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INTRODUCTION

The aim of this paper is to summarize priefly what we know
about near-threshold pattern vision. Al} the experiments
congidered in this summary used visual stimulf at contrasts
nesr detection threshold (that is, patterns that were imper-
fectly discriminable from a blank field). All conelusions here
are meant, therefore, to apply only in that range. Inspite of
this limitation in range, hundreds of psychophysical studies
proved relevant. Since only asample of these can actually be
referenced here, the references should be considered only s
entry points into the literature, Many other references Lo
both near-threshold and aupratbreshold pattern-vizion
studies can be found in other papers in this issue and in recent,
review articles including Braddick et al., 1978; DeValois and
DeValois, 1980; Graham, 1981; Julesz and Schumer, 1981;
Kelly and Burbech, 1984; Sekuler et al., 1978, Westheimer,
1984,

FIFTEEN DIMENSIONS OF PATTERNS

To organize this mass of experiments, a framework of 15 di-
mensions has proved useful. One way of viewing these is as
the 15 dimensions of a recently popular and actually rather
simple visual pattern~—a patch of apa tioternporal sinusoidal
grating. Such a sinusoida) petch looks like & cirele or ellipse
contsining allernating dark and light fuzzy-edged stripes.
The edges of the circle or ellipse are algo fuzzy.

For such a stimulus, the spatial luminance profila along any
line perpendicular to the stripes—the luminance 43 a function
of 3patia! position along that line at any particular point in
time—is n windowed sinusoid (Fig.1). That s, it is a inus-
cidal function multiplied by some window funection. If the
window function is Gaussian, the windowed sinusoid is often
called a Gabor function. The spatial luminance profils aleng
any line parallel 1o the stripes is simply & constant multiplied

by 4 window function. 1 this window function @ sho &
Gaussian, the stimulus is soraetimes called a Gabor pawch,

Ta introduce temporal variations, the sinuscidal function

is either (a) drifted across the obaerver's visua) field or (b
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orientation, spatial position, and direction of motion (at
lts at near-threshold contrasts ean be explained by assum-
g that dimension exist and have labeled outputs. For the
tesalts can be explained by assuming that sach mechanism's

| t past and ig labeled, For the eye-af-origin dimension, how-
ever, nlthough the evidence suggests sclectively sensitive mochanisma

frequencies), these mechanisms seem not 1o have Jabeled outputs. For th

(at Yenst at some spatial and temporal
€ temporal-frequency dimension (at any

are ngt narrowly tuned mechanisme although there may he

flickered sinusoidally in sounterphase. {ln ¢ounterphase
flicker, the boundaries between bars in the grating remain
stationary, but each dark point in the grating becomes a light
point, then again e dark point, etc., with the modulation in
time being sinusoidal.) For either the drifting or flickering
case, the temporal luminance profile—that is, the luminaiee
&s a function of time at any particular point in space—is agam
a windowed sinussid (as in Fig. 1).

Although thess patches of sinusoidal grating may seem an
overly simple or unnatural kind of stimulus, every spa-
tiotemporal pattern—every function giving luminance at each
point on two spatial dimensions and one temporal dimen-
sion-—can be constructed as the sum of spatictemporal Cabur
patches (of sinusoidal patehes with Gaussian window lune-
tions}. Further, as we shall see in the next section, Lhese
Gabor patches may correspond 1o the receplive fields of dif-
ferent mechanisms existing in the visual system. Pechaps [or
the two reasons juat given {or perhaps a matter of socivlogy).
all the literature on near-thresheld pattern vision—in spite
of the fact that it contains many experiments using nongrating
stimuli—can be conveniently digcussed using the dimeusions
characterizing a pateh of sinusoidat grating.

To specify one such sinusvidal patch cempletely, values un
L5 dimensions must be given. The value on any of these di-
mensions can be varied white keeping the values on the others
constant (a9, indeed, ia done in a typical experiment).

Seven of these 15 dimensicns are spatigi dimensivns and
are llustrated in Pig, 2.

First—spacial frequency. Two sinusoidal patehes, which
are rapresented in the upper left of Fig. 2 by their epatjal lu-
minance profiles—can differ in the spatial frequency of the
sine wave while being identical in all other dimensions listed
below. The usual measure of spatial frequency is cycles per
degree (c/deg) of visual angle. In Rig. 2, the two patches of
different spatial fzequency being identical in spatiel extent
is taken to mean thal they have the same extent measured in

oumbes of eydes rather than in degrees of visual angle. This
definition is bess chumnsy for some purposes, but it is LR nTlly
arbitrary.
Second—orientation. Two otherwise-identical sinusvidal
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Fig. L. The top row shows @ sinusoids! function, the middle row a
Gaussian funetion, and the bottom row the product of a sinuscid ang
aGaussian—a windowed sinusoid, Such a function appears in several
laces in conlemporary visual paychophysics and in this paper. When
it describes the spatial or temporal luminance profile of a paitern, the
vertice] axis s luminance and the harizontal &xis ig apatial position
or temparal positicn, respectively, When it desaribes the apatial or
temporal weighting functian of a neuron or hypathetical mechanism,
the vertical axis gives the value by which the luminance profile of the
pattern in weighted in computing the respense of the neuron or the
hypothetical mechanism (positive values are called excitation and
negative values inhibition), and the horizontal axis again gives spatial
3¢ lemporal position, respectively.

patches can have two different crientations. Two such
patches are indicated in the upper vight of Fig. 2, where they
are represented by two-dimensional maps in which a plus
indicates a region that is brighter than the mean fuminance
and 8 minus indicates a region that is darker.

Third and fourth—spetiai position in two orthogonal di-
rections, Two otherwise-identical sinusoidal patches can bg
centered at any two spatial positions along a horizontal di-
mension (as [n the second row, left, Fig. 2) or at eny twa spatial
2ositions along a vertical dimension {as in the second row,
right, Fig. 7).

Fifth and sixth-—spatiat extent in two orthogonal direc.
tions. Two otherwise-identical sinuscidal patches can have
window fonctions of different spatial extents, Either the
extents perpendicular 16 the bars, that is, the number of cycles
{asin the third row, left, Fig. 2} can be different or the extenta
parallel to the bars, that is, the length/wicth ratio (as in the
third row, right, Fig. 2) can be different, Equivalently, two
Patches differing in extent perpendicular to the stripes can
be described as varying in spatial-frequency bandwidth; for,
as the number of cycles in a patch increases, the range of
spatial frequencies the patch contains decreases. (See Gra-
ham, 1980, for an intuitive justification of this fact.) Simi-
larly, two patches differing in extent parallel to the hars can
be described a3 varying in orientation bandwidth.

Aperiodic stimuli (e.g., lines or disks) are simply a D-c/deg
spatial sinuscid (which ig equivelent to a constant funection)
multiplied by a window function. That in, they are 0-c/deg
sinusoidal patches. The spatial window functions used in
such cases are more frequently rectangular than Gaussian,
however. (Sse discussion of the offects of different wifidow
functions under miscellansous factors below.) Wh@n such
aperiodic stinuli are varied in width ar height, they are

equivalent to 0-c/deg sinusoidal patches varied-in spatial ex-
tent,
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Seventh—spatia! phase (spatial symmetry). Two oth-
erwise-identical sinusoidal patches can differ in the relative
spatial phase of the sinuspid with respect to the window
function perpendicular to the bars, This variation produces
spatial luminance profiles of different symmetries. Shown
here (bottom row, Fig. 2) are an even-symmetric and an
odd-symmetric one, Any gther apatial phase (symmetry) of
sinuacidal pateh can be formed as a weighted sum of ths two
spatial phases shown here {ar almost any other two given
phases). Only two truly indepandent values along this spa-
tial-phase dimension exist, therefore.

In addition to specifying values on seven spatial dimensions,
one must also specify values on five temporal dimensions (Fig,
3) inorder to describg apatioternporal sinusoidal patch. The
first four are straightforwardly analogous to spatial dimen.
sions, Two otherwige-identical sinusoidal patches, which are
represented in the first four rows of Fig. 3 by their temporat
luminance profiles, can have temporal luminance profiles that
differ in the following:

SPATIAL DIMENSIONS

patial

srientalion T
frequency ' \-_}Ex'x'\
AN
N sk

~

spdilal

pusitian : : leiun:

spalial

titent tuleniy
(haedwidin

spatial

%J

I

Fig. 2, Seven spatial dimensicns on which paiterna can differ. Al
ternatively, the asnsitivities of naurons or hypothatical mechanisms
can differ on these spatial dimensions. Each subpart of the figure
fepTRAeNLs 1wo sinusoidel patches (or, alternatively, two neurons or
hypotheticel mechanisma) that sre presumed identical on ali di-
mansions except the indicated dimension, In sach drawing in the left
half of the figure, the two patches {or, alternatively, the Lwo neurons
or mechaniama) are represanted by apatial luminance profiles {or,
altarnatively, apatia) weighting funetions). In the right half of the
figure, the two patchos {ot, alternatively, the two neuzon or raecha.
niame) are ropresented by two-dimensional Bpatial maps in which
pluses indicate brlghter parts of & stirnulus (or, alternatively, exci-
tatory regiona of & reseptive field or gpatial waighting function) and
minuges indicats dimmer parts of a stimulus (or, alternatively, in-
hibitaty parts of a receptive field or spatial weighting function),
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TEMPORAL DIMENSIONS
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Fig. 3. Five tempora! dimengions on which patterns {or neurons or
hypothetical mechaniome) can differ. Each subpart eepressnts two
sinusoida) patehes (o neuzons or hypothetica) mechanisrs) that ara
presumed identical on all dimensions sxcept on the indicated di-
mension. The two patches (neurons, mechaniams) are represented
in the top four rows by temporal luminancs profiles (temporal
weighting functions} end in the bottom row by two-dimensional
spatial maps with arrows indicating divection of motion,

First—temporel frequency, the usual measure of which ig
eycles/second (c/eec or Hz). : .

