studying divided attention for centuries. Sper-
ling and Melchner (1978) devised a useful tool, the Attention Operating Characteristic
(AOC) graph (see fig.3.1), in which performance of one task is plotted against the perfor-
mance of another, to measure whether two tasks interfere with each other or if they can
operate concurrently. When the dual task performance lies on the upper right corner, the
two tasks do not interfere. If it lies between the single task performances, the two tasks
interfere. Experiments using dual tasks paradigm to investigate the attentional role in

motion perception will be investigated in this chapter.

3.2 Expériments

The two motion detection instructions were intended to amplify the natural tendency of
the observers. In preliminary experiments in which no explicit instructions were given, the

results were qualitatively similar. On the other hand, when observers were asked to do
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~ what the opposite group'did, their performance, even on single tasks, often fell to chance,

making it impossible to investigate the dual tasks effect.

| F011 each combination of dual tasks, five attentional instructions were given: two single
task instructi(.)ns, and three dual task instructions, namely dual tasks with attention given
to task 1, dual tasks with att»ention given to task 2, dual tasks with attention equally split
betwéen tasks 1 and 9. Blocks of trials gathered under different instruction were treated as
‘separate data points on the AOC graph. The three dual-task instructions served to spread

out the data in the AOC graphs.

In Experiment 11, observers were required to concurrently perform a Rapid Serial Visual
Presentation (RSVP) letter identification task(Sperling et al., 1971; Sperling & Melchner,
1978) as well as the apparent motion task. RSVP letter task : A target letter (a vowel)
is presented before the annular motion stimulus is shown. Eight letters, subtending 0.5°
of visual angle, are flashed in sequence together with the motion stimulus. Each frame
lasts for 115msec-130msec, depending on each observer’s performance on letter-recognition
task with respect to frame time. The target letter appears between 0 and 3 times in this
sequence; consonants serve as distractors. The task of the observer is to count the number
of times (0-3) the target letter appeared in the sequence. Two precautions are used to avoid
_re‘petition blindness (Kanwisher et al., 1997): no target letters are allowed to appear in two
successive frames, and a time delay of 533 msec (very long) separates the appearance of
the cue that indicates the target letter and the appearance of the first of the eight letters

-in sequence. Fig.3.2 shows the performance of the observers. First consider Group A.
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~ The di_lal ‘tas’k results lie'on the upper-right corner of the AOC curves (Fig.3.2 Group A).
This iﬁdicates no interference between the two tasks. For group B, interference occurred

~ petween the RSVP letter-recognition and third-order motion detection. Fig.3.2 (group B)

shows the data and linear fit for the dual task performance.

Concurrent tasks of higher-order motion perception and rapid serial visual presentation
(RSVP) letter countin‘g (Expt II). Observers are divided into two groups on the motion
.task, groups A and B, as explained in the text. Second and third rows are, respectively, the
results of group A observers (instructions: perceive global motion) and group B observers
(instructions: perceive motion of sectors with texture s, treating the sectors with texture
v as distractors.). (left column) Graphs of heterogeneous dominance vs. contrast modu-
lation of lower spatial frequency sectors, m,, for one observer from group A, AW, and one
from group B, DB, are shown. Observers were alternately asked to report only the direction
of motion, or to do both tasks while paying full attention to the RSVP letter task. Trials
on which the observer gave an incorrect response on the RSVP task were excluded from
further analysis. For group A observers, the motion detection results in both conditions
were statistically indistinguishable. However, there is a clear difference between the two
curves for group B observers (P < 0.01). Observers from group B perceived the homo-
~ geneous direction of motion when paying attention to motion detection, but gave chance
responses or indicatéd heterogeneous directions of motion when paying attention to the
RSVP letter task. Observers : (A) AW, CS, CE, WB (B)DB, SC, MS, ABW. (right col-

umn) AOC graphs of RSVP performance vs. heterogeneous motion pathway dominance



at contfast my = 0.4 for’'two observers each from group A and B. Performance within the
white area is above chance bfor both tasks and those within the grey area are below chance
for one Or both tasks. ‘Some of the single.task performances of heterogeneous dominance
are shifted slightly to show the density of data when two or more overlap. Performance of

two observers from each group is shown: (A) AW, CE (B) DB, MS; the other two observers

in each group also have similar AOC graphs.
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Dual Tasks Paradigm
(Long been used in psychology...)

Attentlon Operatlng Characteristic (AOC)
(Sperling & Melchner, 1978)

g - + single task

O dual task
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(NO interference)

-l:- * dual task

Task 1 Performance

Figure 3.1: Attention Operating Characteristic (AOC) as a quantitative analysis for study-
ing divided attention in a dual task paradigm.
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Figure 3.2: Concurrent tasks of higher-order motion perception and rapid serial visual
presentation (RSVP) letter counting (Expt II).
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Experiment ITT was a’control experiment of dual letter-recognition tasks(Duncan, 1993).
Interference was found betwcen two letter-recognition tasks. The result confirms Duncan

(1993)\’5, finding that two letter recognition tasks interfere with each other.



Expt. Il RSVP vs L/T Task
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Figure 3.3: Concurrent tasks of rapid serial visual presentation (RSVP) letter counting and
L/T discrimination (Expt III). The RSVP letter counting task is the same as that in Expt
II. The L/T task is a 2AFC task in which at one of the six locations(random location),
during one of the eight frames (random time), an ‘L’ or a “I” is presented, and masked by
an ‘F’. Subjects has to report whether it is an ‘L’ or a “T".
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In 'E;xp‘eri_ment IV, two ambiguous motion stimuli are put together in the form of inner
and oﬁter annuli for dual rhotion perception tasks. Stimuli are shown in fig.3.4. A total
of four frames are ﬁreéerlted. Two distrac.tor annuli are placed in between the inner and
outer annuli to avoid the perception that the two annuli always scem to rotate in the same
directions. The inner and outer radii of the inner annulus are 0.8° and 1.6° respectively,
and 1{hat of the outer annulus are 4.0° and 5.0° respectively. Group A was asked to perceive
global motion while group B was asked to perceive motion of the sectors with texture s.
Results are shown in Fig.3.4. Interference occurs for both group A and group B observers,
but the patterns of interference are different. For group A, experimental dual task per-
formance is straight or slightly curved line segments above the diagonal line joining the
single task performance. For group B, the dual third-order motion task, the dual task per-
formance data scatter in a concave region under the diagonal line joining the single tasks

performance in the AQC graph, as shown in Fig.3.4 group B.
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Expt. IV
~Dual Motion
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Figure 3.4: (Top row) Stimuli used in Expt. IV dual-motion detection tasks. (Second
row)AQC graphs for group A observers. The abscissa and the ordinate represent hetero-
geneous direction of motion perception for inner and outer annuli, respectively. (Bottom
row)AOC graphs for group B observers. Axes represent perception of the homogeneous
motion direction of outer and inner annuli. Data for dual-task performance lie in a concave
area under the diagonal line. AOC graphs of two observers from each group is shown : (A)
AW, CE; (B) DB, MS. Two other observers for each group show similar behavior.
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Th.‘,er r(;s’ul'ts of the exﬁ'erimentéreveal fundarmevntal differences in the way the ambiguous
motiofl stimulus of Figs. é.l(Upper Row) and 2.2 was perceived by group A and group
B observers. - If we éss"ume that there is énly one pathway and interpret the data in Ex-
periment IT as that when observers attended to the central RSVP task, the activities of
highér spatial frequency sectors decreased, the dual motion task performance should had
sirﬁilgr patterns ih the. AOC graph for groups A and B such that both had straight lines
~or both had curves. This contradicts the results in Experiment III which show different
patterns in group A’s vs group B’s AOC graphs. A more possible reason is that textures to
RSVP the ambiguous motion stimulus is processed by two motion pathways in the brains,
a second-order motion pathway and a third-order(attention-generated) motion (Lu & Sper-
ling, 1995a; Lu & Sperling, 1995b) pathway. When observers attend to a particular pattern,
such as texture s, motion composed only of this pattern (the homogeneous direction) is
seen by the third-order system. The second-order pathway computes the motion to be in
eitﬂer the homogeneous or the heterogeneous direction, depending on the activities of the
sectors (Werkhoven et al., 1993). These two pathways are different in their architectures
(as being discussed in more detail in the Discussion Section), giving the different patterns

of AOC graphs in the experiments in this study.

In summary, two pathways were found for the ambiguous motion stimuli, a second-order
motion pathway and a third-order motion pathway. Interference occurred for dual letter-
" recognition tasks. A third-order motion task interfered with an RSVP letter task, and it

interfered with another third-order motion task in a more severe manner. A second-order
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* motion task interfered with another second-order motion task, but a second-order motion

©  task did not ihterfere with an RSVP letter task.

Tasks Interference Results
Letter vs Letter - Yes

2nd-order motion vs Letter No

2nd-order mofion Vs 2nd;order motion Yes

3rd-order motion vs Letter Yes

3rd-rder motion vs 3rd-order motion Yes Yes

3.3 Discussion

Insofar as task interference implies the need for attention, the complex interference effects
and the apparently paradoxical interference effects of second-order motion perception imply
that there are multiple forms of attention or in another word, attention is distributed.

Whether two tasks interfere or not depends on whether they require the same resource.

Insofar as spatio-temporal processing is assumed to be carried out in the dorsal stream,
and pattern recognition in the ventral stream, the interference patterns suggest that second-
~order motion may Be computed entirely in the dorsal stream, while third-order motion may
‘involve two computational processes, one of which shares computational resources with the

letter-recognition task in the ventral stream.

These results were reported in Ho & Koch (1996) and Ho (1996; 1998a; 1998b).
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Chapter 4 Bringing Everything Together:

Structure-Attention Mapping

In order to explain the complicated interference effects from the previous chapters, a
method, Structure-Attention Mapping (figd.1) was devised, based on the assumption that

attention is related to the fraction of limited resource for computation of the given task in

the brain.

4.1 Structure-Attention-Mapping (SAM)

Attention has been generally assumed to be related to the fraction of limited resources one
uses. Psychologists consider attention problems as classroom attendence problems(Sperling
& Dosher, 1986). Physiologist look at the neuronal firing rates or firing rate contrasts to see
the effect of attention, fMRI scientists look at correlates of blood flow. In the brain, there
are certain areas that provide the resources for the computations necessary to perform each
taék. Here, the computational resources will be termed processors. Using a model of limited
resources, I show that one can derive different AOC graphs from the assumed architecture

of the processors. This method, Structure-Attention Mapping (SAM), help to understand
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the different forms of interferences quantitatively from the physiological point of view. I
will use the result later to explain the experimental data. Depending on the architecture

of how different attention processes are constructed, several cases will be discussed in the

following sections.

Structure-Attention Mapping (SAM)

assumption that

Architecture

AOC graphs}
arap in the brain

attention is the
fraction of limited
resources utilized

Figure 4.1: Structure Attention Mapping. A method to relate AOC graphs to the archi-
tecture in the brain, based on the assumption that attention is related to the fraction of
limited resource in the brain used for processing a task.
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4.1.1 | TWO tasks sharing single attention-processor

Let us‘consider an attention-processor which is the computational resources at the bottle-
neck of two or more tasks. The attention-processor between two different pairs of tasks,
say tasks (X,Y) and tasks (X,Z), may be different. The fraction of resources used is a
continuous value from 0 to 1. The probability of the neurons of successfully computation
of the; task as a function of attention-processor utilization, z, without the consideration of

noise is very likely a threshold function of 0 and 1.

plx) = (4.1)

When a observer performs the alternative forced choice tasks, he makes guesses when
the computations fail, giving a nonzero performance at chance and therc may also be some
other errors that limit the maximum performance from 1 to a smaller value. Hence the
performance as a function of attention-processor utilization, x, without the consideration

of noise is very likely a threshold function :

a T < T

O(z) = | (4.2)

b x> xy

where a is the chance level and b is the maximum performance. When we obtain the
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p_fobabiiity over a large number of trials, the afteﬁtion of each single trials Wiil not be the
- same, but a distributed aroﬁnd a certain mean value, (z). For simplicity, [ write {z) as x.

