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The stimuli were random-dot cinematograms made up of 512 elements (bright dots b:
on a cathode ray tube). From one frame of the display to the next, each 3;
element took an independent, random walk. All steps in the random walk were e
of constant size and the directions of these steps were drawn from a uniform
distribution. }'5
When shown stimuli in which different, local motion vectors were mixed, 3
observers tended to see a global, coherent flow along the mean of the uniform t y

distribution of directions. This perceptual tendency varied inversely with the DO
range of the distribution. Standard psychophysical techniques were used to
obtain psychometric functions for cinematograms having various step sizes and
spatial densities of their elements. A wide range of conditions produced
results that were consistent with a modified version of S. Ullman's "minimal
map theory" of motion correspondence.

SIZE FACTORS IN APPARENT MOTION. We tested the idea that the system creating
the percept of motion makes use, at an early stage, of information about size.
The size information was presumed to arise from size-tuned mechanisms with
fairly broad bandwidths in the domain of spatial frequency. To test this
hypothesis, we used stimuli whose luminance profile was a difference of
Gaussians (DOGs). Such stimuli are spectrally band-limited and therefore
should differentially stimulate size~tuned mechanisms.

In one study, adjacent DOGs of varying size were alternated in a simple apparent
motion display. When DOGs were of the same size, they were more likely to
elicit reports of motion. This preference for size similarity was found under a .
range of display conditions. The generality of this finding was tested under
other conditions. The central DOG stimulus alternated with two flanking DOGs. 3.
The central DOG could participate in motion with ome, both, or neither of the ;
flanking DOGs. The size relations among the three DOGs were varied and e
observers' reports of apparent motion recorded. In general, the relations
discovered with the two DOG case held for this more complex display. A | e
mathematical model was developed to account for the results. The model o
conceptualizes apparent motion as resulting from a competition between
simultaneous tendencies to see motion in several different directions. The EDE
model supports the idea that an early stage in the processing of apparent motion s
is the extraction of information about the visual size of the stimuli. e
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COHERENT GLCBAL MCTION PERCEPTS FROM STCCHASTIC LOCAL MOTIONS

lotroduciiac

The coabination of saversl different motion vectors can produce 3
=2rcert of coherent amotion in 3 sinsle direction. For exssrler if two
sinzueoidel 3rstinds of siailar seatisl freauencies move in different
dirsctionzy they e sprear te cohere into & singdle wmoving
crecker-doardlike r3tiern (Adelson and Movshon: 1980), Alsos 1f

santr2zd is  nesar thresholdy two spstislly intersrersed random dot

rid

terns moving in orthosonal directions c¢3n 3senerate s rercert of
wction alons the mean of the two directions (Levinsons Cowne and Grossy

37,

[y
~b
(]

Jlluwan (1979 hss demonsirated that many amotion percerts: including
the ra2sult of cozbining seversl differemt awmotion wvectors» can  be
e~flained in tarazs of purelwy locsl interactions. The sratial freauency

activity 0% coherent wunidirectional aotion for moving sinsuscidsl

o
W
-
»

srstinss =2rsusded Adelson and Movshon (1980) thst wechanisas which
senerste tne rercert of coherent notion orersate on the resronses aof
frequency channels. Models of sratia]l wvision that sre
sraulstes im terms af seatialle localizedr se3tis] freauency channel:s
sch =o1st in visusl sesce have set with considerable success (e.3.
~i15Cn  3n3  Rerszeny 19799, Ye were therefore interasted in how 3

szmerznt 2l3bal sercert could result froa the cozepination of locslized

T3 exrlare the role of sretialle locaslized erocessinz in the

=arzzeticn of 3is0zly csherant motionr we uwsed woving  ta3n3ox ISt
cin€BzLI3rons, Such kinematosrsus sarn te generstes s3coorcins 4o
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diverse rulasy rosulting in 35 many different tures of stimuli. In one

conach t¥res larde subsets of the dots move in one direction. But such
\ stinuli would not be aprrorriate for our rurroses! the contribution of

the 1lccal wmotion of individual dots to the dlobal rercert is obscured
2 by the redundancy of multirle mnotion vectors in the s3ae direction.
nsteadrwe develcred 3 kinematodram in which the direction of motion of
b é¢sch dct i3 inderendenily defined. The stiasuli were constructed in the
X follicwinid wmanner. Initiallyy dots were distributed randoaly over our
csthode ray disrlss. Esch dot then took an inderendent 2-dimensioneal
<. random walk, Though 31l dots travelled the same distacce from frame to
. fr3mey Lthe Jdirectiocs in which any dot moved was inderendent of the
Jirections in which the other dots =moved, Furthers the direction a
given dat nmoved froe oane frame to the next was inderendent of the
directicn of its rrevious disrlacements; the rossible directions in
- wnich all dots nmoved were chosen frosm the same unifora rrobabilits

- distribution.

Not surrisinglyy i? the ranse of the distribution of directions
. pi:tended over 3ll 3490 dedrees» locsly randoa movement of individusl
Zobz w3as evident, Byt if 4he rande of the distribution w3s less than

369 d2greese 4he =sattern could 3rpear to flow ec.aassze in the

<
FaE St

direction of ihe aesn of the distribution» even though the 1ndividusl

. LR

1+

rerturbstions of the dots were still evident.

S

W2 rarssetrized <the srobebillity of seeind 3 dglobals coherent

L
5 .ﬂ) l_-'_‘

=ercert of unidirectionsl low from local motion vectors. To do thiss

' :

3

- -2 Jaried the rsnze of the distridution of veclors and ameasureqd the

zrobsbilits of zeeins unidirectiorasl flow inm 3 direction s3lomns the
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FAGE 3 Y

dissiridution’'s a23n. We +then investigated the errorerties of locsal

L
N
o

mechsnisms of motion by examining how serceived coherence of aotion
chsngded with various local rarsmeters, These raramneters included
sratisl faclorsy the ster size in the random walk and the density of
dots scross the disrlawy 3s well 3s 3 temprorsl factors the duration of

the movement.

Yeilbads

The patterns were denerated by a FPDF 11/34 conruter that rassed

values through a digitsl to analod converter for disrlay on 3 Hewlett

N

G e S0
+ IR S AN

Fsckerd 1321A X-Y diserlay with a3 P31 phosehor., The diselaved stimulus

w35 confirned to 3 sauare redion with sides measuring 18.5 desrees. A

]

‘ursr around® scheme caused dots to "disasrear® when disrlaced obevsond -

roundary of the sauare and then 'reserear' a3t the orrosite side of

o+
pu 8
o

the sauare. The Pattern w3s viewed through a3 cardboard mask with 3 -
lsr orening csubtending 18 dedrees of visual sn3le. Subdects

fiicted the center cf the screen’ viewind was monocular with the other

2ze occluded vbg translucent eve r3tch,

g€sch dJo¢ measured O0.! dedree in diameter., Though frame Juration
-22 zlws=zs S wmsecr ‘he interframe interval reguired to sererste
sz=3rant continuous wmotion varied with ster sizei Table 1 lists those
intervals far e2sch of the ster sizes used. Percertion of coherent
uhidirecticnal flow wvaried with the stimulus duration (i.e. the nuamber
af ‘rzaes rresented), Therefore» eiucert when we measyred rercertion 3s

5 functicn of the number of frsmes sresenteds the st:mulus durstion was

w»3intaired 3% orne second., The reason for choosing 4Nis vsiue will de
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msde clesr in a lster sectionr dealing with temroral rrorerties of the

stimulus,

The X-Y disrlay rprovided the only luminance 1in the roos and
subJects sdarted to these luminance conditions for five ainutes before
stsrtind an xrerinental session, Contrast of the ratterns was
nsintsined a3t twice threshold contrast. At the bedinning of each
sessicn  the threshold contrast wss reestsblished using a von Hekesy
tracking rrocedure (Tunasn and Sekulery» 1977), Prelinminary exreriments
indicste thst 3 coherent motion rercert could be generated over s wide
range of contrasts. Houwever since the temroral conditions for
#roducing ccherent amotion varied with contrasts we decided to confirne

tne formal study to 3 single contrast.

In ereliminary exrerimentsy a 2-3lternative forced choice
srocedure determined the erobability of seeing unidirectional flow slonsg
ihe nean of the uniform distribution of directions., These
»~gdsbilities were nmeasured as a3 function of 4he range of the
disiridution, Sters covered 0.1 desree and the dot density was 1.6 dats
rer desree. The results were the same faor different directions of the
mest (2.9, lefiy, rishts obligues etc.). Thereforer with no sacrifice of

er3i:23bilits we subsequently concentrated onlw on the case in which

1)
1]
o

in sean direction was urward with respect to the subdect, [liats were

)}

s3ithered using 5 simele wes-no parsdismy in which the observer

incicstad wheither or not 3 coherent wunidirectionsl flow was evident.

four subgects were testedy 4three of whoa were n3ive 55 a3 ihe

zyrzos2 of ithe study., The fourth sublect was one of the authors.

.
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-
»
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Besulis_3ud.Discussion

SYZERIMENT_1: Stee_Size

For various ster sizess we first measured the rrobability of seeins
caherent flow in the nean direction (urward) 3s a3 function of the ranse
of 3 uniform distribution of directions. Four subdects rarticirasted in

the studys under conditions slready described.

Figure 1 shows the data from subdect SIT for 4 dJifferent ster
sizes: 0.1, 0.9» 1.1 and 1.4 degrees. The rercentsde of trials on which
the subJdect rerorted coherent unidirectional flow ‘urward' is rlotted ss
s function of the rande of the distribution., Note that 'urward® i3 the
mesn direction of the distribution of directions. Results fall into
tuc cstedoriesr derending on wheiher the ster size is larger or sasller
thzn 1.0 desree. If the ster size w3s dreater tham 1.0 degree:
uridirectional flcw was rerorted onlw when the rande of directions wss
te=% c-lcse toa the wesns directions of wmotion had to be within
serroninatels 45 degrees of the mean for these ster sizes. For ster
izes sasller than 1.0 desreer 3 congiderably lsrger range of
distribution of directions could generate 3 rpercert of coherent flow.
Ir. szrticulars when the totasl ranse of 180 dedrees was used with smsll
ster3 ccherent wmotion was rerorted alaost 1007 of the time. Similar
r23uits <ere obtained for 311 four subdects rarticirating in the stiudw,
Theze far subJect AHA are shown in Figdure 2, A striking feature of
22ty fisures is that 3 swalir twd tenths of 3 dedree change in ster
sizes from 0.7 to 1.!y peroduces a larze lateral shift in the

cggcncmedtric function: while other changes Dy 335 auch 35 ei1sht tentns
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cf 3 Zesrzer “row 0.1 to 0.9y result 1in little or no shift. ;“,
W

There is a8 concertusl inredinent to a3 straight forward :i

\":

intereretstion of these results. One can not assume that the rerceived S
o

F3th 3 Jot travels is the one which was deterained by the randoa walk .;
rrescriped for that dot. It may be that for a3 dgiven dots its rerceived :j
:3th 13 & coabinstion of its own random walk with those for intruding ;;
nershbors. This rercestusl sabiguity is commonly referred to a3s the t“
‘zorresrondence eroblea’ (BRraddicks 1982j Marry 1982), If such :g:
confusions did occursy srurious directions of @movement could be fit

rerceived that were 1inconsistent with the rredefined distribution of
#ocsible directions. The probability of confusion will derend of such
faclors as the ster sizes spacing or density of dotss and the i
interstimulus interval (Ulloany 1979). If the sracimg among dots is 3
incressed while other factors remain constant,» it seems resasonable to

exrect that the ~srobability of confusion among paths should be reduced. -

R -
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.n Lthe previous exreriment the densits of dots was constanty 1.8 E;'
39%3 rer sauare dedree for 31l ster sizes. We rereated the uperinent

st three 3dditional densities 0.8y 0.4 3nd 0.2 dot rer  sauare desrees "
.. . . . Y
and seversl ster sizes. Four subJlects sarticirzated in this exreriment, A
Fisure 3 shows the results for ster sizes of 0.1 and 0.9 degree iij
.\..
. . . . Ik\. -
obtsined from subdect SDT, For clarity of »resentation the dsts for A
.~:.~
each cier size hiave been rlotted z3a3inst & sersrste sbscissa. )
o
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Willisoes anc Sekuler

No siznificant chande in rercertibility occurs when dot density
chanies 93 a3 facior of eizhty from 1.6 to 0.2 dots Per sauare desree,
for either ster size. This constancy is not evident for ster sizces
lerser than 1.0 dearee, As shown for subdect SDT in Fidures 4 and S»
for ster sizes of either 1.1 and 1.4 dedreess decreasind the density of
dots increases the tendencwy to rerceive unidirectional flows, reraitiing

gnidirectionsl flow to de seen over 3 wider range of directions. The

(V'S

hed lire in each figure rerresents the psychometric function for ster

w

3

ize 9.1 degree and density 1.4 dots rer sauare dedree tsken fron

ihi

Fidure 1. For 2 density of 0.2 dot rer sauare dedree the data for both
ster sizesy 1.! 3rnd 1.4 dedgreesy are a3lmost congruent with this dashed

i1ne. Thus for sufficiently small density of dotsy percertibility for

w

Ler sizes 3srester than 1.0 desree 1is nearly eauivalent to thst for

{27 sizes less than 1.0 degree.

w

Two iarortant roints follow froa the results. Firsts the fact that
s»32ing of dots can 3lter percertion has imrporiasnt imelications for the
cratisl erorerties of sany hvrothesized local wmechanisas of wmotion
detection and ‘the ‘corresrondence rroblem’, These imrlications are
dezcribed pelows in the General Discussion. A second iarlicstion 1s
aore zerman2 to the formulation of the remaining exreriments and will be
diecuszed here. For ster sizes less than 1.0 dedgreer the constancy of
results over 3 larde range of do! densities sudgests thst sPurious
irections of diszlacement do rnot sigmnificantly contridute to the
rercart. Thus for small ster sizessr the rerceived randoa w3lks nore
f3:4hfulley reflect 4he rrescribed distribution of directions. FRecause

we wish %o draw conciusions oased aon the 3ssumed rerceiverd distridution

5f Zirectioner the remaining e:reriments were conducted under conditions

S wrw W, v
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Willisms and Sekuler

for which the rerceived distribution of directions would be wmost
consistent with the distribution of directions which define the randon

L.Blks.

