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I Introduction and Summary

In thais precject, what wes criginally an investigetion cf
mesking between grating stimuli ha2s blcssomed into a study ¢f 2
number of related areas. Eerly 1n the werk, we ccneidered

masking between adjacent parallel lines, which effectively becams
-3 study o©f the spetio-temporal crgenizetion c¢f linesar receptive
elements in the visual sy:ztem. These elements were found to have
mction-detector-like properties, which initieted studies of
motien discrimination, aimed at possibly determ:ning it mation
percepticn is subserved by & emell number of discrete detectors.
We cbservad two other interesting properties of line
interzctions: 1) spatial summe tion dynamically changes after
transient stimulation, and 2) summation and aculty do not covary
with cheanges in eccentricity. This leatter obeservation led us to
predict, 2nd later observe, alizsing with natural-Jlight stimuli.

Prier to our work, spatial frequency masking wes typically
tjif implicitly) regarded &as 8 peripheral process, trezatable with
quacsi-linesr models of the csort femilier in engineering. £

modest literature had grcwn up surrounding the issue cf whet
conditions produced Weber s law behavior &és oppcsed to pewer-law
behavicor texponent zabout (0.6). we were able to show thet the
visuzl eystem itself displavye power-lew beheavior, end that when
weber s law is5 observed the subiject iIs being constrained by his
unfamilierity with the stimulus, énd not by inherent limitations
in his detection apparatus. ThLis situaticn 1s a case of
Birdszl1°s Theorem, &5 described by lLesley and Cochn.

we generalized the common paradigm of measuring lateral
interacticns by observing veriations in the threshold {or & peir
or triplet of parallel lines as & function of line separation.
We used Ltriefly-flashed lines which were seperated in both time
and space, and found that the most prominent interaction was a
propagating lJateral facilitation, suggestive of 2 motion
detector. These data show & facilitatory peak at a separation
of abocut 100 msec¢ and 0.1 degrees, csuggesting a velocity tuning
of about one degree per second.

Despite an enormous amount of wcrk, we found i1t difficult to

convince the vision ccmmunity of the reality of our detector, or
indeed, that our detae werranted consideraticn. At the request of
referees, we undertook a major effort at mathematical meodelling,
to try to show thet cur results ere nct- predicted by any of the
tvypes of probability summation models currently in the
literature. This is & scmewheat ill-formed questicon, given the

wide variety of models possible, and we were pleasantly surprised
that the results were rezcsonably definitive.

It is often implicitly assumed that a variety of visual

functions -- in particuler, spatial summation and acuity -~ &re
all more or less closely related to the size of recesptive fields
somewhare in the visual system. We were somewheat eurprised,
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then, te observe thet over an eccentricity reange of 0 toe 7
degrees, spatial summation changes very little, while acuijty
decrezses atout sever-fcld. From thece dete we peostuleted thet
summation reflects the £12ze of summation areas, protatbly
receptive field centres. while acuity is limited by spetiel
sampling, thzt 15, by the disténce between the summ2tlon arecs.

The fact that aculty falls s¢ much fester then summeticen suggecsts
that undersampling znd slizsing might readily be cbkserved in the
pareafoves

To test this prediction, we used g ccnventionel
detecticnscrientation-discriminéetion paradigm with 7 degres
perafo-. =+' gratings, and found that crienteticn wes discriminegble
up to aloutr 10 csrdeg, while the gretings were detectabls to about
20 c/deg. Fetween those {frequencies the percept 1s that ¢t low-
frequency visuezal neise, 28 would be expected if aliasing were
occurring A sericus ccncern with these results for almost two

years WwWeas the fact the z]jeasing begen at a frequency which was
barely half whet would be expected from the gecmetry cf the cone
lattice. This led us to offer the widely ridiculed hypothess
that the z2liesing wae cccurring et some neurel level proximel to
the receptors. This hvpcthesis wes vindicated by Schein tinvited
eaddrecss, Opticel Society of Americe, Cct, 1%&7) who demonstreted
that gangl:ion~-cell density beagins fzalling cff &t much smeller
eccentrizities than had previously been telieved. in gcod
agreem=2nt with cur rescilts

gur moet enlgmeatic investigztion 118 the cbkserveticn cf
dynemic changes in the arezs of summaticn end inhibiticn. After
a flach ¢cf light -- or better still. g flashed greting -~ the
arsa cf spatiasl summation shrinks e&s much =5 threefold, whils
latera] inhibiticn becomes much moere prencunced; this effect hzs
a time ccurse of about 100 msec. This could be due to gasnuine

changes in the receptive fielde c¢f visvel mechanisms, or it could
result frcm the differentis]l masking of susteined and transient
chennels by the {lasth . At this point, we have no clear evidence
te favor anv cne explanation over another.

Eec

ause cur line interacticn studies sheowed putative
motion dete

2
ctor with a velocity of about cne Jegree per second,
we examined moticon discrimination tc see Jif there wzs evidence
for a mechanism at about this velocity The logic of this
experiment we&es similer to studies by Mendler with flicker; if
there ire only & small number of discrete mechanisms, then
discrimination cshould be mest acute et thocse in-between
frequencies, where the sensitivities of mechanisms cross cver,
and werst near the pezk sencsijtivities of individuasl mechanisms .
This was & long study, at Jeast a vear being consumed 1n finding
énd eliminating él]l of the extrzneous cues (1. e. things other
than velocity itself! which heve confounded many previous studies
cf velecity discrimination. Our fineal result we e that
discrimination is &8 broad U-=shaped function of velccity, with no
indicaticns of discrete sub-mechamnisms.




11. The Effect of Criterion on Spatial Masking

INTRODUCTION

In recent yeers spatial frequency mesking hes received
increasing attention. The basic paradigm is quite simple e
subject sets thresholds for & test greting in the presence of a
super-imposed mask grating, typically of ¢ different {requency
Despite masking’s apparent simplicity, there hzve been
significant qualitative discrepancies betwesen the results of
different investigators. In roughly helf the literature it is
reported that spatial masking obeys Weber’s Law. that is, test
threshold rises in direct proportion to mask contrast. In other
literature, it is repcrted that test threshold rises as some
lesser pcwer (typically between 0.5 and 1.0} of me sk contrast.
On the basis of a survey of this literature, we offered the
beginnings cf an explanation by hypcthesizing that & change in
threshoid c¢criterion may produce functionally different behavior,
and by showing that {familarity with & rendom mesk pattern cC&mn
produce such a critericn change. In this paper we present
evidence for the existence of several specific threshold
criteria and show that some of these criteria represent detecticn
tesks, while others are more like recognition.

METHODS

Stimuli were generated by a Xiten micro-ccmputer and
presented by <conventional means on a HP133ZA displsay with P4
phosphor. The experiments were entirely computer-controliled,
with the subject signaling responses to the computer via & small
hand-held kevboard. The screen was viewed {rom 75 centimeters,
and subtended a visual angle of 10 degrees horizontelly _by 8
degrees vertically. The screen hed a Jluminance of 55 cd/m°; its
surroundings were at least 10x darker. Subjects viewed

binocularly with free f{fixetion; head position was maintained by &
headrest .

The test stimulus was always &8 4 c/d verticel sinuscid.
Band limited random noise stimuli were generated by adding
together & sinusoids of equal amplitude and rendemly chosen phecse
and with frequencies spaced at equal logarithmic intervals across

the range of 2-8 cycles/degree. By chenging the phases of the
constituent zratings, we could generate a variety of noisse
patterns with identical power spectra -- apart from edge effects

~- but with very different appearance.

Three different psychophysical techniques were used in this
study: two-alternative forced-choice (ZAFC), three-alternative
forced-choice (IAFC), and method-of-adjustment (MOA) . In the
forced-choice experiments the field was always bordered by 1.5
degree mean-Juminance edges The remeainder of the field (the
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central 7 degrees) wes divided into two or three equel]l test bands
separated by narrow black lines. In a typical forced-choice
trial, the same mask stimulus would appecer in all the test bende;
in addition, the test stimulus was added to a single test bend .
The response indiceted which bend conteined the tecst stimulus

The observer was given sn arbitrery time to respond, in prectice
responses were always made within & seconds The fcrced-chcice
staircase alogrithm proceeded as follows. Before the stert of
each staircase, the subject set the test modulation close to
threshold. Theresafter, on each correct trial the test contrest
decreased one step (5%). Fellowing an error, the contrest level
gt which the error occurred was recorded and tesi: contrast was
increased by 4 steps (2 steps in 3AFC). The subjects received
feedback on error trials. After {four errors threshold was taken
to be the average of the four contrasts at which errors occurred.
We initially used a weighted average {or this purpose, but later
studies showed that this ocffers no advantage over a simple
average, and this was used thereafter.

In MOA studies, the stimulus filled the entire screen. The
subject could increase or decrease the contrast of the test
stimulus by one step (6%) by pressing one of two buttons. Trials
were continuous, as the change in contrest occurred with ngo
perceptible break. When the subject achieved a seatisfectory
setting, pressing a third button caused the setting to be
recorded end randomly changed the test contrast. The computer
averaged 7?7 such settings to produce a single threshold estimate,
end then proceeded to the next set of experimentzl]l conditions.

The data presented in this paper are typically test
thresholds for & variety of mesk ccntrasts. The varicus macsk
contrasts were always presented in order, starting with the

lowest contrast, to avoid the possibility that prolonged exposure
to the higher mask contrasts might raise thresholds for lower
mesk contrasts. W have previsoucly shown that prclonged
adaptation to & given mask contrast has no sffect on masking by
that same contrast.

Five subjects were ucsed for different parts of this research,
some of which was done in New Hampshire and some in Michigan.
The subjects RS, D§s, and LA are experienced psvchophysists; MJ
and SM are professional subjects who were najve to these
particuler experiments.

RATIONALE

Qur experiment is conceptualized in Figure 1. Here we see
the outputs of a variety of spatial channels of different center
frequency, viewing a pattern of visual noise which may have a
test grating added to it. On the figure are indicated the mean
output of all the <channels ! ), 2 measure (S ) of the
variation of these outputs, aﬁﬁa¥he relative output of the
channel most sensitive to the test grating (A1) The
detectability of 8 signal in this pattern of channel responses
reduces to the statistical question of whether Al is
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sufficiently large that 1t 15 unlikely to have occurred by chence

in the random mask. Fcr an 1deal cocbserver., &1 15 compared to the
width of the distraitution of chennel outputes ) by means of 3
critical retio (&1/7 ), end 1{f this ratio exceeds some threshcld,
then detection occurs . This 1s& znalogcus tc the femilier t-test
in statistics Assuming & linear chznnel response (discusszed
below), beth Jmean and ~ will be preoportioneal to mask contrest.
Substituting tor , the dbove criticel ratio is seen to ke
preportional tc Al/] . which 18 Weber 's Lew. We ccnclude that
1{ detection is ]imiTégnby external ncise, then Weber's Law muszt

hold with the Weber fraction being closely related to the
signal/nocise ratio.

I{ the output of the chennel 1is a cne-to-one, monotonic,
non-~]inear transform of 1ts input, & surprising result occurs.
Such & nen-linearity is completely transparent and has no efifect
upon thre-hold or upon Weber’s Law. A proof of this result
tknown as Eirdsall ¢ Theorem) m&ey be found in Lasley and Cohn
(198&1) . It essentially follews from the fact that determining
whether 2 threshold has been exceeded cr not is an crdinzl
operation on the pcssible cutput states of a8 channel, and the

propesed nonlineerity preserves the ordering of these states.

