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ABSTRACT

The concepts of spatial-frequency analysis (Fourier analysis) and of spatial-
{requency channels are briefly introduced. The various kinds of psychophysical
experiments providing evidence for spatial-lrequency channels are discussed at
some length. Tentative conclusions from these experiments about properties of
the spatial-frequency channels are then described. Finally, several ways in which
spatial-frequency analyses might be useful in explaining perceptual phenomena
are mentioned.

INTRODUCTION

During the last decade, various investigators have suggested using spatial.
frequency analyses of visual stimuli 1o help understand perceptual phenomena,
At the very least, spatial-frequency analyses are enlightening simply as & new
description of visual stimuli. In a sense, spatial-frequency descriptions and
pointwise descriptions are opposites. A stimulus consisting of a single spatial
frequency s completely localized on the frequency dimension but infinitely
extended in space, while a stimulus consisting of a single point is completely
localized in space but infinitely extended on the [tequency dimension. Having
two such different descriptions that emphasize different aspects of the stimulus
may well suggest ideas lo the human investigator who is trying to understand
visual perception.

In the long run, however, spatial-frequency analyses will be most useful if
they help in describing not just the stimuli themselves but the visual system’s
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responses 1o the stimuli as well. A large number of psychophysical results are
now being explained on the assumption that the visual system contains multiple
channels, each sensitive 1o a different range of spatial frequencies. The ability of
this concept of multiple spatial-frequency channels to account for a wide range of
psychophysical evidence is quite impressive. Perhaps it will be able to account
for perceptual phenomena as well.

The psychophysical evidence for the existence of spatial-frequency channels
is less clear-cut, however, than some investigators seem 1o believe, and the
probable properties of the channels are somewhat different from those frequently
assumed in discussions of visual perception. The purpose of this chapter is to
introduce and discuss the body of psychophysical evidence regarding spatial-
frequency channels in the hope that a clearer understanding of this evidence will
aid in developing and evaluating explanations of visual perception that depend on
spatial-frequency analyses.

First, the concepts of spatial-frequency analysis (that is, Fourier analysis} and
of spatial-frequency channels are briefly introduced. More extensive introduction
can be found in a number of places (¢.g., Comsweet, 1970; Graham, 1979;
Julesz, 1980a; Weisstein & Haris, 1980a). Then the varicus kinds of psycho-
physical experiments providing evidence for spatial-frequency channels are dis-
cussed at some length. After this section on psychophysical evidence, the probable
properties of spatial-frequency channels in the human visual system (or the
possible meanings of the phrase spatial-frequency channels) are described. Fi-
nally, a very brief section mentions several ways in which spatial-frequency
analyses might help in explaining perceptual phenomena.

Fourier Analysis

To understand Fourier analysis as applied 1o visual patterns, begin by considering
one simple pattern—a sinuseidal grating. A sinusoidal grating is a pattern that
looks like a set of blurry, alternating dark and light stripes. In such a patiern, the
luminance in the direction perpendicular to the stripes varies sinuscidally,
whereas the luminance in the direction parallel to the stripes is constant. As this
chapter is not concerned with color, we generally ignore wavelength, making the
assumption that the wavelength composition of the light is approximately the
same at every point of a pattern. Several parameters are used in describing
sinusoidal gratings. The one of most concern here is spatial frequency, which is
the number of cycles of sinusoid per unit distance or, in other words, the number
of dark-bar-light-bar pairs per unit distance. {The usual unit of.distance is a
degree of visual angle.) Spatial frequency and size of bar are inversely propor-
tional Lo each other; a grating of high spatial frequency has narrow bars, and a
grating of low spatial frequency has wide bars. The mean iuminance of a grating
is the average of the luminances at every point across the whole spatial extent of
the grating. The contrass of a grating is a measure of the difference between the
maximum luminance and minimum luminance, usually taken to be one-half that
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difference divided by the miean luminance. One of the atractions of sinuseidal
gratings is that the mean luminance of a grating can easily be held constant,
keeping the abserver in a relatively constant state of light adaptation, while the
contrast and spatial frequency are varied.

Now consider any visual stimulus, the luminance of which varies along only
one dimension {called a one-dimensional visual stimulus). As follows from a
thearem due to the [&th-century mathematician Fourier, any such stimulus can
be constructed by superimposing sinusoidal ratings of different spatial frequen-
cies, contrasts, and phases (posilions). Further, there is only one sel of sinusoidal
gratings that can be supcrimposed to [orm a particular stimulus. Thus, any
one-dimensional visual stimulus can be described as containing certain spatial
frequencies. The amount and phasc of cach spaltial frequency contained in a
stimulus (the contrast and phasc of the companent sinusoidal grating of that
spatial frequency) are given by the Fourier transform of the stimulus.

Analysis into spatial frequencies is nal restricted 1o one-dimensional visual
stimuli. Consider an ordinary black-and-white pholograph as an example of a
two-dimensional visual stimulys. Any such pattern can be constructed by adding
up sinusaidal gratings that differ in orientation as well as in contrast and phase.
The amount and phase of each spatial frequency at each orientation is given by a
two-dimensional Fourier transform. Fourier transforms can be computed in
higher dimensions as well,

For lack of space. this chapter cencentrates on one-dimensionai patierns dif-
{ering in spatial-lrequency content but identical in orientation. Many experiments
have used one-dimensional patterns ditfering in orientation but identical in
spatial-frequency content, and some experiments have used (wo-dimensional
patterns varying both in spatial trequency and orientation. The only discussion of
these experiments on orientation oceurs in the “‘Sensitivity Characteristics:
Bandwidth ™" section. The third dimensicn, depth, is ignored entirely.

Spatial-Frequency Channels

Lel's start by considering one cxtreme kind of spatial-frequency-channel model.
Consider a set of channels, each of which is sensitive 1o a very narrow range of
spatial frequencies. a range so narrow that the channel etfectively responds to
only one spatial frequency (the channel's characreristic spatial frequency). Sup-
pose that in response to a visual stimulus, the owtput of each channel is a single
aumber (or two numbers} propertionat to the amplitude (or amplitade and phase?
of the channel’s characteristic spatial frequency in the stimulus. Suppose also
that there exist a very large number of channels with characteristic I'ruquu.wws
covering the whole range of spatiai !'rcqucncic_s responded e ?'\ﬂ“.w "]]IL:I?.:T :.I:l::l[
system. Then. for any visual stimulus, the Tunction ruj,‘l'““.b ,l ].{,' ”_‘. _1_ o
ae . hannel s characteristic spatial lrequency i
I ouiputs) of each channel 10 H'm ) ; litude and phase parts} of the
good approximation of the émp“wdc par {O}; S Iil;mrefore. that such a set of
Fourier transform of that stimulus. One might say.
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channels actually performs a strict Fourier analysis. This exmreme kind of
spatial-frequency-channel model can be rejected easily, however, as a descrip-
tion of the bulk of psychophysical results.

Another gxireme kind of “spatial-frequency-channe! model’” claims only that
there are different subsystems sensitive 1o different ranges of spatial frequency. In
this sense, spatial-frequency channels certainly do exist, for individual neurons
are known to respond (o different ranges of spatial frequency. (See Movshon,
Thompsen, & Toelhurst, 1978, for example.)

Investigators ol visual psychophysics und perception, however, generally
want something more of spatial-frequency channels. They want these channels to
olay an important role in explaining visual phenomena. Whether such interesting
channels can reasonably be said to exist and, il so, what they are like are the
questions of concern here.