Second—termporal position (relative to the start of & trial,
for example). ] )

Third—temporal extent or, equivalently, temporal-fre-
quency bandwidth (the larger the temparal extent, the smaller
the temporal-frequency bandwidth),

Fourth—temporel phase of the temporal window relative
to the temporal sipusaid, L

The fifth- temporal dimension—direction-of- motion—
actually involves an interaction between space and tims. Two
otherwise-identical drifting sinusoidal patehes differing in
directioh of motipii ave repregerited in the fifth row of Fig. 3
by stationary two-dimens maps {as in the right coliunn
of Fig. 2) and an arrow indicating direction of motion, For
a sinusoidal grating of inflnits spatial extent (both parallel and
perpendicular to the bars), there are only twa distinet direc.
tions of motion {those indicated by the ArIow). T

. A flickering sitiusoidal grating is equivalent tc the sum of
two sinusoidel gratings drifting iri opposite directions (where
each of the twe has the same spatial frequency, texporal
frequency, and orientdtion as the eriginal flickering grating
is of half the contrast), i : '

B
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The next disgram {Fig. 4) shows three other dimensions on
which values must be given in order to 8pecify completaly u
sinusoidal patch stimulus:

Firat——contrage.

-Becond—mean luminance.

Third—which eye they stimulate.

Finally, a brief mention of some of the many other factors
that could diféer bstwsen experiments but that will be ignored
here,

Color is important, but we will consider here only saperi-
ments that used: monochromatic stitmuli.. No conelyusions here
will depend on what that one color was {lo my knowledge).

The binocular disparity betwesn two patches stimulating
separate eyes could be manipulated to produce stimuli ap-
pearing to be at different depths, hut we will congider only the
expariments (which are in the great majority) that used gither
menocular stimuli or binccular stimuli in which the two
identical mongcular images fell on correspending points in the
two eyes. | .

"The exact shapes of the spatial and temporal windaw
functions have differed from one experiment to another, but
the effacts of such variation—to the extent that they have

- bean atudied at this point—seer; readily explainable on the

basis of the dimensions stready considered and so will not be
separately considered here. For example, relative to a
Cauasian window function, a rectangular window f unction
introduces high spatial frequencies st ita edges. That g, a
sinugbid multiplied by a rectangular window function is

OTHER DIMENSIONS
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‘Fig. 4, Threa other dimensicns on which Putterns (or neurons or
wocheniams) ¢an differ. Each subpart repressnts two sinugoidal
patches {neurons, mechanisms) that are presumed identical on atl
dimeneiond’ except the indicated dimension. The two patches
{nsurcna, mechanisms) ars representsd by spatial luminance profiles
(spatial weighting functions} in the top two rows. The eyes them-
uelves are yopresentad in the third row,
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equivalent to the sum of (a} the same sinusoid suttiplied by
a Gaussian, where the Gaussian is of abproximately the same
extent as the rectangular function and centered at the same
position, and (b) many other sinusoids all of bigher frsquen-
cles than the criginal and each of which is multiplied by a
Gauseian function that is centored near the odge of the rec-
tangular window function rather than at its ¢enter~ To put
it atill another way, a rectangularly windowed patch can be
trented a3 a compound of many Geussian-windowed patches
of different frequencies and positions. -

Further factors will aleo be ignored here for lack of space,
although many of them aré important, e.g., ohservera’ ages,
observers’ pathologies, the exact psychophysical method in-
cluding instructions, obeetvers’ expectancies, and the nature
of the visual field surrounding the pattern under study. - (This
surround ideally would be—but in actuality never is—an in-
finitely extended field at the mean luminance of the graiing.
This is the ideal surround since that is what theoretical ac-
counts genarally assume either explicitly or implicitly.) .

Note that all the dimensions ave defined above in retinal
cootdinates {e.g., cycles per degree of visual angle) rather than
in world coordinates (e.g.| cycles per centimeter) as it i retinal
valug that seems the izoportant determiner for experimental
results of the type considered here.

EXPERIMENTS

The conclusions below are based on evidence from five com-
raon kihds of psychophysical experiment. As mentioned
above, all use stiniuli that are imperfectly discriminable from
& blank field or, in other worda, stimuli that are near their own
detection threshold, Each of these five kindi of experiment
can, in principle, be done with stimuli that vary along any one
of the 15 dimensions above. The five, listed in order from
most to least common, are as follows:

Parametric contrast sensitivity—The obaerver's detection
threshold is measured for simple patterns as a funetion of
value along some dimension of interest (see, é.4., Kelly, 1884).
[A simple pattern contains only a single valus along the di-
mension of intérest.) ' L '

Summation at threshold—Threaholds for a compound
stimulus contalning two or more values along some dimension
of interest are compared with the threshoids for the compe-
nent simple stimuli (see, e.g., Graham at al., 1978).

Adaptation at threshold—Thresholds for various test
stimuli after .adaptation te different adapting stimuli (in-
#luding a blank field) are compared (see, e.g., Blakemore and
Campbell, 1968). Typically, both the test and adapting
patlerns are simple atimuli, Here I will consider only: ox-
periments in which the adapting stimulus wes turned off de-
cidedly before the test stimulus wan presented. For, when the
adapting and test stimuli are on simultaneously, experimental
results become less coneistent and more difficult to explain
(presumably for some of the sare raasons that resuls of pure
masking experiments ara). :

Uncertainty at threshold—Datectability of a stimulus
(typically a simple stimulus} is measured bath when tha ob-
server i3 certain as to whith stimulue will he presented and
when the obssrver is uncertain {typically because trialm of
meny different stimulj are randomly intermixed (ase, e.g., Ball
and Sekuler, 1980), - : '
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Identification near threshold—The observer's ability to
identify which of several near-threshold stimuli has been
presented is measured, A number of rather differant exper-
imental paradigms are baing grouped together under this title:
{i) identification of which of several simple stirauli was pre-
sented on a single-intarval trial (see, e.g., Yageret al., 1084):
{ii) identification of which of several simple or compound
siimuli were presented on a single-interval trial (aee, o.g.,
Hirsch et al., 1982; Olzak, 1981); (iii) the two-by-two paradigm
(320, o, Watson and Robeon, 1981; see description in
Thomas, 1985; and {iv) forced-choice discrimination between
twe equally detectable stimuli (see, 2.g., Olzak and Thomas,
1581). In many near-threshold identification experimenta,
the observer's ahility to detect sach pattern, that is, to dis-
crimingte each from a blank field, is measured simulitaneously
with the ability te identify which pattern it was.

Although, in principle, each of these five kinda of sxperi-
ments can be dona on each of the 15 dimensicns, some of theas
75 poseibilities are problématical to interpret or essentially
equivalent £ each ather, Atlesst 65 of the 75 poseibilities are
distinet and sensible experiments to do, however. To get

complete information ahout pattern vision, each of theee 65

{e.&., adaptation on the spatial-frequency dimension) pught
to bs done at all possible combinations of values on the 14
nonexparimental dimensions (oriantation, spatial position,
spatial extenit, temporal frequency, mean luminance, ete,).
Thus, even if there were only two values of interest on each
dimension, tha total number of experiments would be more
than a million; they would take at least 50 journal years to
roport (at 2000 pages/yenr and- 10 experimenia/page). The
number of near-threshold pattern experiments that have baen
done may be large (there wera 738 referances iy the lists [
collated in 1882), but not that large. We obviously do not yet
know what heppens in all regions of pattern vision's pasameter
space. And we probably never would if we had tolearn about
it by deing a complete factorial set of experiments and re-
porting the results piecemeal. Mot only would such an en-
terprise be boring, but we would not be able to encode or ra-
member the results. As it happens, howaver, we do know a
good deal about pattern vision, because the experiments that
have been done have been guided by theory, and the resuits
have added up to a coherent theory of near-threshold pattern
vision. S :

The following caution is necessary, however. The conclu-
sions to be givén below apply only within the parameter ranges
explored to date. As giving such details for each of the con-
clusions below would take a book, the following list atterapts
to give some idea of what these ranges are by showing the
values commonly used on each dimension when it is nof the
experimental dimension. (The full range has usually been
explored when a dimensien is the experimental dimension),

List of typical parameter rangea: .