ZXEEZIZAENI_3) Siimulus_Duratioo

lletectsbility of unidirectional flow was measured ss 3 function of
stimulus duratiom (L.e. the number of frames rpresented). For tuo
subuectsy the effect of stimulus durstion was determined for 3 ster si:z
af 9.9 dez2ree with a3 dot density of 1.6 dots rer sauare dedree.
timulus durations (number of frames presented) used were 2 frames: and
3ll odd nuembers of frames ransing from 3 to 13. For & third subdect
messurements were nade for 3 ster size of 0.1 dedree at a3 dot densiis of
1.3 dots rer sauare dedree, The stimulus durstions considered in this
csse were 46y 12 and 25 frames. The relationshir sroved to be nonlinear!
yr to eleven frames the rrobability of seeing wunidirectional flow
increased with the nuaber of frames presenteds epresentaticrn of
sdditionsl frames begsond eleven did not further sudment rercertibilits.
fizure § shows the data for two durationsy two frames and eleven frames:
with ster size of 0.9 dedree 3nd density 1.8 doits rer square desree., It
sh0uld be nated that the Previocus exreriaents discussed and those 1n the
reaginder of the rarer were conducted usind 3 stimulus durstion for

wnich =ercestibility 15 in the asvasrtotic region.

In snalyzing temporal summation for our disslawy it 13 imerortant to
ncted that its local aotion vectors are distributed in the visual field
3nd  this distridution varies with time. We therefore wordered whelner

432 mercestion of coherent nwaotion derended onls on the set of
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directions rresent from frame to frame or if it 3lso derended on the
rarticular 2ath each dot took over time, For exanerles would consecutive
sters dw the same dot in the same direction over 3 number of frames be

nore significant to prercertion than if these individual sters uwere

sr#atially sersrated over successive frames?

Z3TESIMENT_ 4! Teweoral_.Summsiion

To examine if sratial factors contribute to temrarsl suamstionr we
conrared erercertidbility of coherent amotion under tuwo conditions. The
first condition wused stimulus eatterns consisting of two sets of
sratialls intersrersed random dots, For one set of dots (denoted as
roise’) the distribution of directions wss unifora over 3ll rossible
360 desrees of directionsi for the other set (denoted 3s 'sidnal’)y
dots moved only in 8 sindle directioni urward on the disrlas., The set
sssignaents of the dots remsined the same over all frames epresentedr so
thst scme dots moved wurward frame after frame while other dots moved

ranaccaly frame after frame. We’ll c3ll this condition the ‘*Serarate’

c3z2,.

The second condition w3s identical to the first excert in.one
3srect? in esch frames the particular dots constituting the sisnsl setl
snd those constituting the nocise set were chosen inderendently of the
dot asssisnments to the two sets in srevious frames. Thoush the
ereceartion of dots constituting the signal remsined consisnt over all
frames in ih:s condition» there were uat two disdoint sets of dots» oane

sisn2l and one noises as in the first condition. We'll refer to this

condition 3s the 'Condbined' case.
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In Scth conditions, for a siven rrorortion of dots which nade uF
the siznals the distribution of rossible directions from one frane to
th2 next is the same. For the Serarate cases the Pprobability that any
dot msde N consecute sters in the 'urward' direction is eaual to the
rrorortion of dots which are sigrgli for the Combined csse the
mrobability that any dot wm3kes N consecutive steers in the urward

Zirection is the rrorortion of dots in the sisnal raised to the Ppower N.

The =robability of seeingd unidirectional coherent flow wrward for
2oth conditions was wmeasured 3s & function of the prorortion of the
tatal number of dots which were in the sidnal, The ster size wass 0.9
dedree and density w3s 1.8 dots rer sauare desree. Two subJects

articirated in the study.,

As shown in Fisure 7y there is no sisnificant difference in the
=ercertion of coherent unidirection flow urward between the serarate
snd combined cases. The results indicate that temroral summation over
fraumes 13 critically derendent only on the distribution of directions
cf motion rpresent from frame to frsme., UWe can conclude that temrorsl
susmation does nrnot derend on the sratial relationshies between local

aztion vectors over time.

Geweral_Discussiao

As we noted beforey {4 is not rossible to kriow a.zriari whether the
serceived p3tn 3 dot travels is identical to the ramdon walk »rescrided
for that cot. Consider two successive frames» N and ¥ ¢+ 1. For 3 siven

cotr A&y on frane ¥ we can define its 'correspondent dot'» By on frame ¥
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+ 1., B is the dot on the frame N + 1 to which 8 is =serceived to nmove

between frame N arnd ¥ + 1. If A4’s corresrondent dot is the one that was

determined by the random walk rrescribed for &r the corresrondent dot is

said to constitute 3 'match'i if A's corresrondent dot is not the one

defined by 8’s random walks the corresrondent dot is s3id to constitute

3 ‘mizmastch®. Such wmisaatches rproduce srurious directions of motion

that could be incornsistent with the sredefined distribution of rossible

directions.

Mismatches are the result of the rercertusl]l confusion of randonm

walks rerscribed for different dots. Decreasindg the ser3tial density of

dots should reduce the rossibility of such confusions. If serurious

Jirections of motion due to aismatches do contribute to a percert of

coterents wunidirectional mwmotion them a3 chande in the density of dots

slone should alter the epsuchometric function. Qur exeperinents showed

such changes., For ster sizes dreater than 1.0 dedrees» decreases in dot

densityr 1increases the =2robability of rerceiving coherent flouw (see

Figures 4 z3nd S). In these conditions unidirectional flow was rerceived

over 3 wider range of distribution of directions a3t the lower dot

Jensities. This sugsests that srurious directions of sotion due to

sismatches asy contribute to the rercert of coherent motion. ;%ﬂ

e
-
a'e e .

Hcocwever our exreriments 3lso contsined conditions in which the A

:sychecnetric function was not affected by chandes in dot densits, For

RY
cter sizes lees than 1,0 dedrees 3 chande in dot demsity by s factor of ::d
eizhts from 0.2 to 1.4 dots per sauare degreer did not alter the ﬁi

.
S
—

.,

.
I

detes~tasb:lity of coherence (see Figure 3), This sugdests that for the

ssaller stes 3iz23y only the directions of local aotion deternined by

o by i b .1.

$‘};'f

LI .. . - v e e ‘e

B S T T . e Ta et -
A A P B RPN P A S S TS N,
P I WRP I IR WL TP T W TP U Wi S N, T S AP




oy
W Aah 44,

‘l

LA

T
e

T

‘l "

PR ARN

Dl |
ete,

»
L
g et a

ot

“Ha'y

PR ~|

PAGE 12
Willieams anmd Sekuler

the =sredefined distribution of directions significantls contridbute to
the rsercestion of the ynidirectionals coherent aotion. Mismatches
sesear to be winimized or nonexistent for these sm3ll ster sizes. it
should be ncted that at 3 density of 0.2 dots per sauare dedreer
rercertion of coherent wmotion for sters dreater than 1.0 desree 1is
eauivalent to that for the stees less than 1.0 dedree(see Figsures 4 3and

-
J)o

Since =anismatches are wminimized for the smasller ster sizes at sll
dot demsities and at the lowest dot density for the la-der ster sizesy
i% seens reasonable to sereculaste that the corresrondence between dots on
successive frames is based on 3 nearest neishbor relastionshir., In this
viewr the correszondent dot will he the do! on the next frame that is
clocest. If the corresrondent dot constitutes s wstch then by
definition the rerceived distance moved is the ster size. Table 2
listsr the eprobsbility that the distance froms a diven dot on 3 frame to
the nearest dot on the next fraee is less than the ster siza, If 3 dot
is 8lwswys rerceived to move to the nearest dot on the next framer» the
Table zives the errobsbilities that the corresrondent dot will w©oil be
the ona erescribed by the random walk, This is the rrobability of 3

wismstch occuring. For each of the ster sizes 9419y 0.9y 141 3nd 1.4

w

sezreesy this srobsbility is shown for two different dot densities: 1.4

znd H.,2 dols rer sauare desree.

Je tried to determiné whether the rrobabilit: of mismatch coulsd
axrlain the variation in the srobsbility with which csherent flow wss
seer., For 3 ster of 0.1 desree the ~erobadility of 3 mismstch is

g:tremely smally lass than 0,05 3t dot densities of beoth 1.8 and 0.2

..'.,‘
AR
MR IR

o e




Zots =er sausre desree (see Table 2)., This is consistent with the
results shown 1n Fidure J far this ster sizesr 3 decrease in dot density
from 1.6 to 0.2 dots rper sauare dedree did oal aslter the esychometiric
function, With ster sizes of 1.1 3nd 1.4 degreess» the same decresse in
dot density reduces the rrobsgbility of mismatch from 0.99 to 0.53 and
9.7Ls respectivels (see Table 2), With such 3 larde change in the
#rotability of mismatch one would smticierste 3 sigsnificant aslterstion in
{he rsschometric function with the same change in dot densits. As shown
in Fidures 4 s3nd Sy for both these ster sizes this decrease in dot
densitz rroduyces 3 large increase in the tendency to see unidirectional
coherent aotion (Fisure 4 and 5). For 3 ster size of 0.9 dedrees
decreasins the dot density from 1.6 %0 0.2 dots mer sauare dedree:
reduces the erobability of miseatch by an even larder amounts from 0.°8
ts 2.40 (see Table 2). As for ster sizes 1.1 and 1.4y with such 3
substantial chanse in the rrobability of mismatchr one would exrect to

find an alteration 1in the epsuchometric function with the same change

in dot densits. However as shown in Figure 3y with the 0.9 degree ster
sizes the ~robsbility of seeini uynidirectionsl coherent aotion wss
unsffectad by thig chande in dot density, We susdested sbove that s
varistian in  4he confusability of various randomn waiks could exslain
Wiy 3 change in dot density 3ffected the erobsbility of seeinsg coherent

flow. If this euxrlanation is correctyour resulis for ster sizes of 0.9

dedree cr larger contradicts the hypothesis thst confussbility - or its e
inverses corraseondence - 13 detersined strictls by nearest neighaor P
n"‘-\"‘

. . . - . .. RS
reletionshirs, Br3ddick(1973) and Ullesn(i979) arrived at siailar i

conclusions redarding the utility of 3 nearest neizhbor basis for the A

SCrTRSFONCence® Frocess.,
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To desl with this inadeauacys Ullaan (1979) has rprorosed 3 ‘uinimal
as» *heorw of wotion corresrondence’ to asccount for Lthe rerceived
direction of aotion of each element in aulti-element =motion stiamuvli.
Accarding to the theorysr easch element (in our ca3ser each doi) 1s
3s3s3i3rned 3 'cost function® that determines the probabilit that 3 dot
will 37epear Lo move 2% 3 rarticular velocity. Since the temrorsl
charscteristics of all of the elements in our stinuli are the samer we

c3an rerplace velocits with distance travelled by 3 dot to siarlify the

(¥ N

izcussion. Accerding to Ullmesns the cost function is identicsl for

b

)

23ch  element., The distasnce each element or dot will be rPerceived
dave Trom one frame to the next will be the distance thst minimizes the
*total cost' over 3ll elements in the stimuli. Preliminary results

sus3est that the functional form of the cost function will be sismoid

(Ullaans 1979, r2de 112).,

Consider 3 sizmoid cost function that incresses with distance
trzvelled and has the sharels rising eortion of the sigmoid between 0.9
arnd 1,1 desrees, For ster sizes of 0.1 and 0.9 dedreer ihe ‘over all
cost® will be minimized by having the dots move froa frame to frame the
Jistance rerscribed by the rredefined random walk, The ep3th each dot is

parceived to travel would then be the one defined by the srescrided

rsrdom wa3lks 3s such the ruvher of aismstches would be ainiaized far
311 the 2ot densities considered. For ster sizes of 1.,! and 1.4

Jecsreesy it will he aore cast efficient L0 have the dots aove distarnces
1253 than 3.9 4earee froa frame Lo fr3ne where ever Possidle. At the
1izner dot denszities *his would result in 3 siznificsnt nuncer of

5 dot Jdensits i3 decrzasedr the r0os3idii1ty 0?2 n3ving 3
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cot closer thsn 0.9 de<ree 3s the corresrpondent dot would be reduced:

therbs reducind the nuaber of nmisaatches., At the lowest dot density.

each dot would be rerceived to travel sccordins to its epredefined rsndoa ;g
N
wslk, It c2n be seen that by the arprorriate choice of cost function, 27,

™

the results of the first two exreriments would be consistent with the

M

winimsl aa» 4heory of moticn corresrondence srorosed by Ullman (1979).

1

Tae #arsuesters of the cost function will erovide constraints for

.

s73%15.1v locsliced rechanisas of motion rercertion.

Irresrective of the mechanism of corresrondence between the dots on
sucessive frames» the corresrondence Process alone is not sufficient to
exrlain the deneration of 3 unidirectional coherent rPercert of motion
from lacal motion vectors. Our dsta suggest that for ster sizes less
than 1,0 desree a3and dot densities of 1.4 dots rer sausre degree or lessy
only the directions of local wmotion determined by the predefined
distribution of directions sisnificantly contribute to the rpercertion of
conarent flow. We also found that althoush temeroral summation occured
in a8 nonlinear manner over framesy it derended only on the set of
directians of motion rresent from frame to franme, Taken togethery
these two rasulis are consistent with the ides that directions of the
individual stess are inderendently detected and that these ressonses are
then zcoled cver time and srace to senerate the rercertion of coherent

motion,

P
ot

e

“roam the resulils of Exreriment 1y we know that for 3 ster size less

-y P
N 7 e, ',.:"."
o« 0

thzn 1.0 degree zand dot density 1.4 dots rer souare degreer 3 unifora

'

c3tribution of directions with r3nse 130 desrees 3zererstes & rercert

..

27 wunidirectionalr coherent motion 3long the mean for nearly 100% of
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the trisls (cee Figsures 1 asnd 2). Considers ss usuals the mesn of the
distribution to be wurward with resrect to the subject. For this
stimuluss on ezch sucessive framesr each dot will be above or at least
level to i1is rosition on the previous frame. (The aaJdority of the dots
will of course he translsted horizontslly on sucessive frames 3s well.)
If the direction of the individual sters are inderendentls detectedsnd
then the res=onses rooleds then the siarle failure to rerceive 5 dot
velow its rrevious rosition may bhe sufficient to denerate the rercert of
coherenty wunidirectional flow in the urward direction., We tested the
ide3. For the distribytion of directions with a3 range of 180 dedreesy
the rrobsbility of seeind unidirectional flow 3long its wmesn was
neasured as & function of the ranse of 3 wunifaorm distribution of
cirections thst was deleted from the center of the oridinsal
distribution. For each of the distributions constructed in this manners
every Jot will be sbove or at least level with its rosition on the
previous frame. The ste» size used was 0.9 dedree and the dot density
wss 1.5 dots rer sauare desree. [ata were obtained for two subdects snd

the results are shown in Figure 8.