Because the search for empirical evidence in tavor of channels and the de-
velopment of alternative conceptions of the channels have proceeded concur-
rently, further discussion of the conrcept vl spatial-frequency channels 15 post-
poned until experimental results have been presented

PSYCHOPHYSICAL EVIDENCE
FOR SPATIAL-FREQUENCY CHANNELS

The use of spatial frequencies in describing visual stimuli is only wwo or three
decades old, and the papers explicitly proposing spatial-frequency channels in
the visual system are even more recent (Campbell & Robson, 1964, 1968;
Eproth-Cugell & Robson, 1966). In the short time since then, however, a great
deal of work has been done. 1 make no attempt, therefore, to mention all relevant
work but give references to the original studies and 10 representative recent ones.
This section of this chapter presents the major results from different Kinds of
psychaphysical experiments and outlings the usual argument made {rom each
kind for the existence of spatial-frequency channels. The next section deseribes
lentative conclusions drawn from these experiments about the properties of the
spatial-frequency channels.

Effect of Adaptation on Threshold Sensitivity
and Suprathreshold Perceived Contrast

In these adaptation experiments, the observer inspects a suprathreshold grating
(called the adapiing graring) for several minutes and then looks at anuther
grating (called the res graiing). As Pantle and Sekuler (1968) and Blakemore
and Campbell (1969} first showed, the contrast thresholds of test gratings close in
spatial frequency to the adapling grating ¢and identical in all characteristics other
than spatial frequency} are elevated afier adaptation while the thresholds of iest
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eanngs further away in spatizl frequency are unchanged. Similarly, the per-
senved contrast of suprathreshold test gratings close in spatial lrequency to the
xapung grating is reduced after adaptation, although the perceived contrast of
fest gratings turther away in spatial frequency is unchanged (Blakemore, Mun-
sev. & Rudley, 1971, 1973; Hertz, 1973).

These frequency-selective effects in adaptatiop experiments have often been
explained as the result of “‘desensitization'” (or *'differential fatigue” or “*adap-
nen 1 ol multiple spatial-frequency channels. If an individual channel adapts
ievomes less sensitive) afler a period of being excited, the channels responsive
w the adapting grating should be less sensitive after the observer inspects the
aapnng grating than they were before. The channels that are not responsive 1o
the mlapting grating should be unchanged by inspecting the adapting grating. On
the assumption (1) that detection of a grating occurs whenever the responsc of at
teast one channed is big enough and (2} that perceived contrast of a grating 1s
determined by the size of the response of the most responsive channel, this
desensitization explanation qualitatively predicts the observed results. Accord-
ingly. the properties of individuat channels (in particular. absolute or relative
dandwidths) have been inferred from selective adaptation results {e.g., Blake-
more & Campbel. [969; Graham. 1972). Although models of desensitization
¢vulid be developed 1o predict quantitatively the effect, for example, of changing
contrast n the adapting grating (analogous to Stiles” work on chromalic adapta-
tenlovery little theoretical wark of this sort has been done (but see Dealy &
Tothursi. 1974, and Graham, 1970).

Recent cxplanations of selective adaptation effects have tended to invoke
mhibition of one type or anolher rather than desensitization. [nhibilion has been
suested by evidence that adapting (o & combination of two frequencies pro-
duces Tess threshold elevation than adapling o one frequency alone (Nachmias,
Sansbury. Vassilev, & Weber, 1973: Stecher, Sigel, & Lange, 1973: Tolhurst,
19221, by consideration of the minimum amount of contrast needed in the adapt-
g granng (Dealy & Tolhurst, 1974), and by evidence that facilitation is oh-
served when test and adapting frequencies are very [ar apart (DeValois, 1977:
Todhurat & Barficld. 197%).

[f inhibition among channels is involved in the selective adaptation results, the
properties of individual channels cannot easily be deduced from these results, It
s ol ver clear, however, what kind of inhibiton, if any, is involved (Tolhurst &
Barficld, 1978},

A fow attempts have been made 10 extend these adaptation experiments o
wpenedic stimuli tike lines, edges, and random dots (Bagrash, 1973; DeValots &
Switkes. 1978; Fiorentini, Sireteanu, & Spinelii, 1976, Georgeson & Sullivan,
1975 Legge, 1976: Sullivan. Georgeson. & Oatley, 1972, Williams & Wilson,
1978110 spatial-frequency channels are important, one would expect the effzet
atany adaptation stimulus on a subsequent test stmulus to depend on the degree
i which the simuli share spatial frequencies. To a large extent, the experimental
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resulis agree with this expeciation. Tu compute exactly what effect one would
expect, however, is complex, The aperniodic sumuli have all contained 4 wide
range ol spatial frequencies. The computation, therelore, would invelve o larpe
number of channels, and the exact mechanism of the selective adaptation etfect iy
crucial. Litle such computation has been anempied. In any cuse, aithough the
experimental results are sumewhiat mixed, the cvidence they give of the impuor-
tance of spatial-frequency content seems quite good enough o encourage turther
gxploration,

As far as one can tell at present, the results from selective adaplution experi-
ments are consisient with the notion of spatial-frequency channels. Belore taking
these resuits as compelling evidence for the existence of such chunnels, however,
one should ascertmn that there s no other plausible explanation not involying
such channels. One explanation often mentoned in this and similar contexs
{(Harmis & Gibson, 196Y) is local point-by-point adaptation. This kind of adapla-
tion vould ovcur as peripherally in the visual system as the retinal receprors and
would not require any channels sclective for spatial frequency. Results using
stabilized-image techniques (Junes & Tulunay-Keesey, 1975) make this explanu-
tion upauractive, however. A second pussibility is the wodel formulated by
Wilson (1975) In thas muodel, there is selective sdaptation of the differei lengihs
of connections between neurons. Since all the neurons have receptive fictds of
the same size, some people would not consider this 10 be a multiple-spatiul-
frequency-channels model. {See the section entitled ' Summation at Threshold ™
for turther discussion of receptive-field sizes und spatiat-frequency channels.)
This model is not a viable aliernative either, however, because it cannot handle
some of the expertmental esully desenbed later, In shost, because the availuble
alterrative explanations for spatul-trequency -selective adaptation ettects van be
ruled out, the udaptation eflects du seem 1o be sirong evidence Tor the existence
of vhannely selectively sensitive 1o spatal frequency and active in psychophy si-
cal stuations.

Effect of Masking on Threshold Sensitivity
and Suprathreshold Perceived Contrast

In masking experiments, the detectability of ene stimulus (the resi stinmfis iy
measured n the presence of another (Ahe mask Seinndues). In some Cases. the
mask stimulus may precede or Tollow the test stimulus by a brief interval. { These
cases are clussitied here as masking experiments ruther than adaptation expen-
ments because 1t seems likely, from what 15 known regarding the time courses ot
the responses of spaval-lrequency chunnels. that the channels’ responses 10 1he
mask stimulus and o the wst stimubus do overlap in time. )} When gratings ire
used o masking experiments. there s i requeney-selective effect at threshald
resembling the effect in aduptation experiments: the threshold clevation iy, in
general lurgest when the frequencies of test and mask gratings are identical, This
is true whether the gratings overlap spatially {Legge. 1978; Mosiafavi & Sakri-
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son, 1976; Pantle, 1977; Sansbury, 1974; Stromeyer & Julesz, 1972; Tolhurst &
Barfield, 1978) or do not overlap spatially (Rogowilz, 1677, 1978), and whether
the mask grating is on continuously (¢.g., Pantle, 1977 or occurs briefly at the
same titne as the lest grating {e.g., Tolhurs( & Barfield, 1978},

Masking also alfects suprathreshold perceived contrast or clarity {Weisstein &
Bisaha, 1972 Weisstein & Harris, 1980; Weisstein, Harris, Berbaum, Tangney,
& Williams, 1977, White & Lorber, 1976). Very few frequencies of gratings
have been used in these suprathreshold experiments, but the available evi-
dence does show frequency-specific effects. Further, in Weisstein and co-
workers” experiments with aperiodic stimuli, the amount of masking depends
on the degree 1o which the spatial-frequency content of test and mask stimuli
overlap.