In this paper, we shall develop the fcllowing hypothesis.
If a8 test pettern iIs masked by noise, then Birdseall’s Theorem
adpplies and detection must obey Weber s Law. If the mask is ncat
noise, then other, more cencitive d=tection strategies 2re
aveilable. These stratsgies are typically observed to obay 3
power law, though we ceannot vet expleliln this perticuler
functicnel form. It is essential to def{ine precisely the class
cf mask stinmuli which is ccnsidered tc be ncise, eand we prcpocse
that this class must have a subjyective definition. wWhatever its
configuration, 2 stimulus is neoise if the subject is unable to
predict its appearance and detect deviations therefrom. Commonly
this predictive ebility depends on previcus experience. Nachmias

and Rogowitz (1983 present a similar idea.
RESULTS

Figure 2 (taken from our 1963 paper) shows the effect of
learning on spatial frequency detection in the presence of 3
randem mesk pattern. Consider the column Jlabeled "Pattern #1".
All of these data were taken with the same mask pattern, so that
the observer gained femiliarity with the mask as the triagls
progressed. The upper-most curve (done first) shows test
threshoid fer a8 range of mask contrasts. It is essentially
linear and the slope is very nearly 1.0 (i.e. Weber ‘s Law is
observed) . We now selected a convenient pair of mask contrests
and measured thresholds repeatedly, observing the effect of
practice. The data are presented in temporal order, decending.
These have pnot been displaced for clarity; threcsholds do indeed
decrease monotonically with practice. 0f more interest, however,
is the fact that not only do thresholds decreace but the slope of
the masking function also decreases from 1.0 (Weber’s Law) to
about 0.65 in the lower curves. This shows quite clearly thet
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the observation of Weber‘s Law or power lew Lehevior does not

depend upon experimental conditions, the same experiment vields
either lew depending upon practice. It will be ceen frcm the
remalinder cf Fag Z that the practice effect 15 specific to e

given ncise pattern; when a new ncise pattern is introduced (e g.
in the second cclumn of data) the slope of the mzasking function
agalin rices tc 1.0, falling off with further practice

The remzainder cf Figure 2 presents & problem. With repeated
practice RE learning beccmes faster until in the right-mest
column he displavs power law behevicr on the {irst trial ls R3
actually doing pcwer-law discriminztion on new petterns withcut
learning, 25 these data suggest? 1f so, it would disprove our
hypothesis In tact, we can show that S centinues to require &
pericd of earning even though that period has become

substantially sheoerter then the dureticn of & single steircase .
Five new nNoilse patterns were presented to RS and thresholds

mezsured In thelr presence, ae in Figure Z The raw thresheld
data were now a&veregzed 2orpes ztairceses, specifically wa
cemputed the zverage of the {ive first errors, the five second
errore, etc Thece cverceges zre a mezacsure of RS’ threshcld at
difierent stages c¢f{ the staircese It 1s ¢lear frocm Fi1g. 3 thet
this threcshold drops systemeaticzalily, by m¢re then z fzcter of [
zs the stalir-ase prcoccoe2ds Morescocver, there zppsarz to be 2
jecrease in slcpe Wwith practize as 3n [Fig z Thus RE lezrning
set does not viclszte cur hvpotheszacs None of our cthsr subjlects
hzs developed such & leearning set

Changing Mask Patterns

If learning the specific configuration of the mesk ciduses
the change from wWeber’s Law to power law behevicr, then we might
prevent this change by using & different mask pettern cn every
trial. Learning which involves some other aspect of the task,
hewever, shcu'd percsist in such an experiment since these other
aspects are unchanged. Results from this experiment are seen in
Figqure 4, showing the slope cof the measking {uncticn versus number
of trials. For compariscn, we include data frcm experiments with
en unchanging maesk pattern (&s in Fig. 2) . The recsults gre
clear. With an unchanging mask, the lope dreoeps {from 1 to about
0.65 in 38 rezsonable number cf trials, though this number of
trials differs tetween subiyscts. For the chang:ng macsk
condition, however, there is no change in slope We believe that
Weber’'s Law always holds with changing masks and two-&lternative
forced-choice. This shows that if the meask is truly noise (1.e
unpredicatablel}, then Birdsall’s Theorem applies and Weber s Law
is observed.

Three-Alternative Forced Choice

g
g

wWhether cr neot 2 pattern is noise (in the sence cof
Birdsall’s Theorem) depends not upon the regular or irregular

appearance of the pattern, cr upon the way it 1s generated, but
upon whether the subj)ect Js able to predsct its appezrance and
detect devieticns caused by the presence of the test Censider &

simultaneous 3AFC discrimination involvins two mask-alone and cne
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mask-plus-test stimuli. I{f the added test stimulus produces any
perceptible change in the pattern, then the subject should be
able to select the one field which is different, even if the mack
15 totally unfamilier. To test this, we repeated the experiment
of Fig 4 with simulteneous 3AFC (rather than 2AFC). As before,
a different mask pattern was used on every trial. The results
for two subj)ects zre shown in Fig. s, along with some limited
data using Z2AFC {or ccmparison. Our prediction is confirmed, the
3AFC results are ncot cnly more sensitive, but they clearly obev e
power law rather than Weber‘'s Law. There is a decrease in
threshecld with prectice, which suggests some generalized learning
effects. Given the diffjculty of the task this is not surprisiraga,

but it only strengthens our conclusions; neither & power Jlaw nor
any significant learning are ever obsarved with changing masks
énd ZAFC. We attribute the fact that EM’'s ZRFC date are
considerably noisier than the ZAFC data to the greater difficulty
cf the tesk, end to the i1nherentl!y better convergence of a 3AFC
staircase. Unfortunately, MJ (like most unpracticed subjects)

wés totally uneble to do the ZAFC task.

Harmonically Pure Stimuli and the Method of Adjustment

The evidence pres=nted 50 far supports our two-criterion
hypothesics {for mesking by visuel noise. Is it poscsible tc apply
3 similer enalvsis to the commonly-used sinusoidal mask?
Although a sinuscid:zsl! mesk Is methematicelly predictable zc
indeed were cur pseudo-random noise masks) the subject mevy
ncnetheless require experience before he cen detect small changes
in its expected appearance. Fiorentini and Berardi (1979) found
that subjectes required 100-200 presentzticns to fully leern {c
discriminate zubtle differences in Z-component complex sinusoids.
Thus we might observe (perhaps to & reduced degree) the learning
phenomenon of Fig. Z with sinusoidal masks. Data {rom such an
experiment are shown in Figure 6, which shows 8M end LA {beth
naive to sinuscidal masks) learning to detect a 4 c/deg test in
the presence of a 5 c/deg mask using ZAFC. The results are
consistent with our hypothesis; discrimination improves with
practice, end the slcpe decreases. Unfortunately this wes & one-~
time observation,; after taking these data, both subjects gave
slopes of about 0.65 with any harmonically pure mask. We have
not found another naive subject whose data are clean enough to
interpret .

we can demonstrate the "learning" of a sinusoidal stimulus
in another way. It seems probable that certain pairs of mask and
test will provide & harder task then others. Specifically if mask
and test are in the ratio of [:2 then detection involves a
subtle, second-harmonic distorticn in the =shape of each cinuscid,

while for other ratios (e.g. 3:5) the various bars in the
sinugoid will be of different shapes with the same shapes
recurring at the period of the beat frequency. Even without
knowing the deteiled appearance c¢f & single cycle, the subject
cen still recognize this repetitive beat pattern. Figure 7 shows

ZAFC thresholds in the presence of a 2 c¢/deg mesk for several
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tests which are clcse to the mesk’s second hermonic he
expected, the second-harmonic mask is considerably more effective
than the anhermenic ches, tut lcses much cf this effectiveness
with practice. Thus even the appeearance of sinusoidal masks hes
tec be learned It follows thet such mesks are, to some extent,
noise in the functional sense that the subj)ect cennot detect the
test with full sensitivity unti1l he 1s fully femilier with the

mask . Thus Birdsall s Theorem may well apply to non-random
mesks, particulerly with inexperienced subjects and
psychophysical procedures (e g MOA) which do not encouraae

maximel csensitivity

Configurational Criteria

Fven if Eirdsell“s Theorem dces nct epply, there Jjc & second

way in which the subject’'s choice of criterion may lead to
Weber s Lew with hermonically pure stimuli. The cubject mey
attempt to 1dentify a8 particular feature which occurs in the
ccmplex test-plus-mask pettern. €ince the cverzll configurztion
of a complex grating depends solely on the ratio of its
ccmponents, such &8 criterion - - rigidly feollowed -- will lezd
to Weber s Law. Many such configuretional criteria may be
devised; in the next experiment we investigate two c¢f thecse

Fcr these experiments, we must use & more subjective
psychophysicel procedure (MOE), instructing the subject tc use
different criteria under otherwise identicel cenditions. An
advantage of MOA psyvchophyvsics ieg that & significant pert of the
masking literature haes used this method. It hes the obvious, but
unavocidable, disadvantege that we have no rezl contrel -- beyvond
subj)ective report -- over what criterion is actually used.

Consider three different threshold criteria. The {irst we
term the absolute criterion; the subject sets thresholds as
sensitively &s possible, by whatever cues he mey f{ind. Thie is
probzbly not the usual criterion in MOA; even experierced
subjects often choose a3 criterion which is relatively high. The
second critericn is the bar-width criterion, shown schematically
in Figure §A. This figure shows the sum of two sineweves (1.e

mask and test) of similar but unequal frequency and smplitude.
The width c¢f the bars in the resulting complex greting is less 1n
the region of destructive interference than in the region of
constructive interference. Subjects were csked to set threshcld
by locking for a just-perceptible change in bar width. Since the
csubject’s JND for ber width will be relstively constant for
different contrasts (Smith, 1982), this 15 a geometrical
property occurring &t & fixed ratio of mask to test contrast. In
short, Weber s Law will apply. The final criterion is
exemplified in Figure 8B, where the contrast of the hypotheticel
test grating has bzen increased somewneat over Figure EA,
producing a8 readily detectible feature. This is the small dark
bar (indicated by the arrow!) which occurs in the middle of an
extended bright field. If the contrest of the test grating in
Figure 8B were increased slightly, the dark bar would disappesr
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altogether The disappearence cf this dark ber wes the final
criterion used by our subject The objective disappecrance cf
the bar is calculeble, for si1nusci1d: c¢f 4 end §S c/deg, it occurs
at a Weber fracticen of 1. 25. The results of this experiment are
shown in Figure © The date for the two sulbj)ects ere similier
except that SM s =lcpes are slightly greater than those H RZ

Jur mejor expectetions are confirmed. The derk ber and ber width
criteria displayv Webar‘s law Furthermcre the dark bar dete show
epproximetely the predicted velue ¢f the Welber frection The
data for the ebs:lute crateraon, hcwever, display pocwer law
behavier Thus we cee thet the edecption of different criterie 1n
method-of-adjustment exzperiments not only 1nfluences thre=zhold
but z:tually chenges the power law cbeerved.

DISCUSS1ION

We heve referred to similerities between spatizl mecsking and
the processes of detecticon znd identification. In particuler,
our thecretical explanaticon (especiclly Birdsall’s Thecrem) 1i1s in
many wavs equivalent to that presented by Lasley and Cohn(1981)
to distinguish luminance detection and dirscriminetion. We ¢cen
now make these similarities explicit Classically detection and
1dentificeticrn heve been quite distinct peredigms: the former 1s
discriminating & test =ztimulus frcem no stimulus, while the latter
18 discriminegting Eetween two different test stimuli. Recent
theories based on vicsual detectors have blurred the distinction
somewhza t, csince “"i1dentificeation’ mey now be defined as detection
by a partasuler detector. In such a model, "detection" might be
the presence of & criterial respecnse from 7Y detector. Under
thece definitions, sur analysis suggests that masking by noise
stimuli tinvelving cnly one detecter -- cor & smell related set)
is an example of i1dentification, while masking by a familiar
stimulus (detecting a change frcm any detector) is detection
Other definitions are possible, in particular it may be olbjected
that masking 1s net a2 true identificetion paredigm, since two
test stimul1 gre net involved. Provided the considerable
similerities are recognised, weé heve no cbjection to & narrower
definition of identification. For this reason, we have referred
to noise mesking &s "identification-Jike'". The ecsentiel point
is5 that in noise masking, the observer must know something about
the test stimulus, end detect the kncwn fezture in the ncice. In
masking by a familiar pattern, no particular feature n=2ed be
known, any detectable change 1s suff{icient.

we belisve that we are now in a position to explain much of
the diversity in the Jiterature cn Weber's Law in spatiel-
frequency masking. Subjects can use at least two quite different
threshold criteria in masking experiments. These yield net only
different thresholds, but different functional behaviecr with
chenges in mask contrast. In scme paradigms, we can be sure wheat
criterion was used and understand the results accordingly. but in
many paradigms the criterien is uncertzain and the results eare
correspondingly difficult to interpret. Let us therefore survey
some commcn masking experiments {rom this pcint cf view.
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When the mesk is ncise (or equivalently, when the observer
is uncertain of mask configuration) then the observer-'s ability
te discriminate is limited entirely by the amplitude of the
masking noise, and not at all by the inherent sensitivity of the
visual eystem. Note thet Rirdsell“s Thecrem 1s formuleted
entirely in terms cf the statistical properties cof the signel;
thresheld behavior 1 largely trenesperent tc the preoperties of
the visual csystem. Thus such experiments may tell ues little
about visual phyesiclegyv.

wWhen the subject is presented with & non-rendom, csinusoidal
mask, Weber’'s Leaw may nonetheless be observed. This might occur
beczause the subject still needs to learn the appearence of the
mask. From a different point of view, this is equivalent to
saying theat faced with an unfamiliar discriminetion, the subject
chooses a very conservative criterion. Another reason for
Weber’s Law with sinusoideal meacsks is that there exist
configuretionel criteria which produce Weber‘s Law even in the
ebsence ¢f visuel noise. (f these criteria, we feel theat the
bar-width criterion deserves attention. This yvields thresholds
similer to those cset by subjects without special instructions .
In additicn, some of our naive subjects havse sp-ntaneousiy
described this e their critericn.

