- 1 -

Figur e  1.  T emporal-frequency  cross-section of the spatiotemporal-fre-
q uency spectrum of a hypothetical stimulus made of two components, one
involving  rightward motion with a temporal-frequency band around 10 Hz
and  the other involving leftward motion with a band around 20 Hz. The
cros s-section shows the profile at the nominal spatial frequency and orien-
tation  of the stimulus  in the positive spatial frequency half-space; the
corres ponding cross-section in the negative half-space (not shown) is iden-
t ical but reversed, as is the case for all physically realizable signals. By
convention,  negative and positive temporal frequencies respectively corre-
spond to leftward and rightward motion.

                                                                                                                       Imputation of dir ection of motion in one dimension

Miguel A. García-Pérez �  and Eli Peli �

                                                            � Dep artamento de Metodología, Facultad de Psicología, Universidad Complutense, Campus d e

                                                                       Somosaguas, 28223 Madrid, SP AIN

                                                            � Schepens  Eye Research Institute, Harvard Medical School, 20 Staniford Street, Bosto n M A 0 2 1 1 4 -

                                                                       2500, USA

Abstract

                                                            Under  many conditions below the Nyquist lim it,  a drifting grating briefly displayed on a CR T  is consistently perceived moving in

                                                            the opposite direction. T aking  into account the sample-and-hold operation of CR T s  we have derived the temporal-frequency

                                                            spectra  of the displayed gratings and found that they have a broad range of components moving in either direction. W e  have

                                                            measured  the perceived direction of m otion of over 150 dif ferent  short-duration stimuli, and we have studied the relation that

                                                            performance  bears  to narrow-band power imbalance˙the normalized dif ference  between power in the positive- and negative-

                                                            frequency half-lines within a specific band. Perceived direction of motion  is highly related to power imbalance in 1-Hz-wide bands

                                                            centered  between 10 and 15 H z,  but none of these bands alone can account for more than 84-91% of the variance of the data, and

                                                            each band ostensibly fails to explain  data from a subset of the stimuli. When broadband power imbalance is determined by weight-

                                                            ing  the spectrum  with an inverted-U-shaped function peaking at ~12 Hz, explained variance increases to 91-97%. Our results

                                                            suggest  that the imputation of direction of motion to stimuli with complex spectra is based on broadband power im balance deter-

                                                            mined after weighting the temporal-frequency spectrum with an inverted-U-shaped function.

                                                                                                       1. INTRODUCTION

            Most  scenes in the natural environment consist of a num-
ber  of opaque objects each having a uniq ue relative-motion
vector  in three-dimensional space, and our visual system
se ems to  b e well equipped to tell apart each of these ob-
jects  and their trajectories. Y et,  in laboratory conditions
with  artificial stimuli,  the visual system is often confronted
with  the simp le task of elucidating a global direction of
motion, occasionally embedded in noise.

            Extensive  research has sho wn that our visual system is
rarely  capable of telling apart the individual motion vectors
of  sup erimposed gratings that are dif ferently  oriented in
two-dimensional  sp ace.  I nstead, a rigid object (a plaid) is
o ften perceived moving at a velocity dif ferent  from that o f
either component. 1  In other words, the visual system seems
to  dispose of the individual objects and motion vectors so
as  to gauge a single object with a unique motion vector .

W e  will refer to the pr ocess of collapsing diverse motion
information  into a single perceived  mo tion vector as the
imputation  of dir ection  of motion , but  note that this process
is  not always operative: under some conditions superim-
posed  gratings are perceived as transparently sliding over
o ne another ,  each with its veridical motion. 1-3  T his paper is
conc er ned  with the imputation of direction of motion to
stimuli  consisting of a d iversity of components signaling
motion  in b o th directions in one-dimensional space (i.e.,
components  dif fering  as to speed and  direction of motion
but  not orientation in two-dimensional space). W e  will fo-
cus  on the decisio n r ules implied in the process, and not on
the conditions that trigger it.

            Early  work in this area has implicitly o r  explicitly as-
sumed  that motion imp utation is determined by what Dosh-
er  et al. 4  called n et dir ectional  power ,  the dif ference  of
power  in the leftward- and rightward-motion areas of the

(visible)  spatiotemporal-frequency sp ectrum of the stimu-
lus.  Chubb and Sperling 5  discussed a number of situations

where  this general principle fails, something that has basi-
cally  led to motion models where so-called non-Fourier
channels  coexist with their Fourier counter p arts. Here we
present  further evidence that motion imputatio n is not
based  on such global characteristic as net directional
power ,  and  we also describe a preliminary attempt at char-
acterizi ng the rules governing motion imputation in Fourier
terms.

T o  further illustrate the problem we are addressing, Fig.

1  schematizes a cross-section of the temporal-frequency
spectrum  of a hypothetical stimulus consisting of two com-
ponents  mo ving in opposite directions in one-dimensional
space,  each at a dif ferent  speed. I n this stimulus, net power
is  identical in the positive- and the negative-frequency half-
lines  and, then, a mechanism that imputes direction of mo-
tion through net  directional power will be unable to see any
motion  in it. Y et,  suppose this stimulus is always p er ceived
moving  to the right (corresponding to positive temp o ral
frequencies)  with no tr ace o f leftward motion. One could