These frequency-selective masking effects are usually interpreted as evidence
for multiple spatial-frequency channels. presumably because it is difficult to
think of any acceptable explanation not involving multiple channels. This preva-
lent interpretation seems reasonable, but how multiple channels lcad to masking
effects is still unclear. Masking effects, like adaplation effects. could be caused
by (1) inhibition between the channels excited by the test stimulus and those
exicted by the mask stimulus, or (2) desensitization of channels excited by the
lest stimulus because these channels are also excited by the mask stimulus.
Masking effects could also be a result of some kind of interference when the
mask stimulus and the test stimuius excite the same channels, or of difficulty at a
higher-level decision stage in discriminating between the channels’ responses (o
the test stimulus and those 1o the mask. Although the clearest statements of
possible mechanisms for spatial-frequency-specific masking have usually postu-
lated inhibition among channels (Breitmcyer & Ganz, 1976, Rogowitz, 197§;
Weisstein, Ozog, & Szoc, 1975), the way in which this inhibition might work has
not been tharoughly specified, nor have other explanations been ruled out.

Several results that seem to challenge any multiple-channels explanation of
masking are worth mentioning briefly here. Masking occurs at periodicity fre-
quencies not actually present in the stimuli (Henning, Henz. & Broadbent,
L1975}, Tfacititation occurs for some combinations of mask and test frequencies
{Nachmias & Sansbury, 1974; Stromeyer & Klein, 1974; Tolhurst & Barfield,
t978); and there are phase-specific changes in the amount of facilitation between
i frequency and its third harmonic after adaplation 1o a square wave containing
both {Sansbury . Distelnorst, & Moore, 1978).

Effect of Adaptation and Masking on
Perceived Spatial Frequency

The experiments described earlier did not investigate directly the perception of
spatial frequency or of size. They Investigated directly the perception of
conirast—either the perceived contrast of suprathreshold stimuli or the physical
contrast of threshold stimuli. When (he perceived frequency of test gratings is
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itsell” measured, it too is affected by previous exposure 10 an adapting grating
(Blakemore, Nachmias, & Suttan, 1970; Blakemore & Suiton, {969) or by the
simultanecus presence ol a spatially nonaverlapping masking grating (Klein,
Swomeyer, & Ganz, 1974). Test gratings of frequencies somewhat higher than
the adapting or masking grating look even higher; test gratings ot somewhat
lower frequencies look even lower; and test gratings of the same or very different
frequencies seem unchanged.

The original explanation of this shift in perceived spatial frequency (Blake-
more & Sutton, 1969) borrows two of the assumptions used in the desensitization
explanations for the effects on threshold sensilivity and suprathreshold perceived
contrast; (1) that multiple spatial-frequency channels exist, and {2} that adapta-
tion to a pattern depresses the sensitivity of channels responding to that pattern.
A third assumpticn, about the determinant of perceived frequency. is also needed
to explain the shift in perceived frequency. (It takes the place of the assumptians
about the determinants of contrast threshold and perceived contrast that were
used in the earlier explanations.) Blakemere and Sutton (196G) assumed that
perceived frequency is equal to the best frequency of whichever channel is most
sensitive to the test grating (or perhaps to the frequency that equals some measure
of centrzl tendency of the distributicn of all responding channels), According 1o
these assumptions, adaptation depresses the sensitivity of the channels that re-
sponded to the adapting grating. Then, if the test frequency s close to the
adapting frequency, the distribution of responses to that test frequency over all
the channels will be different from usual, because the adapting grating will have
desensitized some of the channels. The perceived frequency, therefore, will be
biased away from the adapting frequency.

Unlike the correspending assumptions about threshold and perceived contrast,
this assumption about the determinant of perceived frequency requires that the
output signals from different channels nor be completely interchangeable. Any
channel at all can be made to signal a threshold response or signal any given level
of perceived contrast (by adjusting the contrast of the stimul; appropriately). But
there is na way, according to this assumption about perceived frequency, that
channels having different best frequencies can signal the same perceived fre-
quency. Channels having best frequencies near a low spatial frequency, for
example, cannot signal the same perceived {requency as channels having best
frequencies near a high spatjal frequency. In other words, to explain the shift in
perceived spatial frequency, the channels are assumed not only 1o be selectively
sensirive 1o spatial frequency but also to selectively signa! spalial frequency.

Although the foregoing explanation of shifts in perceived spatial frequency is
satisfactory at a qualitative level, there is some question as to its ability to
account quantitatively lor both threshold elevations and perceived spatial-
frequency shifts simultaneously (Klein et al., 1974), Surprisingly liule work has
been published about the shifts in perceived spatial frequency, however, so one
cannot be sure of the data, much iess of the explanation.
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Contingent Afteretfects of Adaptation

» the ap-
Pearance of a iest grating that |ookeg while and black Previous to adaptation

depends on its spatial frequency. (A} gratings are of the Same orientation. ) If the

red-and-black adapting grating), the Previously white barg will now appear
faintly colored with a hue roughly complementary to thay iq the adapting grating
{e.g., a faint green). If the frequency is slightly different from the adapting
frequency, the colored aftereffecy will be even fainier. These colored aftereffects
contingent op spatial frequency, which are analogous 1o the original colored
aftereffects contingent on orientation demonstrated by McCoIlough {1965, have
been demonstrated in 4 number of studieg {Green, Corwin, & Zemon, 1976:
Harris, 1970 Y971 Lovegrove & Over, 1972 May & Matieson, 976
Stromever, 1972, Teft & Clark, 1968). Contingent aflereffects can alsg be pro-
duced using orientation and spatial frequency, with the perceived Orientation
contngent on the stimulyg spatial frequency or vice verse (Wyart, 1974).
Colored aftereffects contingent joinily on arientation and spatial frequency have
also been reporeq (Wratt, 1974,

These contingen afiereffects are sometimes qualitatively explained in a fash-
fon similar to (hat used for explaining the perceived shifts in spatia) frequency.
The expianation invokes multiple channels selectively sensitive 1o narmow ranges
af color, orientation, ang Spatial frequency (see Sigel & Nachmias, 1975,
or Wyatt, 1974, for example). The channels are assumed 1o signal vajues selec-
tively along each dimension. For example, the percejved value along a given
dimension might be determined by the channej respending most to the stimulus
or by some measure of central tendency of the distribution of responding chan-
nels. Adaptation is assumed 1o desensitize (he channels responding 1o the adapt-
ing grating. Therefore, afier adaptation 1o a red-and-black, low—spanaI-Frequency
grating, for example, the channels sensitive to ‘'reg*” wavelengths and low
spatial frequencies wij) be fatigued. A white-and-black, tow-spalial-frequency
test grating will elieit less response from those channels sensitive to ‘‘red"
wavelengths and low spatial frequencies than it usually does. Thus the perceived
color will be biased away from red toward the complement of red, and white bars
of the test grating will logk faintly green,

These contingent afiereffects have certain properties that, (o some people at
least, seem odd if the aftereffects come from desensitization of sensory channels
(Mavhew & Anstis, 1972). For example, contingent aflereffects |ast for weeks or
even months (Jones & Holding, {975, Riggs, White, & Eimas, 1974}, and there
5 a report thay they can be produced by imagining the color in the adapting
stimuli (Finke & Schmidt, 1977). Thege properties have led 1o (he Supgestion that
the contingent aftereffects are examples of learning, with the frequent impiica-
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tion that they may not demonstrate the properties of sensory channels at all
(Harris, 1979, Mayhew & Anstis, 1972; Murch, 1976; Skowbo, Timney, Gentry
& Morant, 1975}, There is something appealing about the suggestion that **learn-
ing™" or long-term changes in the nervous system are involved, but even if the
effects are examples of learning, they may well demonstrate the properties of
sensory channels. In order to learn, a learner must have input of some sort, and
the form of that inpul must place restrictions on the form of learning.

