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ABSTRACT

A computer simulation of a neural network model in-
volving Hebbian synaptic modification between an input
layer and a cortical layer is proposed as a possible explan-
ation of the McCollough effect, without assumptions about
fatigue, inhibitory rebound, or a neutralizing response.
Synaptic modification of initially randomly weighted
synapses during random presentation of all color-orienta-
tion combinations produces a uniform distribution of color-
orientation specific units. With additional presentations
of alternate red-vertical (RV) and green-horizontal (GH)
stimuli during synaptic moiification, the network responds
to black-and-white-horizontal (WH) and black-and-white-
vertical (WV) stimuli with the McCollough effect. This is
because the shift in response of the RV units to the RV
stimulus causes the depletion of the slightly red-sensitive
cells from the WV population response. Likewise the shift
in response of the GH units to the GH stimulus produces a
depletion of the slightly green-sensitive cells from the WH
population response. The result is a slightly green bias in
the WV response and a slightly red bias in the WH response.

Synaptic modification affords a more plausible explan-
ation of this effect than fatigue or inhibitory rebound,
given its very long durability and its dependency on post-
adaptation stimulation.

INTRODUCTION

The McCollough effect (1) is produced by viewing
vertical red and black stripes and horizontal green and
black stripes alternating every 5 or 10 seconds for about
5 minutes or more. After these adaptation presentations a
vertical black and white test grating will appear slightly
green while a horizontal black and white test grating will
appear pink. The effect can also be induced by red and
green vertical gratings of two different spatial frequencies
(2) and by gratings of complementary colors moving in
opposite directions (3, 4, 5). The effect depends on
retinal spatial frequency (6) rather than on viewing distance
(7) or on the size of black and white bars (8). The effect
does not depend on retinal fixation necessary for after-
images (9), but only on general retinal location (10). It
is also unlike afterimages in its long duration, sometimes
on the order of hours, days or even weeks depending on
the length of adaptation (4, 5, 11, 12).

In addition to its decay rate being very long with
respect to afterimages, its decay also appears to depend on
stimulation after adaptation. Black and white gratings (13)
and diffuse light (12) were found to reduce the effect at a
faster rate than mere darkness. In fact, MacKay and MacKay
found no decay of the effect after sleep and Mayhew and
Anstis (5) reported a slight increase in the effect after
20 min. of rest. No reported single-unit fatigue or inhi-
bitory rebound behaves in this manner. It is unlikely that
fatigue of single units can last for days.

Although orientation, spatial frequency, and movement
aftereffects transfer interocularly (14, 15, 16), color
aftereffects contingent on these features do not (4, 17, 18,
19). MacKay and MacKay (20) produced some binocular inter-
action with form and color presented separately to both eyes,
but Over, Long and Lovegrove (21) with a similar paradigm
did not find such interaction. However, Over et. al. did
not use a quantitative null-method of measuring the after-
effect as MacKay and MacKay did, only verbal reports. In
the same study, Over and his colleagues were unable to
induce a color aftereffect contingent on binocular disparity.
It seems likely that the McCollough effect takes place

before binocular fusion, but whether some interaction occurs
between monocular processes is not clear at this point.

Because of its very long decay rate, its dependency
on post-adaptation stimulation, and its contingency on
spatial frequency, orientation and direction of movement,
which indicate a more central rather than peripheral
effect, many investigators (22) have gravitated toward some
form of an associative learning model to explain the effect.
However, an associative learning model has trouble accounting
for a color aftereffect complementary to that paired during
adaptation with specific spatial information. The usual way
of explaining a negative aftereffect is that an opponent-
color neutralizing response is associated with the spatial
stimulation during adaptation (23, 24). But no explanation
of what a neutralizing response could mean in neural terms
is ever made.

The following model is a computer simulation of a
neural network which assumes Hebbian (25) synaptic modifica-
tion as the basis for an associative learning explanation of
the McCollough effect. No assumptions about fatigue,
inhibitory rebound, or a neutralizing response are required.