The rercentsde of trizls on which the subJject sees coherents
upnidirectional uruward flow i3 eplotted as 3 function of the range of the
distribution of directions deleted. As shown in Fisure 8y if the
directicn: of motion within 20 dedrees of the aean were resoved froan the
initisl distributions the freauency of seeind ccherent flow along the
mesn i3 reduced to S0%. IY should be noted that for this rarticular
distridutionsr more than 98% of Lthe dots will be asbove their rosition on
the ~revious framer while less 4than 2X will be level with 1%3 srevious

=osition, 1% 15 =2lear th:zt she rreserce of locsl motion vectors sll of
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which Nasve 3 comronent in Lhe direction measn is not sufficient to ensure
s rercert of coherent unidirectionsl flow. To generste the rercert:
directions of locsl motion vectors in the neighborhood of the mean must
sls50 he rresent. This sussests that the rpercert results from the
nonlinesr s73tial rocling for resrponses of direction selective

mechanisms that 3re tuned to the mesn direction of the distribution.

Mans resrle hsve wused cross correlation as 3 frasework within
which to model direction selectivitgi in this scheme srastial saworles
dis¥lsced by distance 2 with 3 time 13d di are cross-correlated
(Reichardt and Vardusy 1959+ Pogdio and Reichardts 1973), For the
stim.lus ratterns we have consideredr with directions of motion chosen
free a3 wuniform distributions the cross correlation between two
successive frames is the same in 311 directions rresent in the
distribution. Thusy» any correlation mechanisa that could sccount for
the exrerimentasl results woust be selectivels semsitive to 3 ratse of
directions. In the visual sepatial domain this isplies that the cross
correlation 1s arelied to the outrut of sratially locslized mechsnisas

e3zcn of which has 8 receeptive field that is orientstion salective.
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TaBLE_L

DURATION OF INTERFRAME INTERVAL REQUIREDR TO GENERATE

AFFARENT CONTINUQUS MOTION FOR A GIVEN STEF SIZE

STer SIZE INTERFRAME INTERVAL

(degrees) (msec.)

0.3 50.

0.5 70,

0.8 or sreater 90,
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) ISBLE.2

o,

Xia
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[ ":. ‘.
THE PROBABILITY THAT THE DISTANCE FROM A GIVEN i '

NOT IN A FRAME TD THE NEAREST DOT IN THE !E

. T
A
*

NEXT FRAME IS LESS THAN THE STEP SIIE

with rarsmeters dr the density of dots rer sauare

- STEP SIZE BENSITY OF DOTS
: (dedrees) (dots per sauare dedree)
. ) 0.2
0.1 0.05 0.01
0.9 0.98 0.40
1.1 0.99 0.53
1.4 0.99 0.71
:1 The distribution of dots on each frame is Foisson f,f

desree., The erobsbility that the distance from s

given dot on 3 fraae to the nearest neishbor on the

E 15 siven !EE

rext Trame is less than the stesr sizes s
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EIGUBE.CAEIIONS

EIGUEE_1! The epercentade rerports of unidirectionaly coherent flow in
the urward direction as &8 function of the range of 3 wunifora
distribution of directions. The aean of the distribution was in the
urward directioni the rande is siven in dedrees. [Dats were obtained for
4 different ster sizes 0.1y 0.9, 1,1 3nd 1.4 degrees.The dot densits 1In
esch case was 1.8 dots rer sauare dedree., The results f3ll into 2
catesories, derendind on whether or not the ster size 1is larger or

smaller than 1,0 desree. (Ilats for subdect SIT).

FIGURE_2! Sasme 335 Fisure 1, excert data for subdiect AHA.

ZIGURE_3: The rercentase rerorts of unidirectionsls coherent flow in
the wurward direction 3s a8 function of the ranse of 3 uniforn
distribution of directions. The nmean of the distribution was in the
urward directioni the rande is diven in dedrees. [Data were obtsined for
2 different stae sizes 0.1 and 0.9 desree, For both ster sizes the
nezsurerwants were obtained 3t 4{wo dot densities 0.2 and 1.4 dots rer
squsre desree. For ster size 0.9 desreeyr measurements were alsc
cotained &t dot demsits 0.3 dois rer square degree. The rsuchometric
furnctior for each ster size remains essentially unchanged with 3 change

in dot censity, (lats for subdect SDT).

EISUBE_ 3¢ The rercentase rerorts of unidirectionalr coherent flow in
the wurward direction as 3 function of the ranse of 3 uniforn

distridbution of directions. The nean of the distribution was in the

fl!A 5

! P o
Ll 22000

:'», OV

‘"

. m ",'_,.;’.."".

TR

~,...
e f e ’
. IR 1,

»
is, 1.1

B

I

,....
[ JOY Y
Y hh
SO0

.
«e”a
e %5
LT,




Paits il St Jhet el Dt J0 g 8 1"'&“ R ik 2dhiit

dil

™

i3ns 3nd Sekuler

urward directions the ranse is diven in degrees., Data were obtained for

3ter size !,1 degrees a3t three different dot densities 0.2y 0.8 3nd 1.6 !E
N
dots =er square desree. For this ster sizer rercertibility does chansge :ﬂ
o
witn dot density. With a3 decrease in dot densityr unidirectionsal Zf

coherent flow was rerceived over a3 wider range of distribution of

Bl

oy

~
.

.
'.'0 . s

A

Jirections. For 3 density of 0.2 dots mer dedree the data for 3 ster

14
o

¢ &1

s1ze of 1.1 desrees is 3laost consruent with those for ster size 0.4
d23ree 2and density 1.8 dots rer sauare degsree (taken from Fidure 1)

rerresented by the dashed line in the fisure. (Data for subdect SIT)

tIGURE.S! The rercentade rerorts of unidirectionals coherent flow in
he urward direction as a function of the rande of 2 unifors
distribution of directions, The mean of the distribution was in the
uruward directioni the rande is given in dedrees. Data were obtsined for
stes sice 1.4 degsrees at three different dot densities 0.2, 0.4 and 1.6
3ats ecer square degree, For this ster sizer rercertibility does chande
with dot density, With 3 decrease in dot densityr unidirectional
coherent flow was rerceived over a wider rande of distribution of
directions., For 3 density of 0.2 dots rper dedree the dats for 3 ster

size ¢f 1.4 dogrees 1is slmost condruent with those for ster size 0.1

e
B ’
.'.:m :

de2sree and density [.8 dois rer sauare degree (taken froa Figure 1) St

. . e

rerresented by the dsshed line in the fidure. (Data for subJject SIT)., 1)

"

TIGUSE_&: The rercentase rerorts of unidirectionsl» coherent flow in }S

LA

L)

the urwerd directicn &3 a8 function of the range of s unifora o
)

distribution of «cirections, The nsean of the distribution w3s in he —5

I'é

Jpward directioni the rande is diven in dedrees. [atas are shown for two
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different stiaulus durationsy 2 frames and 11 frsmes. The ster size
w33 0.9 desree and the dot density uwas 1.6 dots rer sauare dedree.
Fercertibilits increases with the number of frames rresented. (Dsts for

suybdJdect SDT).

ZIGUEBE_2! The rercentade rerorts of unidirection coherent flow in the
urwsrd direction zs 3 function of the rercentsse of dots in the 'szisnal
set®, Dots im the *3:gnal set' moved only inm the wurward directioni
3cts in the ‘noise set' took their directions from 3 wunifora
distribution covering 3460 dedrees. The curve labelled ‘'Serarate
D:stribution*® denotes 38 condition in which dot allocstion to the
*s513n3]l set' and 'noise set' did not chande for 3all frsmes rresented.

-
-

"he curve lsbelled 'Coabired Distribution®' denotes 3 condition in which

1043 are allocated to each set on each frame inderendently of
al.ocztionz on rrevious frames. There is essentially ne difference in

rarcartraon betwean the two conditions, (Data for subdect SOT).,

EICURZ_E: The rercentage of rerorts of unidirection coherent flow in

whe yrwstrd direction 35 3 function of the rande in desrees of uniform

(1)

¢istribution of directions deleted from the center of a3 unifarm
dustributicn. The distributions before deletiony covered 180 desrees.,

(a%s for supJdect SUT),
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Size Factors in Apparent Motion

General Introduction

The nature of the sensation of motion has been debated
since at least the time of Zeno whose mathematical paradoxes
have taken centuries to tame. 2Zeno s assertions on motion
perception are still interesting. Specifically, he suggested
that objects are detected in different places at different
times; memory, bridging the gap of time, connects the objects
of past and present by {inferring motion to -.resolve their
spatial discrepancy. Some light was shed on the subject by
demonstrations 1in the late 19th century (Exner,1875);
ad jacent electrical sparks could give rise to a sensation of
motion even though they occurred so close in time that their
order could not be reliably reported. Clearly, memory could
not have any role in the sensation of motion here, or could
it? The argument assumes a view of how the wmind operates
that 1s different from that prevalent today. Now, it s
certain that when past events influence present ones {n an
orderly fashion, then something analogous to a memory 1s

operating, even if it {s not avajilable for 1introspective

interrogation.

The phenomenon described by Exner, in which two

stimulil presented in succession give rise to a sensation of

motion from the first to the second, has become known as

.~
~

)
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apparent motion (AM). This 1s to be distinguished from

"real” motion in which the stimulus follows a continuous

LN

path. Apparent motion {8 amenable to a remarkable variety of

LMENE NN

experimental manipulations, many of which have been dune by

now. One of the largest and earliest contributions to this

literature 1s the work of Wertheimer. Considered a seminal
paper in Gestalt psychology, Wertheimer”s (1912) article
opened up the questions of 1limits on spatial separation,
timing, duration and intensity necessary for the production
f of this illusory motion. Gestalt psychology realized the
value of such {llusions--that they are not so much defects as
logical consequences of the underlying rules employed by the
perceptual systems, and as such offer the opportunity to

discover those rules.

- In regard to apparent motion, one of the key issues of
interest to these psychologists was that of phenomenal
identity. Without the continuity provided by real wmotion,
the objects in the two frames of an apparent motion display
are somehow matched, or identified as a single object 1in

motion. This i1dentification task has come to be known as the

(e S e

“correspondence problem.” 1In displays consisting of single
flashes of 1ight, this would hardly seem to be a problem; but
> the Gestalt psychologists were adept at designing more

- ambiguous displays, which were nonetheless readily perceived

as motion.
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Siz2e Factors in Apparent Motion

An example where the correspondence problem is really
more of a problem i1s the display of Ternus (1926). Fig 1

slhhiows the two frames of this display, the first on the top

and the second on the bottom. When presented in alternation

at the appropriate rate, the two dots appear to move as a

group, although the <central dot actually never changes

position. According to the Gestalt thinkers, the fact that

this result would not have been predicted by observing either

pair of dots in isolation is indicative of the "globality" of

the correspondence process. Observations such as this
evolved 1into the principles of Pragnanz (Koffka,1935),
stating essentifially that, within the <constraints of the

information present, the percept formed will maximize such

properties as symmetry, simplicity, regularity and so forth.

Due partly to the advances in physiological psychology

and to the growing body of research on “real™ motion,

speculation on apparent motion has grown increasingly

mechanistic. Divers researchers have realized the power of

relatively simple, physiologically realfizable local processes
to detect and analyse motion. The basic scheme is
exemplified by Barlow and Levick”s (1965) model for the
directionally selective cells in the rabbit retina (Fig 2).
Two spatially separated detectors (Rl & R2) are logically

conjoined via an AND gate; one is connected directly (Rl) and
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the other 18 connected via a time delay, with 1ts sense
inverted (not R2). Objects passing from R2 to Rl will send,
simultaneously, signals “true” (from Rl) and “false” (the
delayed inverted R2) to the AND gate, which will not respond.
Stimuli moving the opposite direction do not have this
inhibition problem, so the output of the AND gate 1is

effectively directionally selective.

Such a scheme has the obvious advantage of explaining
the sufficiency of discontinuous stimuli ¢to produce a
sensation of motion. It Is also amenable to modifications
such as replacing the time delay by an element with 1low-pass
temporal propérties, or adding characteristics to ;xplain the
course of adaptation or aftereffects. Yet, this sort of
motion detector can only suffice at the most primitive levels
of any working motion system; without a rather sophisiticated
algorithm to interpret an ensemble of these simple  units,
their outputs in response to complex moving scenes would be
N rather ambiguous. The heart of the problem is that in order
to deduce motion from the response of such a detector, one 1is
forced to make the naive assumption that the two inputs were

stimulated by the very same physical object on a <continuous

Toe v
[t I Y ]

path; this 18 not always a relifiable assumption. To make the
response of a simple motion detector a reliable indicator of
motion requires additional information from other motion

detectors, memory, etc. In other words, the simple  units
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must somehow be wired to solve the correspondence problem.

F'y

A number of explicit theories have been suggested for
accomplishing this, notably the vector model of Brown and
- Voth (1937) and more recently an iterative model by Caelli
;. (1980); all are distinguished by working well, but only.for a
- modest range of displays. Despite the failure to produce
quantitatively useful models, some progress has been made 1in
understanding the problem at a higher level of abstraction.
One 1line of progress has been a computational theory
N outlining the goals and resources of the system and some of
N the logic needed to connect them, but without reference to
particular algorithms. An example of such an approach 1in
- motion perception is the work of Ullman (1979), and similar

- work on other visual problems can be found i{n Marr (1982).

- After deciding that motion perception can be conceived }W
ﬁ as a correspondence problem, the preeminent remaining 1issue =
: is what is being put in correspondence. It is on this 1ssue D
that I will present some new empirical evidence. One 5
suggestion for the domain of the correspondence ©process 1is é;
< raw, gray-level data from the 1images (Anstis,1970). Two

frames of an apparent motion display could be compared point

Pl

by point (or perhaps by small “windows” of points) wusing o
cross-correlation or differencing techniques, and the match

yielding the minimal error would be the one percelived. As w
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Size Factors in Apparent Motion

Ullman points out, a simple gray-level match could not
account for what is perceived when figures such as those 1in
Fig 3. aré shown. Fig. 3a shows the intensity profile for
the first and second frames (top and bottom); each contains a
smooth gradient and a fairly sharp edge (marked by a * here).
The smooth gradient in the first frame 1is 1in registration
with the sharp edge on the second, and vice-versa. A
correspondence bhased on gray-levels alone will show a maximum
correlation centered on zero, 1.e. no motion should occur
when these two frames are alternated. Human observers,

however, report motion between the two sharp edges.