Summation at Threshold

The experiments described so far all involved adaptation or masking. The exper-
iments described next, however, do not. Rather, with the observers in what is
assumed to be a neutral state of pattern adaptation, the detectability of compound
paiterns containing two or more component patterns is compared to the detecta-
bility of each of the component patterns alone. Underlying these experiments is
the assumption that when two components excite the same channel, the results
should show substantial *‘summation.”” In other words, 8 compound pattern
containing two or mere component patterns that excite the same channel should
be a good deal more detectable than either component alone (because a single
channel sheuld be responding more to the compound than to either component).
When the components excite different channels, however, the compound should
be little or no more detectable than the most detectable component, because no
channel responds more to the compound than to one of the components. (There
may be a slight increase in detectability due to ''probability summation’ '—that
is, ta the fact that two or more groups of channels may each have an independent
chance to detect the compound pattern, whereas only one group of channels has a
chance to detect a component by itself.)

Of all the kinds of experiments on spatial-frequency channels, these experi-
ments exploring summation at threshold are the most extensive and the most
quantitative. It is impossible 1o describe and review them adequately here. I have
elsewhere (Graham, 1979} provided an introduction to these experiments anc to
the models describing them. For cur present purposes, the most important
summation-al-threshold experiments are those using cambinations of sinusoidal
components. These *‘sine-plus-sine’ experiments have provided some of the
strongest support for the notion of multiple spatial-frequency channels, A com-
pound grating containing two or three sinusoidal components of very different
frequencies is only slightly more detectable than its most detectable compenent;
further, the detectability of such a compound grating does not depend on the
relalive phase of its componems (Campbell & Robson, 1964, 1968; Robson &
Graham in Graham, 1979; Graham & Nachmias, 1971, Graham, Robson, &
Nachmias, 1978, Kulikowski & King-Smith, 1973; Lange, Sigel, & Stecher,
1973; Mostafavi & Sakrison, 1976; Pantle, 1973; Quick & Reicherr, 1975
Sachs, Nachmias, & Robson, 1971). Such results are inconsistent with large
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classes of models postulating only a single channel but are consistent with
models postulating multiple channels, each sensitive to a different range of
spatial frequency.

Conceptual and experimental progress is being made on the specification of
the exact properties of these channels. As several multiple-channe! models have
been refuted by summation-at-threshold experiments, the class of acceptable
models has become better defined, The model that is emerging is usually de-
scribed in terms of neural receptive fields, much as Thomas (1970 did (although
& commitment to particular physiology is often not implied). In thig description,
each spatial-frequency channe! contains a collection of *‘neural units®® (or
"'nevrons ' or **detectors’), all with receplive fields of the same size. A collec-
tion of neural units with receptive fields having large excitatory centers is part of
a tow-spatiai-frequency channel; a collection with receptive fields having smaller
excitatory centers is part of a higher-spatial-frequency channel, and so forth. In
one version of this model, the response of any one neural unitto a given pattern is
variable, and the vartability in different neural units is uncorrelated. An observer
is assumned to detect a patiemm whenever the respanse of at least one neural unit
exceeds some threshold value. With these models, the detection thresholds of a
large variety of patterns (periodic, aperiodic, and combinations thereof) can be
quantitatively accounted for (for example, Graham, 1977; Quick, Mullins, &
Reichent, 1978: Robson & Graham, 1978; Wilson & Bergen, 1977).

It is important to remember that at best, these summation-at-threshold exper-
iments tell us about the relative sensitivity of different channels o different
slimuli. Tae only signaling assumption required to explain these experiments is a
simple one like: “*An abserver detects a patietn whenever at least one channel
does.” For these experiments, there is no need to assume that the output signals
from different channels have qualitatively different perceptual consequences
(much less to specify what the perceptual consequences actually are) and, there-

fore, no need to assume that the observer can even tell the signals from different
channels apart.

Other Kinds of Psychophysical Experiments

The results of several other kinds of psychophysical experiments have been
intecpreted in terms of spatial-frequency channels. If all psychophysical experi-
ments could be aranged on a continuum from “'sensory "’ through *‘perceptual "'
lo “cognitive,” the ones described next would be further from the sensory end
than the vnes already described. An attempt to explain perceptual phenomena
with the help of spatial-frequency analyses might well begin with a careful
investigation of some of the results described next.

Uncertainry Effects,  An observer's ability to detect a grating seems to de-
pend on whether or not he or she expects a grating at that spatial frequency. More
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specifically, it depends on whether gratings of only one frequency are presented
in a block of two-alternative, forced-choice trials or whether gratings of several
frequencies are presented in random order on different trials of a block. The
observer will be correct more often when the frequency is presented alone in a
block than when it is intermixed with others (Graham et al., {978).

Analogous uncenainty effects in the auditory domain have been interpreted by
hypothesizing that the observer can pay attention to channels tuned to the appro-
priate frequency and thus avoid ‘false alarms’ due to noise in other channels
{Green & Swets, 1966). When frequencies are intermixed in a block, the ob-
server must pay attention to a greater number of channels. One form of auditory
experiment used unbalanced, intermixed blocks in which stimuli of one fre-
guency, the “'primary”’ frequency, were much more frequent than stimuli of any
other frequency (Greenberg & Larkin, 1968; Macmillan & Schwartz, 1975).
During such blocks, the observer would be expected to pay most attention to the
channel tuned to the primary frequency. Then, detectability of stimuli that are
processed by the same channels as the primary frequency should be less affected
by the uncertainty of the intermixed condition than detectability of stimuli out-
side those channels’ range. As expected, the effect of uncertainty is frequency
selective, with the effect being least (the difference between alone and inter-
mixed blocks least) at the primary frequency and becoming greater as the
stimulus frequency moves away from the primary frequency. Recently, this
frequency selectivity has also been obtained with visual spatial frequency (Davis
& Graham, 1979).

Summation of Suprathreshold Contrast.  In an extension of the summation-
at-threshold experiments to a suprathreshold case, the perceived ‘‘overall con-
trast’’ of compound gratings containing two sinusoidal components widely sepa-
rated in frequency was compared to that of the components alone (Arend &
Lange, 1978, Hamerly, Quick, & Reichert, 1977; Quick, Hamerly, & Reichern,
1976). The perceived contrast of the compound was independent of the relative
phase of the components and equal to the sum of the perceived contrasts of the
components presented alone. Because the perceived contrast of any sinusoidal
component was & very nonlinear function of physical contrast, accelerating
quickly near thresheld, the perceived contrast of a near-threshold compound was
almost completely determined by the component with the greater perceived con-
wrast. These results can be explained by assuming that perceived overall contrast
is determined by summing the outputs of muliiple spatial-frequency channels,
where the output of each channe! is a nonlinear function of contrast. The results
of a study using gratings containing 10 sinusoidal components can also be ¢x-
plained this way (Abel & Quick, 1978}.

Recognition Near Threshold. Several interesting and suggestive aspects of
the recognition of near-threshold grating patterns have recently been discovered.
For near-threshold sinusoidal gratings, an observer can recognize which of two
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widely separated frequencies is being presented just as well as he can detect that
any pattern is there a1 all (Furchner, Thomas, & Campbell, 1977, Nachmias &
Weber, 1973). Further, there is a range of near-threshold contrasts for which—
although the observers can easily iell that a compound grating containg two
frequencies (they cen discriminate the compound from either frequency
alone}—he cannot 1¢ll the relative phase of the (wo frequencies in the compoeund
{(Nachmias & Weber, 1975).