In the literature, MOA psychophysics are almost glweys
dssgocleted with Weber’s Lew. This mey be becaucse ccenfigureticnel
criteria are easier to use. The fact that we were &ble to achiesve
power-Jaw btehavior with MOA seems entirely attriktutceble to
motivation. Unlike forced-choice, MOA provides no inherant
motivetion for increased sensitivity. In generel, the more we
motivated our subjects to set low threshcolds, the lower the

exponent in their power Jlaws.

The distinction between the two types of criterion is mede

clear in figure 10, which shows a pair of mask-alene and mask-
plus-test patterns {from our {irst experiment. I{ & subject is
asked to detect "any difference", he will do S0 easily, the
added 9 c/deg test grating is readily detected. Eut 1f he 1€
asked to which noise pattern the test has been added, his replies
will be near chance; he cennct vet identify that particuler
pattern of channel activation which characterizes a 4 c/deg
greting, given the Jevel of masking noise. I{, hoewever, he 1s
t¢ld which pattern is mask-alone, and asked to determine whether
&8 test has been added to the other, he can easily do £0. These

changes are not because of any cheanged performance in his visual
system, but because different tesks eand/or additional informeticn

may convert an apparent identification-type task into a
detection-type task. Eveluzating the effect of availeble
information (or uncertainty) is not always easy. Our stimuli
were relatively well-defined: the masks were spectrally-flet,
tand-limited noise and the tests were always q c/deg at a
specified phase. We {find that simply randomizing the test phese
between trials greatly extends the learning period necessarv in
our first experiment (Figure 1), undoubtedly relexing other
constraints would have a similar effect. The problem has vet

willla. e
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enother dimension. Whetever infcrmeticn mey be aveilable to the
subject provides only a limit on detectability,; we have seen
that the subject must cften learn to use the informeticn. Unless

he 15 meotivated, this mav ccczur slowly, or not &t éll

An unfertunate cenclusicn from this 1= thet mMeny MmMasK1Tg
studies tespecially those using MOA) zre ef{fectavely
unrepliceble. We cen reproduce the externel ccnditicne of iR
experiment, but only in a few cases (e 5 highly practiced
subjects using forced-choice) ¢cén we be sure c¢f the detect:con
strategy used. Thus, while the factors we have elucideted s=zenm
to us sufficient to account fcr the diversity of recsults 1n the
literature, there 18 no aprarent way to cshow (i e by
replication) which feactors were criticea in & particular study,
or to show that other {factors -- perhaps unknown to us -- were
not operative.

Finally, we offer & practicsz conclusicn We regerd 3AFC

3 maj)or advence in the study of spatial masking, especlally wh
the lssues of detection versus identificeticn are invclved. It

the onlyvy technique we know (excepting over-learned ZAFC) whi
largely eliminetes veriastion in detection stretegy, by remov
the identification-like asspects of the task. This 1s useful

studving the relationship between detecticn and identifjicat
and is essential i{f we desire to i1sclate the pure detect
mechanicsms in mésking experiments. Ancther adventege (s thet
three-clternative stalrcase converges more reliably then & tw o~
alternative stz21rcese, since the prcbebility of 2 correct auecss
15 reduced. A final advaintage is csurprising. The dasta shown in
Figure S were teken frem neaive sublects wheo had NeEVEr dcne
mask:ing discriminaticns before. Thece discriminations ire
notoriously difficult; to cur knowledge n¢ cne hes previously
obtained reliable masking data {rom naive stbjacts without an
extensive perviod ¢f practice The net result of all c{ these
conesrderaticone is that 3IAFC vields reliable macking data in much
less t:me than eny cother pesyvchophysical technique we have used
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111. A Detector for Moving Objects

INTRODUCTION

Stud:ecs of laterel 1nterescticns 1n visicn dete beck et Jeacst
t o the disccvery sf Mech bzands but gquéntitetive ctudiles heve
tvpicelly used one cf several well-estebliched peredigms In the
spatial dome in Westheimer (1965 studied the jncrement
thresheld for : emell test spot es e functicn of the sg1ze of 2
superimpossd circular {ield. Kulikowski and King-5mith 119750

used & ccmparzble technique in which detection of e tecst line 18

influenced bty subthreshold flenk lines cf varied specings. Ecth
cf these studies found {facilitation for smell separaticne, and
inhibiticn for somewhat larger ones. Interactions over time ave

been studijed with thecreticelly perzllel experiment= on the
detection of pairs of hcmogenous light flashes, separated 1 time
rather than space. Recent studies {(Reshbecss, 10’0, Ueno, 19731}
measure én impuls response 1n which closely-spaced flezhes
summete, while H hes separzted by scmewheat longer times
inhibit Ecoth iz and temporal interactions =
qualitative with the dvnemics of retinegl re
fields; splay summaztion between stimuli which zare
in spece while Jaterzal]l 1nhibiticon cccurs at only |
distances fter & Ltrief delzy (Kvffler, 1953). The
psychopihveic tudy te systematiczlly study beth cpatiel
temporal acticns used the Westheimer p:zradigm Teller et
(1971) both the size cf the urrounding disk and ths
between the test f{lash and the cnest cof the disk This
general study confirmed the pattern f Kuff{ler-like dvrnamics,
that lateral inhibition occurred only after ¢ deley of about
msec. QOur experiment is compzreble to Teller et 2l“s, except th
we used rectilinear stimuli. we measured the detectability
twe briefly-flached linecs as a jJoint function of their separzti
In space &énd time
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Stimula were displaved c¢cn en HP 133IA CRT. 1
lumirious patch 4° wide end 5° high, viewed frem 7
stimull 0.8 wide and 1 5¢ high were {leacshed for 1
mi1ddle ¢f the fi=sld. Fizaticn was ai1ded by twe ver
linesg, the test Jlines being parellel tco, end equid
the midps:int of the vernisrs. The totzl]l energy of e
€ equal ts thet cf & S0 cd/m* line, 10 mesec in d

& wiide In a typiceal triel, the background o
peared end a2wzited & ready-cignel from the sulbject. The st
ne appeared 700 mse after the =subject’'s signel, preceedsd by
gudible Leep The screen remeined Jumincus for ancther 700
and then turned cff triefly to process the subject’s
The avereyge dutv-cycle wes & seccnds on, cne-half

cff The subject was given feedback for inccrrect
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We used 6 line spacings (0.0S%, g.1, 0.15, 0.2, G 3, and o %
degrees! and & temporal delays (0. .01, 0. .02, C 04, 0 055, 0 ©7,
and 0.1 seconde) . These were conceived 25 & o X 7 erray, the
additicnal column contained single-line contrels Catch trials
were interspersed rancoemly, meking 3%% of the totezal A cingle
experimental run consisted c©f one seen/not-seen judgement for
each cf the 4z te x 71 cconditicnes, plus the accsccleted cetzh
trials, precsented in rendcm order Subjects were typiczlly able
to perfcrm < runs =t & sitting, with & complete experiment
requiring 100 runs. Thus each experiment 1nvelved zbout eCo00
trials With 100 trieals per peint, the standerd error ¢f estimete
was ahout 0.05. We halved this error by computing & four element
boxcer average, averaging two elements along each dimensicn
Contour plots were calculated by an auytomasted interpolzaticn
algeorithm, which placed contours a2t intervels cf 1 3 standerd
errors of the averaged data. The standard error in the placement
of 2 centour varies, teing propertional te. and somewhet lecss
than, the separation between adjacent contsurs. The subjects
were given pericdic feedbcec 2bout hit- end false-2alarm-rates,
and were able to hcld these constant within a few percent.

RESULTS

Recults dre shown in Figure 1 fcr convenience we refer to
these deta &5 an LIF (line interaction functiony linlike the
results cf Westhelimer or Kulikoweki and King-Smith there 1is nc
suggestion of a lateral-inhibitery or centre/surrsund
crgenization. The deminent fecture is a bimodel Erec cf
facilitation with peaks at the origin (no separaticn! at 3
cepazretion cof about S0 msec. end 0.15 degreecs. The exlstence ct
this secondary facilitatory region is the maj)or result of this
study. Note thet the optimum stimulus {for the mechanism ghown 1in
figure 1l would appear to be & vertical line whose locus (1n

space/time ccordinates) mcves diegonally from the ocrigin through
the peak of the secondary facilitatory area, this would b2 3 line
moving at abecut 3.0 deg/sec.

To esteblish the statistical reliability ¢f this efiect, we
defined the height of the sscondary peak as the mean c¢f the data
pocint at 55 msec and 0.15° znd its four nearest neighbors This
was then compared with a baseline, definsd as the mean of the s1ix
data points a2t meximum spatiel separaticn. We repliczated the
experiment of figure 1 once with a different subject, and st
leeast four times with cther varietions. We never cbservesd in
effect f(as defined above) of les than {cur standard errors. The
secondary peak was elwzys reecsonably ccocmpact end centered &t & ¢
to 7?5 msec and 0.12°9 to 0.169. Note, hewever, thet the detailed
shape ¢f the contours ¢t low levels is generally not significent,
&s the standerd errcr of the placement cof these contours e
large. False alarm rates were 0.20 for ¥C and 0.33 for SM. The
intersecssion wverietion ¢f thecse rates wags ectimeted as +.02 fer

PC &nd » 04 for SM. Single-line hit rates were 0.38 and 0 51,

respectively, with intersecssicn veriabilities of +.03 and +.06
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Figure 2 is a repliceticn cof Kulikowskl end FKing-Smith's
cstatic three-line paradigm. The test and two one-third-luminance
flanks were precsented simulteneously using & Gaussian temporel
presentation with a half-width of 0.5 seconds (es used by Wilson
end Eergen, 1979) . The results eare quite similer tc thece in the
literature: facilitation at small sp3cings 1 replaced by
inhibiticn et larger esp&cings Similerly, figure 3 i¢s e
replication of the two-{flash experiment. The subject detected

the pressnce of a2 pair of 10 msec, whele-field fleashes = I3
function cof their temporzsl]l separation. These data show a typiceél
pattern cf {facilitation, follcwed et longer 15Is by inhibiticn,
follcocwed kv disinhibition at still longer ISIs. The temporal
parameters of this functicn (e.g. 15 to peck inhibition) are 3
strena function of luminance (Ueno, 1977) . Our data agree well
with lUeneoc = deta focr & similer Juminence

DISCUSSION

Attempting te es=sign a functicnel] interpretation to the LIF

raises a number of questions which we cannot vet answer. We will,
nonethelese, eéddress the fcllowing issues: 1) does the LIF
measure the bahzvior of a single visual detector, or 1is it a
cemposite; 2} is the underlving mechenism functionally metion
sansitive; and 3) why is the LIF so different {rom the recsults of
cther experimsentes of which it we s intended to be a
generaliczcation?