SPATIAL FREQUENCY—low {o mediim (0 to 10 ¢f

S deg) . :

ORIENTATION—vertical, horizantal

SPATIAL POSITION-—c¢entered at fixation point

SPATIAL EXTENT— to 6 degroes (CRT face)

TEMPORAL FREQUENCY--low to medium (1-10 ¢/sec)

o *. .o -unstsbilized viewing

TEMPORAL EXTENT—long (many tempors) cycles)

MEAN LUMINANCE—low ¢ mederate photopic

UL EIJIIUIPY pUE UCTIOAYA(] .
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BINOCULAR VIBWING .-, i ) - -
. MISCELLANEQUS—observer’s ordinary refractive cor-
ol et o reetion o S
;+-broadband white or bluish to yel-
lowishi-green. ... .
~yoiing adult to middle-aged (hu-
BENA) iy e L TEIRI

Vi dz s

MULTIPLE-MECHANISM MODEL -

Current models-of. p‘at.t-ern vision posfulate the existence of -

multiple individual mechanisms,: where by mechanism is
meant the entity in a:psychophysical mode} that {s analogous
to an individual neuron:.; (Some authors use terms other than
mechanism; for example, detector, channel, nsural uhit,
neuron, filter, and sernsor have all been used.)  The sensitiv-
ities of these mechanisms might well bo postulated to VEr'Y on
any of the.15 dimenaions listed above, and jndeed, they have
.been on almost.all of theim. il ide s 4o .-
- Figures:2—. can.be reinteyprated as representing the po.
tential sensitivities of these individual mechanisma, The little
“drawings in these figures are then taken to be the mechanisms'
spatial (Figs. 2 and 4) or temporal (Fig, 3) weighting functions,
Or, speaking loossly using terminalogy drawn from the pos-
sible physiological analog;-the drawings. represent possible
receptive flelda {spdtial or temporal appropriately) of indi-
vidual neurons, . (Note, however, that, the temporal weighting
functions of individual mechanisms would presumably be
atrongly asymmetric on the time axia since effects never gO
backward in time; but. most of the drawings in Fig. 3 are
even-symmetric, as is typical of visual stimtl.) R
A model reust contain morg than lower:order mechanisma,
however, in order to account for psychophysical data. Figure
5 is a diggram. {llustrating the shared features of current
multiple-mechanism ‘models of patiefn vision. - As g class,
these models have had considsrable success at quantitativly -
accounting for near-threshold pattern.vision (see, e.z., Moa-
tafavi and Salaisori, 1976; Quick et al., 1978; Robaon and
Graham; 1981; Thomas et al., 1982; Watson.and Ahumade,
1986; Wilsor and Bergen, 1679; Yoger ez al., 1984). In these
models, there are an Indefinita number of individual mecha-
nisms, oaly three of which are illustrated in Fig. 8. Each .
mechanivm cen be thought of a3 containing two slages, the
. MECHANISMS HIGHER LEVELS
Linsar filters

» - Noise sources -

Compute e
Dacision ’ R
Varlable b, Observery -
i .. it [ responses

maximum

output

.. 4 .\I.::,‘,, :__:-.i . T
Fig. 5, -Sketch of shered featuzes of ctrrent models of near-threshold
patterr vision. See toxt for more detail,
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firat of which is determinstic and is represented in Fig. 6 by
& -two-diteengional map of its spatial weighting function
(apatial receptive fiefd). This stage is generally assumed 1o
be a iinear system, that is, its cuiput to a sum of two stimuli
:is the-sum of ité owtputs to each stimulos alone, but exact
linsarity is not crucial to the conclusions here. Since this stage

.:-iesbdnds only to limited ranges of spatial and temparal pa-

‘rampters; it ia frequently.called a filter. .-

2+ Second, the cutput of each mechanism to a particular pal-
tern is assumed to be variable across presentations of the same

~stimulus,” This variability can be modeled—as in PFig. 5b—by
assuining that the first deterministic stage of each mechanism
i followed by s second probabilistic stage that adds time-

- -varyingnoise, ... . .-

-+ Third, although not indicated on the figure, these mecha-
nikma are assumed (o fatigue or be adaptable in the following
sense:., After a period of producing an cutput above baseline

~(ablové the level evokad by a steady blank field}, the mecha-

- nism will be.less sensitive to a given pattern than it is after &

ipetiod of producing a haselins output.

. i Finally, as indicated on the right side of Fig. 5, themultiple

‘outputs from the various mechanisms are combined to form
‘a decision variahle, ' When accounting for detection reaults,
this decision variable s frequently taken to be the maximum
of the individual raechanisms’ outputs. (For exatple, the
.observer is assumed to respand “yes, & pattern was presented”
if and only if the maximum of the outputs from the vaTioUS
‘mechanisins is bigger than some eriterion.) When accounting
for vear-threshold identification results, the decision variakle
is frequently-taken to be the identity of the mechanisim pro-
-dueingthe maximum output, (For example, in an orientation
ddentification experiment, the observer may be assumed to

- identify,the stimulus as being the horizental one if and only
. ik the thechanism . producing the maximum output is most

sensitive to the horizontal orientation.) Furthet, the com.

" ~puration of the decision variable iy sometimes assumed to be
. bastd, not.on the full set of mechanisms’ outputs but on 5 .

subset:that is particularly informstive for the task under

- "consideration (e.g., outputs from alt the mechanisms that are

sehaitive 1o at least one-of the stimuli that the observer knows
might be presented).-.. . .

- Many features of any cotnplete receptive-field model have
obviously. been left unspacified in the general framework
sketehed in Fig. 5,

[V 3 N4 s -

QUisTions - -,

The reaults.from the five kinds of near-threshold pattern-
vision sxperiments listed ahove will be summarized belaw by
answering, for each of the 15 dimensions in turn, five further
questions about features of the general multiple recaplive-
field model deseribed sbove, .. .. .

et {1} PARAMETRIC SENSITIVITY? What s sensitivity
as-& function of value along the dimension? (If there are
multiple mechanisms, this function is approximately the en-
velope of their sensitivity functions. If there is only asingle

mechanism, -this function is approximately its sensitivity
function.) . - .. -

. (2). MULTIPLE MECHANISMS? Are there mechanisms
aensitive to different values alomig that dimension?

To answer unambiguously thia question along any one di-
mansion, certain issues invalving two or more dimensions
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. te nerrow ranges along both of the dirpenilons. it &
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MIEENS I B

DIMENSIER A,

T EIMERSION 8

BIMERSION E
S RINSION 3

DINENSIEN 1,

Fig. 6. Four hypothetical cases of aenamwuas'-dlon'g-fm dimensions.
‘The horizontal axis gives valus along dimension A; the vertical axis
gives value along dimensjon 8. Each clrcle or ellinge enclose the

region of values ta which an individual mechidnism Is sensitive (more

exactly, the region where its sensitivity in gréater thah some criterion).
Upper left: Multiple mechanisms along dimanaion 4 with & singls
wechaniem along dimension B, Upper right: AA single mechanistm
along aach dimenaion (at each point on the other dimansion).. Lower
Iefe: Singly salective mechanisma denaitive to'a'narraw range along
ona of the dimensione biat sensitive to the foll rangsofvislble values
alorg the other. - Lower rights’ Doubly salective mechanisms sensitive

N i tvas gl onao i [t
st be briefly considered. * Figares: illustrates séveral dif-
ferent hypothetical cases of how sensitivitles of mechanisms
elong two different dimensions taiglit-interact. ~The hori-
zontal axis in each case gives velue along dimension A; the
vertical axis gives value along diménsion' B Bach citcle or
ellipse encloses the region of values to which an individual
raechanisrm is sensitive {more exactly, thé region where its
BeNSitivity is greater than some criterion); v its e 0 .
The clearest case of ‘& “yes" aniswer to the question of
whuther thers are multiple mechsnisms on ‘a particular di-
mension is the following: - Thers exist mechaniams sensitive

. to different ranges along that dimension’ (.., -spatial fre-

. quency) but all sengitive to the same ranges’stong all other

dimensions (e.g., all sensitivé tonear-vertical orientations, to
far-peripheral 'spatial positions, to-lew-temporal Tragiiencics,
to the left eye, ete.)” Both botkom parels of Fig. 6 ilfustrate
clear cases of “yos” answers'for hoth dimersion 'A:and di-
mension B, nlthough the panels differ in anothsr important
respect discussed further below. = =7 p et e o -

- The clearest. case of 8 "'no™ Answer is onb—an iliustratad or
dimension B in the upper left panel of Fig. 6—in which svery
mechaniam has. sxactly the same sengitivity along that di.
mension (8 in this case] no matter what'its aenaitivity along

other dimensions (e.g., whether it is sensitive to low of to high .

values on dimension A). -7+ :
“A priori; it ia unclear what' answer should be given to
question (2} in'cases like that in-the Upper right of Fig. 6,
héwever.  If yow consider all 'mecharisms; nid matter whit
their senmilivities oni other dimensibns (6. diimansion B),
there are multiple mechanisms sensitivie to differerittanges
on dimension 4. But if you hold values on all atherdimen.
siong constant {e.g;; consideronly very'low values on dimen-