These recognition results are easily explained by multiple spatial-frequency
channels if the ohserver can tell which channels are responding to a stimulus but
cannot tell the relative phase of frequencies responded to by different channels. It
is difficult, however, to imagine a single-channe| model
these results, for in most such models, frequency would be recognized on the
basis of the response magnitudes at different spatjal positions. For example, if
peak responses occurred every one-third of a degree, the frequency would be
recognized as 3 cycles per degree. But if observers can keep track of response
maghitudes at different positions, they could probably recognize phase as well as

frequency, because changing the phase changes the pattern of response mag-
nitudes.

that would account for

If two frequencies are quite close, an observer cannol always recognize which
of the two frequencies is being presented (Hirsch, 1977; Thomas & Barker,
1977). This is the expected result, a5 the two freque

ncies sometimes excite the
same charinel.

Masking the Recognizability of Faces.  On the basis of the masking results
described earlier, one might expect that adding spatial frequencies near the
frequencies in a photograph would interfere with the perception of the photo-
graph more than adding other frequencies. Masking patterns of different spatial-
frequency content were added to a photograph of Abraham Lincoln {Harmon &
Julesz, 19733, {nspection of the resulting pictures shows that the recognizability
of & portrait is greatly impaired by added frequencies close to the frequencies in
the portrait but is much less impaired by frequencies Farther away. How the
perception of faces might be described in terms of oulputs from spatial-frequency
channels (or in any terms whatsoever) is far from clear. This demonstration is
consistent, however, with the notion that channels selectivel

¥ sensitive to spatial
frequency are involved in the recognizabitity of faces.

Unstable Appearance of Compound Patterns. The appearance of a com-
pound grating composed of widely separated spatial frequencies fluctuates (AL-
kinson & Campbell, 1974, Campbell & Howell, 1972). Sometimes the obhserver
Sees ONg COmMponent; sometimes the other; sometimes both. If the component
frequencies are close together, however, the appearance is stable. These effects

are interpreted as the result of alternation between the outputs of different
spatial-frequency channels
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Afterejfects Seen on Blunk Fields.  Although many effects of adapting 1o
gratings have been extensively investigated (as was described earlier), the
spatial-frequency analogue of ordinary colored afterimages has not. Relatively
little attention has been paid to the perceptions of an observer présented with an
unpatterned field after Jong exposurs to an adapting grating. The perceptions of
this sort that have been reported and also some experienced during inspection of
the adapting grating seem much more complicated than colored afterimages
(Georgeson, 1976a, 1976b). Calling them *‘psychophysical hallucinations,”
Georgeson attributes them to antagonism between groups of orientation and
spatial-frequency channels (but see MacKay & MacKay, 1976).

Texture Matches.  In an experiment analogous to color maiching, observers
were required to match the appearance of suprathreshold texiure patterns with
mixtures of a few *‘primary’’ sinusoidal gratings of different spatial frequencies
{Richards & Polit, {974). The observers seemed to need only four different
frequencies to make these marches. By the same logic thar is used in color
matching, these results were interpreted as demonstrating the existence of four
(or more} spatial-frequency channels. These channels are not only selectively
sensitive to spatial frequency; they also selectively signal spatial frequency.

Perceived Similarity of Textures. In arelated experiment, a set of 30 texture
patterns made up of combinations of seven spatial frequencies was used (Harvey
& Gervais, 1977). Observers judged the perceived similarity of pairs or tripleis
of these patterns. Multidimensional-scaling representation of these data showed
that a three- or four-dimensional space could account for the structure of the

similarity judgments, as is consistent with an explanation based on three or four
spatial-frequency channels.

TENTATIVE CONCLUSIONS ABOUT
THE PROPERTIES OF
SPATIAL-FREQUENCY CHANNELS

A century from now, the theory of visual perception may nol even mention
spatial-frequency channels. Their importance has certainly not been demon-
strated conclusively or even compellingly. Further, even if the best explanation
of each of the various psychophysical results already described does wmn out 1o
te spatial-frequency channels, the channels that explain one result {threshold
elevation due to adaptation, for example} will not necessarily be the same as
those that explain another (recognition near threshold, for example), and the
interrelationship of the different channels may be quite complicated. Still worse,
none of the channels may be of any significance in explaining everyday visual
perception.
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Keeping these cautions in mind. ] would like to describe tentatively the
picture  of spatial-frequency channels that iy beginning 10 emerge  from
psychophysical studies, with an emphasis on the aspects that seem relevant (o
spatial-frequency analyses of perceptual phenomeny. In presenting such a pic-
ture, I do, of course, use personal judgment in welghing conflicting results. Lot
me point out that my bias Favors summation-zi-threshold experiments because
those are the ones most extensively and quantitatively studied.

This description of spatial-frequency channels starts with what little is known
about their sigraling characteristics and the rules for combining their outputs,
This is followed by a discussion of what is known about their interactions with
one another. Channels® sensitivity to different stimulj {including their
bandwidths and temporal properties) is ihen described at some length, The sec-
tion ends with a brief discussion of how many channels there nright be,

Signaling Characteristics and Combinaticn Rules

If spatial-frequency channels are 1o explain perceptual phenomena, it is essential
to answer the question of the pereeptual consequences of the output from these
channels. One aspect of this general question is that of signal form. Can the
output of a channe] (at any moment) be represented by a single number giving the
magnitude of response? Or should the output be thought of as a function giving &
number for ¢ach spatial position? {The number for a particular position could be
the magnitude of the response of the neural unit having the receptive field that is
located at that position and of (he appropriate size for the channel in quéstion. ) Or
does the output from a channel have some totally different set of characteristics?

Another aspect of the question of perceptual consequences is the issue of
combination rules. How do the outputs from different channeis combine or
cooperale to determine the observer's response’” Whal happens to the outputs of
the set of spatial-frequency channels. ustally conceived of as being relativeiy
Tearly’in the information-processing hierarchy or relatively “peripheral in the
nervous syslem, as they enter into complicated perceptual and cognitive oper-
ations? (The question of combination rules is at least partially confounded with
the question of direct influence from one channe! on another. In most cases, il
will be difficult to decide whether an observed interaction occurs al the higher
level embodied in the combination rules or at Lhe level of the channels.)

Unfortunately, very little is known about the percepiual conseguences of the
QUtpUL signals from the spatial-frequency channels. Several potnts are worth
making, however.

In discussion of color channels, the observer is frequently assumed to see a
particular color whenever a particular channel responds. In some opponent-color
theories, for example, the obscrver sees amounts of red (or green), blue (or
yellow}, and white (ar black) that are proportional to the magnitudes of positive
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{or negative) outputs from the red-preen, blue-yellow, and white~black channels
respectively. In other words, any palch of color is thought 10 be perceprually
analyzable into the component perceptions of red (or green), blue (or yellow),
and black {or white), and these component perceptions correspond 10 the outputs
of different channels (Hurvich & Jameson, 1974). In the case of spatial-
frequency channels, however, it would not be reasonable to assume that a person
sces a grating of & particular spatial frequency whenever a particular channel
responds. Such an assumption is clearly inconsistent with everyday perceptions;
the world does not, in general, look like supetimposed gratings. More promising
signaling assumptions are available.

The case of spatial frequency in vision may be similar to the case of frequency
in audition. A compound grating consisting of two widely separated spatial
frequencies can be seen as the juxtaposition of two sinusoidal gratings of dif-
ferent spatial trequencies, just as an auditory stimulus consisting of two widety
separaled frequencies can be heard as a chord of two tones of different pitches.
Landscapes do not look Hke superimposed gralings, however; nor do spoken
sentences sound like series of overlapping chords.