Single and Multiple Mechanisms

There dec net appeer to te any theories of multiple spatic-
temporaeal mechanisms, but an extensive literature on essentially
spatial mechanisms is readily generelized. Kulikewski and King-
Zmith’s original measurement of & spatial-only LIF was strongly
critiscised by Grahem eand Reogowlitc: (1978, who cshowed thet
probebility summation between spatial channels could so distzort
csubthrecshold additivity experiments that the results bere little
resemblance to the Eandwidth or spatial sensitivity of the
underlying chennels. These concerns seem fully eppliceble to
this experiment. Cn the basis of present evidence, then, the LIF
15 enly & psychophysiceal entity, we meake no claims about
underlyving neurophysiology. Note, however, that the actual
extent cf Grahem and Rogowitz’ propecsed distortion is largely
iunknown, and may be small. In particular, Hines(1975) and Wilson
end Bergen(1979) have used Kulikewski and King-Smith’s paradigm
to measure a linespread {function which was then used in their
linear models of spatial detectability. Wiile the physiclogicel
reality of their procpesed mechanisms is debztable, the
concsiderable predictive success of these models justifies Zn
dttempt to generalize this approach to spatio-temporal stimula

Motion Detection

It is tempting t: cqguete

t chen:esm underlving the LIF
with a8 motion destector; the stimu to

which it should be mcet
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sensitive is & line moving with & veloclty c¢f ebocut 3 deg /cec

Theoretical discussions of motion detectors (Reicherdt, 19¢1,
Berlew and Levick, 1965) describe entitiecs with properties
similar to the LIF. wWe must exercise caution however, cince this
cenclusicn invclves extrepoclzating freoem briefly-flecshed Jines tc
quite different stimula Such an extrapolation 35 valid cnly 3f
the underlving mecheniem 1s lineer Merecver tc estazblicsh thet
the LIF mechenism {functions as a8 motion detector will requirs
extensive ctudiecs releting it s prcperties to the zctuel
perception ¢&f{ moticn. At present, the zssociation of the LIF with
motion detection is 2 tempting but quite unproven hypothesis

I{f the .1F teaps moticn detection mechanisms, why do we {ind
tnly 2 single detecter, tuned to & single veleocity? Given cur
rznge of spatic-temporal separations, 1t would not have been
possible to find detectcore with 2 velocity very much different
from what we {ound It s als0 poscible that detectors tuned for
different velccirtiess a2nd spatizl]l patterns exist, but thet they
3re not ver sensitjve to thin lines and so were unobssrved. we
eare actively seerching {z2r such mechenicsmse

Related Studies
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the following exceptions: 1) their data were taken off the
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rather than lines . While the difference in velocity might be
explained by retinel lccue, we suggest below that the the
difference betwean 2xzitation znd inhibition i35 a result of the
different stimulus configuration.
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It was our criginal expectation that these experiments would
2lsc measure the spetizl]l and temporal dynemice of Kutfler-type
lateral inhibition. In fact, the LIF primarily shcows delayed
lateral fecilitation, réther than inhibiticn. We have repliceted
some of the experiments showing leteral inhibition (figures 2,3)
and cur results are in geood agreement with theose in the
literature. Thus the apparent contradiction does not seem to be
the result of én ertifec or idicsynecrecy in our prccedure,
rather there appears te be a aenuine qualitative dif{erence
between our paradigm and these releted experiments.

We find only one experiment in the literature which directly

tests cur result. McGervey &and Cchn (1983) studied the
visibility of two flashed, rectilinezr LEDs at four space/time
ceparations. Only cne cf their separations (40 msec and (0 1@
degrees; fell within our secondary facilitatory region, But thazt
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point shcwed clear facilitation.

It is poessible to pleusibly crgenize these vericus results
in terms of =systems already described in psychophysics eand
neurcphvesiology. Results ccneistent with the leterc)] inhibitcry
behavicr of retinal neurcns are obtained with 1) concentric
stimuli, 2) pcint etimuli, 3) line stimuli in prolonged
presentation, and 41 unpatterned light flashes . To cbtain
secondery faciliteticn, &€ 1n the LIF, 1t 1s eapparently nececseszry
to use beoth linear stimuli and rapid temporal presentation This
agrees with the pesychophvsicel concept of the transient visuel
svstem This zystem is commonly described as being moet
responsive to mction er rapid temporeal varation, end tc
relatively coarse, rectilinear stimulus contours. We tentatively
suggest, theretfcore, that when a treansijient, rectilinear stimulus
is present, then a set of visual mechanisms 15 invoked which is
wholly inopereative with static stimuli, and thet these mechanicems
primarily show 2 facilitation which 15 offset in becth space 3nid
time




IV. The Extended Four Mechanism Models

Does our observation of lateral facilitation between
briefly-flashed 1lines (see previous Progress KReports) reguire
that the detectors underlying this phenomenon also possess
lateral facilitation? It 1is well-known that probability
summation between detectors (being a nonlinear operation) can
considerably distort direct efforts to measure these underlying
detectors (Graham, 1977). We therefore decided to see if lateral
facilitation could be predicted by accepted probability summation
models, without invoking a fundamentally new detector. An
immediate difficulty is that the well-known probability summation
models (Wilson and Bergen, 1979; Watson, 1980; Wilson and Gelb,
1984) are essentially spatial models, and a more general spatio-
temporal model is needed. In the absence of such a model, we
adapted Wilson and Bergen's 4-mechanism model to include the time
dimension.

The original Wilson and Bergen (1979) four mechanism model
begzn with receptive fields defined as follows:

PR PVaN] o)
ey e 27 S
e : i, [

ey e e

The subscripts on A and W (Amplitude and Width) are n (= N, S, T,
U -- the 4 mechanisms) and ¢ or s (centre or surround).

The Kufflerian Model
In our Kufflerian model, the RF 15 qgeneralized to the form
RF(x,t) = Centre(x,t) ~ Surround(x,t)

where Centre and Surround are 2-dimensional, unimodal, roughly
bell-shaped functions; with Surround being approximately twice as

large as Centre in both space and time. This is shown in Figure
IT-1. More rigourously,
FEal vty = fewdermi—n @l %) 4
N A T R R ILIE M U
qr\ux" € f-‘ Cmry =0 L‘lr'\-v:? ' 4
"""\wn L b l”‘.umt Fa e =ty ‘,{'_"* !
This introduces an additional 16 parameters, the temporal

amplitudes and widths, which are distinguished by a third
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Figure 3. The detectability of a pair of
brieflv-£flashed lines as a function of their
separation in space and time.

Figure 4. The data of Figure 3 (above),
reflected about the time axis, and plotted
as a wire mesh. Note the similarity to
Figure 2.
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Modelling IV - 2

subscript, x or t, for spatial or temporal.

In Wilson's original model, the RF parameters were functionsg
of retinal eccentricity. Since our experiments extend no more
than 0.5 degrees from the fovea, this effect is small and was
omitted. Probability summation between receptors and mechanisms
was done with the Quick (197%) probability summation formula
using an exponent of 4, as in the original model. The conly
uncertainty is how to deal with probability summation over time,
which certainly occurs, but cannot involve the same processes as
summation over space. In the absence of any clear evidence, and
because it seemed to work, we generalized Quick's formula to a 2-
dimensional sum:

Popidate s Uy TR

where R(x,t) is the response of the receptor centered at stimulus
coordinates x and ¢t. It will be seen that space and time
dimensions are completely equivalent in this model, apart from
the different shape cof the receptive fields along the two axes.

The Kufflerian model fit the general form of the results
very easily, and in most cases our initial guesses for parameter

values were adeguate. The model gives reasonable predictions to
Wilson's 3-line experiments (Figure 6) and to his DOG sensitivity
measurements (not shown); we did not fit data for extended

stimuli (gratings), since retinal inhomogeneity 1s not modelled.
We also modelled our Z-flash experiment, and found inhibltion at
approximately the observed time delay. The actual amount of
inhibition was rather too small, however. This is apparently due
to the broad temporal tuning of the function t*exp(-t). The
function t*ext(-t°) yields a much better fit, but we have not vyet
tried this function for the other simulations. Unfortunately, as
shown in Figure II-7, +this model does not predict any secondary
facilitation. Thus it does not predict our major £finding in
the interactions of flashed lines, and must be rejected.

The Separable Model

The separable model differed from the Kufflerian model only
in the basic eguation for the RF, and in some of the parameters.
The basic eguation now has the form

RF(x,t) = SIRF(x) * TIRF(t)

which 1is separable in x and t, as expected. The Spatiai IRF
(SIRF) and Temporal IRF (TIRF) are a "Mexican-hat" and a temporal
biphasic, respectively. Figure 1II-2 shows this construction
graphically. Figure II-2 shows a contour plot of our experiment
on the interaction of two lines as a function of spatial and
temporal separation (i.e. the LIF), while 1I-4 shows the same
results in wire-plot form. The gualitative similarity between
Figures II -~ 2 and II - 4 is clear, and provides the main
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Fig. 6. Kufflerian model replication of Wilson and Bergen's
(127%) simulation of the detectability cf 2-line patterns underx
their 5 and T presentation conditions. The heavy line is our
predic.ion, the lighter line is theirs; the dotted lines are the
separate responses of the 4 mechanisms. This £figure may bLe
compared directly to Wilson and Bergen's Figure 8.
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Modelling IV - 3

rationale for this approach to modelling. More qualtitatively,
the separable RF i3

[ i
o .

o I LA SRl SRR

The results of fitting this model are less clear-cut. Since
there are 28 free parameters in the model. We placed constraintsg
on the parameters, reducing the number varied to 2 or 2. These

constraints must be considered with care, since our conclusions
stand largely on their plausibility.

1) We retained the spatial widths given by Wilson and Bergen for
each of the 4 mechnaisms. We also retained the temporal widths
found to work with the Kufflerian model. (Neither model seemed
very sensitive to the temporal parameters, provided they stayed
within reasonable limits.)

2) While 1t was not possible to retain Wilson and Bergen's
amplitudes (two being given for each mechanism, for the two
temporal presentations), we required that that the amplitudes
remain comparable to those given by Wilson. In particular, the N
and U mechanisms have only secondary importance.

3) The mechanisms must be insensitive to static, unpatterned
illumination; i.e. they respond only to patterns, not to pure
luminous flux.

4) The mechanisms tuned to higher spatial frequencies should have
temporal tunings which are both slower and less sharply tuned,
and vice versa.

3) and 4) are crucial assumptions, which require some
explanation. Assumption 3) requires that the integral of the RF
over all space and time be zero, which is readily shown to be
equivalent to requiring that at least one of the separate
functions 1integrate to zero over space (or time). This means
that we may still chose one of the separate functions to have a
non-zero integral, which has profound effects upon the tuning
properties of the channel. Consider, for convenience, the
spatial £function. If this has a =zero integral, then the
mechanism cannot respond to spatially unpatterned stimuli under
any conditions. In spatial-frequency terms, the mechanism |is
insensitive at zero frequency; it is a band-pass filter. At the
other extreme, if the spatial function has no irhibition at all,
it will be maximally sensitive at zero frequency (a low-pass

filter). In between, there is a continuum of mechanisms with
less inhibition than excitation, which are termed ‘"partially
band-pass"”. Thus we can control two important aspects of spatial

tuning; changing the overall size of the RF (both centre and
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Modelling IV - 4

surround) changes the frequency to which it is most sensitive,
while changing the balance of excitation and inhibition primarily
influences the width of the sensitivity band, especially at itz
low-frequency end. It is clear that the temporal response may be
analyzed in an entirely similar fashion.