EVIDENCE OF AN ADAPTIVE METRIC

An organism's ability to detect features in the visual
field is dependent on its exposure to such features in early
life (26, 27, 28, 29, 30). However, the distribution of
feature detectors induced by early exposure to a set of
stimuli remains plastic even in adult life (31). Prolonged
exposure to a point along some perceptual dimension, such as
spatial frequency, warps the perception of neighboring
points within a region of about + one octave (32, 33, 34,
35). I believe this to be evidence of a dynamic visual
metric, i.e., the ability of an organism to measure con-
tinuous features of the visual input changes with time.

Such a metric would have obvious adaptive (in the evolution-
ary sense) value by more precisely specifying familiar fea-
tures and suppressing irrelevant features, such as the
suppression of colored fringes produced by prism glasses
worn by subjects in Kohler's studies (23, 36).

There are at least two kinds of effects here: one
positive and one negative. The negative aftereffect is the
one most commonly reported in psychophysical studies. All
the usual masking and adaptation effects fall into this
category. A negative aftereffect lowers the activity or
raises the threshold of the adaptation stimulus or raises
the activity or lowers the threshold of the complementary
stimulus. A positive aftereffect raises the activity or
lowers the threshold of the adaptation stimulus. DeValois
(37) calls positive aftereffects "similitude' effects as
opposed to contrast effects. Tuning of receptive fields to
line orientations by early experience would be an example of
positive effects. There are fewer instances of positive
effects in adults reported in the literature but those
instances that have been studied appear to be afterimages
originating mainly in the retina (38, 39, 40), although not
entirely in the retina (41). Positive effects have a longer
time course and may appear after negative effects (37).

Both effects can be explained by positive synaptic mod-
ification. Wilson (42) devised a mathematical model of
spatial frequency adaptation in which connection strengths
from inhibitors to excitors were increased with the correla-
tion in firing of the presynaptic and postsynaptic cells.
The net effect was an increase in the inhibition of excitors
sensitive to the adaptation spatial frequency. Positive
effects are demonstrated by positive synaptic changes from
input cells to excitors. von der Malsburg's neural network
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model of cortex (43) simulates the organization of cortical
cells with initially randomly specified receptive fields
into a distribution of cells sensitive to particular line
orientations. Receptive fields become tuned to the set of
inputs by Hebbian (25) synaptic modification of connections
between an input layer and a cortical layer after each
stimulus presentation. Supposedly, this is the process
involved in receptive field organization of young organisms
as a result of visual experience. But is this process useful
to the adult animal besides? Hebb and Grossberg (44, 45)
maintain that this process is the primary mechanism for
learning. Grossberg has proven this mechanism capable of
learning a wide variety of stimuli as well as responses.
The training set of one of these networks induces an equal
distribution of cells sensitive to the inputs. If there
are more vertical lines in the set, for instance, there
will be more cells tuned to vertical lines. The specifi-
city of cells also changes with training making them more
narrowly tuned. More units will be tuned to more frequent
stimuli, thus allowing the possibility of finer tuning to
more frequent stimuli.

THE McCOLLOUGH-MALSBURG MODEL OR M3

von der Malsburg's Model

von der Malsburg's model consisted of 19 input cells
each connected to all 169 excitatory cortical cells. Each
excitatory cortical cell connected to its 6 nearest neigh-
bors in the hexagonal array, to the corresponding 6 cells
in the 169-cell inhibitory layer (I), and to the I cell
corresponding to itself. Each I cell in turn connected to
a 12-cell surround in the excitatory layer (E). (See
Figure 1.) Each cell computes a weighted sum of its inputs
from all layers, subtracts a threshold, and outputs the
result if it is positive and zero otherwise. The post-
synaptic potential of each cell at each step is calculated
by

19 . 6 . 12 R
= ) s, R, +) C E -Yc. I (1)
Be=aB + LosyRy + L CpgBy - ) Cpgly
i=1 i=1 i=1
for excitors and
7 *
I, = bI, +iZICEIEi +C 2)

for inhibitors, where a and b are decay constants for each
iteration, s;j is the synaptic weight from input cell Ry to
cell Ey, C1 is a constant input to I and Cpp is the synaptic
weight constant from a cell in layer A to one in layer B.