. Then the performaﬁce will become a sigm.oid. Including the factor of noise, the sigmoid
will be further smoothed out. Making a piecewise linear approximation, and an assumption
that the significant part is the slope and the saturation, I found that this model fits all of
oufd;}ta. So 1 posfulate the performances as a function of attention-processor utilizations

for all the tasks of my experiments to be:

at(b—a)y z<uz

b .ZUZ.Z}

One can think of it intuitively as that when no attention is paid, performance is at chance,
and when attention or the utilization of attention-processor is increased, the performance
increases, until it comes to certain point that maximum performance is reached, then further

increase of attention or attention-processor utilization does not help anymore.

For given two concurrent tasks, X and Y, parametrically plotting P, and P, perfor-
mances of task Y and task X respectively, one can obtain the AOC graphs based on the
given architecture, as shown in fig.4.2. Some examples of the AOC graphs are shown in

fig.4.6 and fig.4.7.
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Two tasks, consisting of only one process, share
‘ a common resource.

B 1-

AOC graphs with different values of transitional
points

.Figure 4.2: One possible set of architecture: two tasks sharing one attentional bottleneck.
Simulated AOC graphs are shown below the resource architecture. For different values of
transitional points, x; and 3, for tasks X and Y, the AOC graphs are different. The larger
the transitional points are, i.e. the more attentional resource required for each task alone,
the stronger the interference is. The strongest interference pattern is a diagonal line joining
the single tasks performances For weaker interferences, the dual task data will lie on a line
“above the diagonal line.
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412 ‘TWO tasks sharing compound attention-processors

If there exist two such attention-processors working independently (that is, the processor-
utilizations afe uncorrelated in each trial), and the final result must combine the outcome
of both attention-processors, the performance will be a product of the two separate per-
formances. Let us call the two processors, processor 1 and processor 2, with processor
utiliz;xtion, a and 3, and processor 1 precedes processor 2 such that information is first
feed into processor 1 and its outcome is feed into processor 2 for further processing. If
processor 1 does not get the right result, processor 2 will not be able to compute at all. If
processor 1 get the right answer, the performance will depend on processor 2’s performance.
The probability of successful computations by both processors, p(c, () is the probability
of successful computation of the first processor, p;(c), multiplies that of second processor
given it has been successfully computed in the first processor, po(f3), where v and 3 are the

processor utilization of processor 1 and 2 respectively.

pi(a) ~a/zy (4.4)
p2(5) ~ ﬂ/ﬂ»’& (4-5)
p(a, B) ~ pi(a)p2(B) | (4.6)
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Hence the performance on the task as a function of utilizations, o and § can be postulated

as:
]
a+(b—a)% a < x4 and 8 < T4
a—l—(b—a);‘z‘; a <z and 8> T
P(a, 3) =< (4.7)
a+(b—a)% a> 1y and 8 < T
b a >z and G > x4

where a is the chance level of performance and b is the maximum performance, and I} and
P, are the probabilities of successful computations of processor 1 and 2 respectively. If one
of the two tasks is very easy such that either P, ~ 1 or P, ~ 1, or if o and {8 on cach trial

are strongly coupled, P behaves like a single processor.
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Two tasks, each consisting of two processes,
share the same resources.

= ¢ wefiipe- fff—————mn - o -

PROCESSOR 1

-l—l!—l?-il—*l— B—h

AOC graphs for double-channel tasks

Figure 4.3: Another possible architecture: two tasks compete for two consecutive atten-
tional bottlenecks.
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413 Tv_vo tasks utilizing completely separate attention-processors

If cells are functionally distinct with respect to the two given tasks, according to SAM, they
are completely separate processors. Since each task can use all the resource in respective

pI‘OCGSSOI‘,

- with notations as in single processor case above. The double tasks performance are on the

upper right corner. An example of AOC plot can be found in fig.4.6 Expt.IL

4.2 Two motion pathways for one motion stimulus

4.2.1 Two computation-pathways architecture:

The results of the experiments led me to propose the architecture for the second-order
motion stimuli and letter recognition tasks as shown in fig.4.5. Two separate computation
" pathways compute motion: PRP and MPP for third-order motion and SMC for second-
order motion. Inputs are sent to both pathways. Each pathway computes the given tasks

independently and the results compete according to their outputs and their weights. As-
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suming the decision ‘process is a summation of inputs from the two pathways, we have:

P, = qPs(e1) + (1 — 0)Qu(02) (4.10)

Py =qPy(1—on) + (1 — q)Qy(1 — a) (4.11)

where P and P, are t‘he final performances of tasks X and Y respectively, o; and ay are
the u’;ilizations for PRP and MPP, and SMC respectively (assuming equal average utiliza-
tion along same computation-pathway), P, and P, are performances for the computation-
pathway along PRP and MPP for tasks X and Y respectively, (), and @), are performances
for the computation-pathway along SMC for tasks X and Y respectively, the P’s and Q’s
correspond to the compound attention-processor equation 4.7, q is the normalized weight for
the output of computation-pathway along PRP and MPP. This weight is close to 0 group
A observers, and close to 1 for group B observers. It can be changed voluntarily when
one wants to pay attention to certain feature, forcing that particular feature to become
“salient” with respect to this particular competition. Hence, q is small when perceiving

- global motion, and q is close to 1 when perceiving the motion of certain features.
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1 4.2.2 " Fitting the’data

Experiment II : Second-order motion vs RSVP letter recognition

No interferenée for second-order motion vs RSVP letter recognition task, as shown in
fig.3.2(A). Interference occurs for pattern-tracking third-order motion vs RSVP letter recog-
nitior task, as shown in fig.3.2(B).

For part (A), the RSVP letter task vs second-order motion, the double tasks results lie
on the upper-right corner of the AOC curves. The result can only be that there are two
separate processors for the two tasks.

For part (B), fig.4.4 shows the least-square fit for the data of the double tasks performance
of Experiment RSVP vs pattern-tracking third-order motion. If we assume there is a single
processor for both RSVP and third-order, pattern-tracking motion, the result implies that
z; < 1, that is, the performance of a third-order, pattern-tracking motion task saturates
~ before full attention is used. With some linear algebra, we can obtain the ratio of y; to
z:, calculate the exact value of x;, and hence the ratio of the difficulties of the two tasks.
Together with the result from Experiment RSVP vs L/T that y, = 1, we can exactly cal-
culate the value of z;.

On the other hand, if we assume the two tasks are computed in partially overlapped, but
‘otherwise, distinct pathways, we will get the overlapping region, k =1+ 1 — ry;. Together
with the result that y; = 1, we get £ = 1, meaning the processor of third-order, pattern-

tracking motion is completely included in the attentional processor of RSVP letter task.
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With some linear algebra, we can also compute what the maximum value for 7, the ratio

" of attentional size of RSVP to that of third-order, pattern-tracking motion, is.

With single processor model

P,=d— P, =25,
S =a
a=qd+q
__b—a%
o= d—cx
db—a
G2 =a-+ (d )?_Jﬁ
—C X
[ d—c¢
T, ghb—a
b—a
Ty — ———=

q(d—c)

(4.17)
(4.18)

(4.19)

(4.20)
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With fnultiple processor model

_ b—ary
N = d-—CIEt
b—a
g, =a+ [ Tyt-I—l-!-T-—k‘]
z: d—c¢
forgp =a
k=1+r—-ry
k=1
from eqn(23)
r b—a
. Chd_
b—a
< —ql
r < qd_

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
(4.26)

(4.27)

This gives a maximum ratio for task Y to task X. The data and fittings of DB and SC are

shown in table 4.1.
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For observer (DB) in fig.4.4, |

q1 Q2 a b c d

-2.14 1227105 1.0}10.25 | 0.82

Single processor model (assuming y; = 1) gives :
Single processor model (assuming y; = 1) gives :

I — 9249
Ty

2 <1=7r<249

We got the ratio of size of attention processor of RSVP to that of third-order, pattern-
tracking motion has to be less than 2.4866.

For observer (SC) in fig.4.4,



46

G ¢ | a|b| c | d

-1.38 | 1. 1.0 | 0.25 | 0.75

[S13
bo
=
o

Single processor model (assuming ¥, = 1) gives :
z = 0.72 (4.32)
Single processor model (assuming y, = 1) gives :

T )
— =1.38 4.c
L (4.33)

2 <1=r<1.38 (4.31)

4.2.3 Model

Attentioﬁ has been generally aséumed to be related to the fraction of limited resources
‘one uses(Sperling & Dosher, 1986). In the brain, there are certain areas that provide
the bottlencck resources for the computations necessary to perform each task. Here, the
computational bottleneck resources will be termed processors, and the pathways of these

processors, pathways. Using a model of limited resources, one can derive quantitatively
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che differeht .shapes of AOC graphs from the assumed architecture of the processors (see

Appendix).

Under this model, all tasks require attention. It is only a matter of how much attention
the task requires. The level of interference can be simulated with the equations in Appendix.
The only time two tasks do not interfere is when their computational pathways are non-

- overlapping. Different pathways require different forms of attentions.

Two letter-recognition tasks required the same form of attention, and similarly for two
second-order motion detection task and two third-order motion detection tasks. Therefore
interference occurred in all these dual tasks combination. However, the second-order motion
detection task required a different form of attention from the RSVP letter-recognition
task. Hence no interference occurred in this combination. On the other hand, part of
the third-order motion computation required the same form of attention as the RSVP

letter-recognition task did, so interference occurred(Ho & Koch, n.d.).

The results of all the four experiments in this study can be captured by the simple
model architecture iﬁ Fig.4.5 with two computational pathways. The first computational
pathway performs third-order motion detection and consists of a pattern-recognition proces-
sor (PRP) that pefforms pattern recognition functions, followed by a motion-from-pattern
processor (MPP) that performs motion computations on aﬁtended patterns of the stimu-
lus. Second-order motion detection occurs along a separate computational pathway—the

second-order-motion processor (SMP). PRP is separated from SMP. MPP may or may not
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overlap with SMP which is outside the scope of this study.

The different perceptions of motion by group A and group B observers in Experiment I
can be interpreted as that, group A observers primarily used the second-order motion path-
way while group B observers primarily used the third-order motion pathway. In Experiment

I1, RSVP letter tasks and third-order motion detection both require resources from the PRP

which is separate from PRP, explaining the lack of interference between the RSVP letter-
recognition task and second-order motion detection for Group A in Experiment IL In fact,
for some group A observers, the RSVP letter tasks cven improved their second-order motion
perception since they may had used some third-order motion mechanism when they did
motion detection only. Note that in the AOC graphs of fig.3.2 (Group B), the motion direc-
tion judgement for the dual task falls to chance before the letter-recognition performance
reaches single task performance. The reason is that when observers were paying attention
to the RSVP letter task, their performance on the third-order motion detection was poor,
hence the motion perception was given by the second-order mechanism. In Experiment 111,
the concave nature of the AQC graphs for dual third-order motion tasks further supports
the hypothesis that the two processors PRP and MPP are separate, consecutive stages in

third-order motion detection.
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4.2.4 The Model in relation to physiological findings

In thek primate visual system, it is belicved that shape recognition is processed through
the ventlral, 6r “what” stream, which passcs through the inferior temporal area (IT), while
motion is processed through the dorsal, or “where” strcam, passing through the medial
temporal lobe (MT)(Maunsell & Van Essen, 1983a; Maunscll & Van Essen, 1983b; Albright,
1982; Albright, 1984) and medial superior temporal area (MST)(Graziano et al., 1994).
According to these neurophysiological findings, the RSVP letter task is probably processed
in the ventral stream, somewhere near human equivalent of I'T. Since third-order motion
shares the pattern-recognition processor (PRP) with the RSVP letter task, PRI is also
located in the ventral stream. The motion-from-pattern processor (MPP) of the third-order
motion pathway, being completely distinet from the PRP, is possibly in the dorsal stream,
though this is not directly inferred from the results in this study. Second-order motion is
proposed to be processed through V1-V2-MT (Wilson et al., 1992; Vaina & Cowey, 1996).
Our experiments show that it does not interfere with the RSVP letter-recognition task.
This supports that second-order motion processing, and hence the SMP of the model in
Fig.4.5, may be entirely in the dorsal stream. This is consistent with the models of Wilson

et al(Wilson et al., 1992) and the findings of Vaina and Cowey(Vaina & Cowey, 1996).