Let us apply these considerations to assumptions 2} and 4).
Assumption 3) requires that at least one of the separate
functions for each mechanism have a zelo integral. In Wilson and
Bergen's model, the sustained, spatially-narrow mechanisms (N and
S) have =zero integrals, while the transient, spatially-broad

mechanisms (T and U) do not. Thus T and U must have temporal
functions with zero integral. This is in good agreement with the
psychophysical concept of sustained and transient mechanisms
(review in Legge, 18978), which states that high spatial-

frequency mechanisms recpond in a sluggish, poorly-tuned fashion
to temporal variation, while mechanisms which respond rapidly to

temporal change have broad, 1low-apatial-freguency tuning. In a
ccenverse fashion, the N and S mechanisms should have temporal
functions with non-zero integrals, producing a partially low-pass
temporal response. When this is done, each mechanism has c¢ne
separate function with a zero-integral and one with a non-zero-
integral; the sustalined mechanisms have a spatial zero-

integral, and the transient mechanisms have a <temporal =zero-
integral.

In fact, the theoretical suggestions of the previous
paragraph were becrn out when we began fitting Wilson and Bergen's
data for detection of 3-1line stimuli under S and T conditions.
An RF with a zero-integral temporal function is about 5% more

sensitive to T than S stimulation, which is guite out of 1line
with the data. To 1improve the system sensitivity to 8§
stimulation, it was necessary to give the S mechanism a non-
zero-integral temporal function, as suggested above. If the
amplitude ¢f the temporal inhibitory term in this function |is
reduced Ftelow about 0.4x the =zero-integral value, than a
tolerable fit (Figure ©@9) can be produced. The fit is not

affected much by further changes in this parameter, since the §
and T fits are now primarily controlled by a single mechanism
each.

If we now use these parameters to predict the results of the
LIF experiment, we find no secondary facilitation. The reason
for this 1is immediately apparent; with the amplitude of the
temporal inhibitory function reduced té this extent, this
function never exceeds the value of the temporal excitatory
function and their difference is never negative. 1In short, there
is no real 1inhibition and so no disinhibition as in the LIF.
This shows the basic difficulty with this model; the facilitatory
effects are much tco small. Even if we use a zero-integral
temporal S function (optimizing the fit to the LIF at the cxpence
of a factor of 3 misfit to Wilson and Bergen's data), the results
(Figure 10) are unsatisfactory in three ways. First of all, the
secondary facilitation 1is roughly 10% of that seen in the LIF.
Second, inhibition is apparent along both edges of the predicted
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Fig. 9. Separable model replicaticn of Wilson and Bergen's (1979)
simulation ¢f the 3-line expe:iment under S anéd T <conditions.
This may be compared to the Kufflerian model (Figure 6) and tc
wWilson and Bergen's Figure 8. The separate functions were
optimized for these data; £figures 8 and 10 use somewhat different
functions,
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Modelling IV - 5

LIF, and is several times larger than the secondary facilitation.
This is not seen in the data. Finally the secondary facilitation
has a definite diagonal configuration, but it is along the wrong
diagonal. wWhere facilitation in the LIF appear=s to run through
the origirn, that In Figure 10 runs in the orthogonal direction.
This 1is a direct consequence of the assumption (from sustained
and transient channels) that detectorc sensitive to high spatial
fregquencies respond to low temporal fregquencies and vice versa;
in a wvelocity detection system, which the LI more nearly
resembles, the two sensitivities would be directly, rather than
inversely, correlated.

Our conclusions about the separable model are rather more
guarded than those about the Kufflerian model. Given the
psychophysical and neurophysiological evidence in its favor we
have no desire to dismiss the basic principle of separability.
On the other hand, we find basic difficulties with the separable
mcdel. One of these 1is the diagonal organization of the
secondary facilitation, described in the previous paragraph. It
iz difficuit to avoid this problem, given current Iideas about
sustained and transient channels. A second and greater problem
is accounting for the amount of secondary facilitation. In this
model, the peak of facilitation will be the product of the peaks
of the inhibitory portions of the separate spatial and temporal
functions. I% is difficult to imagine the inhibitory peaks being
greater than half the excitatory peaks, which will make the peak
secondary facilitation less than one fourth the facilitatien at
zerc separation., This is considerably szmaller than is observed
in the LIF. Both of these problems arise from relatively basic
aspects of the model, and seem to us unlikely to be resolved by
simple modifications. At the same time, we must acknowledge that
a negative modelling effort is never entirely convincing; the
possibility that an wunthought-of <change in the model might
produce positive results will alwavs remain.




V. Summation, Acujty, and Cortical Magnification

There are two somewhat different wave to look &t cur deta on
spetizal summéaticn end acuirty In discuscs1ing corticel
magnification and the thecries aesscciated therewith, wWesthe mer
11982 wrote,

"There 3 & rather insistent cpinion ebrcad thet
visual processi1lng has jdenticel properties riaht acr
visyeal field, save fer e multiplicative factoer whic
nt

= spatiel
< ss the

o
h is z

functicn cf ecce ricity."

hs one might expect frcm thie teginning, Westheimer then
proceeded to cite several counterexamples to the “insistent
opinion” from the field of visuel hyperecuity. Qur results

cffer ancther two, probably related, counterexemples.

A second zspect of this work 1nvelves & leses insistent
oplnion amgong psycheophysicists that 2 certain cluster of
phenomensa cdre £1] somewhet different wavs ¢f measuring the same
underlving process . These phencmena include 1) threshold
summation between clcsely-spaced lines, Z2) classicel ecuity, end
3) the size of the centres of receptive fi1elds et various levels
cf the visuzl system. We have cshcwn that there ere, in fact, at
least two distinct mechanisms involved In these phenomenasa, and
that thecse heve quite distinct properties. To de this, we
studied the effect of eccentricity on four separate visual
functicns. These zre 1) 2-line summetion &t thresheld, 2J Z-line
summation fcr apparent brightness, 3) threshold for a single
line, and 4) Z-line acuity threcholds.

Methods

We used peirs cf lines O.SO high and =abcut 1.857 wide,
displaved for § msec on a CRT SEreen 3O wide and 4¢ high with a
tackground luminance of 20 cd/m”. Line separation was varied
programatically, as was eccentricity by means of a8 series of S
figxation points drewn cn the screen.

Our psychophysical technique weés ocne we have been
develcoping, and works es follows. The subject is presented with
single stimuli, which have a8 3%5% chence of being a cetch trial.
and he indicates whether he did or did not see the desired
stimulus feature This feature was either simple detection, or
discrimineticn of Z lines frcm one . The subject is given
feedback on his false alarm rate, and adyusts his criterion to
meintain & FA rate of Z20%. A simple stzircase converges on the
60% correct point of the psychometric function,; this is a
Wetherill-Levitt type steircase in which intensity drops 1 step
for a hit and rises either 1 or 2 steps on alternate misses. A
measurement consisted of the mean of 15 reverscsals of the
staircase,; this was repeated 5 times and averaged to vield the
date presented. Heving measured hit-rate with FA-rate
controlled, we have a critericn-{free measure of detection. g




Summation V - 2

could 2also be celculeted, with edditicnel] essumpticns, but we
have not generally done this

The brightness-metching experimentes used £ clightly
different paradigm. In these the subject was presented with two
pairs of lines, ci1de-by-cs1de. :nd indiceted which wee brighter
The standard peailr actually haed zeroc spacing (a single, dcuble-
width line) and 1ts luminence wae adjusted in & simple up-down
cstaircese to match that of the other pair, as a functicen of the

separation between the lines in the ceccnd line pair

Results
Spatial Summation

The raw date for spstial summetion ere cshown i1n Fligure III-

Z which plots relative sensitivity &gainst lines-specing, for §
eccentricities . The daeta shocw en arez of summetion {for specings
of less than &ebout 107, followed by 2an aree cf inhibition at
larger cpacings, with en asvmptctic detection level reeached by
a2 59 seperaticn The crez of summetion increacses by about 2
tactor ot twos frem 09 te 79 eccentricity Thecse dete care nct
particularly remarkable; they zre in reesonable agreement with
these cf Limb and Rubinstein, cr with theocse t(using 3 lines) of
Kulikowski znd Kinsg-Smith cr of Wilson end his ascsociates.

Te derive 2 =ingle meesure c¢{ the width of the summaticn
area, we fitted the data to the difference of two Gaussiens.
This functicn has 5 paremeters: Z widths, 2 emplitudes, and a
vertical translaticn. Three of these parameters were eliminated
bty the fcllowing three cssumpticne: 1) sensitivities were
normalized to 1 by dividing by twice the sensitivity for & single
line at each eccentricity (meesured as a contrel conditionl}, Z)

the asymptotic sensitivity at 0. 5° separation was taken as 0.63,
and 3) the width of the inhibitory (aussian was made 2.5& that of

the excitatcry Geussian. The {it was performed on the peremeters
of width of the excitatory Gaussian and amplitude of the
inhibitory faussian. Basically the justificatiocn for the
procedure and its assumptions lies in the quality of the fits
{the smooth curves on Figure I1I1I-2), which are quite good. The
summation area was arbitrarily defined &s the width of the centre
Gaussiean ti.e. the width to & fall-cff of 1/ . ) The final
results of this experiment -- a plot of summation distance versus
eccentricity -- are shown in Figure 111-3.
Acuity

It is ezsier to meazsure acuity then summation distence. The

psychometric function for resolving 3 pair of closely-spaced
lines was found tec be monotcnic (unlike theose in Figure 111-z,
which are biphasic), so a8 simple staircase preccedure which varied

line-spacing will] cenverge tc measure ccuity directly, acuilty
being defined as the 60% correct point 1in resolving the two
lines . The lines were all at 2x the threshold {cr seeing 2
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Summetion V - 4

consistent with this i1nterpretation. What is csomewhe t more
difficult, however, is to account for our summation data. We
suggest thet these mey be & meecsure cf the size of receptive
field centres . KNote that these are socmet imes considered to
represent the limitaticn on &écuity, but thet this 1s not, n
fact, true. The thecretical limit 1s z2lweyvs set by the sempling
theorem; even 1f receptive fleld centres are much cecercer than
this, acuity informetion caéan -- at leest 1n theory ~- alwavs Le
extracted up to this limit. Cn the cther hend, much evidence

suggests that receptive {ield centres zre actually significantly
smeller than the specine ¢f{ genglicn cells in the periphereal

‘retina. This g shown in direct neuyropysiological evidence
presented by Lennie, and zleo by the cbservaticn of 2lizasing &t
frequencies much higher then the classical resolution limit by
Thibes et 21. Althcugh there 1s litle quantitative deta te
compare our recsults te, thece hypotheses provide a good

qualitative explanation of our results.

We are unsure why threshecld for a single line co-veries with

acuity While it is plausible that single-line-thresheld should
decreace with sempling densitvy (es dees &acuitvy), it would Seem
that the 1ncreesing =1ze 2-f the summation area (les of which ~-
prcportionately speeking -- 1s therefore excited byv & line of
constant size) shzuld raise the threshold still further. It i3
pcesible that thie difference is obscured by experimentezl error
In 2ur current mezgsurements. Perheps {further studies with Jlarger

eccentricities (eand presumably grezter effects) will clarify thics
point.

we heave briefly ccnsidered 2-line summetion in scotopic

visicon. Summation zrezs are not grossly changed, but there is
Tittle fall-off in sensitivity with eccentricity, in merked
contreast to the photopic datea. We tentatively suggest thet

sensitivity varies as recepteor density (since rod density 18
about tho only density that doesn’t fall with eccentricityl
this mav te ccnfirmed when we heave mede mecsurements with 0.5"
lines (1.8° Jines were wused in these pilot experiments),
adequately probking the sharp changes in rod density near the
fevesz




IvV. Aliasing in peripheral vision

It 15 well-known that if a sinusoidal signal
reconstructed from semples teken at regqular intervals which z
longer then an helf-wavelength, then the reccnstruction will be
cinuscid of an incorrect (lcwer) frequency. Thice feleificeticn
of frequency is known as aliasing. Aljesing also occcurs with
gnharmonic cignals and irreguler sempling 1nterveles, but the
reconstruction in this cace is more difficult to predict and
frequently indistinguishable from nolse. More rigorously,
aliasing will occur when two conditions are met: 1Y the signszl
muest contain substantial energy &t wavelengthe less than twice
the sampling interval, and 2) the aperture over which an
individual sample is teken must be significantly smeller then the
interval between samples. Condition 2 deserves special note,
since it will be of impecrtance in what fcllows, and since 1t e
leses well known, often being 1mplicitly subsumed under conditicn
1. by trezting the campling aperture a2 & Jlow-pases {ilter zpplied
to the input signal.