A synapse sjy is modified when R; and Ej fire simultaneously
according to the rule:

* The input layer in M3
red or green cone cells.

corresponds to von der Malsburg's retinal layer.
They are probably more on the order of ganglion, lateral geniculate, or possibly cortical cells.
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Side view of hexagonal input and cortical arrays.

s +4 R £
s ik =S4 © R B (3)
where s'ji is the new value, sjx is the old, A is the learn-
ing constant, and * is the thresholding function:

x-6 if x> 9
x = (4)
0 if x < 6.

0 is the threshold. The sum of each cortical cell's input
synapses is held constant at CS by renormalization after the
modification step:
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The input stimulus set consists of 9 lines at different
orientations, each line stimulating 7 input layer units.
(See (43) for further details.)

M3 Version I

M3 is a color version of von der Malsburg's self- 3
organizing model of cortex. The major change is that M™'s
input layer sees red and green in addition to black and white.
Instead of having achromatic on-cells in the input layer M
has a red-on cell and a green-on cell for every achromatic
input cell in the von der Malsburg model. Thus, there are
a total of 38 input cells each connected to the 169 excita-
tory cortical cells. The spatial arrangement of the input
layer is identical to von der Malsburg's except that each
input point contains a red and green cell in the same
location. *

The stimulus set for M3 varies not just in orientation
but in the amount of red/green saturation. The variable v
represents a point on a saturation continuum from pure green
through white to pure red of equal luminance. Some care was
necessary in choosing a function of v to represent color
that would allow E cells to be tuned to a continuous range
of v rather than just two values: red (v = 1) and green
(v = 0). The need for this will become clear in the dis-
cussion section.

Let wj and w, be the synaptic weights associated with

the green and red input cells, respectively. The first
function tried is the most obvious:
fo(v) = wl(l -v) + wz(v). (6)

The red and green cells in M3 are much more complex than



since f, is a linear function of v there can be only two
possible maxima over vV € {0,1] for fixed synaptic pairs
(wy,wp). These maxima are at v =0 or at v =1. Using
f, as input an E cell can be tuned only to pure red or pure

green.

A second function tried,
2.% 2 %
fl(v) = wl[l - kv'] + wz[l - k(v -1)7] (7)

with 6 = 0, is based on the general shape of red and
green opponent-color cells in LGN over wavelength, dis-
regarding the inhibitory component (46). The trouble with
this formulation of the color input is that it does not
allow tuning to a specific combination of red and green
that reflects v. To illustrate this point let's suppose
that E cells have only two inputs with weights wj and wy.
Also suppose that w; + wp = C for all cells, and that v
is fixed at some v, € (0,.5). We wish to train the best
responders to v, such that they fire maximally to v,. The
best responders to Vv, are those with w) = C and wy = 0.
But these cells fire even more strongly to v = 0. So
differential training to v, cannot occur, only to v =0
or v =1.

The third function tried,

2

£,(0) = (0 +u) [1-k(v-=—=2 71" velo,1] (®

2
wl'l'w2
with 6 = 0 in the thresholding function, has the same
general shape as opponent-color cells' response in LGN but
also has the additional property that for a given v, the
maximum responders at a constant wj + wp are those with
wy/(wy + wy) = Vo, a specific synaptic pair ratio
reflecting v,. This is th= necessary property for specific
tuning to vo. k is a tuning-width parameter. (See

Figure 2).
w.lvwz ---------------------
v
0 w.
pure green white e “VE pure red
Fig. 2. Red/green synaptic pair response to saturation, v.

A second feature of this network that was different
from von der Malsburg's is an increase in the amount of
inhibition by 5 times so that fewer cells would go on for
each stimulus. This was necessary so that cortical cells
could differentiate more stimuli. In addition, the excit-
atory and inhibitory thresholds in this model vary accord-
ing to the average retinal input to E cells. (See Table
1.