The conclusion drawn from experiments such as the one
above is that some higher level organization of the raw
intensity data takes place prior to the <correspondence
process. A good deal of attention has been paid to the
figural aspects of the stimuli in apparent motion, mostly
with null result. Orlansky (1940) made a more or less
systematic investigation of the correspondence of various
geometrical figures shown in alternation. Squares, circles,
triangles were matched with one another. Perhaps
surprisingly, the disparate pairings produced good apparent
motion; a modest amount of selectivity was demonstrated,
however, by measuring the range of interstimulus {ntervals
that would support apparent motion for each pair. Kolers and

Pomerantz (1971) performed a somewhat cleaner version of
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Size Factors in Apparent Motion

essentially the same experiment, using the percent seen in
smooth motion as a dependent variable, and found again almost

no effect due to figural similarity.

An ingenious study by Navon (1972) presented a subject
with several possible paths on which to see the object
present in the first frame to move to in the second frame;
the objects were different Hebrew letters. Again, no
reliable differences were found to suggest that the motion
system preferred to match like letters. A similar result was
reported by Burt and Sperling (1981) who also used a
competing paths technique and simple geometric figures. On
the other hand, Frisby (1972) has shown that difference in
the orientation of line segments can affect the likelihood of
seeing apparent motion. Ullman (1980) provided corroborating
evidence along with data indicating that the 1length of
vertical line segments also influenced their correspondence.
Thus 1t would seem that the analysis of motion must precede
the organization of the 1image 1into complex forms, but

probably follows certain more primitive levels of analysis.

Marr (1982) has divided visual organiation into
several hierarchical levels. This hierarchy starts with the
raw intensity values present in the image. Changes in the
sign of the slope of these intensity arrays are then noted as

"zero crossings”. Zero crossings refer to places where the
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“non-directional” second derivative, or Laplacian

2 2
g2 = 24 2
ax? ay?
is zero. This may seem like an unlikely operation, but it

does have nice properties and .can indeed be computed by
biologically realistic hardware. Consider that i1f a Gaussian
function were first convolved with the image before computing
the Laplacian, 1t would be mathematically equivalent to
taking the Laplacian of the Gaussian and then convolving this
with the 1image. The Laplacian of a Gaussian is a Mexican
hat-shaped affair, very similar to the difference of
Gausslians curve (DOG) shown 1in Fig. 4a. It also looks
remarkably 1ike the weighting functions of the receptive
fields of retinal ganglion cells as described by
Enroth-Cugell and Robson (1966), with an excitatory center

and an inhibitory surround.

By using different sizes of receptive field, zero
crossings can be obtained at varying s8cales or 1levels of
coarseness (equivalent to blurring the 1image by convolving
with different sized Gaussians). The reports of these
zero-crossings can then be combined to form , Marr suggests,
the signals of the next 1level of the hierarchy, the raw
primal sketch. Items such as bars, edges and blobs with
attributes of position, 1length, width, orientation and
contrast are the primitives of the raw primal sketch. It s

this level that Marr explicitly suggests forms the domain of
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the correspondence problem in motion.
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Ullman, in his book (1979), has elaborated on Marr‘s

primal sketch suggestion, and has provided some evidence

.S . ‘-_ m F &’

supportive of 1t. One such piece of evidence is a
demonstration that suppposedly whole forms can be broken into 53
simpler constituents to satisfy the solution of the éj
correspondence problem. The “broken wheel” demonstration 1is :E
a variation on the well known wagon wheel effect seen 1in i:
motion pictures wherein wupon reaching a certain angular E;
velocity a spoked wheel appears to change direction. Fig. S &
shows such a wagon wheel 1in which every other spoke is broken ;z:
by having a pliece removed from 1ts center. By presenting fﬁ
slightly rotated versions of the pattern on successive §£
frames, the wheel will appear to rotate. The solid and ;4
dotted lines in Fig. 5 show the first and second frames of et
such a sequence. At a certain rate of succession however, 'E
what {s oberved is that the wheel seems to split wup into ;i
three concentric wheels. As indicated by the arrows, the E&
outermost and inermost segments will appear to rotate ;;
clockwise, while the central (broken) segment will appear to ;}
rotate in the oppposite direction; this 1is consistent with 'E
the "minimum distance™ principle observed in many ambiguous ;ﬁ
AAS
AM displays, but is surprising fin that it suggests that, for %é:
the purposes of motion analysis, a whole figure such as the H;
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spoke really consists of a number of components.[l]

Experiment One: Introduction & Methods

Although it has been suggested that Vsize is an
attribute available 1in the primal sketch and hence a
candidate for 1influencing the correspondence process 1in
motion, evidence for this is scant. As mentioned before,
Ullman did look at the effect of 1length on vertical 1line
segments in horizontal apparent motion, and noted that paths
pairing segments of equal length were preferred to paths
pairing segments of unequal length. Kolers (1972) mentioned
anecdotally that a square figure, measuring 0.3 deg of visual
angle/side was just as 1likely ¢to appear to move to a
like-sized circle as to an identical square; but, when all
figures were scaled up to 1 degree, the similar figures
predominated in motion. Fernberger (1934) wused “wide"™ and
“narrow” bars (no dimensions given) in the Ternus
configuration as shown in Fig. 6. When the relative
positions of the two sized bars remained the same from first
to second frame, the bars appeared to move as a group just as

Ternus had reported (6a). When, however, the bars reversed

1. The minimum distance principle dictates that the
mapping chosen minimizes the total distance moved, summing
over all the indidual paths.
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Size Factors in Apparent Motion
Experiment One: Introduction and Methods

position sc that bars of the same size occupied the central

position (Fig. 6b), the <central bar remained stationary ~

while the flanking bars moved from side to side. This
behaviour 1is consistent with a size selective correspondence S

process.

If the size information available in the raw primal
sketch 18 based wupon the responses of different sized
center-surround operators, then the simplest sort of size
difference would be represented by the differential
stimulation of the wvarious <classes of these size tuned
mechanisms. Wilson and Bergen (1979) have suggested that
only four classes of size tuned mechanisms are necessary to
account for human psychophysical performance for patterns
concentrated below 16 ¢/d. Thelr conclusions are based on
threshold data for various patterns that is consistent with a
small number of broadly tuned (bandwidths between 1 and 2 :E
octaves) detectors and certain assumptions about their joint -

probability distribution. While the number of such classes,

and even whether there is a finite number, are still highly
debatable topics, there is a vast pool of evidence pointing
to size tuned mechanisms. Besides the detection data of
Wilson and others, studies of adaptation (Williams, Wilson &

Cowan,1982) and visual masking (Mostafavi and Sakrison,1976)

draw similar conclusions.
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Size Factors in Apparent Motion
Experiment One: Introduction and Methods

The ideal stimulus, then, would be both localized and
band-limited in spatial frequency.4 In this context, to be
localized means that the stimulus will occupy a finite area
on our display screen--its place will be unambiguous. To be
band-limited in spatial frequency space means that if we were
to decompose the stimulus into a sum of sine and cosine waves
of different frequencies and amplitudes via Fourler analysis,
then above a certain frequency the amplitudes would decrease
monotonically and likewise, below a certain frequency the

amplitudes would also decrease monotonically.

Although many classes of functions could be devised to
fulfill these requirements, the obvious choice is a
difference of two Gaussians (DOG). This pattern was used by
Wilson and Bergen in the formulation of their model. With
the parameters as shown in Eqn. 1 the DOGC has a 1.8 octave
half-amplitude full bandwidth. A typical DOG and its Fourier

transform have been plotted in Figs. 4a and 4b.
(1) DOG(x) = 3exp(-x2/02) - 2exp(-x2/2.25¢2)

The center frequency of the DOG depends on the dispersion
parameter, sigma. This frequency can be shown to be
inversely proportional to sigma. Casual reference following
to the "frequency” of a DOG will actually refer to DOGs of

the form in Eqn. 1 whose Fourier transforms are centered at
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Size Factors in Apparent Motion
Experiment One: Introduction and Methods
the specifi{ed frequency. DOGs centered at lower spatial

frequencies will he larger than those <centered at higher

spatial frequencies.

The most straightforward way to test whether the size
fnformation is used in the correspondence process for motion
perception Is to present palirs of DOCs of different sizes 1in
a sfituation known to produce apparent motion between two
identical objects. If observers report motion more
frequently between similar DOCs than hetween dissimilar DOGs,
then we would have some evidence indicating that this sort of
size information is used in the analysis of motion. If, on
the contrary, ohservers show 1little distinction between
different sized pairs and same sized pairs, (as Kolers”
subjects falled to do for different peometrical figures),
then we might conclude that size as defined in this fashfon
is not of primary importance in developling a2 correspondence.
This 1s the essential ratfonale for the first of two

experiments to be presented here.

The factor of interest in this and in the sSubsequent
experiment {s the spatial dispersion, sigma, of the stimulus.
It is important to rule out other factors that may also
covary with sigma. The total area above zero (where zero
represents the mean luminance) 1s equal to the total area

below zero for all NDOCs defined as in fgn. 1, so the mean
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Experiment One: Introduction and Methods

luminance will not chanpe with sigma. The issues of contrast
and total energy are not as simple. The contrast or
modulation level of a sine wave is fairly straightforward to
find hecause its amplitude is symmetric about the mean. Its
contrast 1Is commonly expressed as the difference between the

maximum and minimum luminance levels (Lmax & Lmin) divided by

their sum.

(2) Contrast = (Lmax - Lmin)/(Lmax + Lmin)

As you can see, contrast ranpes over the closed interval
[0,1)]. With functions that don“t show the symmetry across
the x-axis that sine waves do, the definition of <contrast
will inevitably be somewhat arbitrary. The definition which

Wilson and Berpgen used is the maximum luminance wminus the

mean luminance (Lmean) all divided by the mean luminance,

(3) Contrast = (Lmax - Lmean)/(Lmean).
This function also ranges over [0,1] and, you can see that {t

i3 equivalent to (2) when applied to sine waves.

The formulae above were derived from mathematical
considerations and not psychophysical ones. It 1s not a
priori <certain that patterns with the same calculated

contrast will appear to have equal contrast to observers. No

published reports are availahble on the suprathreshold
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Experiment One: Introduction and Methods

apparent contrast of DOGs, and how this may vary, {f at all,
with their center frequency. GCeorgeson and Sullivan (1975)
carried out extensive experiments on the apparent contrast of
sine waves of different frequency and bars of different
width. The overriding conclusion.of their work is that the
visual system shows remarkahle contrast constancy over the
different sizes; subjective contrast matches between sine
waves of different frequency or lines of different width were
very nearly veridical. This constancy proved to be largely
independent of luminance and position on the retina. The
robustness of contrast constancy invites the conclusion that
different sized DOGs of the s8ame calculated coﬁtrast will
share the same apparent contrast. To be certain that
Ceorgeson and Sullivan®s results would gpeneralize to DOCs
under the conditions of brief presentation to he used in the

apparent motion display, some exploratory data was collected.

Obhservers viewed hinocularly the one-dimensional
vertical DOGC patterns on a Tektronix 606A cathode ray tube
from a distance of one meter. At thisg distance, the s8creen
subtended 6 degrees of visual angle. Patterns were generated
by streaming luminance data from a digital computer; the
visible part of each frame was composed of 1100 1lines, each
assigned 1ts own luminance value from the computer”s memory.
The frame rate was 60 per second. Contrast levels could be

varied uniformly over the entire screen by an analog
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Fxperiment One: Introduction and Methods

multiplier, also wunder control of the computer. A block

diapram of the system with all parameters 1is shown 1n

Appendix 1.

The mean luminance of the screen was kept at 12.3
candelas throughout; contrast could be varied from 0.0 to
D.44 while remaining well within the 1linear range of the
system. Observers were presented with a series of trials,
each starting with a single frame (16.7 ms.) presentation of
a particular NDOG, a 1 second period of a uniform screen at
mean luminance, and finally the single frame presentation of
another DOG of a different size. The one second delay
hetween presentations was employed to minim{ze masking
effects. The subject was asked to 1{indicate by pressing a

lever which DOG had the greater contrast. The first DNOG

maintained a standard contrast throughout a session, while
the contrast of the second DOG varied from <trial ¢to trial sii
with subject responses according ¢to a staircase procedure N
(Wetherill & Levitt, 1965). The stalrcase used was designed
to track the point at which the subject was just as likely to

pick one NDOG as the other (502). Inftial changes 1in the

.

contrast of the second DOG were made in 1.5 dB steps. After
a certalin number of trials were accumulated, the step size
was halved, and later halved again. Each stalircase proceded
until 16 reversals (chanpges in the vrank order of the two

stimuli) were ohtained at the smallegt stalrcase stepsize
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(0.38 dB). In fact, two independent staircases were randomly

.y
8
W

.
1)

Interwoven for each stimulus pair as a check on convergence. EE
The levels at which the last ten reversals occurred were then EJ
averaped to estimate the point of subjective equality. The E?
record of a typical stalrcase is shown in Fig. 7. DOGs =

centered at 1/2, 1, 2, and 4 cycles/degree were taken two at
a time to form all six wunique pairs. Two observers,
including the author, were recruited for testing on each

condition.

Results for the contrast matching sessions are shown
in Figs. 8a-f In most cases, a single regression line, shown
dashed, was found to provide an excellent fit to the data.
Regression parameters are shown at the top of each figure.

Almost all of the best-fitting lines have slopes close to one

and intercepts close to zero. The sample standard deviation
associated with nearly every point In Fig. 8 is
approximately 0,11 1lopg wunits, (about 1dB), putting the
majority of points within one S.D. of a veridical match. In E;
a number of cases, there apppear to be small, consistent

shifts, favouring one DOGC or another. Subject D.W. in Fig.

8a and subject S.H. in Figp. 8f are the most prominent Tg
examples of this. However, neither effect is borne out by i;
the other subject under the same conditions. It i{s not known ;;
at this time whether these data represent real individual !E
differences or systematic measurement error. At thresholds

EE
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for detection, (which are Jjust below the lowest contrasts
measured here), there is known to be a 10:1 difference in the
Just detectahle contrasts of the two extremes Iin frequency,
1/2 and 4 ¢/d (Wilson and Bergen,1979). 1In light of this, {t
was decided to keep the contrast of all DNDOGs fixed at the
highest feasible contrast for the subsequent motion studies.
Contrast as defined in Eqn. (3) depends on the ;eak
and mean luminances; the DOGs of Eqn.(l1) all have the same
mean (zero) and all peak at 1.0 (when x=0), so as defined,
they all have the same contrast., It has been suggested that
the total energy of a fipgpure {is a factor in the
correspondence process (Burt and Sperling,1981). The total
energy in a waveform is proportional to the integral of the
square of its amplitude, which for DOGs makes 1t proportional
to sigma. It would be possible to match the different slzed
NDOCs for total energy, but at the cost of mismatching thelir
contrasts. As a check on the possible effects of total
energy differences as opposed to spatial dispersion of that
energy (size) 1t was decided to run some “energy-matched”
probe trials. If the correspondence process discriminates on
the hbasis of size, then pairs of DbCa differing substantially
in size should show the most pronounced effect. Therefore
the pairs (1/2 - 2) and (1 = 4) were altered so that the 1/2
c/d DOC had the same total energy as the 2 c¢/d DNDG and the

le/d DOG had the same total energy as the 4 c/d DOG. Should
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differences in the likelihood of seeing motion in the (2 - 2)
palr versus the (1/2 - 2) pair be attrihutable to only to the
total energy discrepancy, no difference should be observed in

hetween (2-2) and the energy-matched (1/2-2) pair.