- 2 -

 Figur e  2.  T emporal-frequency  profiles of the spatiotemporal-frequency s pectrum  of sample stimuli used in the experiments. Space-time plots of the corre-

 sponding stimuli are shown in the insets;  in these, the horizontal dimension is horizontal space (width: 5 deg) at the vertical center of the Gabor patch and the

 vertical  dimension is time, showing two (left column) or three frames. The first frame is at the bottom in each image, and frame duration is 8.16 ms. The left

 column shows 2-frame presentations in which, top to bottom, the inter-frame phase  shift amounts to 0.1, 0.25 and 0.4 cycles of the carrier (a 1 c/deg grating),

 thus  resulting in nominal velocities of 12.25, 30.625 and 49 deg/s or ,  equivalently ,  nominal temporal modulations of 12.25, 30.625 and 49 Hz. The image

 dis played in each frame always had a Michelson contrast of 0.5. The middle column shows thoroughly analogous stimuli except for the addition of a third

 frame.  The right column shows 3-frame presentations and in all three cases the phase shift is 0.4 cycles (as in the bottom panel in the middle column), but the

 contrast  of one of the frames (the first in the top panel and the second in the bottom panel) is 0.8 rather than 0.5. The numeral on the left-hand s ide of each

 panel gives the percentage of times (out of 50 trials) that a subject reported perceiving rightward motion.

th en co nclude that the low-frequency band prevails for mo-
tion  imputation, and the opposite would hold  if the stimu-
lus  was always perceived moving to the left.  On the other
hand,  if both bands were about equally relevant for the im-
putation  of direction of motion, their competition would
result  in a 50% chance of seeing the stimulus moving either
way  (as is the case for all multistable stimuli), or their ef-
fects  would cancel out and no motion would be perceived

(as  is the case for flickering stimuli). As it turns out, in
many  cases stimuli thus defined evoke a motion percep t:

either  both objects (gratings) are seen moving transparently
in  opposite directions, or a single object (a compound grat-
ing)  is perceived whose direction of motio n alternates over
time.  However ,  a rigid  o b j ect with a unique direction of
motion is rarely perceived in these stimuli.

            In  this research we have used  a type of stimulus whose
variants  do not have these limitations.  T his stimulus is the
usual  Gabor patch with a static aperture and a moving car-
r ier .  Its characteristics that are relevant for our pur p o ses
become  obvious at sho rt durations, and they are a result of
the  way that stimuli are rendered on CR T s.  Figure 2 shows
temporal-frequency  slices of the spatiotemporal-frequency
spectr a o f some of these stimuli, whose space-time plots
are  also shown in the insets (see the Appendix for der iva-
tions).  Stimuli consist of either two or thr ee frames (frame
duration:  8.16 ms) each of which displays a snapshot with a

constant  contrast throughout its duration and, when
replaced,  a discontinuity occurs and the phase of the carrier
shifts  abruptly by an amount that depends on the no minal
speed of motion. 6

T he  numeral in each panel of Fig. 2 ind icates the per-
centage  of times (out of 50 trials) that an observer (subject

MA)  perceived that stimulus moving to the right. Although
these  and other  d ata will be thoroughly described below ,  it
is  worth advancing them here to illustrate the potential of
our  stimuli. Consid er first the 2-frame sequences in the left
column.  At the lowest nominal velocity (top panel), the
spectral  composition of the stimulus is o nly slightly biased
towards  positive frequencies, something that may explain
the  less-than-perfect performance of the obser ver .  As ve-
locity  incr eases, the spectrum shifts to the right and a notch
occurs  in the (visible) negative frequencies, resulting in
more  power in the positive-frequency side and thus perhaps
explaining  the prevalence of perceived rightward motion as
indicated  by the 100%-corr ect performance in the center
and bottom panels.

Now  consider the 3-frame stimuli in the middle column,
each  of which dif fers  from its 2 -fr ame counterpart simply
by  addition of one more frame. One might sur mise that this
modification  can only improve perfor mance, for the addi-
t io nal frame provides the observer with more motion infor-
mation  than is available in two frames. T his seems to be

- 3 -
true  at the lowest velocity (top panel), and it cannot show
at  the intermediate velocity ( center panel) because perfor-
mance  was perfect with two frames. Y et,  the add itional
piece  of information has a d r amatically adverse ef fect  at
the  higher velocity (bottom panel), transforming perceived
rightward  motion in the 2-frame condition into  a robust
percept  of leftward motion (as indicated by the 2%-correct
performance).  Comparing the spectra in the middle column
with  those in the left column, it is clear that addition of the
third  frame nar r o ws the bandwidth of the stimulus in a way
that  a notch occurs clo ser  to  the peak. At low and interme-
di ate velocities, this notch sits on the negative-frequency
side,  thus reinforcing the already prevalent power in the
positive  side; at higher velocities, the notch enters the
positive-frequency  half-line creating an imbalance in the
low  freq uencies, for which there is more power now on the

^wrong~  side of the spectrum. Given that the sub j ect per-
ceived  rightward motion in only one out of 50 trials with
this  stimulus, one has to accept that high temporal freq uen-
cies  (at which there is still more power in the p o sitive-fre-
quency side)  weigh less than low frequencies in the imputa-
tion of a direction of motion.

            Note  that the dramatic ef fect  that addition of a frame has
o n p er formance with this stimulus is not a result of alias-
ing.  All velocities implied in Fig. 2 result in nominal tem-
poral  frequencies that are below the Nyquist limit at the
refres h rate of 122.5 Hz. All remaining conditions being
identical,  variations in the number of frames have no con-
sequence on aliasing.