The example of color channels illustrates another point. In addition to the
three opponent channels alrcady referred to, there are indubitably at least three
pigments serving color vision. These pigments are, of course, selectively sensi-
tive to wavelength. Further, they signal wavelength selectively in the sense that
the output signal from one pigment is not completely interchangeable with the
output signal of another pigment at some point upstream (for normal observers).
The output signal from any one pigment, however, does not correspond to any
one of the perceptual components of color. In short, according to modern theory,
there are at least two levels of color channels; both levels are selectively sensitive
to wavelength and selectively signal wavelength, but only the higher level pro-
duces output signals that cerrespond in any simple way to perceptual components
{Hurvich & Jameson, 1974). There is every reason to suspect that the processing
of spatial-frequency information is at least this complicated, for we de not even
have a clear idea of whal the perceptual components of pattern or spatial vision
might be.

Interesting answers (o these questions of spatial-frequency channels’ signaling
characteristics and combination rules could be provided by psychophysical re-
sults that imply selective signaling of spatial frequency. The perceived spatial-
frequency shift, the contingent aftereffects, and the recognition-near-thresheld
results are examples of such results and do suggest strongly that selective signal.
ing exists. Unfortunately, most results of this kind have not yet been thoroughly
investigated or are equivocal in the sense of being difficult to explain guantita-
tively within a multiple-channels framework.

Signaling characteristics are mentioned again in the section on temporal sen-
sitivity characteristics,
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interactions Among Channels

The contrast thresholds of observers in a neutral state of pattern adaptation are
consistent with channels that are independent of one another (see Graham et al.,
1978, for example). This independence is of two kinds. First, there is probabilis-
tic independence. The variability in the response of a channel to repeated presen-
tations of the same stimulus is completely uncorrelated with the variability in
every other channel’s response; or, as is often said, there is probability summa-
tion among channels, Second, there is noninteraction among the average re-
sponses of different channels. That is, the average response of a channel ta a
stimulus (averaged over repeated presentations of the same stimulus) depends
only on that channel's sensitivity to the spatial frequencies contained in the
stimulus and is not influenced by how much or how little any other channel
responds to that stimulus.

Several results are not easy to explain if the channels are always independent.
In particular, several of the masking and adaptation resulis described earlier,
where one of the patterns involved is suprathreshold or the cbserver is not in &
neutral state of pattern adaptation, seem inconsistent with independent channels.
Consequently, various forms of nonindependence have been proposed. Inhi-
bitory interactions are the current favorite. The exact nature of this inhibition has
not been specified, hawever. To put it another way, it has not yet been demon-
strated that inhibition among channels could rigorously account for even one of
the results it is invoked to explain, much less that one kind of inhibition could
account for several of the results, Such a demonstration would handsomely repay
the work necessary to attempt it

Sensitivity Characteristics

Several types of psychephysical results imply channels that are selectively sensi-
tive to spatial frequency without, however, implying channels that selectively
signal spatial frequency. Many of these expertments (e.g., summation-at-
threshold, effect of masking, and adaptation on thresholds) have been done and
done carefully. They give us a goad deal of information about the sensitivity of
spetial-frequency channels te different stimuli.

Bandwidth.  How large a range of spatial frequencies does an individual
channel respond te? The very smallest estimates of bandwidth come from the
original interpretations of sine-plus-sine summation-at-threshold experiments
(Kulikowski & King-Smith, 1973; Quick & Reichert, 1975; Sachs, Nachmias, &
Robson, 197]), but even according to these estimates, the range of frequencies
responded to by an individual channel was not very narrow. Recent interpreta-
tions of sine-plus-sine experiments, which take into account independent var-
iability in the responses of neural units at different spatial positions (Graham &
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Rogowitz, 1976; Mostafavi & Sakrison, 1976; Quick et al., 1978} and also the
interpretations of adaptation, masking, and near-threshold recognition experi-
ments (see references given earlier), suggest a medium bandwidth (perhaps an
octave at half amplitude).

Suppose (as was suggested in the earlier section, **Summation ar Threshold")
that a channel is conceived of as a collection of neural units having receptive
fields that are identical in all properties except visual field location. Then one can
interpret the bandwidth of a channel in terms of these receptive-field properties.
Each receptive field has an excitalory center and inhibitory flanks and may have
further secondary excitatory and inhibitory sections. The frequency responded to
maximally by a channel is determined by the size of the receptive-field sections,
with larger sections corresponding (o lower frequencies. The bandwidth of a
channe!l is determined by the number of sections in each receptive field. A
channel in which each receptive field has only an excitatory center and inhibitory
flanks responds to a relatively wide range of spatial frequencies. As secondary
excitatory and inhibitory flanks are added to the outside of each receplive field,
the range of frequencies (o which the channel responds shrinks. In general, the
greater the number of subsections in the receptive field, the smaller the range of
frequencies; for if there are a very large number of subsections, even a small
change in stimulus frequency away from the channel’s best frequency produces a
mismaich between the stimulus and the receptive field. (See Graham, 1979, for
further explanation.) A bandwidth of about an octave correspends to receptive
fields that have an excitatory center, inhibitory flanks, and, perhaps. secondary
excitatory outer flanks.

For a complete description of the sensitivity characteristics of a channel, one
needs to know the orientation bandwidth as well as the spatial-frequency
bandwidth; in other words, one needs to know the region in two-dimensional
Fourier space to which the channel is sensitive. In terms of receptive fields, one
needs to know how elongated the excitatory and inhibitory regions of the field
are. [f they are very long relative to their width, the receptive field will respond
only (o & very limited range of orientations. Al the other extreme, if the excitat-
ory and inhibitory regions are circular and concentric, the receptive field will
respond equally well to all oriemations. Much psychophysical evidence suggests
that the channels respond only to a limited range of orientations. The natrowest
orientation bandwidth estimates come from the original interpretations of
summation-at-threshold experiments. More recent interpretations of these exper-
iments and also of the results of selective adaptation and masking experiments
suggest a rather broader bandwidth. (Many references are relevant here, but for
lack of space, eonly a few representative ones can be given: Blakemore, Car-
penter, & Georgeson, 1970, Blakemore, Muncey, & Ridley, 1973, Blakemore &
Nachmias, 1971; Campbell & Kulikowski, 1966; Eliis, 1977; Kulikowski,
Abadi, & King-Smith, 1973; Thomas & Shimamura, 1975; Tolhurst &
Thompson, 1975.)
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In@ny case. an individual channpel certainly responds to more than a single
spatial frequency and (0 more than z single orientation. The set of spatial-
frequency channels is certainly not doing a strict Fourier analysis in the sense of
the extreme model presented in the introduction.

Nonuniformite of the Visua! Field. The vistbility of high spatial frequencies
relative 1o low ones decreases as one goes from the center to the periphery of the
visual field. To account for this, the relative sensitivities of different spatial-
frequency channels musr shift as one goes Ttom the cenler to the periphery. The
quantitative description of this inhomogeneity is beginning to be worked out
(e.g., Limb & Rubinstein. 1977: Robson & Graham, 1978 Wilson & Bergen,
Y977, Wilson & Giese, 1977). This nonuniformity of the visual field is not so
great, however, s (o scparate spatially the channels sensitive 1o dilferent fre-
guencies. At each location in the wvisual Tield, there must be more than one
responsive spatial-frequency channel or, in other terms, more than one size of
receptive field (Graham et al | 1978).

Temporal Sensitivity Charactaristics

Fast and Stenw Responses. Trade-offs between temporal and spatial visual
resolution have fong been noted. This spatiotemporal trade-oft is evident in the
different temporal characteristics of the visual system’s responses to different
spatial frequencies. The responses to low spatial frequencies are, in gencral,
“laster™ than the responses Lo high spatial frequencics. Let me distinguish
amang four possible ways in which responses might be *“fast®" or ~“slow " before
discussing the lemparal characteristics of differen spatial-frequency channels.