RRATE A NN ECT L IR

- sion B), there is only e single mechanism ¢n dimension 4. . In

the following, the anewer to the questidn in this case would ba
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said to be 'no.”. A'yed anawer, will-meanthat there are
multiple mechanisms sonsitiva to différent kenges along the
dimension of.interest while holding:values’ on all ather di-
menaions eonstant, e, B R L
In addition 1o knowing whether thére ate rultiple mecha-
nigma an each pattern’ dimension; 'ane would like to know
abotit joint selectivity along all setasf two or mare dimensions,
As illustrated in the lower left of Fig. 6, for example, each
mechanism might be sensitive to'a narrow range along one of
the dimensions but senaitive to the fu]) range of visihle valuse

fee iy

-~ along the other; mechanisma of this sort will be called “singly

selective.” Or, ag illustrated in'the lower right of Fig. 6, each
meehanism might be sensitive to'narrow ranges along both
dimenslons; mechanisms ‘of this sort will be called “doubly
selective.”” By extension ong coul{d diacuiss triple selectivity,
ete. -t gonrfie ¥ EUTTORT PR

*+18) LABELED?-"If thete are multipts mechanisms on a
particular dimension; are {hess méchahisms’ outputs labeled
in the fullowing sense: -the higher: stageg that compute the
decision variable can keep tratk 6fwhich output comes from
which mechanism {at least well enough to predict, for simple
stimuli of far-apart values, decremants due to uncertainty and
identificution that-is a8 good ‘as detection)? -

(4) PROBABILISTIC INDEPENDENCE? If there are
multiple mechanisma on the dimensicn, are their noige sources
probabilistichlly mdependent {unearzlated) or not? Inother
words, are the butpits of ary pair'of mechanisms uncorrelated
over different presentations of thé same stimulus?:

(5} INHIB'ITION--"»‘-'(ORr.'*i-EXEITATION) " AMONG
MECHANISMS?:f. ‘theré are multiple'mechanisms on the
dimension, does oiig’ mechihisin’s dutput éver directly affect
{excite or-inhibit) atothet’s or (as inFig: 6} cdn each mecha-
nism's average output to"a particular stimulus (which is
equivalent {5 the output from tha linear filter) be computed
dirsctly as 1 function only of the stimulus parameters? No-
tice that the anawer to this question is logically indeperident
of the answer to question (4).

How such quastions are'angwered: ™ =

Although nio attempt will be made here to Jjustify the an-
awers to these questions rigorolisly (such justification far ex-
ceeding reasonable space limits for dsingle paper), some brief
intuition ‘into’ the logic "underlying the anawers might be
ugeful. ! e L R :

- (13 PARAMETRIC “8ENSITIVITY? - Anaweting this
question as askad ‘above is a simple niatter of plotting sensi-
tivity as a function of value:: This is thie only ane of the five
questions that can be answered by the first kind of expetiment
listed above—the parametric sxperiment. . Interproting this
parametric senéitivity function, however, depends on other
faatyres of the:model. ~ For ‘one thing, whether ‘there are
multiple mechanisms {the answer to question'(2)] detarmines
which theoretical function-~the envélope of inultiple mech-
anismy’ senaitivity functiona oF a'single Mechanlam's sensi.
tivity function-ix closer 44'the Wneasureéd parametric sensi-
tivily function.”” Second, the'dkhct felationiship bstwedn the
measured pafametiic sehsTtivish flnetichvand tho theoretical
function depends n'whetherthara iindepindbiit variabiticy
[probability sp:ﬁﬁﬁﬁbﬁﬂt]ifé'a'ﬁdv?é'f'fo"'f;l.}'ésti'bn'(4)] and/or
intermachianisty intéraction [the answer to question (5)],

- (2} MULTIPLE MECHANISMS? ke socotid question
can be anawered by any of thie second through the fifth kinds
of experimant*The exliteitce of multiple méchanisma shows

TR RO I
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up as Vatue-aelective;(g.g‘_,;_spa_tial-_frequency-selective. di-
rection-of-motion.selective) hehavior, that is,.a3 mcre ob-
served interactiop between; close:together stimull than be.
tween {ar-apart stimuli where obdsrved interaction needs to
be defined separately for each kind of experiment.

In summation. experiments, more observed interaction
meana greater detectability of the ¢ompound relative to the
componenta.. Dt e,

In edaptetion experiments, more ohaerved interaction
meany greater threshold elovation. .

[n uncertainty experirents; more means smaller differences
between the conditien in which the observer is certain and that
in which the observer is ungertain. - ;. .. .

lo identification experimenis, it means more confusabi-
lity, | e S e -

After heving discovered experimentally whether there is
value-selective behavioz.on a.given dimension (more observed
interaction at ciose values than af, far ones), soine quite tricky
interpretational steps remain jn order to answer this gJestion
abaut multipla mechaniams, [ndeed, value-spacific behavior
in an gxperiment on one dimansion may often ba explainable
by mechanisms selectively sensitive on that dimension,
However, it ia often the case that valug-specific behavior on
one dimension (e.g., Lsing atimuli varying in spatial extent aa
in the third row of Fig. 1) can also be explained by mechaniama
on some other dimension (e.g., mechanisms differing in peak
spatial frequency.es in, the,top row.of Fig.. 1) because the
stimuli used in atudying the experimental dimension (e.g.,
spatial extent}, necessarily very in bandwidth on the other
dimension (e.g., spatial. frequency) although the dominant
valug on that other dimeniion may be kept constant. T find
out which is the correct explanation—the explanation that
will explain nct only the results of experimenta along the one
dimension but all other regults as well—muy require extensive
thearetical calculations (s.g., as it does in the case of experl-
ments on the spatial-sxtont dimenaion; see Graham, 1977;
19303, . . . . o

A closely related interpretational problem frequently arises
when stimuli that gre broadband on some dimension (s.g.,
spatially aperiodic stimuli) are used in experiments on another
dimension (e.g., are flickered at different temporal frequenciea
in & summation or adaptation or identification experiment),
When value-selective behavior is found, it is not clear whether
tas in the lower right of Fig. 6} there are really multiple
mechanisms on the experimental dimenaion (temporal fra-
quency) at sach value on the other dimensgion (spatial fre.
quency) ar whether Instead the altuation s more like that in
the upper right of Fig. 6. ' Comparing the results with further
experiments using stimuli that are narvow band on the
uonexperimental dimenaion {e.g., of narrow spatial-frequency
bandwidth) will disentangle the twp possibilities.

[n coses where evidence indicates multiple mechanisms on
each of two o more dimensions (e.g., spatial frequency and

-

orientation) there remains the question of deciding whether

L

these mechanisme are eingly selective (left bottom panel of -

Fig. 6} or doubly selective (right bottom panel of Fig. 6} or have
some other pattern. Infact, in all such casns considered here,
the evidence from adaptation and summation experiments
that indicates mujtipls mechanisms on each dimenaion alag
suggests that each mechanism is narrowly tuned on every auch
dimension (doubly selective on any pair of such dimensions)
rather than singly selective. For, if the mechanismg were
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singly selective, then, in addition to the narrow-band mech-
anisms on each dimension, there are also broadband ones {as
inspection of the lower loft of Fig. § shows). These broadband
mechanisma wowld probably Jesd to mote observed interaction
at very far-apart stimulus values (that is, more threshold el-
evation in gdaptetion experiments even at Tar-apart values
ard more detsctability of the compound relative to the (we
Corapenents in summation expetiments) than s typicaliy
found. )

A final complication in enswering question (2) is that the
multiple mechaniars revealed by one kind of experiment
might not shew up‘in another, For example, mechanists
revealed in'summation experimeénts might not show up in
adeptation experiments simply because they are not edapi-
able (do'not fatigue). No such dissociation between adap-
tation and summation results exists to my knowledge. Dis-
sgciations between summation/adaptation and identification
resulta certainly.do, however, and are discussed below.

(3 L&BELED?I Value-specific behavior in adaptation o
summation ' sxperiments can be explained by multiple
mechanisma gven if the sutputs of Lhese mechanisms are not
labelad according to which mechanism produced Lhem, tha!
is, even if the subsequsril siages use only the sizes of the
mechanlama’ outputs without knowing anything about which
mechanism produced which output. To explain value-specific

‘behavior:in .uncertainty and identification experiments,

however, seems to require that the outputs of the mechanisms
be labeled (not necessarily perfectly) by which mechanism
produced them.. Therefore, we will canclude bhere thay
mechanisma’ oytputs are labeled if and only if value-specific
behavior is fopnd [n uncertainty and/or identification ex.
periments on the appropriate dimension.

- (4} INDEPENDENT NQISE? Probabilistic indepen-
dence amang the outputs of different mechanisis may shuw
up 28 (a) probability sammation in summation experiments,
that is, senaitivity for a compound containing far-apart valye::
is a little higher than that for sither component {e.g., Sachs:
el.al., 1971); (b) uncarrelated responses by the observer w the:
two component values-in. concurrent identification experi-
ments (e.g., Hirsch et.al, 1981; Graham et of., 1985, Olzak |
1981} and {¢) the appropriate size of decrement due to un -

cettainty (e.g., Davis et al, 1983; Kramer et cl., 1985; Yager

et al,, 1984). Thus finding any of these effects is some evi -
dence for such probabitistic independence.