The percentage of trials on which motion between the
two figures is seen 1s the only dependent variable {n the
firat study; although it is perhaps the most common dependent
variable in simple apparent motion studies of this sort, it
is also susceptihle to factors that are not of special
interest, particularly shifts in subject criterion. Several
stratagems have heen adopted to help gtabilize the results.
Instead of asking the subject to decide after a single palir
of frames, the two NDOCs were sgshown {n alternation for 8
complete cycles; under optimal conditfons, an ohject will
appear to oscillate to and fro when presented in this manner.
Deciding whether the figure moves <consistently for the 8
cycles seems to be subjectively easier for subjects. Other
authors have employed this cycling technique with success

(e.g. Pantle & Picclano, 1976).

A second regimen employed for the stahilization of
results was randomization of the stimulus pairs. The four
different sizes combined to make 16 different pairs.
Ideally, all 16 pairs would be randomly distributed over the

entire period of a subject’s participation. Practical
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limitations on the subject”s time and on the ahility to
retrieve waveforms rapidly from the computer”s storage
allowed only a modest approximaction of complete
randomization. Stimuli from the 16 pairs of DOCs mentioned
plus the two energy-matched probes were chosen 6 at a time
without replacement. FEach group of 6 was randomly permuted,
presented to the subject, shuffled again, etc. to accumulate
10 trials for each of the six pairs. (The process continued

until all of the pairs were chosen.)

A final step to improve the quality of our estimates
is a most traditional one: run more trials. The
randomization procedures described above were repeated 4
times for each subject. Using a different random sequence
for each occasion assured that each palr of DOGs was seen 1in
four different contexts. If heinp tested 1In a particular
random group of 6 had an effect on reports, we would expect
it to be neutralized by averaping over other random contexts.
The total exposure for each pair thus comes to 40 geparate

trials.

A further factor that 1s known to affect the
likelihood of reporting apparent motion is the {interstimulus
interval (ISI), the time between 8successive presentations.
In the cycled display wused here, this {is both ¢the time

between the presentation of the fi{rst and second NDOG and the
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time between the end of one cycle and the beginning of the
next. This time parameter 1s known to affect the perception
of apparent motion in the same fashion as spatial separation
(Burt and Sperling, 1981; Caelli, 1981; Morgan,1980). Rather
than try to execute a8 very lengthy full factorial design, I
decided to postpone manipulation of the distance parameter
for a future study. Instead, three different ISIs were
selected on the basis of published reports (Kolers,1972) and
preliminary observations, 67,100 and 133 ms. These ISIs were
likely to span unknown optimal ISI with the distance traveled

fixed at 1 degree.

The apparatus used for the presentation of the
patterns is the same as described for the contrast matching
study. One DOG in each pair was presented on the 1line of
fixation, while the other was centered one degree to the
right. Subjects were asked to fixate on the central marker
and press a button to start the di;play when ready. If the
display appeared “to oscillate from left to right and back
for most of the duration of the show", subjects were asked to
indicate so by pressing a button; another button was reserved

for all other cases, such as no motion or sporadic motion.
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P
Four subjects, including the author, completed the TF
regimen described ahove at each of the three ISIs. Three of ;ﬁ
" | ( b
J the subjects were naive to the purposes of the study, :
although all had participated in other studies of visual

perception. Sesslions were limited to approximately an hour

to avold undue fatigue. Subjects finished the entire program

{n about 2 weceks. The Importance of careful fixation during

prescentation was stressed to subjeccts; eye movements can have

Sl et e
NN

effects on the appearance of apparent motion displays. Two
of the subjects were emmotropes; the other two were fitted

with corrcctions for myopla during all runs.
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Experiment One: Results and Analysis

P RS WA ¢

The percentages of trials on which subjects reported

motion are plotted in Figs. 10-13 for the four subjects

e
UL

respectively. FEach graph within a given figure represents
the results for all pairs of DOGs with a particular size DOG
shown on fixation. So each panel of Fig. 10 shows data for
: subject S.A.H. at a particular ceqter DOGC with the frequency
" of the off-fixation NDOG plotted along the abhscissa. The
filled fipgures (circle,square and triangle), represent points
for the three different ISIs: 67, 100 & 133ms. respectively.

Compiled data 1is shown in Appendix 2.

The reader may have noted that two percentages have
have been plotted for every size palring of DOGs, (A,B): one
& with A on fixation (A-B), and one with B on fixation (B-A).
.- It is also true that the data could be replotted with the
' frequency of the fixated DNOGC along the ahscissa {nstead of
h- the frequency of the off-fixation DOG, as it 18 shown now.

There is little evidence in this data that the fixation of
one or the other member of a pair makes a difference 1in the
: likelihood of seeinp motfon between them. This {s consistent
: with the results of Xolers (1977). The data for subject S.T.

in the 100ms ISI condition has been plotted both ways {n Fig.
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14 for comparison; dotted 1lines represent data with the :i?

center frequency on the abscissa; while represent data with Eg?

the off-fixation frequency on the abscissa as in Fig. 12. ? ;

The two most notahle exceptions are the (1/2-~1) pairs of ﬁé.

subjects S.H. and A.S. The percentages for the 1/2 ;i
on~fixation pair and the complementary pair (1/2 :;:
off-fixation) percentages for these two suhjects are plotted 'ﬁi

in F1g. 15. The differences are unexpectedly large for both E;i

subjects. It 1s also true that the discrepancies are in ;xaf

opposite directions for the two subjects; S.H. 1is more ;j?

likely to s8see motion with the larger DOG on fixation, while ;ﬁ;

- A.S. 1is more likely to see motion with it off fixation. The ;?
fact that these discrepancles are in opposite directions and 5

that the other two subjects fail to show such differences, %g_

relegates this effect to the status of a curiosity until a 5;‘

# much larger numher of subjects have heen run. This is not, .
3 however, the most interesting feature of the data. EE‘
The intriguing aspect of the data in Figs. 10-13 {8 iﬁ;

the preference shown for movement between 1like-sized DOGCs. igi

This may he made more obvious by averaping the results over E:_

the four subjects. Since the questlion of fixational symmetry :3?

N {s, momentarily, not an 1issue, we may also average the i;i
z complementary pairs, 1.e. pairs that differ only 1in which ;Eé

DOGC is on fixation. The results of these manipulations are

shown in Fig. 16. Each curve peaks where the size
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difference 1s zero, and falls off monotonically elsewhere.
The preferences for (1-1) over (1-2) and for (2-2) over (2-1)
are hoth modest, but sipnificant at the .05 level using
Wilcoxon®s test for matched samples (T=14,n=12). This

preference for like-sized NDOCs is consistent with the notion

advanced earlier that size information is pertinent to the

correspondence process.

The prohe trials that were enerpgy matched {nstead of
contrast matched are shown as open symbhols on Figs. 10-113;
the same 1SI lepend as used on the filled symhols pertains.
The venerpy-matched DNDOC palrs are (1/2-2) and (1-4) as
mentioned earlter. The total enerpgy hypothesis would have
that equalizing the total energy would render (1/2-2)
equivalent to the (2-2) pafr 1{n sponsoring motion, and
similarly equate the (1-4) pair to the (4-4) palr. A quick
glance at the data will reveal that this position s
untenable. Whille the (2-2) and (4-4) palrs penerate motlion
reports nearly 100X of the time, the enerpy matched pairs are
as depressed as their contrast matched equivalents. The
sinple exception 1is the (1-4) energy matched pafr at 133ms
1ST for suhject T.R.; at 1003, it fulfills the predictions of
the total energy hypothesis; hut, as a sinple point.lt holds
little weipht. Althouph energy factors may play some role in

the correspondence process, they are not sufficient to

explain the effects demonstrated here.
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The question of ISI effects in these data 1s somewhat
more difficult to answer. At first glance (Fig. 16) they
would appear to he negligible. Indeed they are modest, but
there is some orderliness to thelr variation. Consider the
longest 1S1T (133ms,triangle) and the shortest I1S1
(67ms.,circle). It appears that where lower frequenclies are
{nvolved, both on and off fixation, the circles dominate the
trifangles; and, conversely, where higher frequencies are
involved, the trianples dominate the <circles. There are
exceptions, of course. This sort of categorical interaction
is difficult to quantify without embracing dubious
assumptions. 1 will present a scheme that will hopefully be
intuitively pleasing despite being somewhat arbitrary. The
key to the scheme is to code each palr of D0OGs hy.the sum of
thelir frequencies; instead of using actual centre
frequencies, the four values have been integerized (by taking
1 plus lop hase 2 of the frequency ) to the values O through
3 for 1/2 through 4 respectively. The difference between
percent seen at the shortest ISI and percent seen at the
lonpest 1ISI (circles~trianples) will <then hopefully he
predicted hy the sum of the coded frequencles. Fig. 17
shows a scattergram with these sixteen points from the
composite data of Fig. 16. On the vertical axi{s 1{s the
difference in percentage seen at the shortest ISI and the

longest IS1; on the horizontal axis 1is sum of the coded
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frequencies for each DOC in the pair. The visible tendency
of the points to cluster around a 1line of negative slope
sugpests that the frequency codes are not such bad
predictors. A rank order correlation coefficient, Kendall“’s

tau, for this set is -0.78, a significant value at the 0.01

level.

This can be B8Been as partial confirmation of the
obhservation that at the shortest ISI the pairs with 1larger
DOCs were more likely to be seen in motion than pairs with
smaller NOGs, while at the longest 1SI, the inverse relation
holds. It is possible that this reflects differing temporal
properties of simple motion detecting  units tuned to
different sfzes. The slope of Fig. 17 would, {n this view,
indicate that mechanisms arranging the <correspondence of
smaller DOGs had a longer time constant than those reponsible
for the correspondence of 1larger DOGs. Given the small
absolute magnitude of the observed effect, these speculations

must awvait a more thorough mainipulation of stimulus timing

hefore heing seriously considered.
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Experiment Two: Introduction & Methods

The evidence presented so far sugpgests that the closer
DOCs are in size the more likely they are to be seen 1n
apparent motion. The tentative explanation is that whatever
mechanism is responsible for developing the correspondence
for motion perception uses s{ze information to help determine
whether objects should be connected in motfon. Ullman (1979)
has supgested that the various attributes of object palrs
such as colors, orientation, size, spatial and temporal
displacement are somehow aggregated 1In a single metric,
dubhbed "affinity”. This is taken as an index of goodness of
fit hetween any pair of primitives of the correspondence
process. The affinity of a piven palr does not take {nto
regard the other possible pairs that either of {ts members
may participate in. Rather, it reflects that pair®s quality
in isolation. Affinity {s an apgregate {in the sense that
changes made in one attribute of the palir, say distance, can
be made up for by changes in another attribute, say ISI. The
experimental results ohtained here would, 1in this view,

reflect changes 1in the affinity of pairs due to slize

discrepancy.

b P T T iy Y
ol

Fd

8 %




Size Factors in Apparent Motion
Experiment Two: Introduction and Methods

In complex moving scenes, the affinity associated with
a piven pair is not the only thing that determines whether
that pair is ultimately seen in motion. In all but the
simplest cases, a single primitive element may participate in
many pairs; it is the correspondence process that must declde

which of the many possible mappings will he selected.

Ullman®s thesis 1is hasically that the mapping which globally

maximizes affinity is selected. Various constraints on the
procegs are built-in, according to Ullman“s scheme, such as a
preference for mappings that are both one to one and onto as
opposed to those that are merely one to one. Nonetheless,
the raw materials of the correspondence process are the

affinities of the pairs.

If the measurements with isolated pairs of DOGs, made
in FExperiment One, do 1indeed reflect the underlying
affinities of the pairs, then they may be wuseful in
predicting the results of more complex <displays wusing the
same elements. A strategy suggested by Ullman for examining
affinity differences is to pit two (or more) pairs directly
against each other. This is the “competing paths”™ scheme
mentioned before. As 1llustrated in Fig. 18, 1t involves
the presentation of a single object (A) in the first frame,
and after a preset time, the presentation of ¢two flanking

objects (B and C). Such an arrangement will hereafter bHe
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i

referred to as the triple, (B-A-C). The two frames can, of

"
f

as,
il

-y
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course, be alternated as was done in the previous experiment.

Several different percepts might result from such a display.

g

(A) might "split” and m¢r> to both (B) and (C) . (A) might

“F W
*E

‘
.

e Y

move to (B) exclusively or (A) might move to (C) exclusively.

'
Y

Finally, there may he no motion perceived at all. When the
spacing and timing are well adjusted and all objects are
identical, the predominant percept is splicting
(Kolers,1972;011man,1979). 1In cases where the affinity of
one of the pairs, e.g. (A-C) exceeds that of the other
(A~B), 1t is expected to draw more reports of motion since
cases that would have bheen laheled "splitting” would then be

(A-C) alone.

The configuration described above i{s the essence of
the second experiment 1 have conducted. The objects (A,B and
C) referred to in Fig. 18 were drawn from the kennel of DOGs
used in the last experiment. All possible pairs had been
measured in isolation previously, so it was decided to follow
up by considering all possihle triples for this "3-DOG"
study; this comprises 64 different triples. One ISI was used
throughout, 1M0Oms, the averape value of the three previously
employed. The TSI was not manipulated because of the large
numher of conditions already defined, and because of {ts
general impotence over the ranpe previously {nvestigated.

The stimull were arranped such that the central NDOC peaked on
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fixation, as 1In the 1last experiment, and the two flanking %%
DOGCs peaked 1 degree of visual angle on either side of i;
fixation. The two frames, central and flanking DOCs, r‘
alternated for 8 cycles. :ﬁ
=

This display system {s as described for the last éj
experiment, but two additional buttons were made available :;
for subject responses. Subjects were Iinstructed to press a .ﬁ
“Split” button if hoth flanking objects appeared to oscillate iﬁ

from center to side for most of the duration of the show. If

only one of the flanking DOCs satisfied this criterion, the

subject was to press either a "Left” or “Right” button ;ﬁ
indicating which side offered the motion. Finally, 1{f no %:
consistent motion was ohserved, a “None” bhutton was to be é?
pressed. Stimulus presentations were randomized as hefore so 53

each subject saw each triple 40 times.