            T he  experiments repor ted  here involved variations in the
duration  (number of frames) of the stimulus as a means to
modifying  the distribution of tempor al-frequency informa-
tion  in order to assess its quantitative ef fec t o n perceived
direction  of motion. W e  also varied  contrast across frames,
something  that fur ther af fects  the temporal-frequency spec-
trum  as illustrated in the right co lumn of Fig. 2. In the top
panel,  the first frame has a Michelson contrast of 0.8, and
in  the bottom panel it is the seco nd  fr ame that has a con-
trast  of 0.8. Corresponding changes in the spectrum are
easy to note by comparison with the constant-contrast case
in  the center panel: increasing the contrast of the first frame
increases the amplitude of all frequencies and slightly
shifts  the spectrum to the right; increasing the contrast of
the  second frame (which restores the perception of right-
war d motion; note the 100%-correct performance) virtually
removes all negative-sided low-frequency components.

2. M ETHODS

A. Apparatus

            Stimul i were displayed at a mean luminance of 28 cd/m 2
o n a 21-in EIZO FlexScan FX-E7 monitor at a frame r ate
of  122.5 Hz (frame duration: 8.16 ms). T hroughout the
course  of the experiment, the monitor reset to a uniform
field  of this same luminance whenever a stimulus was not
present.  T he monitor  response was linearized by gamma
correction,  and all experimental events were under com-
puter  control. A Pentium-based PC platfo rm with V ision-

W orks�  (V ision  Research Graphics, Durham, NH) hard-
ware and software was used for this purpose.

B. Stimuli

T he  nominal stimuli were spatiotemporal Gabor patches
consisting  of a vertical 1-c/deg carrier moving within a sta-
tic  circular gaussian apertur e with a space constant of 0.65
deg  [cf.  eqn. (A1) in the Appendix]. T he actual stimuli ren-
dered  on the monitor were obtained by displaying a static

Gabor  patch of the appropriate phase and contrast in each
of  the frames along the presentation period. T he actual
stimuli  were thus d escribed by eqn. (A2) in the Appendix.

P r esentation durations ranged from 16.33 ms (2 frames) to

1 6 3 . 2 7  ms (20 frames). T he inter-frame phase shift was
constant  within each stimulus, but across stimuli it ranged
from  0.05 cycles of the carr ier  ( which results in a nominal
velocity  of 6.125 deg/s and a nominal temporal frequency
of 6.125 Hz) to  0.5 cycles (61.25 deg/s; 61.25 Hz), in 0.05-
cycle  steps. Note that a 0.5-cycle jump renders a stimulus
that  flickers in square-wave counterphase and, thus, cannot
elicit a direction-of-motion response. Its inclusion served  to
check  for subject bias. T he Michelson contrast of all
frames  was usually 0.5, but some stimuli were used in
which  one of the frames dif fered  in contrast. All stimuli
were  clearly visible for all observers at the contrasts used
in the experiments.

Stimuli  were created as 150×150-pixel ar r ays which sub-
tended  3.31×4.13 deg. W ithin  the arrays, a cycle of the car-
rier  spans 45.3 pixels, and the gaussian space constant is

29 . 4  p ixels. Arrays were displayed on the center of the

1000×600-pixel  image area and blended with the uniform
surround.

Sketches  of sample stimuli have been sho wn in Fig. 2,
and  note that they are not dif fere nt fr o m what in other con-
texts  are summarily d escribed as moving Gabor patches
despite short presentation durations similar to ours. 7

C. Pr ocedur e

Subjects  sat 1 m away fr o m the monitor .  T heir head was
not  restrained, but they were asked  to maintain the same
viewing  distance within and across sessions. Note, how-
ever ,  that variations in viewing distance ( which would have
been  small) slightly change the sp atial frequency and ve-
locity  of the carrier ,  but not the temporal-frequency co ntent
of  the patch. A cross (line length: 0 . 18 deg; luminance: 56
cd/m 2 )  o verlaid at the center of the monitor served as a fix-
ation aid.

Perc eived direction of motion was determined with a

2AFC  procedure and a direction-discrimination task. Each
forced-choice  trial consisted of the sequential presentation
of  two stimuli that wer e identical except that the inter-
fra me phase shift occurred in opposite directions in each
one.  T hus, the stimulus moved to the right in one of the
intervals  (chosen at rando m) and it moved at the same
speed  but to the left in the other .  T he subject had to  indi-
cate  which interval displayed rightward motion. Intervals
had  the duration of the stimulus, each was marked by an

- 4 -

 Figur e  3.  Percentage of correct responses for three subjects in the direction-discrimination task. Data from  dif ferent  stimulus durations are presented in

 separate  panels, as labelled. Each panel presents data for dif ferent  temporal frequencies (or ,  equivalently ,  velocities) as indicated in the abscissa. At the frame

 rate  of 122.5 Hz, the highest temporal frequency used (61.25 Hz; 61.25 deg/s) corresponds to square-wave counterphase flicker rather than motion and, thus,

 serves  as a control condition where performance should be at the 50% level if there is no perceptual bias. Performance levels above the dashed horizontal line

 at  50% indicate veridical perception of the direction of motion,  while perform ance levels below it indicate that perceived direction of motion is opposite the

 actual direction of motion.

audible  tone,  and  they were separated by 498 ms (61
fr ames). Subjects could self-pace the experiment by rush-
ing  or delaying their responses,  since the next trial did not
start until a response had been given.

            Each  stimulus was presented  5 0  times, and the percent-
age  of correct resp o nses was computed. T hus, 100% cor-
rect  implies perceived direction o f motion matching the
actual  direction of motio n,  5 0 % correct indicates a failure
to  per ceive any direction of motion, and 0% correct indi-
cates  perceived direction of motion opposite the actual di-
rection of motion.