T oth

J
r

i

Willizams 11985 znd Thibos &£t a2l (1965) heve recently
demonstrated alyasing in central and peripheral human vision,
respectively. Their stimulil were interference {ringes produced
by ccherent light. Because such fringes are nct blurred by the
eye s cptics, thevy were able to produce retinel stimuli whese
spatial dimensions were substantially smaller than the spacing
between cones. Since the &arec sempled by & single cone 1s very
small, both of the above conditions are satisfied, and aliasing
cCCure. Williams zrguecs, and we would ccncur, thet cliesing
is rarely observed with regal-world stimuli, since optical blur
largely removes speatieal frequencies which zre compereble to the
spacing of the receptor lattice, at least in foveal vision. It
is well-known, however, that cone spacing drcpe precipitously
with eccentricity in the visual field, while optical blurring --
thcugh scmewhet degraded with eccentricity (Jennings end Charmeéen,
1981) -- falls off much less rapidly. Thus it appears that
spatizl frequencies high encugh to underge edliasing mey be
visible in the periphery.

Feor aliasing to occur, however, the second conditien must
also be met; that is, the sampling saperture of the peripheral
visual system must be significantly smeller then the distance
between samples. At a physiological level, this condition
appears te hold,; outeside the fovesz, nicnkey receptive field
centres are smaller than the separation between adjacent
receptive fields {Lennie, 1965) . We recently reported an
apparently parallel psychophysical phenocmenon: the area of
spatial summation in humen photopic vision increases cnly
modestly between the fovea and 7° eccentricity, while acuity
changes cbout 7% . If we consider spatial summation to be a
meesure of the sampling aperture, while acuityv is limited by the
separation between samples, then these results suggest that at 7©
eccentricity, there may be & considerable range of spatial
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frequencies between the limit of ordinery acuity, end whet cen be
perceived in aliased form.

Williems (198&5) ocbserved thet the perceptes cf elieced
gratings in the {ovesa, though grating-like, displaved li1ttle
preference for the crientetion cof the origineal interference
fringe He showed that the slight irregulerities found in the
foveal cone Jlettice cculd eccount {or this. At 79 eccentraicity,
then, where the receptor arrangement 1s much mcre irreguler, wWe
may cszfely eéssume thet the corientation ¢f & greting stimuluv:s will
be gquite lost in 1t e aliesed percept This parcept -- providing
ite contrest i1s zhcve threcshecld -- shculd ncnethelecs be
detectable. We therefore propoce that a task requiring
crientetion discrimination csheuld measure ordinary (1. €.
unaliased) perception, while e simple detection task could be
performed with either the cordinary or the elizcsed percept. Thus
if aliasing s present, detecticen and discrimination data --
thcugh similer in the foveez ~- should diverge mearkedly in the
periphery, where detection will Ekecome pecssible at much higher
=patial {requenciles.

The stimuli used in this study were SQUErZz-wave gratings
preduced by a Grinnell 275 image processor on & 14 cm square CRT
(P4 phospher, mean luminence 120 Cd/M“) Tc eveid the enisotropy
inherent In ¢ raster display, the gratings were all tiltes 459
sratings were displeyed 1n a squire window, also rotated qc¢
(i.e2. a diemond), and surrounded bv mean luminance in the rest of
the screen. The grating wae enclosed 1n & thin, dark sEquere
which consisted cf 13 the two cutermost dark bers of the grating,
and 2} two identicel beres &t right angles which terminated the
ends of the greating. The overall sizes of the grating patches
were scaled for equel corticel extent, using the formule given by
Mc¢cKee and Nakayama (1984), though this manipulation has rather
little effect upcon the results. Data were taken at
eccentricities of Do, Z,SO, and 70, using fileld cizes of 0. 75,
1.7, and 2.0 degrees square, respectively.

In the discriminaticn experiment, the =s=ubject was shown two
gratings at right angles in & successive two-alternative forced-
choice paradigm. Eech stimulus lasted 0.5 secondes, with a 0.5
second interval between. An audible tone marked the beginning of
each stimulus . The task wes to determ:ne which intervei
contained the right-leaning grating. In the detection
experiment, the procedure wes identical except that cone of the
two stimuli was a uniform patch with the same mean luminance as
the gretings. The uniform petch was surrcunded by the same thin,
dark square which surrounded the gratings. The detection task
was te determine which presenteticn conteined the grating. The
Just-detectable tor discriminable) spatial frequency WEs
determined by & standard Wetherill-lLevitt-type stairczse moving
down one step and up two (Wetherill and Levitt, 1965). The tasks
were quite easy, end standard errors were less then 7% . Two
subjects participated: PC {(the second author) and LM (& najve
subject.
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Since we censider eany superiority of detection over
discrimination as evidence for aliasing, 1t is essential that all
artifactuel cues be eliminated {frcm the detecticn task . We
considered two potential cues. 1) There might be a detectable
temporeal trensient at the cherp onset or cffset of the stimulue,
Z2) The greting might have & difterent meen Jluminance from the
unifcrm field, perheps duve to ncnlineearitiecs 1n the CRT phcephor.
We dealt with the possibility ot a temporal fransient by
including the thin, derk esquere surrcunding bcth {ields Thie
flashed on and off{ during the uniform-field presentetion, )
it did during the greting precenteticn, masking eny other =
temporal transient . The fact that the gratings and hom
{fields were not 2lweye ¢of exactly the seme Juminence g
background (yade infre) also contributed to this masking.
not possible te guarentee that the averzge luminence o]
grating equaled that of the uniform {ield The Grinnell cffers
enly 25¢ brightness levels, end the difference between edjecent
levels is marginally superthreshold. To deal)l with this we 1y
adjusted the greting s luminance fcor the best pocssible metch
pricr to each sessicn, and 2! added teco every field presented 2
random brightness increment c¢f &s much &as +4 brightnecss levels.
Under these conditions, subjects instructed to perform the task
cn the besis c¢f apperent brightness alone did nect perf{crm better
than chance . It should be noted that these precautions seemed
superflucus to cur subjects, whe fcund the zaliezsed percept -
though Iess distinct than Williems” -- to be entirely convincing.

Q
™)
I K I =

In 3 csecond experiment we measured contrest csencitivity

functions for the tweo tasks, at different eccentricities. In
these experiments the stimull and procedurec were e€ssentially the
same, except that spatial {frequency was held constant e d the

staircese instead changed the contrest of the gratings.

The results are seean in Figure Iv-1, which shows the
contrast of @ threshold grating for the twe tasks, zs a function
of eccentricity and grating contrast. It 1is clear that our
prediction is entirely fulfilled,; detecticn and discrimination
thresholds are essentially identical in the fovea, but diverge by
e factor of two at 70 eccentricity. The effect 1s strongest et

high contrast (80%), and is nearly absent at 20% contrast.

Figure V-2 shows contrast sensitivity functions for
detection and discrimination at 70 eccentricity. At low
contrasts, the two C3Fs are identical, but near 20% contrast the

detection function shows & moderately well-defined divergence, so
that ultimately detection 1s possible at freequencies about twice
as high es discrimination. The cheded aree between the curves is
the region in which stimuli presumebly are detected in aliased
form.

It wes of some concern te us that earlier workers have not
observed this divergence between detection and discrimination in
peripheral vision. In particular Rovamo, Virsu, and their
asscciates (1979) have studied detection and orientation
discrimination extencsively, using paradigms very similer to ocurs.
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There are several factors which mey, singly or jointly, account
tor this. First of all, Rovamn used a significantly dimmer
display than ours (10 cd/mé ve. 120 cd/mé) . Althocugh we did not
study this directly, it is likely thet reducing luminence makes
the cdliased percepts less visible. Their displey hed 2 derk
surrounding field, while ours was situated 1n a isoluminant
field. Such a dark surround hes been shown to exert &z mesking
effect (Estevez and Cavenius, 1976) whose nature 15 not we 1l
understood. To be sure, this hes cnly been cbserved at low
spatial frequencies and in the {ovea; there do not appear to be
any studies of the effect 1n the periphery. Finally {(and most
convincingly) we have shown that the perception of aliasing is
not ncticeable at contrasts Jower then about 20% . Viresu end
Rovamo - s detection data (1979 are in the form of contrast
sensitivity functions, end shew only one or two points with
contrasts this high. Thus aliasing may have been present in
Virsu and Rovemo s experiments, but it lay cutside the range of
their observaticns. In our own contrast sensitivity experiments
we could only mezsure threshclds at high contract by using
tediously small step-sizes to avoid the inevitable biasing of the
steaircese which cccurs with repeated ccntrast cverflows.

Thecreticallv, we believe the simple observation of aliasing
je of less interest thet the likelvhood that our eliesing ic &t =
different anatomical site from Williams’. The visual svstem is
roughly describeble ez & hilerzrchy of procescing lavers, each
receiving input from 1ts predecesscr. Aliasing might therefore
cccur at enyv stage where the signel is undersampled, relative to
the resolution afforded by the preceeding stage. In particular,
Williams”’ subjects cbserved percepts up te about 200
cyvcles/degree, which 1s consistent with low-pass filtering by the
aperture of an individuel receptor. Therefore Williems’ &aliacsing
is probably at the receptor level. Our subjects, however,
detected percepts onlyv up to abecut 20 cvcles/degree, a very
substantial difference. Such & limitation is more compatible
with the spatial summation area for line peirs at 70
eccentricity, as discussed in the previous chapter. we
tentatively suggecst that the spatial summetion procecss limits
detection in these experiments, but that the separation between
the summation elements is rather Jarger then their individusgl
widths, so that undersampling occurs. wWe can plausibly localize
these elements in the peripherel vigual system. Since the
crucial distinction in this experiment was the subjects”’
lnability to discriminate orientation, it is reascnable to assume
that orientation-~sensitive elements in the visual cortex are net
being stimulated by aliased stimuli. This would place the
summeation elements distal]l te the visuvel cortex, perhaps &t the
ganglizn-cell level.

An obvious question is "what does the alizsed greting lock
like?" Williams has presented drawings of the percepts in his
experiments, but this i1s not really possible in cur studies.
Like most percepts in extrea-foveal vision, this cne is
indistinct and not eacsily described. The subijects are clearly
aware that "something" is there, but it has no clear pattern It
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appears te be an irreguler and chenging texture, with a
reasonably high apparent contrast, but with no discernable
crientation. The behavior c¢f subjective contrest is interecsting.
This decreases monotonically with physical centrast, pacscsing

smeoothly throuagh the crientaticn threshold end net reaching zerc

until]l] nezr the detection threshold.

On the basis 0of our observations, we propose to modify the
letter, though nct the epirit, of the cocmmon ccssertion thet
dliasing does not occur 1n normal visual situations. It appears
that there 1s & significent range of spetiel] frequencies which
are detected onlJv 1n aliased {form in peripheral vision However
aliasing -- in the stronger sense of falsifying 2 percept -- dces
not occur. The percept in our studies "Something 1s there") 1s
not false, but merely incomplete in thet =zpetial {orm is lacking.
Such percepts, insofar as they sccur at all in practical
situations, could certeinly serve e2s cues for acquisition and
visual tracking which would provide the missing form information.
Thus aliesing, as we observed it, is not really an artifeact, but
g potentially useful] part of the visual repertoire




VI1l. Temporal Effects on Spatial Summation

The pcsesibility that spetiel summaticn mey be dvnemicelly
modified juring the time course of stimulation seems to hzve
first been suggested by Glezer L1965), while Tangney (1980
presented the first convincing demonstration of such effects
Recently (ornsweet end Yellot (198¢) have devicsed =2 detziled
mcdel which quelitatively {fits & wide varisty of data, thouzh 1t

currently lacke rea)] experimentz] verificaticn. We came tco the
study 0f these phenocmena cerendipitrusiy We had been studving
summation with 3-line targets, and mede 2 minor medification in
our parzdigm, we replaced a brief, dark i1ntertrial intervel with
én intervel of un :. m time-average meen Juminance. This had the
effect of signifi..atly reducing the observed lateral inhibiticn
tFigure V-1) We entertained twc peocecsible reascnes for this. 1
The increased lateral inhibition may be a short-term neural
cftereffect cf the onset of the background, cr Z2) it mey arice
hecause 3t the time lateral inhibition is sampled, the retina 1is

ijllumineted with more than the mezn time-zverage luminance.

