tic gratings were complementary to the
adapting color presented with the same
stripe orientation. With checkerboard
test stimuli, squares appeared red and
diamonds appeared green (x* = 18.12,
d.f. =2, P <.001). Since contingent af-
tereffects were obtained when Fourier
components of the checkerboard test
stimuli were oriented in the same direc-
tion as corresponding grating adapting
stimuli, Fourier components of the test
stimuli rather than their edges are critical
for contingent color aftereffects. The ob-
served frequencies of complete and par-
tial aftereffects were essentially the same
with checkerboard tests as with grating
test stimuli, so the effects are of approxi-
mately equal magnitude.

As far as we know, these data are the
first to indicate that color is coded with
frequency-specific (as opposed to fea-
ture-specific) information. This is impor-
tant, since it extends the predictions con-
cerning Fourier-like mechanisms which
have been suggested by data obtained
with threshold measures (3, 5) or rating
procedures (¢). Consequently, these data
bear on various color aftereffects contin-
gent on pattern (/, 8) by suggesting a fun-
damental process under which human per-
ceptual responses to diverse figural stim-
uli may be unified. Some consideration
(9) has been given to the idea that color
aftereffects contingent on pattern derive
from higher order association between
simple color mechanisms and pattern-
specific processes. If such an association-
al process is involved in these after-
effects, our procedure is an indirect way
of studying frequency analysis mecha-
nisms. The results reported here are
probably limited to medium and high
spatial frequencies. As Kelly (5) has
pointed out, if the fundamental fre-
quencies of gratings and checkerboards
are lowered, bars and checks become
logically indistinguishable, and there
should be no difference between the ad-
aptational effects of each.
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HALSEY H. MATTESON
Department of Psychology,
Tulane University, New Orleans 70118

References and Notes

1. C. McCollough, Science 149, 1115 (1965).

2. H. Weisstein, Psychol. Bull. 72, 157 (1969); M.
Coltheart, Psychol. Rev. 78, 114 (1971). This
assumes a single channel neuronal process that
fires only in response to specific visual features.

3. F. W. Campbell and J. G. Robson, J. Physiol.
(London) 187, 517 (1968); D. A. Pollen, J. R.
Lee, J. H. Taylor, Science 173, 74 (1971). This
assumes a multiple channel neuronal network,
each channel of which is tuned to a narrow band
of spatial frequencies.

4. G. D. Sullivan, M. N. Georgeson, K. Oatley,
Vision Res. 12, 383 (1972); B. E. Carter and G.

9 APRIL 1976

B. Henning, J. Physiol. (London) 219, 355
(1971); N. Weisstein and J. Bisaha, Science 176,
1047 (1972).

. D. H. Kelley, Vision Res., in press.

. We have also used stimuli in which the spatial
frequency of the gratings were 0.7 times that of
the check edges, and we are currently using
gratings which are 1.4 times that of the check

. edges, that is, the fundamental frequencies are
equated. The spatial tuning functions reported
by others (3) would predict that these changes
would make little difference, and our results, so
far, substantiate that prediction.

7. The Stuart-Maxwell test of changes is described

N

by J. L. Fleiss [Statistical Methods for Rates
and Proportions (Wiley, New York, 1973), pp.
77-79].

8. L. A. Riggs, Science 181, 1070 (1973); W. J.
Lovegrove and R. Over, ibid. 176, 541 (1972);
D. L. Tollhurst, Vision Res. 12,797 (1972); L. S.
Fidell, Percept. Psychophys. 8,235(1970); K. D.
White and L. A. Riggs, Vision Res. 14, 1147
(1974). )

9. G. M. Murch, Vision Res. 10, 1181 (1974); D. M.
MacKay and V. Mackay, J. Physiol. (London)
237, 38 (1973).

11 June 1975; revised 6 August 1975

A Comparison of Fourier Analysis and

Feature Analysis in Pattern-Specific Color Aftereffects

Abstract. Subjects were adapted to alternating upright red and oblique green
checkerboards. After adaptation, vertical and horizontal gratings appeared pink and
oblique gratings appeared green. The results show an orientation and spatial
Sfrequency selectivity predicted by two-dimensional Fourier analysis.