Recent findings (Dobbins et al., 1998) showed that distance, a known dorsal stream
function, was also found in ventral stream. Hence, while motion is generally known to be a

dorsal stream function, It is possible that some of the early processes of third-order motion



is computed in ventral strcam.



l parameters and results | DB | SC
a| 0. 0.5

b|1.0 |10
! c1025 |025
d1082 |0.75

g1 | -2.14 | -1.38
gy | 2.27 ] 1.52
Single Channel : z;(assuming y, =1 | 0.40 | 0.72

Multiple Channel : T (assuming y; = 1) | 0.92 | 1.38
<

Ty
T 2.49 | 1.38

Table 4.1: Parameters, fittings and results for single and multiple processor models for
RSVP vs third-order, pattern-tracking motion. Subjects: DB, SC.
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Figure 4.4: Least Square fits for third-order, pattern-tracking motion. The single perfor-
mances of motion task are plotted with offsets in order to distinguish points of same values.

Their actual values are all equal to 1. Subjects DB, SC
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Figure 4.5: A model architecture fitting all of the data. The model contains three ele-
ments : (1)pattern-recognition processor (PRP), (2)motion-from pattern processor(MPP)
(3)second-order motion processor(SMP). PRP and MPP form the third-order motion
computation-pathway, SMP is the second-order motion computation-pathway. Sensory in-
formation is sent to both computation-pathways and processed independently. The output
of each pathway is multiplied by normalized weight, q and (1-q), which bias the direction
of perceived motion. The weights q and (1-q) are different for different observers, and are

PRP
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assumed to be a function of selective attention.
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Figure 4.6: The model explaining data of Expts I and IL
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Figure 4.7: The model explaining data of Expts III and IV.



Chapter 5 Selecting Second- and

Third-order Motion Systems

5.1 Introduction:

The three pathways for perceiving the first-, second- and third-order motion probably exist
.in every normal person. However, not everyone activates their pathways to the same extent.
This may be due to genetic background or experience. Individual differences in the activa-
tion of our various functional pathways are often found in ordinary life. Some peopie are
talented singers, actors or athletes, some are not. Training and practising can compensate
for a lack cf talent. Though everybody’s ability to access these pathways may be different,
everybody possesses these pathways. However, correct instructions must be provided in
order to achieve the ideal results. In classical singing, systematic procedures for training
vocal techniques are emphasized. Similarly, in theater acting, techniques like Stanislavsky’s
“The Method”, are used for training actors in vocal, relaxation, movements, and affective
memory. Athletes and dancers go through similarly or even more rigorous trainings. In
the following chapters, factors concerning the selection of the three functional pathways for

motion perception will be investigated, and procedures for activating observers’ pathways
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and for inducing observers to select one over the others will be developed.

'5.1.1 Change of terminology: Pathway — System

The term ”pathway” which means the collection of attentional bottlenecks for perceptual
proce§sing is more meaningful for dual task experiments, where there is competition with
another task. In the following experiments, only motion perception is considered. The
bottleneck will be the decision process for the three motion mechanisms. Hence, the term
"pathway” loses its meaning, and can be confusing. Therefore, "system” will be used to

replace "pathway” from now on.

5.1.2 Backgrounds and Objectives

In the previous chapters, it was found that some observers perceived ambiguous texture-
defined stimuli as moving in one direction, corresponding to motion computation by a
second-order motion system, whercas other observers perceived the same stimuli as moving
in the opposite direction, corresponding to a third-order motion system. In this chapter,
the selecfion of higher-order mofion systems will be examined more carefully by manip-
ulating observers’ perceptions of an ambiguous texture-defined motion stimulus. Lu and
Sperling (1995b) showed that (1) first-, second- and third-order motions have corner fre-
quencies at 12Hz, 12Hz and 3Hz respectively, and (2) third-order motion is intrinsically

binocular whereas first- and second-order motion are primarily monocular. The goal here
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is to show that depeyndin'f:z,r on stimulus parame‘ters, training, and attentional instructions,
_ every observer can be indu‘(‘:ed to perceive a texture-defined stimulus in either a second-
or a third-order rn()t.ion direction. These manipulations bias the competition between the
second-order and the third-order motion perception mechanisms. In chapter 6, competition
of the third-order motion system with a first-order motion system in a luminance-defined

stimulus will be investigated.

Werkhoven, Sperling, and Chubb (1993) showed that second-order motion followed a
motion-energy model as illustrated in Fig. 2.1 (b) and is basically not affected by grating
slant. Later, Werkhoven, Sperling and Chubb (1994) found a small effect of grating slant
that disappeared at high temporal frequencies, an apparent violation of their energy model.
The results in this chapter will show that this slant effect is actually due to the third-order
motion perception, not to second-order motion perception. Hence the new result supports
Werkhoven et al’s (1993) carlier energy model for second-order motion that grating slant

is irrelevant.

5.2 Stimuli for Testing Second- vs Third-Order Mo-

tion Perception

For most texture-defined motion stimuli, the directions perceived by the second-order and

the third-order systems are the same. The stimulus here has the property that directions
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perceived by the second-order and third-order systems are in the opposite directions. The
stimulus is an ambiguous mbtion display which appears to move in either of two directions
(see Fig. 51) I coﬁsiéts of a sequence of éight or more frames (total display duration no
shorter than 0.25 sccond) with alternating grating patches, s (standard), and v (variable).
The s and v patches have the same spatial frequencies. A final frame, similar to the first
frame, and with the same duration, was also displayed at the end. In the orthogonal-
slant conditions, they arc orthogonal to cach other, blocks of target slant (same as slant
in patches of s) at 45° interleft with blocks or target slant at —45°. Patches of type s
appears in all frames while patches of type v only appcears in alternate frames. Two motion
directions, here defined as the second-order direction and the third-order direction can be
perceived from each stimulus. The contrasts of s and v are adjusted (m, < m,) such that
according to the motion encrgy model of Werkhoven et ol (1993), as shown in Fig. 2.1(b),
second-order direction is along v — s — v — s, as shown in Fig. 5.1. If observers attend to
target slant, which has the same direction as s, in successive frames, the other direction, —
s — s — s, This direction, computed by a pattern(feature)-tracking, third-order system, is

called the third-order direction.

Spatial phases of the sinusoids within each patch are randomized in each frame to
eliminate any first-order component. The starting frame is randomized between s, v, s,
vV, ... V,8,v.s..., and s, blank, s, blank,... and blank,s,blank,s,.... The direction of the
second-order motion is randomized between left and right. These randomizations produced

thousands of stimuli of the same type. This makes it impossible for the observers to learn



anything‘a‘bo‘ut speciﬁc stimuli. Blocks of trial-s, typically 80, with target slant of 45° and

* _45° are alternated. Subjects have to report the direction motion perception with three
- confidence levels for each direction (6AFC). Fig. 5.1 shows four samples out of a longer

sequence of motion frames used in Condition I.

A technical co_mplication»was revealed by some recent studies (Smith & Ledgeway,
1997; Nam & Chubb, 1‘998; Lu & Sperling, 1999) that there is an asymmetric distortion in
human perception of black and white, such that sensitivity to negative contrast (“black”) is
greater than sensitivity to positive contrast (“white”). According to Lu & Sperling (1999);
distortion is proportiénal to contrast. Hence a first-order component is often present in a
texture-defined stimulus. Lu & Sperling (1999) devised a black-white calibration method
to eliminate the ﬁrst—drder component due to perceptual distortion. The texture-defined
stimuli used in this study all went through such black-white calibration (see Appendix);

the contrast of all patches was kept below 0.4.
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2nd-order vs 3rd-order motion display
~ Orthogonal slant conditions (1, If)

Attend to patches with slant: %\

awi |

3rd - 2nd

Figure 5.1: Second- vs third-order motion stimulus with orthogonal-slant patches. Four
frames of a longer motion sequence of texture-defined motion display are shown, each
consists of a strip with eight alternating patches, s (standard) and v (variable). Patches
‘s contain grating slants at one of 45° in this example. Patches v contains grating slants
at —45° here. The grating slants are consistent throughout a motion sequence. s patches
appear in every frame while v patches appear either only in odd-numbered or only in even-
numbered frames. The contrast of s, and v, are 0.2 and 0.4 respectively. Two motion
directions, the second-order and the third-order, can be perceived in each motion sequence.



‘5.3 Initial Tendencies

~Subjects were asked to judge motion directions. Before being given specific attentional
instructions, three out of seven observers perceived motion in the third-order direction.
and four perceived motion in the second-order motion direction (Fig. 5.2. In the following

sections, various manipulations were tested for their effectiveness in altering observers’

perceived direction of motion.

ond-order o 3rd-order

¥ T ¥

00 05 | 1.0
Fraction of 3rd-order motion perception

Figure 5.2: Direction of perceived motion at temporal frequency of 2Hz, before attentional
instructions on whether to attend to a particular slant direction. Subjects JG, MC, RC,

TC, AL, CH and TL.



5.4 | Changing the Direction of Apparent Motion from

Second- to Third-Order : Attentional Instructions

In the experiﬁlents reported in chapter 3 (Ho, 1998b), report of the third-order direction
was enhanced when observers who perceived the third-order direction initially were told
to attend to patches of‘s; and report of the second-order direction was enhanced when ob-
servers who perceived the second-order direction initially were told to attend to the global
motion of the annulus. It had been shown previously that observers’ consistency in report-
ing motion in either the second- or the third-order direction was enhanced by attentional
instructions. It had also been hypothesized in the model of Fig. 4.5 (Ho, 1998b) that the
weight of each system could be changed by top-down attention. Therefore, the first factor
investigated here was attentional instructions. How effective is an attentional instruction
to attend to a particular direction of slant in switching observers’ motion perception from

the second-order direction to third-order direction?
The four observers who perceived motion in the second-order direction were told to:

“Fixate at the fixation point. Attend to the patches with target grating slant 45° or —45°
_ (demonstrate example), and try to perceive the motion of the attended patches. Report
‘whatever the strongest motion direction perceived, regardless whether it is by tracking

target patches or not.”

Two observers were able to perceive the third-order direction. As shown in Fig. 5.3,
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these two observers’ perception of motion direction at low femporal frequencies switched
complefely from the second-order direction to the third-order direction. At higher temporal

frequencies, all observers’ perception of motion direction was close to chance.

Initial Tendency With Attentional

Instruction (JG)
3rd-order
% reporton .| ' ] '_
3rd-order - . i Chance
Motion \{/ A
direction ; I
., ’ L 'ond -order

Temporal Frequency (Hz)

Figure 5.3: Perceived direction of motion before and after instruction to attend to
a particular slant direction. Before the attentional instruction, this observer’s inifial
tendency was fo perceive the second-order direction for all frequencies until if was too
high that the performance fell to chance. After the atfentional instructions, this observer
perceived the third-order direction af low temporal frequencies. Subject: JG. One other
observer behaved similarly.
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these two observers’ perception of motion direction at low {emporal frequencies switched
~ completely from the second-order direction o the third-order direction. At higher femporal

frequencies, all observers’ perception of motion direction was close to chance.

Initial Tendency With Attentional
Instruction (JG)

3rd-order

T T T r r r T T T r u T r - T r T
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% reporton | J ]
3rd-order 1 Chance
Motion \{/ 1
direction "I 1 I
2nd -order

Temporal Frequency (Hz)

Figure 5.3: Perceived direction of motion before and after instruction to attend to
a particular slant direction. Before the attentional instruction, this observer’s initial
tendency was to perceive the second-order direction for all frequencies unfil it was too
high that the performance fell to chance. After the atfentional instructions, this observer
perceived the third-order direction at low temporal frequencies. Subject: JG. One other
observer behaved similarly.