To study this {further, we placed the 3-1line probe at a
variety of ISls a2fter the onset ¢f the bright background. The
results (Figure V-2, show & modest but progressive sffect. 700
msec after the cneset, the perceptive field (PF -~- = conventent
term for the results cof experiments such 2s these) shows a
tvpical resting conf:guration, with & brced summetion zaresz and
only <slight lateral inhibition. When the FPF is measured

pregrescsively cleceser to the onset of the btackground (120 msec, S0
msec, 20 msec) the summation area becomes nerrcwer and inhibition
mere proncunced, the mcst proncunced change being &t about S0
msec. This indicates that at least some of the PF changes are
dvynemic &nd short-term. The PF meacsured before the onset differs
only slightly <{rom that measured 2 long time (7200 ms) after;
this suggests cnly & minimel] effect cf meen luminance. we
decided to try a potentially more powerful temporal stimulus, and
used the offset cf 2 2 c/deg, 50% centrast grating to induce PF
changes. This frequency was chosen beceuse the mechanisn
described by a2 typical PF weould have its peak sensitivity at
about 3 c/deg. The grating was counterphased at one Hz to avoid
afterimages. The resultes (Figure V-~3) cshow that the gratinag is
indeed more potent,; the width of the summation area changes by a
full 3x between 20 msec and 700 msec ISI, and inhibition chenges
from essentizlly nil to very pronounced. We have verified these
dramatic chenges with & seccnd subiject, end they eppeer quite
real.

In ccnnectioen with our eliesing studies, we wondered hew PFs
varied in the parafovea. 1{f summetion areas change size urnder
different conditicns, then this will change the high-frequency
cut-off for detecting aliased gratings. Figure V-4 shows PFs
measured st 7° eccentricity. As in the {ovea, there is little
inhibition in the 700 msec condition, but what is surprising is
that there is also little inhibition and Jlittle or no narrowing
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cf the summeticn area in the 20 msec cecse. Twe further
conditions shown in Figure V-4 &are the beginnings of a seerch for
these effects. L simple luminance flesh (eimilar tc Figure V-:I)
produces increased inhibition at sepiarations between 6 1° end
0.3%. Such 2 ©PF would be mest =zensitive at sbout 1.5 «c/deg.
Surprisinglyvy however, the cffset of ¢ 1 5 c/deg greting 1s seen
to produce rether little effect. Thece preliminery results zre
puzzling, and need to be checked much more cempletely For
example, we did not increezce the field size in the perefoveci
condition; it 1s possible that edge efiects spread more brozdly
in the perafcvee, and the edge=z of the field may be toc close to
the test stimuli1

It is netural to suppocse that much ¢of the laterel inhibiticn
measured in these PF experiments 1s {rcm the ganglion celle,
where leaterzl inhibition is & prominent part of the receptive

field It was, therefore, quite surprising to discover that this
18 almoset certzinly net the czacse. Kuffler describes laterzl
inhibition as operating relatively slowly, &and only efter & delay
cf about S0 meec Thue, we might expect thet separeting the test
and flank lines by about this deley would make inhibition more
preminent . In fect, we see in Figure V-5 thet seperzating the
linsess by as little as 20 msec &abolishes inhibition altogether!
Thieg recult hes been replicated c¢cn three chbservers, and is quite
genuine. Thus we have 2 wvery fast-acting form of lateral
inhibition We suggest that thic ieg either 1) & very peripherei
inhibition, whizch occurs before the visuel signals have been
filtered threugh the relatively cluggish genglion cell
inhibition, or 1t is higher level inhibition between fast,

7
2z
excitatory affsrents to the vicguval certex.

Discussion

Functicnally, what produces the cheange in PF orgenization?
uie ente tained two possibilities. 1) Orgenization may change
with background level, as originally described by Berlow,
Fitzhugh and Kuffler. 2) The observed changes are a dynamic

respense to the tempcral veriation of the background stimulus.
The first possibility is elimineted by the {fact that we get large

FF chéeanges after expecsure to & grating, which preserves me:zn
time-average luminznce. The fact that we find changes {frcm even
a simple brigtitnecss-~flesh supports the dynamic response
hypothesis, though the nature of this dynamic response is not vyet
vervy clear. In practice, viewing any structured field sheould, by
virtue of eve~-movements, produce extensive spatial and temporal
veriation, keeping the PF more-cr-lecss continucusly in 1ts
narrow, lateral-inhibited condition. Functionally, we suggest
that the brecadly-summating PF occurs cnly when the field of view
is nearly empty, and that this PF is optimized for detection.

when contours &gre viecsible, however, the narrower PF may be better
suited to acute form discriminations.

wWheat phyeiclogicel chenges seem likely to underly the
observed <c¢changes in the PF? wWe suggest three possibilities.
1) The arez of summaticn mey actuelly change, concommitent with
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an increzace in laterel inhibition. 2) Leteral inhibition
increases, causing an apparent naerrowing of summation by
subtraction. 3 Individual mechenisme do not change, but the
trancsient etimuletion mesks the Jow-frequency mecheanisms more
than the sustained, high-{frequency ones. The apparent changes in
crganizetion then merelv reflect the chenging centrabutions of
various mechanisms . These questions seem erxperimenteally
resclvable The fect theat & brief (20 mesec) =sepeareation between
test end flank lines eliminates Jateral 1nhibition may provide &
means to study summation in isoletion. The experimente described
above cshould be repeated with such temporally offset prokbe
stimuli, to see i{f the summeticn region <t:1ll chenges under thocse
conditions. The poesibility of switching between mechanisms can
be ctudjed by varving the frequency c¢f the pre-exposing greting.
If narrowing of the PF is simply a result of stimulation, then
grating {requency will heve only a2 modest effect. On the cther
hand, most multiple channels’ models would predict that a hiagh
frequency pre-exposure shculd mask primerily high-frequency
channels, and should shift the PF to Jlower {frequencies (i1 e. a
broader PF) . This is the opposite of what we have thus far
ocbserved.

e 2re ncw eble te consider, at lezast tentatively, a
detzi1led model cof peripheral visusl 1nteractions, considering the
e{fects of beth eccentricity and tempocrel verigtion. In the
{ovez, PFs have the conventicnal "Mexican Hat" configuration, but
they ere more sherply tuned end possess more latereal inhibiticn
n the presence of sharp, temporally-varving contours. The
tuning of these PFs 1is roughly commencsurate with the tuninag o1
the cverzll CSF, measured in the fovesa. In the psrafovea, FPFs
cshew & summation arcs cebout 2x larger then observed in the {fovee,
zand little lateral inhibition. This implies that they have a
low-pees spetizal frequency response. At first sight, this
difference is puzzling, but in fact it agrees with studies of
periphereal contrecst sensitivity and cortical magnification. We
have dlready shown that the size of the summation area does not
increacse as fast &s cortical magnification and aculty.
Specifically, a variety of published data on peripherasal C5Fs

chow that the frequency of peak sensitivity drops at least 4x at

7% in the parafcvea, while the PF changes only about Zx in width.

If the parafoveeal PF included lateral inhibition, and so were
bandpzss, there would be & mismatch of abtcut Zx between the peczk
sensitivities of the processes represented by the PF and the
cverall system (represented by the CSF). A low-pass PF, however,
passes the low frequencies to which the system ultimately proves
most sensitive. Thics enelyesis suggests thet lateral inhibition
might still erist in the parafoves, but tnat it would have to be
spread cver quite a lerge zrea (i.e. tuned to low spetial
frequencies) . Such inhibition might well have been missed in our

pilot studies.

This model] razises scme thought-provoking questions. Firet
2f all we wonder why it is thet in the {fovea the PF is apparently
well-metched in spatiel frequency responcse to the CSF of the
ocverall system, vet this match breaks down rather quickly in the
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VI. Velocity discrimination and related experiments

Ve have in the last veer virtually concluded our velocity

discrimination studies These experiments fall 1nto 3 major
groups

1. Velocity discriminaticon using meving bers and gretings .

Z. Flicker {requency discriminetion using uniform spati;al
luminance fields.

2. Veleclty metching o¢f & high centrest veriegble stimulus

to & fized velocity, low contrast standard.

The ocverall goel of these experiments i1s to define the
characteristics of velocity/motion channels, and determine their
relationship to flicker cheannels. The rationeale for thece

experiments follows:

Discriminetion studies ellew & crude form of channei
counting. It one eliminates ertifactuel discriminations,
differences in gdiscrimination perfcrmence mey reflect the
distribution of underlying channels. Discrimination minima
identifv where responcse functions cof these channels are cheanging
mos repidly with respect to one another, which in & simple case
will be where chennel sensitivity functions crcess. In a small
multi-channel =zystem, counting the number c¢f minima (nJ) indicetes
the presence of{ n+]1 channels. In 3 system with & great many

channels, the overall discrimination {function will be smooth, &and
the narrecew separetion c¢f chennels will make them difficult to
resolve using this (or any) technique. we have conducted
velocity and flicker discrimineticn =tudies in order to conduct s
direct comparison of these behaviors.

Matching the appearance of moticn a2t low contrast is a

direct test of channel count. In a multichannel system composed
of a smeall number of chennels, well separated in peck
sensitivity, a very low contrast stimulus will stimulate only the
chennel with the most clecsely metching peek frequency. Since
only that single channel contributes to the sensation of
veleocity, such a system shculd vield only that number of velocity
sensations at lTow contrest. Stimuli which are at off-pesk
velocities will be seen inaccurately, with their cdpparent
velocities shifted to those of the channel peak-frequencies.
Correspondingly, & system with a areet meny chennels wculd vield
accurate (or at least veridiceal) ssnsations of velocity over a
wide renge c¢f velccities, a5 no velcocity wculd be greatly cff{-
peak.

Severeal pacst studies have investigated velccity
discrimination in an attempt to define the visual mechanisms
which underly motion perception. Stimvli used have generally
been been sharp edged bars (McKee, 1984, COrban, 1984, 1985) held
at a fixed coentrast. Pantle (1978) and Thompson 11964 used
sinusoidal gratings. Thompson's stimulus contrasts were a fixed
multiplicative factor of detection threshold. McKee (1981,1984)
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found discriminetion to very smocthly with velocity, with a
pronounced low velocity felloff{ in sensitivity. Crban, using e
different apparatus. was éble to demonstrete ¢ high velccity
decline as well (at »649 d/s), beyond the range which was tested
by McKee. Velccity discrimination is dependent cn contrest
(Orban, 1984¢) . With the excepticn of Thompsocon (19841, velocity
discrimination experiments heve therefore cecnfounded the

velocity discrimination {function with the variatiocn of coentracst
sensitivity with veleocity

The present experiment demonstretes thet this U-cheped
velocity sensitivity profile can be seen over much smaller ranges
of velocities eand hes a distinct minimum when the centrast of
the stimuli i1s maintained as & {ixed low multiple of contrest
threshold. Mendler {1964) uvcsed a similarly ccocntrolled temporeal
frequency discrimination procedure to lccate temporal-{requency
tuned charnnels.