.1 (6) INHIBEITION? Support for the notion of inhibition
&mong mecheniams far apart ob sowe dimension of interes:
can come from finding with far-apart simple stimuli-—in ad -
aptation, summation, ancertainty, or identificaticn exper; -
menta—an effect that in the opposite of the effect found at
close values. By opposite is meant the other side of the
baseline expected from the case when two stimuli affect twir
entiroly different sets of mechanisms and thase mechanism.;
do not interact ins any way. Tha baseline depends on man',
features of the overall model and will not, in generel, be th
same as zero effect, Although in adaptation experiments, for
example, the baseline {s zero, so that the opposite effect is the
lowering of threshclds after adaptation {e.g., DeValois, 1977},
in sumination expstiments the baseling is the smalt amoun:
of summation expected from (ndependent veriability in sep-
argie mechanisms (probability sSummation}.

" Angther piece of evidence suggesting inhibition can come
frem finding that adapting to a compound stimulus produces
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less elfect than adapling 1o one of its components (e.g., Lev-
inson and Sekuler, 1975a; Tolhurst, 1972).0 5] i o0

The problem with all the evidence is'that there are always
several reasonable alternative explanations not requiring in.
hibition as, for example, Grahiam et a4t (1988), Hirsch et af.
(1982}, Klein (1985}, and Thomas (1686) discuss for identifi-
cation experiments. - Consequently, the evidence to date for
inhibition on any dimension;is==in- my epinion—nencom-
pelling. Tn the summary below, thersfore, a tentatively af-
{irmative answer given to this fifth question means only that
effects have been reportéd-at-far values that are opposite to
those at close values, It should not be taken to imply eom-
pelling evidence for inhibition.oc o 7 .o oL

Many features neceagary to specify completely a multipls
receptive-field model will still remain undiscussed after the
above questions are answered.. For example:

(a) What is the probability density function describing an
individual mechanism’s vutput {the probability .density
characterizing the noise source in Fig. 5), and doss it depend
onsignal strength? . - ... L [ :

(b} What is the exact form of the decision variable? For
example: s it the maximam output or some weighted sum
or the moze complicated caloulation of likelihood ratio re-
quired for an optimal observer? s 1oy il

(¢} What mechanisms form the subset of mechanisms that
enter into the decision veriable.in any given task?: (What
mechanisme does the obeerver-pay attention to or mon.
itﬂi’?) S e o T .

{d) Are the initial filters truly linear filtars, or, for example,
do they embody a compressiva or rectifying nonlinearity?

To caleulate the quantitative predictions of a multiple re-
ceptive-field model )l these.features and more must be
specified. Changlng any of these features, therefore, might
well affect the conclusions drawn about any other feature
including the features discussad here. . The attempt here,
however, s only w0 summarize Qualitatively the brosad and
impressive consistencies found batween results from different
kinds of experiments done by different investigators, Iaus-
pect that these general conclusions will ‘be littls affected by
details of the other featurss of the medel (with one excep-
ton—the decision rule for identification-—which will be dis-
cussed later). iy, oo :

Mors complete and rigorous descriptions of ways in which
anawers Lo questiona (2) through (5) sbove can be derived from
paychophysical results can be found in many sources, in-
ctuding Georgeson and Harria, 1954 (for adaptation experi-
ments); Graham, 1886, and Grahaw et al., 1978 (for summa-
ticn experimenta); Yager-et ol.; 1984 (for uneertainty and
identification experiments); Thomas, 1986, and Watson, 1933
{fot identification experiments). For discussion of the fea-
tures of multiple-mechanism models not diacussed here—as
in questions (a) through (d) above-—see, for example, Kramer
et al., 1985; Nachmiag, 1972, 1981; Nachmias and Kocher,
L70; Pelli, L985; Yager et ol 1584, - 7 .. - - o

e

: : H

ANSWERS =

Spatial Frequency - M e

(1) PEAKED sensitivity function, Typically (in param-
eter ranges listed above}.sensitivity peaks at medium spatial
frequencies (3-10 c/deg), daclines alightly for Jower spatial
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frequencies, “and declines- strongly for higher spatial
frequencies, becoming zero ahove 80 c/deg for ordinary grat-
ings {see, e.g., Kelly, 1984; Raohson, 1966}, -

The high-spatial-fraquency decline derives from both ap-
tical and neural apatial integration {see, e.g., Willinms et n!.,
1954), o

{2) YES, multiple mochanisms. Bandwidths sre suffi.
clently narrow that there are at loast several effectively
nonoverlapping ranges at any constant combination of values
on the other dimensions (see, e.g., Blakemore and Campbell,
1969; Camphell and Robson, 1968; Graham and Nechmias,
1971; Grahem et al.,'1978; Pantle and Sekuler, 1968: Sachs et
al., 1971; Thomas, 1970; Witson and Bergen, 1979). Athigh
temporal frequencies, the bandwidths may be slightly broader.
(An apparent discrepancy betwean adsgptation/summation
and identification tesults on the apatial-frequency dimension
at high termporal frequancies will be discuased below.} That
multipls spatial-frequency mechanisms exist at & single spatial
position {rather than being distributed with the highsst spa-
tial-frequency ones in the fovea and the lower spatial-fre-
quency ones further out) has been verifiad by experiments
with localized patches (see, 8., Graham et al., 1978; Watson
and Robsom, 1981).:.c .-~ w0 o 5L .

{3} YES, labeled (see, a.g., Hirsch el'dl; 1982; Olzak, 1981;

Thomas et ol ; 1982; Watsch and Rabson; 1981; Yager et al.,

1984), - . NI T I T T U
(4) YES, probabilistically independent at least to a large

extent (see, o.g.,, Hirsch et al., 1982 Sachs et al, 1971).

(5) MAYBE irhibiticn. - Some opposite affects have been
veported in adaptation (see, e.g., DeValois, 1977; Talhurst and
Barfield, 1978}, in identification (see Graham et al., 1985,
Hivsch et ai., 1882 Olzak, 1881; Okzak and Thomas, 1681}, and
someélimes in summstion experiments (Olaak and Thomas,
1981) but not always (Kramer, 1984). Further, adapting to
a compound stimuius preduces less sdaptation than adapting
to either component alone (see, e.g., Stecher et ol, 1973;
Tolhurst, 1972).- - =, . . -+ . . .

PRI P o

e

Orientation .. N :

(1) FLAT sensitivity function, at least approximately.
Sensitivity is often reported to be slightly less (a fraction of
a log unit) at the oblique than at the vertical and horizontal
orientations, = - - : :

"(2) YES, multiple mechanisms, at least several of which
are effactively nonoverlapping (see, e.g., Kulikowski et ol
1973; Mostafavi and Sakrison, 1976; Movshon and Bigkemare,
07, - .

(3) YES, labsled (se, e.g., Thomas and Gille, 1979).

- {4): YES, apparently probabilistically independent (sec,
e.g.,Kally, 1982, Thomas and Gille, 197%).

- (b} MAYBE inhibition. Some opposite effecty have been
reported. (ses, 8.g., Thomas and Shimamura, 1975, but see

Thomas, 1986} - although primarily using suprathreshold _

patterna. .ip-0 o
Spatial Pesition (Horizontal and Vertigal) - - .

(1) PEAKED sensitivity function with sensitivity generally
greatest at the foveal center angd decreasing approximately a3
& function of the number of periods away from foveal center
{at least within parameter renges listed above—aee, e.g.,
Robsun and Graham, 1981) , IR

As a result, sensitivity as g function of spatial frequency (at

WOLIEIYIIUIP] PUR UCTIOIIA(] .
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4 constant temporal frequency) cuts off at much lower spatial
frequencies peripherally than centrally, - Interestingly, sen-
sitivity as & function of temporal frequency (at a constant
spatial frequency)-is less:effected, and;.indeed, at very, low
spatial frequenciés; highitemporal, frequency senitivity may
even improve in-th‘e"per@phery ee, e.g., Kelly, 1984), . ..on %
:A:question of current interest, is whether these effects of
eccentricity can.be.explained simply as the result of o scaling
the size of receptive fields ps funetion of distance from foveal
center (see 'e.g, Kelly; 1984, Koenderink et af., 19784, 1978h,
1978¢,:19784; Rovame et al:y, 1978; Watson, 1983), The scale
factor is sometiraes called.the cortical magnification factor,
= (2) YES; multiple.mechanisms, as has beer sssumed for
decndes (see; ¢.g., Barlow, 1063), The range of spatial posi-
tions covered by any one. mechanism is a narrow subranga of
tha visible range (whieh is the whole visyal field), Thusthere
are ¢ffectively:a great pumber of mechanisms having non.
overlapping. ranges: on .theas two .spatial-position . dimen-
5‘:0554"'-'-.-.;1":‘.ri'ia',‘i"!‘:" Panmip i L Sl
- (3), YES, lebeled {ses,e.g., Davin ef al., 1983; Graham et g!. X
1985, King-Smith and Kulikowski,1981). . R
{0 YES, . probabilistically independent (see, 0.g., King-
8mith and Kulikowski, 1981; Rbson end Graham, 1981). ...
i (8) MAYBE inhibition. - Some apposite effects have pe-
casionally been reported at far values, but the difficulties in
interpretation are numerous (see, e.g., Graham e¢ al., 1983;
Wilson ez ol., 1979}, . o