            Data  were co llected in separate sessions each of which
lasted  10-30 min. Each session consisted o f 500 trials (or-
d er randomized) resulting from 50 presentations of each of

10  stimuli that dif fer ed  o nly in speed. Each subject went
through  19 such sessions to provide data at seven presenta-
tion  durations (2, 3, 4, 5, 6, 10 and 2 0  fr ames) and 12 tem-
poral  contrast envelopes defined for 3-frame p resentations
by  setting the Michelson contrast of either the first o r  the
second  frame at 0.0, 0.2, 0.4, 0. 5 ,  0 . 6 or 0.8. Each subject
completed these sessions in a newly randomized order .

D. Subjects

            T hree  subjects with normal or corrected-to-normal vision
participated  in the study ,  including o ne o f the authors who
is  an experienced psychophysical observer .  T he two other
subje cts were inexperienced observers and they were also
naive as to the goals of the experiment.

3. RESUL TS

E ach panel in Fig. 3 shows results for one of the seven
constant-contrast  conditions defined by varying the number
of  frames, as a function of the nominal velocity (or tempo-
ral  frequency) of the stimulus. 8  At the shortest dur ation (2
frames),  perceived direction of motio n is always veridical
althou gh it is impaired at low velocities. V eridical  percep-
tion  also occurs at the longest durations (6-2 0 frames), al-
though  in this case performance is impaired at high veloci-
ties.  Y et ,  at intermediate durations (3-5 frames) veridical
perception  breaks down: in 3-frame sequences, reversed
motion  is perceived at the two highest velocities; in 4-
frame  sequences, no motion is p er ceived at intermediate
velocities  (as given by 50%-correct performance levels);

and  in 5-frame sequences one of the observers (subject

MA) perceived reversed motion at the highest velocity .

Figure  4  sho ws results for the six 3-frame conditions in
which  contrast of the second  fr ame varied, as a function of
the  nominal temporal frequency of the stimulus. As con-
trast  of the second fr ame increases, the range of velocities
at  which reversed motion is perceived shifts upwards and
narrows,  eventually giving way to  veridical perception.

Note  that direction o f motion is aliased on the monitor in
the  .5/.0/.5 condition ( left column, top panel), and all sub-
jects´  perception is veridical when this is taken into ac-
count.  Note also that data for the .5/.5/.5 condition (left
column,  bottom panel) p er tain to the same stimuli for

- 5 -

 Figur e 4.  Similar to Fig. 3  except that data pertain to 3-frame presentations in which the first and third frames had a contrast of 0.5 and the second frame had

 a contrast valued as labelled in each panel. All graphical conventions as in Fig. 3.

                   Figur e 5.  Similar to Fig. 4 except that it is now the first frame that varied in contrast, as labelled in each panel. All graphical conventions as in Fig. 3.

which  data were presented in the 3-frame panel in Fig. 3.

T he d ata are new for Fig. 4, and thus constitute a replica-
tion of the corresponding condition in Fig. 3.

            Finally ,  Fig.  5  sho ws results for 3-frame presentations in
which  the contr ast of the first frame varied, also as a func-
tion  of the nominal temporal frequency o f the stimulus.

T hese  results also show instances of veridical and non-
ver id ical perception of the direction of motion. Note that
the  bottom panel in the left column is another replication of
the  3-frame constant-contrast condition, and that the top
panel  in the left column is a replication of the 2-frame con-
dition of Fig. 3.

            W e  have also carried out a number of controls in which
several  characteristics of the Gabor patches varied while
the  power distributio n in their temporal-frequency spec-
trum  remained identical. T hese included (a) var iations in
contrast  fo r  the constant-contrast conditions displayed in

Fig .  3 , (b) variations in spatial frequency and, conse-
quently ,  speed of the carrier ,  and  ( c)  variations in patch
size.  In all cases the results were indistinguishable from

those  in Figs. 3-5, suggesting that only the d istribution of
information in the temporal-frequency spectrum matters.

In  Fig. 2 we showed the spectrum of some of these stim-
uli, and we also mentioned how the data could be used  to
assess  the relative weight of dif ferent  temporal-frequency
bands  in the imputation of d ir ection of motion. In the next
section we address this issue in detail.

4. IM PUT A TION OF DIRECTION OF M OTION

Whi le data presented in Figs. 3-5 clearly indicate that the
spectral  content of our stimuli is critical for the perceived
d ir ection of motion, it is not obvious what mechanism may
be  r esponsible for that decision and how the balance of in-
formation  on either side of the spectrum is used to arrive at
it.  T he analysis we present here is more a first step towards
u nd er standing the stimulus information that is used by such
mechanism  than a final characterization of the rules gov-
erning  its behavior .  It should also be kept in mind that we
are  only considering stimuli that elicit either the perception
of  a glo b al direction of motion or no motion perception

                                                          - 6 -

F igur e  6.  Illustration of the approach to analyzing the relevance of each
temporal-frequency  band for the imputation of direction of motion. A s am -
ple  s tim ulus is shown in (a) along with its temporal-frequency spectrum.

T his panel is the same as shown at the bottom of the middle column in Fig.

2.  The power imbalance in that stimulus is shown in (b) as a function of
band  center .  Imbalance is  computed through eqn. (1) for each of 65 bands
with  a (linear) width of 1 Hz and centered at integral temporal frequencies
between  1 and 65 Hz. Note that imbalance is negative at frequencies below

18  Hz and above 61 Hz (implying that there is  m ore power on the negative
side  of the spectrum within the corresponding bands), while it is positive at
temporal frequencies between 18 and 61 Hz inclusive.