VERSION 1 VERSION I1
a .6 .6 E-cell decay constant
b .3 .3 I-cell decay constant
CEE .16 .16 E to E-cell weight
CEI 1.0 1.0 E to I-cell weight
C[E 6 .6 I to E-cell weight
< E 4 input to all I-cells
cs 388 38s sum of synaptic welghts
s .05 .05 average synaptic weight
A 05 05 synaptic increment constant
o, E/.4 + .25 1.125 E threshold
[ E/.7+ .01 .58 I threshold
k 4. 7.1 color curve width constant
E L 139 358 S, R 1 Mfg 129 S, R average input to E-cell for
169 k=1 1=1 ik 1 169 k=1 121 “ik i
a given stimulus
Table 1. Parameters for N3 versions I and II.

In the original model the average input to cortical cells
was approximately constant over all stimuli, with only
slight variations due to randomly assigned synaptic weights.
In M” synaptic weights are assigned from a uniform distribu-
tion over the interval [0,.1]. However, the distribution of
synaptic pair maximums, wp/(wy + wy), over v is not uniform,
but has a peak at v = .5. Likewise, the distribution of
maximum spectral responses of E cells summing over their
synaptic pairs also peaks at v = .5. Therefore, the firing
level of the naive network is greatest at v=.5 and lowest at
v =0 or 1. But in order to insure uniform training to all
stimuli the total firing of the network must be about
constant over stimuli, otherwise the resulting distribution
of units after training will not equal the input distribu-
tion. So in order to keep the level of firing and the
number of cells on approximately constant, a variable
threshold was used for E and I layers in addition to a
variable input to I. The variable threshold approximates a
normalized input. Stanley (47) has shown by computer simula-
tion that a constant output in a network can be achieved also
by recurrent inhibition, but I used a variable threshold to
achieve the same effect because recurrent inhibition in-
creased the relaxation time of the network so much that
computation time became prohibitive.

Procedure. Initially all synaptic weights from layers
R to E -- 38 < 169 of them--were randomly assigned from a
uniform distribution over [0,.1]. Synaptic modification
occurred after each presentation of a randomized set of 9
line orientations by 11 color saturation values at equal
intervals between [0,1]. All 99 stimuli were presented
twice. After each presentation the network was allowed to
run to approximate equalibrium, 20 iterations, and the
synapses of each E cell that was on at this point was
modified by applying (3) and (5).

After training to a uniform distribution over orienta-
tion and saturation the McCollough stimulus pair was pre-
sented alternately: line #1 with v = 0 followed by line
#5 with v = 1. (See Figure 3).
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Fig. 3. Line orientations presented to the network.

The synapses were modified in the same fashion after each
stimulus presentation. The pair of stimuli were presented
alternately 20 times.

The same McCollough experiment was tried on the uni-
formly trained network with each orthogonal line pair
possible: (1,5), (2,6), (3,7), (4,8), (5,9) paired with
saturation combinations (0,1) and (1,0): ten experiments
in all.

The response of the network was calculated as follows.
For every cell on after 20 iterations its maximum orienta-
tion-saturation stimulus was calculated. Then the average
orientation and saturation was calculated over all respond-
ing cells weighted by their degree of firing. The response
was always close to but not exactly equal to the stimulus
value.

Results. Table 2 shows the results of ten McCollough
experiments. The response of the network to v = .5, a
white line of orientation indicated, is shown before and
after McCollough presentations. The difference column
shows the start minus the final response. A negative in-
crement indicates a change toward red while a positive in-
crement indicates a change toward green. The results show
that the response to a white line of a given orientation
that was paired with green during adaptation changes toward
the red end of the continuum, while the response to an
orthogonal white line paired with red changes toward the
green end. The means of the differences, 36 and dp, the
standard deviations of the differences, 8o and 61, the
standard error of the mean, s, degrees of freedom, df, t
value, and level of significance are also shown. The
change in response for the two groups of cells differentially
adapted is significantly different (t = 9.909, p < .0005).