McCollough (/) was the first to note
that colored aftereffects could be made
contingent on the pattern of adapting
stimuli. The aftereffects are produced by
adapting subjects to pairs of chromatic
patterns which are alternated every few
seconds. Subjects  subsequently view
achromatic versions of the same pat-
terns. If subjects report each achromatic
pattern to be tinged with the complement
of the color contained in the pattern dur-
ing adaptation, the patterns were pro-
cessed by different color- and pattern-
sensitive neural channels. If no color is
seen, the patterns are presumed to have
been processed by the same channel and
to have cancelled each other. In
McCollough’s original paper, the adapt-
ing stimuli were identical gratings of dif-
ferent orientation. The discovery of chro-
matic aftereffects in her experiment was,
therefore, evidence of orientation selec-
tivity in the visual system. More re-
cently, pattern-specific color aftereffects
have been used to demonstrate channels
sensitive to spatial frequency (2, 3) and
motion ). Similar channels have been
found in studies in which a variety of
other psychophysical techniques were
used (5). Although disputed (6), pattern-
specific color aftereffects based on visual
features such as curves (7) and angles (8)
have been reported.

McCollough originally attributed orien-
tation-specific effects to edge-sensitive
neural units of the type discovered by
Hubel and Wiesel (9). Most subsequent
researchers have continued to ascribe
the aftereffects to edge detectors (/0). In
most studies, squiare- or rectangular-wave
gratings with edges and fundamental
Fourier components in the same orienta-
tion have been used. The purpose of our
experiment is to demonstrate that Fou-
rier analysis (//) can better account for

the processing of patterns than an analy-
sis which treats spatial stimuli as collec-
tions of visual features.

The adapting patterns were chosen so
that the edges and fundamental Fourier
components lay in different orientations;
the predictions of Fourier and feature
analyses were thus in conflict. Three ex-
perienced and two naive subjects adapt-
ed for 15 minutes to high-contrast chro-
matic checkerboards projected onto a
white screen by a slide projector. Three
of the subjects viewed a red upright
checkerboard (edges at 0° and 90°) alter-
nating every 10 seconds with a green
oblique (edges at 45°and 135°). The other
two subjects adapted to the reversed
pairing of color and orientation.

One cycle of light and dark check ele-
ments subtended a visual angle of 0.18°
along the edge axis. This corresponds to
one period of a square-wave grating with
a spatial frequency of 5.6 cycles per de-
gree of visual angle. Frequency specified
in this way was used to characterize
checkerboard patterns of a given check
size.

After adaptation, subjects viewed the
achromatic test patterns (Fig. 1). Sub-
jects were tested on nine similar patterns
which varied only in the spatial fre-
quency of the component gratings. An
analysis which treats patterns as a collec-
tion of edges predicts that the after-
effects of red upright and green oblique
checkerboard pairings should be green in
the 0°and 90° gratings, and red in the 45°
and 135° gratings. Kelly (/2) has pointed
out that the fundamental Fourier com-
ponents of an upright checkerboard are
oriented at 45° and 135°. Therefore, Fou-
rier analysis predicts that the red upright
checkerboard should produce a green
aftereffect in the 45° and the 135° grat-
ings. Conversely, green oblique checker-

147



boards have their fundamental Fourier
components oriented at 0° and 90°, so
that red aftereffects should be seen in
these orientations. All five subjects con-
fidently reported chromatic aftereffects
congruent with Fourier analysis rather
than with edge analysis. Subjects who
adapted to the reverse pairing of color
and orientation reported the opposite col-
or aftereffects. The colors of the sectors
could be reversed by tilting the head 45°,
and a second reversal could be caused by
further tilting to 90°.