Three ol the ways concern responses to stationary stimuli. Consider the re-
sponse to the ensel of 4 stationary, long-duration stimulus. First, there may be a
delev between the onset of the stimulus and the onsel of the response. Second,
there will be a rese rime during which the response goes fraom zero Lo its peak.
Third, after reaching its peak. the response may continue at the peak level, in
which case we will call the response perfectly susieined; it may decay back to
rero. e which case we will call it perfectly transient; or it may decay back 1o an
intermediate level, in which case we will call it relatively sustained or relatively
transient depending on whether the intermediate level is close to the peak level or
to zero. In general, responses having shorter delay times, shorter rise times, or
more transient time courses might be called “faster. ™ Analogous distinclions can
be made about the responses to the ofisets of stationary stimuli,

If the system under consideration 1 linear or approximately lincar. there is
another way of describing the preceding three senses of “‘Tast. ' Instead of
deseribing the system’s responses 1o stationary stimuli, one can describe its
responses to stimali flickering or drifting at dilferent temporal frequencies. Delay
time o a stationary stimulus translates into phases of responses o different
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temporal frequencies. Rise time translares into the high-temporal-frequency
cutoff. The shorter the rise time, the nigher the 1emporal frequencies tc which the
System can respond. Finaliy, a perfectly sustained response to a stationary
stimulus corresponds to a compiete absence of low-temporal-frequency decline
(i.e., of decline in the system’s sensilivity as one goes from medium to low
temporal frequencies). In this case, the system responds equally well to all low
frequencies. The more transient the response becomes, the more pronounced the
low-frequency decline.

A fourth possible sense of '*fast ™ depends on the responses to movement. The
higher the rale of movement a channel is sensitive to, the faster the channel's
responses might be said to be. If a channel is a linear system, its sensitivity fo
moving stimuli will be predictable from iis tempaoral-frequency characteristics,
and this fourth sense of ““fast"* will be closely related to the second—that is, w0
the rise time or high-temporal-frequency cutoff. The channel may not be linear,
however, if, for example, it is truly directionally selective in the sense of re-
sponding best to one particular direction of motion, whatever the polarity of
conirast in the moving stimulus. (See discussion in King-Smith & Kulikowski,
1975.) In that case, this fourth sense of fast is not equivalent to the first three,

Psychophysical Evidence for Spatiotemporal Interaciion. A priori, these
four meanings of **fast’* do not necessarily go together. A channel may have, for
example, a fast delay time and a slow rise time. As far as can be rold from the
limited psychophysical evidence available, however, channels sensitjve (o low
spatial frequencies are faster in all four ways than channels sensitive (o high
spatial frequencies. Let's briefly review that evidence.

Both the longer reaction times to high-spatial-frequency gratings than to low-
(Breitmeyer, 1975; Lupp, Hauske, & Wolf, 1976; and Vassilev & Mitov, 1976}
and the precise timing of metacontrast effects using sinusoidal gratings as stimuli
(Rogowitz, 1977, 1978) suggest that the time to the peak of a channel's response
(delay time plus rise time) gets longer as the characteristic frequency of the
channel gets higher.

Measurements of sensitivity to sinusoidal gratings presented with various time
courses indicate that as the spatial frequency gets higher, the rise time of the
response becomes longer (the high-tcmporal-frequency cutoff moves to lower
temporal frequencies), and the response becomes less transient (the low-
temperal-frequency decline becomes less Pronounced). Sensitivity has been
measured for gratings flickering or drifting at different rates (e.g., Robson, 1966
Van Nes, Koenderink, Nas, & Bouman, 1967, Watanabe, Mori, Nagata, &
Hiwatashi, 1968), for stationary gratings exposed for different amounts of time
fe.g., Legge, 1978; Nachmias, 1867; Schober & Hilz, 1965, Tynan & Sekuler,
1974), for gratings exposed twice with various interstimulus intervals (Breit-
meyer & Ganz, 1977, Watson & Nachmias, 1977), and for a long exposure of a
grating combined with a shor exposure at varieus onsel asynchronies (Tolhurst,
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1975b). Also, the varying shapes of reaction-time distributions to gratings of
different spatial frequencies suggest that the response to low-spatial-frequency
gratings is more transient than the response to high (Tolhurst, 19735a). A similar
conclusion may be drawn from studies of stimuli with specially designed time
courses (Breitmeyer & Julesz, 1975; Wilson, 1978: and Wilson & Bergen,
1577).

For a discussion of evidence relevant to the fourth sense of “*fast,” which
depends on the responses to moving stimuli, see Sekuler and Levinson (1977
and Sekuler, Pantie, and Levinson {1978). MacLeod (1978} reviews recent
physiclogical as well as psychophysicai evidence on spatiotemporal interaction.

Are There Only Two Kinds of Temporal Channels?  As we have seen, there
is an interaction between spatial and temporal visual sensitivity. Within a
multiple-channels framework, this interaction can be expressed by saying that the
tow-spatial-frequency channels tend to be faster than the high ones. The details
of this interaction are far from clear, however. Let me describe two rather
different possibilities, neither of which I would be comfortable rejecting on the
basis of current evidence.

One possibility is that there are only two kinds of temporal characteristics an
individual channel can have. A channel’s temporal characteristics can either be
slow (sustained) or fast (transient}. At the lowest spatial frequencies, there are
only fast channels. Al the highest spatial frequencies, there are only slow chan-
nels. For a wide range of intermediate spatial frequencies, there exist both slow
and fast channels sensitive to each spatial frequency. As one changes spatial
frequency in this range, the relative sensitivities of the slow and fast channels
change dramatically (and their temporal characleristics may change a little). [ am
not sure that any investigators have proposed exactly this scheme, but sugges-
tions of Kulikowski and Tolkurst (1973}, Breitmeyer and Ganz (1976), Rogowitz
{1977, 1978), and Watson {1977, 1978) are of this general sort,

The second possibility is that there is a continuum of kinds of temporal
characteristics an individual channel can have, ranging from slowest (perfect
sustained) to fastest (perfectly transient). At each spatial frequency, there is only
one channel. The temporal characteristics change continuously from fastest to
slowest as spatial frequency changes from lowest to highest.

Although these two possibilities seem quite different from each other, they
both can account for the gradual change of temporal characteristics measured
psychophysically as spatial frequency is changed. In fact, remarkably little evi-
dence exists favoring one or the other possibility. One basic difference between
the two possibilities is that the first but not the second postulates the existence of
two distinct channels having the same preferred spatial frequency but different
temporal characteristics. Watsan (1977, 1978) found some evidence for the
existence of two temporal channels at a single spatial frequency by measuring
sensitivity to compound stirmuli containing two flickering sinusoidal components
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of different temporal frequencies but the same spatial frequency. Further, some
resuits from metacontrast experiments with pieces of sinusoidal gratings as
stimuli are diffieult to interpret unless there are two different temporal channels
at a single spatial frequency (Rogowitz, 1977, 1978).

Another difference between the two possibilities is that the first, but not the
second, divides the whole set of channels into two distinet groups on the basis of
temporal characteristics and therefore suggests that these two groups serve two
distinct functions. Perhaps {e.g., Breitmeyer & Ganz, 1976: Kulikowski &
Tolburst, 1973; Tolhurst, 1973) the set of faster, low-spatial-frequency channels
is specialized for detecting tempaoral changes (as in moticn perception, control of
eye movements, and global processing of new scenes), whereas the set of slower,
high-spatial-frequency channels is specialized for detecting spatial changes (as in
pattern recognition, form perception, and local scrutiny of scenes).