5.5 Training |

After thg instruction to attend to a particﬁlar direction of slant, two of the four observers
whose initial tendency was to perceive second-order direction, perceived motion in the
third-order direction. The other two did not. A method of fading was used to train the
remaining two observers to attend to slant. First the observers were presented with a slow
motion stimulus, less than 1 Hz, to help the observers to recognize the target grating slant.
This produced an increased tendency to perceive motion in the third-order direction, but it
was not completely successful. Subsequently, the observers was presented with a stimulus
with patches s (the to-be-attended slant) colored red, as shown in Fig. 5.6. The helping
color was subsequently faded so that the training stimuli turned back to the original stimuli.
Data of one observer are shown in Fig. 5.5. Before training was given, when this subject
was presented with motion stimuli as shown in Fig. 5.1, the second-order direction was
mainly perceived. After going through the training procedure for about ten minutes, when
this subject was presented with the stimuli as shown in Fig. 5.1 again, the third-order

motion direction was mainly perceived. The other observer behaved similarly.
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Training to attend to slant

Attend to patches with slant: %\

owi |

Figure 5.4: Training-stimulus for perceiving slant. Training with color and with
the fading method was used for two observers who still could not consistently perceive
third-order motion after being given attentional instruction to attend to a particular slant
direction, and practising with motion frames at a very low temporal frequency.
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Figure 5.4: Training-stimulus for perceiving slant. Training with color and with
the fading method was used for two observers who still could not consistently perceive
third-order motion after being given attentional instruction to attend to a particular slant
direction, and practising with motion frames at a very low temporal frequency.
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Figure 5.5: Effect of training. Perceived direction of motion before and after training
with fading. Figure shows observers’ motion perception of orthogonal-slant stimuli under
monocular and interocular viewing conditions, before and after training. Subject: RC. The
other observer behaved similarly.
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Figure 5.5: Effect of training. Perceived direction of motion before and after training
with fading. Figure shows observers’ motion perception of orthogonal-slant stimuli under
monocular and interocular viewing conditions, before and after training. Subject: RC. The
other observer behaved similarly.
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5.6 Stimulus Parameters

| After every observer was able to perceive the third-order direction in the orthogonal-slant
conditions, and second-order direction in the same-slant conditions, other stimulus param-
eters were manipulated. Lu & Sperling (1995b) showed that first-, second- and third-order
motion had corner frequencies, 12 Hz, 12 Hz and 3 Hz, respectively. They also showed that
third-order motion was intrinsically binocular whereas first- and second-order motions were
primarily monocular. Therefore, we predict that for temporal frequencies lower than about
3 Hz, both the second-order and third-order directions can be perceived, while for temporal
frequencies higher than 3 Hz, only second-order direction can be perceived. We also predict
that with monocular viewing, both the second-order and the third-order directions can be
perceived, whereas under interocular condition, only the third-order direction can be per-

ceived. Tt is reasonable to assume slant is irrelevant to the second-order motion system,

" whereas slant is a cue for figure (as opposed to ground) under the third-order computation.

Hence, the third-order direction can be perceived in the orthogonal-slant stimuli but not in
the same-slant stimuli, whereas the second-order direction can be perceived equally well for
both the orthogonal-slant and the same-slant stimuli. Therefore, we studied a full range of
temporal; frequencies, with both monocular and interocular‘viewing conditions, and with

Dboth the orthogonal-slant and same-slant stimuli.
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5.6.1 Procedures .
Viewing Conditions .

Two kinds of stimuli were used: orthogonal-slant (adjacent s and v patches have orthogonal
slant, Fig. 5.1, and same-slant (adjacent s and v patches have same slant, Fig. 5.6). There
were two viewing conditions. In monocular viewing, one of the two eyes, selected randomly
on each trial, received the stimulus. Consecutive frames were shifted by 90°. In interocular
viewing, motion displays were presented alternately to the two eyes. On a random half of
the trials, the left eye received the first frame, otherwise, the right eye. Consecutive frames
in each eye, individually, were shifted by 180°. This is counterphase flicker. Perceiving

consistent apparent motion requires observers to combine information from the two eyes.

Experiments with four conditions were conducted: Two types of stimuli (same, or-
thogonal slant) times two viewing conditions (monocular, interocular)(Fig. 5.8). Blocks
of same slant stimuli were conducted separately from blocks of orthogonal slant stimuli.
Within a block, monocular and interocular conditions werc randomly interleaved, with

equal numbers of monocular and interocular trials.
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k2

2nd-order vs 3rd-order motion display

Same slant conditions (lll, 1V)
(No attentional instructions)

awi]

3rd | 2nd

(if attend to contrast level)

Figure 5.6: Motion stimulus for the same-slant conditions (conditions IIT and IV). Four
frames of a longer motion sequence of texture-defined motion stimulus are shown, each
consists of a strip with eight alternating patches, s (standard) and v(variable). Patches s
and v contain grating slants at the same direction, either 45° or —45°. The slant directions
are consistent throughout a motion sequence. s appears in every frame while v appears
only in either odd or even numbered frames. Two motion directions, the second-order and
the third-order can be perceived in each stimulus. The contrast of s, and v, are 0.2 and 0.4
respectively. Normally, the second-order direction is perceived. However, if observers were
able to attend to a specific contrast level, the third-order direction might be perceived.
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5.7 Changing the Direction of Apparent Motion from

Third- to Second- Order: Attentional Instructions

In same-slant sﬁmuli, two observers said they attended to and tracked low contrast patches.
They perceived motion in the third-order direction. The left panels of Fig. 5.7 show data
from one such observer. This Viewing mode was changed by telling the observers to attend
not to contrast but to slant, to give equal attention to all patches with the same slant,
and to report global motion. The right panels of Fig. 5.7 show the results after these
additional attentional instructions. The data of Fig. 5.7 show that instructions to attend
to slant in same-slant stimuli changed the perceived direction of motion from the third-
to second-order direction. It is interesting to note that for orthogonal slant stimuli, the
instruction to attend to slant had the opposite effect, changing the perceived direction of

motion from the second- to the third-order direction.
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Figure 5.7: Perceived direction of motion before and after instructions to attend not to

constrast but to slant. Subject RC.



72

Without addtional With additional
Attentional Attentional

Instructions | Instructions
‘ (RC)
, «Same-slant,. Monocular 1 Same-slant, Monocular _ g,4-order

0.8} 081

. ) /\ . /_—\ — Chance
% of | 2\/\/ | I

02 0z
3rd-order
Motion % 5 10 %2 s o % 5 e » 2nd -order

Perception

Same-slant, Interocular ,__Same-siant, Interocular

3rd-order
0.8} 1 08 d |
0.6} 0.6} AA E
AN Chance
0.4y ~ ’ 1 o4} \\\,
02} 02 1
% 5 10 15 20 25 3 5 w15 20 = =0 2nd-order

Temporal Frequency (Hz)

Figure 5.7: Perceived direction of motion before and after instructions to attend not to
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Figure 5.8: Tllustration of monocular and interocular viewing conditions. In the monocular
viewing condition, either one of the two eyes receives the entire stimulus. In interocular
viewing, frames are presented alternatively to the two eyes. Consecutive frames in each
eye are shifted 180°. One eye alone receives no motion direction information, information
must be combined from both eyes to yield a consistent motion direction.
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5.7.1 Predictions’ |

Orthogonal-slant grating patches, monocular viewing:

When observers attend to a particular grating slant, according to Lu & Sperling
(1995a), they can percejve the third-order direction for temporal frequencies
below 3 Hz. Bet‘vveen 3-12 Hz, observers can to perceive only second-order
direction. Above 12 Hz, observers cannot perceive consistent motion. These

predictions are shown in Fig. 5.9 (I).
Orthogonal-slant grating patches, interocular viewing:

According to Lu & Sperling (1995a), interocular viewing has no affect on the
third-order computation, whereas it eliminates second-order motion perception.
This gives us a way to eliminate the second-order direction from an ambiguous
display with competing second- and third-order motion directions. The predic-
tion is: observers perceive the third-order direction at low temporal frequencies

(< 3H?z), and no consistent motion above 3 Hz.
‘Same-slant grating patches, monocular viewing:

The grating slant of patches s and v are the same. Therefore, by definition,

observers pay equal attention to both grating slants. The prediction is: the



70

. - . . 3 . ’ . . . .
third-order direction cannot be perceived, while the second-order direction is

perceived for frequencies below 12 Hz.
Same-slant grating patches, interocular viewing:

The prediction is that performance will be at chance. Perception of the third-

order direction is eliminated by the same-slant configuration; second-order mo-

tion perception is eliminated by interocular viewing.
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Figure 5.9: Predictions of perceived direction in four stimulus conditions. Predictions are
based on three previous results: (i) Ho’s (1998b) finding that two computations, a second-
and a third-order motion computation are involved in the perception of texture-defined
motion stimuli; (ii) the measurements by Lu & Sperling (1995b) of the temporal tuning
functions of the second- and third-order motion systems; and (iii) the differential resistance
of the second- and third-order systems to interocular viewing.
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Figure 5.9: Predictions of perceived direction in four stimulus conditions. Predictions are
based on three previous results: (1) Ho’s (1998b) finding that two computations, a second-
and a third-order motion computation are involved in the perception of texture-defined
motion stimuli; (ii) the measurements by Lu & Sperling {1995b) of the temporal tuning
functions of the second- and third-order motion systems; and (iii) the differential resistance
of the second- and third-order systems to interocular viewing.
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5.7.2 Results

Fig. 5.10 shows the combined data from five observers. Fig. 5.11 shows combined medium-
and high—conﬁdence reports of the second-order direction and the third-order direction, and
the total low-confidence report (random guessing). When performance is close to chance
in Fig. 5.10, data in Fig. 5.11 distinguishes between the casc when observers guessed
rand&mly and the case when observers perceived similar amount of clear motion in each

direction.

Condition T (orthogonal-slant, monocular viewing). At frequencies below 3Hz, the per-
ceived direction was mainly third-order. As frequency increased above 3Hz, the perception
started switching to the second-order motion direction. At higher frequencies (5-15Hz), the
perceived direction was mainly second-order. At temporal frequencies of 15-30Hz, perfor-
mance fell to chance. From Fig. 5.10, at 3.75, 10, and 15Hz, the performance was quite
close to chance (about 25% in the second-order direction). However, from Fig. 5.11, at
3.75Hz, there was about 50% of report of the second-order direction, and about 35% of
report of the third-order direction. The fraction of random guessing was very low {about
15%). Thgrefore, at 3.75Hz, there were clear motion perceptions, sometimes in the second-
order direction, sometimes in the third-order direction. At 10 and 15Hz, the fraction of
reports of the second-order direction were about 15% and 10%, and the report of the third-
order direction was about 256% and 15%. The fraction of random guessings were about 38%

and 50%. Therefore, there was less clear perception of motion at 10Hz and 15Hz than at
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~ 3.75Hz, thOugh the overall report of the third-order direction were about the same.

Condition II (orthogonal-slant, interocular viewing). From Fig. 5.10, relative to monoc-
ular viéWing (Condition I), third-order perception was unaffected while reports of second-
order motion c’lirection’decreased. Fig. 5.11 shows that the medium /high-confidence report
of the third-order direction was not affected by changing viewing condition from monocu-
lar to interocular. The medium /high confidence report of the second-order direction was
slightly decreased. At 15Hz, though, the total report of the third-order direction was about
chance as shown in Fig. 5.10, about 30% of the total reports were medium-high confidence
reports of second-order direction, and about 20% of the total reports were medium/high-
confidence reports of the third-order direction, as shown in Fig. 5.11. Hence the apparent
chance level at 15Hz in Fig. 5.10 was because observers perceived clear motion in one
direction sometimes, and clear motion in another direction in the other times. The total
arﬁount of random guesses (Low confidence) slightly increased for temporal frequencies 7.5

Hz-10 Hz, but were otherwise similar to Condition I.

Condition III (same-slant, monocular viewing). Fig. 5.10 shows that relative to the
orthogonal slant condition, reports of third-order direction greatly decreased. At frequen-
cies belox;v 3 Hz, observers percefved only the second-order direction. Where, in Condition
1, ‘the second-order direction was perceived, it was also perceived in Condition III. Fig.
5.11 shows that relative to orthogonal-slant, monocular viewing condition, same-slant con-
figuration decreased the medium/high-confidence report of the third-order direction and

increased the medium /high-confidence report of the second-order direction throughout the
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“whole frequency region 1'- 30 Hz. Curiously, the total amount of random guessing was

" lowered relative to the orthogonal-slant condition.