All subjects reported aftereffects with
all nine test patterns. Subjects were then
asked to rank the nine test patterns ac-
cording to the strength of the aftereffect,
from 1, the most saturated, to 9, the
least. Individual subject rankings are
shown in Fig. 2A. The strongest after-
effects were found by most subjects for
gratings with a fundamental spatial fre-
quency a factor of 1.5 (+ 0.5 octave)
above the frequency of the adapting
checkerboards. This result agrees well
with Kelly’s (/2) demonstration that the
spatial frequency of the fundamental
Fourier components of a checkerboard
lie a factor of 1.41 (that is, \/2) above the
check size. The aftereffects, therefore,
exhibit not only an orientational but also
a spatial frequency selectivity predicted
by the two-dimensional Fourier spectra
of the adapting patterns. The tuning of
the spatial frequency selectivity appears
to have a fairly broad bandwidth. This
would appear to argue against a Fourier
model, since narrow bandwidths seem
necessary for a Fourier analysis to be
performed. However, rankings have on-
ly ordinal scale properties. That is, the
change in aftereffect strength corre-
sponding to a difference between rank-
ings of 1 and 2 is not necessarily the
same as that corresponding to the differ-
ence between rankings of 2 and 3. There-
fore, no strong conclusion about the
bandwidth of the aftereffect can be
made, and the conflict may be more ap-
parent than real. However, subjects re-
ported that color had almost entirely dis-
appeared in patterns ranked 8 and 9.

In order to confirm the spatial fre-
quency selectivity of the aftereffect, the
experiment was repeated for adapting
patterns of lower spatial frequency. Two
experienced and one naive subject adapt-
ed to checkerboards of 1.7 cycles per
degree of visual angle. The results of this
experiment are similar to those of the
previous experiment (Fig. 2B).

It could be argued that the length of
individual edges in the checkerboards
might have been too short to elicit a
response from edge detector units. To
test this possibility, three subjects were
adapted to checkerboards of 0.85 cycle
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Fig. 1. Example of achromatic patterns used
to test for color aftereffects. Each pattern was
composed of four gratings of the same spatial
frequency.

per degree of visual angle and three more
to those of 0.425 cycle per degree. In
both cases, weak aftereffects, in accord
with Fourier analysis, were reported by
all subjects. The failure to obtain strong
color aftereffects following adaptation to
low spatial frequency patterns has pre-
viously been noted (2). However, the
weak aftereffects found here might have
been due to the low luminance of the
adapting stimuli (/3). The 0.425 cycle per
degree checkerboard contained edges
longer than 1°. These edges seemed long
enough to excite possible feature detec-
tors since acuity has been shown to
reach an asymptote for features of this
length (/4).

Although the results of this experi-
ment conflict with the predictions of a
feature model of pattern vision (/5), they
do not rule out the possibility that chro-
matic aftereffects can be made contin-

Ranked strength of aftereffect

-0.5 0 +0.5

Spatial frequency (octaves)

Fig. 2. Individual subject ranking of the nine
test patterns after adaptation to checker-
boards with a spatial frequency of 5.6 cycles
per degree (cpd) of visual angle (A) and 1.7
cycles per degree of visual angle (B). Lines
are drawn through the median rankings for
each spatial frequency test pattern.

gent on features under other conditions.
There is considerable evidence from elec-
trical recording work (16) for the exis-
tence of neurons sensitive to a number of
specific visual features. This fact does
not prove that these units directly me-
diate pattern vision in humans, however.
It is possible that a group of feature-
sensitive neurons might indirectly me-
diate pattern vision by projecting to high-
er order units which act as Fourier ana-
lyzers.
MARC GREEN
THoMAS CORWIN
VANCE ZEMON
Psychology Department,
Northeastern University,
Boston, Massachusetts 02115
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