BRI ST SRS AR EYRNR e . .
Spatiel Extent (Paralle! and Perpendicular to Bars). -,
- (1}, INCREASING, SENSITIVITY. FUNCTION, . As
spatial extent (of either a grating or.an aperiodic stimulus) i
incrensed; sensitivity tends first to incvease quickly and then
to elow;down: nonmonotonicities (decréases in sensitivity) are
sometimes seens. (A patch of greater extent can be viewed as
4 compound of two'side-by-side Dpaiches nf half the extent.
Thus pararsetric.experiments on the spatial-extent dimensaion
can also bs viewed as summation experimeants on a spatial-
position dimension.)" To explain these changes in sensitivity
as a function of spatial extent, three factors need o be taken
im‘.oacoouma:u,i.":.-:---,t oo o B
: First, at relatively small extents, effects of spatial integra-
tion within the spatial weighting functions {spatial receptive
fields) of individual mechanlsms will be ssen, In the mech-.

i

anisms tuned to.the spatial frequency and orientation ofthe

stimulus, the affect of this integration is an increase in, sensi-,
tivity as spatial extent increases.. In geners], the increase in
these mechanisms’ sensitivity dominates the obsetver's sen:
sitivity, and thus the observer's sensitivity also increases:

"+ Zoro oycles/dogreelis o special case, however, as there may
well bé ho'niechaplsms;tunzd to 0-c/deg, that is, no mecha-
nisms 1ackirig3_an;-ir_1_h.ibipoty‘su.rround; +'Thus, inereazing the
extent-of-aperiodic stitauli {0-c/deg sinueoids myltiplied by
2 window.. function)..should.. produce, in each individual
mechanism, an injtial ineresse in sensitivity {spatial inte-
gration within the excitatory center) followed by & decrease
{due to the inhibitery surround)... Such decreases may. be.

“hidden by the-second: factor. descrived helow but, are some-

times reported (Shapley, 1974;/Thomes, 1978). ..

TV

- Al3g, for siousoids of very high spatial frequency, all effects

of integration:within the spitial weighting functions of indi-
vidua) mechanisms may be enitirely bidden by an initial de-

‘crense due.to thesecond factor discussed below.
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- The second factor that one must consider is the changing
spatigl-frequency and orientation content as spatial extent
is tncreased.. Spatial fraquency and crientation bandwidth
become harrowsr as. spatial extent increases. Thus which
spatisl-fréquency and. orientation mechanisms are mest
sensitive to-the stiroutus may change as the stimulus increases
in spatial extent.’, This effect can lead to decreases in sensi-
tivity (e.g., for ,high-spatial-frequency sinusoids) or 1o in-
creases (e.g., for aperiodic stimulj see demonstration in Fig,
2 of Thomaa, 1970; or Fig. § of Bergen et al., 1979, of the switch
from. receptive fields having smaller centers to those with
largercenters). - ., .

--The-third factor that one must considar 18 the effect of
probabitistic independence of mechanisms at different spatial
positions {i.e., spatial probability summation) taking retinal
nenuniformity, that is, sensi tivity as a function of spatia)
pasition, into account. - Acroas regiona of relatively uniform

- sengitivity, spatial probability summation produces & slow

ingrease 45 spatial extent ia incressed aven aut, to large extents
{Robson and Graham, 1981), For patterns centered at the
favea, however, no such increase is predicted in general be-
cause of the rapid drep-off in sensitivity moving away from
the foven (see,-0.g., Rohson and Graham, 1981).

- (2) PROBABLY NOT multiple mechanisma tieat thresh-
old.;* Adaptation and summation experiments using stimuli
of different spatial axcont (different spatial-frequency or or-
ientation bandwidth) heve indeed shown selectivity on both
spatial-extent dimensiona (see, 0.5, Kulikowski and King-
Smith, 1973; Wright, 1082, But, within & multiple-mechs-
nisme.model, this observed selsctivity with stimalt of different
spatial sxtents does not necesserily require multiple mecha-
nisms of different spatial extents, For, when ¥ou increase the
spatial extent of a stimulus, you also necessarily decrease the
range.of spatial frequencies and/or orientations conteined in
the stimulus and. you inerease the tange of spatial positions

. cavered by the stimulua.. Thus you change the population of

responsive mechanisma even if there is only one spatial extent
of mechanism at a given best spatial frequency, best orienta-
tion, and centar spatial position.

+.:In fact, the success of the predictions for the spatial-extent
summation experiments assuming only mechanisms having
different beat apatial frequencies (although all of the same
spatial extent) but ailowing far independent variability ip
their outputs (Graham, 1877, 1880) provides some evidence
egainst the existence of multiple spatial extents of mecha-
nisms ., ‘Emultiple—spstial-frequancy bandwidths—near
thrashold, of coursel. For, if such mechanisms existed, they

. should have affected the predictions.

i".l;’{Sj-_ﬁ) ._-Not applicable. . . -

BT R ke
Spatis] Phase . T

(1) FLAT, presumably uniform sensitivity for all
phases. * . . . ..

{2) UNCLEAR whether there are multipis mechanisms
near threshold. For one thing, few expetiments have used
different phases of neaz-threshold stimuli, Second, all ex-
periments manipulating spatial phase (i.e., spatial symmetry)
of stimulj perforce change the apatial-position content as well,
thereby changing the population of responsive mechanisms
even.if all mechanisms have the same symmetry of spatial

" weighting function. . Thus to argue that selectivity when using

stimuli of different spatisl phases of stimuli s due to mecha-
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nisms with different phases (symmetries) of redeptive field

requires some careful caleulation. * On the other hand, I know
of no good evidence against the éxistence of maltiple gpatial
phases, and it is an attractive idea, + <1t v iu? s

(3-8} Noinformation:’: vy

Temporal Frequency - .7 77 o e L g
{1} PEAKED SENSITIVITY FUNCTIONS, In many
circumstances {in particular, in the parameter ranges listed
above) sensitivity is greatest at medium temporal frequencies
{3 to 10 Hz) and drops off slowly toward low frequencies-and
quickly toward high frequencies, looking, (n fact, remarkably
like seneitivity plotted as a function of spatial frequency (see,
e.g., Kelly, 1984; Robaon, 1968), “Dependence on eccentricity
ia briefly diseussed above under spatial position, 1 .
There is & strong interaction between spatial frequéncy and
temporal frequency; for example, at moderate mean lumj-
nances, the low-frequency decline in the sensitivity function
on either dimension disappears when measured at high values
of the other (sze, e.g., Robson, 1966). - In other words, the
function giving sensitivity for sach temporal frequency and
spatial frequency is not separable-_jt cannot be expressed ag
the product of twe functions, one giving eenaitivity at each
temparal frequency and one giving sensitivity at each spatial
frequency. ’ S
(2}  NO multipls mechanisms except highly overlapping,
broedly tuned ones. In spite of the similarity in overall sen-
sitivity functions on the spatial-frequency and tempotal-
frequency dimensions, and in spite of an exact formal 4nalogy
between temporal frequency and spatial frequéncy, near-
threshold psychophysical results using stimuli of different
teroporal frequencies are entirely different from those using
stimuli of different spatial-frequencies.: -(Thig difference
should erase any fears that, in'some artifactual way, sinusoids
magically generate their own resulia.) In tho case ‘of tempaoral
frequency, there is much less selectivity than in the case of
spatial frequency, This is trie for adaptation (see, 6.,
Maulden, Renshaw, and Mathar, 1924; Pantle, 1971; Smith,
1971), summation (Watson, 1977), and identification [Man-
dler and Makous, 1984 Thompson, 1683; Watson and Robson,
1981). Uncertainty experiments have not been tried to my
knowledge. That identification results indicate somewhst
greater selectivity than do detection resula is discusied
below. : L e '
Most of the experiments with temporal frequency have been
done using apatially aperiodic atimuli; and thits the evidence
for something more than a single mechanism (perhaps two
broad bandwidth mechanists) might not indicate more than
a single mechanism at 4 given spatial requency. Instead it
might be & by-product of the existence of multiple mecha-
nisms on the spatial-frequency dimension coupled with some
interaction between tamporal and spatial frequency (eg., the
mechanisms sensitive to Jow spatial frequencies are quits
sensitive to high as well as to Jow temporal fraquencios unlike
the mechenisma sensitive 1o high epatial frequencies). (Or,
letting dimension 4 in Fig. & ba spatial frequency and di-
tension B be temporal frequency, the situstion might be like
the one in the upper right of Fig, 6 except-with the circles
elongated downward into ellipses-that have their long axes
parallel to temporal frequency.) . Sotne temporal-frequency
experiments have, however, been done with spatial sinusoids
tsee, e.g., Watson, 1877 Watson and Rohsen, 1981) and do
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seem to indicate more than a single méchaniani' st a single
spatial frequency.s & v CTe G e by

In short, .if there are mechanisms e.g.; gustained and
transient) sensitive to different tempéral-frequency rariges
at any particular-apatial frequency, ariéntation; kpatial-po.
sition, etc. (near threshold!), they eeem to have highly over-
lapping sensitivity functions. - = ¢ -

(3-8} Probably not applicable, therefore. -~ .