                                                          whatsoever .

                                                                      W ith  our stimuli, direction of motion is no t aliased on

                                                          the  monitor except for the .5/.0/.5 condition in Fig. 4,

                                                          which  we have d iscussed already .  T hus, the net power in

                                                          rightward-moving  stimuli is always lar ger  in the positive-

                                                          than  in the negative-frequency side of the spectrum. Since

                                                          our  subjects clearly perceived leftwar d  mo tion in many of

                                                          these  stimuli, it follows that imputation of motion is not

                                                          based on net directional power . 9

                                                                      T o  check the validity of the notion that the lo cal imbal-

                                                          ance  of information on either side of the temporal-

                                                          frequency  spectrum is relevant for the imputation of direc-

                                                          tion  of motion, we have first carried out a simple analysis

                                                          aime d  at determining which temporal-frequency band

                                                          c o uld  grossly account for the direction of motion perceived

                                                          by  our subjects. Suppose direction of motion were deter-

                                                          mined  from information in a single,  narrow temporal-fre-

                                                          quency  band in such a way that if the power in that band

                                                          were  lar ger  on the positive side of the spectrum then right-

                                                          ward  motion would be perceived, and leftward motion

                                                          would  be perceived if the opposite were to occur .  T hen,

                                                          one  could compute an index of power imbalance within

                                                          that  band and d etermine its relation to observed

                                                          performance  across stimuli. Moreover ,  variations in the

                                                          strength  of the relationship with band center would indicate

                                                          their  relevance: if power imbalance in some b and were

                                                          highly  r elated to performance then that band must be im-

                                                          portant  for the determination of the glo b al direction of mo-

                                                          tion;  if the relation were small, information in that band

                                                          must  not be used by the mechanism that imputes direction

                                                          of motion.

                                                                      Now  suppose the power in some band is lar ger in the

                                                          positive  side. An imbalance index should evaluate to a pos-

                                                          itive  value in this case, and it sho uld attain the opposite

                                                          value  if the powers simply reversed. An index with these

                                                          characteristics,  similar to that used to measure direction

                                                          selectivity in visual cortical cells, may be computed as

, (1)

                                                            P I

                                                                          i

                                                                                                   P

                                                                                              �

                                                                                            i

P

� 1  and 1, attaining its limiting values

                                                          when  there is no power on one of the sides, and attaining a

                                                          null  value when power is the same on both sides. W e  ex-

                                                          pect  performance to be monotonic with this index: a value

                                                          of  � 1  (ind icating absence of power on the positive side)

                                                          should  relate to leftward-motion perception as represented

                                                          by  a performance level of 0% correct; a value of 0 (indicat-

                                                          ing  balance of power on either side of the spectrum) should

                                                          be  associated with performance at the 50% level; and a

                                                          value  of 1 (indicating absence of negative-sided p o wer)

                                                          should  be associated with rightward mo tion (100%-correct

                                                          performance).  Figure 6 illustrates how this index varies

                                                          across  band s for a given stimulus, with bands defined to

                                                          have  a (linear) width of 1 Hz and centered between 1  and

65  Hz in 1-Hz steps. For this stimulus, power imbalance at

frequen cies below 18 Hz is consistent with the perception

of  leftwar d  motion, while at higher frequencies it is consis-

tent  with rightward-motion perception. W e  have computed

the  distributio n of power imbalance for each of the stimuli

for  which we p r esented data in Figs. 3-5 and then, sepa-

rately  for each subject, we have analyzed the relation that

performance  bears to power  imb alance at each of these

bands.

Performance  is plotted against power imbalance at two

bands  (3 and 1 1  Hz) in Fig. 7a, revealing strong monotonic

relations.  W e  have measured the strength of the relation at

each  band by fitting a constrained, one-parameter  logistic

function of the form

, (2)

PC

100

1
�
exp
b PI

i

where  PC is percent correct, PI

i

 is power imbalance at the

corresponding  band [from eqn. (1)] and b  is a parameter to

be  estimated. T he constraint implicit in eqn. (2) is that we

force  the lo gistic function to cross the 50%-correct level at

null  imbalance. Our choice of a logistic function is based

on  its symmetry ,  a characteristic of our imbalance index

and  our performance measure that the fitted functio n

should accommodate.

T he  panels in Fig. 7a also show the best-fitting function

in  each case. Note that there are 190 data points in each

panel  (per fo rmance at 10 nominal velocities within each of

7  duration conditions and 12 contrast conditions, 1 1  plotted

against  power imbalance in the corresponding stimulus at

- 7 -

Figur e  7.  (a) Performance from three subjects (rows) plotted against the

power  im balance at each of two frequency bands (columns). Each panel

contai ns  190 data points whose ordinates are the same across all panels

pertaining  to the same subject (i.e., across rows), representing per-

formance  of the corresponding subject across conditions in the panels of

Figs.  3-5.  The abscissa for each point is the imbalance at 3 Hz (left col-

umn)  or 1 1  Hz (right column) computed for the corresponding stimulus as

illustrated  in Fig. 6. Continuous curves are one-parameter ,  constrained

logistic  functions [cf. eqn. (2)] separately fitted to the data in each panel,

and  the numeral in each panel is the percentage of variance explained by

the  fitted function. (b) Summary plot of the percentage of variance

explained  by functions fitted as illustrated in (a) at each of the temporal-

frequency  bands for which power imbalance was computed. Explained

variance  is only trivially dif ferent  from zero for all bands beyond 40 Hz,

including the range 50-65 Hz not shown in the figure.