Coﬁdition' IV (same-slant, interocular viewing). Fig. 5.10 shows that the second-order
direction perception was decreased above about 5 Hz as compared to the data in same-slant,
monocular viewing. Comparing with data in Condition IT (orthogonal-slant, interocular
viewing), reports of thi;d-order motion direction went from greater than 90% to less than
10% in the same slant viewing. The report of the third-order direction was close to chance
for temporal frequencies of 7.5-15Hz. Fig. 5.11 also confirms the above phenomena. Ior
temporal frequencies of 7.5-15Hz, the medium /high-confidence reports of the second-order
direction, and of the third-order direction were about 35%-40%. This shows that the
apparent chance performance of motion detection was not because observers could not
perceive any motion, but rather that they perceived motion in the second-order direction

sometimes, and in the third-order direction in the other times.

In summary, the perception of the second-order direction is indifferent to same-slant
versus orthogonal slant stimuli; the perception of the third-order direction is eliminated in
the same-slant stimuli. These results agree with the prediction that the third-order motion
computat&on would be sensitive to the same-versus—orthogonal slant manipulation whereas
‘the second-order motion computation would not be. Comparing results of monocular vs
interocular viewing conditions, perception in the third-order direction showed no loss, or
maybe even a little bit enhanced under interocular viewing condition. whereas perception

in the second-order direction was decreased by interocular viewing condition, especially
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in the higher-frequency regions. However, in the low-frequency region, perception in the

second-order direction was not affected.

Fig. 5.12 shows results from two observers for comparison with the combined results.

The general trends are qualitatively the same.
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Figure 5.10: Combined results from the second- versus third-order ambiguous motion stim-
ulus: Perceived direction. Combined data from 5 observers after black-white calibration

and overall contrast reduction showing motion perceptions under four experimental condi-
tions. Subjects: CH, TL, TC, RC, JG.
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and overall contrast reduction showing motion perceptions under four experimental condi-
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Figure 5.11: Combined results from the second- versus third-order ambiguous motion stim-
ulus: Medium plus high confidence reports. Combined data from 5 observers after black-
white calibration and overall contrast reduction, showing perception in the second- and
third-order directions, with medium or high confidences. Total low confidence fraction is
also shown to indicate the amount of random guesses. Subjects: CH, TL, TC, RC, JG.
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Figure 5.11: Combined results from the second- versus third-order ambiguous motion stim-
ulus: Medium plus high confidence reports. Combined data from 5 observers after black-
white calibration and overall contrast reduction, showing.perception in the second- and
third-order directions, with medium or high confidences. Total low confidence fraction is
also shown to indicate the amount of random guesses. Subjects: CH, TL, TC, RC, JG.
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Figure 5.12: Individual data from the second- versus third-order ambiguous motion stim-
ulus. Upper row Fraction of the third-order motion perception as temporal frequency
varies. Lower row Motion perception of the third-order (medium and high confidences)
and second-order (medium and high confidences). Total amount of low confidence (random

guesses are also indicated. Three other observers behaved similarly. Subjects: CH, TL,
TG, BC, 4G
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Figure 5.12: Individual data from the second- versus third-order ambiguous motion stim-
ulus. Upper row Fraction of the third-order motion perception as temporal frequency
varies. Lower row Motion perception of the third-order {medium and high confidences)
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guesses are also indicated. Three other observers behaved similarly. Subjects: CH, TL,
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5.8 Conclusion |

'5.8.1 _Significant variables for determining motion direction in

the same sequence of motion frames

Initialﬁ tendencies, éttentional instructions, training, temporal frequencies, and viewing con-
ditions are all factors for observers’ selection of the second-order or the third-order motion
directions. In general, the selection of second-order direction indicates computation of mo-
tion by a second-order motion mechanism, and the selection of the third-order direction

indicates computation of motion by a third-order motion mechanism.

Given the same texture-defined motion stimulus, some observers showed initial prefer-
ences towards using a second-order motion system, and others towards using a third-order
motion system. Attentional instructions induced the perceptions of some observers who ini-
 tially preferred second-order system to use the third-order system. Referring to the model
in Fig. 4.5, the attentional instruction increases the relative weight of the third-order mo-
tion system. Training further enhances this change of weight and improves the third-order

motion perception.

For the same sequence of motion frames, at temporal frequencies above about 3 Hz,
the third-order motion computation fails, and the second-order motion system becomes the
only system for motion perception. Both the second-order and the third-order motion can

be perceived well under monocular viewing condition. Under interocular viewing condi-
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tion, the third-order suffers no loss while second-order motion is significantly decreased in
. gome {requency region. Hence interocular viewing condition favors the third-order motion
perception. Second-order motion follows Werkhoven et al’s (1993) energy model and is not
gensitive to slant. Third-order motion direction is sensitive to slant. This is consistent
with the propertics of the third-order motion system as a pattern-tracking motion systems
which computes spatio-temporal variatious of selectively attended patterns where here, the

pattern is slant.

5.8.2 Procedures for inducing different perceived directions in

the same sequence of frames

For observers who perceive second-order motion initially, to change perception to the third-
order direction, one can first try giving attentional instructions to change their perceived
direction from the second-order to the third-order at low temporal frequencics. [f this
does not work, one can train observers by presenting observers with slower motion displays
or motion stimuli Wiﬂ] patches s colored. At medium temporal frequencies, where these
observers can perceive se(:ond-order motion very well, one can present observers with motion

stimuli under interocular viewing condition to reduce second-order perception.

For observers who perceive the third-order direction initially, to change perception to
the second-order direction, one can increase temporal frequency to eliminate the third-order

component and force observers to use second-order system. One can also give attentional
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instructions to induce observers to change the systems they use.
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Chapter 6 Selecting First- and Third-Order

Motion Systems

6.1 Introduction

It has been shown in the previous chapter that a pattern-tracking computation is an ad-
dition to, not a replacement of the motion-energy computation for texture-defined motion.
Here we deal with well established first-order, luminance-defined motion stimuli. It has
been amply demonstrated that luminance defined motion stimuli can be perceived by a
low-level motion detectors. If there were only one system for the perception of motion
in luminance-defined and texture-defined motion stimuli, the motion mechanism for first-
order would be the motion energy mechanism. However, as will be shown here, there is also
a competing pattern-tracking, third-order motion mechanism involved in the perception of

motion of luminance-defined stimuli.

In this chapter, by studying the behavior of competition of first- and third-order mo-
tions in an ambiguous ‘first-order’ motion stimulus, it will be shown that third-order motion

system can be used for motion perception in a first-order motion stimulus. Factors previ-
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_ously sﬂév&h to affect the %election‘of systems bétween second- and third-order motions will
"~ also be examined here to sée if they affect the selection of first- and third-order systems.
-If they do, it will pfovide an analogy for fhe case of texture-defined motion stimuli, and
support the hypothesis that there is more than one system for motion perception in the
texture-defined stimuli, as opposed to the single mechanism models (Johnston et al., 1992;

Taub et al., 1997; Seiffert & Cavanagh, 1998).

6.2 Stimulus for Testing First- vs Third-Order Sys-

tems

We see lots of luminance-defined motion every day. With most ordinary stimuli, the first-
order direction and the third-order direction are the same. The stimulus here was designed
so that the first- and third-order directions are opposite to each other. The stimulus is
an ambiguous motion display, very similar to the texture-defined motion version, except
that mean luminance,instead of contrast, is varied across patches. The stimulus for the
orthogonal-slant conditions (Conditions I, II) is as shown in Fig. 6.1. Four frames of a
longer m;)tion sequence of lumin.ous—deﬁned motion display are shown, each consists of a
strip with 8 alternating patches. To adopt a terminology similar to that used in the case of
texture-defined motion, the patches are analogously named s (standard) and v (variable).
The mean luminance of patches s is greater than that of patches v. The motion direction

defined by luminance is called the first-order direction while the motion direction defined
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by grating slant is called the third-order direcfion. The mean luminance of s is L, while
" the mean luminance of vis 1.015*L,. The contrast m of both types of patches is 0.3. The
stimulus.in the same-slant conditions (Conditions III, IV) is similar to the one Fig. 6.1

except that all patches have the same slant.
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1st-order vs 3rd-order motion display

.Attend to patches with slant: %\

1

2
=
3
@

3

3rd 1st

Figure 6.1: The luminance-defined motion stimulis. Four frames of a longer motion se-
quence of an ambiguous motion stimulus in which first- and third-order motions are in
opposite direction. Each consists of a strip with eight alternating grating patches.
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6.3 I'ni_tial ‘Tendencies |

~Asin the case of téxtﬁre-deﬁned, second- vs third-order motion stimuli, there were two
initial tendencies for the same stimulus. Fig. 6.2 shows the initial tendencies for each
observer at temporal frequency of 2 Hz, and with a luminance difference between patches
s and v of 0.015 L,. More observers could perceive third-order motion from the beginning
than in the case of texture-defined motion stimuli. This might due to the fact that the
observers previously had performed the tasks on texture-defined motion, hence the previous
attentional instruction might carry over. This might also be due to the fact that there were
no blank patches, which some observers found distracting. In the display for testing the
second- vs third-order system, patches v existed only in the even-numbered frames, creating

flickering that could attract involuntary attention.
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1st-order = g ' »  3rd-order

1 H H H H i ¥ ¥ L]

Fraction of 3rd-order motion perception
Temporal frequency = 2Hz

~ Figure 6.2: Direction of perceived of motion at temporal frequency of 2 Hz, before instruc-
tion to attend to a particular slant direction. Subject MC, RC, CH, JG, TC, TL.



6.4 Training ° |

For observers who did not perceive motion in the third-order direction, attentional instruc-
tions and training with stimulus similar to that in Fig. 5.4 were used to help them perceive
motion in the third-order direction. Fig. 6.3 illustrates effects of these training methods

for one observer.
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Figure 6.3: Luminance-defined ambiguous motion stimuli: Effect of training to attend to
slant. Perceived direction of motion before and after instruction to attend to a particular
slant direction. Before the attentional instruction, this observer’s tendency was to perceive
the first-order direction for all frequencies. After the attentional instruction, this observer
perceived the third-order direction at temporal frequencies below 5Hz, and first-order di-
rection at higher temporal frequencies. Subject: MC.
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Figure 6.3: Luminance-defined ambiguous motion stimuli: Effect of training to attend to
slant. Perceived direction of motion before and after instruction to attend to a particular
slant direction. Before the attentional instruction, this observer’s tendency was to perceive
the first-order direction for all frequencies. After the attentional instruction, this observer
‘perceived the third-order direction at temporal frequencies below 5Hz, and first-order di-
rection at higher temporal frequencies. Subject: MC.



6.5 Procedures |

Procedures are similar to those used for éxperiments for testing second- vs third-order
systems in chapter 5 (section 5.6.1). Four conditions were studied: (I) orthogonal-slant,
monocular viewing, (II) orthogonal-slant, interocular viewing, (III) same-slant, monocular

viewing, and (IV) same-slant, interocular viewing.

6.6 Predictions

Since, according to Lu & Sperling (1995b), first-order motion has the same corner frequency
as second-order motion, and it cannot be perceived under interocular viewing conditions
as second-order motion cannot, and it does not take slant into account (since first-order
motion is computed by a motion energy model similar to the motion energy model for the
* second-order motion), the predictions for the four conditions are exactly the same as those
in the case of second- vs third-order competition, and can be summarized as in Fig. 5.9,

with the first-order direction replacing the role of the second-order direction.

6.7 Results

Fig. 6.4 shows the combined results from five observers. Fig. 6.5 shows the combined

medium- plus high-confidence reports of the first-order and third-order directions, and the
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total low-confidence reports (random guessing). When performance is close to 50-50 percent
" in each direction in Fig. 6.4, data in Fig. 6.5 distinguish between the case when observers
guess randomly and the case when observers clearly perceive motion in opposite directions

on different trials.
Condition I (orthogonal-slant, monocular viewing).

At low frequencies (< 5Hz), the perceived direction was mainly the third-order direc-
tion. At around 5Hz, the perception started switching to the first-order direction. At
higher frequencies (5-15Hz), the perceived direction was mainly the first-order direction.

As temporal frequency went to 30 Hz, performance fell towards chance.