Temporal Posftion =it oelien e _

(1) FLAT sensitivity function. - Sensitivity as a function
of temparal position (from, for example, the beginning of g
trial) is presumably uniferm although rarely measured. As-
suming that it is' complétely uUniform is probably a mistake,
howaver‘ BT .'Z\'_" ..",._;‘ _.__E.l. s R . .

" (2} YES, ‘multiple “miechaxismg, 411 available near-
threshold evidence indicates, d5 has been assumed for decades,

“that thiere is selectivity for tamporal position: - (i) two stimuli

presented far apart in time do not'sum completely in deter-
mining threshold, as has baen shows in dozens of temporal-
sunumation studies (see, e.2., Barlow, 1968: Rasghbass, 1970;
Watson and Nachmias, 1977); {ii) an observer can identify at
which of geveral relatively far-apart-times ‘a stimulus was
preaented (as is consiatent with the regular-use of two-interval
forced-chofce paredigms): (i) uncertainty about temporal
position causés a decrement in performance (s8¢, 0.2, Lasley
and Cohn, 1981). Rather than attributing this selectivity to
literally separate mechaniams (e.g., separate neurons, each
one responding at a single moment in time), one ordinarily
assurmes that an”individual mechanism givée different re.
sponses at different momente in timé.* ‘Thus this dimengion
might well be' expected to act differently from other dimen-
sions in'somie respects; indeed, the yegion of interaction along
the femporal-position dimension indicated by adaptation
expetiments (many minutes) is nidch bigger than that indi-
cated by, for example, summation dr identification experi-
ments {fractions of econds), - . - -

(3} YES, labeled (see, e.g., Lasley and Cohn, 1981).

(4} YES, probabilistic indepandance (e.g., prebability
summation across time; Wataon, 1978); -~ .-«

(6} Unknown. - - - - 5,

a

Temporal Extent ...~ "~ " U
+(1) * INCREASING senaitivity function, analogous to that
for spatial extent. - As temporal extent (either of temporally
sinusoidal or of temporally aperiodic stimuli) increases, sen-
gitivity increases dramatieatly at small values {presumably
owing to temperal integration within*single temporal
weighting functions} and then increases more slowly (pre-
sumably owing to independent variability in the rezponses at
different points in' time, that is; to temporal probability
summation}, - T e Ry
(2-8) "UNKNOWN. ' Posible selectivity for temporal
extent has been relatively Littls studied but has been reported
in an identification paradigm {Zacks; 1970); - Interpreting it,
however, runs into a problem Hnalogons té that for apatial
extent. ' Narnoly," such’ selactivity: might well be dus to
mechanisus having sensitivities that vary along the tempo-
ral-frequency ' or” temporal- positién - dimengions.” Some
quantitativa predictions will probably be necessary to un-
tangle the answer,
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Temparal Phase -0 a b D n: S oo o
{1} FLAT sensitivity function presumably. ". ...
(2-5) . Poseible selectivity for temporal phase has been
little investigated. . Were selectively found in EXperiments
using stimuli that vary in temporal phase; interpreting it
would run inte problems analogous to those with spatial
phase. S

Direction of Motion

(1) FLAT sensjtivity function, ‘Bensitivity is approxi-
mately uniform for different. directions {with exceptions in
some subjects and with' possible differences depending on
whether the direction is toward or. away from the fovea).-

(2) - YES AT HIGH.VELOCITIES, NO AT LOW, .In
near-threshold experiments using stimuli differing in direction
of motion,. direction: selectivity is- found, st low spatial
frequencies and high tetnporal frequenciss (that ia, at high
ratios of temporal to apatial frequency or, squivalently for
drifting atimuli, at high velocitien); no {or much less) direction
selectivity is found at high spatia! frequencies and low tem-
poral frequencies (at low.velocities), ... . .. .

There may even be an exact dependencs on the ratia of
temporal to spatial frequancy {for drifting stimwll, on velocity)
with the boundery region hetween about 0.5 and 2 deg/uec,
{Using equal-velocity stimuli, has usually shown some de-
pendence on gpatial frequency as well, however; see, e.g., Arditi
etal 1881} i i, s S e

Summation (ssc, e.g., Arditi e ., 1981; Stromeyer et al,,
1978; Watson et al., 1980) and identification (Boe, &.g., Green,
1988; Lennie, [980; Thompson, 1984} experiments have been
done in both ranges, and one identifteation expariment has
even been done using stabilized -visien (Mansfield and
Nachmias, 1981). , Adsptation (see, eg., Levinson and
Bekuler, 1975a, 1975h; Pantle and Selkuler, 198%; Stromeyor
et al., 1879 and uncertainty experiments (sge, e.z., Ball and
Sokuler, 1980) seem only to have been done in the high-va-
locity rangs. TR PO
- It in at Jeast provocative and perhaps important that this
dependence on spatial frequency and ternporal frequency
shows up In two more places: . (i) neurons in V1 and V2 of
primates tuned to high temporal and low spatial frequencies
are more directionally seloctive than those tuned to low
teraporal and high spatial frequencies {Foster, et al., in press);
end (i} spatiotemporal patterns at detection threshold are
reported (see, o.g., Harris 1980; Kosnderink and ven Daoorn,
1979} to have sither g predominantly. temporal {moving,
fluctuating) appearance. or a predominantly spatial (clear
apatial forms} appearance dapending on whether the velocity
(or the ratio of temporal fraquency divided by spatial fre-
quency} is higher ar lower than ebout 1 deg/sec..

Somewhat above datection threshold at high velocities,
observers may be able to set a pattern threshold—the mini.
mum contrast at which the stimulus has 2 clear spatial ap.

pearance. Intereatingly, although the effect of adaptationon -

detection threshold is direetion selective in this velocity range,
its effect on this pattern-appearance threshold seems not to
be (Levinson and Sekuler, 1960), - . | L

(3) - YES, labeled . (at,low gpatial .and. high temporal
{requencies where dirsction selectivity is found) as indicated
both by uncertainty effects and by good idontification of
near-threshold stimuli, - The uncertainty effoct for diraction
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. of metion(which has been reporied: only for random-dot

Ppatterns) iv much larger than that for other pattern dimen-
gions {see, e.g., Ball and Sekuler, 1980). Itis too large to be
explained merely on the basis of probabilistically {ndeperdent
noise, in fact, but reguirs postulating something like lim-
ited-capacity attention {e.g., some inability of the obsarver
to monitor all mechanisms at once).  Whether this rasult
would also hold with simple grating patterns s not clear.

i-:(4). PROBABLY. YES. The directionally selactive
mechanisms are presumably probabilistically independent
(at low spatial and high temporal [requencies) as the amount
of summation seen between opposite directions in & summa-
tion experiment is of the corrsct order of magnitude for
probability summation. (see, e.g., Watson et al., 1980}, al-

though that emell amount of summation might alsc be ex-
 pleined by mechanisma having some sensitivity to the opposite

direction. .. (See. similar discussion on EYE dimension
below.) - . .

-(B) : MAYBE inhibition (at high velacities). Although
little information about possible opposite effects is available,
the result of adapting to a compound has been reported to be
loss than that of adepting to asingle component {Levinson and
Sekuler, 1875a). . . . . |
o liiesr Lo
Conirast -

T (1) NOT APPLICABLE, Measuring sensitivity (recip-
rocal of contrast at threshold) as & function of contrast does

“not make sense, - However, one often measurcs performanace

(e.g.; percent-correct detection in 2 two-alternative forced-
cholee taek) as & function of contrast, typically finding an
S-shaped function going from chance to perfect performance
over a range.of about 0.3 log unit—a factor of 2 of contrast,
(This function is frequently called the psychometric fune-
ton il i, L o

+i.(2hi PROBABLY NOT . multiple miechanisms. The ab-
sence of an uncertainty éffect when intermixing contrasts

{Davia et al, 1983) suggests that there are not multiple

wmechanismg, at least not ones with labeled cutputs, on the
contrest dimension. This conclusion applies, obviously, only
within the narrow range of near-threshold contrasts that can
be studied in this uncertainty paradigm.

" (3-8} v Not applicable, : .. .. .

T I R N T IR

Mean Luminance

(1} INCREASING aensitivity function. The function
relating contraat sensitivity to rmean luminance has the same
shape for every spatial and temporal frequency {see, a.g., van
Ness et al, 1987). A4low mean luminences, contrast sensi-
tivity increases linearly or, to put it two other equivalent ways:

-contrast threshold decreases linearly and absolute luminance

increment threshold yemains conatant, Then, with further
increases in'mesn luminance the rate of decrease alows down
until finally it stops, iwith: contrast eensitivity remaining
constant at all high mean luminances or, equivalently, abao-
lute luminance increment threshold increasing linearly with
mean luminance (the Weber function range).