The first step 1in each experiment wees the determination cf

the velocity contrast-sensitivity function. Threeceholds were
determined using & sequential ZEFC csteaircece procedure The
subjects task was to indicate which interval contained the
stimulus. Threshcld wae taken to be the geometric mean of the
reversals. Velocity discrimination was then measured using a
ctelrcace procedure . The contrasts cf g2l stimuli in the
discrimination experiments were presented at f{fixed multiples c{
the previously determined thresholds, cpprcxiemeted by a
interpolation procedure incorpeorated into the staircase. The

reversals were converted to Weber fracticns

Experiment ! - Velocity Discrimination - 1 ¢c/d gratings

The overall form cf the curves is u-shaped, with the
Weber {fractions showing a minimum between 4 and 8 d/s. Velocities
Lelow 1 d/s form a plateau of pecrecst discrimination, which
Iimproves with increasing contrast multiple. The curves smcoth
cut a&t higher contrasts. These data do net show 2 pattern of
small peaks and velleys that would be associcated with 3 or more
channels tuned to peak velocities within the range tested (. 25 -»
16 d/s) The simple u-shape suggests either 2 channels, most
likely bracketing the range of peck sencitivity, or &
sufficiently larae number of channels to be unresolveble given
the spacing of test velocities.

These datz and deta of the previous eiperimenters &re quite
similar in shape, but widely discrepant in sensitivity, with cur
data virtually a2t the mean. The shape of the curves taken at 4 =x
threshold <closely resemble the smooth curves of Thompson(1983),
which were collected with &8 similer procedure using ccntrests cf
4.5 and 12.6x threshold. However, Thompson‘’s data show an order
of megnitude less sencsitivity than the present deta, with Weber
fractions falling in the range of 1.3 to 2.8, while data {frocm the
present experiment fall between .1 and 1. Thompeorn’'s dete show
best discrimination at 4 Hz., over a spatial frequency range {rom
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Velocity discriminetion VIII-3

1-8c/d. Pantle (1978), using en analog driven ccilloscope
display, was able to test up to 32 d/s, using .6, 4.8 and 10c/d
His DL {functions were bimodal, with minime &t 5 end 32 Hz. Thecse
minima (0.015) are the lowest in the litereture Pantle used &
ccensiderably different stimulus precsenteticn from the cther
studies, using .25 sec. linear on- and off- ramping with a 2 sec
full contrast peak, end rcughly 4 deg square filelds with [
vellow-agreen phosphcr Thempson used & physical configuration
roughly comparable to the present study, but Jluminance 1e net
given.

The form of these greting velocity discriminetion date &re
all roughly comparable, showing minimal velocity difference
threshclds between 4 and & Hz, with Pantle s dete cshowing a
secondary minimum above 1& hz. Data from both of the previous
studies scaled with tempecreal {frequency. This immediately
suggests that the vel,;ocity discrimination makes use of temporel
frequency. A much different interpretation is that the size c¢cf =2
velocity RF involved in such discriminations scales with
velocity, vielding sim:lar temporal frequency sencitivity
preofiles

Because these experiments used periocdic stimuli, it i€
difficult to determine whether the channels underlyving the
discrimination were f{licker or velocity sensitive. Additional
experiments used non-periodic stimuli to lessen the chances of
stimulating flicker sencsitive channels.

Experiment 2 - Velocity Discrimination using Gaussian Bars:
Centrel and 7 deg. Peripheral

The psvchophyvsical procedure was identical to that of the

previous experiment, but all stimuli were gaussian bars with 1
standard deviation equal to .25 degree. These stimuli closely
resemble & single positive half~-cycle of a2 1 c/d grating. The

contrast thresholds of these stimuli did not fall off as rapidly
as did those of the gratings, ellowing velocity discrimination to
be tested up to 32 d/s. Data were taken at 2.25 and 4q b4
thresheld, and at & fixed contrast cf 80%.

These discrimination functions are very similar to those

using grating stimuli. The minima are sharper at 4 x threshold,
and the changes between 2.25 and 4 rx threshold are considerably
greater for the gaussien bars, with lower contrast conditicns
much more difficult to test than for the garatings. These results
suggect thet the gratings stimuleate spatially perallel
mechanisms, eallowing summation to improve psrformance at lower
contrasts. Further improvement at fixed high contrast cccurs

primarily at extreme velocities, and most likely results from the
changing epperent contracst of the stimulus being aveileble zs én
(artifactual) cue

At 7 degrees eccentricity, becth subiects showed an increased
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Velocity discrimination VIII-4

cptimel velocity cf 8 d/e, end a lJow velocity pletezu is
prominent. Overall discriminability was very similer to fcoveal

The curves flatten at uniform 80% contrecst, with the lergecst
changes cccurring at extreme high and low velocities, and little

change at the cptimel velocity

The cshift of coptimel discriminebirlity te higher velocities
in the periphery is consistent both with data from previous
experimenters and known differences between centra] end
peripheral wvisijon. Datsa from the periphery collected by Orban
and McKee show a displacement of the Weber {racticns upwerd and =
translation of a range of peak discrimination to higher
velocities . That performance decrecse was eliminated in the
present study by maintaining stimuli a2t equal multiples ot
threcsheld. Given this contreci, 7 deg. periperal retinsa shows
performance comparable to {fovea. The shift in optimal velocity
18 clearly visible in the precent experiment becauce our mcre
careful contrast controi allows determinetion of an optimzl
velocity, rather than the brcad range of high discriminatbility
shown by the previous studies

The next experiment exemines chenges in discriminebility cver
3 wilder range c¢f eccentricities, at optimal (foveal) velocity

city discrimination over eccentricity -
ien Bars - 4§ d/c=¢

ce experiments were conducted moenccularly, such th
the 2 ree wide test {field never fell iIn the subjects bli
spot. E entricities ranged froem 0 to 20 degreecs. As in 3
these experiments, contrasts were maintained at fixed multipl
of thresheld. Weber fractions rocse lineerly with eccentricity.
The slope o0f this function decreases with increasaing contrast,
and was flat at fixed, 80% contract. These data were collected
gt the optimal foveal velocity. Results would presumably be
quite different for higher velocities, which in the previous
erxrperiment showed an jmprovement in discriminability 7 deg. into
the periphery. Veleocities below ¢ d/s, which showed virtually no
chenge with eccentricity, would have slopes of 0. Unlike acuity,
the changes in velocity discriminability with eccentricity =zre

complex.

nd
11
es

It is 2lso interesting to note thet each of the iocwer
ontrast curves showed & small improvement in discriminebility at
Z degrees eccentricity. This is approxiemately the loceticn

corresponding to that of the blind spot in tlie untested esve. It
€ therefore possible that this improved perfcrmence compensates
or the absence of information from the other eye.

Experiment 4 - Velecity discriminetion with stimuli sceled
for cortical magnification.

McKee and Nekevama (198S) end Orban have found that sceling
fer cortical magnification (using the equivalent Minimal Angle of
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Resolutien eceling) cen decrease scme of the disperity between
discrimination functions from f{oveal end peripheral retina.
McKee scaled the detaza, Orben the st:muli. Ve attempted the
latter, using cur more elaborete equivelent contrast control and
equating the corticel velocity te thet c¢f ¢ stimulus &t 4§ 4y

12 degrees eccentricity

Mmoo

c

The ex1
linear discrim
subject wes c¢clc
the scaling to
the tzeck repcort
the paradigm
scaling, the t

o

mn
—_
44
-
e
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cf perfect sceling would heve resy
. functiones over the conditicns tested.
¢ lineariyty, the cther ncect. We do nct believ
cCnViIncing, especially given the difficulty cf
t the {f{ocveel ceocnditicen by both subjects. Were

3 reatejy compensating for intrinsic corticeal

ze would be expected to be ¢f equal diff:culty =zt
all eccentrici es Furthermcre, there is considerable
disagreement in the literature ocver the sceling facter. Thece
results are similar to those of McKee(1985) and Orban(1985),
altheugh our cecnclusions differ The:!r experiments did net
equate all stimul:r for visibility, and the effect of the MAR
sceling wae most likely to render the stimuli mcre similzarly
visible acrocs cccentricity OGur deta show that differences
hetween fovezl end peripherzl velccity dicscrimineticon eare less
profound when stimul: zre of equal apparent contrast. We do not
wilegeh to totally disccunt the 1mpecrtance ¢f scme {form cf sceling,
however. It is clesar thaet &t extreme eccentricities the sparsity
of receptcres muet limit discriminetion to some extent, but WE
suspect that thet limitetion 18 less severe than previous
experimenters” dete indicate.

oy om
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Experiment 5 - Flicker discrimination

For some reers there has been controversy concerning the
independence of velocity and flicker processing. Both are forms
of temperel mcdulation, are cf necessity confounded in any
experimental design. Most any mechanism designed to respond to
cne will a2aleso respcecnd tc the cther. Pantlev197&) and Thompscn

have tound that optimal velocity scales with grating spatiel
frequency such that the optimel velccity clwevys pcsecses 2

temporal frequency of about 49 Hz . (It is not known whether
aperiodic stimuli veried in spaticl extent would glee displev
this relationship. Moving gratings will stimulate flicker
detecters., but it 15 not obtvious hew & flicker detector would
react to, €ay, a single bar.) Our previous experiments have

shown the primary difference between grating veloccity end ber
velocity discrimination functions to be the sharper tuning of the
tar discrimination dete, suggesting & detector cptimized feo

velocity rather than {licker. We therefore wished to ccmpare
flicker discrimination under the seme conditicns.

Experiments were conducted as previously, save that the
centrel 2 degree field wes flickered in ccunterphase, with
starting phase randomized :zt low flicker rates. The range tested
was frem .25 tco 16 Hz . , but the 1 seccnd gazussian presentation
makes the actual temporel parameters unreliable =zt low flicker
rates, particularly below 1 Hz., where the temporal weveform will

R
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be undersempled

The results eshcw the f{Jicker discriminetions tc be csharply
tuned to an optimezl {requency of , with the overzll form cof
the discrimination funticne above I Hz. clcesely resemblaing the
velocity discrimination functicnes . Kc seconaoary minima were
cbeerved The latter are cleerily seen 1n dete frem
Mandler(19e3), who used z procedure similzr te our own, but et
much higher luminence end with =2 much lcnger S cec! stimulus
presentation Mandler- s dats were collected under conditions
which are verv much different frcm thcese typicel fer velocity
investigations The letter use very short stimulus presenteticons
te minimize the effects of eve movementes, typically 2 sec. ur
1 csec precentations are & compromice between the two paradigms.
The similerity between cur flicker and velocity dete csuggect that

L and velocity discrimination may be tapping closely
or 1dentic
i
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ment ¢ - Velocity identification

.

Exper

Our csimpls u-cshaped veleocity discriminaticn functions kave
two possible interpretations:
b There exist & very small number cf velccity channels, cne
telow 2and one or two cbove 4 d/s
2 There exist many veleocity channels cver the range ot
velocities tested, such that the invidual channels cannot be
resclved by the velccity discriminetion preocedure.

These two cases generate different predictions in & valccity
identificaticn experiment . In this experiment & moving bar is
presented at a contrast close to threshold. Its” apparent
velocity is determined bv metching to it the veloccity o¢f ¢ hig
contrast bar I{f there exist a very small number of velocity
channels, the Jecw contrast stimulus will only stimulate = single
velocity channel, which will provide the velocity percept. There
will thuse be a limited number of perceived veleocities,
correspending to the number of velocity chénnels, irrespective of
actual] stimulus velocity., If, on the other hand, there exist &
areet many velecity channels, the perception of velcoccity would
be veridica! doewn te threcshcld.

We tested thics hyvpothecsics using three levels of apperant

zontrast, metched in apparent contrest t:- 2, 1.75 and 1.5 x the
threshcld ¢f a geussian ber moving at 4 d/s. Stimuli moving at
0.25, 1, 4 and 16 d/s were matched :n contrast to these levels.

Moving bers at the recsulting contrests were then used ae the
standard to which & high contrest bar was matched in apparent
velocity The matches were in fact veridical, suppcrting the
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meany-channel hypothesis.

In conclusion, thecse experiments suggecst thet velccity
discrimination is media.ed by @ large number cof channels, which
meay be distinct from the smell number of channels found for
flicker discriminetion. The reletionship between {licker ang

velocity discrimination datz remezince unclear becaucse of the very
different conditions used to investigate motion and {licker
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