Three subjects from the previous experiment served =
again in this one; subject T.B. was unable to continue, so
another subject (N.L.) was recruited and run on the {Inftfial

experiment, but in the 100ms. 1ISI condition only. Results

from this catch-up run are shown In Appendix 2, and are 1in

general apreement with the data from the other subjects. -
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Experiment Two: Results and Analysis

The results from the 3-DOG experiment were tahulated
and are available in Appendix 3. These data are displayed
graphically in Figs. 19-22. Fach figure shows the results
for all triples with a particular size DOG at thelir center
(corresponding to object (A) in Fip. 18). Fig. 19 18 for
‘the 1/2 ¢/d centers, Fig. 20 for lc/d centers, Fig. 21 for
2¢/d centers and Fig. 22 for 4c/d centers. Figure

subscripts a..d index subjects S.H., A.S., S.T. and N.L.

For a piven subject and center frequency, there are
sixteen individual bar graphs, arranged on a square matrix.
The vertical axis of the matrix 1indicates the spatial
frequency of the left-hand DOG in the triple; the horizoantal
axis of the matrix indicates the frequency of the right~hand
DOC in the triple. From left to right and top vto bottom,
these axes range from 1/2 to 4. Fach of the 16 separate bar
graphs shows three bars. The left-most bar Indicates the
relative frequency (in percent) of the reports of motlion
exclusively in the left-hand pair. Similarly the right-most
bar indicates the frequency of reports of motion exclusively
in the right-hand pair. The <central bar 1{indicates the

percentage of reports indicating motion 4in both palirs
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simultaneously, 1.e. splitting. Tic marks on the vertical
axes place 50% and 100%. Since subjects are forced to make a
response on each trial, percentages not accounted for by the
three hars are taken up by the "no motion"” response category.
To help in identifying ‘the triple associated with a
particular bar graph, the three DOG center frequencies in the

triple, (left, center and right), are printed over the tops

of the hars from left to right.

This plotting scheme may seem confusing at first, but
i1t does offer certain advantages over most alternatives. By
means of an example, suppose we wished to know for subject
S.1. how well DOG pair (l-1) did when pair (1-2) was offered
as an alternative. Since both pairs have a 1lc/d DNDOGC on .
fixation, the information required will be 1in the second
figure, Fig.20. Subject S.H. 1s represented {n Fig.20a .
The particular match of pairs specified actually appears
twice: (1-1-2) and (2-1-1). The indices will help you find
them at the second row from the top in the third column and
in the third row from the top {in the second column
respectively. Mirror imape triples 1ike these always 1lie
across the negative diagonal from each other. The first bhar
graph mentfoned, (1-1-2), shows that about 602 of the time,

the suhject reported seeing motion only between 1 and 1;

about 30%Z of the time, he reported seeing splitting-motion in

rs
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8, 8,4,
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both pairs (l=-1) and (1-2). Motion exclus{vely between ! and
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2 was reported less than 107 of the time. If S.H. were an
ideal observer, the other bar graph would he a mirror 1image
y of the one already described. Actually, motion between ! and
) 2 was reported less often in the (2-1-1) cases. Motion
between 1 and 1 was seen just as frequently as in the (1-1-2)
case, as though (l-1) motion reports which were 1included 1in

the splitting category migrated to the (l-1) exclusive camp.

A casual examination of the "distribution of mass™ on
Figsa. 19-22 will reveal some of the grosser agreements of
the data with the ©predictions advanced. Fig. 19 shows

results for triples with 1/2 ¢/d centers. As expected, most

of the motlion reports were issued along the top and the left
flank, where other large DNGS were present {in the triples.

Curiously, all subjects seemed to see less motion when all

three members of a triple were 1/2 <c/d. This holds true X
- vacuously for subject N.L. who reported almost no motion at Egl

all for triples with 1/2 ¢/d centers. (Fig. 19d). At the :ES
- other end of the spectrum, triples with 4c/d DOG centers EE%

(Fig. 22) show the converse effect. Most of the mass hugs
the hottom and right flank where the smaller DOCs are assured
to be in the triples. Figs. 20 and 21 representing the lc/d

and 2¢/d center triples respectively, show mass distributed

closer to the <center of the matrix, as befits their <ol

e
T W W W G )

intermediate size status. If you blur your eyes, you might

even see the lc/d centered matrix curving slightly to the
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upper left corner and the 2c¢/d centered matrix curving to the

lower right corner.

In order to check the predictions {nvolved 1in the
affinity hypothesis more rigorously, an index of preference
needs to be chosen that 1s applicable to data from both
experiments. There are many ways to define such a measure,
and it 1Is not <clear a priori which should be chosen.
However, certain properties are desirahle: {t should be
continuous and well defined at the boundaries (where one pair
is preferred completely to the other); it should take 1into
account the magnitude of the indifference shown towards one
palr versus another, as expressed by splitting or null
reports; finally, hypothetical data from bhoth experiments

ought to cover the same range. Eqﬁ. (4) 1s a simple metric

that meets these requirements. L and R are defined for the

3-D0C study as the percentages of reports of exclusive motion
in the left and in the right pairs respectively. 1In the data
of the original experiment, L and R are defined as the
percentages of trials on which motion was reported for each
of the two pairs that were joined in the latter experiment as

a triple.

(&) p = 0.5%C 1 + (L-R)/100 )

Harkening back to the example in Fig. 18, preference in the
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triple (B~A-C) would he computed from the 3-DOGC data by using
the percentages of left-only and right-only reports as L and
R 1in FEqn. (4). That preference would be predicted,
hopefully, by the percent seen in motion data from the first
experiment for pair (A-B) as L and pair (A-C) as R . Both L
and R are restricted to the range [0,100])]. 1If all reports of
motion on a given triple, (B-A-C) are left-exclusive, L will
be 100, R will be zero and so preference p=1. If, on the
other hand, all reports are exclusively to the right, L will
be zero, R will be 100 and so p=0. 1If L is equal to R , then
p=0.5. Although splittinpg and no-motion responses are not
explicitly referenced in FEqn. (4), they are not without
effect on p . If considerabhle percentages of feports are
e{ther of splitting or no-motionmn or both, the maximum
absolute difference between L and R is likewise restricted;

smaller differences will produce less deviation in p from

O.S.

The calculated preferences from both experiments are
tabulated in Appendix 4. A scatterpram (Fig. 23) shows the
predicted against the observed preferences for the entire
collection of data (256 pts = 4subjects * 64 triples).
Linear regression might be foolhardy; however, order
statistics are applicable. Kendall®s tau 1is 0.35 for this
data set. With 256 points, this {s a highly significant

figure (p<0.01). The hypothesis that there 1{s only chance

s
ll‘l'l'
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connection between the two varfables must be rejected. As

with other correlation coefficients, however, a tau of 0.35

1s not exactly a howling success, so the question "Why wasn”t

it better?” 1s well worth asking.

First, there is some variation from subject to subject L

[ 2
in terms of the value of our predictor. Tahle 1 shows tau BN
for each of the four subhjects, computed separately. :f;
g

TARLE 1 o5

Rank Order Correlation of Preference by Subject -
Subject Tau g
S +H. 0 0 3 7 '.‘ :
A
A.S. 0.58 N
‘.::‘d

S.T. 0.31 e

-."u
b N.L. 0.18 ~
E The relatively low tau associated with subject N.L. can bhe :E:
P R
- attributed in large part to the extremely depressed responses .

for triples with 1/2 and 4 ¢/d centers. Tahle 2 shows that J

overall, these two extremes of center frequency showed the

highest correlation, while 2 c/d centers showed the lowest. i;“
z 7o
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TARLF 2
Rank Order Correlation of Preference by Center Frequency
Center Freq. Tau
1/2 0.60
1 0.34
2 0.12
4 0.46

Where else do the predictions break down? Fig. 20
(lc/d centers) shows some of the story. For all subjects but
A.S., the triples (1/2-1-1) (1/2-1-2) and their {inverses
generated reports inconsistent with what was expected from
the earlier behaviour of the pairs (1-1/2), (1-1) and (1-2).
In particular, it was expected that the (1-1) pair {In the
(1/2-1-1) triple would be seen in motion more often than the
(1-1/2) pair; quite the contrary gseems to be true for these
subjects. Similarly the (1-2) pair was previously judged to
be more consistently seen in motion than the (1-1/2) palir;
again the (1-1/2) pair dominates. Subject A.S. also showed
this order in the 3-DOC data; her distinction 18 that these
results are more consistent with her performance in the first
experiment. A few 1internal {irregularities can also be
spotted in these figures. Most notably, subject S.H. seemed
to prefer (1-1/2) motion in triple (1/2~1-1) but (1=-1) motion

in triple (1-1-1/2); 4f he simply preferred seeing things
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moving to the 1left, ¢this asymmetry should have asserted

itself elsewhere, but this 1is not evident.

rAlEPe/

When one considers triples . with 2¢/d centers (Fig.

Ly

21), the picture hecomes even more confusing. With all

a7 T
Ty

subjects, a major discrepancy was the general lack of motion

.
" Y

mi/,

reports between (2~4) pairs {n six of the seven triples
containing them (all but 4~-2-4). But the (2-4) pair

engendered motion reports quite reliably when shown 1n

PEI PN b

isolation. With subjects S.T. and A.S. (Figs. 21b and c),
) the (2-1/2) pair showed a curious strength, inconsistent with
that demonstrated In the previous experiment. (This s
evident in the left-most columns of the two filgures.) The
least explicable aspect of the data Is the asymmetry shown 1in
N Fig 21b (subject A.S.). The pair (2-1) dominates in the
) triple (1/2-2-1) while the pair (2-1/2) has the edge 1In
symmetrical triple (1-2-1/2). The case is similar for the
- triple (1/2-2-2) and 1ts mirrvor image (2-2-1/2): (2-2) 1is

preferred in the former and (2-1/2) in the latter. Triples
- (1/2-2-4) and (4-2-1/2) offer another example of this
: asymmetry. It 1s difffcult to explain. A fixational error
might alter the relative orders in this manner, but any such
eccentricity would manifest {tself on other pairs in a 1like
manner since the triples were randomly interwoven. For

: example, in the same figure, the triples (1-2~4) and (4-2-1)

ought to consist largely of (2-4) reports for the former and
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(2~1) reports for the latter; on the contrary, the (1-2) pair

is more frequently seen in motion in both triples.
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Ignorihg for a moment the handful of internal

‘t
~ N
P .

.

inconsistencies with the 3-D0OGC data, a conclusion that can be

s

1
o
-4 T
,

drawn from reported motion in triples is that the perceived

4
.
*y
.

motion of one pair is not in general {ndependent of the Ei
‘i perceived motion of the other. It is possihle to 1look down
almost any row or column of the Figures 19-23 and observe
variation in the reports pertaining to the same palr. In =
making the predictions from the pairs in isolation, however, ﬁk
;: independence was implicitly assumed. Motion in each pair of ;i
the triple was assumed to bhe an independent raﬁdom process -
akin to the toss of a hiased coin. Fach triple would have o
o two such coins. To stretch the anélogy, if one coin turns up ;ﬁ
heads, and the other tails, then motion would be seen on one
= side only. 1If both coins turn up heads then =aplitting 1is ;*
reported; 1f both tosses produce tails, then no motion |is 5”
reported. Knowing how one coin turns up on a given palr of Eﬂ
Z; tosses tells you nothing about how the other will turn up.
é Since, under our assumptions, the tosses are independent, the -
expected preference depends only on the blases of the two :35
: coins; supposedly we could measure those hiases just as well e
.5 by tossing the two <coins separately a la the first
3

experiment. Clearly this is not the case; the nature of the

interaction hetween the two motion paths will have to be

»
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\
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taken 1into account in order to improve on the predictions of

the first experiment.

One hypothesis that has been advanced (Ullman,1979) to

explain the preference shown to one pair or another |in

situations such as the second experiment s that of
competition. Put simply, 1f a given object could follow
various different paths {in an ambiguous situation, these
alternatives will “compete”; the path offering the best
overall fecatures (e.g. wmwaximal affinity, symmetry) will be
seen most frequently and at the expense of the other paths.
This postulates that paths interact in a system that on any
given presentation must pick one path and exclude all the
rest. Many perceptual phenomena are 1like this; dramatic
examples are the bhistable i1llusions such as the Necker cube

and the "My Wife and My Mother-in-Law” cartoon (Boring,1930;

Attneave,1971).

There are certain drawbacks to the application of this s

fdea to the second experiment. The most obvious of these 1is Efi
that the perception of motion in the left and right pairs 1is ﬁi:
not strictly exclusive. In some cases both are perceived at e
N
IR
once, and in some cases neither is perceived. If one path R
S
were chosen to the strict exclusfon of the other, triples ;i*v
s
like (2-2-2) ought to draw 50% left and 50%Z —right reports e
instead of 100% splitting. However, it may be possible to §:§
. "\:‘ a
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- - - e " o . .
R R N
FACVEPOR AL PO PO T DU g il v




~d adl il find 4 T T T
Aogia e mat i i el B A AR A A S

o

’l
N

Page 76

| Yng
Rk WD

Size Factors in Apparent Motion
A Model Relating the Two Experiments

~
7
%

N\

sl

“ B,
2,

sidestep this problem while preserving the notion of
competition. I will advance a modest attempt to reconcile the
pairwise percent-seen data of the first experiment with that

of the second hy means of a modified competition scheme.

The hypothetical quantity which will be the currency
of competition shall he called "strength” , S . Every palir -z
(a-h) of objects that could potentially be seen in motion has

assoclated with {t a strength S(a,b). Key to the derivation

of any predictions about ohservers” reports is the admission
that § i1s a random variable. This premise distinguishes
strength from affinity as previously discussed; the latter
quantity we may wish to assocliate with some parameter of the
distribution of strength. The triples used 1in the second '3
experiment can be considered as hearing two such variahles:
S(a,h) and S(a,c). Suppose the difference between the two
variables were the arbiter of observers” reports. If the ;;
absolute difference | S(a,b)- S(a,c) | 1s 1less than some
constant, ¢, then one of two things will happen. If both
strengths are small, no motion will be reported. If both
strenpgths are larpge, then splitting will be reported. If the
difference hetween the two strengths is greater than ¢, we
will suppose that the pairs compete and the pair with the :5:
larger strength will alone be reported in motion. This 1is

the essence of the interpretatfon of competition that will bhe

considered. The shortcomings already apparent in the fgj
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A Model Relating the Two Experiments

choosinpg hetween splitting and null responses 1 ask the
reader to excuse in order that the question of relating the
results of the two experiments in terms of preference alone

might bhe addressed.

