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In three experiments, observers watched displays consisting of two or more areas that contained
unidirectionally moving pixels. In half of the displays, ame area of pixels contained movement that
corresponded to the projection of the front surface of a rotating cylinder. The total duration of the
displays and the number of stimulus areas per displaly were varied. The subjects’ task was to
indicate whether or not a given display contained rotatiam.When the display time required to reach
75% accuracy was determined, it was found that the number of stimuli per display had no effect;
nor did it interact with other variables. One control experiment eliminated “pixel crowding” at the
edges of the rotating cylinders, with little effect on the results. Another control experiment found
that the ability to discriminate rotating from linear motion declines with distance away from
fixation. A fourth experiment showed that under conditions similar to the first three, subjects can
make accurate shape discriminations, thereby suggesting that three-dimensional information
contributed to the decisions made in the original experiments. On the basis of these results and
previous data, it is suggested that in the present experiments structure was recovered from motion
by the short-range process, and that this recovery engages attention to a relatively constant extent,
regardless of the number of stimuli contained in a display. Shape discrimination based on structure
from motion may require a more effortful form of attention. Copyright @ 1996 Elsevier Science
Ltd.
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INTRODUCTION

Dick et al. (1991)examinedconditionsthat facilitatedthe
detection of a three-dimensional rotating stimulus. A
rotating cylinder was simulated by pixels that moved in
an orthographic projection; both front and back of the
cylinderwere visible, and hence there were pixel motions
both to the right and the left. While the pixels of the
simulated cylinder moved, there was also a background
of pixels, each of which moved linearlyeither to the right
or to the left with the same average velocity as the
target’s pixels. Across several experiments, Dick et al.
(1991) found that detection of the rotation amidst noise
motion was very high when the two-dimensional (2D)
displacements of its pixels were within the spatial
displacement limit of the short-range process (SRP),
and that detection declined rapidly as more pixel
displacements entered the range of the long-range
process (LRP). Because the same authors had previously
shown the SRP to be pre-attentive (i.e., reaction time to
short-range motion did not increase with the addition of
distracters; Dick et al., 1987), their work makes the
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implicitcase that the detectionof rotation,under optimal
displacementconditions,is also pre-attentive.

The present experiments were conducted in order to
further understand the attentionalrequirementsinvolved
in the detection of rotation produced by short-range
motion. Like Dick et al. (1991), we asked subjects to
detect the presence of a rotating stimulusin displaysthat
contained linearly movingpixels. However, a number of
changes were made in the stimuli: first, whereas Dick et
al. (1991)embeddedtheir rotatingcylinderin a relatively
homogeneousbackground of linearly moving pixels, in
the currentdisplaystherewere discreteareasoccupiedby
either linearly moving or rotating pixels. This made it
possible to examine the effect of set size (e.g., Palmer,
1994), rather than pixel numerosity, on rotation detec-
tion.Second,whereas the previousauthorsvaried angular
velocityof the rotatingstimulusin an effort to manipulate
short-range/long-rangeprocessing, in the present experi-
ments angularvelocitywas held constant(along with the
average, short-range, displacement of pixels), and the
absolluterotation (total duration) of the displays was
varied.This permittedus to estimatethe time requiredfor
subjects to reach a criterion level of decision-making.
Third, whereas in the earlier study both left and right 2D
motions of the pixels were visible, the present displays
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were unidirectional,showingeither leftwardor rightward
motion only in a given display (only the “front” surface
of a rotating cylinder was displayed and linear noise
motion was in the same direction). This separated any
potentialdirectionalartifacts from pure rotation informa-
tion. In separate experiments, we also varied the
eccentricity of the stimuli and examined the role of
“edge-crowding” in rotation detection. Finally, to
determine the extent to which subjects actually use 3D
structure from motion to make rapid discriminations,we
embedded rotating targets (spheres) amidst rotating
distracters (cylinders).