To distinguish the nature of the near 50-50 performance at 5 Hz and 30 Hz, we use
the data of Fig. 6.5. Fig. 6.5 shows that at 5Hz, 35% of the reports were medium/high-
confidence in the third-order direction, and about 42% of the first-order direction. The
percentage of random guessing was quite low (about 23%). Therefore, at 5Hz 77% of the
the time, observers perceived motion cléarly, sometimes in the first-order direction, other
times in the third—order direction. At 30Hz, the combined medium and high-confidence
reports of the first-order and the third-order directions were both less than 10%, while the
fraction of randorﬁ guessing was greater than 80%. Obviously at 30Hz, observers rarely

perceived clear motion.

Condition II (orthogonal-slant, interocular viewing).
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Fig. ”-6.}4 shows that the reportvs of the third—ofder direction were similar in monocular
- and interocular viewing. This is true not only for the percent of third-order reports as
a function of »frequeI’myn but also the conﬁdence with which these reports were made (as
shown if Fig. 6.5. However, reports of the first-order direction were greatly decreased. The
medium /high confidence repdrt of the first-order direction was significantly reduced in the
whole frequency raﬁge. -Fig. 6.5 shows that at intermediate frequencies, observers perceive
clear motion in opposite directions on different trials; at 30 Hz, more than 80% of the time,

observers say they are just guessing.
Condition III (same-slant, monocular viewing).

Fig. 6.4 shows that with same-slant viewing, in the entire frequency range, reports of
the third-order direction always occur on less than 40At frequencies up to 15 Hz, observers
perceived the first-order direction with medium or high confidence more than 2/3 of the
~ trials. In changing from orthogonal slant to same slant stimuli, the main effect on the
results was the enormous reductions of reports of the third-order direction at frequencies

below 5 Hz.

Fig. 6.5 shows that at 1-3.75Hz, 20% to 35% of the total reports were medium/high
confidence reports .of the third-order direction. So the 50-50 performance in Fig. 6.4 for
‘fre‘quencies 1-3.75 Hz was due to clear perception of motion in both the first- and the third-
order directions on different trials. At 30Hz, Fig. 6.5 shows that there was about 45% of

the reports were medium /high-confidence reports of the first-order direction. Compared
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Fig. 64 shows that the reports’ of the third-order direction were similar in monocular
and interocular viewing. This is true not only for the percent of third-order reports as
a function of frequenéy but also the confidence with which these reports were made (as
shown if Fig. 6:5. However, reports of the first-order direction were greatly decreased. The
medium /high confidence report of the first-order direction was significantly reduced in the
whole frequency raﬁge. Fig. 6.5 shows that at intermediate frequencies, observers perceive
clear motion in opposite directions on different trials; at 30 Hz, more than 80% of the time,

observers say they are just guessing.
Condition III (same-slant, monocular viewing).

Fig. 6.4 shows that with same-slant viewing, in the entire frequency range, reports of
the third-order direction always occur on less than 40At frequencies up to 15 Hz, observers
perceived the first-order direction with medium or high confidence more than 2/3 of the
Vtrials. In changing from orthogonal slant to same slant stimuli, the main effect on the
results was the enormous reductions of reports of the third-order direction at frequencies

below 5 Hz.

Fig. 6.5 shows that at 1-3.75Hz, 20% to 35% of the total reports were medium/high
confidence reports of the third-order direction. So the 50-50 performance in Fig. 6.4 for
ffequencies 1-3.75 Hz was due to clear perception of motion in both the first- and the third-
order directions on different trials. At 30Hz, Fig. 6.5 shows that there was about 45% of

the reports were medium/high-confidence reports of the first-order direction. Compared
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to Condition I (orthogorfal—slant, monocular {fiewing), at 30Hz, there were many more
* medium /high-confidence reports in Condition III although the total reports of the third-

order direction were the same, as shown in Fig. 6.4.
Condition IV (same-slant, interocular viewing).

The percentage of reports of the first-order direction was greatly reduced in the fre-
quenc;f region 3-15 Hz as compared to the data in Condition III (same-slant, monocular
viewing). Comparing with the data in Condition II (orthogonal-slant, interocular view-
ing), reports of the third-order direction were greatly reduced. In Fig. 6.4, reports of the
third-order direction were close to 50-50 performance at frequencies from 3Hz to 30Hz. Fig.
6.5 shows that at 3Hz, about 42% of the reports were medium/high-confidence reports of
the third-order direction, about 456% of the reports were medium/high-confidence reports
of the first-order direction, only about 15% of the reports were low-confidence reports.
Therefore, at 3Hz, observers perceived clear motion in one direction sometimes and in the
other direction the other times. At 10Hz and 30Hz, the percent of low-confidence reports

increased to about 38% and 55%, respectively.

Fig. 6.6 shows individual data from two observers for comparison with the combined
results. The general trends are qualitatively the same although there are parametric dif-

ferences between observers.
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Results for 1st vs 3rd order motion
(average of 5 subjects)
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Figure 6.4: Combined results from the first- versus third-order ambiguous motion stimu-
lus: Perceived direction. Data from 5 observers showing reports of directions under four
experimental conditions. Subjects: CH, JG, MC, RC,TL.
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Results for 1st vs 3rd order motion
(average of 5 subjects)
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Figure 6.4: Combined results from the first- versus third-order ambiguous motion stimu-
lus: Perceived direction. Data from 5 observers showing reports of directions under four
experimental conditions. Subjects: CH, JG, MC, RC,TL.
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Results for 1st- vs 3rd-order motion
(average of 5 subjects)

~- Low cont

1: Orth-slant, Monocular ,_: Same-slant, Monocular
SISt
o PFY | ~
48 } ? ' %““‘n :
Q a4t -
) L -
g o -
‘@3 “ s i 18 86 @ w
5 . IV; Same-slant, Interocutar
" S ——,
% —#— Brd-peder
E -@  igharger
2

Temporal Frequencies (Hz)
Frequencies(Hz): 1.00 2.00 3.00 3.75 5.00 6.00 7.50 10.00 15.00 30.00

Figure 6.5: Combined results from the first- versus third-order ambiguous motion stimulus:
Medium plus high confidence reports. Data from five observers showing reports of the first-
and third-order directions with medium plus high confidences. Total low confidence fraction
is also shown to indicate the amount of random guessing. Subjects: CH, JG, RC, TC, TL.
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Results for 1st- vs 3rd-order motion
(average of 5 subjects)
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Figure 6.5: Combined results from the first- versus third-order ambiguous motion stimulus:
Medium plus high confidence reports. Data from five observers showing reports of the first-
and third-order directions with medium plus high confidences. Total low confidence fraction
is also shown to indicate the amount of random guessing. Subjects: CH, JG, RC, TC, TL.
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Figure 6.6: Individual data from the first- versus third-order ambiguous motion stimulus.
Upper row Fraction of report of the third-order direction as temporal frequency varies.
Lower row Reports of the third-order direction (medium and high confidences) and the
first-order direction (medium and high confidences). Total amount of low confidence (ran-
dom guesses are also indicated. Three other observers behaved similarly. Subjects: CH,
JG, MC, RC, TL.
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Figure 6.6: Individual data from the first- versus third-order ambiguous motion stimulus.
Upper row Fraction of report of the third-order direction as temporal frequency varies.
Lower row Reports of the third-order direction (medium and high confidences) and the
first-order direction (medium and high confidences). Total amount of low confidence (ran-
dom guesses are also indicated. Three other observers behaved similarly. Subjects: CH,

JG, MC, RC, TL.
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6.8 Conclusions |

The selecf;ion of the ﬁrs:c-order direction indicates computation of motion in a first-order
motion system.(except at temporal frequencies less than 5Hz, see Chap. 7) and the selec-
tion of the third-order direction indicates computation of motion in a third-order motion
system. The evidence for these computations being performed by first- and third-order mo-
tion sygtems is the predicted results with manipulations of temporal frequency, monocular
vs interocular viewing, and the effects of instructions. Competition between the first- and
third-order systems is qualitatively similar to that between the second- and third-order
systems. Initial tendencies, attentional instructions, training, temporal frequencies and
viewing conditions are all important factors for the selection of either first- or third-order
motion systems in the ambiguous first- vs third-order motion stimulus of Fig. 6.1. Fur-
thermore, the first-order motion system is also insensitive to slant as predicted by standard
motion analysis models, while slant is an important cue for the third-order, pattern-tracking

motion system.
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Chapter 7 Selecting Motion Systems

7.1 Conclusiens

In the previous two chapters, various factors affecting the selection of first-, second-, and

third-order motion systems were discussed. This chapter summarizes the results and dis-

cusses about any differences between the results and the predictions.

7.1.1 Texture-Defined Motion: Second- versus Third-Order

Factors influencing competition of two systems

Influence

Initial Tendency (at 2Hz)
Attentional Instruction + Training

Temporal Freq

Monocular vs Interocular viewing

3/7 observers second-order, 4/7 observers third-order
All perceived third-order for freq < 3Hz
< 3Hz: third-order
> 3H z: second-order

interocular favors third-order
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Dual tasls; Interference
Letter task +A‘ Letter task Yes
Letfer task+ 2nd-order motion task No
Letter taék—!— 3rd-order motion task Yes
2nd+2nd-order motion tasks Yes
3rd-+3rd-order motion tasks Yes

7.1.2 Luminance-Defined Motion: First- versus Third-Order

Factors influencing competition of motion systems

Influence

Initial Tendency (at 2Hz)

2/6 observers first-order, 4/6 observers third-order

Attentional Instruction + Training

All perceived third-order for freq< 5Hz

Temporal Freq Manipulation

< 5Hz: third-order

> 5 Hz: first-order

Monocular vs Interocular viewing

interocular favors third-order

7.1.3 Summary

In texture-defined motion, both second-order and third-order motion systems may be used

to extract motion direction. The second-order motion system does not share bottleneck

resource with letter recognition while the third-order motion system does. In luminance-

defined motion, both first-order and third-order motion systems may be used to extract




105

hown in fig.

ion system is s

of the architecture of the mot

0on

2

motion direction. An illustrat

o

.
.

.

o
e

&

Letter report

tems.

ion sys

Summary of architecture of mot

Figure 7.1



106

Tréir;in)g ‘avnd instructions to aﬁtend to slant changed the perceived motioﬁ direction
* from the second- or the ﬁrsf- order to the third-order direction, while increasing tempo-
ral frequency ,change‘d. perceived motion dii‘ection from the third-order to the second- or
the first-order. Interocular (in contrast to monocular) viewing reduced the probability
of perceiving motion in first- and second-order directions, the reduction was greaer for
the first-order direétions Interocular viewing (relative to monocular) did not significantly
reduce the tendency to perceive motion in the third-order direction. Fig. 7.2 shows a
summary of these results.

Relative strengths of 1st-, 2nd- and 3rd- order:

1) Attentional instructions
2nd-order_ .. _ ard-order
1st-order motion < > motion

2) |
and-order . Training . rd-order
1st-order motion

3) Increasing temporal
ond-order._.. frequency |
fs’c-cardergmi'm < 3rd-order

motion

4 Interocular viewin

o nterocular viewing
1st-order motion

Figure 7.2: Summary of factors affecting the selection of motion systems.



SR 107
7.2 Discussion |

7.2.1° Motion Energy vs Pattern-Tracking

It has been established for more than a decade that second-order motion computation
involves a motion—energy mechansism with a non-linear preprocessing(Chubb & Sperling,
1988; ‘Chubb & Sperling, 1989; Werkhoven et al., 1993). Seiffert and Cavanagh (1998)
claimed that second-order motion was not computed by a motion energy model because
they found that their texture-defined (second-order) motion stimuli was sensitive to po-
sition rather than velocity and suggested a pattern-tracking or attention-based model for
second-order motion. However, they did not provide any reason to explain why the motion
energy model failed. In fact, I have shown in an earlier article (Ho, 1998b), as well as in
this thesis, that texture-defined motion stimuli can be perceived by either a second-order,
motion energy mechanism, or by a third-order, pattern-tracking mechanism. So Seiffert &
Cavanagh’s result is correct but is only half of the whole story. As further shown in chapter
5, second-order computation is not sensitive to grating slant and follows the motion energy
model (Werkhoven et al., 1993), whereas the third-order computation involves tracking

slants.