ADAPTATTON v=20 v=1
TEST v =.5 v =.5
LINE START FINAL do LINE START FINAL dl
1 485635 -.150 S .535 498 .07
2 457 .582 -.125 6 .526  .430 096
3 .569  .608 -.039 7  .445  .395 .00
4 505  .540 -.035 8  .467  .33%  .133
S .535  .626 -.091 9  .552  .201 .261
(s .535  .626 -.0911" 1 .485  .405 .080
6 .526 .694 -.168 2 .457  .418  .039
7 445623 -.178 3 569 413 .156
8  .467  .603 -.136 4  .505  .472  .033
9 .s52  .662 -.110  [5  .535  .498 .037)"
Eo = -.115 El = .098
65 = -052 6, = 075
S, = -0125 € = 9.909 df = 16 p «.0005

*
duplicate results are left out of the computation.

Table 2. The response of M3 version I to white test
stimuli (v = .5) before and after alternate hue-orientation
presentations. Each row represents one McCollough exper-
iment.

Discussion. How does a positive modification in
response to a stimulus lead to negative aftereffects? If
you start out with unit responses evenly distributed over
orientation and saturation (see Figure 4) training to a
red-vertical (RV) stimulus causes a shift in the RV popula-
tion response toward RV which depletes the slightly red-
sensitive cells from the black-and-white vertical (WV)
population response. (See Figure 5). Likewise a shift in
the response of green-horizontal (GH) units toward GH
depletes the slightly green-sensitive cells from the black-
and-white horizontal (WH) population response. The result
is a slightly green biased response to WV and a slightly
red biased response to WH. This is a possible explanation
of why the McCollough effect is always so desaturated. The
tuning width of input cells to color is crucial to the
direction of the effect, i.e., whether adaptation will
result in a positive or negative aftereffect at the
neutral point. If the tuning width is too broad, k =1,
the aftereffect at v = .5 will be positive. If the width
is too narrow, k = 16, there will be no change at v = .5.

One problem with verion I is that there is no physio-
logical basis for a synaptic red/green pair that behaves as
in (6), and no way of arranging the circuit so that synapses
will be modified according to (3). The form of the synaptic
connection from R to E is strictly a mathematically conven-
ient one. A more plausible assumption is that there exists
somewhere in the retina, LGN, or visual cortex units max-
imally sensitive to specific values of saturation of red or
green. These elements could be broad-band cells with
variations in the amounts of red or green bias, or they
could be opponent-color cells with maximum sensitivity any-
where on the color spectrum (46, 48, 49, 50). If we choose
these to be opponent-color cells, the white component of
the saturation sensitivity spectrum must be made up of
equal proportions of blue and yellow sensitive cells. White
light input is correspondingly made up of equal components
of blue and yellow.
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Fig. 4. Conceptual illustration of a uniform distribution
of unit responses over orientation and color.

M3 Version II

In this version there are 19 input positions each
making 169 connections to the E layer -- 169 x 19 in all.
Each connection is randomly assigned a peak saturation-
sensitivity, mji e [0,1], and weight, sj, € [0,.1].
mik is never modified as in version I. It is assumed that
interneurons between Ry and Ex determine mjk for each
connection in the following fashion. v is the red satura-
tion response and 1 - v 1is the green saturation response
of units in the input layer. These are converted to sig-
moidal (51) responses dependent on myy and k by inter-
neurone (Figures 6a and 6b). The outputs of this pair is
multiplied before reaching E, (Figure 6c). A quadratic
function is used to simulate the multiplied pair of
sigmoids:

f3(v)=sik[l-k(v-mik)2]* 8=0. 9

The thresholds in the E and I layers and the input to I is
held constant. (See Table 1). The tuning width of (9) is
narrower, k = 7.1.

Initially the network was trained to a uniform dis-
tribution over orientation and saturation by presenting
eight random sequences of the same 99 input stimuli used
in version I. All other procedures and parameters were
the same as in version I.

Results. The results of ten McCollough experiments

on the uniformly trained network, M3 version II, are
summarized in Table 3. Again the line orientations paired

with red adaptation stimuli exhibit a green bias to white
test stimuli--a positive increment--while orientations
paired with green exhibit a red bias to white. The
difference between the two groups is significant at the
.005 level.

Discussion. The second version of M3 reproduces the
McCollough effect without having to assume that synaptic
inputs shift their spectral sensitivity with training.