Along with the work of Dick et al. (1991) suggesting
that the most efficient detection of rotation is conducted
by a “parallel” process (i.e., the SRP), Shulman (1991)
has shown that rotationaftereffects(Petersiket al., 1984)
can be modulated by selective attention to specific
rotating adaptation stimuli. The former finding implies
that rotation detection can be conductedby a rapid, low-
level, relatively automatic process (i.e., the SRP); the
latter suggeststhat followingdetection, the perceptionof
rotation can be, or is, maintained by a higher order,
relativelyeffortful process.This could explain why Dick
et al. (1991) were able to obtain some rotation detection
under LRP conditions,although it was not very efficient.
Currently, there is some issue in the literature as to
whether visual attention is best considered in terms of a
serial/parallel distinction (e.g., Treisman & Gelade,
1980),a pre-attentivevs attentivedistinction(e.g., Julesz,
1990), a decision integration approach (e.g., Palmer,
1994), or by some not specifically attentional influence
like “discriminability” (e.g., Verghese & Nakayama,
1994).Because the presentexperimentswere designedto
better understand the processes underlying the detection
of rotating stimuli defined by the short-range motion of
pixels, and not as tests of any specific model of visual
attention, there is an attempt to remain as theoretically
neutral as possiblewith respect to theories of attention.

The goal of the present experimentswas to determine
the influenceof the stimulus set size on correct rotation
detection, and to determine whether set size influences
the time required to make a decision about the presence
or absence of rotation. The influence of retinal eccen-
tricity, the importance of edges, and the recovery of
structure from brief motion in the detection of rotation
are considered in separate control experiments.

GENERALMETHODS

Stimuli and apparatus
General construction of stimuli. All stimuli were

prepared on an Amiga 600 microcomputer.The overall
strategy was to prepare small area “micro-displays” of
collections of pixels specifying the rotation of the near
surface of a cylinder (i.e., the surface facing the
observer), along with micro-displays showing the same
set of pixels in linear motion with the same average
velocity. First, 11 pairs of pixels (i.e., pixels adjacent to
one another in either the vertical or horizontaldimension,

rando:mlydetermined) were randomly positioned in a
small area of the computer screen. From these, rotating
stimulliwere prepared using the techniques described in
Petersik (1991b); i.e., the positions of pixel pairs in 29
subsequent frames of the display were determined by
conventional methods (e.g., Braunstein, 1976), and all
frames were stored to create a 30 frame micro-display
showing the pixels rotating through 180 deg (thereby
producing a rotational velocity of 6 deg per frame).
Linear motionmicro-displayswere preparedby using the
same initialcollection of random pixel pairs in Frame 1.
The fiinalhorizontal locations of the pixel pairs in the
rotation micro-displays was also determined. For the
linear motion micro-displays, the pixel-pairs were
subsequentlydisplaced in equal steps across the next 29
frames so as to arrive at the same horizontal locationsas
their counterparts in the rotating micro-displays.In both
cases, the disappearanceof a pixel pair at one edge of a
display occasioned the appearance of a new pixel pair
rando]mlylocated (but the same in both types of micro-
displays)at the oppositeedge in the subsequentframe of
the di:splay.

For experimental conditions that required fewer than
30 frames per micro-display, the unnecessary frames
were deletedfrom the beginningor end of the original,30
frame, display. Thus, all micro-displaysmaintained the
same rotational or linear velocity and the spatial
arrangement of pixels; only their total duration and the
absolute distance traversed by individual pixel pairs
varied from display to display.

Micro-displayswere stored on hard disk. They could
subsequently be positioned anywhere on the computer
screenlin the preparation of “macro-displays”. Macro-
displays were animations whose components were the
micro-displays described above. The resulting macro-
displaysthereby showeda variablenumberof collections
of pixel pairs, each of which could either display rotation
or linear motion.With the exceptionof Experiment4, no
more than one rotating micro-displaywas ever used in a
macro-display.For the main experiment described here,
pixel pairs in both rotation and linear motion micro-
displaysalwaysmoved from left to right. For the rotation
direction control experiment described in the Results
section, motion direction was randomly determined;
direction could be varied by presenting the micro-
displaysin either a forward or backward order of frames.