                                                          the  selected band) and we aim at describing them all with a

                                                          one-parameter  function. T he percentage o f variance that

                                                          the  fitted function explains is given in each panel, and Fig.

                                                          7b  shows summary results for all bands separately for each

                                                          subject.  Explained variance is lar gest  in the 10-15 Hz

                                                          range,  and it becomes trivially small only for bands above

                                                          ~30  Hz. Clearly ,  these percentages can be taken as gross

                                                          indices of the relative relevance of dif ferent  bands for the

                                                          imputation  of direction of motion.  Y et,  as discussed next,

                                                          this  imputation is mo re likely made on the basis of infor-

                                                          ma tio n collected across the entire spectrum than from

                                                          whatever is encountered within a single, narrow band.

                                                                      T he  panels in Fig. 7a suggest that this must be the case:

                                                          despite  the tight packing of data, all panels contain a few

                                                          s tr ay data points indicating perception of rightward motion

                                                          (performance  at or near 100% correct) when power imbal-

                                                          ance  is negative and lar ge.  T hese data points pertain to the

                                                          same  stimuli acro ss subjects, indicating that their location

                                                          on  the plots is not without reason. Note also that stray data

                                                          points  occur mostly for imbalance measur ed at the 3-Hz

                                                          band  (left panels), thus r esulting in less variance explained

                                                          despite  the fact that the remaining data points are more

                                                          tightl y p acked around the sigmoid than when imbalance at

                                                          the  1 1-Hz  band is considered (right panels). Perfo r mance

                                                          on  this small subset of stimuli must then b e related to

                                                          power  imbalance at some other  band. Y et,  no single-band

                                                          r elationship displayed better characteristics than those in

                                                          Fig.  7a, suggesting that narrow-band ap p roaches are insuf-

                                                          ficient  for a satisfactory account of performance on all

                                                          stimuli.

                                                                      T he  obvious next step is to consider that perceived direc-

                                                          tion  of motion depends on b r o adband weighted power im-

                                                          b alance. Y et,  broadband schemes are countless and it is no t

                                                          clear  ho w experiments could be designed that would un-

                                                          equivocally  indicate the actual approach taken by our vi-

                                                          sual  system.  T hus, we have simply tried out various linear

                                                          sch emes which wound up dif fering  enormously as to their

                                                          success.  W e  will next describe some of them, including the

                                                          one that appears to be most successful.

                                                                      Our  approach is as fo llows. Let

 F   be the amplitude

                                                          spectrum  of the stimulus, let w  be an even-symmetric

                                                          weighting  function, define broadband  weighted power in

                                                          the  positive and negative temporal-frequency half-lines

                                                          respectively as

(3)

                                                            P

                                                                                               P

                                                                                                          0

�

              F (

                                                                        �  into a straightforwardly modified eqn. (1) .  W e  have

                                                          tested  several functions including unrestricted constant

                                                          weights  [i.e., w ( 7 )  = 1 ], constant weights applied only

                                                          within  the temporal-fr equency bounds of the window of

                                                          visibility 10  [i.e., w ( 7 )  = 1 if  7

�  30 Hz, and 0 o ther wise]

                                                          and  weights inversely related to temporal frequency [i.e.,

                                                          w ( 7 )  = 1/ 7 ],  but inverted-U-shaped weighting functions

                                                          - 8 -

                                                           Figur e  8.  Performance plotted as a function of overall power imbalance defined by first multiplying the amplitude spectrum of each stimulus by a weighting

                                                           function of temporal frequency ,  and then computing power imbalance through eqn. (1) but using the weighted power on the positive and negative frequency

                                                           sides  as defined in eqns. (3) and (4). Panel (a) shows a stimulus (inset) along with its spectrum (thick line) and a weighting function (dashed line) identical in

                                                           shape  to the function describing variance explained for subject MA in Fig. 7b. Panel (b) shows the resultant weighted spectrum. The panels underneath show

                                                           plots  of performance (separately for each subject) against overall power imbalance computed using (c) a constant weighting function, (d) a constant weighting

                                                           function that applies null weight beyond the temporal-frequency bounds of the window of visibility (

7

�  30 Hz), (e) a function of inverse temporal fre-

 quency ,  and (f) an inverted-U-shaped function that has the same exact form as the narrow-band explained-variance function shown for the corresponding

 subject in Fig. 7b. Each panel also shows the best-fitting one-parameter logistic function and the percentage of variance that the latter explains.

worked best.

            Results  for these four weighting functio ns ar e shown in

Fig.  8. W ith  a constant weighting function, p o wer is com-

puted  for each stimulus as is. As a result, p o wer  imbalance

is  always non-negative 12  (since all stimuli move to the

righ t)  and in no way is it related to performance despite a

spurious  35 -44% of variance explained by a fitted logistic

function  (see Fig. 8c). Limiting the constant weighting

function  to  the temporal-frequency bounds of the window
of  visibility does not do a much b etter  job (see the depar-

ture  between the scatter of data and the path of the fitted

function  in Fig. 8d), despite a marked (but also sp ur ious)

increase  in explained variance. A weighting function of

inverse  tempor al fr eq uency does a better job (see Fig. 8e)

in  terms both of explained variance (which is lar ger  on a

subject  by subject basis than it is for constant weights) and

match  between the scatter of data and the path of the fitted

function.  Y et,  there are still data points at lar ge vertical

- 9 -

o f fsets from the fitted curve, just as was the case in most of

the  narrow-band fits shown in Fig. 7a. Note also that none

of  the weighting functions considered so far  has more ex-

planatory  power  than the best narrow-band approach that

can be identified for each subject in Fig. 7.