Ignoring for the moment the.constant ¢ , which we will
assume 1s the same for all triples, ¢the competition s;heme
described ahbove bears considerable resemblance to Thurstone”s
law of comparative judgement (1927). The law was originally
constructed to help explain choice probabilities 1In social
psychology, but was defined in such generality that 1t has
since hbeen used for problems as diverse as perception and
economics. The psychological variahles that give rise to
decisions between choices are dubbed "discriminal processes”
in Thurstone”s work. The law presumes the existence of means
U(Lt), standard deviations 8(i) and a correlation coefficient
r(i,3) the distributions of discriminal processes 1 and J .
In all practical applications, the distributions are presumed
to he normal, either by nature or through transformation done

by the experimenter. The law can then be stated as :

(5) UCL1)-UC3 = z(1,1)\ s2(1) + s2(3) - 2r(t,3)s(1)s(I)

where z(1,j) Is the standardized score corresponding to the
proportion of judpements ohserved where choice 1 is preferred

to choice J .

LA 2 o
el T! L
¢l o . s

s &

A

BES

oy
'll .l

e

l"l}-\ 2
L I 3
FEt e e

v
-

Ly

r
<

.

“a e e
PR

'Y DT RPN .
o . "

P
ol PR
. S

N
. r e
Ch i al !

”fﬂ



o4 ta e P A be e i e b e e e A i A I DR

Page 78

L JARRE

.
)

5D

Size Factors in Apparent Motion
A Model Relating the Two Experiments

PACAA
_aA_a &

hOR ) A

The statement of the law in (5) is the most powerful

form that Thurstone considered; it 1is also the least

tractable {Iin terms of analysis of experimental data.

‘e ,m», O]
.l.l..‘. ]l.l'l‘. N

Realizing this, Thurstone specified four additional forms of -

the law (known as cases II through V) each making stronger

assumptions than the last. The simplest and most popular

case 1s V, which assumes that the correlation coefficients

are zero and that all standard deviations are equal. Case V

N LIRS

assunptions and analyses are very similar to those commonly

used in sfignal detection theory (Green & Swets, 1966).

Ve oo 8
AR

In the current application, the discriminal processes
are the strengths assocliated with each pair of stimuldl. -
While {t may Ve safe to assume, at least as a first
approximation, that the strengths themselves are

uncorrelated, the data suggests that the equal variance

’

AR

assumption would be foolhardy. This position 1is the one
outlined for Case III of the law of comparative judgement: -
pJ N
(6)  UCH-UCY = 21,1V sS() + s ;
With minor modifications, this form of the law is readily f
amenahbhle to application to real data. In order to estimate ;
the parameters for each distribution, the data must be in the 2
form of prohabilities of choosing one pair over another. The f
8
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best guess we have of such a probahility is the preference,

Y
‘.‘r-

|
|
E p, as previously defined. 1If our measurements of preference gﬁ
l contained no error, the preference for an arbitrary triple Ef%
! (A-B-C) would always be one minus the the preference measured ﬁii
E for triple (C-B-A). The fact that preferences for some E}f
, R
5 triples are not exactly the complements of their mirror ;Ei
imapes” preferences was reconcjled hy averaging. So {f p=0.9 !Ef
for triple (2-1~4) and p=0.3 for triple (4-1-2), the former ;
was adjusted to 0.8 and the latter to 0.2, The actual #;5
estimation processes are fairly tedious and were carried out "1;
with the aid of a small computer. A derivation of the :i}
estimators is presented in Thurstone (1934) and in condensed 'i;
format in Appendix 5. A noteworthy feature of the process is hi
the use it makes of approximation; the approximations may be E;i
e
poor in data sets representing small numbers of stimuli or in F:f
which ceiling or floor effects are apparent. j::
i
The results of applying a Case III analysis to the ig}
data from the second experiment are shown in Tabhle 3. The .i
estimates of means and standard deviations are tabulated for :€
the four subjects organized by center frequency. The 1/2 and i
4¢/d center triples for subject M.L. could not be modelled :}i
successfuly in this manner, and so are omitted. This had E;E
been expected in light of the extreme suppression of reponses :ﬁf

she exhibhited at these two extremes.
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Table 3

Freq. Nalf One
Observer «H.
mean S.D. mean S.D. mean
5 0.94 0.69 1.0 1,85 -.56
1 0.07 1.43 1.09 0.9¢6 0.63
2 -.46 1.37 -.23 0.28 0.57
4 -.55 0.52 -1.83 0,91 -.64
Observer S.T.
mean S.D. mean S.D. mean
.5 2.47 1.31 1.94 1.54 0.51
1 0,42 0,54 0.66 0,70 0.74
2 =-1.25 1.19 -.28 .57 0.n7
4 =-1.63 0.96 -2.32 1.2 ~-1.31
Observer A.S.
mean S.h. mean S.D. mean
«5 1.57 1.16 1.41 1.02 0.18
1 0.09 0.67 0.56 1,08 0.13
2 -.75 1.11 -.26 0,81 0,05
4 -.91 1.05 -1.71 1.09 -.35
Observer N.L.
mean S.D. mean S.h. mean
.5 0.22 2.11 -.58
1 0.57 0.30 0.60
2 -.18 1,27 0.40
4 -.Al 0.32 -.41
ST A Ll . o,
“h].‘hn.’h ---.--»."-L.‘\'-L'.r'.; ha Sl et s PO .

On-Fixation NDOG Frequency

Two

S.D.
2.92
0.54
0.30
0.24

S.D.

1.2
N.84
0.97
0.99

S.D.
0.98
0.07
2.77
0.18

S.D.
2.11
0.44
1.15
0.31

Fstimated Stimulus Distribution Parameters

mean
-.24
-.30
0.42
0.12

mean
-.25
-.21
0.43
0.03

mean
-.50
-.31
0.38
0.43

mean

Four

S.D.
0.16
2.23
1.60
0.01

S.D.

«35
1.06
2.25
0.03

S.D.
0.48
1.35
1.76
0.41
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Estimates of bhoth parameters have a considerahle range.
Consulting Table 3, means on the psychological scale vary
from ~2.32 to +2.47; standard deviations vary from 0.01 to
2.92. The parameters for S.MH. for the paiv;: making wup
triples with lc/d centers have been used to plot the strength
density functions (Fig. 24). Some expected relationships
between pairs are evident, such as the fact that the mean
strength of pair (1-1) is greater than that of (1-2), which
is in turn greater than that of (1-4). A less expected
relationship is that between pairs (1=-1) and (1-1/2): thelir
means are very nearly equal. The strength of (l1-1) should
exceed that of (1-1/2) only ahout half of the time and vice
versa. Furthermore, the mean strength of (1-1/2) exceeds
that of (1-2) despite the fact that S.H. in Experiment 1
(see 10b) reported motion more frequently for (1-2) than

(1-1/2).

One remaining task 1s to relate the estimates of
distrihution parameters to the results of the first
experiment. How d1J ohservers in the first experiment decide
whether ;r not to report motion when presented with a given
pair of NDOGs? One proposal, In keeping with the model Just
developed, Is that they made their reports on the basis of

the strength variahle associated with the pair. The most

mundane example of such a decislon rule is to set a fixed

threshold strength for reporting motion; ohserved strengths
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greater than or equal to the threshold will elicit a motion

report, while strengths less than threshold will not. Such a

#’A"

scheme 15 1llustrated in Fig. 25. According to the model,
) strenpths are distributed normally for all pairs, but with
ﬂ
\ differing means and standard deviations. For each palir,

P
oz

estimates of the mean and standard deviation are available in
Table 3. In order to <calculate the probability that the
strenpgth of a given pair will exceed a fixed threshold, one
simply has to convert the threshold ¢to a standard normal
deviation and consult any table of the normal distribution
(Hays & Winkler,1974) for the corresponding probability.
Thus, 1f the threshold level used by the subjects 1in the
first experiment were known, the probabhility of seeing motion
for any given pair of DOGs could be predicted from the
¥ estimates of strength distribution obtained 1in the second

experiment.

The selection of a threshold value 1s a problem 1in
this line of reasoning. Without making further assumptions
it cannot be extracted from the data {n the second

experiment. In particular, the modelling of the “splitting”

and “null responses would need to be elaborated. Since this

.
O

1, 8

is not my interest in this paper, a simpler assumption abhout

», .
. s
o 's fe

f the threshold strength will he adopted. The means of the ‘;

) strenpth distributions, as a consequence of assumptions |in ;.‘
: the estimation procedure vary more or less symmetrically :;&
: R

. . - LT - R C et e
R P SN S e At T e e
'_:n:.'.c"): A BRI BT U RGN AP W)

......




DI

Size Factors In Apparent Motion

A Model Relating the Two FExperiments

around zero, (the origin of the psychological scale was
arbhitrarily set there), so for the purpose of generating some
typlcal predictions, the threshold strength will also be

assumed as zero.

The predicted and ohserved percent-seen curves for all
16 pairs are shown In Figs. 26-29 for the four subjects
Individually.: A set of curves showing the average of the
four subjects is shown in Fig. 30. The peaked curves
emerped from many of the predictions 1in more or less the
right places. Another look at the rank order statistics for
the 56 pairs of predicted and observed percentage-seen
reveals a Kendall”s tau of 0.44 (p.0l), indicating that the
predicted levels are not 1In such poor agreement. It 1s
likely that this figure could be somewhat 1improved by
adjusting the threshold levels with a hest fit procedure, but

this has not been attempted.

The simple model presented here should by no means be
considered a complete explanation of the data collected {n
the second study. Rather, it was proposed with the intent of
supporting the size-specificity findings of the first study.
As such, it is notahly incomplete and possibly inadequate 1in
explaining the splitting and no-motion <cases arising with
triples. This aspect of the data was indeed more complicated

than expected. Acknowledging these shortcominpgs however, the

.........

.

g ,‘:. -‘:,v'. ':(j! .

r s
-ty
« v

..
A RS
»

',
', % % fe
XA

»




-

NI

Page 84

Size Factors Iin Apparent Motion

A Model Relating the Two Experiments

notion that the perecent seen curves of the first experiment
index some quantity relevant to perceived motion 1s generally

bolstered by the second experiment in conjunction with a

competition model.
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[b] 2nd frame

FiurRe 1 THE STIMULUS CONFIGURATION USED BY TERNuUS (1926). WHEN THE
FRAMES ARE PRESENTED ALTERNATELY, THE TWO DOTS APPEAR TO
MOVE AS A GROUP, BACK AND FORTH.
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FIGURE 3. THE STIMULI USED BY LLwman (1974), DEPICTED BY THEIR LUMINANCE
DISTRIBUTIONS. WHEN THE FRAMES ARE PRESENTED ALTERNATELY, MOTION
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FIGIRE 15 ANOMALOUS RESULTS IN EXPERIMENT 1 FOR SUBJECTS S.H. & A.S.
(ToP AND BOTTOM ROWS). PAIRS (%-1), LEFT coLumn. & (1-%)
RIGHT COLLMN, SHOW CONSIDERABLE DIFFERENCE.
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DOG Pair Si1ze Cope = L062(f1) + Loca(fp) + 2
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Regression line:
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F1GURE 17 DIFFERENCE BETWEEN PERCENT SEEN IN MOTION AT THE SHORTEST ISI AND PERCENT ..”.
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FiGurRe 18 THE SPLITTING CONFIGURATION. WHEN THE TWO FRAMES
ARE ALTERNATED, OBJECT A MAY APPEAR TO MOVE TO
THE LEFT SIDE (B), THE RIGHT SIDE (C) OR BOTH
SIDES STDES SIMULTANEOUSLY, I.E. SPLIT.

S R

P
Y

v
P

Cet T

<,
| IS
/-
g v e

o
PR

Y
’
e’ 'y

“~ ¥ ? ’.'.'
.'". Ay
FY Nyl

. O




Ty T Wiy Call g 4 v i . v e o 8 e 4 e X N A ORI o e
- .-41.... AP X e ..o.-....n.-. Ly oW CARREL AL AR RN ' BRI ) ¢--.-, : P e E A
;-!LWSJJ ‘NhﬂvVﬁ#f ST mﬂ.:s»vuvxylnbﬁbﬁﬁﬁ\ Sl el 4%&.aww1??u SORADE AR

(bGL 335) VBT 3uoly

Yy ¢/t ¢ c e/t ¥ e/t ¥ 74 S 4

e/l

y 2/1 2 2 2/1 2 | A z2/1 2 | 2/1 2

Page 115
—
[
| o
[

3

'
1
1

2/t
] l J
¥ m)@ T e 2/ 1A T 2/1 ! 2/t 1

[ —

1

|
i
1

e/t

d P~ ol

-} ) a

y 2/1 e a/1 1 N\a@ e/t 2/1 e/t

e/1

- - - -

2/1

2/t
e 2 e S

SIYRY P/ T S

RN

SEREET T TWRERY TR ANAG W UAURNEEPEY  JUEELRTNEIES U RIS (eSO R



N T ey g OO Sl CNCNLEANC |
. L e T, . TR R AC R A L R i o ) . e .._, T
] e o % .
. L
p . .
Ve g

.

3 %
X )
o, :
d
-

(LAt 335) gp7 3IWN9l4

4

Yy 2/1 ¢ 2 ¢/ ¥ e/t ¥ 2/1 ¥

SN
b,

—

b S B N A A S A M
i
i
A
1

e/t

Page 116
-
—

<

2/1 ¢ e e/1 @ 2/1

N
N
-
N
N

L rowoeyY
[
3 a2

I
1
1
X

N

.t ..- .-I - .t o
AMALAR AR Rl g

L c/1

W e 77777,
v o2/ 2 N:®, 1 2/ VAN

! 2/t

t—

L
t

‘v'.,". s " e "2t
SRS S
alelalasalalal

T
-t
1
1
1
—

AQu-AN 2e Ban Ate Bendhn it She S Al

e e e g
| —
—
| —
o
v
.|
L
WYL ALY

<
-

2/1 2 2/1 2/1 2/1 2/1

R
atedala

e/t %

3
L
i
1

.-

2/1 2/1]
. 2/1"

2R pp0 1) S :

t

-t
VLS _‘.‘:\. A aialalmd

-

S

-'p
C b Banlim N




s _l' W3 n-<-l.“1snid~ ‘“n. ..4.\..&.... ......wlM ..<\
ABAAA B e

(DAL 33G) T 3unoly

Yy e/t ¥

Page 117

§N\~ 14 e/t ¥

L
1

1
| &

vy 2/1

¥y e/t

h est

“' e tate T

SADE AR AR A e

k(\,_-_a

. i
2 Nk§ 2 2/1 2 2/1 2
2
” -
! & 1

e 2/1

L
|
| .

b4 e/1 1 2/t

] , N\L I 2/14

[S403U] P/ /1) LS

=

1

L

St

SIS SIS

e

——t

—

}-
W

AN Y'Y

R

e

A

PR BV LS R

e
> e e e

PR R Sy

.';.L\

T

-_:‘1_}-. - ° - .

oL

.. .-- .-' '-.
S I S




R Tl 2 ]
SR SR

R R I e AP L
R .

|
|

w
w

N W T T T T T Y A

b

W

TR
o
v

S N N

v "y

g

Page 118

. ’
-'Q .

y o+ 2

st L.