Details of stimuli.. Viewing distancewas set at 66 cm.
The 200 pixel (vertical) x 320 pixel (horizontal)display
area clfthe monitor screen (Commodore-Amiga,model
1084S)therebysubtended13.5deg x 21 deg visual angle.
Each micro-displaywas created within an approximately
square area subtending 2.78 deg (vertical) x 3.04 deg
(horizontal); i.e., 41 pixels x 46 pixels. The background
of the display area, as well as the background of each
micro-display,was kept dark (0.8 cd/m2).Each pixel in a
display was white (25 cd/m2). The average horizontal
distance traversed between frames by pixels was 11.4’
visual angle, well within the putative spatial limit of the
SRP of 15’visual angle for small stimuli (cf. Petersik et
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FIGURE 1. Computer-generated drawing of the general appearance of
one frame of a 12 stimulus display of the kind used in the present
experiments. Note that contrast is reversed in this picture and that

pixels appear larger than they were in the actual experiments.

al., 1983). Our measurements of the displacements of
pixels in the rotation simulationsshowed that four pixels
made displacements greater than 15’ visual angle, the
greatest of these being 19’;we conclude therefore that
most of the rotation information contained in these
displayswas limited to the spatial range of the SRP.

Micro-displaysthat simulatedthe rotationof a cylinder
around its longitudinal(i.e., vertical) axis were prepared
in a polar projection with a perspective ratio (simulated
viewing distance divided by cylinder radius) of 3.0.

Macro-displayswere created that consisted of 5, 10,
15, and 30 frames, each constructed from the parent
displays described above. When macro-displays were
constructed,micro-displayswere placed randomlywithin
the cells of an imaginary4 x 4 grid on the monitorscreen
(except in Experiment 2); each cell subtended approxi-
mately 3.38 deg (vertical) x 5.25 deg (horizontal).Each
micro-display was confined to this area, but did not
necessarily occupy the exact center. Three different sets
of micro-displays, and therefore macro-displays, were
constructed in order to establish a population of stimuli
from which to sample for the subsequent experiments.
Figure 1 shows diagrammaticallywhat a single frame of
these displays looked like.

Stimuliwere presentedwith the monitoroperatingin a
non-interlaced mode. Frame duration was 1/60 see;
therefore, macro-displaysconsisting of only five frames
of movementlasted slightlyover 83 msec,while displays
consisting of 15 frames of movement lasted 250 msec.
Only macro-displayscontaining30 frames of movement,
lasting 500 msec, could have been expected to elicit eye
movementsthat would reliably lead to fixationsof target
micro-displaysbefore their disappearance.Table 1 shows
the relationshipsbetween the variable number of frames
used in displays, the duration of the movement in the
displays,and the absoluteangularrotationof the cylinder
simulations. Referral to this table will assist in the
interpretationof data shown in later sections.

TAEILE 1. Relationships between number of frames per display,
dur:ition of subsequent movement and absolute angular rotation

Number of frames per display

Parameter 5 10 15 30

Duration of movement (msec) 83.35 166.67 250.01 500.01
Absolute angular rotation (deg) 30 60 90 180

EXPERIMENT1: EFFECTSOF SET SIZE AND
NUMBEROF FRAMES

Subjects

Subjects consisted of two paid assistants, the author,
and amunpaid volunteer. The assistants and volunteer
were female, aged 19–21yr. The author was male, aged
41 yr. There was no visible difference in the data as a
function of age or gender. All subjects reported 20/20
vision and good depth perception,either with or without
correctivelenses.When correctivelenseswere indicated,
they were worn throughouttesting.

Stimuli andprocedure

Micro-displayswere grouped randomlywithin the 4 x
4 grid described above. There were three factors to the
experiment:numberof frames (that displayedmotion):5,
10, 15, or 30; number of stimuli (or micro-displays)per
displa~y:2, 6, 9, 12, or 16; and presence or absence of
rotation.Stimuliwere factoriallycombinedand randomly
drawn from the larger populations described in the
General Methods section. The 40 possible conditions(4
number of frames x 5 number of stimuli x 2 presence/
absence) were run in blocks of trials 20 times for each
subject. Within each block of trials, the stimuli were
presented in a randomizedorder. A singleblock of trials
was run in a single experimental session, successive
sessicmstypically separated by no less than 24 hr, but
occasionallyby no less than 1 hr.

For each trial, the subject’s task was to stare at the
center of the monitor screen, which was dark and blank
for 250 msec, and to maintainthat fixationthroughoutthe
trial. Becauseof the grid-likearrangementof the stimuli,
no stimuluswas ever presenteddirectly in fixation.Pixels
in motion appeared abruptly and ended with the screen
going;dark and blank, at which time the subject was to
say “:yes”or “no”, indicatingwhetheror not rotationhad
been detected.