            Figure  8f finally shows near-optimal results o btained

when  the spectra of the stimuli are weighted by the func-

tion displayed in Fig. 7b for the corresponding subject ( see

illust r atio n in Figs. 8a and 8b). T he fit is very good: there

are  no points in any subject´s data that depart vertically

from the path of the fitted function. 13  Note  also that the per-

ce ntage of variance explained by the fitted function varies

from  91% to 97%. T hese two character istics reveal that a

broadband  weighted ap p r o ach is more explanatory than

any  of the individual narrow-band attempts considered in

Fig. 7a.

            It is somewhat striking that the functions in Fig.  7b, relat-

ing  explained variance to power imbalance within narrow

bands,  would do such a good job in the weighted scheme

o f Fig. 8. Indeed, there is no statistical reason why ex-

plained  variance should give the weight of a variable for a

subsequent  linear or nonlinear  combination. It may ,  then,

be  a simple coincidence that the functions in Fig. 7b have a

shape  that we indeed wanted to consider: lar ger  weights at

intermediate  frequencies that fall of f more rapidly towards

high  than towards lo w frequencies, describing a shape sim-

ilar  to that of the temporal contrast sensitivity functio n

(CSF).

            Beyond  this point, one co uld try to search for other func-

tions  that provide a quantitatively better fit, perhap s b y es-

timating the weight of each frequency band instead o f us-

ing  weights from Fig. 7b and simply fitting a one-parame-

ter  function to the d ata,  o r  by using the temporal CSF of

each  subject as a weighting function. However appealing,

this  latter approach may not b e worth pursuing: first, the

CSF  describ es p erformance at threshold and it is not clear

that  its inverted-U shape describes appropriately the filter-

ing  characteristics of the visual system in the supra-thresh-

old  conditions of our direction-discrimination task; 4  sec-

o nd ly ,  the shape of the temporal CSF varies with the dur a-

tion  of the stimulus, and since our  exp lanatory approach

requires  using a single weighting function for all stimuli

regard less of their varying durations, it is not clear which

duration  should the stimuli used to deter mine the temporal

CSF have in order to appropriately predict performance in

our  d irection-discrimination task. Considering the already

lar ge  amount of variance explained by our simple approach

and  given the inter nal var iability of the data, this extra ef-

fort  can only produce a measly impr o vement in fit at the

cost  of estimating a substantial numb er of additional pa-

rameters.

                                                                                                            5. CONCLUSIONS

            W e  have shown that a p o tentially harmful artifact of the

sample-and-hold  operation of CR T s  can be exploited to

study  basic properties of visual motion analysis, namely ,

how  conflicting information about o ne-dimensional motion
is  integrated to impute a unique direction of motion. Our

results,  ar ising from separate analyses of data from three

subjects,  indicate that perceived direction of motion is de-

termined  by the overall imbalance of power on either side

of  the weighted temporal-frequency spectrum of the stimu-

lus, where the weighting function has an inverted-U shap e.

Lar ge  imbalance results in a strong percept of motion,

while  small or null imbalance results in per cepts of

temporally-varying stimuli that nevertheless lack a direc-

tion of motion.

It  should be stressed that this picture applies only under

the  conditions of our stud y ,  i.e, when a single object is per-

ceived  with a unique direction of motion in one-dimen-

sional  space. Obviously ,  whether a stimulus has this ap-

pearanc e is not a precondition but a consequence of visual

processing.  Y et,  our state of knowledge is insuf ficient to

explain  why some stimuli (like ours) are perceived  as a sin-

gle object moving rigidly in one direction  while others (like

the superimposed gratings idealized in our Fig. 1) fail to

elicit the perception of rigid motion.

Our  results supp o r t the hypothesis that integration of di-

verse  and  conflicting temporal-frequency information oc-

curs  in a specific way for the imputation of direction of

motion  in one-dimensio nal space. Further work is neces-

sary  to determine where the accountable mechanism lies in

a  hierarchy of local sp atio temporal mechanisms for motion

analysis  and representation, and also to determine the con-

ditions  that trigger it. Experimental work is also  needed to

study  whether some form of integr ation also occurs in the

imputation  of a unique direction of rigid mo tio n in two-di-

mensional space.

APPENDIX

T his  appendix derives the spatiotemporal-frequency

spectrum  of a moving Gab o r  patch as rendered by a CR T

that  operates at a frame rate of 7

s

 Hz and, thus, has an im-

age  update rate o f

% ’

0

( x
v

0

t )

1

0

(A1)

where  L

0

 is mean luminance, m  is a temporal contrast enve-

lope  function, )  is the space constant of the circular gaussi-

an aperture, ’

0

 is the spatial frequency of the carrier ,  v

0

 its

velocity ,  and 1

0

 its initial phase. Note that eqn. (A1) de-

scribes  a moving Gabor pattern that extends from negative

to positive time given some arbitrary origin.

Fo r  display on a CR T ,  the origin of time is set at stimulus

onset  and the patch is presented for a short time, an opera-

tion  that can be rep resented as multiplication of eqn. (A1)

by  a temporal rectangular wind o w spanning n  frames and,

                                                          - 10 -

                                                            F igur e  A1.  T wo-dimensional  slice (at

’
y

 = 0 c/deg) of the amplitude s pec-

                                                            t rum  of a 3-frame stimulus with parameters ’

0

 = 1 c/deg,

)  = 0.65 deg,

                                                            �

                                                                  0

                                                                       = 49 deg/s ,

1

0

 = 0 rad, and m ( t )  = 0.5, and presented on a monitor with

                                                           an  image update rate

�  = 122.5 s [cf. eqns. (A1) and (A2)]. A space-time

                                                     plot of this stimulus is shown as an inset in the bottom panel in the middle

                                                     column  of Fig. 2,  which also shows a one-dimensional cross-section of the

                                                     amplitude spectrum taken at ’
y

 = 0 c/deg and ’
x

 = 1 c/deg.