T have also shown in an earlier article (Ho, 1998b) (as well as shown here in chapter
3), that texture-defined motion task interfere with another texture-defined motion task

both in the case when the second-order system is used and even more so when the third-
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order vmﬁot‘i‘on_ system is uded. Therefore it indicated that attention is required for texture-
*  defined motion. Only that‘ in the case of second-order motion, the attentional resource
required is different fror;l the attentional reéource for the letter recognition. The attentional
requirement was further proven in the Structure-Attention Mapping method and model

(Ho, 1998a) (as described in chapter 4) for the pathways of the tasks conducted in the

previous experiments. .

Seiffert and Cavanagh (1999) showed that texture-defined motion (at temporal fre-
quency of 0.2 Hz) was a serial, attention-demanding process. At 0.2 Hz, what Seiffert and
Cavanagh observed was probably the third-order motion (the temporal frequency issue was
discussed in chapter 5) instead of the second-order motion. So what they actually showed
was that the third-order motion was attention-demanding. Their results serve as evidence
to support the earlier discovery of Ho (1998b) that there exists another mechanism, the
pattern-tracking mechanism, apart from the motion energy mechanism, that is responsi-
ble for motion perception in texture-defined motion. In addition to the discovery of this
alternative mechanism for motion perception of texture-defined motion, my result (1998b)
also reconciled the apparent contradiction with the previous findings (Chubb & Sperling,
1988; Chubb & Sperling, 1989; Werkhoven et al., 1993) by the proposal of two concurrent

motion systems for the same motion stimuli.
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7.2.2 )Mrotion Perception in First- and Second-Order Direction in

Interocular Viewing
Alternative third-order motion computation

It was observed in chapter 5 that reports of the second-order direction were almost unaf-
fected by changing viewing condition from monocular to interocular at temporal frequencies

of 1-5 Hz as shown in Fig. 5.10.

Lu & Sperling (1995b) proposed that third-order motion is both bottom-up and top-
down. At low temporal frequencies, even when no top-down attention is paid to any
particular patterns, the salience map for third-order motion is assumed to mark the bottom-
up salient patterns (the higher contrast patches) as figure, and the rest as ground. In
another words, although there is no attentional instruction to attend to a particular pattern,
salience is still computed by the bottom-up process. This kind of computation extracts
motion in the same direction as does the second-order motion system, but it probably is

carried out in higher-level brain areas.

It was also obsgrved in Chapter 6 that reports of the first-order direction were almost
unaffected by changing the viewing condition from monocular to interocular at the two
‘10West temporal frequencies, 1 and 2 Hz, as shown in Fig, 6.4. Here, even without at-
tentional instructions, observers might still choose to attend to high luminance or to low

luminance. As the stimuli for luminance-defined motion were not black-white calibrated
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(see Appendlx), it is probable th’at the luminance minima of the of stimulus were more
" salient than the maxima. Therefore, motion direction might be computed by the third-
order computation. ‘This third-order comﬁutation would yield the same motion direction
as the first-order computation. However, unlike the first-order computation, it would be

completely binocular, and it would have a corner frequency of 3-4 Hz instead of 10-12 Hz.

Other observations

For interocular viewing, as compared to monocular viewing, reports of both the first- and
second-order directions decreased somewhat for temporal frequencies of about 4-15Hz. The
decrease with interocular viewing was greater for first- than for second-order. Possibly,
second-order motion is not eliminated in interocular viewing, although it is significantly
impaired. First-order motion, which is probably computed at a lower level in the visual

system, is more nearly eliminated in interocular viewing.

There is also a provocative observation in this study that whether under monocular or
interocular viewing, there is often a bump at around 6-15 Hz for the ambiguous texture-
defined motion display, and around 2-5 Hz, and 5-10 Hz for the ambiguous luminance-

defined motion display. These bumps may due to alias paths.
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Interocular vs monocular low-level motion

The debate on whether low-level motion perception is binocular or monocular has been
carried on for’more than a decade. It has been long believed that early motion is monocular
because of a long standing failure to achieve dichoptic motion perception in random dot
displays (Braddick, 198‘0). However, more recently, Carney & Shadlen (1986) appeared to
show %hat short-range motion was binocular. This position was criticized (Georgeson &
Shackleton, 1992) and replied (Carney & Shadlen, 1992; Carney & Shadlen, 1993). Lu &
Sperling, (1995b) using a test-pedestal paradigm and five frames for motion perception,
showed that under interocular viewing, the frequency tuning functions of first and second-
order motion were similar to that of third-order motion, and hence concluded that first- and
second-order motions were monocular. Recently, results on second-order motion (Carney,
1993) showed that under the same test-pedestal paradigm but with an extended time of
display (several seconds instead of five frames), first- and second-order motion could be

perceived. Derrington and Cox (1998) also confirmed this result.

From a physiologibal point of view, layer 4ca (which receives afferents from the LGN)
of V1 is the farthest area into the cortex where there is complete segregation between cells
from two eyes. It Has also been found that most cells responding to motion directions are
in the areas beyond layer 4ca of V1. Therefore, it is almost certain that the first- and
second-order motion are computed in brain areas where binocular cells are present, and

where monocular cells also may be present.
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Gradation of binoculdr and monocular low-level motion

Derrington and Cox (1998) found that two out of three observers performed worse with
dichoptic thén with monocular presentation, particularly at high temporal frequencies.
They proposed that the reasons for the decrease in performance in low-level motion was
due to the existence of monocular motion mechanism and the effect of imperfect alignment

of the visual axes to the target patches.

Suppose there were a monocular motion mechanism, and the ratio of binocular motion
cells to monocular cells increases from V1 up to the higher areas of cortex. It is possible that
interocular viewing may decrease the perception of the first- and second-order motion to a
certain extent, but not completely eliminate it. Suppose there were more noise and higher
thresholds for the binocular cells and for the monocular cells, under a integration-firing
model, the binocular motion cells might not be able to fire after the first cycle of motion
frames, but would be able to fire after a few more iterations. Therefore, the decrease in
sensitivity as compared to monocular cells can be compensated by extending the time of
display. Furthermoré, since it was proposed that first-order motion is computed in a lower
visual area, area V1, in the cortex than second-order motion, which is proposed to be in
area V2, first-order motion should suffer more loss than second-order motion. This is also
- seen in the this study. So one way to reconcile the differences between the experiments that
support binocular low level motion and those that suppoft monocular low level motion is

as proposed above: dichoptic or interocular viewing decreases early motion to a certain
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extent, and the higher in the cortex the motion is computed in, the less it is affected.
Hence, the third-order or feature-tracking type of motion is not affected at all, whereas the

second-order motion is affected to some extent, and first-order motion is affected to a large

extent.

Constant time vs constant frames (5 frames) seems to be a critical difference in the
experiments supportiné arguments of the side that low-level motion can be binocular and
the side that low-level motion is strictly monocular. If the number of binocular cells is
small, and there are some other reasons, like more noise is induced and etc, the sensitivity
of binocular motion cells is lower, it is possible that under 5 frames condition, the motion

signal is insignificant.

Binocularity in this study

The experiments in this study are not intended to investigate the binocularity of low-level
motion. While no conclusion can be drawn on this issue, it was observed that third-order
motion is not affected by interocular viewing condition, second-order was affected to some
extent, first-order motion is affec;ted to an even larger extent. Hence in the consideration
of selecting motioﬁ systeiné, interocular viewing condition favors the third-order motion

system more than the second- or first-order motion system.
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App'endix A Black-White Calibration

Recent findings (Scott-Samuel & Georgeson, 1995; Nam & Chubb, 1998; Smith & Ledge-
way, 1997; Lu & Sperling, 1999) found that non-linear processing of second-order stimuli
produces artifactual first-order components. The visual system is more sensitive to negative
contrast (“ black”) than to positive contrast (“white”). Here, we used a method proposed

by Lu & Sperling (1999) to compensate for this kind of distortion.

As shown in Fig. Al, the odd-numbered frames are to be calibrated. The texture in
these frames would have the same mean luminance if there werek no distortion. The even-
numbered frames carry a small difference in luminance. If, due to distortion, there were a
first-order component in the odd-numbered frames, a motion signal would be created by
combining it with the real luminance component of the even-numbered frames. If there were
no first-order componént, the even-numbered frames alone could only produce counterphase
first-order signals, the odd-numbered alone could only produce counterphase second-order
signals. Since it was shown by a phase-test (Lu & Sperling, 1995b) that first- and second-
order motions are computed in separate channels, it is assumed that they do not combine

to form a motion signal.

Lu & Sperling (1999) suggested multiplying the negative contrast by a factor a to
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counter” tﬁe black-White '}asymmetry. .In the éalibrating procedure in this study, a was
" varied from 0.4 to 1.1 and \observers’ motion perceptions were measured. When « is too
small, motion perception was in the “a-too-small” direction. When o was too large, motion
perception was in the “a-too-large” direction. The « that consistently eliminated apparent
motion was selected as multiplication factor in the experiments. This « was called the “null
point”. As shown .in chapterSA 5 and 6 in this study, a third-order motion can be perceived
be both texture-defined and luminance-defined motion. Therefore, if temporal frequency
is less than 5Hz, motion perception can be due to a third-order motion computation.
Therefore, in this study, we added another constraint on the temporal frequency, such that
measurements were made at a temporal frequency of about 8-10Hz, depending on whether
observers could perceive any motion from a texture-defined motion stimulus as shown in
Fig. 5.1 and a luminance-defined motion stimulus as shown in Fig. 6.1 at that frequency

or not.

Lu & Sperling (1999) found that the null points were usually less than 1, and the average
was about 0.75. Results for this study are shown in Fig. A2. For orthogonal-slant stimuli,

the null points were from 0.68 to 1.1. For same-slant stimuli, the null points were from 0.75

to 1.1.
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o SJé:iﬁki-White calibration motion stimuli

=1k ’ a=1.1

Temporal Frequency ~ 8-10Hz

Fig. Al: Calibration motion frames for two values of , 0.4 and 1.1.
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I: Orthogonal-slant, Monocular Ill: Same-slant, Monocular
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Fig. A2: Results of calibration of four observers. Motion in the a-too-large
direction. X-axis is c. Y-axis is the performance on motion perception. Chance
is at 0.5. For orthogonal-slant stimulus, observers’ null points are 0.68, 0.7, 0.8,
0.9, 1.05. For same-slant stimulus, observers’ null points are 0.75, 0.78, 0.8, 0.9,
0.9.
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Fig. A2: Results of calibration of four observers. Motion in the a-too-large
direction. X-axis is a. Y-axis is the performance on motion perception. Chance
is at 0.5. For orthogonal-slant stimulus, observers’ null points are 0.68, 0.7, 0.8,
0.9, 1.05. For same-slant stimulus, observers’ null points are 0.75, 0.78, 0.8, 0.9,
0.9.
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Results before the black-white calibration are shown in Fig. A3 and Fig. A4. They
are qualitatively similar to the results after black-white calibration and overall contrast

reduction as shown in Fig. 5.10 and Fig. 5.11 .
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Results for 2nd vs 3rd order motion before
black-white calibration (average of 2 subjects)
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Fig. A3: Averaged results from 2 observers for the 4 conditions before per-
forming black-white calibration and overall contrast reduction. Condition I
Orthogonal-slant under monocular viewing: At low frequencies (< 3Hz),
the motion perception is mainly third-order. At higher frequencies(3-6Hz), the
perception is mainly second-order, with a maximum second-order perception
at around 4.5Hz. As temporal frequency increase beyond 5Hz, second-order
motion perception decreases to about chance levels at around 18.75Hz. Con-
dition IT Orthogonal-slant under interocular viewing: The third-order
motion perception at low frequencies is not affected. The second-order motion
perception is affected and shifted towards chance level. Condition III Same-
slant under monocular viewing:third-order motion perception is greatly
decreased. Even at low frequency (< 3Hz), observers perceive second-order
motion only. The perception of second-order motion is generally unaffected. As
compared to Condition I, second-order motion is not sensitive to orientation
while third-order motion is. Condition IV Same-slant under interocu-
lar viewing:second-order motion perception is decreased at around 3-7Hz as
compared to Condition II1. Comparing with Condition II, third-order motion