If this distinction in function is valid, these two different groups of channels
may have different signaling characteristics—that is, produce different percep-
tions. One difference between two perceptions is often taken as support for the
nation of twe distinet groups of channels. Observers are said 1o be able to
distinguish between a perception of ““mgvement”” or **flicker™ and a perception
of “‘pattern,”’ and 1o be able to set a threshoid corresponding to either (e.g.,
Hood, 1973; Keesey, 1972; Van Nes et al., 1967 Watanabe et al., 1968).
Assuming that these two different perceptions indicate which of the two Broups
of channels—fast or slow—is determining threshold, several investigators have
used the two different thresholds to explore the spatiotemporal sensitivity of cach
group of channels (King-Smith & Kulikowski, 1975; Kulikowski & Tolhurst,
1973; Tolhurst, Sharpe, & Hart, 1973). This distinction betwseen two different
perceptions near threshold may correspond to other distinctions between percep-
tions of movement that have also led people to postulate twa subsystems—one
for handling movement irrespeciive of form, and one in which form is involved
(Pantle & Picciano, 1976; Rashbass, 1968; Saucer, 1954).

The three pieces of evidence just summarized seem to favor the first possibil-
ity described—a dichotomy between slow and fast channels—over the second
possibility—a continuum of temporal characteristics. Caution should be main-
tained, however, as the temporal summation effects obtained by Watson are
small; the metacontrast timing effects obtained by Rogowitz are small, the
phenomenological distinction between the two perceptions is not always easy for
an observer to make and does not always lead to the expected resulis (e.g.,
Walson & Nachmias, 1977, and there are many other possibilities in addition to
the two discussed.

Number of Spatial-Frequency Channels

The smallest number of spatial-frequency channels estimated is three or four on
the basis of texture-matching and texture-similarity judgments (Harvey & Ger-
vais, 1977, Richards & Polit, {974). Wilson and Bergen (1977) also argue that
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four channels (four different sizes of receplive fields) at each location in the
visual field are sufficient to account for an observer's sensitivity to a large variety
of patierns. Four receptive-field sizes at each location, of course, imply many
more altogether because of the nonuniformity of the visual field,

Although logically there is no necessary reciprocal relationship between
bandwidth and number of channels, one might argue that the recent relatively
broad estimates of bandwidth mean that relatively few channels would be suffi-
cient to cover the range of visible spatial frequencies at any location in the visual
field,

Early interpretations of selective adaptation effects suggested a rather large
number of channels, because the largest threshold elevation was almost always at
a lest frequency identical to the adapting frequency (Blakemore & Campbell,
1969, for example). Also, early interpretations of the fact that the psychophysical
contrast sensitivity function (which gives the observer's sensitivity to sinusoidal
gratings as a function of spatial frequency) did not show individual bumps
corresponding 1o individual channels suggesied a rather large number of chan-
nels. When allowance is made for visual field nonuniformity and probability
summation among channels, however, these two observations become consistent
with a smali number of receplive-field sizes at cach spatial location.

On one hand, therefore, there may only be three or four spatial-frequency
channels at ¢ach location. On the other hand, all the available evidence is proba-
bly also consistent with many more. Good estimates of the number of spatiai-
frequency channels remain remarkably elusive.

A NOTE ON SPATIAL-FREQUENCY
CHANNELS AND PERCEPTION

The possible usefulness of spatial-frequency analyses in explaining visual per-
ception has been painted out by a number of investigatars. Ginsberg (19713
concentrated on some of the patterns used tc demonstrate Gestalt phenomena. He
suggested that the stimulus information contained in certain ranges of spatial
frequencies may be the basis for these phenomena, Many attempts have been
made 1o explain visual illusions on the basis of spatial-frequency- and
orientation-selective channels (e.g., Blakemore, Carpenter, & Georgeson, 1970;
Bouma & Andriessen, {970; Ginsburg, 1971; Oyama, 1977, Waliace, 1960,
Georgeson and Sullivan (1975) suggested that spatial-frequency channeis might
be responsible for contragt constancy. The recognizability of visual stimulj de-
Spite changes in size and position has been attributed to encoding by spatial-
frequency channels (e.g., Blakemore & Campbell, 1969). Numerous other
suggestions have been made tentatively about the possible use of spatial-
frequency channels in detecting Gibsonian texture gradients, in recognizing pat-
terns (in letter confusion, for example), in encoding visual information in distrib-
uted form for memaory storage (Weisstein & Harris, 1980), and so forth.
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Of particular relevance 1o perceptual organization (e.g., Chapter 6 by
Pomerantz in this volume) is the proposal that the low spatial frequencies in a
pattern—which are processed by faster channels—are important for *‘global
processing, whereas the higher spatial frequencies—which are processed by
slower channels—are important for "‘local’ processing (e.g., Breitmeyer &
Ganz, 1976; Broadbent, 1975, 1977, Kinchla, 1977).

Another application of spatial-frequency channels comes from work on *‘ef-
fortless texture discrimination,’’ which is described in Julesz's Chapier 2 in the
current volume. Julesz and his colleagues have studied visual textures 1o discover
the conditions under which differences between regions of different textures
become immediately and effortlessly apparent 1o observers. According to one form
of Julesz’s original conjecture, effortless texture discrimination is primarily
based on the power spectra differences of textures and ignores their phase
spectra. The power spectrum of a pattern is just the square of the amplitude part
of a (two-dimensional) Fourier transform of the texture pattern; this amplitude
part is, in turn, simply the function telling how much of each spatial frequency at
each crientation is present in the pattern. Thus, two patierns differ in their power
spectra if and only if differences exist between the amplitudes of corresponding
sinusoidal components in the two pattemns. Therefore, this form of the original
conjecture can be reworded to say: If two texture regions differ sufficiently in the
amplitudes of corresponding sinuscidal components in the two regions, the re-
gions will be effortlessly seen as two separate regions. 1f two regions differ only
in the phases of their components and not in the amplitudes, however, then the
regions will blend into each other, appearing as one regicn of uniform texture.

Spatial-frequency channels could easily mediate the discrimination postulated
by this conjecture if the channels signaled amplitude but not phase information to
the higher centers. Then comparing the outputs of the channels in one region o
the outputs in another region would reveal amplitude (power spectrum) dif-
ferences between the two regions but not phase differences. (Because the
spatial-frequency channels have greater-than-zere bandwidths, their outputs are
not precisely propertional to the amplitudes of individual sinusoidal companents.
That is, the channels do not perform a strict Fourter analysis. They may perform
one good enough to account for texture discrimination, however, for no ane
claims that the quoted conjecture is precisely true.)

These explanations of perceptual phenomena in terms of spatial-frequency
analyses are in various states of development. Some have been investigated
extensively; some barely at all. No one of the suggestions, however, has been
developed enough to be compelling. This state of affairs should come as no
surprise. The problems of explaining perceptual phenomena are much too dif-
ficult to permit solutions without an enormous amount of work.

The available psychophysical evidence clearly demonstrates that there are
channels (or subsystems or mechanisms) in the visual system that are selectively
sensitive 1o spatial frequency. Although quantitative, rigorous explanations of
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many of the results remain to be constructed, a very large amount of data can be
organized with the help of the concept of such channels. The psychophysical
evidence also suggests that there are chaonels that selectively signal spatial
frequency in the sense that the output of one channel is not completely inter-
changeable with the output of another. What happens to these outputs from the
channels, however, is still unclear. We do not know how they combine with or
inhibit one another. More generally, we know very little about their perceptual
consequences. It is, of course, the nature of these perceptual consequences that
will largely determine how useful the channels are in explaining perceptual
phenomena.
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