Of course, cortical cells still shift their sensitivity by

ADAPTATION
STIMULUS

Vertical

Green =

ADAPTATION Horizontal
STIMULUS
Tig. 5. Conceptual illustration of the distribution of

unit resnonses after presentation of complementary
orientation-hue stimuli.

ADAPTATION v=0 ve=l
TEST v =.5 v=.5
LINE START ~ FINAL  dj LINE  START ~FINAL d)
1 .507 .507 0 5 435 436 -.001
2 474 474 0 6 443 427 .016
3 476 484 -.008 7 490 .487 .003
4 443 L4644 -.001 8 460 450 .010
5 435 L4642 -.007 9 .520 466 .054
(s .435 442 -.007)" 1 .507 472 .035
6 443 443 0 2 474 473 .001
7 490 .522 -.032 3 476 469 .007
8 460 455  .005 4 443 .448  -.008
9 .520 .520 0 [5 435 436 -.001)"
dy = --005 Ei = .013
6y = 0Ll 6, = .019
S, = -00517 t = 3.463 df = 16 p < .005

*
duplicate results are left out of the computation.

Table 3. The response of M3 version II to white test
stimuli (v = .5) before and after alternate hue-orientation
presentations.

selective training of synapses from cells with different
spectral sensitivities. However, more training is required,
8 presentation sequences, and a narrower spectral specificity
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Fig. 6. A possible organization of red/green interaction
producing maximum firing to a specific combination of red
and green. a: sigmoidal response of red interneuron;

b: sigmoidal response of green interneuron; c¢: circuit
transforming v into s(1 - k(v - m)2).

of input cells, k = 7.1.

ISSUES

Specificity

The only assumption made about the specificy of cells
in this model is that R cells are location specific and
saturation or spectrally specific. The model does not
assume the existence of hue-orientation specific units.
These fall out of the training procedure, not as static
single-unit detectors but as flexible, changeable popula-
tion responses. There is, however, some evidence of line
orientation and color specific cells in cortex (50, 52),
but color and form specificy were found to vary inversely.
If a cell was narrowly tuned to color, it was very broadly
tuned to form, and vice versa. The same is true of the
present model. By varying the parameter, k, related to the
spectral tuning width of R cells, I could get units
narrowly tuned to color but very boradly tuned to lines, or
units narrowly tuned to lines but broadly tuned to color.
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As Harris (53) suggests, the amount of specificity of a
single cell, or a small group of cells, for that matter, can
handle is probably limited. As form becomes more and more
abstract, curved lines or complex figures, the spectral
specificity widens. The present model produced positive
aftereffects with the McCollough paradigm if too broad a
spectral tuning curve was used. A psychophysical study done
by Viola (54) produced a positive McCollough effect in some
subjects with curved lines. MacKay and MacKay (20) pro-
duced positive aftereffects with dichoptically presented
color and form in the eye that had seen form. It is more
likely, however, that units sensitive to complex figures
have no spectral specificity whatsoever (50, 52), and cannot
duplicate the McCollough effect.

Positive vs. Negative Aftereffects

Most adaptation studies report negative aftereffects.
M” as it stands exhibits a positive aftereffect in the neigh-
borhood of the adaptation stimulus.

Two studies (19, 55) have reported selective reduction
of sensitivity to chromatic gratings after adaptation to the
same colored gratings. However, in both these studies the
McCollough effect was not measured during testing, complemen-
tary colors were not alternated during adaptation and
sensitivity was tested immediately following adaptation.
These studies may have been measuring a color afterimage
interaction with achromatic gratings, not a long lasting
McCollough effect. When Timmey et. al. (56) attempted to
measure sensitivity to chromatic grating after alternate
complementary color-form presentations, 30 minutes after
adaptation, no threshold elevation selective to color was
observed although the McCollough effect was still present.
This study demonstrates that threshold elevation is not
necessary to the McCollough effect. However, positive
aftereffects were not observed.