Results and discussion

Using the percentage of correct responses per condi-
tion as the dependent variable, a 2 (rotation present vs
rotation absent) x 4 (number of frames per display) x 5
(numberof stimuliper frame) repeated measures analysis
of variance was conducted. This analysis showed that
there was no difference in the percentage of correct
responses as a function of whether a rotating stimulus
was or was not present in the display, F(1,3) = 5.72,
P >0.05. Therefore, the stimuluspresentvs absent factor
was not considered in any further analyses.
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FIGURE 2. Results of Experiment 1, expressed as the percentage of
correct rotation detection judgments as a function of the number of
frames per display (each frame lasted 16.67 msec). Number of stimuli,
or micro-displays, per display is the parameter. Error bars show largest

and smallest t 1 SE.

The overall percentages of correct responses as a
functionof the numberof framesper displayare shownin
Fig. 2; the number of stimuli in each frame of the display
is the parameter. The smallest and largest standarderrors
correspondingto the means are also shown in Fig. 2; the
smallest standard error (SE; 2.48%) occurred in the
condition that contained six micro-displays over 30
frames, whereas the largest (10.2%) occurred in the
condition that contained nine micro-displays over five
frames. As can be seen from the means, it was generally
the case that the more frames contained in a display, the
greater was the percentage of correct responses. This
effect was significant in the analysis of variance,
F(3,9) = 29.07, P <0.05. However, the relationship
between the number of stimuli contained in a display
and the percentage of correct responses was non-
monotonic: subjects were most accurate when displays
contained either 2 or 16 stimuli, and were somewhatless
accurate when the displayscontainedsix, nine, or twelve
stimuli. The effect of the number of stimuli per display
was also significant, F(4,12) = 3.38, P c 0.05. The
interaction between the “number of stimuli” and
“number of frames” conditions was non-significant,
F(12,36) = 1.50,P >0.05; thus, the effects of those two
factors appear to have been independentand additive.

Whereas subjects were significantlyinfluencedby the
number of stimuli contained in the displays, it was clear
that the relationshipwas not so simpleas to concludethat
the addition of stimuli to a display increased the
processingload required of the subjects in a proportional
manner. In order to examine more specifically the
relationship between the number of stimuli and proces-
sing time, we examined each subject’s data separately
and used linear interpolation to determine the overall
display time required to achieve 75% accuracy (referred
to as the decision threshold)as a function of the number
of stimuli contained in a display. In most cases, this
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FIGURE 3. Results of Experiment 1, expressed as the 75% decision
threshold (msec) as a function of the number of stimuli per display.
Data are shown for individual subjects, along with the group average.

Error bars show typical standard deviations + 1 SD.

procedure was straightforward. However, of the 20
functions considered, there was one that showed
nonmonotonicity; i.e., the function crossed the 75!Z0
point twice. In this case, the secondcrossoverwas used to
estimate the decision threshold. Also, there were three
cases in which the functions never fell below 75V0
correct; in these cases, we found the midpoint between
the percentage correct obtainedwith the 5 frame movies
and O$ZO(for Oframe movies).The resultingdata for each
of the subjects are shown in Fig. 3. The shortest 75Y0
decisionthresholdswere obtainedfor displayscontaining
16, 12,and 2 stimuli, respectively.Comparingthe 16 and
2 stimuli displays, the short decision thresholds suggest
that f’orthese subjects there was no trade-off between
time and accuracy in this experiment (i.e., subjects
requiredroughlythe same amountof time to achieve75Y0
accuracy for these displays).Using the logic of Treisman
& Gelade (1980), we sought to determine whether there
was any significantchange in the 75’%0decisionthreshold
as a :functionof the number of stimuli in a display. A
repeatedmeasuresanalysisof varianceon the data shown
in Fig. 3 revealed that 7590decision thresholds did not
change significantly with the number of stimuli per
display F(4,12) = 1.34, P >0.05. Therefore, it was
tentatively assumed that either (a) the detection of
rotating stimuli engages a relatively effortless, low-level
attentive process; or (b) the processing load engaged by
rotating stimuli is relatively constant and does not
fluctuate greatly as non-target stimuli are added to the
background.

The macro-displaysused in Experiment 1 consistedof
sets alfinitially identicallypositionedpixels, all of which
traverseda small area of the screen in the same direction.
The majorityof thesesetsof pixels (i.e., the linearmotion