Y T i 20n e 4 L ataa i et g
wh v . 2ol RO e
OSSO s s LI Y T

(AL 335) G N9l

y /1 ¥

e/t 2/1

y 2/1

e

2/1 /1 ¢

w2z e/t 271

X2 2

Yy 2/1 2/t

L T

atulalaaa

&3
_

2 2o/t e/t e/t 2/1

e/t 2/t 2/t

[s933) /o /11 TN

IR T
B N ORI
ral rPASANALA b

“ et
"

-

PRI R T .
B L P I i
NataZalalatalalalh

e e o
-
YO

SRS

DIV W W

et a At ara

P
et e

W e
o




Page 119

-

- -, .
oy T S

L

: 2/1

e N D TN

ﬁ

. %

SJda

4
wcm

TR

e/t

J PP

‘._..

ﬁ

]

T

H

5

e/t

c/1

2/1°9

e/1T 1 e/t

poa, e,
e Te e e

hi

Y %

AAN

o p v T e

R Y T
- - % N
S VRRE VRPN S

D <

"~ o .h. . o -
NN

-

SR T N S

o

~°
o 3

P
SR

e T

~ s 5

<~

'.'..: ~.'. 0.':-

- o.:(



Page 120

0 e - -i il 2 ...-. St ,.... ‘x’......vn-.... . .-.‘Jl,z ..... ............ g ._.. - .. -an.-.n / -., .u..--.a..‘n.-..dﬂ..‘. ... ) .. ... ‘.o q .<& Ay qnb-\?-\-. -\-\ i ..

4 e/t -

e

2/ 17 ] 1

i 2/1] i i
R e/t 4 T %

[SRYR) PO I] S




DA A CE N R SO RO R T i A i A £ A Aot S i e s, R Al Satie Loty Sulb A gl Sl n A Sy Sl i -k Al e B . A e S ‘-v-;‘-n‘
U . "a
- s
. o
Page 121
Py
:
:

3
< «
- -
N
1 1 L 1
~—
w —~
< N N N o
QU ]
—_—t -
(aF) &
C ) N
N - [\ S~
L ]
- — n L N w 1 8
N N
(]
-4 -d 4 [ o] w
N -
— 3
— - - - -
]
— N
. N - N
) = 1 L 1 L 1
N N N
N N N
4 [ ] [
KOS «» - -
N\ Y
[ ]
>1-
— I ) S 1 t 1
. ] Lo | o~ =
Ta e T e e A S A c '.',‘. e I N e . e e T e e e et ‘~'.':".:"
('-‘:\"- -” ':‘~'.‘r’: AL YRS, \;-'.\--,". e .\ T N e e e T e e AT NGO,




- - g v v ~ D - PR .‘...-J._iws-

v, RPN i ... . An A u k) .,. , ~....-Es.s ala ) s, JA.E~ . ¥ W. -;....-

- -.-.\..;..--.-L \ \.r\ \P\w...*‘_ms. ...k...\..“.#..\ﬁ\.- PR .....»«.».).. e ...-.y. PR AR N AT AR PN -F LA
als afafs L e K .

A

ol
“w

i

ﬁ

‘n

[ .' 4
-'
s

A AA
o
-]

ik A
A
AR

(1X3L 33§) aQgz 3unold

y ..-.-A
b o
: y 1 ¥ ﬁ T ¥ ]
-

A o

<
'S
'S

e/t

.h

M

s

> Z > 2 ViR M

[
[ |
(2]
t
L
3

Page 122

] %
H. ; - 2
3 1 1 | 2% o
" Ty
! ]
| ) ! B
7- -.u
’ -m
ﬁA. -4 - e

v ‘~

| e ¢ et A
4 X

2/t "

N e

9 in ‘Bt
~.\
Late

L e
L
|1
L
i
«

ar

¢ I 5

B Wi My
o«

A Rty Poa S 00 Sptah




-——

TR TN T T T I IN T T%

-
) .t

A WAL VAN

2N e N

)

-

=~

SRV

e A tn el Bl

PR

Page 123

PEAN 4.” TRRCE K
.

(1XaL 33s) V[Z 3unoly

y 2 22 v 2 2/1.2 ¥ ﬁ“

J'\

4

1

F

P~
e

| E—

N

—

| .

| S—
[ 1‘:‘ *

4 2/t ¢

N
N

N
P IR

1
L o]
I
1
N

N
N

| &
| -
L
.

PSSP AP I U SR PR ARG S R

N

y 2 % 2/1 K
e 1 "

) 2/1 2 e/t
y 2 2 2 |§ 2 2/l |
2/1 1 |
-l - L w

N
L
]
L o ]
L
Lo |

[

-




Page 124

VAR

A ] ”.m«.:«.

Vol A TR R A

SR % PN B

(1X3aL 335) €7 3¥n9lg

A

-

L

-

5559 o

e

1 4

e/t

-l

PR

e

B - s 'Rk 22 MG g

M LS B NI Y

-4 e/t -

4

- e/t -

e/t g

A 2z 2/t
2 e/t 2/1 e
E -

L
L

19y

-.Q.Il.l. ‘-.....‘

o e v e V.

g e N e
o e SN ]

- -
o
Boah sod

-

-

Y
A

Y Pol U Y

\4‘..-\‘ SR RPN AL
8 P T B Yo | N

W b tat
e
b all

vt
P
. g

R
"._‘\\-_'-.
Rl A

e - .
PR
R R
ot A Tl k"

RN
k.

)

.-
Jah Toa

'.11."a. et
R Gy g W )

2\

SN T

Py 2a

o

a7

.



* e Wi Taie WA i D W dy B AR i i A Ra et/ A P e R E S A A AR RS A g A S deol AL JA i e N - e S g i R - & Gl bl A A s i h

Page 125

[ N el

(KL PSSP

4
1/2
r

2 4
-1
_E%%gzgzn_i___

(SEE TEXT)

Z21c

G.T. (2 c/d Centers]
L'1/2 > 2
P |

1/2

i 1
l! - b 2 =
2 4
4 2 4 4 4
F1sure

=4
o
E
i

v
%

X
i
2

"

: i
A

hi sl RS

2¥avs

o Y ol QASRY g $ ~ A A e N T T e e e T T ey
R .

Lngi%hmq-..‘lx-;‘l-.-L_;_._L-n el




N

Pt Sl i

Y

Page 126

B Y

o ...._.H "..... ﬂ‘. ..v. .-.»....s. fwfr.

(1X3L 33g)
Y

e/t

e/l

arz

LA ]

154

AL SA
0t
(el IR I I P

340914

Rt B

2 7

e/t

e/t

-t

2 ¢/1

-l

Rt ARVARARE

SN A 48 Y %Y

A AT R

PR AL A NACND

e/1

e 2/1

ol e,

e e e
TR VIS V. Vi Ve I RO

e

LR S
PR
EYRIRYA K
DI Y
PAPLENPL IS, By

I.‘-
RGN

~- - *,
«
LA Sy

JOR
- “
A at




o~

AN

Page 127

XA TR

DAy P S R

.

(1X3L 33G) VZZ 3unoly A

‘’

4 4 >

-
-
o

4 Y

=
'-u .
el ol R

1
3V

o

Ry

A

<
-«
N
<
N
e
<
o
N
N
-t
<
fﬁj:i\

N

L

L

L
o
L
N
~i

[N

t

L

| .
At

e

“

> @v!ﬂ ¥ 1] e/t ¥ 1
ﬂ .

y 2/1] ¥y 2/t T v 2/1| 2/1 ¢ e/t
-y N - - «d w

4 g J o -

[SLYRY P ] HS

N

«®e

1

L

1

1

—
e st .
FOFRILIRININ

F IO 2P G Y W)

<

—

—

L
o
D
]

L

B
we =, e
._‘.FA.A.'-

b Y}

PR

e
s

b S %% et DRI S Sttt “p T S e et LA ALY e RS AT QR R IALR, A



BV G Y I YW EY I T T XY A S TR T NN ST RS A T TR TR TR Lo dnd ek vk AR ahs e e ati A alihg it <a b e Aaril it Dedi bt

Page 128

I
{172 4
4
4
[ 1
4
-
4
2
i 4
4 4

A.S. [4 ¢/d Centers]
1 ) 2 2
1/2__4__%_ 172 4
2
4 %1 1 4
P 4
4 4 [ >
D |-
I I 4
- n -
% 4 %1 2
Ficure 228  (SEE TEXT)

N N \ N
Nt ~N S N
[ o] -t pa— -
N < »n < < -
N
N~ - () <
-t
i 1 L L L 1 L 1
Y i N &r




4 P G A B AL B i ) T 7 A g RN B N S Sl - S ™A AL AL AL g il P Lush gt SR ane e oAUl SRR sV ShR SOL Sl SR 4B L2 S AN S AP S A0
.

YD

Page 129

AR

v v
F)
B

v
“

YE XN
H TRy b

-
a

LR i Tt
: L e

Py ol
2

y s
PR

NEAMAENS SRR L
4y
- 4
- 2 p
1/2
4 172 4

S.T. [4 ¢/d Lenters]

1
1/2 i 1
1 4 1
i
172 | o5
4 %4, 1
4
| 1
; 4

¥
172 4 172
S

L
1
2

N
AR
1

Y

- DT It N A R I |

- - “*a . -‘. .-‘ L
. N N AT SO . e T e e et e e e e T e e e
EITITIT S D S SRR I P AT I AT SR SISO iy S Sl S-S R S VA Vg Ve AL IR, VYR YRRV |




A [ A S % 3 M T sssaiide
SRS o ORI A SASE
ﬁ. L M‘.n“.-%-...}....mﬂ..r.v ..An ‘. (N \.\.. (AN ‘.).. [ORI

Y " _§v Ty G| 2/v -
y .

LI

1

«
t
1
<

1
P~ gl

-+
<
N
N
-
N
-t
<
N§
N
N
-
g

+

PR Y ST

R

.

T Y Y L R Y LY N T T T T T T W T T T N T T N
Page 130
t
t
—
| -
AL AP W

v!¢§§ 1 ¥ 1 2/ ¥ 1

N
e

1 ]
: 4 J . I i
:

J i ] i} ¥

o

)

-
NP

‘:._-.

A v mb,§ y 2/% T oy 2/1] 2/t ¥ 2/1

-
L%

h

-
Y
i

>

R R e Al

1
1
2
1
%Y
s

(O
-

-l -l

Y

N
—

: -

s212) P2 1] 1N

S R e N R e R

e .bs.» S R AN




.Y L S S ST T Y Y e AT

&
*
g
b:‘
>,

v
.

MY, AR

P A

Page 131

R LR IR RS TS A NS TR R LR TR TR SIS O PR

—
(=]
w
+
+

1 1 1 2 21 2112 .
. 1 1 1 .
. 1 111 1 .
.900 + 1 1 2 +
. 1 .
. 1 1 1 1 11 .

. 2 1 1 1
. 11 1 1 Y
.750 + 1 1 1 1 1 +
. 11 1 2 .
. 1 1 1 .
~ S| 11 1 1 1 .
. 1 1 1 1 .
5.600 +1 11 1 11 1 +
z 4 1 1 .
g, . 1 1 2 18 1 11 .
.1 1 1 1 1 2%1 1 1 1 1 .
3 .1 1 11 1 1 .
G.450 4+ 41 1 +
% .1 1 1 4 1 .
& 201 1 1 1 1 1 .
et . 1 1 1 .
e . 1 1 1 1 .
O- 300 + 1 1 +
.1 1 1 .
Y1 1 1 121 1 .
. 1 1 .
.1 11 1 1 .
.150 + 1 1 +
.1 1 1 .
.11 1 11 1 .
| 1 11 1 1 .
31 2 2 1 1 .
0.00 +2112 1 1 2 +
R TR T 2 YUV U Jr SR R I U DR TP SRR

.090 .270 .450 .630 .810 .990
0.00 .180 .360 . 540 .720 .900 1.08

PREFERENCE: EXPERIMENT 1

FIGURE 23, SCATTERGRAM PLOTTING CALCULATED PREFERENCES FOR THE FIRST
EXPERIMENT (HORIZONTAL AXIS) VS, THE SECOND EXPERIMENT,

(VERTICAL AX1S), DIGITS SIGNIFY NUMBER OF DATA POINTS AT
A GIVEN LOCUS,
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FIGWRE 25 FIXED THRESHOLD DECISION RULE AS APPLIED TO PAIR
STRENGTH AND MOTION REPORTS. SHADED AREA SHOWS
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APFENDIX 1
DESCRIPTION OF AFPARATUS

The system used to disrlaw all patterns described in the

precedind exreriments is illustrated in the diadram on the following
r3de. The various difference of Gaussians (DOG) waveforams needed
are denerated by and stored in the memory of 3 digi‘tal computer.
Sixty times each seconds a crystal contreolled clock (also rart of
the coaruter) initiates a new frame of the disrlaw. The ‘new-frame’
pulse has three main effects! the sweer denerator is trisgered to
start aoving the score’s electron beam horizontally across the
screeni the disrlay contrast is selected froa a temroral waveform
list in cowruter mesory and converted to 3 voltage level by a 12-bit

didital to analos converteri the points of the sratial waveforn

are coanverted to voltades by another 12 bit digital to analog

AR 3
LR "' .

4y e "

converter. All three rrocesses are initiated virtually simultaneouslyui

the selection of disprlay contrast occurs onlwy a3t the bedinning of Ei;l
each frames and remains constant for the duration of the frame. :Eti
The conversion of the sratial wavefara takes most of the duration of EEEE
the frane to comrlete. During this conversions the sweer denerator Ei:;
moves the electron beam across the entire face of the scorer evenly v ol
distributing the points of the sratial wavefora. The vertical axas :i;;
of the disrlay score is modulated by a high-freauencuyr free running :igi

Y

triandle wave deneratori the line traced across the screen by the
sweer denerator is thereby extended to 3 bar filling the entire

screen.
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