~ The exact luminances at which these transitions occur,
however, do depend on spatial {requency, temporal frequency,

" and epatial pogition and probably on the velues on some other

dimensions az well (see; e.g., Koenderink et al., 1978d; van

Nosa et al.,1967), - Thus the shape of the functions relating
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gensitivity to other dimensions (¢.g., spatial frequency, tam-
poral frequeney) does change somewhat'depending on the
mean luminance (e.g., lose ita low-frequency decline), + -

(2-8) NOT APPLICABLE. The four near-threshold
kinds of experiment that might revesl the existence’of mul-
tiple mechanisma are problematical on the mean-luminance
dimension, partly beeauss of the manifest processes of light
adaptation. Consequantly, although mochanisma sénsitive
in different ranges of méan ldtninance might exiat (that ia,
mechenisms having sensitivity functions on the mean-lumni.
nance dimension that are sither peaked like those on other
dimensions or perhaps functions that decline only at the low
end staying sensitive for all high luminances), the mecha-
nisms’ properties cannot be. strsightforwardly detsrmined
from the kinds of experiment considared here, - .- T

Eye . L
(1} FLAT sensitivity function. in general, sensitivity is
slmilar in the two eyes, although many individuals show sorme
differences, ' S L P
. {2} YES multiple mechanisms, - Both adaptation and
summation experiments show selectivity along this dimension
{that is, the phenomena known as incomplate interocular
transfer (see, e.g., Blakemore and Campbell, 1969} and in-
complete hindcular summation {see, eg. Arditi ef gl., 1981)),
These results suggest the extitencs of miltiple inethanjams
that are differentially sensitive t inputs from tHe two eyes.
Note, however, that the senaitivities are prohably overlapping
85 some interocwlar trangfer is apparently always found, and
the amount of summation is uacally reported to be somewhat
greater than that expected on the basis of probability sum-
mation (greater than that - between far-apart spatial
frequencies, for example), e

{3) NO,notlabeled (in the senae of providing enough in-
formation to allow identification’ or selective monitaring).
Although information abiout which aye. produced which re-
sponse is pregumably used in stereopsis, information about

-

which eye is connected to which machanism séema to be lost -

upstream. Evidence for this statement eomes from both the
uncertainty end the identification paradigme. ;Uncertainty
about eye of origin does not decreass detectability (ses, e.g.,
Cormack and Biake, 1979), nor ¢an observirs identify sye of
origin (particulazly not at high spatiai frequenciea and low
temporal frequencies—which is exactly the raviga where evi-
dence for multiple analyzers from edaptation and summation
experiments is strongest; see, p.g, Blaka and. Cormack,
1879), - . o
The eye dimension is thus the only dimension on which
there is abundant eviderice that resulta from the four kinds
of near-threshold mechanigms-revealing . experiment zre

dissociated, with some (adapiation and summation) showing -

selectivity and others (uncertainty end’ideiitification) not,
"This particular discrepdncy seatns reaganably explained by
essuming that, elthough multiple, mechanisms axist, their
oulputs are not labeled. - Indeed, if the labels usod by an ob-
server in identification and uncertainty experiments occur at
some level above stereopsis (above the level at which the two
eyes' odtpuls are nesd to compute the depth of objects), it
would seem quite sonaible to lose [nformation about the oye
of origin per ve, e I LR
{#) UNCLEAR. The question of whether thers is inde-
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pendent variability or not ia hard to ariswer on'this dimension.
A ¢ompound-paitern stimulafing both eves is always more
detectable than eithet component—oftas by-anamourit that
tight be interpreted s due to independent varlability {n the
two eyea hut usually by a somewhat greater amount than, for
example, two far-apart spatial frequencies. As mentioned

. above, this and the partial interoculay transfer suggest that

mest mechanisms are somewhat sensitive to both ayes. (Since
there are only two valdes on this eve diinension, you cannot
look at values even further apart te hely disambiguate the
situation.) So all the partial sumstation seen bétwean the two
eyes could just és well be entirely due to hroadband mechs-
nisms having sengitivity to both eyes rather than due to in-
dependsnt variahility’: - Since ‘corrgborating evidence from
uncsrtainty and identification experiments on this dimension
cannot be gained, dne is at a dead end.- . .

(5) UNCLEAR for much the same ressons aa the Answer
to (4) is. o N

DISCREFPANCIES BETWEEN DETECTION AND
IDENTIFICATION, RESULTS ., |
This discrepanty hetween resiilts from different kinds of ex-
periment on the-oye dimerisiok: leads natirally back to two
ather discrapan¢ies—briefly -mentioned earlier—between
identificatibn and detection (in particular, adaptation/eym-
mation) tesalts. i1 L0750 L g

On the spatial-frequency dimension, adaptation {Graham,
1872) and summation {Arerid and Lange, 1979; Pantle, 1973;
Thompson, 1881) experiments ghow only a little broadening
of bandwidth as thmporal frequency s raised, but jdentifi.
cation experiments seem to show a large inereass in bandwidth
(Watson and Robeon, 1981), -If this discrepancy proves ro-
bust, e.g.,can be found with the same obgervers in the same
conditions, ona could expldin this diserepancy by saying that,
at high temporal frequencies (but not at low) the spatial-fre-
quency channels are unlabeled. Postylating unlabeled
mechanigms saeems less pleasing here than on the eve dimen-
gion, however.. . ... - ... e -

In any case, the other discrepancy betwsen identification
and adaptation/summation results—cne on the temporal-
frequency dimension {in the typical low-to-middie spatial
frequency range)—is in the wrong direction for this expla-
nation. Adaptation (see, e.g., Pantle, 1971; Smith, 1971) and
summation {Watson, 1977) experiments show less selactivity
for tempoeral frequency than do identification sxperiments.

e

The latter (Mandier- and: Makous, 1984; Thompson, 1983;

Watson.and Robson, 1981) show evidencs for at least two
nonoverlapping ranges, - et o S L

These so-cailed discrepancies depend, ‘of course, on sl the
details of the models used to interpret the adaptation, sump.-
mation, and identification experiments): ‘And it seems to me
likely that the cause of Both discrépencies just mentioned is
with the model used in invarpreting idenitification reaults, in
particular, with the simple kind of dacision rule used {e.g., the
identity of the maxirmally. responding mechanism). The
substantial practica and instructional effects that aze found
in identification sxperiments “[particularly with supra-
threshold stimuli; but we have.seen thex with near-threshold
stimuli (see, 0.5, Crahain et 21,7985 reinforce this not very
suprising guess:'; Soma {a.g.. Thi

omes,'1984; Watson and Ah.

atanToe
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umeda, 1885) have begun work on more plausible decision
rules for identification experimants, rules that assume that
the observer makes more use of available information than,
for example, simply computing the identity of the maximally
respending mechanism. 4 e :

R R T S TH R SR

A PHYSIOLOGICAL"’_AS[D_ )
. S g i N e Srteo s -
In addition to the two beat-known visual corticsl areas (VIand
¥2in primatea),, recent neurephysiological and anatomical
work has \ncoversd, many othez, higher visual areas, (Recent
reviews can be found in Cowey, L885; Van Easen, in press; Van
Essen and Maunsell, 1883.}.. For many years,.people have
wondered if the mechanisma postulated by peychophysical
models could be identified with neurons in V1 and, perhaps,
V2. Although it is notoripusly difficult~on both logical and
practical groundsm=to. confirm such an identification, the
neurophysiological and psychophysical avidence uncovered
in intervening years has certainly not disconfirmed it. On the
contrary, V1 and V2 neurons do show salective sensitivities

ST

analogous to those'of tha thechianisma in the paychophysieal
model. (A recent review can ke found in Shapley and Lennie,
1986.) Indeed; if anything, the neurons.in V1 and V2 2eem
t be more complicated than do the mechanisms in the mode]
for near-threghold paychophysical behavier (2.g., show sa-
lectivity on more dimensjons, for example, on the spalial ex-
tent dimensions; DeValois et af., 1982a, 1682b; Foster e; al,,
in press). 'The mejority of visusl areas in the cortex, therefore,
may be represented in Fig. 5 in only a simple form—all lumped
together into the teompute decision varighle” box. Pre-
sumably all that neural machinery Is used. for sowething more
complicated than computing the simple decision rules, eg.,
masimum output, edequate to explain quantitatively near-
threshoeld beha.vior.:;.Peihaps the:only reason such simple
rules work near threshold .is that—neax threshold —they
happen to be near cptimal (see, 6.8, Nolte and Jaarsma,
1957]- . B . . )

CONCLUSION =~ - o
Although I suspect that pur ﬁndemranding of the higher stages
(deciston processes) in identification tanks even near threshold

is less than it might ke, oup understanding of the higher atages
{decision processes) in detection tasks may be substantially

correct. Further, and the main point of this paper, the teany '

hundreds of pub]iahed‘near-threahuld‘pattaxn-visior; exper-
Iments form an impressive, body of eviderics in support of the
current models of pattern vision, models in which the funda-
mental gtage is a net of multiple mechanisms with different
ranges of sensitivities along ceitain dimensions. There is
remarkeblo agreement ‘across different'experimqnta] para-
digrs and across different lahoratories about which dimen-
siong do have and which dimensions do not have multiple
mechanisms, as well as gubstantial agreement 'about other
Properties of those mechanisms., o
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