There are several natural extensions of M3 that would
eliminate positive aftereffects at the adaptation region
without changing the negative aftereffect at the neutral
test region. The shifting of cells to the adaptation region
does not necessarily imply a higher response or a lowered
threshold. If the inhibitory inputs to a cell that has been
positively trained to a specific stimulus are raised such
that the cell maintains the same peak response the cell will
become more narrowly tuned and thus fire less to extraneous
stimuli. Thus, the cells that go on to a repeatedly pre-
sented stimulus may have the same peak firing rate, but
the total response may be less if fewer cells go on. Fewer
cells will go on if cells in that region are more narrowly
tuned. The important response variable, then, becomes the
relative tuning characteristics of the responding cells
rather than their absolute firing rates. The same fine
tuning may be accomplished by the selective raising of
thresholds of trained cells, since the raising of thresholds
is equivalent to an increase of inhibitory inputs.

A third way of reducing positive aftereffects is to
introduce shunting inhibition (57) that would maintain

constant output in the network throughout training.

Spatial Frequency vs. Line Detectors

M3 and von der Malsburg's model, from which M3 was
derived, are designed to simulate a small patch of cortex.
They make no assumptions about how bar detectors interact to
produce populations of cells sensitive to spatial frequency
in wider areas of retina and corresponding cortex. Since the
McCollough effect is specifically dependent on spatial
frequency I should mention how M3 would fit into a larger
theory embodying sensitivity to spatial frequency.

We could suppose simply that a larger network can be
trained to periodic stimuli. Lenherr (58) did just that. He
trained a similar network to three-bar stimuli of different
orientations, not just single bars. But the trouble with
specific training to periodic stimuli is that 3-bar recep-
tive fields are found only in the rarest of circumstances
(28, 30) through visual deprivation.



A second option is to suppose that populations of
various size bar and edge detectors with on- and off-cell
receptive fields are organized in subsequent layers
maximally sensitive to spatial frequency rather than bar
width (8). Such units could be texture elements used for
segmentation rather than anything as specialized as spatial
frequency detectors. There is some evidence that texture-
orientation features of some form play an important role in
segmentation of regions (59, 60, 61). In this case M3 is
merely modelling a small area of the first layer of pro-
cessing, that which identifies orientation and color.

Line Detectors vs. Dipoles

M3 makes no assumptions about the degree of specifi-
city of line detectors. They may be as amorphous as recep-
tive fields in the untrained network having randomly
assigned weights or they may be as exact as bar templates.
Both the untrained and the over-trained network exhibit the
McCollough effect after alternate complementary form-
color presentations. All that is really necessary is units
more responsive to one orientation than to others. This
is the case in the untrained network with random input
connections otherwise units could not be trained initially
to a preferred orientation. Whether we call these units
line detectors or dipoles (62) is irrelevant. These effects
can occur over a wide range of orientation specificity.

CONCLUSION

An associative learning model for the McCollough effect
in the form of synaptic modification between two layers of
neurons was tested by computer simulation. The results are
consistent with the experimental evidence. Positive synap-
tic modification associated with the adaptation stimulus
draws units away from the black and white population
response of the same line orientation, such that the net
effect to an achromatic line is bias toward the comple-
mentary color. No assumptions about fatigue, inhibitory
rebound, or a neutralizing response were necessary.

Although the model as it stands cannot explain exper-
imental results that reduce the sensitivity of units to
the adaptation stimulus or that cause neighboring stimuli
to appear less like the adaptation stimulus (32, 33) it is
believed that an extension of the model that includes mod-
ification of inhibitory synapses, recurrent inhibition, or
shunting inhibition can go a long way in explaining these
results. The proper balance of positive and negative
effects must be struck to encompass both the tuning of
feature detectors to familiar stimuli and a reduction of
interference from competing units.

In the meantime the model provides a good example of
an adaptive metric along two perceptual dimensions: color
and orientation. This choice of dimensions is incidental
to a more general way of looking at "feature detectors."
The type of feature detectors modelled here are not rigid
templates. They are not represented by stationary single
points along a perceptual continuum. They are not single
cells, but rather clumps of cells that are responsive to
a range of inputs. They can change both the length and
position of that range along a perceptual dimension
depending on the current set of inputs. Their degree of
specificity can be adjusted. They don't divide the input
into separate channels but signal their responses to dif-
ferent inputs together as groups in different patterns of

firing. They give us a better handle on visual feature
space.
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