                                                     F ( ’

                                                                          x

                                                                               , ’

                                                                                          y

                                                                                                , 7 )

L

0

3

                                                                                                         ( ’

x

, ’

y

, 7 )
�

L

0
sin % 7 �

2 % 7

×

                                                                                                                     $
n

�

( t ) f

N

( x , y , t )

6 ( t )

�

$

�

( t )

                                                         where  the star d eno tes convolution, 6  is the sampling

                                                         function, 15  and

. (A3)

                                                           $

                                                               -

                                                                   ( t )

                                                                                                               1 if 0 � t �

-

                                                            0 otherwise

            T he  Fourier transform, F ,  of eqn. (A2) is easily sho wn to

be

(A4)

with  i 2  = � 1,  from which the amplitude spectrum can readi-

ly be obtained. Figure  A1 shows a slice (at  ’

y

 = 0 c/deg) of

the  amplitude spectrum of the 3-frame stimulus in the bot-

tom  panel in the mid d le co lumn of Fig. 2. For simplicity ,

elsewhere  in this p ap er we are showing one-dimensional
profiles  taken at ’

x

 = ’

0

 = 1 c/deg and ’

y

 = 0 c/deg, and we

have  omitted  the function 3   at the origin because it does

not af fect power imbalance.

ACKNOWLEDGEM ENTS

T his  work was carried out at T he Schepens Eye Research

Institute,  where M AGP was a Resear ch  to Pr event  Blind-

ness  International Resear ch  Scholar .  MAGP was sup-

ported  by DGE S grant PB96-0597. EP was supported by

NI H grants EY05957 and EY10285, and by NASA con-

tract  NCC-2-1039. W e  thank V icente  Sierra-Vázquez for

his help with the derivations in the Appendix.

REFERENCES AND NOTES

1. E.  H. Ad elson and J. A. Movshon, ^Phenomenal co-

herence  of moving visual patterns,~ Nature 300 ,

523˘525 (1982).

2. A.  V .  van den Ber g  and W .  A. van de Grind, ^Condi-

tions  for the d etection of coherent motion,~ V ision

Res. 31 , 1039˘1051 (1991).

3. J.  Kim and H. R.  W ilson,  ^Dependence of plaid mo-

tion  coherence on component grating directions,~ V i-

sion Res. 33 , 2479˘2489 (1993).

4. B .  A.  Do sher, M. S. Landy and G. Sperling, ^Kinetic

depth  ef fect  and optic flow˙I. 3D shape from Fourier

motion,~ V ision Res. 29 , 1789˘1813 (1989).

5. C.  Chubb and G. Sperling, ^Drift-balanced random

stimuli:  a general basis for studying non-Fourier mo-

tion  perceptio n,~ J. Opt. Soc. Am. A 5 ,  1986˘2007

(1988).

6. T h is description is only a convenient simplification.

Line  raster ,  phosphor response and display band width

all  contribute to making the actual image displayed in

each  fr ame slightly dif ferent  from what we just de-

scribed.

7. A .  B .  W atson  and K. T urano,  ^T he optimal motion

stimulus,~ V ision Res. 35 , 325˘336 (1995).

8. Data  at the highest nominal velocity (isolated points at

the  right in each panel) serve as a control condition of

flicker and, not surprisingly ,  performance is near the

50%  (guessing) level in all cases. W e  will no  longer

refer to these data.

9. As  will become clear in our discussion around Fig. 8,

net  directional power cannot account for our results

even  if it is computed within the temporal-frequency

bounds of the window of visibility . 10

10. A.  B. W atson,  A. J. Ahumada,  J r .  and J. Farrell, ^W in-

dow  of visibility: a psychophysical theory of fidelity in

time-sampled  visual motion displays,~ J .  Opt. Soc.

- 1 1 -

                        Am. A 3 , 300˘307 (1986).

1 1. Recall,  however ,  that only 16 o f the 19 conditions

                        were  actually dif ferent,  since one of them (constant-

                        contrast  3-frame presentations) was replicated twice

                        and  another (constant-contrast 2-frame presentations)

                        was replicated once.

12. T here  are a few instances of stimuli that come out with

                        small  negative power imbalance values, but this is only

                        an  artifact caused by our using temporal frequencies

                        only  up to 65 Hz in the computation of P  -  and  P  +

                        through eqns. (3) and (4).

13. T he  inherent variability in the data should be taken

                        into  account for this jud gement. Data from our condi-
tion s with flickering stimuli give an estimate of this

var iab ility ,  and these data can easily be seen in the

panels  of Fig. 8c as a str ing of vertically aligned points

at  an abscissa of 0 and around an ordinate o f 50. T he

vertic al sp r ead of these strings gives an indication of

the   response variability that one has to  p ut up with in

these plots.

14. D.  J. Fleet and K. Langley ,  ^Computational analysis of

non-Fourier  motion,~ V ision  Res. 34 ,  3057˘3079

(1994).

15. R .  N.  B r acewell, T he  Fourier transform and its appli-

cations . (McGraw-Hill, New Y ork, 1978).