119

I

Results for 2nd vs 3rd order motion before
black-white calibration (average of 2 subjects)
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Fig. A3: Averaged results from 2 observers for the 4 conditions before per-
forming black-white calibration and overall contrast reduction. Condition I
Orthogonal-slant under monocular viewing: At low frequencies (< 3Hz),
the motion perception is mainly third-order. At higher frequencies(3-6Hz), the
perception is mainly second-order, with a maximum second-order perception
at around 4.5Hz. As temporal frequency increase beyond 5Hz, second-order
motion perception decreases to about chance levels at around 18.75Hz. Con-
dition IT Orthogonal-slant under interocular viewing: The third-order
motion perception at low frequencies is not affected. The second-order motion
perception is affected and shifted towards chance level. Condition III Same-
slant under monocular viewing:third-order motion perception is greatly
decreased. Even at low frequency (< 3Hz), observers perceive second-order
motion only. The perception of second-order motion is generally unaffected. As
compared to Condition I, second-order motion is not sensitive to orientation
while third-order motion is. Condition IV Same-slant under interocu-
lar viewing:second-order motion perceptlon is decreased at around 3-7Hz as
compared to Condition III. Comparing with Condition II, third-order motion



120

perception is eliminated, confirming the conclusion from Condition I and III
that third-order motion is sensitive to orientation while second-order motion is
not. Subjects: JG, CH. Subjects AL, TC showed similar behavior.
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Results for 2nd vs 3rd order motion before
black-white calibration (average of 2 subjects)
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Fig. A4: Combined resulfs from 2 observers showing second- and third-order
motion percepfion with medium or high confidences. Total low confidence frac-
fion is also shown to indicafe the amount of random guesses. Subject: CH,
JG.
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Results for 2nd vs 3rd order motion before
black-white calibration (average of 2 subjects)
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tion is also shown fo indicate the amount of random guesses. Subject: CH,
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Appendix B Some Final Considerations

Single vs Multiple/Distributed Attentional Resources

Despite William James’ famous statement that ”everyone knows what attention is”, the
definition of attention is actually quite different for different people, making scientific dis-
course on this subject difficult. Some psychologists equated attention to “consciousness”.
For them, “the union of soul” often leads to the conclusion of one undifferentiated atten-
tion. Other psychologists, like Sperling (1986) and Nakayama (1990), and physiologists
(Reynolds & Desimone, 1999), prefer the definition of resource allocation, competition for
the limited resources or the bottlenecks of resources. In this thesis, I have adopted the
information processing approach to define attention. In this view, attention is seen as a
process of resource allocation. Since the computational resources are distributed in the
brain, attention needs not be unitary and controlled by a single central processor, but is
distributed throughout the brain as multiple computational resources that could work in

parallel simultaneously.

Rensink (1999) found that in a visual search with blanks between frames, if targets
changed, one could attend to 5 objects, whereas if distractors changed, one could attend
to about an average of 1.4 and up to 1.6 objects. He concluded that one could only
attend to one. Obvioﬁsly, the conclusion and result does not completely coherent, since if
one can only attend to one object, why did the result showed one attend to 1.4 objects?

The redefinition of “object” to be the union of several items cannot really explain his
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other experimental result when observers couid attend to 5 objects. In the experiment
- of changing distractors, attention can be drawn to those changing distractors. Therefore,
searching becomes difficult. In fact, this experiment is actually an evident that “object” is

not as good a measure of attention as resource allocation.

One classic experiment to test how many items one can perceive is the whole-report
task (Sperling, 1960), letters or digits are presented briefly in a matrix, and observers
are asked to report as ‘many as they can. The result is that observers can report 4 or 5
items. This is an evidence for the hypothesis that one can perceive more than one thing,
apart from being the evidence for the definition of attention as resource allocation and that
the resources have limited capacity. The even more striking partial-report task (Sperling,
1960) which gives observers cues for which line of letters to attend to, shows that in a short
period of time, our visual system actually holds all letters. This iconic memory decays very
quickly. Under the resource allocation definition, it is not surprising at all that different
tasks require different amount of attention, and therefore, the number of items one can

attend to is different for different tasks.

Among those who believe attention as the resource allocation, there is still the question:
is there a central resource for all tasks, or is it possible that different tasks use different
resources. This issue is best exemplified by a task that involves different modalities, such as
visual, auditory and sensory motor. While it is difficult to read a book and listen to speech
at the same time, it is quite easy to read and listen to music at the same time. Why? Is
there one attentional resource that is shared by all modalities or is there an independent

attentional resource for each modality?

On the one hand, Duncan (1997) showed that an attention-demanding visual task does

not interfere with an attention-demanding auditory task while those two tasks interfere
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within their modalities. On the other hand, Driver and Spence (1994) showed that attend-
- ing toan visual object ‘produced only a very modest degree of bias in the system toward
processing sound coming from the same location. Within the visual modality, Duncan and
Humphréy (1989) found that under the visual search paradigm, task difficulty increased
with increased Similarity of targets to non-targets and decrease with decreased similarity
between target and nontargets, producing a continuum of search efficiency. Within visual
modality, Carney, .Shadlen and Eugene (1987) showed that low level motion information
and color information are processed parallelly. Ho (1998b) showed that a low level motion

(second-order motion) is processed parallelly with shape.

While it is common to ‘enjoy’ listening to music and read a book at the same time, it
is difficult to listen to a radio talk show and read a book simultaneously. This is because
while the auditory system and the visual system do not interfere much with each other in
the forme.r case, the interpretation of the semantic meaning of what you hear and what
you read does require the same computational resource, attributing to the interference in

the latter case.

Therefore, it is useful to consider attention as a process of resource allocation that
is happening everywhere throughout the perceptual, cognitive and motor hierarchy in the
brain. Each brain area or circuit in this hierarchy has its own finite informational processing
resources and hence its attentional bottleneck. In this hierarchy, there is convergence
and divergence of information flow. Competiton for processing resources (or allocation of
attention) occurs at the point of convergence produces interference. When we are listening
to music (without doing much intellectual interpretation of the structure of the piece) and
read a book, the auditory system’s resource is allocated to process the sound of music and
the visual system’s resource is utilize to process the word patterns in the book. These

two perceptual processes are distinct, utilizing mostly different resources, so competition
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and interference is mininum. However, to inﬁerpret the deeper meaning of the text or
- the messages from a radio will require the involvement of reasoning faculty in the brain,
therefore we can cither read or listen to the radio’s message, but not both simultaneously.
Thereforé, there is really no inconsistent between Duncan et al's (1997) and Driver and

Spence’s (1994) results.

Pashler (1998) noticed that while many perceptual tasks did not interfere, many simple
sensorimotor tasks interfered (Pashler, 1994; Pashler, 1998) using a response time dual-task

paradigm.

One issue to consider in terms of dual-task paradigm is that, there are two different
ways of measuring inferference, one is to measure response time, the other is to measure
performance (percentage correct). These two methodologies yield different results. A
bottleneck model is often considered to consist of three stages: (1) perceptual analysis, (2)
decision /response selection, (3) response production. Interference in performance indicates
competition for resource in stage (1) perceptual analysis. Interference in response time
may indicate competition for resources in (1) or (2). Interference in perceptual tasks can
be measured by either response-time paradigm or by performance paradigm. However, it
will be meaningless to measure performance in sensorimotor tasks. Reponse-time paradigm

is usually used to measure interference in sensorimotor tasks.

It seems that the sensorimotqr tasks are significantly different from perceptual tasks. I
would consider the problem as perception is going up the cortical hierarchy, while action
is going down the hierarchy. Consider one of the central executive system(s) in the brain
(as shown in fig. A5.) that is responsible for a number of cognitive functions, including
perceptual and sensorimotor functions. For perceptual tasks, most of the computations

are carried out in the earlier processing stages. The central system is not responsible for
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processing‘most infofmat?bn, but only taking fhem in. So when there are more than one
- perceptual tasks being'proéessed, performance will not be affected, while response time
may be affected. If the bottleneck resources for processing two perception tasks are non-
overlapping, éay neuronal pathways, P1 and P4 (both are responsible for some visual tasks),
in Fig. A5, there is no interference in performance dual-task experiments, while it may be
interference in response time dual-task experiments depending on the nature of the decision
process at the ﬁnai bottleneck. Moreover, two tasks from different modalities may or may
not interfere under the performance dual-task paradigm, depending on the resource they
require. For instance, P2 (visual task) and P7 (auditory task) will not interfere, but P2
(visual task) and P5 (auditory task) will interfere. So there is actually no myth in whether
there are different atténtions for different modalities, and no contradiction between Duncan
et al's (1997) and Driver and Spence’s (1994) results. If the pathways of two tasks overlap,
even if they are responsible for tasks with input from different modalities, there will still
be interference. Of course, the more different the tasks are, the less possible the pathways
responsible for those tasks will overlap. Sensorimotor tasks, on the other hand, can be very
different. They are mostly generated from some higher bottlenecks. Therefore interference

is often found.

When the dual-task paradigm is used to probe competition and interference of attention,
it is easy to obtain false interferene results. If the instructions are not carefully given, or
the observers are not trying hard to do the tasks, dual-task paradigm can produce spurious
interference results. In fact, logically speaking, to prove the absence of another attentional
resource, one has to exhaust all possibilities. To prove the existence of another resource, on
the other hand, one cbunter example is enough. So, undifferentiated attention is a position
that is almost impoissible to prove. Experiments that claimed that visual attention is

unitary and undifferentiated often compare tasks that have a common resource bottleneck
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somewhere. |
The theory of “multiple, distributed” instead of “single, unitary” in the consideration of
attention seems to take on even to the consideration of consciousness. While people used
to believe in one unitary consciousness, Zeki (1998) proposed that consciousness itself is a
modular, distributed system. He drew results from physiology that the parallel, multistage
systems of the visual brain are both processing and perceptual systems (where conscious
perceptions of certain ‘attributes were formed), and do not project to a unique common
area. He also supportéd this position by studies of diseased human brains that showed that
activity in separate processing-perceptual system, especially those of color and motion,
could lead to the perception of the relevant attribute even when the other processing
systems were inactive and that activity in individual processing-perceptual systems had a

conscious experience as a correlate.
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Fig. Ab: Perception tasks and action tasks going into and out of one of the
bottleneck(s) in the higher brain area for congnitive functions.

Attention vs Will

When we are asked to attend completely to something, how much attention can we actually

put into it? While attention is described as the bottleneck resource, it is also often used
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to refer to the mechanism that change the Wéight (Ho, 1998b; Ho, 1998a), gain control,
or increase contrast (Reynolds et al., 1997). While it has been standard practice in psy-
chophysics and physiology to call this kind of phenomena “attention”, it may be confusing
to have different definitions of attention. Under this kind of terminology, there are various
unspecified déﬁnitions of attention: voluntary, sustained, top-down vs involuntary, tran-
sient, bottom-up. When one volunatarily decides to attend to object 1, a salient object 2
sudd(}nly appearing in.the visual field can draw the attention away from the object 1. In
fact, this is a trick magicians often use. When audience are paying attention to the hand
where some magic is supposed to happen, magician waves a handkerchief in the other hand,
and the audience’s attention will be drawn to the handkerchief. So even when we attend

to something, we may not be actually attending to it.

Therefore, it will be easier to refer attention to the resource allocation. This allocation
can be caused by a bottom-up process, say, some salient objects in the visual field, or by a
top-down process, which is better described as “will”. The input units compute the bottom-
up saliency. The “will” manipulates the weight (or, gain control, neuronal interactions),
the output unit take in all these weighted inputs and compute the result using a decision
process. The output is the resource. The final result reflects the resource allocation for the
inputs. These kind of competition probably exists in many levels in the brain. The inputs

that win in all the competitions through the whole pathway rcach the perception.

This ‘way, attention refers only to one concept. Bottom-up or top-down are only the
causes of attention. It may be easier to call the change in weight (gain control, neuronal
interaction, and etc),” will”, and the actual resource allocation a task determined by natural
weight is ” bottom-up attention”, and if this resource is given after changing the weight with

will, the ”top-down, selective attention”.
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